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1,2,3,4-Dib enzylidene-D-sorbitol

By John K. Wolfe, Raymond M. Hann and C. S. Hudson

In 1890 Meunier1 reported that two dibenzyli- 
dene-D-sorbitols could be obtained by the con­
densing action of strong mineral acids on a mixture 
of benzaldehyde and sirupy D-sorbitol. One of 
these diacetals was a colorless powder (m. p. 
162°) which was insoluble even in boiling water; 
the second one was soluble in boiling water and 
deposited from the cooled aqueous solution in the 
form of a gel, which could be dried to a powder 
melting at 200°. The present communication 
outlines the experimental procedures necessary 
to obtain the latter compound in pure condition 
and describes the reactions which lead to the 
definitive conclusion that its structure is that of
1,2,3,4-dibenzylidene-D-sorbitol. Under the ex­
perimental conditions which were employed, we 
did not encounter the compound reported as 
melting at 162°.

Initial efforts to obtain a dibenzylidene-D- 
sorbitol by condensation of two molecular equiva­
lents of benzaldehyde with one equivalent of 
D-sorbitol through the influence of various con­
centrations of hydrochloric acid yielded a mixture 
of tribenzylidene-D-sorbitol and a gel which 
could not be readily separated into its compo­
nents. However, when only one equivalent of 
benzaldehyde was employed and the condensing 
agent was 4 N  hydrochloric acid, no formation of 
tribenzylidene-sorbitol was observed and the 
resulting condensate contained a small amount of 
the 2,4-monobenzylidene-D-sorbitol described by

(1) M eunier, A n n . chim. phys., [6] 22, 412 (1891).

Vargha,2 together with a second product which 
could be converted in high yield (88%) to a crys­
talline dibenzoyl-dibenzylidene-D-sorbitol. This 
pure recrystallized dibenzoate, upon debenzoyla- 
tion in chloroform solution with sodium methyl­
ate, yielded a gel which could be dried to a crypto­
crystalline powder analyzing correctly for a di- 
benzylidene-hexitol and showing a melting point 
of 219-221° (cor.) and a specific rotation [ a ] 20i> 
of +21.6° in pyridine. A second portion of the 
crude dibenzylidene-D-sorbitol was converted to a 
crystalline diacetyl-dibenzylidene-D-sorbitol, and 
the latter compound, upon deacetylation, re­
generated dibenzylidene-D-sorbitol agreeing in 
melting point and rotation with that obtained 
from the dibenzoate. The diacetal that was 
obtained from the crystalline diacetate was in 
turn converted in high yield (95%) to dibenzoyl- 
dibenzylidene-D-sorbitol which was identical with 
the dibenzoate previously mentioned. These 
interconversions leave no doubt that the dibenzyl­
idene-D-sorbitol of m. p. 219-221° is a single chemi­
cal entity and not a mixture of isomers. The 
problem of establishing its structure was first 
studied through its reaction with lead tetraacetate 
in glacial acetic acid solution. It was observed 
that one molecular equivalent of lead tetraacetate 
was reduced in three hours and that an addi­
tional four molecular equivalents were slowly con­
sumed over a period of twelve days; these results 
suggested that a glycol group was oxidized in the

(2) V argha, Ber., 68, 23, 1337 (1935).
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initial stage of the reaction and that the primary 
oxidation products were then slowly attacked 
by the reagents and further oxidized. A second 
oxidation was therefore interrupted at the end of 
four hours, and the oxidation products isolated 
at once; they proved to be formaldehyde and an 
aldehydo-dibenzylidene-pentose (isolated as a 
crystalline methyl hemiacetal). These results 
limited the structure of the dibenzylidene-D-sor­
bitol to 1,2,3,4-dibenzylidene-D-sorbitol or 3,4,5,6- 
dibenzylidene-D-sorbitol. Decision between these 
two structures depended upon whether the alde­
hydo-dibenzylidene-pentose was aldehydo-2,3,4,5- 
dibenzylidene-L-xylose or a1dehydo-2,3,4,5-diben- 
zylidene-D-arabinose. The methyl hemiacetal 
was therefore subjected to acid hydrolysis; the 
resulting pentose sugar proved to be L-xylose as 
shown by its melting point, final rotation and 
mutarotation rate; the L-xylose was further char­
acterized by conversion to its phenylosazone and 
phenylosazone triacetate, which were found to be 
enantiomorphs of the corresponding derivatives 
of D-xylöse. The identity of the pentose with 
L-xylose is a definite proof that the aldehydo- 
dibenzylidene-pentose, obtained by oxidation of 
dibenzylidene-D-sorbitol, is aldehydo-2,3,4,5-di~ 
benzylidene-L-xylose and this fact limits the struc­
ture of the dibenzylidene-hexitol to that of 1,2,3,4- 
dibenzylidene-D-sorbitol. Supporting evidence 
for this structure was obtained by the observation 
that dibenzylidene-D-sorbitol, upon reaction with 
two equivalents of triphenylmethyl chloride under 
mild conditions, yielded a mono-trityl derivative, 
a result which indicated that a single primary 
hydroxyl group was present in the diacetal. At­
tention has previously3 been directed to the diffi­
culty of assigning a definitive structural and 
stereochemical formula to a dibenzylidene-hexitol. 
Although Vargha2 has demonstrated that mono- 
benzylidene-D-sorbitol is 2,4-monobenzylidene-D- 
sorbitol, we have not succeeded in condensing it 
with further amounts of benzaldehyde to yield 
the dibenzylidene-D-sorbitol melting at 219-221° 
(cor.), and it is possible at the present time, there­
fore, to designate the latter compound only as
1,2,3,4-dibenzylidene-D-sorbitol .

We express our appreciation to Dr. A. T. Ness 
for performing the microchemical analyses and 
to Dr. C. P. Saylor, of the National Bureau of 
Standards, for assistance in the microscopic ex­
amination of 1,2,3,4-dibenzylidene-D-sorbitol,

(3) H ask ins, H ann and  H udson, T h is  J o ur n a l , 64, 138 (1942).

which showed the substance to be cryptocrystal­
line.

Experimental
5,6-Dibenzoyl-1,2,3,4-dibenzylidene-D-sorbitol.—-To a

solution of 10.0 g. of crystalline D-sorbitol in a mixture of 10 
cc. of water and 5 cc. of concentrated hydrochloric acid, 5 
cc. of benzaldehyde (1.1 molecular equivalents) was added; 
the reaction mixture, upon agitation at room temperature, 
formed a homogeneous solution which set to a gel after one 
hour. The next day the mass was broken into small 
pieces, transferred to a Büchner funnel, washed succes­
sively with water and ether, and dried; the dry powder was 
pulverized and leached with 100 cc. of boiling water and the 
undissolved solid was separated by filtration and dried to 
constant weight. The yield was 7.1 g. (70% based on the 
benzaldehyde used). The substance was dissolved in 35 
cc. of pyridine and after addition of 15 cc. of benzoyl chlo­
ride the mixture was allowed to stand overnight at room 
temperature; the next day 200 g. of ice was added and the 
gummy precipitate of dibenzoate which formed, crystal­
lized slowly. The compound deposited from its solution in 
10 parts of alcohol in the form of long silky needles, which 
melted at 195-196 ° (cor.) and exhibited a specific rotation4 
of — 41.5° (c, 0.69) in chloroform.

Anal. Calcd. for QJboOg: C, 72.06; H, 5.34; C6H0- 
00,37.1. Found: C,72.14; H, 5.28; C6H5CO, 36.4.

1,2,3,4-Dibenzylidene-D-sorbitol.—A solution of 91.0 g. 
of 5,6-dibenzoyl-l,2,3,4-dibenzylidene-D-sorbitol in 700 cc. 
of chloroform was cooled in ice and 50 cc. of 0.1 N  
sodium methylate in methanol solution was added. After 
eighteen hours the gel which had formed was dried in 
vacuo at 65° to remove the chloroform and methyl ben­
zoate, and the residual powder was washed with water and 
dried. The yield was 57.0 g. (99%). The compound 
melted at 219-221 ° (cor.) and showed a specific rotation of
4-21.6° (c, 1.04) in pyridine. The substance was soluble 
in warm ethyl alcohol, methyl alcohol, acetone, and acetic 
acid, but the solutions on cooling deposited gels. The 
homogeneity of the material was demonstrated, however, 
by repeated solution and recovery from 65 parts of alcohol; 
the material recovered after three such treatments, agreed 
in melting point and rotation with the original sample and 
also with 1,2,3,4-dibenzylidene-D-sorbitol obtained by the 
deacetylation of the crystalline 5,6-diacetyl-l,2,3,4-di­
benzylidene-D-sorbitol that is described in the following 
paragraph.

Examination of the substance under the petrographic 
microscope by Dr. C. P. Saylor of the National Bureau of 
Standards revealed that little or no birefringence was de­
tectable in mounts prepared with aqueous media, presum­
ably because of extensive scattering of light by dust of the 
compound covering the surface of the crystals. However, 
mounts in liquids of higher refractive index (methyl 
phthalate, aniline) allowed observation of the high bire­
fringence characteristic of the compound. Since there 
were complex changes of optical crystallographic direction 
within the crystal units, the compound may be designated 
as cryptocrystalline.

(4) All of th e  crystalline  com pounds described in th e  experim ental 
p a rt were recrystallized to  constan t m elting po in t and  specific 
ro tation , [<x]20d ; c is the  concentration  in grams in 100 cc. of solution; 
the tube length  was 4 dm.
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Anal. Calcd. for C20H22O6: C, 67.04; H,6.19. Found: 
C, 67.08; H, 6.23.

5.6- Diacetyl-l,2,3,4-dibenzylidene-D-sorbitol.— A solu­
tion of 2.0 g, of 1,2,3,4-dibenzylidene-D-sorbitol (obtained 
by debenzoylation of 5,6-dibenzoyl-l,2,3,4-D-sorbitol) in a 
mixture of 5 cc. of pyridine and 5 cc. of acetic anhydride 
was heated on the steam-bath for one hour and then cooled 
and poured upon crushed ice. The yield of 2.35 g. (95%) 
of diacetate was recrystallized from 15 parts of acetone and 
it deposited in prisms which melted at 202-205° (cor.) and 
rotated +4.1° (c, 0.95) in chloroform. Upon deacetyla- 
tion with sodium methylate, 1,2,3,4-dibenzylidene-D- 
sorbitol, agreeing in rotation and melting point with the 
compound prepared from the dibenzoate, was obtained in a 
93% yield.

Anal. Calcd. for C24H2608: C, 65.15; H, 5.92; CH3- 
CO, 19.4. Found: C, 65.25; H, 5.94; CH3CO, 19.2.

5.6- Dibenzoyl-l ,2,3,4-tetraacetyl-D-sorbitol.—A solu­
tion of 1.25 g. of 5,6-dibenzoyl-l,2,3,4-dibenzylidene-D- 
sorbitol in 50 cc. of an acid acetylating solution (prepared 
by adding 1 cc. of concentrated sulfuric acid dr op wise to 
an ice-cold mixture of 35 cc. of acetic anhydride and 15 cc. 
of acetic acid) was allowed to stand at 20 0 for twenty-four 
hours. The reaction mixture was poured upon crushed ice 
and the thick sirup which precipitated was washed several 
times with water and dissolved in warm alcohol. As the 
solution cooled it deposited 5,6-dibenzoyl-1,2,3,4-tetra- 
acetyl-D-sorbitol (0.95 g., 73%) in the form of prisms. 
After two recrystallizations from 6 parts of alcohol, the 
substance melted at 96-97° (cor.) and showed a specific 
rotation of +14.4° (c, 0.48) in chloroform.

Anal. Calcd. for C24H26O8: C, 60.21; H, 5.42; sapn. 
titer, 10.7 cc. of 0.1 N  alkali for 100 mg. Found: C, 
60.34; H, 5.43; sapn. titer, 10.5 cc. of 0.1 A alkali for 100 
mg.
5,6-Ditosyl-l,2,3,4-dibenzylidene-D-sorbitol.—Five grams 

of 1,2,3,4-dibenzylidene-D-sorbitol was dissolved in 15 cc. of 
absolute pyridine on the steam-bath and the solution was 
then cooled to 0 0 to form a gel; to this gel an ice-cold solu­
tion of 6.0 g. of Atoluenesulfonyl chloride in 10 cc. of 
pyridine was added and the reaction mixture was agitated 
vigorously at 0 0 for three hours and then allowed to stand 
at 15 0 for a further eighteen hours. The solution was then 
poured over crushed ice and the precipitated ditosylate 
(7.9 g., 84%) was recrystallized from a mixture of 10 parts 
of alcohol and 4.5 parts of acetone. The compound crys­
tallized in cotton-like needles, which showed a specific 
rotation of 4-1.2° (c, 0.6) in acetone. The melting point 
of the compound varied with the rate of heating; when the 
bath was heated at a rate of 10 in three minutes, it melted 
at 155-156°, at a rate of 2° in one minute the melting 
point was 159-160° (cor.). When the tosylation was con­
ducted at a temperature higher than 15°, the mixture of 
products which was obtained gave a strong Beilstein test 
for halogen, indicating that some substitution of chlorine 
had occurred.

Anal. Calcd. for CmHmOioSs: C, 61.24; H, 5.14.
Found: C, 61.12; H, 5.29.

6-Trityl-l,2,3,4-dibenzylidene-D-sorbitol.—A solution of 
2.0 g. of 1,2,3,4-dibenzylidene-D-sorbitol and 3.4 g. (2.2 
molecular equivalents) of triphenylmethyl chloride in 15

cc. of pyridine was allowed to stand at room temperature 
for seventy-two hours. The mixture was poured into 100 
cc. of ice water and the supernatant liquor, which contained 
crystalline triphenylcarbinol, was decanted from the in­
soluble gummy trityl derivative. The latter material was 
suspended in 50 cc. of cold alcohol and in the course of one 
week it crystallized in a yield of 3.3 g. (96%). This prod­
uct was recrystallized twice from 10 parts of ethyl acetate 
and formed elongated prisms which melted slowly over a 
range of 110-115° (cor.) to a clear oil, then solidified in the 
form of needles and remelted at 182-183° (cor.). This 
behavior is exhibited only by material freshly crystallized 
from ethyl acetate; after drying at 50° overnight, the 
transition to the needle form is complete and only the 
higher melting point is observed; apparently the sub­
stance is dimorphic. The needles gave a specific rotation 
of 4-16.8° (c, 0.6) in ethyl acetate.

Anal. Calcd. for C42H3807: C, 76.61; H, 5.96.
Found: C, 76.54; H,6.01.

5-Acetyl-6-trityl-1,2,3,4-dibenzylidene-D-sorbitol.—This 
compound was obtained in quantitative yield by the action 
of acetic anhydride and pyridine on 6-trityl-1,2,3,4-di- 
benzylidene-D-sorbitol. It deposited from its solution in 
80 parts of alcohol in long needles which melted a t 117- 
119° (cor.) to a clear oil, then resolidified in the form of 
plates and remelted at 186-187 0 (cor.). The lower melting 
form showed no change on preservation at room tempera­
ture for several months. I t exhibited specific rotations of 
— 41.8° (c, 0.6) in ethyl acetate and —46.5° (c, 0.4) in 
chloroform.

Anal. Calcd. for C42H3807: C, 76.61; H, 5.96; CH3-
CO, 6.58. Found: C, 76.54; H,6.01; CH3CO, 6.25.

Lead Tetraacetate Oxidation of 1,2,3,4-Dibenzylidene- 
D-sorbitol.—A sample of 0.1198 g. of 1,2,3,4-dibenzylidene- 
D-sorbitol was dissolved in 20 cc. of glacial acetic acid, and 
after the addition of 16.22 cc. of 0.0904 M  lead tetraacetate 
(2.2 molecular equivalents) in glacial acetic acid, the 
volume was adjusted to 50 cc. with glacial acetic acid. 
Analysis of 5-cc. aliquots at the expiration of fifteen and 
thirty minutes, one, three and nineteen hours showed that
0.43, 0.63, 0.79, 0.97 and 1.15 molecular equivalents of 
oxidant had been consumed. In a second experiment, 5.5 
molecular equivalents of lead tetraacetate were added and 
it was observed that 1.0 equivalent was reduced in a period 
of three hours and a further 4.0 equivalents was reduced 
very slowly over a period of twelve days. The rapid 
reaction was due to the oxidation of the glycol grouping at 
carbons five and six (see the following section) and the 
slower one occurred presumably as a result of a slow 
hydrolysis of the benzylidene groups and subsequent 
oxidation of the hydrolysis products. The final consump­
tion of lead tetraacetate (5.0 molecular equivalents) agreed 
with that expected for such a series of reactions.

Isolation of Aldehydo-2,3,4,5-dibenzylidene-L-xylose 
Methyl Hemiacetal.—A suspension of 21.5 g. of 1,2,3,4- 
dibenzylidene-D-sorbitol and 40 g. of pulverized lead tetra­
acetate (1.1 molecular equivalents) in 400 cc. of glacial 
acetic acid was agitated vigorously for four hours with 
occasional cooling to maintain the temperature below 25°; 
the amorphous reaction product was separated by filtra­
tion, pulverized and dried over potassium hydroxide until 
free of acetic acid. The product (21.2 g.), which was
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sufficiently pure for synthetic operations, was dissolved in 
a warm mixture of 100 cc. of methyl alcohol and 100 cc. of 
chloroform and as the solution cooled it deposited the 
methyl hemiacetal of aldehydo-2,3,4,5-dibenzylidene-L~ 
xylose in the form of needles. The compound, after re­
crystallization to constant rotation from 80 parts of a 1:1 
mixture of methyl alcohol and chloroform, melted at 187- 
188° (cor.) and exhibited a rotation of +40.4° (c, 0.46) in 
pyridine. The yield of hemiacetal was 15.0 g. (70%).

Anal. Calcd. for C2oH220 6: C, 67.03; H, 6.19; OCH3,
8.65. Found: C, 67.05; H, 6.38; OCH3, 8.38.

Identification of Formaldehyde as an Oxidation Product. 
—The acetic acid filtrate from the oxidation mixture was 
refluxed while a gentle current of carbon dioxide was 
passed through it; the gas was led through an efficient 
condenser and into 100 cc. of ice-cold water. At the end of 
six hours, an aliquot of the aqueous solution was tested 
with dimethyl-dihydroresorcinol; the characteristic 
formaldimethone which formed, melted at 189-190° 
(cor.) and no depression of the melting point was observed 
upon admixture with authentic formaldimethone.

Aldehydo-2,3,4?5-dibenzylidene-L-xylose.—A sample of 
the methyl hemiacetal of aldehydo-2,3,4,5-dibenzylidene- 
L-xylose was sublimed in a vacuum at 140-145° and the 
sublimate, which was partially crystalline, was recrystal­
lized from 5 parts of dioxane. The compound was ob­
tained in the form of small needles which melted at 186- 
187° (cor.) and showed a rotation of —33.4° (c, 0.52) in 
pyridine.

Anal. Calcd. for CigHisOs: C, 69.93; H, 5.56. 
Found: C, 69.84; H, 5.66.

Aldehydo-2,3,4,5-dibenzylidene-L-xylose Oxime.—A
suspension of 1.0 g. of aldehydo-2,3,4,5-dibenzylidene-L- 
xylose in a solution containing 25 cc. of methanol, 5 cc. of 
water, 1.0 g. of hydroxylamine hydrochloride and 1.0 g. of 
fused sodium acetate was refluxed for twenty minutes, 
during which period complete solution occurred; the 
crystalline product, which deposited as the solution cooled, 
was recrystallized from 240 parts of alcohol and yielded 
0.9 g. (86%) of oxime in the form of colorless needles which 
melted with decomposition at 239-240 ° (cor.) and gave a 
rotation of —108.9 ° (c, 0.41) in pyridine.

Anal. Calcd. for Ci9H i9N 06: C, 66.85; H, 5.61; N, 
4.10. Found: C, 66.86; H, 5.57; N, 4.28.

L-Xylose from Aldehydo-2,3,4,5-dibenzylidene-L-xylose 
Methyl Hemiacetal.—A suspension of 10.6 g.-of 1,2,3,4-di- 
benzylidene-L-xylose methyl hemiacetal in a mixture of 
280 cc. of methyl alcohol, 15 cc. of water and 3 cc. of con­
centrated hydrochloric acid was refluxed for one hour, dur­
ing which time complete solution occurred and a strong 
odor of benzaldehyde developed. The solution, following 
the removal of the hydrochloric acid by silver carbonate in 
the usual manner, was concentrated in vacuo to a sirup, 
presumably a mixture of a.- and /3-methyl-L-xylosides. 
The sirup, which resisted crystallization, was dissolved in 
100 cc. of 1% sulfuric acid and hydrolyzed for two hours 
on the steam-bath. The acid was neutralized with barium 
hydroxide and the neutral solution concentrated in vacuo 
to a sirup, which deposited crystalline L-xylose upon treat­
ment with 3 cc. of glacial acetic acid. The yield was 1.7 g. 
(40%). The pentose melted at 143-145° (cor.) and gave

an extrapolated initial rotation of —92° and an equi­
librium value of —19.4° {c, 0.88) in aqueous solution. Its 
mutarotation rate at 20° was 20.2 X 10“ 3, which agrees 
with the known rate for D-xylose. Vargha2 records a 
melting point of 144 ° and initial and equilibrium rotations 
of — 79.3 ° and —18.6 °, respectively, for the L-xylose which 
he prepared by the lead tetraacetate oxidation of 2,4- 
benzylidene-D-sorbitol. Isbell5 reports an initial rotation 
of +94.8° and an equilibrium rotation of +18.3° for a 
4.4% aqueous solution of D-xylose.

Anal. Calcd. for C5H10O5: C, 40.00; H, 6.71. Found: 
C, 39.86; H, 6.57.

d ,L-Xylose.—A mixture of 100 mg. each of D-xylose and 
L-xylose was dissolved in 2 cc. of warm methanol and di­
luted with 5 cc. of glacial acetic acid. The d ,L-xylose (110 
mg., 55%) obtained was optically inactive in aqueous 
solution and melted at 128-130 ° (cor.) in good agreement 
with the value of 129-131° recorded by Fischer6 for d,l- 
xylose.

Racemic Xylose Phenylosazone.—A mixture of 0.5 g. of
L-xylose, 1.5 cc. of phenylhydrazine, 1.0 cc. of acetic acid 
and 5 cc. of water was heated on the steam-bath for one 
hour. The L-xylose phenylosazone (yield, 0.8 g.; 74%) 
was recrystallized from aqueous acetone and obtained as 
fine yellow needles melting at 161-163° (cor.). Reich- 
stein, Grüssner and Oppenauer7 reported a melting point of 
160-162° (cor.) for D-xylose phenylosazone. A mixture of 
100 mg. each of d - and L-xylose phenylosazones was dis­
solved in 10 cc. of warm acetone; the precipitate (171 mg.; 
85%), which formed on cooling the solution, was recrystal­
lized from 10 cc. of acetone and obtained as fine needles 
which decomposed at 207 0 (cor.) and were devoid of optical 
activity in pyridine solution. These properties are in sub­
stantial agreement with those reported by Fischer6 for. the 
racemic xylose phenylosazone which he obtained from 
d ,L-xylose and also from the oxidation of xylitol.

Anal. Calcd. for Ci7H2o03N2: C, 62.18; H, 6.14. 
Found: C, 62.30; H, 6.13.

L-Xylose Phenylosazone Triacetate.—This compound 
was obtained in a yield of 0.672 g. (97%) by acetylation of 
L-xylose phenylosazone (0.5 g.) in a mixture of 3 cc. of 
pyridine and 2 cc. of acetic anhydride. The substance was 
recrystallized by solution in 12 parts of alcohol and the 
gradual addition of 8 parts of water. It was obtained in 
fine yellow needles which melted at 116-117° (cor.) and 
rotated +44.3° (c, 0.34) in chloroform. Percival and 
Percival8 reported a melting point of 116-117° and a 
specific rotation [a] 16d  of — 46 ° for the D-form. We find a 
melting point of 116-117° (cor.) and a specific rotation 
[a] 20d  of —44.2° (c, 0.47) for D-xylose phenylosazone tri­
acetate.

Racemic Xylose Phenylosazone Triacetate.—A mixture 
of 100 mg. each of the d - and L-forms of xylose phenylos­
azone triacetate was dissolved in 2 cc. of warm alcohol; 
upon addition of 1 cc. of water the racemate deposited from 
the solution in the form of fine yellow needles. The yield 
was 165 mg. (82%). The recrystallized compound was

(5) Isbell, J . Research N atl. Bur. Standards, 13, 515 (1934).
(6) Fischer, Ber., 27, 2488 (1894).
(7) Reichstein, G rüssner an d  O ppenauer, Helv. Chim. Acta, 16, 

1024 (1933).
(8) Percival an d  Percival, J .  Chem. Soc., 1320 (1937).
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devoid of optical activity in chloroform solution; it melted 
at 131-132° (cor.), which is much higher than the melting 
point of its components, from which fact it is evident that 
the crystalline substance is a true racemate.

Summary
D-Sorbitol, in solution with 4 N  hydrochloric 

acid and one molecular equivalent of benzalde­
hyde, condenses to yield principally a cryptocrys­
talline dibenzylidene-D-sorbitol melting at 219- 
221°. The latter substance, upon oxidation with 
lead tetraacetate in glacial acetic acid, produces 
formaldehyde and aldehydo-2,3,4,5-dibenzylidene- 
L-xylose, which is conveniently isolated as a crys­

talline methyl hemiacetal. This hemiacetal is 
converted by acid hydrolysis to L-xylose, which 
was isolated as the crystalline sugar and further 
characterized by preparation of L-xylose phenyl­
osazone; the latter compound combines with 
D-xylose phenylosazone to yield the long known 
racemic xylose phenylosazone. Also, L-xylose 
phenylosazone triacetate forms a true racemate 
with D-xylose phenylosazone triacetate.

The work constitutes a definitive proof that 
the structure of dibenzylidene-D-sorbitol is that 
of 1,2,3,4-dibenzylidene-D-sorbitol.
B e t h e s d a , M d . R e c e i v e d  A p r i l  10, 1942

[C o n t r i b u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r y , U n i v e r s it y  o f  M i s s o u r i ]

The Action of Alkali on Cyclohexenecarbonals1

By H. E. French and D. M. Gallagher

Although the cyclohexenecarbonals possess al- Under similar conditions, 3,4-dimethyl-6-phen-
pha hydrogens, one might reasonably expect re­
actions like those of the aromatic series toward 
alkaline reagents, because of the steric effect of the 
large radical attached to the alpha carbon. In 
order to test this supposition, we have investi­
gated the reactions with several 3-cyclohexene- 
carbonals, particularly the 3,4,6-trimethyl de­
rivative. Concentrated aqueous solutions of so­
dium or potassium hydroxide acted on this alde­
hyde forming a tripolymer. Similar tripolymers 
of cyclohexanecarbonal and of 3-cyclohexenecar- 
bonal had previously been prepared by the action 
of mineral acids.2 Saturated aqueous solutions of 
barium hydroxide gave very small yields of the 
polymer, most of the aldehyde being recovered. 
A cold 10% solution of potassium hydroxide in 
methyl alcohol was also without action on the 
aldehyde. At 70°, using a methyl alcohol-water 
solution, reaction took place with the formation of 
the corresponding acid and the alcohol. The acid 
had previously been prepared from ethyl croton- 
ate and 2,3-dimethylbutadiene.3 The structure 
of the alcohol was shown by its synthesis from the 
aldehyde using aluminum isopropoxide, and by 
carbon and hydrogen analyses of the naphthyl 
urethan.

(1) This work is p a r t of th e  thesis m ateria l to  be subm itted by  M r. 
Gallagher to  th e  g raduate  facu lty  of th e  U niversity  of M issouri.

(2) W allach, A n n ., 347, 336 (1906); Zelinsky and G u tt, Ber., 40, 
3051 (1907); C hayanov, J .  Gen. Chem. (U. S .S .R .) ,  8 , 460 (1938).

(3) F arm er and P itk e th ly , J . Chem. Soc., 11 (1938).

yl-3-cyclohexenecarbonal, 6-methyl-3-cyclohex- 
enecarbonal, and 3-cyclohexenecarbonal were 
found to give the Cannizzaro reaction. In all cases 
the acids formed were known compounds4 but the 
alcohols had not previously been reported. These 
were identified by their syntheses from the alde­
hydes using aluminum isopropoxide, and analyses 
of their phenyl or naphthyl urethans. Yields of 
the pure acids were of the order of 80%. Varying 
amounts of polymerization products were ob­
tained if the temperature of reaction was much in 
excess of 70°.

Freshly distilled 6-methyl-3-cyclohexenecar- 
bonal gave but a trace of reaction in the usual re­
action time, while aldehyde used after long stand­
ing, or through which air had been bubbled, 
readily entered into the reaction. This is in ac­
cord with the observation that peroxide is a cata­
lyst for the Cannizzaro reaction.5

Each of the aldehydes was dissolved in aqueous 
methyl alcohol and heated to approximately 70° 
with potassium hydroxide and formalin solution. 
Diols, in yields of from 50 to 60% of the pure re­
distilled or recrystallized compounds, were ob­
tained in all cases. The formation of these com­
pounds presumably follows the course indicated 
by the equation

(4) Fujisi, Horiuchi, and  T akahash i, Ber., 69, 2102 (1936); C h ay ­
anov and  G rishiu, Colloid J .  (U. S. S. R .) , 3, 461 (1937); P e rk in , 
J . Chem. Soc., 85, 416 (1904).

(5) K harasch  and Foy, T h is  Jo u rn al , 57, 1510 (1935).
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H

,(CH2OH)2
4- HCOOH

The molecular weight of 3,4,6-trimethyl-3-cyclo- 
hexene-1,1-dicarbonol in camphor and in diox- 
ane was found to be 184 and 183.5, respectively, 
and in the Grignard machine was found to possess 
two active hydrogens. Each of the diols com­
bined with two molecules of phenyl isocyanate to 
yield crystalline urethans. The ring unsatura­
tion of the 3-cycloh*exene-l, 1-dicarbonol was re­
duced, and on oxidation the known cyclohexane-
1,1-dioic acid was obtained.6

Experimental
The cyclohexenecarbonals were prepared by the Diels- 

Alder condensation, and their properties corresponded to 
those given in the literature for the pure compounds.

3,4,6-Trimethyl-3-cyclohexenecarbonal with Alkali.—
Twelve and one-half grams of the aldehyde was allowed to 
stand for twenty-four hours at room temperature with a 
solution of 20 g. of potassium hydroxide in 12.5 cc. of 
water. An insoluble oil was then separated from the aque­
ous layer and washed with water. In the course of a 
month this oily material partly solidified. The pasty mass 
was filtered with suction and was washed with ethyl 
alcohol. The white solid thus obtained was found to be 
soluble in benzene and in acetone, and insoluble in ethyl 
alcohol and in ether; white, powdery material from ace­
tone; m. p. 132-134°; molecular weight in benzene, 482; 
molecular weight of the original aldehyde, 152; yieid of 
polymer, 2 g.

A solution containing 20 g. of the aldehyde in 20 cc. of 
ether was shaken for forty-eight hours at room tempera­
ture with 20 cc. of a saturated solution of barium hydroxide 
in water. Practically all of the aldehyde was recovered 
from the ether solution as the bisulfite compound, together 
with a trace of an oily material, presumably a polymer of 
the aldehyde.

A solution of 10 g. of the aldehyde in 20 cc. of methyl 
alcohol was shaken for three days at room temperature 
with 10 cc. of a 10% solution of potassium hydroxide in 
methyl alcohol. Eight and a half grams of the aldehyde 
was recovered.

The Cannizzaro Reaction.—The following procedure is 
typical for the Cannizzaro reactions using the various 
aldehydes. A solution of 9 g. of potassium hydroxide in 
5.5 cc. of water was added rapidly to 8.5 g. of the aldehyde 
in 11 cc. of methyl alcohol, with mechanical stirring at 
65-75° for two hours. At temperatures much in excess of 
75 °, considerable polymerization occurred. Addition of 
an equal volume of water caused the separation of a second 
layer, which was extracted with ether. After drying, the

(6) W igh tm an , J .  Chem. Soc., 2541 (1926).

ether and methyl alcohol were removed on the water-bath. 
Vacuum distillation of the residue gave the carbinols as 
colorless liquids which readily formed urethans with a 
naphthyl isocyanate. In each case the identity of the 
carbinol was demonstrated by its synthesis from the alde­
hyde with aluminum isopropoxide and a comparison of the 
urethans. The acids were obtained from the alkaline 
solutions remaining after the ether extraction, in yields 
which were generally of the order of 78%. Melting points 
of the acids were found to correspond to those given in the 
literature for those compounds

3.4- Dimethyl-6-phenyl-3-cyclohexenecarbonol.—Naph­
thyl urethan; white crystals from petroleum ether; m. p. 
110-111°.

Anal. Calcd. for C26H270 2N: C, 81.03; H, 7.01. Found: 
C, 80.84; H, 7.32.

6-Methyl-3-cyclohexenecarbonol.—Phenyl urethan; 
white crystals; m. p. 83°. Anal. Calcd. for C15H19O55N: 
N, 5.71. Found: N, 5.86.

3-Cyclohexenecarbonol.—Naphthyl urethan; white 
crystals from petroleum ether; m. p. 106°.

Anal. Calcd. for C18Hi90 2N: C, 76.86; H, 6.76.
Found: C, 76.92; H, 6.94.

3,4,6-Trimethyl-3-cyclohexenecarbonol.—N aphthyl ure­
than; white crystals from petroleum ether; m. p. 112°.

Anal. Calcd. for C2iH250 2N: C, 78.01; H, 7.74.
Found: C, 78.35; H, 8.05.

The Cross Cannizzaro Reaction.—The following repre­
sents a typical reaction for these aldehydes. A mixture of 
8 g. of the aldehyde, 10 cc. of methyl alcohol, and 5 cc. of 
formalin in a 3-neck flask equipped with dropping funnel, 
motor stirrer, and reflux condenser was heated to 70°, and 
maintained at that temperature while a solution of 8.4 g. 
of potassium hydroxide in 6 cc. of water was added. The 
mixture was heated at 70° for forty minutes, then refluxed 
for one hour. The reaction mixture was cooled, diluted 
with an equal volume of water, and extracted with ether. 
From this ether solution the diol was obtained. The un­
substituted and the monomethyl substituted compounds 
were obtained as oils which solidified after vacuum distil­
lation and standing for several hours in an ice chest. The 
others were obtained as crystalline compounds, and were 
recrystallized from petroleum ether. The diols were ob­
tained in yields of 50-60% of the pure compounds. In 
each case the diol combined with two molecules of phenyl 
isocyanate, yielding crystalline urethans which were re- 
crystallized from dilute alcohol.

3,4,6-Trimethyl-3-cyclohexene-l, 1-dicarbonol.—White 
crystals; m. p. 86.5°; molecular weight in camphor, 184; 
in dioxane, 183.5; calcd. for CnH20O2, 184; active hydro­
gens, 1.91; urethan, m. p. 121.5-123°.

Anal. Calcd. for C25H3o04N2: C, 71.09; H, 7.10.
Found: C, 71.01; H, 7.34.

3.4- Dimethyl-6-phenyl-3-cyclohexene-l, 1-dicarbonol.—
White crystals; m. p. 131.5°; phenyl urethan, m. p. 166°.

Anal. Calcd. for C3oH3204N2: C, 74,36; H, 6.61.
Found: C, 74.22; H, 6.85.

6-Methyl-3-cycloh ex ene-1,1-dicarbonol.—White crys­
tals; m. p. 45°; phenyl urethan, m. p. 150°.

Anal. Calcd. for C23H260 4N2: C, 70.05; H, 6.59; N, 
7.10. Found: C, 70.28; H. 6.53; N, 7.06.
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3-Cyclohexene-l, 1-dicarbonol.—White crystals; m. p. 
92.5°; phenyl urethan, m. p. 118.5°.

Anal. Calcd. for C22H2404N2: C, 69.45; H, 6.36. 
Found: C, 69.29; H, 6.57. Active hydrogens in the diol,
1.81.

Hydrogenation of 3,4,6-Trimethyl-3-cyclohexene-l,l- 
dicarbonol.—The compound was reduced at 2500 lb. pres­
sure at 150°, using Raney nickel, to the known cyclohex­
ane-1,1-dicarbonol, m. p. 95-96 °.7

Oxidation of Cyclohexane-1,1-dicarbonol.—Oxidation 
with potassium permanganate in neutral and in alkaline 
solutions, using water and water-acetone solvents, gave 
only uncrystallizable oils. Nitric acid oxidation gave a 
.small yield of a solid acid which was not identified.

1.7 g. of the diol was dissolved in 10 cc. of pyridine. A 
solution of 5.5 g. of potassium permanganate in 110 cc. of

(7) F ranke  and  Sigm und, M onatsh., 46, 61 (1925).

water was added with stirring, at a temperature of 0°. 
The mixture was stirred for eight hours at that tempera­
ture and allowed to warm slowly to room temperature. 
The excess permanganate was discharged with 1 cc. of 
ethyl alcohol. After filtering, the solution was concen­
trated on a water-bath to 10 cc. using vacuum. Hydro­
chloric acid was added and the solution placed in the ice 
chest. A yield of 0.8 g. of the known cyclohexane-1,1- 
dioic acid was obtained.

Summary
1. The action of alkaline solutions on certain 

cyclohexenecarbonals has been studied.
2. These aldehydes were found to undergo the

Cannizzaro reaction, and to react with formalde­
hyde to yield cyclohexene-l,l-dicarbonols. 
Columbia, Missouri Received March 30, 1942

[C o n t r i b u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m i s t r y , t h e  U n i v e r s it y  o f  T e x a s ]

Sulfanilamido Derivatives of Nitrogen Bases from California Petroleum1
By Leslie M. Schenck2 and Henry R. Henze

Bobranski3 and Winterbottom4 have reported 
syntheses in the sulfanilamidoquinoline series; 
however, no alkylation in the quinoline nucleus 
higher than methyl was included. Since detailed 
pharmacological tests of their compounds have 
not been published, it was considered of interest to 
prepare sulfanilamido derivatives of a series of 
alkylated quinoline homologs encountered in ni­
trogen bases extracted from California petroleum. 
Since quinolines substituted in positions 2, 3 and 8 
occur in appreciable quantity among the complex 
petroleum base fractions, this series was selected 
for investigation. The compounds prepared in 
this work are sulfanilamido and acetylated sul­
fanilamido derivatives of 5-amino-2,3,8-trimethyl- 
quinoline, and of the hitherto unreported 5- 
amino-8-ethyl-2,3-dimethylquinoline and 5-amino-
2,3-dimethy 1-8-^-propylquinoline.

Through the courtesy and cooperation of Parke, 
Davis and Company, the 2,3,8-trimethyl and 2,3- 
dimethyl-8-w-propylquinoline sulfanilamido de­
rivatives have received preliminary testing for 
possible pharmacological activity. No activity 
was found in mice infected with experimental

(1) C onstructed  from  a portion  of a thesis presented to  th e  G radu­
a te  F acu lty  of th e  U niversity  of Texas by  Leslie M . Schenck in p a r­
tia l fulfillm ent of th e  requirem ents for the  degree of D octor of Philos­
ophy, June, 1942.

(2) Parke, D avis Fellow, 1941-1942; present address. General 
Aniline and  F ilm  C orporation, Grasselli, N . J.

(3) Bobranski, Arch. Pharm ., 277, 75 (1939).
(4) W interbottom , T h is  J o u r n a l , 62, 160 (1940).

Type I pneumococcus, Staph, aureus or Strep. 
viridans. The slight activity toward hemolytic 
streptococci indicates that the activity of sulfan­
ilamide is lowered by substitution of the quinoline 
heterocycle at the N 1 position. Certainly the 
compounds here reported do not have the desir­
able properties obtained with other heterocycles 
such as pyridine, thiazole and pyrimidine.

Two of the new compounds reported herein have 
received preliminary testing for antimalarial ac­
tivity (through the courtesy of Parke, Davis and 
Company). It is of interest to note the activity 
against avian malaria of 5-sulfanilamido-2,3,8-tri- 
methylquinoline in the blood, whereas larger doses 
of this material are inactive in the tissue.

Stage Dose,
te sted  mg. R esu lt

5-Sulfanilamido-2,3,8-trimethyl- Blood 50 Active
quinoline Tissue 100 Inactive

5- (N 4-Acetylsulf anilamido) -2,3- 
dimethyl-8-w-propylquinoline Blood 50 Inactive

Experimental
2,3,8-Trimethyi-5-nitroquinoline.—Fourteen grams of 

2,3,8-trimethylquinoline,5 isolated from petroleum nitro­
gen bases, was converted to 2,3,8-trimethyl-5-nitroquino- 
line in accordance with Burger and Modlin.6 There was 
obtained 13 g. of purified product, crystallizing from pe­
troleum ether as pale yellow needles melting at 124° (cor.).

(5) Po th , Schultze, K ing, T hom pson, Slagle, F loyd  an d  Bailey, 
ibid., 52, 1239 (1930).

(6) B urger and  M odlin, ibid., 62, 1079 (1940).
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2,3,8-Trimethyl-5-aminoquinoline.—Burger and Mod­
lin6 report the preparation of this compound by reduction 
of the corresponding nitro derivative with stannous chlo­
ride and 17% hydrochloric acid. When their method was 
tried upon larger quantities of 2,3,8-trimethyl-5-nitro- 
quinoline, the isolation was found unsatisfactory, and it 
was necessary to steam distil the amine from the reduction 
mixture and to recover it from the large volume of distillate 
by ether extraction.

As an alternate method, promising less difficulties in iso­
lation and purification of the desired intermediate, 12.5 g. 
of 2,3,8-trimethyl-5-nitroquinoline (0.058 mole) was hydro­
genated over Raney nickel catalyst at 70° and 1000 lb./sq. 
in. pressure for thirty minutes, employing ethyl alcohol as 
the solvent. The catalyst was removed by filtration, the 
solvent diluted with water and the precipitated amine 
crystallized from dilute ethyl alcohol to give a quantitative 
yield of 2,3,8-trimethyl-5-aminoquinoline melting at 110- 
111° (cor.) identical with that prepared by the more 
laborious method of Burger and Modlin.

5-(N4-Acetylsulfanilamido)-2,3,8-trimethylquinoline.—- 
The amine (0.059 mole) was dissolved in 100 cc. of pyridine 
which had been dried by prolonged contact with potassium 
hydroxide pellets. To the solution was added 18 g. (0.077 
mole) of acetylsulfanilyl chloride which had been purified 
by crystallization from acetone-benzene and thoroughly 
dried through vacuum desiccation over calcium chloride. 
Heat was immediately developed, and the solution was 
agitated until all the acid chloride was in solution. At this 
point, the reaction mixture was heated three hours on the 
steam-bath, a calcium chloride tube being employed to 
protect against atmospheric moisture.

The crude 5-(N4-acetylsulfanilamido)-2,3,8-trimethyl- 
quinoline was precipitated by pouring its pyridine solution 
into 500 cc. of ice water. Separating first as a highly dis­
colored oil, the product soon solidified and was removed by 
filtration. One-half the product was purified by repeated 
treatment with Norite in boiling ethyl alcohol. The puri­
fied compound, prepared in 47% yield, crystallized from 
this solvent as hair-like needles melting undecomposed at 
260.5-261.5° (cor.).

Anal. Calcd. for C20H21N3O3S: N, 10.95. Found: 
N, 10,78.

5-Sulfanilamido-2,3,8-trimethylquinoline.—One-half of 
the crude 5-(N4-acetylsulfanilamido)-2,3,8-trimethylquino- 
line described above was dissolved in 100 cc. of 4 N  hydro­
chloric acid and hydrolyzed by refluxing thirty minutes. 
After cooling, the acid solution was neutralized with am­
monium hydroxide and the product removed by filtration. 
Purification was effected by three crystallizations from 
ethyl alcohol, Norite being employed during the initial 
process. The final product, realized in 58% yield, was in 
the form of fine colorless needles melting without de­
composition at 225.5-226° (cor.).

Anal. Calcd. for C18H19N3O2S: N, 12.31. Found: N,
12.26.

8-Ethyl-2,3-dimethyl-5-nitroquinoline.—Six grams of 8- 
ethyl-2,3-dimethylquinoline7 (0.032 mole) was added 
slowly to 60 cc. of fuming nitric acid (sp. gr. 1.49) and 
heated on the steam-bath for five hours. Upon neutraliza­

tion of the diluted acid with sodium carbonate, the ni­
trated base was recovered by filtration and crystallized in 
83% yield from ethyl alcohol as fine needles melting unde­
composed at 107-109° (cor.).

Anal. Calcd. for Ci3H14N202: C, 67.81; H, 6.13. 
Found: C, 67.88; H, 6.37.

5-Amino-8-ethyl-2,3-dimethylquinoline.—Six grams of 
the nitro compound was hydrogenated under the identical 
conditions used in the reduction of the trimethyl analog to 
yield 5 g. (94%) of amine which crystallized from ligroin 
as irregular shaped needles melting at 101- 102° (cor.).

Anal. Calcd. for C13H16N2*. N, 13.99. Found: N,
13.97.

5-(N4-Acetylsulfanilamido)-8-ethyl-2,3-dimethylquino- 
line.—In the manner previously described, 5 g. of 5-amino-
8-ethyl-2,3-dimethylquinoline was dissolved in 50 cc, of 
dry pyridine and heated with acetylsulfanilyl chloride for 
three hours on the steam-bath. The product was recov­
ered from the pyridine by dilution with water, and crystal­
lized only after prolonged standing. The crude material 
was divided into two equal portions, one of which was puri­
fied. Unlike its 2,3,8-lower homolog, 5-(N4-acetylsul- 
fanilamido)-8-ethyl-2,3-dimethylquinoline is extremely sol­
uble in alcohol. Since no suitable solvent for recrystalliza­
tion was found, purification was achieved by repeatedly 
dissolving the discolored compound in boiling ethyl alco­
hol, treating with Norite, and precipitating the colorless 
acetyl derivative by addition of water. Only 1 g. 
(20%) of pure material, melting at 244-245° (cor.), was 
obtained.

Anal. Calcd. for C ^ N sO sS : N, 10.57; S, 8.07.
Found: N, 10.74; S, 8.20.

5-Sulfanilamido-8-ethyl-2,3-dimethylquinoline.—The 
second portion of the crude product referred to above was 
hydrolyzed as in the previous case by thirty minutes of 
refluxing with 60 cc. of 6 N  hydrochloric acid. The prod­
uct, precipitated by the addition of ammonium hydroxide, 
was purified to the constant melting point of 241-242° 
(cor.) by recrystallization from ethyl alcohol, from which 
solvent it crystallizes in fine needles.

Anal. Calcd. for C19H21N3O2S: N, 11.83. Found: N, 
11.81.

2,3-Dimethyl-5-nitro-8-w-propylquinoline.—Fifteen 
grams (0.075 mole) of 2,3-dimethyl-8-w-propylquinoline8 
was nitrated by heating at steam-bath temperature with 
150 cc. of nitric acid (sp. gr. 1.49) for three hours. The 
nitro derivative, precipitated by neutralizing the diluted 
solution with sodium carbonate, was recrystallized from 
petroleum ether in 93 % yield. A small sample was further 
purified to a constant melting point of 97-99° (cor.).

Anal. Calcd. for Ci4Hi6N202: N, 11.47. Found: N,
11.51.

5-Amino-2,3-dimethyl-8-w-propylquinoline.—Reduction 
was realized in 95% yield by hydrogenating the nitro 
compound (17 g.) over Raney nickel at 70-100° and 1000 
lb./sq. in. pressure. Following crystallization from petro­
leum ether, the amine melted at 90-92° (cor.).

Anal. Calcd. for C14Hi8N2: N, 13.08. Found: N,
13.15.

(7) K ey and Bailey, T h is  J o u r n a l , 60, 3028 (1938). (8) Axe and  Bailey, ibid., 60, 3028 (1938).
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5-(N4-Acetylsulfanilamido)-2,3-dimethyl-8-w-propyl- 
quinoline.—Fourteen grams of 5-amino-2,3-dimethyl-8-w- 
propylquinoline (0.065 mole) reacted with 22 g. of acetyl­
sulfanilyl chloride (0.094 mole) in 140 cc. of dry pyridine 
for three hours. The product, recovered by dilution with 
water, separated as an oil which did not crystallize upon 
standing. The aqueous layer was decanted, and the tarry 
product divided into two fractions of approximate equality. 
By repeatedly dissolving one portion of the oil in ethyl 
alcohol, refluxing with Norite, and precipitating the prod­
uct with water, the acetyl derivative was obtained (in 
15% yield) and melted at 208-209° (cor.).

Anal. Calcd. for C22H25N3O3S: N, 10.21. Found: N,
10.26.

5-Sulfanilamido-2,3-dimethyl-8-w-propylquinoline.—The
residual oil referred to above was refluxed for one hour 
with 150 cc. of 4 N  hydrochloric acid. Following neutrali­
zation with ammonium hydroxide, the hydrolysis product 
was filtered and crystallized from ethyl alcohol with the

aid of Norite as fine needles in 70% yield; melting point 
237-238° (cor.).

Anal. Calcd. for C20H23N3O2S: N, 11.38; S, 8.66.
Found: N, 11.46; S, 8.48.

Summary
The preparation of a series of sulfanilamido de­

rivatives of nitrogen bases from California petro­
leum has been described. Preliminary pharmaco­
logical tests of these 2,3,8-trialkyl-5-sulfanilamido- 
quinolines show them to be practically inactive as 
sulfa drugs, indicating that such substitution of 
the quinoline nucleus for hydrogen of the amide 
group reduces the therapeutic effectiveness of sul­
fanilamide. One of the compounds exhibits some 
activity against avian malaria at the blood stage. 
A u s t i n , T e x a s  R e c e i v e d  M a r c h  23, 1942

[C o n t r i b u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r y  o f  t h e  S t a t e  U n i v e r s it y  o f  I o w a ]

Azoyl Derivatives of Sugars and Separation by Chromatographic Adsorption1
By George H. Coleman, Alford G. Farnham and Aaron Miller

Reich2 has reported the chromatographic sepa­
ration of the ^>-phenylazobenzoyl esters of a-D- 
glucose and /3-D-fructose on both alumina and 
silica as adsorbents.

The present work was undertaken to determine 
the applicability of the chromatographic adsorp­
tion method to similar derivatives of other sugars 
with the thought of applying the procedure to mix­
tures such as “hydrol.”

^-Phenylazobenzoyl derivatives were prepared 
from the following sugars by the method described 
in the experimental part: a-D-glucose, /3-D-glucose 
]0-D-fructose, a-D-galactose, a-lactose, trehalose, 
sucrose, /3-cellobiose, /3-gen tiobiose, /3-maltose, 
D-xylose and melezitose. The compounds were 
analyzed for percentage azoyl and the specific 
rotations were measured in chloroform solution 
using both sodium and cadmium vapor lamps.

Several pairs of the sugar esters were separated 
by the chromatographic adsorption method. The 
following pairs of azoates were separated using 
Magnesol3 as adsorbent with Dicalite as a filter 
aid: a-lactose and a-D-galactose, trehalose and 
/3-D-glucose, a-lactose and sucrose, a-D-glucose

(1) Presented a t  th e  m eeting of th e  Am erican Chemical Society, 
St. Louis, M issouri,'A pril, 1941.

(2) Reich, Compt. rend., 208, 589, 748 (1939); Biochem. J . t 33, 
1000 (1939).

(3) “ M agnesol” is a hydrous m agnesium  silicate m anufactured by 
th e  M agnesol Co.

and /3-D-fructose, /3-maltose and a-D-glucose, su­
crose and a-D-glucose. On silicic acid4 as adsorb­
ent a-D-glucose and jö-D-fructose, a-D-galactose 
and /3-D-fructose, sucrose and /3-D-fructose, a-D- 
glucose and melezitose were separated. Several 
other pairs of derivatives did not give satisfactory 
separation under the conditions employed.

Experimental
Preparation of Azoyl Derivatives.—The ^-phenylazo- 

benzoyl or “azoyl” derivatives were prepared by allowing 
the sugars to react in pyridine solution a t 0° with p- 
phenylazobenzoyl chloride over a period of eight to twenty 
days. The mole ratio of azoyl chloride to sugar was 
about eight to one for monosaccharides and twelve to one 
for disaccharides. At the end of this time the excess acid 
chloride was decomposed by adding methanol. The prod­
ucts were precipitated by pouring the reaction mixture 
into water. The precipitate, after drying, was purified 
by dissolving in chloroform and reprecipitating by pouring 
into alcohol. The monosaccharide derivatives were re­
crystallized, the glucose derivatives from dioxane and the 
galactose and fructose derivatives from mixtures of chloro­
form and carbon tetrachloride. The disaccharide esters 
were purified by several reprecipitations.

Specific Rotations.—The specific rotations were meas­
ured at 25° in chloroform solution at a concentration of 
0.5 g. per 100 ml. of solvent using a water-jacketed 2- 
decimeter tube. Two light sources were used, the sodium 
and cadmium vapor lamps, giving, respectively, the read­
ings for the sodium D line and the cadmium 6438 A. line.

(4) M erck  R eagen t Silicic Acid.
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The cadmium lamp gave more satisfactory readings, espe­
cially a t higher concentrations. Physical constants are 
listed in Table I.

T able I
Specific D ata on Azoyl D erivatives

S u g a r azoate M . p ., ° C « [«]25D M .V % Azoyl

aj-D-Glucose 234-236 +282° 4-226° 85.14
0-D-Glucose 204-206 4-111 4- 86 86.00
/3-D-Fructose 128-130 -511 -394 82.64
<x-D-Galactose 224-226 4-504 4-399 85.77
^-Lactose 218-220 4-355 4-274 a s .32
Trehalose 123-125 4-276 4-217 82.89
Sucrose 125-126 +  43 4- 35 82.92
/3-Cellobiose 206-208 4-101 82.00
/3-Gentiobiose 159-161 4- 28 82.03
D-Xylose 146-148 4-285 4-225 84.83
j3-Maltose 242-244 -  30 -  22 78.50

253-255 80.20
Melezitose 135-137 4-110 4- 81
Calculated per cent of azoyl:

Hexose pentaazoate — 85.66 
Hexose tetraazoate = 82.61 
Pentose tetraazoate = 85.13 
Pentose triazoate = 81.01 
Disaccharide octaazoate = 83.35 
Disaccharide heptaazoate = 81.37 

a The melting points were determined between cover 
glasses using a Fisher Johns apparatus.

Some of these constants may be revised when perfectly 
pure derivatives unmixed with isomers are prepared. In 
certain cases complete azoylation and purification of the 
product was difficult by the methods used. Since the pri­
mary interest in the present work was to determine the 
value of these derivatives in the separation of sugars, ex­
tended study was not given to methods of preparation and 
purification. The work is being continued and special 
attention given to modification of the method of prepara­
tion and the characterization of the pure compounds.

Analysis for Percentage of Azoyl.—The derivatives were 
analyzed by hydrolyzing the esters and weighing the free 
^-phenylazobenzoic acid formed. The azoyl derivative 
was dissolved in 20 ml. of dioxane, and 15 ml. of methanol 
containing about 12 mg. of sodium methylate was added. 
The mixture was refluxed for thirty minutes and then 3 ml. 
of sodium hydroxide (6 N) and 30 ml. of water were added. 
Refluxing was continued for another half hour and the 
solution was diluted to about 200 ml. with water and 125- 
150 ml. removed by distillation. The residual solution 
was filtered, cooled, and made slightly acid with dilute 
hydrochloric acid. After cooling for some time to allow 
complete precipitation, the solid acid was collected in a 
crucible with sintered glass bottom, dried and weighed.

Chromatographic Adsorption.—For chromatographic ad­
sorption a column (23 mm. by 30 cm.) was packed by 
suspending the solid adsorbent in petroleum ether contain­
ing about 10% of benzene and filtering under a pressure of 
10 cm. of mercury. A solvent mixture of equal volumes 
of chloroform, benzene and petroleum ether was passed 
down the column followed by a solution of the azoyl deriva­
tives. The solution contained 120 mg. of each of a pair of 
sugar azoates dissolved in 35-50 ml. of chloroform to which

were then added corresponding volumes of benzene and 
petroleum ether. The solutions were all filtered through 
the column under a nitrogen pressure of 10 cm. of mercury 
and the column was not allowed to run dry, as this caused 
channeling.

After adding all of the solution of sugar derivatives the 
chromatogram was developed using a solvent mixture of 
the same composition as the solution. When development 
was complete the column was allowed to run partially dry, 
the adsorbent was removed, and the bands were separated. 
Elution of the adsorbed materials was accomplished by 
extracting the adsorbent layers with hot chloroform con­
taining a small amount of methanol. The solvent was 
evaporated from the eluted materials, which were then 
transferred in chloroform to volumetric flasks. The optical 
rotations were measured and the weights determined by 
evaporating aliquot portions of the solutions.

Typical Chromatographic Adsorption Separations
a-D-Glucose and Sucrose Azoates.—From 100 mg. of 

each derivative was obtained an upper band of 106.7 mg. 
[a]6438 +47° as compared to +35° for the pure sucrose 
derivative; calcd. sucrose azoate, 93.8%. The lower band 
of 88.1 mg. had a specific rotation of [a]2̂  +212° as 
compared to +225° for the pure a-D-glucose derivative; 
calcd. a-D-glucose azoate, 93.2%.

jd-D-Fructose and «-D-Galactose Azoates.—From 120 mg. 
of each derivative was obtained an upper band of 128 mg. 
[a]<k38 —340° as compared to —394° for the pure fructose 
derivative; calcd. fructose azoate, 93.2%. The lower 
band contained 104 mg.; [a]6438 4-413° as compared to 
4-399 ° for the pure galactose derivative; calcd. galactose 
azoate, 101.6%.

a-Lactose and Sucrose Azoates.—From 120 mg. of each 
azoate was obtained an upper band of 144.5 mg., [a]26538 
4-206 0 as compared to 4-274 ° for the pure lactose deriva­
tive; calcd. lactose azoate, 71.6%. The lower band con­
tained 89.2 mg., [«]2i38 4-36° as compared to 4-35° for 
the pure sucrose derivative; calcd. sucrose azoate, 99.4%.

a-D-Glucose and Melezitose Azoates.—From 55 mg. of 
each derivative was obtained an upper band of 52.5 mg., 
[a]25D 4- 115° as compared to 4-110° for the pure melezi­
tose azoate; calcd. melezitose azoate, 82.8%. The lower 
band of 50.5 mg. had a specific rotation of [<*]25d  4- 261 ° as 
compared to 4- 282° for the pure a-D-glucoseazoate; calcd. 
a-D-glucose azoate, 89.3%.

Summary
1. The ^-phenylazobenzoyl esters of several 

sugars have been prepared. These derivatives 
were analyzed for percentage azoyl and the spe­
cific rotations measured in chloroform solution.

2. Several pairs of these sugar esters have been
separated by the chromatographic adsorption 
method using silicic acid and mixtures of Magne­
sol and Dicalite as adsorbents. This included the 
separation of two monosaccharides, a monosaccha­
ride and disaccharide, two disaccharides, and the 
separation of a monosaccharide and trisaccharide. 
Iowa City, Iowa R eceived March 18, 1942
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Certain disadvantages are inherent in the meth­
ods which are available for the preparation of
2-alkylaminoethanols, RNHCH2CH2OH. The 
reaction of primary amines with ethylene oxide1 
and with ethylene chlorohydrin2 produces a mix­
ture of mono and dialkylaminoethanols. The re­
action of ethanolamine with alkyl halides3 may 
lead to either secondary or tertiary amino com­
pounds. The method described by Goldberg and 
W. F. Whitmore,4 in which an alkyl aniline is 
converted into a dialkylaminoethanol with ethyl­
ene oxide, and then cleaved to a monoalkylamino- 
ethanol by nitrosation and hydrolysis, leads to 
pure products but involves several steps.

We have investigated the preparation of 2-alkyl­
aminoethanols by the reduction of mixtures of 
ethanolamine with ketones and aldehydes.

The catalytic reduction of mixtures of ethanol­
amine with various ketones proved to be a re­
markably successful method for the preparation 
of 2-alkylaminoethanols containing secondary 
alkyl groups. Of the aminoalcohols listed in 
Table I, seventeen were prepared in this manner, 
from ketones containing three to ten carbon atoms. 
The yields in many cases are nearly quantitative. 
The 2-alkylaminoethanols are produced in a state 
of exceptional purity, as indicated by constant 
boiling points and refractive indexes, and uniform 
agreement between calculated and observed mo­
lecular refractions.

Adams platinum oxide-platinum catalyst was 
used in preparing all of the aminoalcohols. Most 
of the reductions were exothermic and proceeded 
rapidly without heating in alcohol solution, the 
rates of the various reductions corresponding to 
the reactivity of the ketones. The reductions 
were much slower in acetic acid, and still slower 
when palladinized charcoal was used as the cata­
lyst. Raney nickel and copper chromite proved 
to be suitable catalysts at elevated temperatures 
and pressures.

(1) K norr and  M atthes , Ber,, 31, 1069 (1898); K norr and  Schm idt, 
ibid., 31, 1072 (1898); M atthes, A n n ., 315, 104 (1901); Bain and 
Pollard , T h is  J o u r n a l , 61, 2704 (1939).

(2) K norr, Ber., 22, 2081 (1889); cf. A dam s and Segur, T h is 
J o u r n a l , 45, 785 (1923).

(3) G oldberg, U. S. P a te n t 2,139,818; English P a ten t 482,886; 
cf. F rankel and Cornelius, Ber., 51, 1660 (1918).

(4) Goldberg and W. F. W hitm ore, T h is  Jo u r n a l , 59, 2280 
(1937).

Five 2-primary alkylaminoethanols were pre­
pared in a similar manner in 60 to 90% yield by 
reducing mixtures of aldehydes with ethanolamine. 
By-products were formed from the aldehydes, 
but they could be removed by distillation, or by 
dissolving the amino-alcohols in dilute hydro­
chloric acid and extracting with ether or benzene.

Skita5 has prepared a number of amines (differ­
ent in type from the aminoalcohols herein de­
scribed) by the reduction of aldehydes and ke­
tones in the presence of ammonia and amines, or 
by the reduction of the alkylidene amines (Schiff 
bases) which are the intermediates. We have 
isolated the products formed by the reaction 
of four ketones with ethanolamine and found 
that in three cases the compounds formed by 
elimination of water are not alkylidene amino­
alcohols, R2C=N C H 2CH2OH, I, but oxazolidines,

Ad---- CH2
R2c<  I ,11.

XN H - CH2
By refluxing a benzene solution of cyclohex­

anone and ethanolamine under a constant water 
.separator until the separation of water became 
very slow, an anhydro compound was formed in 
about 90% yield. It is very readily hydrolyzed 
back to ethanolamine and cyclohexanone. Cat­
alytic reduction converts the anhydro compound 
into 2-cyclohexylaminoethanol. The low boiling 
point of the anhydro compound [89-90° (16 
mm.)] compared to that of 2-cyclohexylamino- 
ethanol [122-123.5 (13 mm.)] suggests a more 
fundamental change in structure on reduction than 
simple saturation of a double bond.6 The molecu­
lar refraction of the anhydro compound (39.55) 
is in much better agreement with the value cal­
culated for the oxazolidine (40.00) than the cal­
culated value for the alkylidene aminoalcohol 
(41.48). A similar easily hydrolyzed anhydro 
compound regarded as an oxazolidine was formed 
from methyl amyl ketone and ethanolamine; 
b. p. 88-90° (7 mm.), in contrast to the b. p. of 
115-116° (10 mm.) observed for its reduction 
product, 2-(2-heptylamino)-ethanol; Mb found 
46.86, calculated for the oxazolidine 46.82, for the 
alkylidene aminoalcohol 48.30.

(5) S k ita  and Keil, Ber., 61, 1452 (1928), and  subsequent papers.
(6) Alkylidene am ines derived  from  citral (ref. 5) boil higher th an  

the corresponding sa tu ra ted  amines.
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The reaction of methyl propyl ketone and etha­
nolamine also gave an anhydro compound with 
physical properties indicating an oxazolidine 
structure; b. p. 62-62.5° (16 mm.) compared to 
98-99° (15 mm.) for its reduction product; Mb 
found 37.06, calculated for the oxazolidine 37.58, 
for the alkylidene aminoalcohol 39.06. The re­
fractive index of this compound increased rapidly 
on standing for a few hours from an initial value of 
1.4400 to a final value of 1.4502, which remained 
practically constant for two months. Redistilla­
tion reconverted the material into the form with 
the original refractive index, which again in­
creased to 1.4502 on standing. These data are 
interpreted as meaning that this particular anhy­
dro compound exists as an oxazolidine (II) in 
fairly mobile equilibrium with an alkylidene 
aminoalcohol (I). The freshly distilled material 
is the lower boiling oxazolidine, which reaches an 
equilibrium with I on standing. The conversion 
is apparently not complete, for the molecular re­
fraction of the material at equilibrium is 37.81, 
a value too low for structure I.

The condensation of diisobutyl ketone with 
ethanolamine produced an anhydro compound 
which boiled only slightly lower than its reduc­
tion product [110-111° (8 mm.)] compared to 
[113-114 (7 mm.)], and had a molecular refrac­
tion (57.21) closer to the value for the alkylidene 
aminoalcohol (57.54) than the oxazolidine (56.06). 
Presumably it is largely or completely in the form 
of the alkylidene aminoalcohol.

It is of interest to note that the three anhydro 
compounds which appear to exist predominantly 
in the form of oxazolidines are derived from the 
three reactive, relatively unhindered ketones. Pre­
sumably the first step in the reaction is the forma­
tion of an addition product, R2C (OH) NHCH2- 
CH2OH. Whether the oxazolidines are formed 
directly from these intermediates by the elimina-
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tion of water, or whether the reaction takes the 
course of dehydration to an alkylidene amino- 
alcohol followed by an intramolecular addition 
to give the oxazolidines, the presence of large 
branched alkyl groups would be expected to re­
tard or prevent their formation.

Knorr and Matthes7 have prepared anhydro 
compounds from aldehydes and ethanolamine, 
and considered that their low boiling points and 
ease of hydrolysis proved them to be oxazolidines. 
Knorr and Rössler8 obtained anhydro compounds 
formulated as oxazolidines from the reaction of 
ethanolamine with acetyl acetone and aceto- 
acetic ester. They did not obtain pure products 
from either acetone or acetophenone. Oxazoli­
dines derived from ketones and ethanolamine are 
mentioned as intermediates in the patent litera­
ture,9 but were not isolated.

Experimental Part
Most of the ketones and all of the aldehydes listed in 

Table I were obtained from commercial sources and puri­
fied by distillation before use. Methyl heptyl ketone was 
prepared from caprylyl chloride and methyl zinc iodide; 
dibutyl ketone from valeronitrile and butylmagnesium 
bromide; methyl octyl ketone from ethyl rc-heptylaceto- 
acetate; 2,2,6-trimethylcyclohexanone by reducing iso- 
phorone in the presence of palladinized charcoal.

Preparation of 2-s-Alkylaminoethanols.—Details of 
the preparation of 2-(2-octylamino)-ethanol may be cited 
to illustrate the method used for the 2-y-alkylamino- 
ethanols listed in Table I, with one exception. Platinum 
oxide catalyst (0.5 g.) was placed in a one-liter bottle con­
taining 50 cc. of absolute alcohol and reduced to platinum 
by shaking in an atmosphere of hydrogen. Ethanolamine 
(61 g., 1 mole) was dissolved in 100 cc. of absolute alcohol 
and methyl hexyl ketone (166 g.f 1.3 mole) was added. 
The mixture became warm from the heat of reaction. The 
solution was rinsed into the bottle containing the platinum 
catalyst with 50 cc. of alcohol and reduced by shaking with 
hydrogen at one to two atmospheres pressure for seven 
hours. The reduction was rapid and exothermic. The 
catalyst was removed by filtration and the bottle and 
catalyst rinsed with 75 cc. of benzene. The benzene and 
alcohol were removed from the filtrate by distillation at 
atmospheric pressure, and the residue was distilled in 
vacuum through a Widmer column. The excess ketone 
was recovered as a fore-run. There was practically no 
distillation residue.

Mixtures of ethanolamine with all of the methyl ketones 
except acetophenone reduced rapidly, preparations of one- 
half to one mole requiring three to ten hours for comple­
tion. The cyclic ketones, except l-menthone, gave equally 
rapid reductions. The reduction was slightly slower in 
the case of diethyl ketone, but went to completion without 
heating. The mixtures of ethanolamine and acetophe-

(7) K norr and  M atthes, Ber., 34, 3484 (1901).
(8) K norr and  Rössler, ibid., 36, 1282 (1903).
(9) French P a te n t 730,760; English P a te n t 388,874.

none, dipropyl ketone, dibutyl ketone and /-menthone were 
heated to 50 to 60°, and complete reduction of one-half 
mole quantities required 20 to 30 hours. No reduction 
occurred with diisobutyl ketone under these conditions. 
An excess of ketone was used in each reduction in order to 
eliminate the possibility that the products might be con­
taminated with ethanolamine. I t  is noteworthy that no 
dialkylaminoethanols were formed through further reaction 
of the monoalkylaminoethanols with the ketones present 
in excess.

The following facts concerning the reductions were 
established during the development of the procedure illus­
trated above. I t  is advantageous to reduce the catalyst 
separately before adding the mixture of ethanolamine and 
carbonyl Compound, in order to avoid a long induction 
period which otherwise occurs before the catalyst reduces. 
Palladinized charcoal10 is a much less effective catalyst for 
the reduction. Thus a half-mole preparation of 2-s- 
butylaminoethanol required a total of 3 g. of palladinized 
charcoal added in three portions and thirty-one hours for 
complete reduction at 60 °. A number of reductions were 
carried out in acetic acid (2 moles per mole of ethanol­
amine), With platinum catalyst under these conditions 
the reductions required twenty to thirty hours at 60°, 
while palladium gave even slower reductions. The yields 
were also 10 to 20% lower than those obtained by the 
above procedure, due to the loss of the aminoalcohols which 
occurred because of their solubility in water when they 
were liberated from their acetate salts by treatment with 
alkali. Raney nickel and copper chromite are satisfactory 
catalysts for the reductions either in alcohol solution or 
without a solvent. Thus the reduction of 28 g. of methyl 
ethyl ketone and 18 g. of ethanolamine in the presence of 
3 g. of Raney nickel at 150° and 1000 to 2000 lb. hydrogen 
pressure gave 27.2 g. (86%) of 2-s-butylaminoethanol. A 
similar reduction in the presence of 1 g. of copper-barium 
chromite11 at 160° gave 28.5 g. (88%) of the aminoalcohol.

Preparation of 2-£nraary-Alkylaminoethanols.—The 
method described in detail above was followed, except that 
the alcohol solution of ethanolamine was cooled in ice 
while the aldehyde (15% molar excess) was added slowly, 
in order to avoid polymerization. One attempt to prepare 
2-butylaminoethanol in acetic acid solution was unsuccess­
ful due to extensive polymerization of the aldehyde under 
these conditions.

The picrates described in Table I were prepared by 
heating to boiling alcohol solutions of the aminoalcohols 
with equivalent quantities of picric acid, followed by 
cooling. Water was added if necessary. They were re­
crystallized from alcohol or alcohol and water.

Condensation of Ketones with Ethanolamine. Spiro- 
[cyclohexane-1,2'-oxazolidine].—A mixture of 30.5 g. of 
ethanolamine, 63.7 g. of cyclohexanone and 100 cc. of 
benzene was refluxed under a constant water separator12 
for thirty minutes, while 9.4 cc. of water collected. The 
benzene was removed in vacuum and the residue distilled 
in vacuum through a Widmer column. The yield of spiro- 
[cyclohexane-1,2'-oxazolidine] was 66.8 g. (94%); b. p.

(10) H artu n g , T h is  J o u r n a l , 50, 3372 (1928).
(11) Connor, Folkers and A dkins, ibid., 54, 1140 (1932).
(12) Cope, H ofm ann, W yckoff and  H ardenbergh, ibid., 63, 3452 

(1941).
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89-90° (16 mm.); w28d 1.4803; d™25 1.0178; Mn calcd.
40.00, found 39.55.13

Anal. Calcd. for C8H15ON: N, 9.92. Found: N, 
9.81.

Reduction of 28.2 g. of the oxazolidine in 40 cc. of alcohol 
with the platinum from 0.3 g. of platinum oxide gave 26.3 
g. (92%) of 2-cyclohexylaminoethanol.

2-Methyl-2-amyloxazolidine.—Ethanolamine (30.5 g.), 
methyl amyl ketone (74 g.) and 100 cc. of benzene were 
refluxed under a water separator. After thirty-five min­
utes 9.2 cc. of water had collected. Distillation gave 50 g. 
(64%) of the oxazolidine; b. p. 88-90° (7 mm.); nnd 
1.4501; d2525 0.9047; Mu calcd. 46.82, found 46.86.

Anal. Calcd. for C9H19ON: N, 8.92. Found: N, 
9.16.

2-Methyl-2-propyloxazolidine.—Ethanolamine (30.5 
g.), methyl propyl ketone (56 g.) and 100 cc. of benzene 
were refluxed under a water separator for one hour, when 
9.0 cc. of water had collected. Distillation gave 49.5 g. 
(85%) of the oxazolidine; b. p. 62-62.5° (16 mm.); n25d 
1.4400; d2526 0.9215; M d calcd. 37.58, found 37.06.

Anal. Calcd. for C7H15ON: N, 10.84. Found: N,
11.01.

The refractive index of this oxazolidine increased notice­
ably on the refractometer. After one day its refractive 
index was 1.4502, after two months, 1.4510. The density 
remained constant; d252h 0.9216. Redistillation converted 
the sample without appreciable loss into material with 
n26d of 1.4400, which again increased to 1.4502 after 
standing for one day.

In a quantitative reduction with platinum catalyst 2.50 
g. of this oxazolidine took up 99.3% of one molecular 
equivalent of hydrogen. Distillation gave 2.0 g. of 2- 
(2-pentylamino)-ethanol, identified by its physical proper­
ties and the melting point of its pi crate.

2- [4-( 2,6-DimethyHieptylidene )-amino ]-ethanol.—A 
mixture of 30.6 g. of ethanolamine, 92 g. of diisobutyl ke­
tone and 150 cc. of benzene was refluxed under a constant 
water separator for thirteen hours, during which time 12 4 
cc. of water collected. The mixture was not homogeneous 
at the beginning of the reaction, but was at the end. 
The water which collected in the separator contained some 
ethanolamine. After the benzene had been removed in 
vacuum, the residue was distilled through a Widmer

(13) T he  following atom ic refractions were used in obtaining 
calcu la ted  m olecular refractions: nitrogen in th e  oxazolidines, 2.50 
as in  secondary  am ines; Eisenlohr, Z. ph ys . Chem., 79, 134 (1912). 
D ouble bond-nitrogen in the  Schiff bases, 4.10 as in alkylidene 
am ines; von Auwers, ibid., 147, 436 (1930). O ther values (C, 2.42; 
H , 1.10; O, 1.64) are th e  usual E isenlohr values; ibid., 75, 605 
(1910). “ O ptical depression” is frequen tly  observed in (unsatu ­
ra ted ) heterocyclic com pounds [see Brtihl, ibid., 79, 38 (1912); von 
Auwers, Ber., 57, 461 (1924)]. Consequently  i t  is probable th a t  the 
low m olecular refractions observed for spiro [cyclohexane-1,2'- 
oxazolidine] (deviation —0.45) and 2-m ethyl-2-propyl-oxazolidine 
( — 0.52) are characteris tic  of the  oxazolidine ring system, while the  
ag reem en t of calculated  and found values for 2-m ethyl-2-am yl- 
oxazolidine (deviation + 0 .04 ) is fo rtu itous and  m ay indicate the  
presence of some of th e  corresponding Schiff base.

column. The yield of the alkylidene aminoalcohol was 
52 g. (56%); b. p. 110-111° (8 mm.); n25n 1.4568; d2Ss 
0.8844; Mu calcd. 57.54, found 57.21.

Anal. Calcd. for CiiH23ON: N, 7.56. Found: N,
7.66.

Reduction of 29.6 g. of the above anhydro compound 
with platinum catalyst in alcohol solution gave 28 g. 
(94%) of 2-[4-(2,6-dimethylheptyl)-amino]-ethanol (Table 
I)-

All of the above anhydro compounds were very readily 
hydrolyzed. Samples which were freshly distilled or 
stored in sealed containers had a distinct amine-like odor, 
but after exposure to moist air for a few minutes the odor 
of the ketones appeared.

Methyl hexyl ketone and acetophenone were also con­
densed with ethanolamine in benzene solution. A molecu­
lar equivalent of water was formed in both cases, but the 
condensation products did not have constant boiling 
points and appeared to polymerize slightly on distillation 
in vacuum.

In order to determine whether condensation products 
could be prepared from ketones and 2-alkylaminoethanols, 
32.8 g. of 2-(2-pentylamino)-ethanol, 28 g. of methyl 
propyl ketone, 1.5 g. of acetic acid and 50 cc. of benzene 
were refluxed under a constant water separator for 48 
hours. Although 1.4 cc. of water collected, on distillation 
29 g. (88%) of the aminoalcohol was recovered.

Summary
The reduction of mixtures of ethanolamine 

with ketones and with aldehydes provides a con­
venient synthesis for 2-alkylaminoethanols. 
Nearly quantitative yields of 2-s-alkylaminoetha- 
nols are obtained from ketones and ethanolamine.

The substances which are presumably inter­
mediates in this synthesis were isolated in four 
cases by condensing four ketones with ethanol­
amine. The condensation products obtained from 
cyclohexanone and methyl amyl ketone had phys­
ical properties which indicated that they were 
not alkylidene aminoalcohols (I) but oxazolidines
(II). The product obtained from methyl propyl 
ketone and ethanolamine had the properties of an 
oxazolidine when distilled, but rapidly changed in 
refractive index on standing, probably because of 
ring-chain tautomerism and the establishment of 
an equilibrium between I and II. The conden­
sation product obtained from diisobutyl ketone 
and ethanolamine had physical properties indi­
cating that it was largely in the alkylidene amino­
alcohol form.
B r y n  M a w r , P e n n s y l v a n ia  R e c e iv e d  M a r c h  5, 1942
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[Contribution from the Wood Conversion Laboratory of the U niversity of Idaho ]

The Constitution of Arabo-galactan. III. The Location of the Arabinose
Component

B y E. V. W h ite

It has been shown that the water-soluble gum1 
of the western larch, Larix occidentalism yields the 
glycosides of 2,4-dimethyl-d-galactose, 2,3,4-tri- 
methyl-d-galactose, 2,3,4,6-tetramethyl-d-galac- 
tose, and 2,3,5-trimethyl-Z-arabinose in the ap­
proximate molecular ratio 3:1:2:1 upon alcoholy­
sis of the methyl ether derivative.2 Furthermore, 
by partial methanolysis of arabo-galactan methyl 
ether,3 two methylated disaccharides have been 
obtained in crystalline form. These are, respec­
tively, octamethyl-6-d-galactosidogalactose (I) and 
heptamethyl-6-^-galactosidogalactose (II) .8a
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Apparently the terminal galactose anhydride 
units of the polysaccharide are engaged by oxygen 
linkage through the 1 position to the 6 position of 
adjacent galactose residues and the question 
arises as to the mode of union of the terminal ara- 
bofuranose unit.

As is well known, the furanopentosides are con­
siderably more susceptible to acid hydrolysis than 
are the corresponding derivatives of the pyrano- 
pentoses and especially the pyranohexoses, al­
though, under similar conditions, the rate of hy­
drolysis is a function of the particular saccharide 
under consideration. Advantage has been taken

(1) Schorger and  Sm ith, In d . E ng . Chem., 8, 494 (1916).
(2) W h ite, T h is  J o u r n a l , 63, 2871 (1941).
(3) W hite, ibid., 64, 302 (1942).
(3a) In  P a r t  I I  th e  struc tu res (I) and  (II) are incorrectly repre­

sented in th e  re la tive  location of H  and OM e a t position 4 of the  
m onosaccharide units involved.

of this phenomenon in the investigation of certain 
oligosaccharides,441,0 xylan5 and arabic acid.6 
Hirst and co-workers7 report its successful applica­
tion to arabo-galactan but do not give details of 
the experiment.

The relative rates of hydrolysis of the galacto- 
pyranosides as compared with those of the corre­
sponding arabofuranosides under similar condi­
tions are not known, although it is indicated in­
directly that the difference is not as large as might 
be expected. Thus, since the methyl arabopy- 
ranosides are hydrolyzed about 1.5 times as 
rapidly as the methyl galactopyranosides8 and 
since the only known methyl arabofuranoside is 
hydrolyzed about 10 times as rapidly as the corre­
sponding pyranoside,9 it is to be expected that 
the arabofuranosides would hydrolyze about 15 
times as rapidly as the galactopyranosides. In the 
case of arabo-galactan, therefore, wherein six 
molecules of galactose are associated with one 
residue of arabofuranose, hydrolysis of the fur- 
anopentose unit should be accompanied theo­
retically by concomitant hydrolysis of 0.4 unit 
of galactose.

The strictly preferential hydrolysis of the ara­
bofuranose component of arabo-galactan is thus a 
matter of some difficulty. However, after mild 
treatment, any substantial change in the ratio of 
the components isolated upon alcoholysis of a 
partially hydrolyzed, fully methylated material as 
compared with those obtained upon similar treat­
ment of the methyl ether derivative would indi­
cate the method of linkage of the pentose unit.

With these considerations in mind, a quantity 
of arabo-galactan was separated from larch saw­
dust and divided into two portions. One of these 
was subjected to partial hydrolysis. Samples of 
the hydrolyzing solution were removed at inter­
vals and analyzed for residual polysaccharide. 
The non-hydrolyzed pentose fraction of the latter 
was then determined by the Tollens method. The

(4) (a) B ourguelot and  co-workers, Comp . rend., 126, 280 (1898); 
132, 571 (1901); (b) K uhn  and G rundherr, Ber., 59, 1655 (1926).

(5) H irs t and  P ea t, J .  Chem. Soc., 1983 (1937).
(6) Sm ith, ibid., 744 (1939).
(7) H irst, Jones and  Cam pbell, Nature, 147, 25 (1941).
(8) Isbell and  F rush , J . Research N .B .S .,  24, 125 (1940).
(9) M ontgom ery  and  H udson, T h is  J o u r n a l , 59, 992 (1937).
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T a b l e  I
P a r t i a l  H y d r o l y s is  o f  A r a b o -g a l a c t a n

Acidity, 0.020 N  H2SO4; temp., 90°
T im e, %  R esidual % Arabinose in
h o u rs polysaccharide residual polysaccharide

0 100 13.6
7 94.2 9.91

16 90.0 7.24
23 88.4 6.16

results obtained, given in Table I, are represented 
graphically in Fig. 1.

Fig. 1.—The hydrolysis of arabo-galactan (acidity, 0.02 N  
H2SO4; temp., 90°).

Hydrolysis of the gum obviously proceeds with 
gradual decrease in the pentose fraction of the 
residual polysaccharide and apparently tends 
toward a final value. Furthermore, within the 
range investigated, the decrease in yield of residual 
polysaccharide parallels approximately the loss of 
pentose, indicating that simultaneous galactose 
fission was relatively slight under the conditions 
employed.10 No attempt was made to completely 
remove the arabinose component lest prolonged 
treatment promote undue galactose hydrolysis. 
The hydrolyzate, therefore, is to be regarded as a 
mixture of unchanged arabo-galactan and ara- 
binose-free arabo-galactan together with some 
more extensively hydrolyzed material. The par­
tially hydrolyzed product was methylated with

(10) A fte r tw en ty -th ree  hours of tre a tm en t, arabinose removed 
b y  hydro lysis  =  13.6 — (6.16 X 88.4/100) =  8.2% ; residual galac- 
ta n  =  (88.4 — 5.4) =  83.0% ; hydrolysis ra tio  galactose -.arabinose =  
/  8.2 86.4 -  83.0 180 \  „ _
i -------- •- .-----------------  x  ----  1 =  13.6:1. T he experim ental value
\  13.6 86.4 1 6 0 /

ap p ro x im ates  th e  theoretical hydrolysis ra tio  15:1 and  indicates 4.5% 
galacto se  fission under conditions hydrolyzing 62% of the arabinose 
co m ponen t. Sim ilar calculations m ade a fte r sixteen and  seven hours 
of hyd ro lysis  yield th e  ra tio s  13.8:1 and  16.2:1, respectively. How­
ever, th e se  evaluations of hydrolysis ra tio  m ust be regarded as ap ­
p rox im ations  since ga lactan  hydrolysis m ay  occur leaving an alcohol 
insoluble  residue w ithou t fo rm ation  of galactose.

dimethyl sulfate and alkali and subjected to si­
multaneous complete hydrolysis and glycoside 
formation with methanolic hydrogen chloride. 
The resulting sirup was distilled fractionally and 
the yield of the components compared with those 
obtained from the second portion of arabo-galac­
tan which was methylated directly and subjected 
to alcoholysis.

An analysis of the results obtained is given in 
Table II as taken from Tables III and IV, respec­
tively.

An examination of this table shows a sharp de­
crease in the amount of dimethyl-galactoside ob­
tained from the glycosidic sirup of the partially 
hydrolyzed, fully methylated product as compared 
with that obtained from the ether of the original 
polysaccharide. Correspondingly, an increase is 
noted in the yield of trimethyl-galactoside. When 
correction is made in the glycosidic sirup for those 
components resulting from unchanged arabo- 
galactan in the partially hydrolyzed product, a 
substantially equimolecular ratio is obtained for 
the di-, tri- and tetramethyl-galactoside compo­
nents7 derived from methylated, arabinose-free 
arabo-galactan. The conclusion is reached, there­
fore, that the arabinose fraction of the polysac­
charide is joined by oxygen linkage to an already 
di-linked galactose residue and that the new hy­
droxyl group formed by hydrolysis of the furano- 
pentose residue and substituted in subsequent 
methylation contributes to the increased propor­
tion of the trimethylated component in the glyco­
sidic sirup from the partially hydrolyzed, fully 
methylated product.

The location of the new hydroxyl group, and 
therefore of the arabinose residue, was revealed by 
an examination of the trimethyl galactoside com­
ponent of the glycosidic sirup. Thus, while arabo- 
galactan methyl ether yields only 2,3,4-trimethyl- 
methyl-galactoside as trimethyl component upon 
methanolysis, the partially hydrolyzed, methyl­
ated and hydrolyzed material provides a tri­
methyl galactoside fraction which furnishes
2,3,4-trimethyl-galactose and 2,4,6-trimethyl-gal­
actose. The latter evidently originates through 
methylation of a hydroxyl group in the 6-position 
of a galactose residue formed during partial hy­
drolysis by removal of the arabinose unit. The 
same galactose residue normally occurs in the 
alcoholysis products of arabo-galactan methyl 
ether as 2,4-dimethyl-methyl-galactoside. In the 
original arabo-galactan, therefore, the arabinose
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T able II
Glycosidic Sirup Analysis

F rom  arabo-galactan  M e ether F ro m  p a rtia lly  hydrolyzed, fully m e thy la ted  a rab o -g a lac tan
U nchanged6

arabo- A rabinose-free

G ram s
T o ta l yield 

% M ol. ra tio
T o ta l yield 

G ram s %
galactan ,

gram s
arabo -ga lactan  

G ram s M ol. ra tio

Trimethyl-methyl-arabinoside 9.6° 12.9 1.00 3.6& 5.9 3.6 0 0
Tetramethyl-methyl-galactoside 21.2 28.2 1.82 20.2 33.0 8.7 11.5 1.97
Trimethyl-methyl-galactoside 12.5 16.7 1.14 15.3 2 5.0 4.1 11.2 2.01
Dimethyl-methyl-galactoside 31.5 42.2 3.04 22.1 36.1 11.5 10.6 2.02

Totals 74.7 100.0 7.00 61.2 100.0 27.9 33.3 6.00
° Calcd. from arabinose content of arabo-galactan. 6 Calcd. from arabinose content of arabo-galactan and that of the 

hydrolyzed product.

fraction occurs as a 1-6 linked arabofuranosido- 
galactan III.

A consideration of these facts, together with 
the knowledge that octamethyl- and heptamethyl-
6-d-galactosidogalactose have been isolated 
through partial methanolysis of arabo-galactan 
methyl ether, furnishes direct information con­
cerning six monosaccharide units of the polysac­
charide wherein six galactose residues are asso­
ciated with one unit of arabinose. The remaining 
galactose anhydride occurs as the 2,4-dimethyl 
derivative in arabo-galactan methyl ether and is 
thus tri-linked in the original polysaccharide. 
The exact location of this unit is not known, al­
though the problem resolves itself into two possi­
bilities. Thus, the tri-linked residue may be

situated in the main chain of the branched struc­
ture previously indicated,3 whereupon the con­
stitution of the polysaccharide is represented by a 
“backbone’' or main chain of 1-3 linked galactose 
anhydride units IV each substituted in the 6 po­
sition by the radical R. The repeating unit of 
arabo-galactan then becomes one of three main 
chain units bearing the radicals R, respectively, 
/-arabinose, d-galactose, and 6-d-galactosidogalac- 
tose. In the event, however, that the final tri- 
linked galactose anhydride is not part of the main 
chain but that one or more such units are engaged 
in side-chain linkage, a portion or all of the radicals 
R become of polysaccharide character and the 
nature of the main chain linkage is unknown. 
This phase of the investigation is now being ex­
tended.

Experimental
Extraction and Purification of Arabo-galactan.—Larch 

sawdust was extracted with water and the extract, purified 
by filtration through norite and Super-Cel, fractionally 
precipitated with ethyl alcohol.2 The precipitate thus ob­
tained was dissolved in water, evaporated under re­
duced pressure at 50° to remove residual alcohol, and di­
vided into Parts A and B, respectively. Part A was fully 
methylated under nitrogen with dimethyl sulfate and 
alkali, as described previously.3 Part B was subjected to 

partial hydrolysis.
Partial Hydrolysis of Arabo- 

galactan.—A number of pre­
liminary experiments indicated 
that hydrolysis of arabo-galac­
tan took place rapidly when the 
gum was heated in sulfuric acid 
solutions of greater concentra­
tion than 0.05 N. In more di­
lute solutions hydrolysis pro­
ceeded progressively slower until 
in 0.01 N  acid solution only 
slight change was noted over 
long periods of time. Accord­
ingly, Part B (72.6 g. of solid) of 
the arabo-galactan extract was 
heated at 90 ° on the water-bath 
in 750 cc. of 0.02 N  sulfuric acid.IV
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Samples of the hydrolyzing solution were removed at inter­
vals, cooled, and a 25-cc. portion precipitated into excess 
rapidly stirred ethyl alcohol. The precipitate was washed 
with fresh alcohol to remove residual monosaccharide, dis­
solved in water, and made up to 100 cc. volume. Aliquot 
portions of this solution were then analyzed for total solid 
and for furfural distilled by the Tollens method. The re­
sults are given in Table I and are illustrated graphically in 
Fig. 1.

Methylation of Partially Hydrolyzed Arabo-galactan.—
The hydrolyzing solution of arabo-galactan after twenty- 
three hours of treatment was cooled (635 cc.) and precipi­
tated into excess rapidly stirred ethyl alcohol. The pre­
cipitate was removed from the supernatant liquor (C), 
washed with fresh alcohol, dissolved in water, and evapo­
rated to a thin sirup. The latter was methylated at 25° 
under nitrogen using 300 cc. of methyl sulfate and 900 cc. 
of 30% sodium hydroxide. The reagents were added drop- 
wise and simultaneously over a period of five hours. Ace­
tone (200 cc.) was added over the interval to reduce foam­
ing. After complete hydrolysis of the methyl sulfate the 
partially methylated product separated from the inorganic 
reaction components The latter were removed and the 
residue remethylated under similar conditions. After four 
methylations, retreatment effected no increase in methoxyl 
content of the product, which was isolated by extraction 
of the methylation liquors with chloroform. The extract, 
dried over magnesium sulfate, decolorized with norite and 
filtered, was evaporated to a sirup and precipitated into 
excess rapidly stirred petroleum ether (30-60 °). The pre­
cipitate, taken up in ether, filtered and evaporated to dry­
ness, yielded a friable glassy solid of light yellow color; 
yield, 57 g. (Found: MeO, 44.7.).

Isolation and Identification of Arabinose.—The super­
natant alcoholic liquor (C) was neutralized with barium 
carbonate, decolorized with norite, and evaporated to small 
volume. The resulting solution was precipitated into 
excess alcohol and a small quantity (1.5 g.) of residual gum 
removed. The solution, containing 5.6 g. of arabinose by 
the Tollens method, evaporated to a sirup and taken up in 
fresh alcohol, crystallized, yielding crude arabinose identi­
fied as the benzyl-phenylhydrazone: m. p. 174°.

Methanolysis of Fully Methylated, Partially Hydrolyzed, 
Arabo-galactan and of Arabo-galactan Methyl Ether.— 
Fifty-six grams of fully methylated, partially hydrolyzed 
arabo-galactan was dissolved in 360 cc. of anhydrous pure 
methyl alcohol containing 2% of dry hydrogen chloride. 
After reaction in sealed tubes4 maintained at 115° for five 
and one-half hours, excess acidity was neutralized with 
silver carbonate. The filtered solution was decolorized 
with norite, evaporated to a sirup, and taken up in an­
hydrous ether. Filtration of the solution and evaporation 
of solvent gave a sirupy mixture of variously methoxylated 
glycosidic components; yield, 62.0 g. A similar experi­
ment performed on the methyl ether of non-hydrolyzed 
arabogalactan (66.0 g.) gave a similar glycosidic sirup; 
yield, 75.2 g.

Examination of the Glycosidic Sirups.—The sirup ob­
tained upon methanolysis of arabo-galactan methyl ether 
was distilled fractionally under high vacuum, yielding the 
portions indicated in Table III. No attempt was made 
to separate trimethyl-methyl-arabinoside from tetra-

methyl-methyl-galactoside, although the separation of 
these components from trimethyl-methyl-galactoside and 
the latter from dimethyl-methyl-galactoside was relatively 
complete. In calculation of the components, the arabino- 
side fraction was determined upon the basis of the 6:1 
molecular ratio of galactose to arabinose in arabo-galactan, 
while the small intermediate portions and the trimethyl 
fraction were apportioned on the basis of methoxyl con­
tent.

T a b l e  III
F r a c t io n a l  D i s t i l l a t i o n  o f  t h e  G l y c o s id ic  S i r u p  f r o m  

A r a b o -g a l a c t a n  M e t h y l  E t h e r

D istillate G ram s OM e
— Com ponents- 

b  c d

Fraction I 28.3 61.3 9.6 18.7
Fraction II 3.2 55.0 2.4 0.8
Fraction III 12.2 51.5 10.9 1.3
Fraction IV 5.8 43.4 0.8 5.0
Fraction V 25.2 41.9 25.2

Total 74.7 9.6 21.1 12.5 31.5
a Trimethyl-methyl-arabinoside. b Tetramethyl-methyl- 

galactoside. c Trimethyl-methyl-galactoside. d Dimethyl- 
methyl-galactoside.

A similar fractional distillation was performed upon the 
glycosidic sirup resulting from methanolysis of the partially 
hydrolyzed, fully methylated material. The results ob­
tained are listed in Table IV, wherein calculation of frac­
tion composition was again determined as previously. In 
this case, the arabinose component is based upon un­
changed arabo-galactan in the partially hydrolyzed prod­
uct as determined from the arabinose content thereof.

T a b l e  IV
F r a c t io n a l  D i s t i l l a t i o n  o f  t h e  G l y c o s id ic  S i r u p  f r o m  
P a r t ia l l y  H y d r o l y z e d , F u l l y  M e t h y l a t e d  A r a b o - 

g a l a c t a n

D istillate G ram s OM e « — C om ponents
b c a

Fraction I 23.2 61.5 3.6 19.6
Fraction II 2.9 54.5 0.6 2.3
Fraction III 12.9 51.6 11.8 1.1
Fraction IV 6.7 43.8 1.2 5.5
Fraction V 15.5 41.9 15.5

Total 61.2 3.6 20.2 15.3 22.1
° Trimethyl-methyl-arabinoside. b Tetramethyl-methyl- 

galactoside. c Trimethyl-methyl-galactoside. d Dimethyl- 
methyl-galactoside.

Separation of 2,4,6-Trimethyl-galactose from 2,3,4- 
Trim ethyl-galactose.—The distilled fraction containing the 
major portion of trimethylgalactoside, Fraction III, Table 
IV, was hydrolyzed (5.0 g.) in 50 cc. N  sulfuric acid on the 
boiling water-bath for twelve hours. The product was iso­
lated in the usual manner and distilled under high vacuum 
[b. p. 150° (0.1 mm.)] yielding trimethyl galactose as a 
sirup; yield, 4.8 g. (Found: OMe, 41.8. Calcd. for
C9H180 6: OMe, 41.9).

A partial separation of 2,3,4-trimethyl-galactose from
2,4,6-trimethyl-galactose can be achieved through frac­
tional crystallization of the corresponding anilides from 
ether-alcohol solution. A more satisfactory method was 
developed through the preferential reaction of the 2,3,4-
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trimethyl derivative with triphenylehloromethane. Ac­
cordingly, 2.5 g. of the sirup was treated with 3.0 g. of 
triphenylehloromethane in 12 cc. of pyridine solution at 
room temperature for two days. The reaction mixture 
was then triturated with a small quantity of water to dis­
solve pyridine hydrochloride and the solution poured into 
an excess of rapidly stirred ice-water. The insoluble trityl 
derivative settled out as a gum along with residual reactant. 
After standing in the icebox with occasional stirring, the 
solution (A) was decanted from the granular residue. The 
latter, washed with fresh ice-water, dissolved in acetone, 
dried over magnesium sulfate, decolorized with norite, 
filtered and evaporated to a thin sirup, deposited crystals 
of triphenylcarbinol. The mother liquor, upon evapora­
tion to a sirup (0.9 g.) and treatment with aniline (0.4 g.) 
in absolute ethanol under reflux for three hours, crystallized 
upon removal of solvent. Recrystallization from absolute 
ethanol gave the anilide of 2,3,4-trimethyl-6-trityl-galac- 
tose; yield, 0.7 g., m. p. 152°. (Found: OMe, 17.1. 
Calcd. for C34H37O5N; OMe, 17.2).

The solution (A) containing unreacted 2,4,6-trimethyl- 
galactose was neutralized with silver carbonate and filtered. 
Silver ion was removed with hydrogen sulfide, and, after 
filtering, decolorizing with norite, and evaporating excess 
solvent, a sirupy residue was obtained; yield, 1.0 g. 
(Found: OMe, 52.2. Calcd. for C9H]80 6: MeO, 52.5).

The sirup, upon treatment with aniline (0.5 g.) in the 
usual manner crystallized upon removal of solvent. Re­

crystallization from ether-alcohol solution gave 2,4,6- 
trimethyl-galactose anilide; yield, 0.9 g., m. p. 178°.11 
(Found: OMe, 31.4. Calcd. for C15H 24O5N: OMe,
31.4.)

Summary
1. Fractional distillation of the glycosidic 

sirup obtained upon methanolysis of arabo-galac­
tan methyl ether yields three main fractions. 
These are, respectively, dimethyl-methyl-galac­
toside, trimethyl-methyl-galactoside, and a mix­
ture of tetramethyl-methyl-galactoside and tri­
methyl-methyl-arabinoside.

2. Based upon the 6:1 molecular ratio of ga­
lactose to arabinose in the original polysaccharide, 
the molecular ratio of the glycosidic components 
is 3:1:2:1, respectively.

3. The arabinose component of arabo-galac­
tan is joined to a tri-linked galactose residue.

4. The position of such linkage is through the 
1 position of the arabinose component to the 6 po­
sition of the galactose residue.

(11) M cC rea th  and  Sm ith, J .  Chem. Soc., 390 (1939).

Moscow, Idaho R eceived M arch 4, 1942

[Contribution from the Cobb Chemical Laboratory, University of Virginia]

2-Thio-5-keto-4-carbethoxy-l,3-dihydropyrimidine and Related Compounds

B y  John H. Y oe and  G eo rg e  R. B o y d , Jr .

Sheppard and Brigham1 described the prepara­
tion of a heterocyclic compound which gave a deep 
purple colored precipitate in the presence of silver 
ions and suggested that it might be used as a sen­
sitive reagent for silver. Recently Yoe and Over- 
holser2 have employed this compound for the 
colorimetric determination of silver.

The compound, 2-thio-5-keto-4-carbethoxy-l,3- 
dihydropyrimidine, was prepared by the action of 
carbon disulfide on the ethyl ester of glycine. An* 
intermediate product was formed, diethylamino- 
acetate dithiocarbamate, which upon further 
treatment with carbon disulfide eliminated hy­
drogen sulfide and ethyl alcohol, closing the ring 
and forming the desired product. The reaction as 
outlined by Sheppard and Brigham1 is as follows

(1) S. E. Sheppard  and H . R . Brigham , T h is  J o u rn al , 58, 1046 
(1936).

(2) J . H. Yoe and L. G. Overholser, Ind . Eng. Chem., Anal. Ed., 
14, 148 (1942).

HsNCHiCOOCjHs H S\ xNHCH2COOC2H52a
s = c = s  — >  >c<
h 2n c h 2c o o c 2h 5 h s x  x n h c h 2c o o c 2h 5

H

s=c<
N H - C r ----COOC2H5

\ o = o
4STH------ -CHf

+  C2H 5OH +  H2S

( I )

M. L. Huggins prefers to regard the structure (I) 
not as a closed heterocyclic ring, but as a chain 
which is chelated through a hydrogen bridge,3 
thus

(2a) Sheppard  and  B righam  w rote  th e  fo rm u la  of th is  in te rm e d ia te  
p roduct w ith th e  following s tru c tu re

/S—NH—CH2—COO C2H 5 
$=C <

nsth—cn2—COOC2H5
Consideration of th e  arrangem en t of th e  e lectrons a b o u t th e  a to m s, 
however, suggests th a t  th e  s tru c tu re  first g iven is m ore  likely .

(3) P riv a te  com m unication to  th e  au th o rs  fro m  D r. S. E . S h ep ­
pard , E astm an  K odak C om pany.
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H

/N=
OC2H5

c —c>=(x

-s—o\ >h : -s—c
,N-

H OC2H.
I I

~C=C--On

N- c=c—O' 
I I I

H H H

>N—C—C = 0
I I I

H H H

The compound prepared in this manner is an 
orange solid which is very soluble in aniline, 
phenol, thymol, and hot ethylenechlorohydrin. 
It is soluble in hot acetophenone and slightly 
soluble in acetone, acetic acid, and hot benzene. 
It is insoluble in carbon tetrachloride, ligroin, and 
water. Its melting point is 276-280°.

In an attempt to confirm the structure of this 
silver reagent, Sheppard and Brigham1 attempted 
to synthesize it by the condensation of thiourea 
with a, 7 -dichloraceto acetate, but obtained only 
“a red oil which could not be crystallized.”

First attempts to synthesize the compound in 
this Laboratory were made according to the pub­
lished directions of Sheppard and Brigham,1 but 
as the reaction gives only very small yields (on 
the order of 1%) and since only small amounts of 
ethyl glycinate were used, it was impossible to 
isolate any crystalline material by this means.

In a private communication to the authors, 
Sheppard and Brigham revised their procedure 
slightly, saying that it gave somewhat higher 
yields than their older one. Both procedures 
required the use of absolute alcohol, but it has 
been found in this Laboratory that the presence 
of a small amount (1%) of water in the alcohol is 
essential for the preparation of the cyclic com­
pound. '

Preparation of 2-Thio-5-keto-4-carbethoxy-l,3-dihydro- 
pyrimidine.—The best method of synthesis was found to 
be as follows: 50 g. of ethyl glycinate hydrochloride was 
suspended in 25 ml. of water in a separatory funnel and 
30 ml. of a 40% solution of sodium hydroxide was added 
while shaking and cooling under running water. This was 
saturated with anhydrous potassium carbonate and then 
extracted with ether, using four 25-ml. portions. The ex­
tract was allowed to dry over anhydrous potassium carbon­
ate for twenty-four hours. At the end of this time, the 
potassium carbonate was filtered off and washed twice 
with ether that had been dried over sodium. The filtrate 
was cooled in ice.

Eight milliliters of carbon disulfide was added to the 
ether solution of ethyl glycinate while stirring and cooling 
in ice. The diethylaminoacetate dithiocarbamate settled 
out as an oil and froze to a white solid upon further cooling. 
The ether was decanted and poured on 50 ml. of 99% alco­
hol a t once (the intermediate product changed into a red 
oil upon prolonged contact with the air); 2 ml. of carbon

disulfide was added and the solution was refluxed 
for forty-eight hours.4 At the end of this time, 
the solution was quite dark in color. When the 
solution was cooled in ice and stirred, a large 

'  amount of precipitate appeared and was filtered 
off. The solution from this precipitation was 
evaporated to about one-half of its original vol­
ume; an orange red precipitate settled out, and 

this was filtered off and recrystallized from ethylene 
chlorohydrin. The compound so formed melted at 275° 
and gave a very intense purple color when a 0.025% solu­
tion in acetone was treated with silver nitrate solution. 
The amount of the orange compound thus obtained was 
about 0.3 g.

Following the same procedure except for the use of 
absolutely dry reagents (absolute alcohol was prepared by 
distilling alcohol dried over lime from sodium methylate 
and ethyl phthalate; carbon disulfide dried over “ Dri­
ed te”) and with the reactions carried out in an atmosphere 
of nitrogen, a yellow compound was obtained. This com­
pound was purified by recrystallizing from dioxane. The 
melting point was 181 ° and the compound gave a red color 
reaction with silver.

If more than 1% of water is present in the alcohol, the 
yield of (I) is decreased; only about 150 mg. was obtained 
using alcohol containing 1.5% of water.

Additional Compounds

Since the above procedures for the synthesis of the silver 
reagent gave, at best, only very poor yields of the desired 
product, several related compounds were prepared in an 
attempt to find some compound which would be com­
parable in sensitivity toward silver, but which could be 
more easily prepared. The starting material in every case 
was diaminoacetone which was synthesized from citric 
acid by the method of Kalischer5 as improved by Koessler 
and Hanke.6

The diamine, in the form of its dihydrochloride, can be 
purified by recrystallizing from water. Anal. Calcd. 
for C3H80N 2-2HC1: N, 17.39. Found: N (Dumas), 
17.24; (Kjeldahl), 17.31.

Diaminoacetone is quite reactive and can be coupled 
with several reagents to give cyclic compounds. These 
were investigated as possible sensitive reagents for silver.

Van Alphen7 has shown that diamines react with carbon 
disulfide forming cyclic compounds, and so it was thought 
that diaminoacetone should react with carbon disulfide 
according to the scheme.

(4) S. E . S heppard  repo rts  th a t  th e  yield of 2-thio-5-keto-4-carb- 
ethoxy-l,3 -d ihydropyrim id ine m ay  be g reatly  increased b y  adding 
hydrogen peroxide in aqueous solution ju s t  before refluxing the  alco­
holic solution of d ie thy lam inoace ta te  d ith iocarbam ate. In  one ex­
perim ent in which 20 ml. of 2 .5%  aqueous solution of hydrogen 
peroxide was added  to  80 ml. of an  alcoholic solution of th e  d ith io ­
carbam ate  (obtained  from  13 g. of ethylg lycinate hydrochloride) be­
fore refluxing, a  12.6% yield of th e  purified orange com pound was ob­
ta ined . This is abou t a  ten-fold increase in the  yield previously ob­
ta ined . S tronger solutions of hydrogen peroxide and  also sodium 
peroxide are now being tried . P riv a te  com m unication from  D r. 
S. E. Sheppard.

(5) G. K alischer Ber., 28, 1519 (1895).
(6) K . K . Koessler and  M . T . H anke, T h is  J o u r n a l , 40, 1716 

(1918).
(7) J . Van Alphen, Rec. trav. c h i m 55, 412 (1936).
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H2NCH2V
s = c = s  +  > c = o

h 2n c h /
/N H —CH2v

s = c <  > c = o
XNH—C H /

Diaminoacetone dihydrochloride was dissolved in hot alco­
hol and hot alcoholic sodium hydroxide then added in suf­
ficient quantity to neutralize all hydrochloric acid. An 
equivalent amount of carbon disulfide was then poured into 
the solution, causing a vigorous reaction, A brown pre­
cipitate formed immediately, which was filtered off and 
dried at 110°. This compound gives a white precipitate 
with silver ions which decomposes into silver sulfide upon 
standing.8 The compound decomposes without melting 
at about 150°.

Chloroformic ester was added to a hot alkaline solution 
of diaminoacetone, yielding a white precipitate which 
Riigheimer and Mischel9 say is probably a derivative of 
urea having the formula

/N H —CH2x
0= C <  > c = o

\NH—CH2'
This compound gives a white precipitate with silver ions.

According to Pyman10 two products are obtained when 
diaminoacetone is treated with potassium thiocyanate

CH2—NHv

CH- -N'
CSH

CH2NHCSNH2
(II)

CH2—NH\

CH- -N*
CSH

CH2NH2
( H I )

Diaminoacetone dihydrochloride was heated on a water- 
bath for ninety minutes with the theoretical amount of 
potassium thiocyanate causing the formation of a white 
precipitate. The two products were separated by heating

(8) Sheppard and  B righam 1 also p repared  th is com pound by  an­
o ther m ethod and  rep o rt th is  reaction  w ith  silver.

(9) S. E. R iigheim er and  E . M ischel, Ber., 25, 1562 (1892).
(10) F . L. Pym an , J . Chem. Soc., 99, 668 (1911).

with water in which most of the precipitate dissolved leav­
ing only a small residue. This residue, which melts at 212 ° 
with decomposition, is only very slightly soluble in acetone 
and alcohol. In acid solution, however, it gives a yellow 
precipitate with silver ions. This seems to be compound 
(II).

If the aqueous solution is allowed to crystallize, another 
compound is obtained which darkens at 240 ° but does not 
melt even when heated to 350°. This compound gives a 
white precipitate with silver and presumably is compound 
( H I ) .

I t is apparent from the reactions of the various com­
pounds with silver ions that those with simpler structures 
give white or light colored precipitates and that only 
compound (I) gives a highly colored precipitate and hence 
is the most sensitive reagent for silver.

Rhodanine, which is closely related to these compounds, 
behaves in an analogous manner. Thus, Feigl11 found that 
the condensation product of rhodanine with ^-dimethyl- 
aminobenzaldehyde gave a more highly colored precipitate 
with silver ions than did rhodanine itself.

Acknowledgment.—Our thanks are expressed 
to Professors Robert E. Lutz and Alfred Burger 
for helpful suggestions during the course of this 
investigation.

Summary
2-Thio-5-keto-4-carbethoxy-1,3-dihydropyrimi­

dine has been prepared by a modification of the 
Sheppard and Brigham method. Several related 
compounds have also been made. The reactions 
of these compounds with silver ions have been 
studied; only the former is a sensitive reagent 
for silver.

(11) F . Feigl, Z. anal. Chem., 74, 380 (1938).

U n i v e r s i t y , V a . R e c e i v e d  M a r c h  31, 1942

[C o n t r i b u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m i s t r y , U n i v e r s it y  o f  T e x a s ]

Adsorption of Organic Compounds. I. Adsorption of Ampholytes on an Activated
Charcoal*

B y Vernon  H . Ch eldelin  and R oger J. W illiams

During recent years charcoal adsorption has 
become an important operation in the purification 
of materials of biological importance. It has been 
especially useful in the concentration and isola­
tion of several of the water-soluble vitamins, the 
wound hormone traumatin1 and the amino acid 
methionine.2

Amino acids as a class might be expected to be 
adsorbed considerably less than the parent car-

* Original m anuscrip t received A ugust 5, 1941.
(1) English and  Bonner, J . Biol. Chem., 121, 791 (1937).
(2) M ueller, Proc. Soc. E xptl. Biol. Med., 18, 14 (1921).

boxylic acids, due to their salt forming properties 
and high water solubilities. A few experiments 
by Phelps and Peters3 and Bartell and Miller4 in­
dicate that glycine and alanine are not adsorbed 
at all on Norite or sugar charcoal, and that aspar­
tic acid and glutamic acid are only slightly ad­
sorbed, with a maximum near the isoelectric 
point. Ito5 observed marked adsorption of the

(3) Phelps and Peters, Proc. Roy. Soc. (London), 124A, 554 (1929).
(4) B artell and  M iller, T h is  J o u r n a l , 45, 1106 (1923).
(5) Ito , J . Agr. Chem. Soc., Japan , 12, 204 (1936); th ro u g h  

Chemical Abstracts, 30, 62652 (1936).
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basic amino acids lysine, histidine and arginine. 
Wunderly6 obtained adsorption isotherms for 
phenylalanine, leucine, alanine, serine and as­
partic acid on animal and sugar charcoals.

Further information regarding the charcoal ad­
sorption of organic ampholytes is lacking. It was 
therefore decided to begin a systematic study of 
the problem by obtaining adsorption isotherms for 
thirty-three amino acids, vitamins and related 
compounds on one charcoal, with emphasis upon 
discovering differences in adsorption produced by 
constitutive differences within the molecules of the 
different adsorbates.

Experimental
Adsorbent.—The adsorbent used in the present investi­

gation was Darco G-60, a commercial grade lignite charcoal 
which is in general a very effective adsorbent.6a Its ash 
content (practically all non-leachable) is 4% and the char­
coal was used as received since information was first de­
sired with respect to an adsorbent which finds common 
laboratory and commercial use. Adsorption studies using 
other charcoals will be discussed in another communication.

Method of Measuring Concentrations.—Measurements 
of all amino acid solutions and some of the others were 
made by the interferometric method.7 8 9 The instrument 
used was of the Zeiss portable water type and was cali­
brated for each adsorbate by obtaining readings of several 
solutions of known concentrations. After adsorption and 
centrifuging, readings were made and the residual concen­
trations were calculated by comparison with the standards. 
The inorganic constituents of the charcoal were not 
leached away by this procedure, so that it was possible to 
detect concentration changes as small as 10 mg. per liter.

The lower concentrations of calcium pantothenate, 0- 
alanine, biotin, pyridoxin and thiamin after adsorption 
were determined by microbiological assay methods de­
veloped in this Laboratory.8,9

Duplicate determinations were made for each experi­
mental point. The number of duplicate experiments 
ranged from three to ten for each substance tested, averag­
ing five or six.

Procedure.—Samples of the adsorbent were weighed 
into 50-cc. Erlenmeyer flasks. To these were added the 
desired volumes of various concentrations of a given 
solution. The amounts varied from 25 ml. to 2 liters per 
gram of carbon, depending upon the solute used. The 
flasks were stoppered and shaken for thirty minutes, after 
which the solutions were centrifuged, decanted and their 
concentrations determined in the interferometer.

Experiments were run at room temperature, which was 
usually about 25° but at times rose to 35°. Other work­

(6) W underly, Helv. Chim. Acta, 17, 523 (1934).
(6a) T hanks are extended th e  D arco C orporation  for the ir dona­

tions of m ateria ls used in th is work.
(7) B artell and  Sloan, T h is  J o u r n a l , 51, 1637 (1929).
(8) W illiams, Lym an, Goodyear, T ruesdail and  H oladay, ibid., 55, 

2912 (1933).
(9) W illiams, et al., The University o f Texas Publications, No. 4137

(1941).

ers10 have found little change in adsorption over this 
temperature range.

Preliminary experiments with asparagine showed that 
adsorption was essentially complete in a very few minutes. 
This is in line with general experience in so far as adsorp­
tion is a reversible process.

The substances tested were adsorbed from pure solutions 
with no special effort being made in most instances to con­
trol their pH, since ampholytes in solution tend to maintain 
pH values near their isoelectric points. Comparison of 
the pH values of many amino acid solutions before and 
after adsorption revealed relatively little change in pH 
(Table I). In the cases of pantothenic acid and biotin 
dilute solutions of aspartic acid (0.0025 M) were added to 
buffer the systems near the isoelectric points of these sub­
stances.

Treatment of Adsorption Data.—Any attempt 
to reduce adsorption behavior to a simple mathe­
matical expression usually results in the adoption 
of the well-known Freundlich equation.11 In al­
most all cases in the present study the Freund­
lich equation was found applicable. The Lang­
muir equation12 has been found in our work to be 
less useful.

Data and Results
The data obtained for each adsorbate are listed 

in Table II. The values of \ /n  and k were deter­
mined from adsorption isotherms (not shown) de­
rived from the experimental data.

It may be observed from Table II that, con­
trary to previous reports,3,4 glycine and alanine 
are definitely adsorbed, although only slightly. 
The amounts adsorbed are less than for the parent 
carboxylic acids, but increase with increasing 
members of a homologous series. This is in ac­
cordance with adsorption experience in general.

The introduction of an amino group into the 
carboxylic acid molecule more than doubles the 
values of 1/n in the Freundlich equation. The

T a b l e  I
pH o f  A m in o  A c id  S o l u t i o n s  b e f o r e  a n d  a f t e r  A d s o r p ­

t io n
M axi­
m um

,--------- PH.--------- s
Before A fter

M ini­
m um

---------s
Before After

concn., adsorp­ adsorp­ concn., adsorp­ adsorp­
Substance g ./l. tion tion g-/l. tion tion
Serine 13.4 6 .0 6 .2 0 .84 6 .1 6 .7
Aspartic

acid 7 .2 3 .3 3 .3 .90 3 .4 3 .8
Threonine 14.6 5 .7 5 .5 .91 5 .6 6 .0
Glycine 50 .0 5 .8 5 .7 3 .1 6 .1 5 .9
Nicotinic

acid 1.00 3 .4 3 .4 0 .250 3 .6 3 .7
Valine 3 .9 4 6 .2 6 .2 .246 6 .6 6 .4
Creatine 5 .00 7 .1 6 .8 .313 6 .9 6 .2
Leucine 2 .5 0 5 .9 5 .8 .156 6 .2 5 .8

(10) Y ajn ik  and  R ana , J . Phys. Chem., 28, 267 (1924).
(11) Freundlich, Z . physik. Chem., 57, 385 (1906).
(12) Langm uir, T h is  J o u r n a l , 40, 1361 (1918).
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T a b l e  I I

A d s o r p t io n  o f  A m p h o l y t e s  o n  D a r c o  G-60
E quilibrium  concn., m oles/liter M g. carbon Average

Substance M axim um M inim um per cc. of solution 1/n k dev ., %

Acetic acid 1.69 0.0070 20 0.34* 0.0032 ±0.8°
Propionic acid 1.26 .0201 20 .31* .0044 ±0.5
Glycine 0.659 .082 50&, 20 .76 .00023 =*=5
dl-Alanine .225 .0145 20 .86 .00083 =*=2
/3-Alanine .394 .0000057 20*, 40 .64 .00050 ± 7
dl-a-Aminobutyric acid . 280 .0168 20 .75 .0015 ■=*=1.7
^Z-Nor leucine . 0402 .00079 20 .45 .0048 ±0.4
dl-V aline .0276 . 00.156 20 .82 .0056 ±1
(//-Leucine .0124 .00051 2()d, 10 .50 .0054 ±0.3
(//-Isoleucine .137 .00092 20 .50 .0054 ±0.5
(//-Serine .125 . 0076 20 .63 .00051 ±8
(//-Threonine .125 .0098 20 .83 .0014 ±2
(//-Methionine .0161 .00055 10 .61 .011 ±0.4
l-Lysine .0446 .00522 10 .68* .0051 ±2
/-Aspartic acid .0414 .00315 20 .70 .0059 ±0.8

.0360 .00377 .66/ .0041 ±0.1
/-Asparagine .164 .00377 20 .64 .0022 ±0.3

.65 .0023 ±2
Benzoic acid .0081 .00042 2 .24 .013 ±0.6
Aniline .164 .0041 10 .26 .010 ±0.2
0-Aminobenzoic acid .0113 .00090 2 .16 .0071 ±0.5
m-Aminobenzoic acid .0125 .00145 2 .16 .0057 ±0.3
^-Aminobenzoic acid .0117 .00140 2 .12 .0045 ±0.3
Nicotinic acid .00593 .00067 1 .22 .0069 ±3
dl- Phenylalanine .0489 .00075 1 .10* .0023 ±1.3
/-Tyrosine .00014 .000031 0.5 .30* .011 ±10
(//-Tryptophan .00340 .00284 0.5 .10* .0032 ±0.3
Urea . 762 .0419 40 .66 .0021 ±1
(/-Glucose .093 .0042 20 .54 .0033 ±0.4
/-Inositol .0570 .00536 20 .86 .0042 ±1
/-Hydroxyproline .0500 .00250 20 .79 .0032 ±1
Caffeine .0145 .00124 2 .10 .0033 ±1
Creatine .0367 .00170 1 .15 .0023 ±4
Creatinine .0862 .00448 1 .26 .0044 0
Calcium pantothenate (dextro) .024 .00000019 0.5 .69 .39 ±10
Calcium pantothenate (from liver

extract) .00334 .000000230 .5 .56 .026 ±10
Biotin .000000037 .000000000092 .1 .69 .53 ±10
Pyridoxin hydrochloride .00335 .00000097 2 .38 .0062 ±15
Thiamin hydrochloride .00107 .00000013 0.3 .66 .30 ±10

a The per cent, average deviation is the average of the deviations obtained at all concentrations. b 50 mg. carbon per 
cc. solution in the first two cases, 20 mg. per cc. in the last three. * 20 mg. carbon per cc. solution for the five highest 
concentration levels, 40 mg. per cc. for the lower five. d 20 mg. carbon per cc. solution at the highest concentration, 10 
mg. per cc. in the others. * In this case the logarithmic plot is not a straight line. The value of 1/n increases with dilu­
tion. f Duplicate determinations made nine months later with a different sample of charcoal. 9 This value does not 
fit in well with generalizations presented later, but is only very approximate due to experimental difficulties involved in 
obtaining sufficient data regarding a compound of such low solubility. In several similar cases the 1/n values increased 
with dilution.

higher homologous alpha amino acids have some­
what lower 1 / n values compared to the lower mem­
bers and branched chain amino acids seem to have 
higher 1/n values than the corresponding straight 
chain acids. The position of the amino group ap­
pears to be important, for /5-alanine has a lower 1/n 
value than either «-alanine or a-aminobutyric acid.

The introduction of additional functional groups 
causes at most a slight rise in the 1 jn  value. The 
effect of these additional groups on the amount of 
adsorption is in the opposite direction, however, 
as was the case with the monoamino monocar- 
boxylic acids mentioned above.

Striking differences exist between aromatic and
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aliphatic compounds, both in the values of 1/n 
and in the amounts adsorbed.

While the difference in 1/n for the representa­
tive carboxylic acids (acetic, benzoic) is not large, 
the difference becomes much greater when amino 
groups are introduced; for whereas among ali­
phatic acids the 1/n values are increased by the 
presence of polar groups, the effect of these 
groups when placed on the aromatic nucleus is to 
lower the 1/n values. The difference in 1/n for 
alanine and phenylalanine is most striking, and 
illustrates the influence of the benzene nucleus 
on adsorption.

The relation between the amounts of adsorption 
and the trend in 1 /n  values is opposite in aromatic 
compounds to that found among the aliphatic 
compounds.

The adsorption data for various nutrilites is as 
varied as might be expected on the basis of the 
structures of the nutrilites themselves.

Calcium pantothenate, /Talanine, thiamin hy­
drochloride and inositol are all non-aromatic 
compounds with several polar groups. Their 
1/n values are high (above 0.6) in accordance with 
the previous discussion. The aromatic com­
pounds nicotinic and ^-aminobenzoic acids and 
pyridoxin hydrochloride have low 1 /n  values (be­
low 0.4). Biotin, the structure of which is un­
known, on this basis would be expected to be non­

aromatic {1/n =  0.69), provided of course that the 
extrapolated curve is valid over the extremely 
wide range for which as yet no experimental data 
are available.

It is worthy of note that the adsorption data for 
several of the nutrilites follow the Freundlich 
equation through extremely wide concentration 
ranges. By using microbiological tests it has 
been possible in some cases to measure adsorption 
from solutions far more dilute than has hitherto 
been possible in dealing with organic compounds. 
The application of the Freundlich equation through 
a wide range is somewhat contrary to results ob­
tained with certain other substances studied 
within a much narrower range.

Summary
1. Adsorption isotherms have been obtained 

for thirty-three amino acids, vitamins and related 
substances using Darco G-60 as the adsorbent. 
The experimental data fit the equation commonly 
known as the Freundlich adsorption isotherm.

2. Several generalizations have been evolved
from the data which show certain trends (based 
upon structure) in adsorption and in the 1/n 
values of the Freundlich equation. The presence 
and position of polar groups and the presence or 
absence of aromatic nuclei are important factors. 
A u s t i n , T e x a s  R e c e i v e d  M a r c h  23, 1942

[C o n t r i b u t io n  f r o m  t h e  R e s e a r c h  L a b o r a t o r y  o f  A r m o u r  a n d  C o m p a n y ]

Studies on High Molecular Weight Aliphatic Amines and their Salts. VII. The 
Systems Octylamine-, Dodecylamine- and Octadecylamine-Water

B y  A. W. R a l s t o n , C h arles W. H oerr  an d  E v e r e t t  J. H offm an

Previous studies upon the behavior of aliphatic 
amines in water have been concerned only with 
amines of low molecular weight, and the literature 
pertaining to the higher homologs in water is con­
fined to statements regarding their solubility. 
Preceding papers of this series have reported some 
aspects of the behavior of the hydrochlorides and 
acetates of primary aliphatic amines containing 
from 8 to 18 carbon atoms in the paraffin chain. 
This paper reports the behavior of octyl-, dodecyl- 
and octadecylamines in water. Since these three 
amines represent a cross-section of the series of 
normal primary aliphatic amines, a comparison 
of their water systems illustrates the effect of in­
creased length of the alkyl chain upon such systems.

The applicability of the phase rule to colloidal 
systems has been demonstrated with respect to 
soap phases by McBain and his co-workers.1 
While they have shown that the phase rule can be 
applied in its usual form without the introduction 
of any new variable, they point out several of the 
assumptions and interpretations which must 
necessarily be made to fit the phase rule to some 
of the phenomena encountered in colloid chem­
istry. Of course, the original Gibbs deduction of 
the phase rule specifically excludes the effects of 
surface and boundary forces which are so impor­
tant in connection with colloidal behavior; hence, 
in some cases certain observations must be omitted

(1) M cB ain, Void and  Void, T h is  J o u r n a l , 60, 1866 (1938).
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or ignored. In other cases relative importances 
must be determined before an interpretation can 
be made. For example, no absolute meaning can 
be attached to the definitions of homogeneity and 
heterogeneity, since in dealing with colloids the 
degree of dispersion of the various phases has 
considerable bearing on their behavior.

Further complexities in the application of the 
phase rule to colloidal systems, aside from the 
confusion of the terminology, arise from the ex­
perimental difficulties encountered in dealing with 
these systems. The problem of establishing and 
maintaining equilibrium conditions is often an 
obstacle presented by the nature of the substances 
under observation. At certain temperatures the 
liquid phases may possess a very high viscosity, 
or the solid phases may exist in gelatinous or 
mesomorphic states. Hence, there is a problem 
of maintaining intimate admixture of the phases 
to bring about an equilibrium between them. 
In some cases, too rapid cooling may introduce a 
false phase which may not disappear for such a 
length of time that it would appear to be a true 
equilibrium phase. While these metastable 
phases have a given place in the phase diagram, 
they are misleading in the investigation of the 
stable phases. Thus it is essential, in studying a 
given phase, to demonstrate that equilibrium can 
be attained from higher and lower temperatures, 
and from higher and lower concentrations.

Procedure
Preparation of Materials.—Caprylonitrile, lauronitrile 

and stearonitrile were prepared by the action of ammonia 
upon the respective acids.2 The caprylonitrile and lauro­
nitrile ( n 25D 1.4184 and 1.4342, respectively) were purified 
by vacuum distillation,3 and the stearonitrile (m. p. 42.0- 
43.0°) was crystallized from 95% ethanol. These nitriles 
were hydrogenated to the corresponding amines, which 
were then purified by fractional distillation in vacuo.4 
The amines used in this investigation had the following 
boiling points: octylamine, 46.5° (4 mm.); dodecyl- 
amine, 81.4° (1 mm.); and octadecylamine, 153.2° (1 
mm.). Their freezing points, determined by the cooling 
curve method (vide infra), were —1.0, 28.0 and 52.5°, 
respectively. Titration with standard hydrochloric acid 
solution using methyl red as the indicator, in all cases 
yielded values exceeding 99.95% amine. These com­
pounds were exposed to the atmosphere as little as possible 
in order to minimize absorption of carbon dioxide.

The water used in most of these experiments was dis­
tilled from an alkaline potassium permanganate solution 
in an all-Pyrex glass still, and was used in making up the 
amine samples directly after cooling without access to the

(2) R alston , H arw ood and  Pool, T h is  J o ur n a l , 59, 986 (1937).
(3) R alston , Selby and  Pool, In d . Eng. Chem., 33, 682 (1941).
(4) R alston , Selby, Pool and  P o tts , ibid., 32, 1093 (1940).

air. Its specific conductance was 0.8 X 10~6 mho a t 25°. 
The carbon dioxide content, therefore, was a t a minimum. 
For the cooling curve measurements, boiled distilled 
water was used.

Experimental.—Five methods of investigation were 
followed. In every case, each amine-water sample pre­
pared was first heated until it became a homogeneous 
liquid, or, in the ranges of concentrations where the sys­
tems do not become homogeneous a t ordinary tempera­
tures, until both components were liquefied and could be 
intimately mixed by shaking or stirring. This precaution 
has been stressed as a most desirable prerequisite in dealing 
with colloidal substances.1

The first experimental procedure was a synthetic method 
in which weighed amounts of the two components were 
sealed in glass tubes. After preliminary heating, the 
samples were suspended in a constant temperature water- 
bath and shaken regularly. The temperature of the bath 
was changed 0.1 to 0.2° about every half hour and the 
samples were observed visually to determine what phases 
were present. Since the various phases were arrived a t 
both from higher and lower temperatures, and since the 
observed transition temperatures obtained in this manner 
could be duplicated within =*=0.1°, it was considered that 
equilibrium had been attained.

The second method was an analytical procedure. 
Various compositions of amines and water (of approxi­
mately 50 g. total weight) were prepared in tightly stop­
pered flasks and, after preliminary heating, were placed in a 
constant temperature water-bath a t several given tem­
peratures. The flasks were shaken intermittently for two 
to three hours to allow the samples to attain equilibrium. 
Preliminary experimentation indicated tha t equilibrium 
was reached well within this time. After this interval, the 
separate phases were removed by means of a pipet and 
analyzed for amine content by titration with standard 
hydrochloric acid solution using methyl red as the indi­
cator. The results obtained by this method showed that 
the analyses of samples existing in given phases a t given 
temperatures gave calculated compositions of amine which 
agreed within 0.1% of those predicted by the synthetic 
method.

Cooling curves were run on amine-water mixtures in the 
following manner: an amine-water sample (10 g.), after
being prepared in a tightly stoppered flask and heated to 
liquefaction, was transferred to a transparent Dewar flask 
(100 ml.) fitted with a rubber stopper through which were 
inserted a glass stirrer and a glass thermocouple well. 
This flask was swept with nitrogen before the introduction 
of the sample, and the stirrer was sealed at its insertion 
through the stopper with stopcock lubricant to minimize 
diffusion of carbon dioxide into the sample. Iron-con- 
stantan thermocouples were employed, and the reference 
junction was immersed in melting ice kept in a silvered 
Dewar flask (2 1.). Ice and water were used as the cooling 
bath for the amine-water samples above 0°, and acetone 
and solid carbon dioxide were used below this temperature. 
The thermal analyses thus obtained, for the most part, gave 
transition temperatures which agreed within ±0.1 ° of 
those obtained from the visual observations. However, in 
the cases in which samples containing the most highly 
hydrated forms of the two higher amines went through



1518 A. W. Ralston, Charles W. Hoerr and Everett J. Hoffman Vol. G4

Fig. 1.—Transition temperatures of the system octylamine-water.

mesomorphic changes before crystallization, the cooling 
curves gave less accurate results because of the slower rate 
of heat transfer within the samples and the slow rate of 
formation of the crystalline phases.

Several of the transitions, chiefly the lowering of the 
freezing point of water by solution of the amines, were 
determined with a Beckmann thermometer in the usual 
manner. The transition temperatures obtained by this 
method agreed well within 0.1° of those obtained by the 
above procedures.

Finally, microscopic examinations with polarized light 
were made on a number of samples of varying composition 
in order to determine more definitely what phases were 
present. The samples were placed on ordinary glass 
slides and inclosed with thin glass cover slips sealed with 
paraffin. Observations were made chiefly at room tem­
perature. However, some samples were heated gently 
over a small flame and were examined as they cooled. 
These observations verified the existence of the various 
phases in their given order as previously found by gross 
examination. Further observations of the order of ap­
pearance of certain phases were made by cooling the stage 
of the microscope below room temperature by means of a 
small piece of solid carbon dioxide.

Since transition temperatures could, in general, be dupli­
cated to ±0.1°, and since the agreement of the results 
obtained by the various experimental procedures was also 
within ±0.1°, the transitions shown in the phase diagrams 
presented in this paper are probably accurate to =*=0.2°.

Experimental Results
Octylamine-Water.—The temperature-com­

position relations of octylamine and water are 
shown graphically in Fig. 1. On this diagram,

point A represents the freezing point of octyl­
amine ( — 1.0°). Area 1 is isotropic solution. Two 
hydrates are formed, one having a composition 
of (C8H17NH2)2-3H20  and the other C8Hi7NH2- 
6H20. The sesquihydrate exists as a crystalline 
solid below —5.0°, and above this temperature 
it breaks down to a mixture of hexahydrate and 
solution (area 3). The hexahydrate changes from 
a crystalline solid to a mesomorphic state at
— 14.5° (R). Between this temperature and
— 0.4° (G) it exists as a firm semi-solid of the 
smectic type of liquid crystal. From —0.4° (G) 
to its melting point, 34.6° .(C), it exists as a ne­
matic type of liquid crystal.

The portion of the diagram ABCED repre­
sents the equilibrium between octylamine and its 
hexahydrate. Octylamine precipitates from the 
isotropic solution (area 1) along AB and the hy­
drate precipitates along BC, giving a eutectic at
B. Thus area 2 consists of a two-phase mixture 
of solid amine and solution, and area 3 of meso­
morphic hydrate and solution. Below DBE (area
4) the system consists of a heterogeneous mixture 
of crystals. Microscopic examination of solutions 
at temperatures just below BC with polarized 
light shows the presence of inverted focal conics, 
indicating that the hydrate molecules are begin­
ning to aggregate in liquid crystalline arrange­
ments as the system cools below BC.
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Examination of samples in area 5 shows a micro­
scopically homogeneous fluid of a viscosity such 
that it will barely flow under its own weight at the 
lower temperatures, but of lower viscosity as the 
temperature is increased. Under polarized light, 
samples in this region reveal delicate thread-like 
lines of light, showing the presence of molecular 
layers in the liquid. The samples in this region 
can be considered to be one phase in accordance 
with the phase rule, analogous to the solid solu­
tions of mixtures of metallic elements. In this 
case, however, instead of being a crystalline solid, 
the system consists of a highly dispersed mixture 
of amine and hydrated amine molecules in a meso­
morphic state.

Octylamine sesquihydrate crystallizes from the 
isotropic solid solution (area 5) along EF while 
one of the forms of the hexahydrate precipitates 
out along FG, giving a eutectoid at F. Below 
HFJ (area 8) the system consists of a heterogene­
ous mixture of crystals.

The equilibria between the several forms of oc­
tylamine hexahydrate and water are in the con­
centration range of 0.857 to 1.0 mole fraction of 
water. The equilibrium between the nematic 
form of the hexahydrate and water is not shown 
clearly in the diagram. The eutectic between 
them (P) is located near 0.9996 mole fraction of 
water. Investigations in this neighborhood were 
considered relatively inaccurate since it was im­
possible to prevent contamination of such neces­
sarily small amounts of amine with some carbon 
dioxide. However, measurement of the lowering 
of the freezing point of water along NP indicated 
that 0.0004 mole fraction of amine was in solution. 
The nematic octylamine hexahydrate precipitates 
from the isotropic solution (area 1) along CP, 
giving a two-phase mixture in area 9. On cross­
ing CN, the microscopically homogeneous solid 
solution (area 5) is obtained.

On further cooling of the solid solution, smectic 
hexahydrate precipitates along GL, while water 
freezes along LN, giving a eutectoid at L. Thus 
below KLM (area 10) the system consists of a 
heterogeneous mixture of mesomorphic hydrate 
and ice. Since the crystalline hexahydrate forms 
at —14.5°, the system consists of a mixture of ice 
and hydrate crystals in area 11.

On being heated above TVW, the isotropic 
solution separates into two conjugate solutions, 
the layer of lower density being rich in amine, and 
the more dense one being water-rich. Analysis of

the amine-rich layer by titration showed that the 
amount of octylamine at any given temperature 
was of the composition corresponding to that tem­
perature on TV. The composition of the water- 
rich layer could not be determined accurately 
by analysis because small amounts of amine re­
mained as a suspension of microscopic droplets in 
the water-rich layer.

Dodecylamine-Water.—The temperature- 
composition relations of dodecylamine and water 
are shown graphically in Fig. 2. On this diagram 
A represents the freezing point of dodecylamine 
(28.0°). Area 1 is isotropic solution. Three hy­
drates are formed, one having a composition of 
(Ci2H25NH2)3'2H20, another C12H25NH2-2H20  and 
the third Ci2H26NH2*4H20. The lowest hydrate 
exists as a crystalline solid below 24.4° (F), while 
above this temperature it breaks down to a mix­
ture of higher hydrate and solution. The dihy­
drate exists as crystalline solid below 15.4° (H), 
while between this temperature and 35.5° it exists 
as a smectic type of liquid crystal. At 35.5° the 
mesomorphic hydrate begins to liquefy, while at 
36.5° (C) this mixture of hydrate and solution 
changes to isotropic solution. The dodecylamine 
tetrahydrate exists as crystalline solid below 14.0° 
(R), while above this temperature it exists as a 
smectic type of liquid crystal, changing to a form 
of the nematic type at 34.2° (P) and to another 
form of the latter type at 38.0° (O). At 48.0° 
(M) the tetrahydrate decomposes.

The equilibrium between dodecylamine and 
its dihydrate is similar to that between octylamine 
and its hexahydrate. Dodecylamine precipitates 
out of the isotropic solution (area 1) along AB, 
while the dihydrate freezes out along BC, giving 
a eutectic at B. Thus areas 2 and 3 consist of two 
phase mixtures, solid amine and solution, and 
solid dihydrate and solution, respectively. Below 
EBF (area 4) the system consists of a heterogene­
ous mixture of crystals of dodecylamine and its 
dihydrate.

Area 5 of this diagram is similar to area 5 of the 
octylamine-water system. Again the solid solu­
tion consists of a microscopically homogeneous 
mesomorphic mixture of amine and amine hy­
drate. As samples in this area are cooled, the 
lower hydrate precipitates out along FG and di­
hydrate freezes out along GH, giving a eutectoid 
at G. Below JGK (area 6) the system consists of 
a heterogeneous mixture of crystals of the two 
hydrates.
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Fig. 2.—Transition temperatures of the system dodecylamine-water.

As the isotropic solution above CL is cooled, 
dodecylamine tetrahydrate freezes out, giving a 
two phase mixture of solid hydrate and solution 
in area 7. Below NM this mixture changes to a 
solid solution similar to that in area 5, while along 
NO the tetrahydrate transforms to another meso­
morphic form giving a two phase mixture (area 
9). On cooling this mixture, solid solution (area
5) is obtained.

M V
o  w
P X 

R Y

U
z

--------------- 1_
0.99995 1.0 

Mole fraction of water.
Fig. 3.—Diagram of eutectic between dodecylamine tetra­

hydrate and water (not drawn to scale).

Along HQ crystalline dodecylamine dihydrate 
freezes from the solid solution, while crystalline 
tetrahydrate appears along QR, giving a eutectoid

at Q. Below SQT (area 10) the system consists 
of a mixture of these crystalline hydrates.

Beyond 0.8 mole fraction of water (MOPRTU), 
Fig. 2 shows the practically independent behavior 
of the various forms of dodecylamine tetrahydrate 
and of water. Measurements of the freezing point 
of water (along UZ) indicated that the eutectic 
between the tetrahydrate and water lies in the 
neighborhood of 0.99995 mole fraction of water. 
Hence, the isothermals (LMV, OW, PX, RY 
and UZ) intersect a curve (VWXYZ) representing 
the solubility of dodecylamine tetrahydrate in 
water. This region is illustrated by the enlarged 
diagram in Fig. 3. Thus, beyond 0.99995 mole 
fraction of water above Z to 0.0°, the system 
exists as isotropic solution.

In the part of the diagram between Z'LMO- 
PRTU and VWXYZ in the temperature range 
investigated the system exists in all regions as 
two phases. In areas 11, 12 and 13 one of the 
phases is solution, and the other is the appropriate 
mesomorphic form of tetrahydrate {vide supra). 
In area 14 one of the phases is crystalline tetra­
hydrate, and the other is solution. In area 15 one 
phase is crystalline tetrahydrate, and the other is 
ice. Above LMV the system exists as two con­
jugate solutions similar to those occurring in the 
octylamine-water system (area 12, Fig. 1). The 
lines LMV, OW, PX and RY are isothermals. 
Their depression with increasing concentration is
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well within the experimental accuracy of their 
measurement.

The portion of the diagram in the neighborhood 
of area 12 is a region of formation of a fibrous, 
curd-like solid of hydrated amine. This is a 
metastable compound which is frequently ob­
tained on cooling the two phase mixture of meso­
morphic tetrahydrate and solution, and is never 
obtained on heating the system. It is not found 
in the octylamine- and octadecylamine-water 
systems. If samples in which this metastable 
product is obtained are held at room temperature, 
transformation to the smectic form of the tetra­
hydrate and solution takes place slowly. The 
metastable compound, in some cases, has re­
mained for several months.

In Fig. 4 are shown photomicrographs of the 
crystalline forms of dodecylamine and of its 
three hydrates, together with the appearance 
of the metastable curd-like compound.

Octadecylamine-Water.—The tempera­
ture-composition relations of octadecylamine 
and water are shown graphically in Fig. 5. On 
this diagram A represents the freezing point of 
octadecylamine (52.5°). Area 1 is isotropic 
solution. Two hydrates are formed, one hav­
ing a composition (C18H37NH2VH2O, and the 
other Ci8H37NH2-2H20. The lower hydrate 
exists as crystalline solid below 50.5°, while 
above this temperature it breaks down to a 
mixture of dihydrate and solution. The di­
hydrate exists as crystalline solid below 43.3°, 
while above this temperature it transforms to 
a smectic state. At 64.0° the dihydrate de­
composes.

In Fig. 5 octadecylamine crystallizes from 
the isotropic solution (area 1) along AB, while 
the dihydrate precipitates along BC, giving a 
eutectic at B. Thus areas 2 and 3 consist of 
two-phase mixtures of solid amine and solid 
dihydrate, respectively, and solution. Below 
EBF (area 4) the system consists of a hetero­
geneous mixture of crystals.

Samples in area 5 are solid solutions micro­
scopically indistinguishable from the corre­
sponding phase of the other amines (area 5, 
Figs. 1 and 2). On cooling this solid solution, 
the lower octadecylamine hydrate freezes out 
along FG and the dihydrate along GH, giving 
a eutectoid at G. Below JGK (area 6) the 
system consists of a mixture of the two crystal­
line hydrates.

The part of the diagram beyond 0.667 mole 
fraction of water (DHKL) represents the behavior 
of the several forms of the dihydrate with water. 
As in the case of dodecylamine tetrahydrate, there 
is a eutectic between the octadecylamine dihy­
drate and water similar to that shown in Fig. 3. 
As far as was determined, the solubility of this 
dihydrate in water must be less than 1.8 X 10~6 
g./liter, since this amount must be in solution 
to lower the freezing point of water 0.001°. How­
ever, no such depression was observed by meas­
urement with a Beckmann thermometer. Hence, 
the eutectic in this case is beyond 0.999991 mole 
fraction of water. No further attempt was made 
to determine more accurately the location of the 
solubility curve through MNP in Fig. 5.

Between DHKL and MNP the octadecyla-

(a) C12H25NH2. (b) (Ci2H25NH2)3*2H20.

(c) Ci2H25NH2*2H20 . (d) C12H25NH2*4H20.

Fig. 4.—-Crystalline forms 
of dodecylamine and its hy­
drates, with polarized light at 
X200.

(e) Ci2H25NH2-xH20.
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Fig. 5.—Transition temperatures of the system octadecylamine-water.

mine-water system exists as two phases in the 
temperature range investigated. In areas 7 and 
8 one of these phases is solution and the others are 
mesomorphic dihydrate and crystalline dihydrate, 
respectively. Area 9 consists of a mixture of ice 
and dihydrate crystals. Above RCDM the 
system exists as two conjugate solutions similar

(a) Cl8H37NH2. (b) (C18H37NH2)3H20.

Fig. 6.—Crystalline forms 
of octadecylamine and its 
hydrate, with polarized light 
at X200.

(c) C18H37NH2-2H20.

to those in the other two systems investigated. 
The lines DM and HN are isothermals.

In Fig. 6 are shown photomicrographs of the 
crystalline forms of octadecylamine and its hy­
drates.

Discussion
Qualitatively the three systems investigated 

are similar. All three amines form hydrates; 
the higher the molecular weight, the lower the 
degree of hydration. Microscopic examina­
tions indicated that hydrates of the lower 
amines tend to form more nearly perfect crys­
tals than hydrates of the higher amines. As 
would be expected, the lower amines and their 
hydrates are considerably more soluble in water 
than the higher homologs. Of the systems in­
vestigated, that of octylamine-water is the only 
one in which there is an isotropic liquid region 
across the whole range of concentrations.

The amine hydrates found, with the excep­
tion of the lowest hydrate of each amine, pass 
through one or more mesomorphic states be­
fore their melting or decomposition points are 
reached. The hydrates of the lower members 
of the series tend toward the nematic type of 
liquid crystal, while those of the higher mem­
bers tend toward the smectic type.

In the case of octylamine, the hexahydrate is 
relatively unstable, the water of hydration being 
very loosely bound to the amine molecules.
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This is shown by the relative flattening of the curve 
as the melting point of the hydrate is approached 
from higher and lower concentrations, indicating 
that considerable change in the water content of 
the hydrate is necessary to change the melting 
point to any great extent. Since the addition of 
an impurity (in this case one of the decomposi­
tion products) tends to cause lowering of the 
melting point of a given compound, and since the 
lowering is greater with greater compound sta­
bility, the relative instability of this hydrate is 
indicated. The decomposition of the other amine 
hydrates is evidence of their instability.

The fibrous, curd-like, metastable compound 
formed only in the dodecylamine system sug­
gests the behavior of dodecylamine hydrochloride 
in water.5 In the latter system, also, a similar 
fibrous, curd-like, metastable compound was 
found on rapid cooling of systems containing large 
amounts of water. This behavior is not observed 
in the case of the octadecylamine hydrochloride- 
water system, and likewise it is absent in the pres­
ent case of octadecylamine-water.

In each of the three diagrams presented the 
dotted lines at the left of the figures show the ex­
istence of a small region of solid solution of amine 
and amine hydrate. While these areas were 
indicated, their exact location was not verified by 
direct measurement.

With the interpretations and limitations which
(5) R alston , Hoffm an, H oerr and  Selby, T h is  J o u r n a l , 63, 1598 

(1941).

have been placed upon the mesomorphic states, 
and since equilibrium conditions have been evi­
denced by the agreement of the transition tem­
peratures obtained by several different experi­
mental methods, the applicability of the phase 
rule to these colloidal systems has been demon­
strated. The equilibria between the amines and 
their respective hydrates are similar to phase 
diagrams for ordinary crystalloidal compounds. 
In the case of the higher amine hydrates, their in­
solubility and their mesomorphic changes ac­
count for the numerous isothermals which are 
present in their diagrams.

The authors are indebted to Drs. J. A. Wilkin­
son and H. A. Wilhelm of Iowa State College for 
their assistance and helpful suggestions during 
the course of this investigation.

Summary

1. The systems octylamine-water, dodecyl- 
amine-water and octadecylamine-water have 
been investigated.

2. The phase rule has been applied to these 
systems.

3. The following hydrates have been found:
(CsHnN H2) 2 * 3H20  (dec. -  5.0°); C8Hi7NH2- 
6H20  (m. p. 35,6°); (Ci2H25NH2)3-2H20  (dec.
24.4°); Ci2H25NH2*2H20  (m. p. 36.5°); Ci2H25-
NH2-4H20  (dec. 48.0°); (Ci8H37NH2)3-H20  (dec. 
50.5°); and Ci8H37NH2-2H20  (dec. 64.0°).
Chicago, Illinois R eceived January 12, 1942

[Contribution from the Chemical Laboratory of the U niversity of K ansas]

Plumbic Acetate-Anhydrous Acetic Acid Solutions
By Arthur W. Davidson, W. Clarence Lanning and S r . M. Maxine Zeller

It is well known that whenever a comparison is 
made between two hydroxides of the same metal, 
the one in which the metal is in the lower state of 
oxidation is the more basic and the more soluble 
in water. A partial qualitative explanation of this 
fact may be based upon the distribution of elec­
trons about the metal atom.1 Evidence of an 
analogous relationship in non-aqueous systems 
has hitherto been limited to observations on the 
solubilities of sulfates in sulfuric acid.2

(1) See, for exam ple, O. K . R ice, “ E lectronic S tructu re  and 
Chem ical B inding,” M cG raw -H ill Book Com pany, Inc., New York, 
N . Y., 1940, pp. 428-9.

(2) Kendall and  Davidson, T h is  J o u r n a l , 43, 979 (1921).

The fact that plumbic acetate (lead tetraace­
tate), unlike most plumbic salts, is stable at or­
dinary temperatures and may, in fact, be pre­
pared rather readily, affords an opportunity for a 
comparison of the solubilities of the two acetates 
of lead in anhydrous acetic acid, solutions of 
plumbous acetate in this medium having already 
been studied.3 Hutchinson and Pollard,4 who 
were the first to make an extensive study of the 
properties of plumbic acetate, reported that it is

(3) (a) D avidson and  M cA llister, ibid., 52, 507 (1930); (b)
Davidson and  C happell, ibid., 55, 4524 (1933).

(4) H utch inson  and Pollard, (a) J . Chem. Soc., 63, 1136 (1893); 
(b) ibid., 69, 212 (1896).
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not acted upon at ordinary temperatures by con­
centrated sulfuric acid, and it was confirmed in 
this Laboratory that plumbic acetate in acetic 
acid solution, unlike the plumbous salt, does not 
take part in rapid metathetic reactions (except 
with water); the compound behaves in this re­
spect like a non-electrolyte. It seemed of inter­
est, therefore, to compare the electrical conduc­
tivities of the two solutions.5»6 Another property 
of the acetates which might be expected to vary 
greatly with the valence state of the lead is the 
tendency to form addition compounds with alkali 
acetates. Griswold and Olson7 found the solu­
bility of plumbous acetate in acetic acid to be in­
creased in the presence of sodium acetate, al­
though they were unable to obtain an addition 
compound of the two acetates in the solid state; 
Lehrman and Leifer,8 however, showed the exist­
ence of potassium acetatoplumbites analogous to 
the hydroxoplumbites of the aqueous system.

In the present work, the solubility of plumbic 
acetate in acetic acid over a range of tempera­
tures has been determined, the conductances at 
30° of both plumbous and plumbic acetates have 
been measured, and the effect of sodium acetate 
upon the solubility of the plumbic compound has 
been studied. The results, in every case, were in 
accord with the hypothesis that plumbic acetate is 
an extremely weak electrolyte in this solvent.

Method
Preparation of Materials.—Anhydrous acetic acid, and 

sodium and plumbous acetates, were prepared as de­
scribed in previous papers from this Laboratory. Plumbic 
acetate was prepared by crystallization from a solution 
made by adding red lead to hot glacial acetic acid, as 
described by Hutchinson and Pollard4b; their method was 
slightly modified, however, in that the product was re­
crystallized from anhydrous acetic acid and was dried over 
phosphorus pentoxide in a current of dry air. The product 
was analyzed by treatment with water to give lead dioxide 
and acetic acid; the precipitate was filtered off and 
weighed, while the filtrate was titrated with sodium hy­
droxide solution. A typical analysis gave: Pb02, 
54.00%; (CH3C0)20, 46.07% (calculatedfor Pb(C2H30 2)4: 
Pb02, 53.95; (CH3C0)20, 46.05%).9

(5) C onductance d a ta  for solu tions of plum bous aceta te  in 99.4% 
acetic  acid are given by  Schall and  M eltzer, Z . Elektrochem., 28, 474 
(1922). M olar conductances observed by  th em  for th is m edium, 
how ever, are very  m uch h igher th a n  for th e  anhydrous acid.

(6) A determ ina tion  of th e  conductance of plum bous ace ta te  in 
p u re  acetic  acid a t  a  single concen tration  is repo rted  by K olthoff and 
W illm an, T h is  J o u r n a l , 56, 1014 (1934).

(7) Griswold and  Olson, ibid., 59, 1894 (1937).
(8) L ehrm an  and  Leifer, ibid., 60, 142 (1938).
(9) Since th e  com pletion of th e  experim ental work here described,

an  im proved m ethod  of p rep a ra tio n  of lead  te traace ta te , sim ilar to
th e  above, has been described by  B ailar, in  “ Inorganic Syntheses,”
Vol. I, M cG raw -H ill Book Co., Inc ., N ew  Y ork, N . Y., 1939, p. 47.

Solubility of Plumbic Acetate in Acetic Acid.—The solu­
bility at various temperatures was determined both by 
synthetic and by analytic methods. In the former 
method, equilibrium temperatures were determined for 
samples of known composition as described in previous 
papers. The chief source of error in these determinations 
lay in the difficulty of preventing hydrolysis of the plumbic 
acetate by atmospheric moisture. Because of the extra­
ordinary sensitiveness of the dry salt to hydrolysis, samples 
which had been moistened with acetic acid and subse­
quently analyzed were used in many of the determinations. 
I t  may be of interest to mention that the atmospheric 
humidity was an important factor in determining whether 
or not the dry salt could be handled successfully. When 
the humidity was high, even the briefest exposure to the 
atmosphere brought about appreciable discoloration, 
whereas at low humidity several samples could be removed 
successively from the same weighing bottle without dis­
coloration of the residue. At several temperatures, also, 
mixtures containing an excess of solid salt were allowed to 
come to equilibrium, from both higher and lower tempera­
tures, in a constant temperature bath. Samples of the 
liquid phase were drawn off, weighed, and analyzed for 
plumbic acetate content. Points obtained by both 
methods fall upon the same smooth curve. f

Conductance Measurements.—These were all made at 
30°, by means of a Leeds and Northrup bridge, an audio 
oscillator as a source of alternating current, and a type A 
Washburn cell; the conventional method was suitably 
modified for the measurement of low conductances. The 
specific conductivity of the acetic acid used was 3.8 X 10“ 8 
reciprocal ohm, which is within the range of variation of 
the values given in the literature.

Solutions were made up by weight in stoppered 50-ml. 
flasks; each such solution was diluted several times with 
known weights of acetic acid, and the conductance meas­
ured after each dilution. In the case of plumbic acetate, 
the conductivity of the solutions differed so little from that 
of pure solvent that only specific conductivities have been 
reported. For plumbous acetate, which was found to 
approximate a weak binary electrolyte in behavior, the 
molar conductances were calculated.10 Since the con­
ductance of the solvent would probably be greatly de­
creased in acetate solutions, because of the common ion 
effect,11 no solvent correction was applied.

Solubility of Plumbic Acetate in Sodium Acetate Solu­
tions.—The method used for these determinations was the 
same as that described in a previous paper12 for a similar 
study on zinc acetate. Acetic acid solutions were prepared 
containing six different concentrations of sodium acetate, 
and the solubility of plumbic acetate in each of these solu­
tions, over a limited range of temperature (22 to 46°), was 
determined just as in the binary solutions. From these 
solubility curves data were obtained, by interpolation, to 
show the isothermal variation of solubility of plumbic 
acetate with sodium acetate concentration.

(10) In  th is  calculation , th e  m olar concen tration  was tak en  as th e  
m olality  m ultip lied  b y  1.039, th e  density  of acetic acid a t  30°. 
Since th e  highest concen tration  used was less th a n  0.1 m olar, no 
significant erro r was in troduced  by  th is  sim plification.

(11) K olthoff and  W illm an, T h is  J o u r n a l , 56, 1007 (1934).
(12) D avidson and  M cA llister, ibid., 52, 519 (1930).
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Results
1. Solubility of Plumbic Acetate in Acetic 

Acid.—In the following table, S  denotes the mole 
percentage of plumbic acetate, and T  the corre­
sponding equilibrium temperature. The syn­
thetic method was used except as otherwise noted. 
The data are presented graphically in Fig. 1.

T able I
Plumbic Acetate—A cetic Acid

5 T S T

Solid phase HC2H30 2 Solid phase
0 16.60 Pb(C2H30 2)4
0.088 16.52 (cont.)

.193 16.45 0.638“ 37.0

.280 16.40 .798“ 45.0
1.03 53.0

Solid phase 1.29 59.8
PMCsHsOs), 1.64 68.4

0.354 18.2 1.96 74.6
.427 25.2 2.55 82.3
,512“ 29.9 3.31 90.7
.582 33.5 3.74 94.4

“ These data were obtained by the analysis of solutions 
saturated at the given temperature.

Since analysis by the method already described 
had already shown that crystallization from acetic 
acid at ordinary temperatures yielded pure un­
solvated plumbic acetate, and since there was no 
indication of a break in the curve except at the 
eutectic point, no further analysis of solid phases 
was necessary.

0 1.6 3.2
Mole % Pb(C2H30 2)4.

Fig. 1.—Solubility of plumbic acetate in acetic acid.

The solubility of plumbic acetate in anhydrous 
acetic acid at 25° is found by interpolation to be
0.43 mole %, or 0.072 molal; this is in marked 
contrast to the solubility of the plumbous salt 
(hemisolvate) at the same temperature, 16.75 mole 
%, or 3.35 molal. By a very short extrapolation, 
the solubility of the plumbic compound at 17° is 
found to be 0.34 mole %, or 0.057 molal; the 
latter figure may be compared with Hutchinson 
and Pollard’s40 value of 0.062 molal, which, how­
ever, applies to the solubility in “glacial” (not 
anhydrous) acetic acid.

2. Conductance Data.—Specific conductivi­
ties, k, of solutions of plumbic acetate of molality 
m are shown in Table II, and of plumbous acetate 
in Table III. Here c is the concentration in moles 
of solute per liter of solution, A the molar conduct­
ance. The data for plumbous acetate are shown 
in a log c-log A plot in Fig. 2.

T able II
Conductance of Plumbic Acetate Solutions at 30°

m  k x 10»
0 3.80

0.00593 3.80
.0186 4.05
.0262 4.82
.0616 5.56

T able III
Conductance of Plumbous A cetate Solutions at 30°

c K X 107 A
0.00195 0.556 0.0286

.00626 .880 .0141

.00705 .937 .0133

.0181 1.76 .00973

.0284 2.62 .00921

.0432 3.83 .00887

.0822 8.03 .00977

.0866 8.80 .0102

It is evident from the data of Table II that the 
specific conductivities of plumbic acetate solu­
tions differ so little from that of the pure solvent 
that any attempt to calculate molar conductances

- 2.8 - 2.4 - 2.0 - 1.6 - 1.2 - 0.8 
Log c.

Fig. 2.—Molar conductance of solutions of plumbous ace­
tate in acetic acid.
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would have been meaningless. In Table III, the 
value of A is found to go through a minimum (at 
about 0.04 molar), as is usual in this solvent13 and 
in others of low dielectric constant. The molar 
conductance of a 0.02 molar solution obtained 
from these data by interpolation is 0.00942; 
Kolthoff and Willman11 found the value of 0.00855 
for a similar solution at 25°.

3. Solubility of Plumbic Acetate in Sodium 
Acetate Solutions.—In Table IV, the mole frac­
tion of sodium acetate in the binary solvent is 
represented by R, while S denotes the mole per­
centage of plumbic acetate in the ternary solu­
tion in equilibrium with solid plumbic acetate at 
the temperature T .

T able IV
Solubility of Plumbic A cetate in Sodium Acetate 

Solutions
5 T 5 T 5 T
R  = 0.003 R = 0.007 R  = 0.015

0.390 24.1 0.404 25.2 0.394 25.7
.417 26.2 .425 27.3 .445 28.3
.460 28.3 .523 34.5 .457 30.2
.501 31.7 .589 38.3 .489 31.6
.525 32.8 .654 40.8 .524 34.7
.560 34.7 .688 42.6 .586 38.1
.638 38.8 .772 46.0 .607 39.3
R  = 0.025 R = 0.050 R  = 0.07°

0.321 22.5 0.266 23.1 0.339 32.1
.446 32.7 .294 26.3 .368 34.3
.507 36.2 .356 31.9 .379 36.3
.597 41.3 .451 37.8 .429 40.5
.634 43.2 .471 39.0 .461 42.8

a This mole fraction is barely below the solubility of 
sodium acetate (7.06%) in acetic acid at 25°. Hence, in 
the ternary solutions, NaC2H302'2HC2H302 appeared as 
solid phase at temperatures in the neighborhood of 25°.

Samples of the solid phase from several different 
solutions were filtered off, dried between porous 
tiles, and analyzed. The percentages of lead 
dioxide were found to vary only between 53.6 and 
53.9%; hence the solid phase was undoubtedly 
unsolvated plumbic acetate.

The data of Table IV were plotted in a series 
of curves, not reproduced here, none of which 
showed any discontinuity of slope. From these 
curves were obtained, by interpolation, the iso­
thermal data shown in Table V, where R and S 
have the same significance as in Table IV.

Thus, contrary to the statement of Schall and 
Meltzer,5 the solubility of plumbic acetate is not 
increased by the presence of sodium acetate, but

(13) W eidner, H utchison  and  Chandlee, T h is  J o urn al , 60, 2877
(1938).

Table V
Solubility of Plumbic A cetate in Sodium Acetate-

Acetic Acid Solutions at 30°
R 5
0 0.51

0.003 .48
.007 .46
.015 .45
.025 .41
.050 .33
.070 .31

decreases markedly with increasing concentration 
of the sodium salt.

Discussion
A comparison of the behavior of plumbous and 

plumbic acetates in acetic acid brings out the 
following differences.

1. The plumbic compound forms no solvate, 
and its solubility is little more than one-fortieth 
as great as that of the plumbous salt. This varia­
tion corresponds to the difference between plum­
bous and plumbic oxides in water; the solubility 
of the former, at 25Q, is about 0.0002 mole per 
1000 g. of water,14 while that of the latter is so 
small (less than 1 X 10~6 mole per 1000 g.)15 that 
it has never been accurately determined.

2. As was pointed out by Kolthoff and Will- 
man,6 plumbous acetate is a much poorer conduc­
tor in acetic acid than are the acetates of the al­
kali metals; the lead salt must be regarded as 
being but very slightly dissociated. The course 
of the log A-log c curve, with its slope of — at 
the lowest concentrations measured (as indicated 
by the straight line in Fig. 2), is characteristic of 
the behavior of electrolytes in solutions of low di­
electric constant,13,16 while the minimum molar 
conductance at a concentration of 0.04 molar, and 
the increase in A with increasing concentration be­
yond this point, may be attributed to the forma­
tion of triple ions.17 In the case of plumbic ace­
tate, however, the increase in specific conductance 
brought about by its addition to acetic acid is so 
small that this solute appears to be altogether 
non-ionic in character.

3. Although no compound of sodium and 
plumbous acetates has as yet been isolated from 
acetic acid solutions, it has been shown7 that the 
solubility of plumbous acetate increases with in-

(14) G a rre tt, V ellenga and  F o n tan a , ibid., 61, 367(1939).
(15) T oplem an, J . prakt. Chem., 229, 320 (1929).
(16) K raus and Fuoss, T h is  J o u r n a l , 55, 21 (1933); Fuoss and  

K raus, ibid., 55, 476 (1933).
(17) Fuoss and  K raus, ibid'., 55, 2387 (1933).
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creasing concentration of sodium acetate. In the 
case of plumbic acetate, the solubility is decreased 
by the addition of the sodium salt. There is no 
evidence for the existence of compounds corre­
sponding to the plumbates of the aqueous system. 
The absence of amphoteric properties of plumbic 
acetate would, by itself, be difficult to reconcile 
with the generally analogous behavior of corre­
sponding compounds of the water and the acetic 
acid systems. In view of the other facts here pre­
sented, however, the decrease in solubility of 
plumbic acetate in the presence of sodium ace­
tate appears merely as an instance of the “salting 
out” of a non-electrolyte.

Summary
1. The solubility of plumbic acetate in acetic 

acid over a wide range of temperature was deter­
mined. No solvate was isolated.

2. The conductivities of solutions of plumbous 
and plumbic acetates in acetic acid at 30°, over a 
range of concentrations, were measured. The 
former was found to behave as a typical weak 
base, the latter as a non-electrolyte.

3. The solubility of plumbic acetate was found 
to decrease with increasing concentration of so­
dium acetate. There was no evidence of ampho­
teric behavior.
Lawrence, K ansas R eceived M arch 20, 1942

[Contribution from the Chemical Laboratory of the Catholic U niversity]

The Decomposition of Cyclohexene Oxide and 1,4-Cyclohexadiene from the Stand­
point of the Principle of Least Motion1

By Francis Owen Rice and Adrian L. Stallbaumer

(I) Cyclohexene Oxide.—In this paper we 
propose to discuss the homogeneous thermal 
decomposition of organic compounds in the gase­
ous state, more particularly with reference to two 
compounds which we have investigated experi­
mentally. The principle of least motion which 
we use to interpret our results has been discussed 
in a recent paper.2a

Before taking up in detail the decomposition of 
cyclohexene oxide, we should like to point out 
that under certain conditions213 cyclohexene de­
composes according to the following equation, in 
which ethylene and butadiene are the sole prod­
ucts

CH2
/ \

c h 2 c h
I II

c h 2 c h
\ /

c h 2

c h 2

CHa

c h 2
\

CH
+ I

CH

c h 2

(1)

This decomposition illustrates the value of the 
principle of least motion because this reaction 
obviously requires less motion of the constituent 
atoms and involves less disturbance of the elec­
tronic system than any other thermodynamically 
possible reaction that can be written.

(1) T h is  is tak en  from  th e  d isserta tion  presented  by  A drian L. 
S ta llbaum er for th e  D egree of D octor of Philosophy in the  Catholic 
U niversity .

(2a) R ice and  Teller, J .  Chem. P hysics , 6, 489 (1938); 7, 199 
(1939).

(2b) R ice, R uoff an d  R odow skas, T h is  J o u r n a l , 60, 955 (1938).

A second reaction that we wish to discuss in this 
connection is the decomposition of ethylene oxide.3 
The decomposition is obviously complicated yield­
ing methane and carbon monoxide as the final 
products presumably produced from the decom­
position of acetaldehyde which appears as an 
intermediate product. We exclude a direct migra­
tion of a hydrogen atom according to the equation

c h 2—c h 2 CHa—-CH
\  / IIo O

both from the principle of least motion (attack of 
a hydrogen atom on a shielded carbon atom) and 
also on the experimental basis that ethylene oxide 
produces free radicals (Paneth effect) under con­
ditions4 where acetaldehyde is stable. Accord­
ingly we are forced to assume that the change of 
ethylene oxide into acetaldehyde is not a single 
step reaction merely involving the migration of a 
hydrogen atom.

The first step of the decomposition of ethylene 
oxide may occur in two ways. The first way rep­
resented by the equation

CH2—c h 2
\  /O

c h 2—c h 2
Io

(3)

seems unlikely because migration of a hydrogen 
atom to the exposed end carbon atom could read-

(3) H eck ert an d  M ack , ibid., 51, 2706 (1929).
(4) R ice  an d  R ice, “ T h e  A liphatic F ree R ad ica ls ,” T he  Johns  

H opkins Press, B altim ore, M d., 1935, p. 160.
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ily occur and acetaldehyde would form in the same 
way that ethylene forms from diazoethane.4a The 
second possible method of decomposition may be 
represented by the equation

C H r-C H 2  ^  CH2—O—CH2 (4)
ox

and is, we believe, followed by a radical chain 
decomposition leading to the formation of acet­
aldehyde. The radical CH2—O—CH2 cannot 
isomerize to any molecule unless the constituent 
atoms undergo a very large amount of motion 
indeed.

We are now prepared to discuss the thermal 
decomposition of cyclohexene oxide. If we assume 
that the decomposition occurs by rupture of a 
carbon-carbon bond in a manner similar to that 
shown in Eq. 4, we may expect the production of 
ethylene and divinyl ether according to the equa­
tion

c h 2 c h 2
/ \

c h 2 c h c h 2 c h

1 l> -
o/
\+t (5)

c h 2 c h c h 2 c h
\ /

c h 2 c h 2

Actually no divinyl ether was found in the decom­
position so that we may assume that incorporating 
the two carbon atoms of ethylene oxide into a six- 
membered ring somewhat strengthens the bond 
between them.

On the other hand, if the carbon-oxygen bond 
breaks in a manner similar to that shown for 
ethylene oxide in Eq. 3, we may expect that this 
will be followed by exceedingly rapid isomeriza­
tion to cyclohexanone. Our experiments show 
that there is indeed extensive formation of cyclo­
hexanone. However, this decomposition is ac­
companied by another because we find in the 
products appreciable quantities of water, acetyl­
ene, butadiene and a hydrocarbon which we be­
lieve is 1,4-cyclohexadiene. The appearance of 
these products would seem to indicate that the 
following reaction occurs

H H H H
/ c \ / c \

HCH CH HC CH

1 <1 — i 1
HCH CH HC CH

\ c / \ c /
H H H H

(4a) R ice and  G lasebrook, T h is  J o u r n a l , 56, 741 (1934).

The occurrence of small amounts of water and a 
C6 diolefin would not appear to be unreasonable 
in spite of the relatively large hydrogen-oxygen 
distances in cyclohexene oxide since these dis­
tances become smaller during the normal vibra­
tions of the molecule. The partial decomposition 
of 1,4-cyclohexadiene into acetylene and buta­
diene is exactly parallel to the decomposition of 
cyclohexene into ethylene and butadiene shown 
inEq. 1.

Experimental
The cyclohexene oxide was prepared according to a 

method given in “Organic Syntheses.”5 A second sample 
was prepared by oxidizing cyclohexene with perbenzoic 
acid in chloroform solution.6 The only point requiring 
special notice in this preparation is that after both re­
actants have been added, the homogeneous solution must 
not be allowed to rise above 0° and must be stirred for 
about ten hours. This is because the reaction is slow and 
exothermic and, even if kept in an ice-bath, stirring is 
necessary to prevent local heating. The pyrolytic appa­
ratus used was essentially the same as that described in 
a preceding article.213 The cyclohexene oxide was passed 
through a quartz tube a t a known temperature, the 
condensable products were caught in traps and the per­
manent gases were collected over saturated aqueous zinc 
sulfate solution after leaving the glycerol pump. Pod- 
bielniak distillations supplemented by gas analysis enabled 
us to make a satisfactory analysis of the products and ob­
tain a weight balance. Table I shows the results of three 
experiments in which cyclohexene oxide was decomposed.

T a b l e  I

T h e r m a l  D e c o m p o s i t i o n  o f  C y c l o h e x e n e  O x i d e
I I I h i

Moles used 1.00 1.15 0.95
Decomposed, % 25 6 27.6
Press., mm. 10 10 6
Temperature, °C. 780 630 735
Contact time, sec. 0.030 0.038 0.048
Water recovered, g. 2 . 0 1.3 3.6
“1,4-Cyclohexadiene,” g. 1.1 4.9
Cyclohexanone, g. 22.3
Butadiene, moles 0.016 0.001 0.005
Acetylene .015 .003 .016

The cyclohexanone was identified by its boiling point, 
refractive index and conversion into the oxime. We did 
not make a satisfactory identification of the material, which 
we assumed to be 1,4-cyclohexadiene. However, this ma­
terial had two double bonds, boiled at 88°, was liquid at 
—80 ° and its refractive index was w20d  1.4680. The hydro­
carbon, 1,4-cyclohexadiene, does not seem to have been 
very well characterized and its boiling point is variously 
reported7 from 84-89° (760 mm.) and n20d 1.47 =*=0.003.

(5) “ O rganic Syn theses,” Vol. V, Jo h n  W iley an d  Sons, Inc., New 
Y ork, N . Y ., 1925, pp . 31, 35.

(6) G odchot an d  Bedas, Compt. rend., 174, 462 (1922); see also, 
B artle tt an d  B avley, T h is  J o u r n a l , 60, 2418 (1938).

(7) Egloff, “ P hysical C onstan ts  of H ydrocarbons,”  R einhold 
Publish ing  C orp ., N ew  Y ork, N . Y ., 1940, Vol. 2, p. 407.
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(II) 1,3-Cyclohexadiene.—We studied this 
compound because we hoped it would throw 
light on the decomposition of ethane which yields 
ethylene and hydrogen according to the equation

C2H6 — > CH2=CH2 +  H2 (7)
This may occur by the direct separation of mo­
lecular hydrogen in a single elementary act or it 
may occur by the primary separation into two 
methyl radicals according to the equation

C2H6----^  2CH3 (8)
followed by a radical chain.

It seemed at the commencement of this investi­
gation that we could distinguish between these 
two possibilities in the case of 1,3-cyclohexadiene 
because the final product would be different 
depending upon whether the process represented 
by Eq. 7 or that of Eq. 8 was followed. The 
process analogous to Eq. 7 would be

H H
C C

HC CH2

HC CH2 

CH

HC CH

HC CH

C

+  H2 (9)

in which the separation of hydrogen occurs in a 
single elementary act; on the other hand, the 
process analogous to Eq. 8 is

H
C CH

/ VCH CH2
1 I

CH CH,
V II1 1 

CH CH2 II
CH CH

\ / wCH CH

(10)

Actually the experimental results showed that 
benzene and hydrogen are the only products and 
that there is no 1,3,5-hexatriene formed. How­
ever, after further consideration we concluded 
that our experiment is not after all decisive, and 
the reaction shown by Eq. 9 may not be the sepa­
ration of a hydrogen molecule in a single elemen­
tary act. This is because the separation of a hy­
drogen atom from 1,3-cyclohexadiene according 
to the equation

H
C

/ \
CH CH2

CH CH2 

CH

CH
/ \ /

CH CH

CH CH2

CH

+  H (ID

results in a large gain of resonance energy in the 
ring so that the C-H bond may be as weak or even

weaker than a C-C bond. Consequently reaction 
9 may also occur by a hydrogen atom chain in a 
manner similar to that postulated for ethane.

It is not even necessary to assume the initial 
separation of a hydrogen atom as shown in Eq. 11 
because a trace of free radicals produced by im­
purities or initiated at the wall could start a hy­
drogen atom chain.

Experimental
Six moles of a commercial sample of ö-cyclohexanediol 

was aeetylated according to standard procedure and 4.4 
moles of diacetate [b. p. 240° (760 mm.) and 133° (33 
mm.)] were obtained; the yield was 73%. The decom­
position of the diacetate to 1,3-cyclohexadiene and acetic 
acid was performed in the apparatus previously described 
in which 820 g. (4.1 moles) was pyrolyzed at 750° and 6 
mm., the time of the run being six hours; a 50% yield was 
obtained.

In Table II we show the results of a preliminary experi­
ment on the decomposition of cyclohexane diacetate in 
which we made an over-all balance and established the fact 
that hydrogen is formed to the extent of less than 5% and 
that the main product is 1,3-cyclohexadiene.

T a b l e  II
P y r o l y s is  o f  C y c l o h e x a n e  D i a c e t a t e  a n d  1 ,3 -C y c l o -

HEXADIENE
Cyclohexane

d iaceta te 1,3-Cyclohexadiene
Moles used 0.897 0.67
Moles recovered None
Decomposed, % 84 100
Mm. Hg 6 4-6
Temperature, °C. 660 960
Moles permanent gas 0.123 0.518
Contact time, sec. .186 .157

Gaseous products (moles per mole decomposed)
Hydrogen 0.034 0.53
Methane .054 .15
Carbon monoxide .031
Ethylene .021 .05
Carbon dioxide .012 . . .
Propylene .009 .13
Acetylenes .004 .07

Liquid products (moles per mole decomposed)
Cyclohexadiene 0.45
Benzene Trace 0.70

In Table II we also give the results of the pyrolysis of 1,3- 
cyclohexadiene. We performed the experiment at high 
temperature because we wanted to attain 100% decomposi­
tion and thus avoid the difficulty of separating the products 
from undecomposed substrate; since we anticipated that 
all the possible products would be very stable we felt that in 
this particular experiment the procedure would not lead to 
difficulties due to decomposition of the products. Further­
more, we performed the experiment at a rather low pressure 
in an attempt to avoid as far as possible the initiation of 
chain decompositions by the adventitious formation of 
traces of free radicals. As will be seen in the table we ob-
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tained a 70% yield of benzene and 53% of hydrogen. 
Since 15% of methane was formed it is evident that some 
sort of secondary chain reaction accompanies the main de­
composition into benzene and hydrogen in spite of the 
low pressure. In these circumstances we feel that we can­
not neglect the possibility that 1,3-cyclohexadiene may 
have been formed by a chain reaction in which a hydrogen 
atom is one of the chain carriers.

Summary
1. We have discussed the thermal decom­

position of organic compounds from the standpoint 
of the principle of least motion and have pointed

out that organic decompositions may consist of a 
comparatively few elementary (i . e., single step) 
reactions.

2. On heating cyclohexene oxide the main 
change is a rearrangement to cyclohexanone. This 
is accompanied by a decomposition of the cyclo­
hexene oxide into water and a hydrocarbon, prob­
ably 1,4-cyclohexadiene.

3. 1,3-Cyclohexadiene decomposes into ben­
zene and hydrogen.
W a s h i n g t o n , D .  C . R e c e i v e d  J a n u a r y  14, 1942

[C o n t r i b u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m i s t r y , U n i v e r s i t y  o f  M i c h i g a n ]

Reproducible Contact Angles on Reproducible Metal Surfaces. II. Interfacial 
Contact Angles between Water and Organic Liquids on Surfaces of Silver and Gold

By F. E. Bartell and Paul H. Cardwell

The angle formed at the line of contact of two 
liquids, such as water and an organic liquid, 
against a solid phase is generally referred to as an 
interfacial contact angle. Reliable data pertain­
ing to interfacial contact angles could be of much 
importance, but such data as do exist are for the 
most part of questionable value, for seldom do 
data presented by different investigators show 
good agreement.

One difficulty which besets the investigator 
is that, for a given system, he may obtain differ­
ent and apparently stable angles anywhere be­
tween two fairly wide limits. The limits of vari­
ation are the values of the angles which have 
usually been referred to as “advancing” and “re­
ceding” contact angles. This same variation 
exists also with contact angles of solid-liquid-air 
systems and has been discussed in an earlier paper.1

In the majority of investigations the fact that 
the two liquids of a solid-liquid-liquid system 
possess at least limited miscibility has been largely 
disregarded. Furthermore, it appears that no one 
has given much consideration to the possibility 
that adsorption of the dissolved material might 
occur at either or both of the solid-liquid inter­
faces, nor to the fact that highly condensed and 
firmly held layers might be formed which could 
not easily be removed and which, by their pres­
ence, would cause considerable alteration of inter­
facial tension.

In the present investigation it has been quite
(1) B artell and Cardwell, T h is  J o u r n a l , 64, 494 (1942).

conclusively demonstrated that all of the factors 
mentioned above must be taken into considera­
tion. In addition it has been shown that time 
must be allowed for any given system to attain 
equilibrium. Moreover, in case the experimental 
procedure is such as to bring about a slight dis­
placement of the liquid-liquid interface at the 
line of contact with the solid, there then exists a 
tendency for a comparatively great readjustment 
of conditions at and near the line of intersection 
of the interfaces. Such readjustment would in­
volve partial or total removal or deposition of con­
densed layers as well as both adsorption and 
desorption processes and might require consid­
erable time before the reattainment of equilib­
rium.

The solid surfaces selected for study in the pres­
ent investigation were silver and gold surfaces 
formed by vaporization and subsequent conden­
sation on Pyrex tips.1 The liquids were “con­
ductivity” water and purified isoamyl alcohol, 
^-butyl acetate, benzene, a-bromonaphthalene 
and heptane. The interfacial contact angles 
were formed with each of these different organic 
liquids against water on the solids. To save time 
in attaining equilibrium conditions each pair of 
liquids (i. e., water and each of the organic liquids) 
used in this research were mutually saturated be­
fore use and it is to be understood that when refer­
ence is made to one of the liquids it refers to that 
liquid as being saturated with the other liquid of 
the pair.
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The apparatus used for the formation of the 
interfacial contact angles was described in an 
earlier paper.1 This apparatus made possible the 
formation of water drops on metal surfaces im­
mersed in organic liquid as well as of organic 
liquid drops on metal surfaces immersed in water. 
In recording contact angles the convention has heen 
observed of expressing the value as that obtained 
when measured through the water phase. -

The results obtained in this investigation have 
shown that for a given solid-liquid-liquid drop 
system there exist two definite, stable, closely 
reproducible, contact angles.

Stable Solid-Organic Liquid-Water Contact 
Angles.—In order to obtain a stable and repro­
ducible contact angle with a drop of water on a 
solid immersed in an organic liquid, one must 
form the drop on a solid which was in a fresh and 
clean condition when it was immersed in the 
organic liquid and which had been allowed to re­
main for a sufficient time in the organic liquid 
before the water drop was formed. If left undis­
turbed after its formation, the water drop will 
spontaneously adjust itself so as to reach the 
stable water advancing angle provided the drop 
as initially formed had an initial advancing angle 
greater in value than the value of the stable water 
advancing angle. In case the water drop as ini­
tially formed had an advancing angle smaller 
in value than that of the stable water advancing 
angle, no movement of the drop will occur spon­
taneously until the system has stood awhile longer 
and the volume of the drop has been expanded by 
addition of water to such an extent that the con­
tact angle becomes greater than the stable water 
advancing angle. The drop will then adjust itself 
so as to form the stable water advancing angle. 
This stable angle does not change with time nor 
with further addition of water to the drop.

If, after one obtains a stable water advancing 
(solid-organic liquid-water drop) contact angle, 
one progressively withdraws liquid from the 
water drop, causing it to decrease in volume, the 
angle will progressively decrease until finally a 
definite and stable water receding angle is obtained. 
The value of this angle remains constant even 
though the volume of the drop is materially altered 
by withdrawal of liquid and even though the line 
of contact of solid-liquid-liquid drop is caused to 
move inward to a considerable extent. This angle 
we have designated as the stable water receding 
contact angle.

The values obtained for stable angles of water 
drops are presented in Table I. The stable water 
advancing angles for each of the organic liquid- 
water systems have practically identical values 
for a given metal. For silver this value is ap­
proximately 128° and for gold approximately 
117°. Earlier investigators have found a similar 
constancy of interfacial angles for corresponding 
systems with other solids.2 The stable water re­
ceding angles for the different organic liquid sys­
tems on a given metal were not identical and, 
moreover, in each case they were considerably 
different from the stable advancing angle.

T a b l e  I

S t a b l e  S o l id - O r g a n ic  L i q u i d - W a t e r  D r o p  C o n t a c t  
A n g l e s

Organic liquid
W ater angle on silver 
A dvancing  R eceding

W ater angle on gold 
A dvancing R eceding

Isoamyl alcohol 127 72 117 61
n-Butyl acetate 129 68 116 57
Benzene 129 58 116.5 45
«-Bromo-

naphthalene 127 65 118 55
Heptane 127 58 116.5 45

T a b l e  I I

S t a b l e  S o l id - W a t e r - O r g a n ic  L i q u id  D r o p  C o n t a c t  
A n g l e s

W ater angle on silver W ater angle on gold
Organic liquid A dvancing R eceding A dvancing R eceding

Isoamyl alcohol 126 71 117 59
w-Butyl acetate 129 6 8 115.5 57
Benzene 129 57 116 45
a-Bromo-

naphthalene 126 65 116 55
Heptane 127 57 115.5 45

In the formation of stable interfacial contact 
angles by organic liquid drops on solids immersed 
in water the instructions for the formation of 
stable angles with drops of water can be used. 
For the use with the organic liquid drops the terms 
advancing and receding must be interchanged, 
however, since an advancing (i. e., expanding) 
organic liquid drop produces a receding water 
angle. It must be kept in mind also that a spon­
taneous movement of the organic liquid drop, 
while giving a smaller angle through the organic 
liquid phase, will give a larger angle through the 
water phase which is the phase through which 
the contact angle measurements must be made.

The results obtained with organic liquid drops 
are given in Table II. It will be noted that for 
the different organic liquids on a given metal the 
water advancing angles were all practically iden-

(2) B arte ll and  B arte ll, T h is  J o u r n a l , 56, 2205 (1934).
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tical. The angles obtained for silver were, as be­
fore, somewhat larger than those obtained for 
gold. The water receding contact angle values 
were considerably smaller than the water advanc­
ing angle values and were not identical for all the 
different organic liquids. As was the case also for 
the water drop measurements, with the non-polar 
liquids benzene and heptane the receding angle 
values were the same for a given solid while with 
the heteropolar organic liquids the receding angle 
values varied according to the solubility of the 
organic liquids in water, the greater the solubility 
the larger the stable receding angle.

A comparison of the data of Tables I and II ob­
tained by the two methods, the one using the 
water drop and the other using the organic liquid 
drop, shows that all the corresponding values for 
the two methods of operation agree within the 
limit of two degrees. Each value reported in the 
tables or in the text is the average of at least 
twenty measurements. The maximum deviation 
for individual measurements was =*=1.5°, but the 
deviation of many of the measurements was not 
more than ±0.5°. Maximum deviation occurred 
in the measurement of angles having maximum 
difference in advancing and receding angle values.

Initial Solid-Liquid-Liquid Contact Angles.— 
When a water drop was formed upon a new and 
clean metal surface immediately after immersion 
of the metal in one of the organic liquids, the water 
advancing contact angle thus initially obtained 
was not the same as the stable water advancing 
angle. On the other hand, when a drop of one of 
the organic liquids was formed upon a new and 
clean metal surface immediately after immersion 
of the metal in water the water receding contact 
angle thus initially obtained was in all cases, ex­
cept that of isoamyl alcohol, the same as the cor­
responding stable angle. Values obtained from 
measurements made on drops formed within two 
minutes after immersion of the metal are shown 
in Table III and are designated initial angles.

T a b l e  III
I n i t i a l  I n t e r f a c ia l  C o n t a c t  A n g l e s

O rganic liquid  

Isoamyl alcohol 
w-Butyl acetate 
Benzene 
cu-Bromo- 

naphthalene 
Heptane

Solid-organic liq u id - 
w ater drop 

W ater advancing  
angle on

S ilver Gold

107 83
111 88
180 95

151 108
180 107

Solidywater-organic 
liquid drop 

W ater receding 
angle on 

Silver Gold
79 65
69 58
57 45

65 55
58 45

These initial angles were closely reproducible when 
identical methods of procedure were used, but they 
were not in all cases stable angles since some of them 
changed upon standing or upon addition of liquid.

Theory of Condensed Liquid Layers on Solids. 
—The experiments on stable interfacial angles 
and on initial interfacial angles demonstrate 
clearly that there are two, and only two, stable 
contact angles for any one of these solid-liquid- 
liquid systems. One stable angle, the water re­
ceding angle, can be obtained (except for the 
liquid systems containing isoamyl alcohol which 
has the highest solubility in water of any of the 
organic liquids used) immediately after the mu­
tually saturated immiscible liquids are brought 
into contact with the solid surface. The other 
stable angle, the water advancing angle, can be 
obtained only after these liquids have been al­
lowed to stand in contact with the surface for an 
optimum period of time which is different for 
different systems. This indicates that alteration 
of surface properties at the solid-liquid interfaces 
must occur before stable water advancing inter­
facial angles can be obtained.

In the case of the stable receding angles, which 
are obtained immediately, the interface is moving 
over an area previously occupied by water. In 
the case of the advancing angles, where the 
stable advancing angle cannot be obtained im­
mediately, the interface is moving over an area 
previously occupied by organic liquid. It seems 
probable that the organic liquids produce on the 
metals highly condensed and firmly held layers 
which take time for their formation, whereas 
water produces no such layers on the metals. The 
organic liquids used, with the exception of alpha 
bromonaphthalene which forms small angles, do 
not form contact angles when placed upon silver 
or gold in air. The work of adhesion of silver or 
gold against one of these liquids is greater than the 
work of cohesion of the liquid. As a result of the 
attraction of the liquid molecules to the solid 
phase, the liquid immediately adjacent to the 
solid apparently tends to become denser and to 
form, in effect, a condensed layer. The force of 
attraction may extend through a distance repre­
senting a number of molecular diameters. Water, 
which forms a fairly large contact angle both on 
silver and gold in air, apparently does not tend 
to form condensed layers on these metals since 
the work of adhesion of water against the metals 
is less than the work of cohesion of water.
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Condensed layers formed on solids by the non­
angle-forming liquids appear to be tenaciously held 
and not quickly removed from the solid surface 
by water. The time that elapsed between the 
measurements of the initial water advancing 
angles of Table III and the stable water advancing 
angles of Table I, shown in Table IV, appears to

T a b l e  I V

T i m e  N e c e s s a r y  f o r  T r a n s f o r m a t io n  o f  I n i t i a l  A d ­
v a n c in g  A n g l e s  t o  S t a b l e  A d v a n c in g  A n g l e s  f o r

S y s t e m  S o l id - O r g a n ic  L i q u i d - W a t e r  D r o p

L iqu id -liqu id  system
Silver,
hours

Gold,
hours

Isoamyl alcohol-water 2 1
w-Butyl acetate-water 4 1
Benzene-water >72 11
a-Bromonaphthalene-water 12 2
Heptane-water 12 2

be approximately the length of time which was 
necessary for formation of the fully condensed 
organic liquid layers on the solid plus the time 
(i. e.} in those cases in which the initial contact 
angles are larger than the stable contact angles) 
for the water to partially remove this condensed 
organic liquid so as to give the stable water ad­
vancing contact angle. The shortest time was 
required for isoamyl alcohol (slightly less than one 
hour with gold) and the longest time was required 
for benzene (over 72 hours with silver). The 
water drop in the silver-benzene-water system 
had not broken through the benzene layer at the 
end of seventy-two hours as was evidenced by the 
fact that at the end of that time the contact 
angle was still approximately 180°. The value of 
129° reported in Table I for the stable water ad­
vancing angle of the silver-benzene-water system 
was obtained on a silver surface which had been 
immersed in benzene no longer than half a minute 
before the water drop was formed.

The time required for producing stable inter­
facial water advancing angles formed by receding 
drops of organic liquids upon the metal surfaces 
immersed in water was much shorter than the 
time required for producing the corresponding 
angles by means of advancing water drops. In 
general it was found that the systems which re­
quired the shortest time to give the stable water 
advancing angle when the water drop was used 
required the longest time to give the stable water 
advancing angle when a corresponding organic 
liquid drop was used. Drops of heptane, a-bromo- 
naphthalene and benzene on silver gave stable 
angle values if the organic liquid drops were re­

ceded within a few seconds, while with drops of 
w-butyl acetate and isoamyl alcohol it was neces­
sary to let the drops stand for a period of about 
one minute. If the drops of benzene and heptane 
were allowed to stand on the solid for an hour or 
more before being withdrawn, the water advancing 
contact angles thus obtained approached 180°. As 
with the water drop system, if the benzene was 
allowed to remain in contact with the metal too 
long before the water was advanced over it, the 
water did not sufficiently remove the firmly held 
organic liquid layer, at least within any reason­
able period of time, to give the stable advancing 
interfacial contact angles.

Adsorption Effects.—Some adsorption of water 
from the organic liquid phase at the solid-organic 
liquid interface probably occurs, but in the sys­
tems studied such adsorption is probably less than 
the adsorption of organic liquid from the water 
phase at the solid-water interface. Any effect due 
to adsorption appears to be of much smaller mag­
nitude than the effects due to condensed layers, 
but the exceptional effects obtained with iso- 
amyl alcohol may be due to its greater solubility 
in water and the consequently greater amount of 
this solute available for adsorption at the water- 
solid interface.

“Hysteresis” of Contact Angles.— The causes 
for the “hysteresis" of contact angles, that effect 
responsible for the existence of a definite advanc­
ing and a definite receding angle, have been ob­
scure.3 A rational explanation of the “hystere­
sis" of contact angles can be made if it is assumed 
that formation of condensed layers does occur, 
and if, in addition, consideration is given to the 
fact that there is adsorption from the fluid 
phases in contact with the solid. The changes 
brought about at the various solid-liquid inter­
faces by adsorption and by the formation of con­
densed liquid layers would be sufficient to provide 
very different conditions at the line of contact of 
the phases when the water is caused to advance 
and when it is caused to recede. These different 
conditions account for the existence of stable 
advancing and stable receding angles. It is prob­
able that both the advancing and the receding 
angles are equilibrium angles for the system as it 
exists at the moment of measurement, and that 
there is no single “equilibrium" angle for any 
system unless the system is so arranged that the

(3) A dam , “ T he Physics and  C hem istry  of S u rfaces ,”  O xford
Univ. Press, New Y ork, N . Y ., 1938, 2nd ed., p . 180.



1534 F. E. Bartell and Paul H. Cardwell Vol. 64

same conditions prevail whether the water is ad­
vancing or receding.

During the course of this work it was demon­
strated that for many systems one can obtain 
receding angles which have the same value as 
the advancing angles (including the stable ad­
vancing angles). This can be accomplished by 
permitting the solid to stand in contact with the 
organic liquid for a comparatively long period 
of time before forming the water drop, then by 
immediately receding the drop after its forma­
tion. It seems probable that the advancing angles 
(including the stable advancing angles) thus ob­
tained are formed by water drops advancing over 
a condensed organic liquid layer, and that the 
receding angles are formed by water drops with­
drawn before the water has an opportunity to re­
move the condensed organic liquid layer. If the 
water drop is allowed to stand it begins to remove 
the condensed layer and not only is the receding 
angle then obtained different from the advancing 
angle, but a new advancing angle, immediately 
reformed over the area that had been under the 
drop, is not the same as the advancing angle pre­
viously obtained.

With metal surfaces and other solid surfaces 
less inert chemically than gold and silver other 
complicating factors are introduced which affect 
the magnitude of contact angles and of interfacial 
contact angles. Studies carried out in this Labora­
tory on antimony, bismuth and cadmium have 
shown that for these more active substances still 
further factors must be considered in explaining 
differences between advancing and receding 
angles. The results of the work on antimony, 
bismuth and cadmium will be presented in a later 
paper.

Summary

1. With the sessile drop apparatus described 
in a previous paper interfacial contact angles were 
measured for water drops on silver and on gold 
immersed in organic liquids and for organic liquid 
drops on these solids immersed in water.

2. For each of the solid-organic liquid-water

systems it was possible to produce two stable and 
reproducible interfacial contact angles. These 
two angles have been designated as “stable ad­
vancing” and “stable receding” interfacial con­
tact angles.

3. The stable advancing and stable receding 
interfacial contact angles given by water drops 
on silver and on gold immersed in organic liquids 
were the same (L e., within the limits of experi­
mental error, 2° or less) as the corresponding 
angles obtained by using organic liquid drops on 
the solids in water.

4. The values of the stable advancing inter­
facial contact angles were found to be approxi­
mately the same for all the different organic liquids 
on a given metal, silver or gold. For silver this 
value was 128° and for gold 117°.

5. The stable receding interfacial contact 
angles were smaller than the stable advancing 
interfacial contact angles of the same system. For 
the non-polar organic liquids (benzene and hep­
tane) the stable receding angles were practically 
of the same value against a given solid. For silver 
this value was 57.5° and for gold 45°. For the 
heteropolar organic liquids on silver and gold the 
stable receding contact angle values of the differ­
ent liquids were not the same for a given solid but 
varied according to the solubility of the organic 
liquids in water. The greater the solubility of 
the organic liquids in water the larger were the 
stable receding angles.

6. The existence of two different stable inter­
facial contact angles for a given system has been 
explained by the theory that the solid surfaces, 
or interfaces, contiguous to the fluid phases be­
come altered through adsorption from the fluids or 
by formation of condensed layers of fluid upon the 
surfaces. The experimental evidence obtained 
supports this view.

7. When a given system could be so acted upon 
by special manipulation that conditions at the 
interfaces were the same whether the water was 
advancing or receding, the water advancing angle 
was the same as the water receding angle.
A n n  A r b o r , M i c h i g a n  R e c e i v e d  M a r c h  16, 1942
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Magnetism and the Third Law of Thermodynamics. The Heat Capacity of Man­
ganous Fluoride from 13 to 320°K.

B y  J. W . Stou t  and H . E . A dam s

July, 1942 T he Heat Capacity of M anganous Fluoride

The multiple electronic states present in para­
magnetic compounds cause at sufficiently low 
temperatures a contribution to the heat capacity 
due to the changing population of the magnetic 
ions among the various states. Calorimetric in­
vestigation yields information about the number 
and separation in energy of the electronic states 
in the solid. For example, from low temperature 
heat capacity measurements on NiS04*7H20 1 it 
has been possible to infer the magnetic energy 
spectrum in the solid. At high temperatures the 
random distribution of the magnetic ions among 
the various states gives rise to a magnetic con­
tribution to the entropy. In order to apply the 
third law of thermodynamics to the calculation 
of entropies from low temperature heat capacity 
measurements, it is necessary to correct for any 
magnetic entropy remaining at the lowest tem­
perature of measurement. The investigation of 
the thermal behavior of typical paramagnetic 
salts contributes to our knowledge of and ability 
to allow for such magnetic entropy.

The measurements of Bizette and Belling2 and 
of de Haas, Schultz and Koolhaas3 show that the 
magnetic susceptibility of anhydrous manganous 
fluoride exhibits a sharp maximum at 72 °K. 
At the temperatures of liquid hydrogen the sus­
ceptibility varies with the field strength and there 
is a small remanent magnetization when the field 
is removed. We have measured the low tempera­
ture heat capacity of manganous fluoride in order 
to investigate the calorimetric phenomena asso­
ciated with the behavior of the susceptibility 
curve as well as to obtain, through the application 
of the third law of thermodynamics, the entropy 
at 298°K. for use in thermodynamic calculations.

Apparatus.—The calorimeter consisted of a cylindrical 
copper can 5.1 cm. in diameter and 10.2 cm. long. An 
open copper tube, 1.27 cm. i. d., extended axially along the 
center of the calorimeter. The resistance thermometer 
made a snug fit inside this tube. A chamber of volume 11 
cc. in the top of the calorimeter was connected to a reflux 
tube in thermal contact with the shield and the liquid 
hydrogen and nitrogen reservoirs. The portion of the re­

(1) S to u t and  G iauque, T h is  J o u r n a l , 63, 714 (1941).
(2) B izette and  Belling, Compt. rend., 209, 205 (1939).
(3) de H aas, Schultz and  K oolhaas, Physica, 7, 57 (1940).

flux tube between the calorimeter and the surrounding 
shield consisted of a nickel-silver tube, 6.5 cm. long, 0.32 
cm. o. d. and 0.010 cm. in wall thickness. The reflux tube 
and chamber were used to cool the calorimeter before the 
start of measurements. The volume of the sample cham­
ber in the calorimeter was 169.5 cc. The sample was intro­
duced through a nickel-silver tube, 0.63 cm. i. d., opening 
into the bottom of the sample chamber. After the intro­
duction of the sample a copper cap with a small pinhole 
was soldered on the filling tube. The air was removed from 
the sample chamber and helium gas at one atmosphere 
pressure introduced through the pinhole which was then 
closed with solder. The outside of the calorimeter was 
gold plated in order to reduce the radiation loss and to 
prevent tarnishing. The weight of the empty calorimeter 
was 126.8 g. and of the resistance thermometer 46.6 g.

The calorimeter was mounted in the cryostat which has 
been described by Blue and Hicks.4 The inside of the 
shield surrounding the calorimeter was covered with 
aluminum foil to decrease the heat radiated to the calorim­
eter and the lead wires were heat stationed at the top of 
the shield. A copper-constantan difference thermocouple 
read the temperature difference between the shield and 
the calorimeter and another couple measured the difference 
between the top and bottom of the shield. The current 
in the shield heaters was manually controlled so as to keep 
the shield always at the same temperature as the calo­
rimeter. The readings of the difference couples were re­
corded and corrections have been applied when necessary 
for the small heat interchange between the shield and 
calorimeter when the conditions were not completely 
adiabatic. The maximum correction for non-adiabaticity 
between 25 and 310°K. was 0.2% of the measured heat 
capacity. Below 25°K. the shield was not kept at exactly 
the same temperature as the calorimeter and the corrections 
for heat interchange were made as in the Nernst-type ap­
paratus. Above 200 °K., where radiation is important, 
the adiabatic apparatus permits a more accurate deter­
mination of heat capacities than does the Nernst-type 
apparatus since the heat interchange can be made very 
small and corrected for accurately. Furthermore, the 
temperature difference between the outside radiating sur­
face of the calorimeter and the surrounding shield is meas­
ured directly and no assumptions as to the temperature dis­
tribution throughout the calorimeter during energy input 
are necessary. This is particularly important when the 
thermometer-heater is on the inside of the calorimeter, as 
in the present case.

Energy was introduced and the temperatures measured 
by means of the platinum-rhodium resistance thermometer 
of laboratory designation R222. The calibration of the 
thermometer has been described by Blue and Hicks.4 
During the present measurements the thermometer was

(4) Blue and H icks, T h is  J o u r n a l , 59, 1962 (1937).
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checked at the ice point and at the triple point of hydrogen 
and found to agree with the original calibration to within 
0.01 °. The leads to the resistance thermometer (No. 30 B. 
and S. gage D. S. C. copper) were wrapped once around 
the calorimeter. Each of the four lead wires was con­
nected to a corresponding lead from the heat station on the 
shield by one inch of No. 40 B. and S. gage copper wire 
so as to minimize the heat conduction. Electrical meas­
urements were made with a Leeds and Northrup Wenner 
potentiometer.

The method of measurement and the corrections applied 
to the heat capacities, other than those discussed above, 
followed the standard practice5 in low temperature calo­
rimetry. The ice point was taken as 273.16 °K. The tem­
peratures calculated from the resistance thermometer 
calibration of Blue and Hicks4 were corrected for the 
change in the choice of the ice point. The defined calorie, 
4.1833 international joules, was used throughout.

Material.—The manganous fluoride used for the heat 
capacity measurements was prepared by the method de­
scribed by Kurtenacker, Finger and Hey.6 Manganous 
carbonate was precipitated from a solution of analytical 
reagent manganous sulfate by means of a solution of so­
dium carbonate containing sufficient sodium bicarbonate to 
prevent the formation of basic carbonates. Only about 
90% of the available manganese was precipitated as the 
carbonate in order to avoid precipitating any magnesium 
which was a probable impurity in the original manganous 
sulfate. The manganous carbonate, after being washed 
free of soluble impurities, was added to a 50% solution of 
hydrofluoric acid contained in a platinum dish. A fine 
precipitate of pink manganous fluoride was obtained. In 
order to remove all the volatile impurities from the precipi­
tated manganous fluoride it was necessary to heat the 
sample at 250° for five hours. During the heating the 
manganous fluoride was kept in an atmosphere of carbon 
dioxide in order to prevent reaction with the oxygen of the 
air. When the resulting material was examined under a 
microscope individual crystals could not be distinguished 
but from the extinction of polarized light it was estimated 
that the crystals were between 10"5 and 10“ 6 cm, in size. 
A sample of the manganous fluoride was analysed for man­
ganese by Professor G. G. Marvin of this Laboratory. He 
obtained 58.9% Mn; calcd. for MnF2 59.11%. Two of 
the heat capacity points just below the ice-point are about 
0.3% high. If this is due to the fusion of ice it would cor­
respond to 0.01% by weight of water in the sample. The 
presence of this amount of water would produce a negli­
gible effect upon the observed heat capacities so no correc­
tion has been made for it.

The Heat Capacity of Manganous Fluoride.—The
calorimeter contained 1.7604 moles (163.593 g. in vacuo) of 
manganous fluoride. The heat capacity measurements are 
presented in Table I and represented graphically in Fig. 1. 
In Table I Series I and II are exploratory runs. The meas­
urements of Series III extend from 13 °K. to above the 
maximum in the heat capacity curve. In the neighbor­
hood of the maximum the temperature increments were 
made small in order to determine the shape of the curve.

(5) (a) G iauque an d  W iebe, T h is  J o u r n a l , 50, 101 (1928) 
G iauque and  Johnston , ibid., 51, 2300 (1929); (c) Hicks, ibid., 60,; 
1000 (1938).

(6) K urtenacker, F inger and  H ey, Z . anorg. Chem., 211, 83 (1933).

Series IV consists of measurements with small tempera­
ture increments extending through the region of the maxi­
mum. Immediately before the start of Series IV the calo­
rimeter was cooled from above 80 °K. to 65.86 °K. The 
good agreement with the points of Series III  shows that 
there was no supercooling of the heat effect associated 
with the maximum in the curve. At no time during the 
measurements was there evidence of thermal hysteresis or 
slowness in the attainment of equilibrium. Series V and 
VI extend the measurements to room temperatures. The 
point in Series VII was measured after the completion of

T a b l e  I
T h e  H e a t  C a p a c it y  o f  M a n g a n o u s  F l u o r i d e  

0°C. = 273.16 °K. Molecular weight 92.93
C P, C p ,

T , A pprox. cal. d e g .-1 T , Approx. cal. d eg .-1
°K . A T m ole-1 °K . A T m ole-1

Series I 67.25 0.48 8.532
264.62 7.12 15.61 67.74 .52 7.520
271.67 6.98 15.78 68.27 .52 7.309
278.61 6.88 15.87 68.79 .53 7.164

Series II Series V
61.94 2.99 8.419 80,12 5.05 7.091
65.53 4.17 9.333 85.60 5.90 7.426
70.04 4.84 7.053 91.85 6.61 7.865
74.81 4.70 6.902 98.98 7.44 8.388
79.40 4.47 7.057 106.35 7.29 8.939

113.78 7.57 9.474Senes III 121.47 7.80 10.01
13.18 0.53 0.458 129.06 7.38 10.50
14.68 1.39 .622 136.29 7.23 10.94
16.60 1.59 .802 143.72 7.66 11.37
18.82 2.40 1.050 151.23 7.33 11.79
21.56 2.93 1.384 158.77 7.73 12.20
24.49 3.15 1.762 166.35 7.45 12.56
27.49 2.84 2.182 173.67 7.20 12.89
30.36 2.90 2.605 181.11 7.77 13.19
33.16 2.91 3.024 188.77 7.54 13.48
36.44 3.63 3.514 196.56 8.04 13.78
40.32 4.14 4.121 204.57 7.82 14.03
44.33 3.90 4.780 212.28 7.62 14.29
48.68 4.67 5.551 220.14 8.10 14.53
53.47 4.91 6.460
58.51 5.19 7.536 Series VI
62.29 2.36 8.520 221.52 5.31 14.59
64.08 1.26 9.076 228.09 7.85 14.75
65.23 1.05 9.550 235.84 7.65 14.99
66.05 0.58 9.892 243.44 7.54 15.14
66.55 .43 9.987 250.96 7.37 15.35
66.99 .45 9.3*32 258.26 7.22 15.55
67.47 .50 7.903 265.77 7.80 15.71
67.98 .52 7.385 273.38 7.67 15.80
68.59 .71 7.194 280.98 7.54 15.93
69.48 1.06 7.036 288.46 7.41 16.07
70.72 1.42 6.926 295.60 7.28 16.20
72.67 2.48 6.875 303.11 7.17 16.32
75.77 3.73 6.925 310.22 7.05 16.45

Series IV Series VII
66.11 0.49 9.932 78.02 3.52 6.999
66.50 .29 9.996
66.83 .36 9.802
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Fig. 1.—Heat capacity in calories per degree per mole of manganous fluoride.

Integral Heat No. 2 mentioned below. During each series 
of measurements the calorimeter was under continuous 
observation.

Values of the heat capacity read from a smooth curve 
through the observations are given in Table II. These 
values are believed accurate to 0.2% above 35°K., to 1% 
at 20 °K. and to 5% at 15 °K.

T a b l e  II
T h e  H e a t  C a p a c it y  o f  M a n g a n o u s  F l u o r i d e . V a l u e s  

f r o m  a  S m o o t h  C u r v e  t h r o u g h  t h e  O b s e r v a t io n s

The heat capacity measurements listed in Table I are 
values of AH/ AT and when AT  and the curvature of the 
heat capacity-temperature curve are large, as is the case 
with some of the measurements in Series II, may differ 
appreciably from the differential heat capacity. The val­
ues in Table II represent the true differential heat capacity.

The heat capacity curve of manganous fluoride rises 
smoothly to a maximum of about 10.0 cal. deg.-1 mole-1 
at 66.5 °K. and then falls rapidly, but not discontinuously, 
on the high temperature side of the maximum. The 
measurements indicate that the maximum is rounded at

0°C. = 273.16 °K. Molecular weight, 92.93

T , °K.
C p ,

cal. deg.-1 
mole-1 T , °K.

C p ,
cal. deg. 3 

mole -1
15 0.638 140 11.16
20 1.189 150 11.73
25 1.830 160 12.25
30 2.551 170 12.73
35 3.297 180 13.14
40 4.067 190 13.52
45 4.895 200 13.88
50 5.791 210 14.22
55 6.769 220 14.53
60 7.896 230 14.82
66.5 10.0 (max.) 240 15.08
70 6.978 250 15.32
75 6.900 260 15.54
80 7.086 270 15.73
90 7.733 280 15.91

100 8.471 290 16.10
110 9.207 300 16.27
120 9.908 310 16.44
130 10.56 320 16.60

the top, that is, there is no discontinuity in the slope of the 
heat capacity curve. Measurements of the rate of warm­
ing under a small temperature head qualitatively confirmed 
the shape of the curve given by the short heat capacity 
measurements. The maximum in the magnetic suscepti­
bility curve2’3 is at 72°K.

Two measurements were made of the total energy neces­
sary to heat the sample from 61.00 to 76.50 °K. In Table 
III these values are compared with those obtained from 
the heat capacity measurements. Corrections have been 
applied in order to convert the different measurements to a 
common temperature interval for comparison.

T a b l e  I I I

C h a n g e  o f  H e a t  C o n t e n t  o f  M a n g a n o u s  F l u o r i d e  
BETWEEN 61.00° AND 76.50 °K.

T em p, in te rv a l, H  (76.50) — H  (61.00),
Measurement °K. cal. mole-1

Integral heat no. 1 61.34-76.67 121.76
Integral heat no. 2 60 .97-76 .26  121.79
SC* Ar, Series II 60.46-77 .17  121.72
SCpAr, Series III  61.12-77 .64  121.61

Accepted value 121.8
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The entropy was evaluated by graphical integration of 
J* CP d In T. The calculation is summarized in Table IV. 
In making the entropy extrapolation to the absolute zero 
the function 3/4 D (119.6 °K.) per mole of manganous 
fluoride, which gave the best representation of the lowest 
temperature heat capacity data, was used. D is the Debye 
function.

T a b l e  IV
T h e  E n t r o p y  o f  M a n g a n o u s  F l u o r id e  

0-15°K., Debye extrapolation 0.22
15-298.16 °K., graphical integration 22.03

S at 298.16 °K. 22.25 =*= 0.10 cal.
deg.-1 mole-1

Discussion.—The ground state of the free 
Mn++ ion is, according to Hund,7 a 6S. The 
magnetic susceptibility measurements as well as 
theoretical considerations8 show that in solid 
manganous salts at high temperatures the mag­
netic ions are randomly distributed among the 
six states per ion. As the temperature is lowered 
the distribution of the magnetic ions among the 
states changes until at the absolute zero they are 
all in a completely ordered arrangement of zero 
entropy. The maximum in the heat capacity 
curve of manganous fluoride as well as the anoma­
lous behavior of the magnetic susceptibility2'3 of 
this substance is associated wTith the loss of the 
magnetic entropy. The dotted line in Fig. 1 is 
an estimate of the “normal” heat capacity curve 
due to the crystalline vibrations. The entropy 
contributed by that portion of the measured heat 
capacity lying above this curve is 1.2 cal. deg."1 
mole"1. This is to be compared with R In 6 =
3.56 cal. deg. ~l mole"1 which is the total amount 
of magnetic entropy present at high temperatures 
which must be acquired as the temperature in­
creases from the absolute zero. It is apparent 
that a large portion of the magnetic entropy must 
be acquired in regions of temperature other than 
that in which there is the evident anomaly in the 
heat capacity curve. It seems most probable 
that there is a gradual increase in the magnetic 
entropy at temperatures above the region of the

(7) H und , “ L in ienspek tren ,” Berlin, 1927, p. 161.
(8) Van Vleck, “ E lectric  and  M agnetic S uscep tib ilities/' 1932, 

p. 301.

maximum so that the magnetic contribution to 
the heat capacity cannot be distinguished from 
that due to the crystalline vibrations. A similar 
conclusion was drawn in the case of anhydrous 
copper sulfate9 which also exhibits a maximum in 
its heat capacity curve. Another possibility, 
which we believe to be very unlikely, is that even 
at 13 °K. there remains a large amount of mag­
netic entropy which would be lost at lower tem­
peratures.

The maximum in the heat capacity curve is 
much sharper and narrower than would be the 
case if the energy states available to each magnetic 
ion were independent of the situation of its neigh­
bors as is the case in NiS04‘7H20 .1 The name 
antiferromagnetism has been given to such a co­
operative phenomenon which occurs frequently 
at low temperatures in concentrated paramagnetic 
salts. Van Vleck10 has proposed a theory of anti­
ferromagnetism which is formally similar to the 
Weiss theory of ferromagnetism. The theory pre­
dicts that the magnetic heat capacity would rise 
gradually to a maximum and then drop discon- 
tinuously to zero. At the temperature of the 
maximum the complete magnetic entropy of R  In 
6 would have been acquired. These predictions 
are not in agreement with our results.

Summary
The heat capacity of manganous fluoride has 

been measured from 13 to 320°K. There is a 
maximum in the heat capacity curve, due to the 
changing distribution of the magnetic manganous 
ions among the available energy states, at 66.5°K. 
Short heat capacity measurements were taken in 
the region of the maximum in order to define ac­
curately the shape of the curve. Measurements 
were also made of the total heat absorbed between
61.00 and 76.50°K.

The entropy of manganous fluoride calculated 
from the heat capacity measurements is 22.25 
cal. deg."1 mole"1 at 298.16°K.
C a m b r id g e , M a s s a c h u s e t t s  R e c e i v e d  A p r i l  3, 1942

(9) S tou t, J . Chem. P hys., 9, 285 (1941).
(10) Van Vleck, ibid., 9, 85 (1941).
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The Distribution of Acetyl Groups in a Technical Acetone-Soluble Cellulose Acetate1

B y  T homas S. G a r d n er2 an d  C. B. P u r v e s

July, 1942 D istribution of Acetyl Groups in Cellulose Acetate

The ^-toluenesulfonyl (tosyl) esters of primary, 
as opposed to secondary, alcoholic groups in car­
bohydrates are quantitatively converted to the 
corresponding halides by heating with sodium 
iodide dissolved in a suitable solvent.3 This 
analytical method made it possible to determine 
the molar amount of unsubstituted primary 
hydroxyl group in the sixth positions of acetone- 
soluble cellulose acetate, to estimate the corre­
sponding rate of tosylation under standard condi­
tions and to obtain, by difference, the total amount 
of secondary alcoholic groups distributed in the 
second and third positions of the anhydroglucose 
residues.4 More recent work with a partly ethyl­
ated cellulose showed that hydroxyl groups in the 
second position were tosyl ated very much more 
rapidly than those in the third and that a mathe­
matical analysis of their combined tosylation rate 
plot gave the molar amount of each.5 The im­
proved experimental and mathematical methods 
developed in this ethylcellulose study have now 
been applied to the high grade, commercial ace­
tone-soluble cellulose acetate II used in the pre­
vious work.4

Experimental
Materials.-—Acetyl analysis of the cellulose acetate by a 

modification of a standard method,6 as yet unpublished, 
gave values of 39.73, 39.72, 39.79, 39.60%, corresponding 
to an average substitution of 2.44. The substitution value 
of 2.33 formerly accepted as correct for du Pont sample II 
was accordingly too low.7 All samples were dried before 
use or before analysis over phosphorus pentoxide in vacuo 
at 65°.

High grade pyridine was dried over barium oxide and re­
distilled shortly before use. Commercial ^-toluene- 
sulfonyl chloride was purified by washing the benzene solu­
tion with cold water, drying and decolorizing with carbon. 
After recovery, the acid chloride was recrystallized from 
ether-petroleum ether until the colorless product melted 
at 69°.

The acetonylacetone was freshly distilled under dimin­
(1) P resen ted  before th e  D ivision of Cellulose C hem istry a t the  

M em phis M eeting  of th e  A m erican Chem ical Society, April, 1942.
(2) d u  P o n t Cellulose R esearch  Fellow, 1941-1942.
(3) O ldham  an d  R u therfo rd , T h is  J o u r n a l , 54, 366 (1932).
(4) C ram er an d  P urves, ibid., 61, 3458 (1939).
(5) M ahoney an d  Purves, ibid., 64, 9 (1942).
(6) F reudenberg  and  H arder, A n n ., 433, 230 (1923).
(7) W e are indeb ted  to  D octors J . W. H ill and  F . Schulze, of the  du

P o n t C om pany, for th e  gift of th is  aceta te . T he quoted acetyl
con ten t was 39.3% . C ram er and  P u rves4 found 38.6% .

ished pressure and the sodium iodide was a carefully dried 
c. p . specimen.

Rate of Tosylation.—The experiment was carried out as 
formerly4 but on a four-fold scale. The mixture of 80 g. of 
the cellulose acetate (1 mole hydroxyl) and 424 g. of tosyl 
chloride (13.1 moles), dissolved in a total of 1420 ml. of 
pyridine, was contained in a large, glass stoppered bottle 
kept in the dark at 20 =±= 0.5°. Discoloration of the solu­
tion set in very slowly. From time to time a 30 to 50 ml. 
sample was withdrawn in a glass dipper and the tosylated 
product was isolated and prepared for analysis as previ­
ously described.4 The first samples were colorless and 
fibrous but those withdrawn after one week, when replace­
ment of tosyl by chlorine began to be apparent (Notes e,f, 
g, Table I) had a little color and gave light brown solutions 
in acetone.

Sulfur analyses were conveniently carried out on the 
semi-micro scale by a recently published method.8 Acetyl 
was determined by the modified technique, in which the 
carefully shredded sample was heated in alcoholic sodium 
methylate before the mixture was acidified with excess p- 
toluenesulfonic acid and acetyl was recovered in the form 
of methyl acetate by distillation. The analyses in Table I, 
columns 3 and 4, are the mean of closely concordant dupli­
cates and obvious simultaneous equations made it possible 
to calculate the moles of acetyl present at each stage of 
the tosylation. The data (column 5) show that the acetyl 
substitution did not change during the first five days from 
the original value of 2.44 and the reliability and accuracy 
of the analytical methods were thereby confirmed. After 
seven days, when the presence of combined chlorine ren­
dered the acetyl values high, an acetyl content of 2.44 was 
assumed and the total substitution was calculated from the 
sulfur and halogen values (Table I, notes ƒ and g ) .  The 
last sample isolated (eighty days) was a light brown fibrous 
material that was soluble in pyridine, acetonylacetone and 
acetone. Tests for nitrogen were negative. The assump­
tion that this sample had the usual acetyl substitution of 
2.44 was justified because on this basis the 1.65% of 
chlorine and 3.89% of sulfur gave a combined acetyl, 
chloro and tosyl substitution of 2.99 where theory was 3.00. 
A Staudinger viscosity determination made with this sam­
ple dissolved in glacial acetic acid at 25 =*= 0.1°, gave an 
Vsp/c  value of 54.8. This value checked very well with 
those of 53.3 and 52.5 previously found for a 6-chlorotosyl 
acetate and for the original cellulose acetate II.4’9 The 
absence of degradation during prolonged tosylation and the 
consistency of the acetyl analyses justified the calculation 
of the molar tosyl substitution (column 6) from the ob­
served sulfur content (column 4) and the average acetyl 
substitution of 2.44 (column 5).

(8) M ahoney an d  M ichell, In d . Eng. Chem.., A na l. E d., 14, 97 
(1942).

(9) C ram er and  P u rv es’ vap/c values4 become 54.0 an d  53.3 when 
based on an  acety l su b stitu tio n  of 2.44 instead  of 2.33.
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T a b l e  I

A n a l y t ic a l  D a t a  o f  T o s y l a t io n  a n d  I o d i n a t io n  R e a c t io n s

Todination-

Sam ple
(1)

T osy la ted ,
hours

(2)

A cetyl,

1 )

—Tosyla ti on— 
Sulfur,

%
(4)

Acetyl,®
moles

(5)

Tosyl,®
moles

(6)

Iodine,
%
(7)

Sulfur,

&)

Calcd.frs, %
(9)

Iodine,
moles

(10)

Tosyl,
moles
( Z b )
(11)

Calcd. tosy lc 
moles

(Z A +  Z b ) 
(12)

1 0 .2 5 37.85 0 .92 2.443 0.079 3 .7 6 0 .1 0 0 .0 0 0 .081 0 .007
2 0 .5 0 36 .52 1.66 2.441 .149 5 .9 8 .28 .20 .133 0 .016 .015
3 0 .7 5 35 .78 2 .02 2.437 .185 6 .94 .42 .31 .157 .028 .021
4 1 .00 35 .43 2 .2 6 2 .448 .210 7 .6 0 .55 .45 .170 .040 .029
5 2 .0 0 34 .43 2 .6 9 2 .428 .255 8 .51 .65 .61 .198 .057 .052
6 3 .0 0 34 .05 2 .9 4 2.439 .290 .092d .071
7 4 .0 0 33 .97 3 .01 2.445 .291 8 .42 1 .08 .95 .200 .093 .088
8 5 .0 0 33 .92 3 .09 2.457 .301 .103d .100
9 6 .0 0 33 .76 3 .1 7 2.449 .310 . 112d .112

10 7 .0 0 33.73 3 .2 2 2 .464 .316 . 118d .122
11 8 .0 0 33 .66 3 .27 2.468 .322 8 .05 1 .25 1.33 .194 . 124d .129
12 9 .0 0 33.57 3 .3 8 2.483 .336 . 138d .136
13 10.00 33 .38 3 .42 2.469 .338 . 140d .143
14 11.00 33 .07 3 .4 9 2.443 .347 . 149d .149
15 12.00 32 .73 3 .6 5 2.444 .366 . 168d .153

D ays
16 0 .71 32 .48 3 .72 2.428 .374 7 .98 1.73 1.81 .196 . 176d .174
17 1.11 32.23 3 .8 4 2.427 .389 . 191d .192
18 1.57 31 .97 3 .9 7 2.425 .405 .207d .210
19 2 .0 8 31 .56 4 .1 7 2.422 .430 7 .9 5 2 .3 9 2 .3 8 .203 .232d .228
20 2 .5 8 31 .52 4 .2 6 2.453 .444 .246d .243
21 3 .0 8 31.33 4 .3 3 2.432 .451 .253d .257
22 5 .1 6 30 .90 4 .5 9 2.440 .487 .289d .299
23 7 .0 8 30 .9 5 e [4.60] 2.448 .489 .291d .322
24 9 .1 2 3 1 .60e [4.51] 2 .493 .471
25
26^

11.12
21 .12

[4 .42]
4 .1 7 .521/

.323d

.355d
.361
.362

27» 80 .12 3 .8 9 .553»

a Calcd. from columns (3) and (4) by means of simultaneous equations. 6 Calcd. from % iodine and acetyl substitu­
tion of 2.44. c Calcd. by (0.56 -  0.198) =  Zg =  ZA +  ZB; log 0.139/(0.139 -  ZA) = *  2.161; log 0.223/(0.223 -  Zb) «  

0.1061. d Column 11 was obtained by subtracting a constant iodine substitution of 0.198 (average value) from column 6. 
6 Replacement of tosyl by chlorine gives high acetyl values. f % Cl = 0.93, giving 0.434 mole of tosyl and 0.087 
mole of chlorine, and if acetyl is 2.44; total =  2.961 moles. 0 % Cl = 1.65, giving 0.400 mole of tosyl, and 0.153 mole 
of chlorine, and if acetyl is 2.44 moles; total = 2.993 moles.

Chlorine in later tosylated acetates was determined by 
heating 20-30 mg. samples under reflux for two hours with 
100 ml. of 95% ethanol containing 2 g. of chloride-free 
sodium hydroxide (made from metallic sodium). Nitrite- 
free, 6 N  nitric acid was used to acidify the mixture before 
the halogen was estimated by the Volhard method10 with 
nitrobenzene to coagulate the silver chloride.

Iodination.—The dry, tosylated sample, 1 g., sodium 
iodide, 2 g., and acetonylacetone, 75 ml., were heated to­
gether to 120°, when solution was complete in all cases. 
After two hours at that temperature, which was again 
shown to be sufficient4»5 for maximum iodination, the solu­
tion was cooled, poured into 1 liter of ice water, allowed to 
stand for one hour and filtered. The residue was washed 
with distilled water, dried and purified by reprecipitation 
from aqueous acetone. A final drying at 65 ° in vacuo over 
phosphorus pentoxide preceded the analyses for sulfur and 
for iodine. Iodine analyses were carried out as described 
in the work on ethylcellulose.5

The assumption that iodination replaced a portion of the 
tosyl groups by iodine without altering the original acetyl 
substitution was checked by calculating the per cent, of 
sulfur in the iodinated specimens from the observed iodine 
content (Table I, column 7) and an assumed acetyl sub­

(10) K olthoff an d  Sandell, “ T ex tbook  of Q uan tita tive  Inorganic 
A nalysis,” The M acm illan  Com pany, New Y ork, N . Y ., 1938, p. 543.

stitution of 2.44. Calculated sulfur values (column 9) 
agreed well with the observed ones (column 8) except with 
the first four samples, in which the sulfur content was 
too small to be estimated accurately. The corresponding 
data for the molar substitution of iodine (column 10) were 
therefore accepted as reliable. All attempts to iodinate 
later specimens containing chlorine gave dark colored 
products which were not amenable to purification and 
were not further examined.

Results
The molar amount of tosyl groups replaced by 

iodine (Z) corresponded to the primary hydroxyl 
groups that had been esterified at any given time. 
Reference to Table I, column 10, shows that a 
total of 0.198 mole of hydroxyl was originally 
present in the sixth position of the cellulose ace­
tate and that all were tosylated within two hours. 
The total agreed excellently with the earlier value 
of 0.197 mole,4 and, as the cellulose acetate aver­
aged 0.56 mole per glucose unit, about 35% of the 
hydroxyl groups were primary. The earlier work 
showed that the amount lay between one-third 
and one-half. Substitution in the first order rate



July, 1942 D istribution óf Acetyl Groups in  Cellulose Acetate 1541

equation, log 0.198/(0.198 — Z) =  kt, of the data 
in columns 2 and 10 gave values for k of (21.4),
23.2, 21.9 and 25.0 corresponding to (0.25), 0.50,
0.75 and 1.00 hour, respectively. The average 
rate constant for the last three samples was 23.4 
when reckoned in days and decimal logarithms. 
Calculation by the method of least squares, using 
the same time intervals, gave 24.9 when most 
weight was given to the hour interval. No ad­
vantage was gained by assuming a second order 
rather than a first order equation for the tosyla­
tion.

Subtraction of 0.198 from 0.56 gave 0.362 as 
the total moles of hydroxyl group in the second and 
third positions of the cellulose acetate. Subtrac­
tion of the data in column 10 from those in column 
6 gave the amount of tosylation, Zs, in both of 
these secondary positions at various times. 
Points corresponding to the function log 0.362/ 
(0.362 — Zs) were plotted against time t (in days) 
and those within the limits 0.71 to 3.08 days in­
clusive were found to lie about a straight line whose 
position was determined by the method of least 
squares5 (Fig. 1). The conclusion was that the 
amount of tosylation, ZB, of 0.223 mole of the 
secondary hydroxyl groups at any time was given 
by the equation

log 0.223/(0.223 -  ZB) = 0.106 t (1)

The remaining 0.139 mole was esterified at a faster 
rate. If ZA represented the amount of this more 
rapid tosylation at any time, ZA +  ZB = Zs. 
By the use of Eq. 1, the amount of ZB was calcu­
lated for times between 0.125 and 0.5 days and 
was subtracted from Zs (column 11). The values 
of ZA so obtained were found to fit the following 
first order rate equation

log 0.139(0.139 -  ZA) = 2.16 / (2)

In order to check the data, the sums ZA +  ZB, as 
calculated from Eqs. 1 and 2, were tabulated in 
Table I, column 12. The agreement with the ob­
served values of Zs (column 11) was always within
0.02 mole, and usually within 0.01 mole, until the 
replacement of tosyl by chlorine became appreci­
able from sample 23 onward. It is interesting to 
note that no such replacement complicated the 
equally prolonged tosylation of the ethylcellulose.5

Discussion
The above work was an experimental duplicate 

of that on the ethylcellulose, when it was demon­
strated that hydroxyl groups in the sixth, second

Days.
Fig. 1.—Logarithmic plot of rate of tosylation of 0.362 

mole of secondary hydroxyl group. Solid line is calculated 
relationship log 0.223/(0.223 —• Zb) = 0.106 day.

and third positions of the anhydroglucose units 
were tosylated at rates in the approximate ratio 
of 15:2.3:0.07. Rates for acetone-soluble cellu­
lose acetate were 23.4 for the sixth position with
2.16 and 0.106 for the two kinds of hydroxyl 
groups occupying the other two positions. 
Comparison with ethylcellulose values justified 
the conclusion that the faster rate (2.16) was 
characteristic of the second position in the acetyl 
cellulose and the slower one (0.106) pertained to 
the third. There was no reason to expect that the 
rates for ethylcellulose and acetyl cellulose would 
be absolutely the same in magnitude, because 
steric and other effects caused by the different 
substituents would not necessarily be the same in 
the two cases. These effects, however, could 
hardly be large enough to obliterate or reverse a 
ratio of rates, one of which was twenty or thirty 
times the other. It therefore appeared that the 
deacetylation of cellulose triacetate to the acetone- 
soluble condition removed 0.223 mole of acetyl 
from the third position and only 0.139 mole from 
the second, which was more than twenty times as 
reactive in tosylation. While it is possible that 
the reactivities displayed toward acetylation and 
deacetylation may be reversed, it seems probable 
that the original “triacetate” contained a few un- 
acetylated hydroxyl groups in the sluggishly react­
ing position three. Further experiments are re­
quired to decide between the alternative explana­
tions.

If secondary hydroxyl groups in the acetone- 
soluble cellulose acetate were distributed in ran­
dom order but with uniform average density along 
the length of the macromolecules, the probability 
of a particular glucose residue containing a com­
pletely unsubstituted 2,3 glycol group was 0.139 X



1542 T homas S. Gardner and C. B. Purves Vol. 64

0.223 or 0.031.11 If the hydroxyl groups occurred 
in sharply localized patches along the macro­
molecule, the probability of a glycol grouping 
was obviously 0.139 and if deacetylation in one 
position tended to preclude deacetylation in the 
other, the probability was 0.139 +  0.223 — 1 or 
zero.5

The oxidation of the cellulose acetate with lead 
tetraacetate was carried out as before5 and the 
results (Table II) showed that 0.0071 to 0.0079, 
or almost zero, moles of glycol were actually pres­
ent. This confirmation of the earlier low value of
0.0067 to 0.01 mole11 supports the inference that 
the number of 2,3 glycol groups in acetone soluble 
cellulose acetate, as well as in the partly ethylated 
cellulose,5 is depressed by factors still unknown. 
It also suggests that the partial deacetylation of 
the triacetate was carried out in a practically 
homogeneous system and that the loss of acetyl 
from one of the two secondary alcoholic positions

Table II
Oxidation of 0.01 M ole of Cellulose A cetate with 

Excess Lead T etraacetate at 20°

H ours
(0

0.01 N  
T h io ., 

ml.

M oles 
P b(Q A c)4 

X 102
A M / At 
(105y)

Moles
glycol®
(103*)

0 0
24 0.81 0.41
48 1.50 0.75
72 2.07 1.04
82.5 2.42 1.21 a  o

102 2.65 1.33 D . £
(2.7)
A V

7.9
120 2.76 1.38 7.4
168 3.22 1.61 5.0 7.1
192 3.45 1.73 7.1

Average 5.3 7.4
“ Per glucose residue. Calcd. as previously described.5

(11) C ram er, H o ck e tt and  Pu rves, T h is  J o u r n a l , 61, 3463  
(1939).

had a marked tendency to stabilize the adjacent 
group in the same anhydroglucose residue.

Summary
1. A technical cellulose acetate, averaging 2.44 

acetyl and 0.56 hydroxyl groups per glucose resi­
due, was esterified by ^-toluenesulfonyl chloride. 
Analyses of samples removed at intervals showed 
that 0.198 mole of hydroxyl groups was present 
in the sixth or primary positions of the original 
cellulose acetate.

2. The data in (1) give, by difference, a value 
of 0.362 mole of total secondary hydroxyl in the 
cellulose acetate and mathematical analyses of the 
rate of esterification showed that there was a first 
order, fairly rapid tosylation of 0.139 mole of 
hydroxyl, on which was superimposed a slow tosyl­
ation of 0.223 mole. The 0.139 mole was assigned 
to the second position and the 0.223 mole to the 
third by analogy with previous experience on an 
ethylated cellulose.

3. The first order rate constants for the tosyla­
tion of unsubstituted hydroxyl groups in the cellu­
lose acetate were found to be in the ratio of 2.16 
for the second, 0.106 for the third and 23.4 for 
the sixth position.

4. Lead tetraacetate oxidation of the cellulose
acetate indicated that 7.4 X 10 ~3 mole of un­
substituted 2,3 glycol was present per glucose res­
idue. The amount calculated for a random dis­
tribution of hydroxyl groups in the two positions 
was 3.1 X 10”2 mole and for localized concentra­
tions of hydroxyl, 13.9 X 10“2 mole. If deace­
tylation in either the second or third position of 
cellulose triacetate stabilized the adjacent acetyl 
group, the probability of 2,3 glycol groups in the 
resulting acetone-soluble acetate was zero. 
Cambridge, M ass. R eceived April 4, 1942
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The Preparation of Several Deuterium Derivatives of Pyrrole
By Foil .

In the course of some studies on the vibrational 
spectrum of pyrrole1 2 it became necessary to pre­
pare several of the symmetrically substituted deu­
terium derivatives. Inasmuch as the methods of 
preparing these compounds add some interesting 
facts to our knowledge of pyrrole chemistry, and 
since other workers may have occasion to prepare 
deuteropyrroles, it seems worth while to describe 
the preparations in some detail.

Very little earlier research has been reported on 
this subject. Pyrrole-N-d has been prepared by 
Redlich and Stricks3 and by Bonino and Manzoni- 
Ansidei.4 The extent of exchange between pyrrole 
and heavy water has been determined by Koizumi 
and Titani.5 They conclude that at pH ^ 2 only 
one hydrogen exchanges, but that at pH ^ 1 all five 
hydrogens exchange rapidly. However, no attempt 
was made to prepare and isolate an isotopically pure 
product. This paper reports the application of 
Koizumi and Titani’s findings to the preparation 
of 8 ml. quantities of pyrrole-N-d, sym-pyrrole-d4, 
and pyrrole-^5* Spectroscopic evidence is offered 
as convincing proof for the course of the exchanges.

Experimental
Pyrrole-N-d. 1. Preparation from Potas­

sium Pyrrole.—This is the method used by both 
Redlich and Stricks and by Bonino and Manzoni- 
Ansidei. It was deemed necessary to repeat the 
work, however, because the Raman spectra of the 
two samples differed considerably,3,4 and because 
pyrrole- N-d was needed for purposes of com­
parison in a later experiment.

The reactions involved are
2C4H4NH +  2K — >  2C4H4NK + H2 
C4H4NK +  D20 -— >- C4H4ND -}- KOD

Clean potassium was added slowly in slight excess to 10 ml. 
of freshly-distilled pyrrole6 dissolved in 80 ml. of toluene.

(1) Chem ical F o u n d a tio n  Fellow, 1938-1942.
(2) R. C. Lord, J r .,  an d  Foil A. M iller, J . Chem. Phys., 10, June 

(1942).
(3) O. Redlich and  W. Stricks, M onatsh., 68, 47 (1936).
(4) G. B. Bonino an d  R . M anzoni-A nsidei, Ricerca sci., 7, I I ,  Nos.

3-4  (1936); or A tti accad. Lincei, Classe sci. fis. mat. nat., 25, 494 
(1937).

(5) (a) M. H arad a  an d  T . T itan i, Bull. Chem. Soc. Japan, 11, 465- 
474 (1936); (b) M . K oizum i and  T . T itan i, ibid., 12, 107-108 (1937); 
(c) M . K oizum i and  T. T itan i, ibid., 13, 85-94 (1938).

(6) The pyrrole was ob tained  th rough  th e  kindness of D r. Saul R. 
Buc, form erly of th is  D epartm en t. I t  had  been p repared  from  
am m onium  m ucate according to  th e  m ethod  of Blicke and  Powers 
[Ind. Eng. Chem., 19, 1334 (1927)].

.. M il l e r 1

The mixture Was warmed and later refluxed in a water-free 
atmosphere until the precipitate became white. Most of 
the excess potassium was removed mechanically. The 
solid was filtered off on a sintered glass funnel in a gas box, 
washed with ether which was sufficiently dry to give a blue 
color with sodium and benzophenone, and dried; yield of 
potassium pyrrole, 80%. The solid was suspended in 40 
ml. of dry ether, and heavy water (99.6%) was added drop- 
wise with continued shaking until a second layer of liquid 
was formed. Five and one-half ml. of heavy water was 
used, which is about 2.5 times the theoretical amount. 
The ether-pyrrole-N-d solution was filtered through a 
sintered glass funnel and removed from the gas box, and 
the ether was evaporated with a stream of dry nitrogen. 
The pyrrole-N-d was dried over sodium carbonate and dis­
tilled four times in succession at low pressure in an all-glass 
apparatus; yield on the second reaction, 70%.

This synthesis, while extremely wasteful of heavy 
water and pyrrole, is useful because one knows 
that the deuterium atom introduced into the mole­
cule has bonded to the nitrogen atom of the ring.

Pyrrole-N-A 2. Preparation by Exchange. 
—Koizumi and Titani suggest that the one hydro­
gen which exchanges in solutions of pH  §: 2 is 
the N-hydrogen. It was necessary to confirm 
this, however, for it was hoped that the sugges­
tion could be applied later to the preparation of 
yyw-pyrrole-d4. One can test the suggestion by 
carrying out an exchange between pyrrole and 
neutral heavy water. Comparison of the Raman 
spectrum of the resulting compound with that of 
the pyrrole-N-J prepared from potassium pyrrole 
will show whether the exchange proceeds on the 
nitrogen atom alone. An experiment of this kind 
has been performed.

Four 2.5-ml. samples of freshly-distilled pyrrole were 
shaken for one hour with 2-ml. portions of heavy water 
(99.6%) in 6-ml. cylindrically-shaped separatory funnels. 
Each portion of the heavy water was used with each of the 
pyrrole samples in turn. The exchange was continued 
until calculation indicated that the deuterium content was 
at least 99% of the total exchangeable hydrogen. The 
united product was dried over sodium carbonate and dis­
tilled as before. Practically no pyrrole was lost.

The Raman spectrum of this product agreed 
exactly with that of the pyrrole-N-<i prepared 
from potassium pyrrole. Hence exchange between 
pyrrole and neutral water involves only the N- 
hy drogen.

Pyrrole-d5.—Koizumi and Titani50 have
pointed out that pH  1 is optimum for exchanging
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all five hydrogens of pyrrole. At pH  >  1.5, all the 
hydrogens do not exchange; at pH  <  1, acid- 
induced decomposition of the pyrrole becomes 
serious. Pyrrole-d^ was prepared by an exchange 
between pyrrole and heavy water at this optimum 
pH.

Adjusting the heavy water to pH 1 without contami­
nating it with light hydrogen required special methods. 
Deuterium chloride was made from heavy water and 
thionyl chloride, using the apparatus of Langseth and 
Klit.7 The deuterium chloride was bubbled into heavy 
water to which had been added a trace of dry methyl 
violet, until the color of the solution matched that of a 
comparison solution of ordinary hydrochloric acid whose 
pH had been adjusted to 1.0. Trials with ordinary water 
and hydrogen chloride showed that the pH could readily be 
adjusted in this manner to 1.0 =•= 0.2 unit, which is suffi­
ciently close. The procedure for exchange was similar to 
that for pyrrole-N-^. Because decomposition of the 
pyrrole resulted in the formation of a scum, and because 
the liquids did not separate as nicely as in the former case, 
the separatory funnels were rotated rather slowly in a 
large centrifuge to hasten the separation. The product 
was dried and distilled as before. About 1 ml. of pyrrole 
was lost during the exchange.

Symmetrical Pyrrole-d4.—This compound was 
prepared from pyrrole-J5 by an exchange with 
neutral water. It has already been shown that 
under these conditions only the N-deuterium will 
be involved. The procedure for carrying out the 
exchange and purifying the product was identical 
with that for pyrrole-N-d. There was practically 
no loss of material.

(7) A. L angseth  an d  A. K lit, K gl. Danske Videnskab Selskdb, 
M ath. fy s .  M edd., 15, No. 13, p. 7 (1937).

Spectroscopic Results.—It is well known that 
C-H stretching frequencies in aromatic rings are 
in the 3000-3100 cm.-1 region, while the corre­
sponding C-D frequencies are found at 2200-2300 
cm.-1. The N-H  stretching frequency in liquid 
pyrrole occurs at 3400 cm.-1, and the N -D  at 
2530 cm.-1. Thus the vibrational spectrum offers 
a good criterion for the isotopic purity of the prod­
ucts. Each of the deuteropyrroles has been stud­
ied by the Raman effect.2 In every case valence 
frequencies were found only in the expected re­
gions; even on long exposure there was no trace 
of lines due to an improper isotope. This is 
thought to mean that the isotopic purity was at 
least 99%. It also offers convincing proof that 
exchange between pyrrole and water at pH 1 in­
volves all five of the pyrrole hydrogens, but that 
at pH 7 only the N-hydrogen is involved.

Acknowledgment is made for a grant-in-aid 
from the Hynson, Westcott and Dunning Fund. 
The author also wishes to thank the Chemical 
Foundation, Incorporated, for a fellowship for 
graduate study.

Summary
Simple and efficient methods of preparing pyr- 

role-N-d, xym-pyrrole-^4, and pyrrole-J5 are de­
scribed. It is confirmed that exchange between 
pyrrole and water at pH  1 involves all five of the 
pyrrole hydrogens. In neutral solution only the 
N-hy drogen exchanges.
B a l t im o r e , M a r y l a n d  R e c e i v e d  M a r c h  20, 1942

[C o n t r i b u t i o n  f r o m  t h e  D e p a r t m e n t  o f  C h e m i s t r y , Y e n c h i n g  U n i v e r s i t y ]

Conductivity Studies.1 III. The Limiting Equivalent Conductances of Potassium 
Chloride in Water at Temperatures between 15 and 40°

B y N orman C. C. L i 2 and H sing  F ang3

The determination of the electrical conductivity 
of electrolytes has been the subject of many in­
vestigations. A search of the recent extensive 
literature in this field shows that many investi­
gators study conductivity as a function of concen­
tration at some particular temperature or conduc-

(1) E a rlier papers in  th is  series: Li and  Fang , J . Chinese Chem.
Soc., 6 , 32-39, 44-50 (1938).

(2) P resen t address: D ep artm en t of C hem istry , The C atholic
U niversity , Peiping, C hina.

(3) B ritish  In d em n ity  R esearch  A ssistan t in  C hem istry. T his 
a rtic le  is based  on p a r t  of a  thesis p resen ted  b y  H . F an g  to  th e  F acu lty  
of th e  G rad u a te  Y u an  of Y enching U niversity  in  p a rtia l fulllfim ent 
for th e  degree of M as te r of Science, Ju n e , 1941-

tivity as a function of temperature at some par­
ticular concentrations, and only few study the 
variation of the limiting equivalent conductances 
with temperature.

Since aqueous solutions of potassium chloride 
have been used as standard solutions for deter­
mining cell constants, extensive conductivity 
studies on these are desirable. Recently Jones 
and Bradshaw4 and Bremner and Thompson5 
studied the variation in conductance of “denial”

(4) Jones an d  B radshaw , T h is  J o u r n a l , 55, 1780 (1933).
(5) B rem ner an d  T hom pson, ibid., 59, 2372 (1937),
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potassium chloride solutions and Clews6 applied 
the Debye-Hückel-Onsager equation to data on
0.1, 0.01 and 0.001 N  potassium chloride solutions 
at different temperatures. Except at 18 and 25°, 
however, there are no precise values of the limit­
ing equivalent conductance, Ao, of potassium chlo­
ride in water. It was the purpose of this investi­
gation to study the electrical conductances of 
potassium chloride solutions over a wide range of 
concentrations and temperatures in order to deter­
mine the temperature coefficient of A0. In the 
paper following this one, certain transference data 
will be used together with the conductance data 
reported in this paper to calculate the limiting 
equivalent conductances of several univalent ions 
at different temperatures.

Experimental
The Wheatstone bridge and accessory apparatus 

used in conductivity determinations have been de­
scribed.1 The temperatures investigated were 15, 
20, 22, 25, 30 and 40°. For each temperature the 
bath was adjusted and the temperature variation 
observed by a Beckmann thermometer which had 
been compared against a standard thermometer. 
The temperature variation was 0.005°. The 
standard solutions for the determination of cell 
constants were the 0.1 and 0.01 demal solutions 
defined and measured by Jones and Bradshaw4 
at 0, 18 and 25°. The measured specific conduct­
ance was corrected in each case for the conductiv­
ity of the water used, amounting to about 1.2 X 
10~6 at 25°. The potassium chloride was of 
Merck reagent quality and was further purified by 
repeated recrystallization from conductivity water, 
dried and fused. Solutions were prepared by 
direct weighing of both solute (or concentrated 
stock solution) and solvent, the balance used for 
weighing the dry salt being sensitive to 0.01 mg. 
with a 50-g. load and that for the solvent sensitive 
to 0.1 mg. The weights were carefully calibrated 
on each balance and all weighings were corrected 
to vacuum, taking the density of the air to be
0.0012 g./ml. and the density of potassium chloride 
to be 1.987.

Since the salt solutions were made up by weight 
and the concentrations used in the theory are on a 
volume basis (moles per liter, C), it was necessary 
to know the density of the solutions. It was found 
that the density of the aqueous solutions of potas­
sium chloride was a linear function of the concen-

(6) Clews, Proc. Roy. Phys. Soc. (L ondon), 46, 764 (1934).

tration up to the highest concentration used, and 
obeyed the equation

d  =  d o  +  b f k c l  (1 )

where d is the density of a solution of / Kci weight 
per cent, concentration in potassium chloride and 
do is the density of pure water, both at the same 
temperature. The values of the density coeffi­
cients at 20, 22, 25, 30 and 40° were calculated 
from the density data in the “International Criti­
cal Tables.” These were confirmed by the 
experimental determination of the density of the 
potassium chloride solutions at 25 and 30°. 
The density values for 15° are not given, but 
were calculated by the equation: 
d =  1.00661 +  0.00004071 -  7.95 X 10“ 6/2 +  4.83 X 10~8*3

the equation obtained from an analysis of the 
data given in “I. C. T .” for 1% potassium chlo­
ride solutions. The equations for density at 
different temperatures are listed

du =  0.99913 +  0.00646/ 
d2Q .99823 +  .00640/ 
d22 .99780 +  .00637/
d2& .99707 +  .00635/
dso .99567 +  .00631/
4̂0 .99225 -I- .00622/

The solutions were kept in seasoned and steamed 
Pyrex glass-stoppered bottles. In determining 
the resistance of a given solution, each cell was 
rinsed with four or five portions of the solution 
and allowed to stand, filled with the same solution, 
for fifteen to thirty minutes. The cell was then 
refilled with a fresh portion of the solution and 
immersed in the thermostat until temperature 
equilibrium was reached. The leads were placed 
in position and the bridge balanced. The leads 
were then shifted to the next cell and the bridge 
rebalanced.

Results
Table I gives the results of measurements on 

the potassium chloride solutions at different tem­
peratures. The third column gives the equivalent 
conductances calculated from the Shedlovsky- 
Onsager equation

Ao A +  p V c

1 — a  y/~C

The fourth column lists the values of Aq

A ' = A +  <8 V C  

1 — a •%/ C
In order to calculate the theoretical coefficients a 
and /?, we made use of the viscosity data given in 
“I. C. T .” and the dielectric constant data of
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Drake, Pierce and Dow7 and substituted them in 
the equations8

a -  8.147 X 1 0 (3 = 81.S6/(DTy/*n (2)

where D and rj are the dielectric constant and 
viscosity of the medium at temperature T. These 
constants are collected in Table II for reference.

Graphs corresponding to the data in Table I 
for the various temperatures are shown in Fig. 1, 
where the values of A are plotted against s /  C and 
Aq plotted against C. The values of A0 and B

T a b l e  I
E q u i v a l e n t  C o n d u c t a n c e s  o f  P o t a s s iu m  C h l o r id e  

S o l u t i o n s

C X 102 Aobs.
15°

Acalcd. Ao

0.22312 117.43 117.58 120.89
.30737 117.09 117.04 121.16
.57183 115.82 115.76 121.38
.62728 115.70 115.54 121.53
.99925 114.29 114.29 121.64

1.1657 113.83 113.81 121.77
1.2696 113.64 113.55 121.94
2.3693 111.25 111.32 122.61
4.7486 108.36 108.31 124.54
5.0481 108.09 108.03 124.77
9.9195 104.79 104.76 128.45
9.9209 104.73

20°
104.76 128.39

0.07603 132.89 132.82 135.19
.15061 131.95 131.96 135.18
.15564 131.88 131.90 135.17
.28941 130.73 130.82 135.21
.30709 130.59 130.71 135.21
.31715 130.59 130.64 135.28
.58989 129.23 129.15 135.64
.64944 128.96 128.89 135.68

1.2035 126.93 126.92 136.09
1.2685 126.85 126.73 136.26
1.3220 126.66 126.59 136.27
2.4451 124.14 124.05 137.53
2.7090 123.74 123.67 137.54
9.9809 116.66

22°
116.66 143.58

0.07599 138.71 138.62 141.12
.13626 137.64 137.82 140.88
.15558 137.65 137.62 141.10
.27833 136.66 136.60 141.35
.31702 136.46 136.32 141.39
.56759 134.93 134.87 141.53
.64919 134.59 134.49 141.65

1.1627 132.45 132.54 141.88
1.3215 132.12 132.06 142.20
2.3789 129.50 129.53 143.06
4.8709 125.85 125.81 144.36

(7) D rake, Pierce an d  Dow, Phys. Rev., 35, 613 (1930).
(8) M aclnnes, “ Principles of E lec trochem istry ,” Reinhold P u b ­

lishing Corp., New Y ork, N . Y ., 1939, C hap ter 18.

25°
0.03977 148.05 148.05 149.92

.06037 147.67 147.63 149.98

.08092 147.25 147.29 149.92

.12184 146.71 146.72 149.99

.16497 146.19 146.22 150.01

.33649 144.65 144.75 150.10

.49651 143.58 143.73 150.20

.68358 142.85 142.75 150.62

.99646 141.40 141.44 150.63
1.3802 140.01 140.14 151.06
1.3896 139.99 140.10 151.09

30°
0.16040 160.64 160.59 164.45

.19252 160.14 160.22 164.74

.31781 159.05 159.04 164.96

.38429 ' 158.49 158.51 165.00

.63086 156.92 156.95 165.25

.68514 156.67 156.65 165.55

.76056 156.21 156.26 165.37
1.2504 154.21 154.17 165.97
1.5025 153.23 153.28 166.12
2.4956 150.69 150.60 167.33
4.9813 146.23 146.17 169.89
5.9252 144.92 144.96 170.77

o o

0.06189 191.10 191.08 194.29
.09635 190.31 190.33 194.28
.24763 188.14 188.11 194.51
.49164 185.79 185.80 194.77
.98778 182.65 182.64 195.40

1.9761 178.52 178.54 196.59
3.9341 173.50 173.43 199.12
7.7969 163.43 163.48 199.53

Table II
Constants Pertaining to E quation (2)

t, °C. Do log 71 V <* p

15 82.32 -1 .9 4 1 3  0.011447 0.2231 46. 44
20 80.41 -1 .9 9 6 2 010087 .2252 52. 86
22 79.67 -2 .0 1 7 4 009608 .2260 55. 57
25 78.57 -2 .0 4 8 2 008949 .2273 59. 77
30 76.79 -2 .0 9 6 7 008004 .2294 67. 04
40 73.41 -2 .1 8 4 7 006536 .2338 82. 61

are ob tained  graphically  from  Fig. 1 and  are listed
in T able I I I .

T able III
Limiting E quivalent Conductances and Slopes, B

t, °c. Ao B

15 120.88 75.9
18 129.49 809
20 135.06 85.3
22 140.96 89 .4
25 149.84 94.9
30 164.62 104.5
40 194.18 123.7

The limiting conductance at 25° as obtained by 
Shedlovsky9 and recalculated by Krieger and Kil-

(9) D a ta  ta k en  from  Shedlovsky, T h is  J o u r n a l , 54, 1410 (1932).
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Fig. 1.—Variation of equivalent conductance with concen­
tration.

patrick10 is 149.86, with which our value of
149.84 is in good agreement. Figure 2 brings out 
the relationship between A0 and temperature.

Fig. 2.—Variation of conductance at infinite dilution with 
temperature.

The relationship in Curve I can be expressed by 
the empirical equation A0 =  75.94 +  2.956 t. It

(10) K rieger and K ilpa trick , T h is  J o u r n a l , 59, 1881 (1937).

is also interesting to note that the relationship 
between B and temperature is linear and can be 
expressed by the equation B =  46.9 +  1.92 t.

Curves 2, 3 and 4 in Fig. 2 are plots taken from 
data by Brescia, LaMer and Nachod11 and Owen 
and Waters12 and the limiting conductances can 
be expressed by the equations

NaCl in HsO Ao -  64.08 +  2.462 t
NaCl in DsO 50 +  2.2 t
HCl in 70% dioxane 45.9 +  1.914

It was shown by Owen and Waters12 that vis­
cosity and equivalent conductance in a given sol­
vent at various temperatures are simply related 
by an equation A0rjl =  r, Figure 3 gives such a 
plot between log A0 and log rfo and the constants y 
and r are found to be 0.872 and 3.039, respectively.

Log equivalent conductance, A0.
Fig. 3.—Variation of conductance at infinite dilution with 

viscosity of medium.

Summary
1. The equivalent conductances of potassium 

chloride solutions have been measured at 15, 20, 
22, 25, 30 and 40° in the concentration range
0.0004 to 0.1 N. The experimental data follow 
closely the Onsager limiting slope at high dilutions. 
At other concentrations only one empirical con­
stant B is needed.

2. The temperature dependence of the limiting 
conductance is linear between 15 and 40°. The 
variation with viscosity can be expressed by AqtjI 
— r,s  being less than 1.
P e i p i n g , C h i n a  R e c e i v e d  A p r i l  10, 1942

(11) Brescia, L aM er and  N achod, ibid., 62, 615 (1940).
(12) Owen an d  W aters, ibid., 60, 2377 (1938).
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[Contribution prom the M oore Laboratory of Chemistry, Amherst College]

The Thermodynamic Theory of Electrocapillarity1
B y D avid C. G rahame and R obert  B. W h itn ey

The Gibbs adsorption theorem (Gibbs’ equa­
tion 508) is a relationship between the change in 
the interfacial tension between two phases, the 
change in chemical potential of the components of 
the phases, the change in the superficial density of 
entropy in the system and the amounts of the 
various independent components adsorbed at the 
interface.13. When some of the components of the 
system are electrically charged particles, as in an 
electrocapillary system, the Gibbs equation cannot 
be applied directly in its original form for reasons 
which will be pointed out below. In the study of 
electrocapillary phenomena it is desirable to have 
a thermodynamic equation analogous to the Gibbs 
adsorption theorem. The Lippmann equation2 
is a special case of such an equation.

Many discussions of this problem have focussed 
attention on the “potential-determining” ion, as 
though the causal agent producing the potential 
difference between the phases at equilibrium were 
the ions of the metal in the non-metallic phase 
(often present in amounts so small as to be mean­
ingless except in a statistical sense) instead of the 
external apparatus by means of which the potential 
difference is fixed. The difficulties of this line of 
approach led Koenig3 to give up the hope of ex­
tending the Gibbs equilibrium treatment and to 
regard the polarized electrode as a system in which 
equilibrium does not subsist between the phases. 
He assumed, instead, that n the interface there 
exists a barrier impermeable to charged particles. 
On this basis Koenig has derived a general equa­
tion of electrocapillarity for the ideal polarized 
electrode and has applied it to the deduction of 
equations referring to special experimental condi­
tions which may be realized in the laboratory. It 
is the purpose of this paper to show that the equa­
tions developed by Koenig are not peculiar to the 
type of system which he postulates but may be 
derived for a polarized electrode at equilibrium 
with respect to the distribution of its charged 
components and not possessed of a barrier im­
permeable to charged particles. It appears to the

(1) Original m anuscrip t received Ju ly  14, 1941.
( la )  J . W. G ibbs, “ Collected W orks,” Vol. I ,  Longm ans, Green 

and  Co., New Y ork, N . Y ., 1928, pp . 219 et seq.
(2) G. L ippm ann, Pogg. A n n ., 149, 547 (1873); A nn . chim. phys., 

[5] 5, 494 (1875); 12, 265 (1877); see also G ibbs’ equation  690.
(3) F . O. Koenig, / .  Phys. Chem., 38, 111, 339 (1934).

present authors that real systems are best char­
acterized in this manner and may be made to 
approach the postulated ideal condition of equilib­
rium as closely as the physical perfection of the 
experimental apparatus will permit. In addition, 
we shall show that the equations here developed 
have a wider scope and a slightly different signifi­
cance from those of identical form given by Koe­
nig.

Qualitative Considerations.—Consider a sys­
tem composed of a metal in contact with an 
electrolytic solution and provided with some ex­
ternal means whereby the potential difference be­
tween the phases may be altered at will. It need 
not concern us that the absolute magnitude of the 
potential difference must remain unknown. We 
exclude from consideration all cases in which the 
system just postulated is not at equilibrium as re­
gards ordinary chemical action or as regards the 
distribution of charged particles between the 
phases. In a system at equilibrium there will be 
no net transfer of charge from one phase to the 
other, and therefore there will be no current flow­
ing through the external circuit by which the 
superimposed potential is applied. From a prac­
tical standpoint the systems we are considering 
form three classes of electrodes, ideal polarized 
electrodes, ideal non-polarizable electrodes and 
partially polarizable electrodes. We distinguish 
these three classes by the magnitude of the con­
tinuous current which flows through the external 
circuit when the potential difference between the 
phases is altered slightly from its value in the 
original (equilibrium) state. In an ideal polarized 
electrode no continuous current flows; in an ideal 
non-polarizable electrode a continuous current 
flows, limited only by the ohmic resistance of the 
system, whereas in a partially polarizable elec­
trode a continuous current flows, but of magnitude 
less than that predicted by Ohm’s law (if polari­
zation e. m. f.’s are ignored). These distinctions 
are practical rather than thermodynamic criteria 
of polarizability, since Ohm’s law and the con­
cepts associated with that law are not a part of 
thermodynamics. Indeed, the distinction between 
ideal non-polarizable electrodes and partially 
polarizable electrodes appears to have no meaning
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for thermodynamics, and the concept will not be 
used in the thermodynamic treatment which 
follows. The distinction between ideal polarized 
electrodes and the two types of electrodes just 
mentioned (regarded as a single class) may be 
made on the basis of the amounts of the charged 
components present in the two phases at equilib­
rium, as will presently appear.

When the potential difference across the phases 
of an electrode at equilibrium is altered slightly, 
there is a momentary surge of current through the 
external system as a result of a readjustment of the 
composition of the electrical double layer at the 
interface, but this readjustment takes place very 
quickly and in no way obscures the slow readjust­
ment which may be observed as a continuous flow 
of current in a partially polarizable or non- 
polarizable electrode.

Although the two ideal types of electrode cannot 
be attained in practice, it is possible to prepare 
electrodes which approach ideal conditions almost 
as closely as desired. Thus a large reversible elec­
trode is practically non-polarizable under favor­
able conditions, and a system composed of mer­
cury in contact with aqueous potassium chloride is, 
to all intents and purposes, ideally polarized over 
a considerable range of superimposed potentials. 
The same system becomes partially polarizable 
when the potential difference between the phases 
is such that the concentration of mercurous ions 
in the aqueous phase is not negligible at equilib­
rium.

It will be recognized that at equilibrium the 
concentration of the so-called potential-deter­
mining ion in the non-metallic phase varies with 
the applied potential difference between the phases. 
In an ideal polarized electrode this concentration 
is necessarily extremely small in one of the two 
phases, for if it were not so, a change in the po­
tential difference between the phases would result 
in a finite current flow during the relatively long 
period of time required for the system to attain a 
new state of equilibrium. Since any ion in the 
system might be regarded as a potential-deter­
mining ion, it follows that in an ideal polarized 
electrode the concentration of every charged 
species must be negligibly small in one of the two 
bulk phases. It is this circumstance which makes 
it unnecessary to postulate a barrier impermeable 
to charged particles in an ideal polarized electrode.

From the standpoint of thermodynamics it is 
desirable to define the ideal polarized electrode as

one in which each charged species is present in 
appreciable amounts in only one of the two bulk 
phases. This definition is equivalent to the prac­
tical definition first given. An electrode at equilib­
rium and containing one or more charged com­
ponents at finite concentrations in both phases 
would be classed as a non-polarized electrode. It 
should not be inferred from this nomenclature that 
the electrode is necessarily non-polarizable, how­
ever.

On the Application of the Gibbs’ Adsorption 
Theorem to Systems in which Charged Sub­
stances Are Regarded as Independent Compo- 
ents.—The Gibbs’ adsorption theorem, in its 
original form, applies to systems in which all com­
ponents are regarded as neutral substances. (Any 
actual system may be so regarded, of course, pro­
vided the system as a whole remains electrically 
neutral.) It would appear reasonable to rewrite 
the equation, substituting electrochemical poten­
tials for chemical potentials,4 and to assume that 
the rewritten equation would apply to systems in 
which charged components are regarded as inde­
pendent components. Such an assumption would 
not be strictly correct, however, as we now pro­
ceed to show.

The physical system treated by Gibbs is chosen 
as an internal part of a larger system of the same 
kind in order to eliminate from the discussion 
phase boundaries other than the one specifically 
under consideration. This is an important char­
acteristic of the derivation not easily dispensed 
with if thermodynamic rigor is to be maintained. 
Such a system must remain electrically neutral 
as a result of the fact that any excess charge will 
accumulate on the external surfaces of the con­
ducting system.5 In a system constrained to re­
main electroneutral, the principal charged com­
ponents6 cannot be added or removed independ­
ently of one another. One of these components 
is not an independent component, yet the system 
cannot be regarded as formed from its independent

(4) F o r  an  uncharged  com ponent, th e  electrochem ical po ten tia l 
m ay  be regarded  as iden tical w ith  th e  chem ical po ten tia l.

(5) I t  is d ebatab le  w hether or n o t one m ay  consider infinitesim al 
dev ia tions from  electrical n eu tra lity  in  th e  in te rio r of a  conducting  
system . W e avoid  th is  question, and  a t  the  sam e tim e sim plify  our 
tre a tm e n t, by  res tric ting  th e  allow able varia tions to  those  w hich can  
be carried  o u t w ithou t destroying  th e  electrical n e u tra lity  of th e  
system  as a  whole. Since ac tu a l system s do rem ain  e lectroneu tral, 
th e  app licab ility  of our final equations is n o t th e reb y  im paired .

(6) B y  principal charged com ponents we m ean those substances 
w hich m ust be added  to  m ake up  th e  system  under consideration . 
E lec tro ly tes  w hich dissociate in to  tw o or m ore ionic species we regard  
as m ix tures of these  substances. W ater is regarded  as a  single su b ­
s tance . M eta ls  a re  regarded as m ix tures of ions an d  electrons, each 
of w hich is a  principal com ponent.
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components only. One of the principal charged 
components may be singled out and called a de­
pendent component, yet its presence must be 
taken into account, either explicitly or implicitly, 
in any equation relating to the energy content of 
the system.

In the derivation of the adsorption theorem in 
its original form the chemical potentials enter as a 
substitution for the quantity 'dE/üni where E  is 
the energy of the system (regarded as a function of 
the entropy and the number of moles of the inde­
pendent components) and is the number of 
moles of the component X{. In the particular 
kind of system we are now considering, it is not 
valid to write ~öEfoni =  jü*,7 where Th is the elec­
trochemical potential, because the addition of a 
charged component necessitates the addition or 
removal of another charged component, regarded 
as a dependent component. It is this fact which 
makes it incorrect simply to write for m in the 
Gibbs’ adsorption theorem.

Derivation of the General Equations of Elec­
trocapillarity.—If we choose to regard the elec­
trons of the metallic phase as the dependent 
component whose amount varies with the addition 
or removal of charged components in such a way 
that electrical neutrality is always preserved, we 
may write

b E /'öm  = Jh -j- Zijle (1)

where z,- is the “valence” (including sign) of Xj, 
and Jie is the electrochemical potential of the elec­
trons in the system.

The derivation of the adsorption theorem can be 
carried through in the usual manner without sub­
stituting any new symbol for the quantity 'öE/'öni. 
Then Gibbs’ equation 508 becomes

d , +  SA T  = - £ rid ( g )  (2)

In this equation a is the interfacial tension of the 
interface under consideration, I\- is the excess of 
the component X if in moles per unit area, over 
that which would be present in the system if the 
density of X { in each phase remained constant (at 
its value in the internal parts of the bulk phases) 
right up to a mathematical surface drawn parallel 
to, but not necessarily coincident with, the physi­
cal interface. The physical interface is assumed 
to be effectively plane, by which it is meant that 
its radius of curvature is very large relative to the 
thickness of the region of discontinuity at the

(7) E . A. G uggenheim , “ M odern  T herm odynam ics,” M ethuen and 
Co., London, 1933, p . 133.

interface. Ss is the superficial density of entropy 
(entropy per unit area) defined in a manner analo­
gous to the T’s. T  is the (absolute) temperature. 
The summation is carried out over the c inde­
pendent components. If charged substances are 
regarded as independent components, c will be less 
by one than the number of principal components.

Equation 2 is valid for any two-phase system at 
equilibrium, subject only to the usual limitations 
with regard to gravitational and electric fields, 
strains in solids, etc.la If we agree to adopt the 
conventions appropriate to Eq. 1, we may write

c c
da- +  SsdT  -  -  J^T idm  -  Y^TiZidiïe (3)

It may be noted in passing that this equation 
may be obtained somewhat more readily, if not so 
rigorously, by overlooking the requirement of 
electrical neutrality imposed upon the system by 
its physical arrangement. In that case the ad­
sorption equation would be written

C - f * l

do- +  Ssd T  = - £ 1 * 1  m

where the c +  1 components include the electrons. 
Expanding this equation, and noting that when

c
the system is electrically neutral X)r*£* =  1̂ , we 
obtain

c
do- +  5,d r  =  - ^ r fdw -  r,d£.

c c
= ^ Tt'd̂Ufr y J'jZjdl^e

In these equations, as elsewhere, the subscript e
refers to the electrons.

We may express electrochemical potentials in 
terms of chemical potentials and electrical poten­
tials by the substitution7

dun = dfjii -j- ZiFdcpi (4)

where F is the faraday and d ̂  is the change in 
the electrical potential of the phase in which the 
chemical potential, m;, is reckoned. Equation 4 is 
valid for electrons, as for ions. It is also valid for 
uncharged substances, since for these latter, z\ =
0. Substitution of Èq. 4 into Eq. 3 gives

c c cc
do- +  Ssdr =  - £ r < d w -  £ r - d „ <  -  -

P CL P
F j y \ Z i d ^  +  F j^TiZ idv* +  F j^TiZidv*  (5)

c p c
= — ~  F ^ T i Z i d i ^  — (pa) — X]r **2idju, (6)

In these equations we have divided the summa­
tions containing <p’s into two parts according to the 
phase in which the chemical potential of each
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particular component has been reckoned. The 
symbols a and /3 over the signs of summation 
signify that the summation is to include those in­
dependent components whose chemical potentials 
have been reckoned in the metallic and non- 
metallic phases, respectively, (p* and <pP are the 
electrical potentials of these phases. It will be 
noted that in a system at equilibrium the electro­
chemical potential of every component is the same 
in the two phases, and it will therefore make no 
difference in which phase a component is reckoned. 
But it will usually be more convenient to measure 
the chemical potential in one phase rather than in 
the other, and this consideration will generally 
indicate the phase in which a given component 
may most conveniently be reckoned. Equations 
5 and 6 have been written on the assumption that 
the electrons will be regarded as a component of 
the metallic phase. This is a matter of conven­
ience rather than of thermodynamic necessity.

Equation 6 may be regarded as a general equa­
tion of electrocapillarity. It is applicable to 
polarized and non-polarized electrodes alike. In 
order to apply it more conveniently to ideal polar­
ized electrodes we may define a quantity ^  by 
the equation

p
e0 *  F'Z'TiSt (7)

Because of the electrical neutrality of the system 
as a whole we may write

c
-  Te (8)

Substitution of Eqs. 7 and 8 into Eq. 6 yields the 
simplest form of the general equation, when this is 
to be used in connection with ideal polarized elec­
trodes, as follows

c + l
do- +  SHdT  -  —ePd(<p& -  *>«) (9)

Like Eq. 6, this equation applies to any elec­
trode at equilibrium. It is restricted only by the 
requirement that the physical interface be essen­
tially plane, as defined above. This restriction 
limits the possible variation of <(P — <pa and of the 
ft s to values such that the pressures within the two 
phases are (nearly) equal. Since this is also the 
requirement that the interfacial tension be measur­
able by the usual methods, the equations may be 
applied to any system for which the interfacial 
tension is measurable.8

(8) O ur equations are valid  for a system, in which th e  interface is 
n o t essentially  plane if th e  position of th e  dividing surface, w ith 
reference to  which th e  r*s are  reckoned, is sensibly coincident with 
th e  physical interface. This po in t is discussed in detail by Gibbs, 
ref. la .

It is particularly to be noted that the position 
of the surface of reference, with respect to which 
5S and the F’s are reckoned, is not specified in the 
foregoing treatment but may be taken as any sur­
face parallel to the (essentially plane) interface. 
This makes it possible to set any one of the T’s 
equal to zero, whereby the position of the surface 
of reference is fixed. The component for which T 
is set equal to zero may be called the reference 
component. If it is desired to place the surface of 
reference as nearly coincident with the physical 
interface as possible, the reference component 
must be chosen as that component which may 
most reasonably be assumed not to undergo con­
centration or dilution at the physical interface. 
From the standpoint of thermodynamics alone, it 
is a matter of indifference which component is 
selected as a reference component except in certain 
very unusual cases discussed by Gibbs, ref. la, p. 
234.

In an ideal polarized electrode the value of eö will 
be independent of the position of the surface of 
reference. This results from the fact that every 
charged component is to be found in only one of 
the bulk phases, and since the interior of each 
phase is electrically neutral, the excess of charge 
is uninfluenced by changes in the assumed volume 
of each such neutral phase.

For an ideal polarized electrode the quantity
is nearly identical with what is commonly called 

the surface charge density, but it happens that the 
thermodynamically significant quantity is £  and 
not the surface charge densit} ,̂ as that term is 
commonly understood. For example, it is /  
which is actually measured in experiments which 
purport to measure the surface charge density.9,10 
If physical interfaces are as sharply defined as is 
generally believed, the practical difference between 
these quantities is wholly negligible, but it is im­
portant from the standpoint of thermodynamics to 
realize that the quantities are not identical. The 
differential capacity of an ideal polarized electrode 
is identical with the quantity — <£>").10
Thus it appears that the experimentally observable 
properties of an ideal polarized electrode form a 
self-consistent system independent of any concepts 
relating to the “true” surface charge density. It 
will be noted that the concept of a “true” surface 
charge density is analogous to the concept of a

(9) A. F rum kin , Z. physik. Chem., 103, 55 (1923); L. S t. J . P h ilpo t, 
Phil. M ag., 13, 775 (1932); I. M . B arclay and  J . A. V. B u tle r, 
Trans. Faraday Soc., 36, 128 (1940).

(10) D . C. G raham e, T h is  J o u r n a l , 63, 1207 (1941).
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“true” degree of dissociation of an electrolyte.11
At constant temperature and composition, Eq. 9 

reduces to the familiar Lippmann equation
do- s  —e&d(<pP — <pa) (10)

When the composition of the phases remains con­
stant, d(<ff — <pa) is an experimentally observ­
able quantity. At the potential of the electro­
capillary maximum, ê  =  0.

Equation 9 gives rise to a number of other use­
ful equations related to the electrocapillary prop­
erties of an ideal polarized electrode. These have 
been worked out in detail by Koenig3 from an 
equation substantially identical with our Eq. 9. 
The only change in these further equations which 
our treatment requires is in the manner of inter­
preting ê  and in the location of the surface of 
reference, which latter is arbitrary in our treat­
ment. Since the form of the equations is not 
changed by these considerations, we have not 
thought it necessary to repeat the equations here. 
It should be pointed out to prospective users, how­
ever, that Koenig has defined his T’s and /x’s in 
terms of equivalents rather than in moles.

It is found experimentally that the Lippmann 
equation is sometimes obeyed with considerable 
accuracy even when the system under investiga­
tion is far removed from a state of equilibrium.10 
This circumstance is doubtless to be attributed 
to the fact that the properties of an interface are 
affected chiefly by the composition of the phases 
in the immediate neighborhood of the interface. 
Since this part of the system readily reaches a 
steady state only slightly different from an equilib­
rium state, it is understandable that the observ­
able properties should be essentially those of a 
system at equilibrium.

Application of the General Equation to the 
Non-polarized Electrode.—At constant tempera­
ture, the only variation of a non-polarized elec­
trode consistent with the condition of equilibrium 
is a simultaneous variation of composition and 
<fP — <pa. The most important case of a system of 
this kind is the system formed by a pure metal in 
equilibrium with a solution of one of its simple 
salts (a salt which dissociates into two ionic species 
only). If we let the subscripts 0, + and -  desig­
nate, respectively, quantities related to the sol-

(11) G. N . Lewis an d  M . R an d a ll, “ T herm odynam ics,” M cG raw - 
H ill Book Co., Inc ., N ew  Y ork , N . Y ., 1923, pp . 317-325.

vent, the cation and the anion of the salt, then 
from Eq. 4, by equating djü+ and d

z+Fd{<p& — <pot) =  (11)

The superscripts on the chemical and electro­
chemical potentials designate the phase in which 
the chemical potential of the component is to be 
reckoned. Substitution of Eq. 11 into Eq. 6 gives

do- = -r+djug. -  r_d// -  Todfio + r+dju?. + — r_d̂
^ 2 +  "r

( 12)

=  -  —  r _ d M “  T 0d»o  (1 3 )
2+

The symbol ju, without subscript, denotes the 
chemical potential of the salt, which is equal to 
(z+n- — z-fjL+)/f where ƒ is the largest common fac­
tor of z+ and —z-. In deriving Eq. 12 the cation 
was arbitrarily regarded as a component of the 
non-metallic phase. The same final result would 
have been obtained if it had been regarded as a 
component of the metallic phase. Equation 13 
can also be derived very readily from the Gibbs 
adsorption theorem in its usual form by regard­
ing the metal, the salt and the solvent as the three 
independent components of the system.

It has not been customary in the past to meas­
ure interfacial tensions of non-polarized systems 
under conditions suitable for the application of 
Eq. 13. However, there seems to be no reason 
why such measurements could not be carried out 
with mercury as the metallic phase and aqueous 
mercurous nitrate, for example, as the electrolyte. 
Taking the solvent as the reference component, 
one could readily calculate T— at various concen­
trations of electrolyte, and also, by equation 8, 
z+ r+ — r«. It does not appear to be possible, 
however, to evaluate F+ and Te separately.

Summary

The thermodynamic equations of electrocapil­
larity have been derived with no assumptions other 
than that of equilibrium between the phases. It 
is shown that the interpretation of the equations 
so obtained is slightly different from what had 
previously been supposed. A general electro­
capillary equation has been derived for a non­
polarized electrode, and it is shown how this may 
be applied to experimentally obtainable data.
A m h e r s t , M a s s . R e c e i v e d  D e c e m b e r  6 , 1941
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The Aquo Ammono Phosphoric Acids. III. The N-Substituted Derivatives of 
Phosphoryl and Thiophosphoryl Triamide as Hydrogen Bonding Agents

By L. F. Audrieth and A. D. F. Toy

Introduction
The alkyl and aryl esters of phosphoric acid have 

found extensive application as solvents, and as 
plasticizers for various polymeric substances. 
They are most effective for those polymeric mate­
rials which contain active acceptor atoms, such 
as the polyamides, the phenol-formaldehyde res­
ins, the urea-formaldehyde resins, and the vinyl 
polymers. Hydrogen bonding is considered to 
play a very important role in this particular appli­
cation, for it is assumed that the oxygen atoms in 
the phosphoric acid esters serve as the donof atoms 
in bonding to active hydrogen atoms. Copley, 
Zellhoefer and Marvel1,2 have shown that the 
extraordinary solubility of CH2CI2 in a series of 
phosphoric acid esters, such as ^HsO^PO, 
(C3H70 )3P0, (C4H90 )3P0, (C6H50 )3P0, (o-C6H40- 
CH3)sPO, and (CH30CH2CH20)3P0, may be ex­
plained on the basis of hydrogen bond theory. 
The high heat of mixing of triethyl phosphate 
with chloroform also indicates that loose com­
pound formation through a hydrogen bond occurs.3

The present investigation was undertaken in 
order to determine if the nitrogen analogs of phos­
phoric acid might not also be capable of acting 
as potential hydrogen bonding agents. The N- 
alkyl and N-aryl substituted derivatives of phos­
phoryl triamide, OP(NH2)3, may be looked upon 
as the nitrogen analogs of the esters of phosphoric 
acid. Compounds in which one or two of the 
-OR groups are replaced by an amine radical may 
be regarded as the mixed aquo ammono phos­
phoric acid esters. With this concept in mind, the 
close relationship between the aquo phosphoric 
acid esters and the N-substituted phosphoryl tri­
amides should be evident.

OP(OR)3

Aquo ester

/OR 
OP(—OR 

mSTHR

/OR
OPC-NHR

\NHR
Mixed aquo ammono esters

OP(NHR)3 or OP(NR2)3 
Ammono esters4 1 2 3 4

(1) Copley, Zellhoefer a n d  M arvel, T h is  J o u r n a l , 60,2666 (1938).
(2) Copley, Zellhoefer an d  M arvel, ibid., 60, 2714 (1938).
(3) M arvel, Copley an d  G insberg, ibid., 62, 3109 (1940).
(4) S tric tly  speaking, th e  p a ren t substance, PO (N H 2) 3, is still a 

m ixed aquo  am m ono  phosphoric acid  from  th e  F rank lin  point of 
view.

Theoretically, the ammono phosphoric acid 
esters should be capable of acting as hydrogen 
bonding agents because of the presence of both 
oxygen and nitrogen atoms which may be capable 
of acting as donor atoms. Donor molecules (hy­
drogen bonding agents) have been found to ex­
hibit extraordinarily high solubility in such sol­
vents as chloroform, which contains an acceptor 
hydrogen atom. On the other hand, solubility of 
these same materials in solvents such as carbon 
tetrachloride is considerably less, despite the fact 
that the structures of chloroform and carbon 
tetrachloride are quite similar. This difference 
has been ascribed to the absence of an active 
hydrogen atom in carbon tetrachloride. This 
does not mean that such donor compounds are 
abnormally soluble in all hydrogen containing 
solvents. The hydrogen atom must possess some 
lability. Petroleum ether, for instance, exhibits 
no tendency to act as an acceptor solvent since 
the hydrogen atoms are non-labile. However, 
these considerations should not be taken as abso­
lute criteria since a substance, because of its struc­
ture, may still exhibit considerable solubility or 
insolubility in typical non-polar solvents. Con­
sequently the relation of structure to potential 
hydrogen bonding ability is a factor which should 
not be overlooked. It has already been shown 
by the authors5 that phenyl di-(morpholido)- 
phosphate is extraordinarily soluble in many sol­
vents, including water, while the diphenyl mor- 
pholido-phosphate is insoluble in water, but never­
theless very soluble in organic solvents. In order 
to determine the effect of structure upon hydrogen 
bonding ability, a series of N-substituted phos­
phoryl triamides were prepared and these together 
with related compounds were investigated for 
their solubility in chloroform and in carbon tetra­
chloride. A number of N-substituted thiophos­
phoryl triamides, derivatives of the thio ammono 
phosphoric acid, SP(NH2)3, were also prepared to 
determine specifically the effect of replacing oxy­
gen by sulfur.

In the course of this work standard methods 
for the preparation of N-substituted phosphoryl

(5) A udrie th  and  Toy, T h is  J o u r n a l , 64, 1337 (1942).
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T a b l e  I
T h e  N - S u b s t it u t e d  P h o s p h o r y l  T r i a m id e s

Amii PC>C13 CelIeN R ec ry s ta l­ Yield,
C om pound G ram s M oles G ram s Moles G ram s M oles lized from G. % M . p., °C. Ref.

P O (N H C 6H 5) 3 Aniline 111.7 1 .2 30 .78 0 .2 47 .4 0 .6 75%  E tO H 53 82 211-214; si. dec. 8 
250

PO (N H C 6H ii)8 Cyclohexylam ine 118.8 1 .2 30.78 .2 47 .4 .6 H igh b. pe t. 
e th e r

49 72 245-246 dec. 0

P O (N H C 6H 4C H 3)3 ^-T oluid ine 64 .3 0 .6 15.4 .1 2 3 .7 .3 95%  E tO H 32 00 01 198-199; si. dec. 11 
250

PO (N H C 6H 4C H 3)3 o-Toluidine 64 .3 .6 15.4 .1 23 .7 .3 75%  E tO H 20 55 229-230 dec. 11
PO (N 2H 2C6H5)s Phenylhydrazine 6 4 .8 .6 15.4 .1 23 .7 .3 Abs. E tO H 31 84.3 185-187 dec. 12
P O (N C 4H sO)8 M orpholine 104.4 1 .2 30.78 .2 94 .8 1 .2 CC14 41 67.8 191-192; dec. h 

250
P O (N H C 6H 4OC2H5)3 ^-P henetid ine 82 .2 0 .6 15.4 .1 23 .7 0 .3 75%  E tO H 25.,3 55 .6 172-173; dec. 6 

250
PCKNHCHaCeHsh B enzylam ine 64 .2 .6 15.4 .1 23 .7 .3 65%  E tO H 15 42 .2 98-99; dec. 10 

250

a Calcd. for PO(NHC6Hh)3: C, 63.35; H, 10.63; N, 12.6. Found: C, 63.71; H, 10.79; N, 12.42. 
h Calcd. for PO(NC4H80 )3: C, 47.3; H, 7.87; N, 13.76. Found: C, 47.22; H, 7.95; N, 13.68.

triamides were investigated, but none found to be 
satisfactory. These compounds previously had 
been prepared from phosphoryl chloride and the 
corresponding amines, (a) in the presence of so­
dium hydroxide,6 7 8 (b) by direct reaction in the 
cold and subsequent heating,7,8 and (c) at higher 
temperatures under pressure in a closed tube,9 
or (d) in the presence of diluents.10 The new and 
recommended procedure involves interaction of 
the phosphoryl chloride-pyridine complex with the 
amine in chloroform solution.

Experimental
A. Preparation of N-Substituted Phosphoryl Tri­

amides.—To 15.4 g. (0.1 mole) of phosphoryl chloride
dissolved in 200 ec. of chloroform in a 50u-cc. 3 -neck flask 
there was added slowly with stirring 23.7 g. (0.3 mole) of 
pyridine. The temperature of reaction was maintained at 
0 =*= 1 ° by means of an ice-salt-bath. The addition of the 
first few cc. of pyridine had to be slow since a great deal of 
heat was generated. After this initial reaction the rest of 
the pyridine could be added rapidly (ten minutes). This 
solution was then transferred to a dropping funnel and 
added slowly (thirty to forty minutes) to 0 . 6  mole of amine 
dissolved in 200 cc. of chloroform in a 1-liter 3-neck flask 
cooled to 0 =*= 2° by an ice-salt-bath. The resulting 
product was heated on the steam-bath and refluxed for two 
hours to ensure complete reaction. If, upon cooling, a 
chloroform insoluble amine hydrochloride formed, it was 
removed by filtration and the residue was washed with 
chloroform. The combined filtrates were distilled over a 
steam-bath to remove most of the solvent, the last portions 
having been eliminated by heating over a very low free 
flame at a pressure of 3-4 mm. The residue was washed 
first with dilute hydrochloric acid and then with water 
until the washings gave no chloride test. The desired 
product was then recrystallized from a proper solvent.

(6) A u ten rie th  an d  R udolph, Ber., 33, 2099 (1900).
(7) Schiff, A n n .,  101, 299 (1857).
(8) M ichaelis and  Soden, ibid., 229, 334 (1885).
(9) M ichaelis, ibid., 32$, 256 (1903).
(10) M ichaelis, ibid., 326, 177 (1903).

Any amine hydrochloride residue was also washed with 
water, for in this way an additional quantity of the water 
insoluble product was often recovered. Specific prepara­
tive details are given in Table I.

In the recommended procedure a ratio of POCl3: Amine: 
C5H5N = 1:6:3 was used. In similar reactions pyridine 
acts not only to moderate the reaction, but also serves to 
take up the hydrogen chloride which is formed. If the 
latter function is also served in the present case, then the 
use of six moles amine to one of phosphoryl chloride repre­
sents a needless hundred per cent, excess of amine. An 
experiment was therefore carried out using a POCl3: 
Amine: C5H5N ratio of 1:3:3. The other conditions of the 
reaction were kept identical with those given above. 
Specifically, 15.4 g. (0.1 mole) of phosphoryl chloride, 23.7 
g. (0.3 mole) pyridine, and 28 g. (0.3 mole) of aniline were 
used. The yield of phosphoryl trianilide was 10.5 g. 
(32.3%) as compared to a yield of 82% when a POCl3: 
C6H5NH2: C5H 5N ratio of 1:6:3 was used. This seems 
to indicate that the presence of pyridine serves largely to 
moderate the reaction and not react to take up the hydro­
gen chloride to form pyridine hydrochloride. It should 
also be pointed out that phosphoryl chloride actually 
forms pyridinium complexes13 of the type [POCl2*Py]+Cl_ , 
and that these complexes undergo solvolysis much more 
smoothly than the acid chloride by itself or in some inert 
solvent.

B. Preparation of the N-Substituted Thiophosphoryl 
Triamides.—The method first employed by Michaelis and 
Steinkopf14 was used for the preparation of the N-sub­
stituted thiophosphoryl triamides. The general procedure 
involved the addition of one mole of thiophosphoryl 
chloride to six moles of amine at 5 =*= 5°. The resultant 
mixture was heated on a steam-bath for twelve hours. 
It was then cooled and washed free of amine hydrochloride 
with water. The water insoluble portion was recrystal­
lized from a proper solvent. In the case of the thiophos­
phoryl trimorpholide which is slightly soluble in water, the 
reaction product was extracted with chloroform to separate 
the desired compound from morpholine hydrochloride

(11) R u d ert, Ber., 26, 565 (1893).
(12) M ichaelis an d  O ster, A n n .,  270, 135 (1892).
(13) Boyd and  L adham s, J . Chem. Soc., 215 (1928).
(14) M ichaelis and  Steinkopf, A n n ., 326, 218 (1903).
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T a b l e  II
T h e  N - S u b s t it u t e d  T h i o p h o s p h o r y l  T r i a m id e s  
PS C h  Re-

(0.1 cryst. ,------------------------ -A nalyses, % ----------------------- -
Am ine (0.6 mole) mole) from  Yield, C arbon  H ydrogen N itrogen

C om pound G ram s G ram s E tO H  G ram s %  M. p . ,° C .  Ref. Calcd. F o u n d  Calcd. F ound  Calcd. F ound
P S (N C 6Hio)3 P iperid ine 51 16 .9  95%  2 8 .5  9 0 .5  121-122 14®
P S (N C 4H80 ) 3 M orpholine 52 .2  16 .9  95%  28 .5  89 145.5-146 ® 4 4 .85  4 4 .8 5  7 .5 4  7 .4 6  13.07 13 .08
P S (N H C 6H n )3 C yclohexylam ine 5 9 .4  16 .9  Abs. 32 8 9 .6  1 4 3 .5 -144 .5  b 6 0 .5  60 .4 4  10 .15  10.25 11.74 11 .62

° Stable at 200°, darkens at 250°, but m. p. does not change. b Stable even at 250°.

T a b l e  III
S o l u b i l i t i e s  o f  S o m e  M o r p h o l i n e  D e r i v a t i v e s  a t  25°

C om pound F orm ula  G ./100  g. H zO G ./100  g. CH Cls G ./100 g. CCU

Diphenyl morpholidophosphate (C6H50)2P0 (NC4H80) 0.230 71.9 6.27
Phenyl di-(morpholido)-phosphate C6H5OPO (N C4H80 )2 336.0 138.0 20.80
Phosphoryl trimorpholide PO (N C4HsO) 3
Thiophosphoryl trimorpholide PS(NC4H80)8

T a b l e  IV
S o l u b i l i t i e s  o f  S o m e  N - S u b s t it u t e d  P h o s p h o r y l  a n d  

T h io p h o s p h o r y l  T r i a m id e s  a t  25°
Com pound G ./100  g. CH Cls G ./100 g. CCI4

PO(NHCeH5)3 0.276 0 .0 0 0
PO(p-NHC6H4CH3)3 1 .1 0 .0 0 0
PO(o-NHC6H4CH3)3 1.87 .0 0 0
PO(N2H2C6H5)s 0.064 .0 0 0
PO(p-NHC6H4OC2H6)3 2.05 .0 0 0
PO(NHC6Hh)3 6 8 .1 0 6.05
PO(NHCH2C6H5)3 56.50 0.236
PS(NHC6Hi,)3 28.24 2.25
PS(NC«H10), 99.50 32.97

The chloroform extract was then evaporated and the resi­
due washed with a small quantity of ice-water to remove 
the last traces of morpholine hydrochloride. The N- 
substituted thiophosphoryl triamides are listed in Table II.

C. Solubility Determinations.—The solubilities of all 
compounds in chloroform and carbon tetrachloride at 25° 
were determined. Only in the case of the morpholine de­
rivatives were quantitative solubilities in water also deter­
mined. The solubility data are given in Tables III and IV.

Discussion
The marked differences in the solubility of the 

N-substituted phosphoryl triamides in chloro­
form and in carbon tetrachloride may be ascribed 
to hydrogen bonding. This difference is espe­
cially striking in the case of the morpholine deriva­
tives where not only are there oxygen atoms in 
peripheral positions in the ring, but also nitrogen 
atoms devoid of hydrogen atoms. While the 
derivatives of aniline and of amines of similar 
structure also are much more soluble in chloro­
form than in carbon tetrachloride, the solubility 
in chloroform is low in every case. This low solu­
bility may be due to the fact that the nitrogen is 
located next to a phenyl ring which permits the 
pair of free electrons on the nitrogen to resonate 
with the electrons in the double bonds of the 
phenyl ring. The availability of the nitrogen as

154.6 57.82 0.702
0.322 47.20 1.341

a donor atom is thus decreased. This hypothesis 
is substantiated by the observation that elimina­
tion of resonance (a) by reduction of the ring, as 
in the case of the cyclohexylamine derivatives, and
(b) by separating the nitrogen from the phenyl 
group with a CH2 group, as in the case of the 
benzylamine derivative, brings about a great in­
crease in solubility in chloroform. The presence 
of an ether oxygen atom attached to the ring, as 
in the case of the /^-phenetidine derivative, in­
creases the solubility in chloroform presumably be­
cause the extra oxygen serves as another donor of 
electrons, that is, a point where hydrogen bonding 
may occur. However, this increase is not of the 
same order of magnitude as that observed in the 
case of the morpholine derivatives where the oxy­
gen atom is in the ring. It may be that this differ­
ence is also due to the fact that the electrons in the 
oxygen next to the phenyl ring are in resonance 
with the electrons in the double bonds of the ring.

Our observations demonstrate clearly that the 
oxygen atom connected directly to the phos­
phorus atom also possesses some donor characteris­
tics. The N-substituted thiophosphoryl triamides 
are in every case less soluble in chloroform than 
the corresponding phosphoryl compounds.

Summary
A number of phosphoryl and thiophosphoryl 

triamides have been prepared and their solubilities 
in chloroform, carbon tetrachloride, and water 
have been determined. The solubility data in­
dicate that these substances are good hydrogen 
bonding agents and that the oxygen and the nitro­
gen atoms in these compounds are capable of act­
ing as donor atoms in solvents such as chloroform 
which contains an active hydrogen atom.
U r b a n a , I l l i n o i s  R e c e i v e d  A p r i l  6, 1942
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[C o n t r i b u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m i s t r y  o f  S t a n f o r d  U n i v e r s i t y ]

The Solubility of Propylene Vapor in Water as Affected by Typical Detergents
B y J ames W . M cB ain  and A. M . Soldate

It has been shown1»2 that potassium oleate 
added to water greatly increases the amount of 
hydrocarbon which can dissolve. The solubilized 
hydrocarbons are incorporated in or upon the col­
loidal particles or micelles of the soap, thus lower­
ing the vapor pressure of the hydrocarbon and 
leaving the freezing point of the soap solution un­
affected.

These observations are now extended to a series 
of typical detergents, surface active agents, and 
other substances in order to determine whether 
such solubilization always occurs with detergents, 
and to contrast it with the effects of salts and 
mixed solvents. The result is to show that all the 
detergents tested exhibit this property, whereas 
salts such as a carbonate, pyrophosphate, or a 
Calgon do not; and much larger quantities of an 
organic solvent must be added to produce a com­
parable effect.

Experimental
Propylene was used in all experiments follow­

ing the procedure already described.1 Although 
evacuation was carried out in each case for half 
an hour in a Cenco Hyvac pump, the evacuation 
was necessarily incomplete.3 All data refer to 
solutions at 25°.

Since it was not always convenient to arrange 
for the same equilibrium pressure, it was assumed 
that Henry’s law could be used within the range 
500 to 700 mm. pressure. Hence all the data are 
expressed in terms of grams of propylene dissolved 
per gram of water per mm. pressure for this range.

The Data
The observations are collected in Table I, which 

gives the amount of detergent, salt, or other sub­
stance added expressed as per cent, (meaning, 
however, grams per 100 cc. of solvent), and the 
values of x /m , multiplied by 105, and a comment 
as to the effect noted.

Discussion
The chief result is to show that all the deter­

gents exhibit solubilizing action for propylene in 
water, as well as for otherwise insoluble dye.

(1) J . W . M cB ain  and  J . J .  O ’Connor, T h is  J o u r n a l , 63, 875
(1941).

(2) J . W . M cB ain  an d  J . J . O’C onnor, ibid., 6 2 ,2855-59  (1940).
(3) J . W . M cB ain  and  M . T aylor, Z. physik. Chem., 7 6 , 179 (1911).

T a b l e  I
T h e  S o l u b i l i t y  o f  P r o p y l e n e  i n  A q u e o u s  S o l u t io n s " a t  
25° i n  G r a m s  X 10~5 o f  P r o p y l e n e  p e r  G r a m  o f  W a t e r  

p e r  Mm. P r e s s u r e  f o r  t h e  R a n g e  500-700 Mm.
Solution M ean Effect

W ater only 3 .5 , 3 .4 ,  3 .4 , 3 .3 3 .4 s tandard
15% potassium  oleate 18.7 great
12% po tassium  oleate 14 .3 , 1 5 .6 ,1 4 .8 14.9 great
9%  po tassium  oleate 12 .5 great
1 % po tassium  oleate 3 .4 , 3 .3 , 3 .5 , 3 .9 , 3 .9 3 .7 slight

15% pure  T ergito l 4 13 .6 great
1 .5 %  Aerosol O T 7 .5 fair

1% Aerosol O T 3 .9 , 3 .0 , 3 .3 , 3 .2 , 3 .4 3 .4 none
15% Aerosol M A  11 .2 , 10 .8 11.0 good
15% M ix ture; 1 p t. OT, 4 p ts . M A  9 .8 ,1 0 .4 10.1 good
15% Aerosol AY  7 .7 , 8 .0 ,1 0 .9 8 .9 good

1 % Aerosol AY  2 .8 , 3 .1 3 .0 none?
15% Aerosol IB  5 .5 , 5 .8 5 .7 fair
10% Aerosol IB  4 .9 ,  4 .3 4 .6 fair
15% Aerosol OS 7 .0 , 7 .1 7 .1 fair
15% sodium  deoxycholate 6 .1 fair
15% sodium  dehydrocho late 0 .8 salts out!
15% A quasol A R  (T urkey  R ed  Oil) 14 .4 grea t
15% Igepon A (thixotropic) 7 .6 ,7 .8 7 .7 fair
15% of 95%  T rito n  N E 11.3 good
15% of 90%  A lronal 11 .5 , 13 .3 12 .4 good
25% T rito n  K  60 32 .6 great
15% po tassium  novenate 11.2 good
10% N acconol N R 9 .2 good
10% Sapam ine K W 5 .4 fair
15% diethy lcarb ito l 3 .7 slight
0 .4 %  Calgon 3 .6 , 3 .6 , 4 .1 3 .8 none?
2%  Calgon 3 .3 none
5%  Calgon 3 .8 none
12% K O I -1- 0 .2 %  Calgon 14.6 Calgon none
12% K O I +  3%  Calgon 15.2 Calgon none
5%  K 2CO3 3 .0 negative
0 .5 %  K 2CO3 3 .5 none?
12% K O I +  5%  K 2CO3 15.9 K 2CO3 slight
12% K O I +  0 .2 %  K 2CO3 14.1 K 2CO3 slight
12% K O I + 2 %  te tra sod ium  py rophosphate  

12% K O I +  5%  te tra so d iu m  p yrophosphate

14.5 phosphate
none

phosphate
1 5 .0 ,1 6 .1 15.6 none

° For a description of the active agent in materials here 
designated only by trade names, see Ind. Eng. Chem., 31, 
66 (1939); 33, 16, 740 (1941).

This is strikingly emphasized by the contrasting 
behavior between the detergent, sodium deoxy- 
cholate, and the closely similar non-detergent, so­
dium dehydrocholate. Whereas the former 
doubled the solubility of propylene in water, the 
latter salts out three-quarters of what would 
otherwise dissolve in the water alone. Frazer, 
Stewart and Schulman have stated4 that bile salts 
form no complexes with paraffin, but this is 
evidently not true in solution; therefore, the 
solubilized paraffin may be of some significance 
in experiments on digestive processes.

(4) F razer, S tew art an d  Schulm an, N ature , 149, 167 (1942).
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Salts, as such, have a definite salting out effect, 
although the present method is usually too insen­
sitive to show the influence of only a few per cent, 
of either salt or detergent. A small amount of 
electrolyte may have an enormous effect upon the 
viscosity of such a detergent as potassium oleate 
without altering its solubilizing power very notice­
ably. 15% detergent usually increases the solu­
bility many fold, the highest value in Table I be­
ing 18.7 for potassium oleate. Even this is only 
a small fraction of the amount of propylene which 
would dissolve in equal weight of a similar pure 
organic solvent.

In contradistinction to the detergents, the 
addition of 15% of a good organic solvent has a 
comparatively negligible result. Thus 15% di­
ethyl carbitol increases the solubility of propylene 
by only 10% of that of water alone. This again 
illustrates the difference between solubilizing by 
detergents which can be appreciable with only a

few tenths of a per cent., whereas in hydrotropy 
with the addition of a good miscible solvent, very 
high concentrations are required to get a com­
parable result. The difference is that in the 
mixed solvent the added molecules are separate 
and are submerged in the excess of first solvent 
whereas with the detergent or colloidal electrolyte 
the solute is segregated in colloidal particles, 
which themselves incorporate the solubilized 
material.

Summary
A further study of the effect of added sub­

stances upon the solubility of propylene in water 
is to show that all the detergents tested greatly 
increase the amount of propylene dissolved, in 
spite of any salting out action which they may 
otherwise possess. This solubilizing effect is 
shown by anion active, cation active, and non- 
electrolytic detergents.
S t a n f o r d  U n i v e r s i t y , C a l i f . R e c e i v e d  M a r c h  20,1942

[C o n t r i b u t i o n  f r o m  t h e  P o l y t e c h n ic  I n s t i t u t e  o f  B r o o k l y n  ]

The Effect of Temperature and Solvent Type on the Intrinsic Viscosity of High
Polymer Solutions

B y T . Alfr ey , A. B artovics and H . M a r k 1

According to hydrodynamics, the specific viscos­
ity of a Newtonian liquid containing a small 
amount of dissolved material should depend in 
first approximation only upon the volume concen­
tration and the shapes of the suspended particles. 
By suitable application of such hydrodynamical 
considerations to solutions of long chain mole­
cules, it is possible in a rough fashion to derive the 
Staudinger-Kraemer equation, denoting propor­
tionality between specific or intrinsic viscosity and 
molecular weight. It is an experimental fact, how­
ever, that the proportionality constant, K m, is 
dependent not only upon the type of polymer con­
cerned, but also upon the temperature and the 
nature of the solvent. Even in the dilute range, 
where specific viscosity is linear with concentra­
tion, these variations are often quite considerable. 
This paper tries to treat such variations in a sys­
tematic fashion, and to advance for them an ex­
planation which is based upon changes in the 
average geometrical shape of the particles. A re­
lationship between intermolecular and intra-

(1) This paper was presented in October, 1941, at the meeting 
of the Society of Rheology in New York City.

molecular agglomeration tendency is presented.
Theoretical Considerations.—According to 

Burk,la Eyring,2 Flory,3 Guth,4 Huggins,5 Kuhn,6 
Mark,7 and Meyer,8 a long chain hydrocarbon 
molecule in solution takes on a somewhat kinked 
or curled shape, intermediate between a tightly 
rolled up mass and the rigid linear configuration 
assumed by Staudinger.9 Presumably all possible 
degrees of curling are represented, owing to the 
internal Brownian movement of the flexible chains, 
but the configurations of intermediate extension 
predominate statistically. The average or effec-

(la ) R . E . B u rk  an d  L . L askow sky, J .  Chem. P h ys ., 7, 465 (1939).
(2) H . E yring , R . E . Pow ell an d  W . E . R oseveare, T h is  J o u r n a l , 

60, 3113 (1940); I n d . Eng. C hem .,ZZ , 430 (1941).
(3) P . J .  F lo ry , T h is  J o u r n a l , 61, 3334 (1939); 62, 1057 (1940).
(4) E . G u th  an d  H . M ark , M onatsh., 65, 94 (1934); E . G u th  an d  

H . M . Jam es, In d . E ng. Chem., 33, 624 (1941).
(5) M . L . H uggins, J .  Phys. Chem., 42, 911 (1938); 43, 439 (1939);

J . A pp l. P hys., 10, 700 (1939).
(6) W . K u h n , R oll. Z . ,  68, 2 (1934); 7 6 ,2 5 8  (1936); 8 7 ,3  (1939); 

Z. physik. Chem., A161, 427 (1932).
(7) H . M ark  an d  E . V alko, Kautschuk, 6, 210 (1930); H . M ark , 

Koll. Z ., 53, 32 (1930).
(8) K . H . M eyer, G. V. Susich and  E . Valko, ib id ., 59, 208 (1932);

K . H . M eyer, ibid ., 95, 70 (1941).
(9) H . S taud inger and  collaborators, Ber., 68, 707 (1935); ib id ., 

70, 1565 (1937); M elleand, 18, 681 (1937); 20, 693 (1939).
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tive value of any shape-dependent molecular 
property (such as hydrodynamical influences) 
may be obtained by summing this property over 
all configurational states, after each state has been 
given a proper weight factor. If the long chain 
molecule is surrounded by a continuous, energeti­
cally indifferent solvent, then the weight factor for 
a particular configuration is determined only by 
internal parameters—potential energy function 
for restricted rotation, prohibition of segment in­
terpenetration, etc. The mean value of any molec­
ular property in such ani ndifferent (and perhaps 
hypothetical) solvent might be called the ‘‘un­
biased'' statistical mean for the property.

If the solvent is energetically unfavorable, so 
that the dissolving of the high polymer is an endo­
thermic process, then the polymer segments will 
attract each other in solution and squeeze out the 
solvent between them. The curling forces in 
such a case will be similar to those postulated in 
the Mack10 theory of rubber elasticity. Those 
molecular configurations which involve many con­
tacts of the molecule with itself will be weighted 
more heavily than in an indifferent solvent, and 
the mean value of any molecular property will 
represent a more curled and contracted shape than 
the unbiased mean. On the other hand, if a sol­
vent is energetically more favorable than the in­
different solvent as previously defined, then in 
solution the long chain molecule will be sur­
rounded by a solvated hull which tends to prevent 
polymer-polymer contacts. Uncurled configura­
tions will be favored, and the mean value of any 
property will represent a more extended shape 
than the unbiased mean. Since an extended or un­
curled configuration is associated with a high in­
trinsic viscosity, and vice versa, the first predic­
tion as to effect of solvent type upon viscosity is 
the following.

Other conditions being equal, a given high poly­
meric material made up of flexible molecules will 
exhibit a high intrinsic viscosity in an energetically 
favorable solvent, and a low intrinsic viscosity in 
an energetically unfavorable solvent. This of 
course holds only for very diluted systems. At 
higher concentrations (around or above 5% by 
weight) an energetically unfavorable solvent will 
favor polymer-polymer contacts between different 
chains and hence lead to the danger of gelation, 
while an energetically favorable solvent will stand 
a higher concentration of the polymer and yet give

(10) E. M ack, / .  Phys. Chem., 41, 221 (1937).

a fluid, stable solution. Solvents are often classi­
fied as “good" or “bad" on the basis of the vis­
cosity of concentrated solutions.

If a good solvent is mixed with a precipitating 
agent, the resulting mixture can be expected to be 
energetically less favorable to a long chain mole­
cule than is the pure solvent. A dilute solution of 
high polymer in a solvent-non-solvent mixture 
should, therefore, exhibit a lower intrinsic viscosity 
than a solution of the same polymer in the pure 
solvent. It will be shown that a series of high 
polymer solutions of given polymer concentration, 
in mixtures of increasing non-solvent content, 
shows a regular decrease in specific viscosity until 
the precipitation point is reached.

We have interpreted variations in the intrinsic 
viscosity of a given high polymeric material as being 
due to changes in the degree of intramolecular 
agglomeration. If this interpretation is correct, 
there should be also a close connection between 
the intrinsic viscosity of a high polymer solution 
and the degree of intermolecular agglomeration. 
Exactly the same solvent characteristics which 
determine the mean geometrical properties of an 
isolated long chain molecule should also determine 
the amount of association of different solute mole­
cules into aggregates. When a non-solvent is 
added to a high polymer solution, the point at 
which precipitation begins represents a certain 
definite agglomeration tendency for chain seg­
ments of different molecules. To a first approxi­
mation, therefore, it should represent a certain 
definite mean value for any shape-dependent in­
ternal property. That solvent composition which 
is critical from the standpoint of solubility should 
correspond to a certain intrinsic viscosity, no 
matter what the solvent and what the non-solvent. 
One would therefore conclude the following: The 
intrinsic viscosities of a series of solutions of a 
given polymer in solvent-non-solvent mixtures of 
increasing non-solvent content, should decrease to 
a final value at the limit of solubility. This final 
value should be in first approximation the same in 
all solvent-non-solvent systems.

All of these effects should be more pronounced 
for polymer molecules of high flexibility than for 
more rigid chains. A paraffin chain should exhibit 
greater shape changes than a cellulose derivative.

The effect of temperature upon intrinsic viscos­
ity should depend strongly upon the nature of the 
solvent. In a poor solvent, the effective molecular 
shape is more compact and curled than the un­
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biased statistical mean. An increase of tempera­
ture should increase the relative importance of 
entropy factors over energetic factors, and result 
in an uncurling of the molecule. In such a solvent, 
a temperature increase should result in an increase 
of intrinsic viscosity. In a very good solvent, the 
energetic weighting factors favor the more ex­
tended configurations; here a temperature increase 
should result in a downward approach to the un­
biased statistical mean shape. In a very good 
solvent, therefore, a temperature increase should 
cause a decrease in intrinsic viscosity. There 
should be an intermediate case in which the in­
trinsic viscosity is independent of temperature 
over a limited range.

The above use of the “unbiased statistical 
mean" as the shape which is approached as the 
temperature increases is an oversimplification, 
since this value itself includes energetic weighting 
factors, arising from the internal potentials of the 
molecule. If we consider only the forces which 
depend upon the solvent, we can make the pre­
diction: In a very good solvent, the intrinsic 
viscosity of a dilute solution of a flexible polymer 
should decrease with temperature; in a poor sol­
vent, it should increase.

Experimental
Polystyrene, rubber, and cellulose acetate were 

used in this investigation. The polystyrene had a 
weight average molecular weight of 165,000, cal­
culated from viscosity data and using a K m value 
of 1.1 X 10“4. The rubber was smoked crepe, 
with a weight average molecular weight of 223,000, 
based upon a K m value of 2.7 X 10-4. The cellu­
lose acetate was a fraction with a molecular 
weight of 35,000, which had been obtained by 
Harris and Sookne from a sample of commercial 
cellulose acetate having a weight average mole­
cular weight around 90,000.

Solutions of polystyrene at a concentration of
0.2% by volume in the following solvent-non­
solvent systems were investigated: Methyl ethyl- 
ketone-methanol, toluene-acetone, toluene-meth­
anol, toluene-isoamyl alcohol. Figure 1 shows 
the variation of specific viscosity with non-solvent 
content. In each case, the specific viscosity de­
creases as the mixed solvent becomes less favorable 
until the coagulation point is reached. For all the 
solvent-non-solvent systems investigated, the 
specific viscosity at the solubility limit is in the 
same range.

Fig. 1.—Variation of specific viscosity of 0.2% poly­
styrene solutions with non-solvent content: (1) methyl
ethyl ketone-methanol; (2) toluene-methanol; (3) 
toluene-isoamyl alcohol; (4) toluene-acetone.

Solutions of rubber at a concentration of
0.0468% by volume in the following solvent- 
non-solvent systems were investigated: toluene- 
methanol, toluene-acetone, carbon tetrachloride- 
methanol, carbon tetrachloride-acetone. Figure 
2 shows the variation of specific viscosity of these 
solutions with composition of the mixed solvent. 
Rubber behaves in the same general way as poly­
styrene.

Vol. % non-solvent.
Fig. 2.—Variation of specific viscosity of 0.0468% rubber 

solutions with non-solvent content: (1) carbon tetra­
chloride-methanol; (2) carbon tetrachloride-acetone; 
(3) toluene-methanol; (4) toluene-acetone.

Solutions of cellulose acetate at 0.2% by volume 
in the following solvent-non-solvent systems were 
investigated: methylcellosolve-methanol, ace­
tone-methanol, acetone-toluene. The specific 
viscosities of all solutions were about 0.33. The 
nature of the solvent medium apparently had no 
marked effect upon the shape of the cellulose 
acetate molecule in solution. It is to be expected 
that the cellulose chain is much less flexible than 
the rubber and polystyrene molecules.

Effect of Temperature.—Viscosities of many 
of the solutions were determined at two different 
temperatures, 25 and 60°. Table I shows the 
relation between the specific viscosity at 60°
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Fig. 3.—Relation between 7jap/c and c for polystyrene 
solutions: (1) toluene, 20°; (2) toluene, 80°; (3) 20%
methanol, 80% toluene, 20°; (4) 20% methanol, 80%
toluene, 60°.

and that at 25°, as a function of solvent composi­
tion, for several systems. In the pure solvents, 
specific viscosity decreases with temperature, while 
in the mixtures containing much non-solvent, spe­
cific viscosity increases with temperature.

T a b l e  I

rjBp a s  a  F u n c t i o n  o f  T e m p e r a t u r e

T em peratu re , °C.
Sam ple 25 60

Rubber in
Toluene 0.390 0.373
Carbon tetrachloride .466 .430
Toluene-14 % methanol .205 .243

Polystyrene in
Toluene .370 .350
Toluene-10% methanol .320 .317
Toluene-20 % methanol .160 .185
Toluene-10% amyl alcohol .336 .340
Toluene-33 % amyl alcohol .170 .210

Effect of Concentration.—-The effect of con­
centration on specific viscosity (in the dilute 
range) was investigated in both “good” and 
“poor” solvents, and at different temperatures. 
A sharp molecular weight fraction of polystyrene 
(mol. wt. 730,000) was used in this part of the 
investigation.

If rjsp is given by a power series in concentra­
tion, there will be a range in which all terms but 
the first can be neglected (rjsp =  ac). Experiment­
ally this range turns out to be very small in the 
case of a high molecular weight sample. Devia­
tions from the simple linear relation are found at 
concentrations well below 0.05% by volume. For 
a somewhat wider range, the first two terms will 
serve to give the viscosity (rjsp =  ac +  be2). Ex­
perimentally, this range proves to be fairly wide,

even for high molecular weight samples. When 
Vsp/c is plotted against c, the slope of the straight 
line gives the second coefficient, b, and the ordinate 
intercept gives the first coefficient, a. In Fig. 3, 
(yi$p/c) is plotted against c for polystyrene in 
toluene, and in a mixture of 80% toluene and 20% 
methanol. In this way is seen the effect of tem­
perature and solvent type upon both virial co­
efficients. The presence of the non-solvent not 
only reduces the linear coefficient (which reflects 
the shape of individual molecules), but also re­
duces to an even greater degree the second co­
efficient (which is determined by the degree of 
interaction among different molecules).

An increase in temperature shifts the whole curve 
downward in the case of toluene, and upward in 
the case of the toluene-methanol mixture. In the 
toluene-methanol mixture, the interaction term, b, 
is least important at the lowest temperature.

It may be significant that Flory11 has reported 
a similar situation in regard to the osmotic pres­
sure-concentration relationship for high polymer 
solutions. The osmotic pressure is more nearly 
linear with concentration in “poor” solvents than 
in “good” solvents.

Summary
1. The specific viscosity of a dilute solution of 

polystyrene or rubber is strongly dependent upon 
the nature of the solvent; the specific viscosity 
is high in a good solvent, and low in a poor solvent 
or a solvent-non-solvent mixture. This has been 
interpreted as being due to changes in mean 
molecular shape. The specific viscosities of cellu­
lose acetate solutions are not so sensitive to the 
nature of the solvent.

2. The extrapolated specific viscosity at the 
limit of solubility is in the same range for several 
different solvent-non-solvent systems.

3. The effect of a temperature increase is to 
lower the specific viscosity of rubber or polystyrene 
solutions in a good solvent, but to increase the 
specific viscosity in a mixture of solvent and non­
solvent.

4. The specific viscosity of a dilute polystyrene
solution is more nearly linear with concentration 
in a toluene-methanol mixture than in pure meth­
anol. The quadratic term b in the equation (rjsp =  
ac +  be2) is reduced relatively more than the linear 
term a by the presence of the non-solvent. 
B r o o k l y n , N. Y. R e c e i v e d  A p r i l  1, 1942

(11) P . J . F lo ry , J .  Chem. P hys., 10, 51 (1942).
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Oxidation Processes. XIV.1 The Effect of Silver on the Autoxidation of Some
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The Ostwald-Abegg theory2 of photographic de­
velopment suggested that the developing agent 
reduces silver ions which are in solution. The 
silver ions may be added to the developer (physi­
cal development) or may come from the silver 
halide of the emulsion which dissolves as develop­
ment proceeds (chemical development). The 
reduction comes to a standstill, for thermody­
namic reasons, wherever a certain supersaturation 
of the silver atoms is reached in the emulsion. 
Silver specks, however, which are formed by the 
exposure of the silver halide to light act as crystal­
lization nuclei. In their neighborhood the super­
saturation is broken and the reduction continues. 
This theory obviously applies only to developers 
which form reversible oxidation-reduction sys­
tems and fails to explain the action of the common 
organic, sulfite-containing, developers. Piper3 
suggested a catalytic action of the latent image 
on the reduction process itself, and Sheppard,4 
and Volmer5 explained the mechanism of this 
catalysis. Sheppard studied the effect of certain 
compounds on the induction period of develop­
ment and suggested that the developing agent 
forms a complex with the silver halide which, in 
the presence of metallic silver, decomposes into 
silver and the oxidized developing agent. Volmer 
passed air through N  carbonate alkaline solutions 
of a number of developing agents and found that 
the resulting discoloration was accelerated by the 
addition of colloidal silver. His results are shown 
in Table I. The figures state the number of sec­
onds after which solutions without silver and solu­
tions which contained 0.5 g. of colloidal silver 
in 5 ml. had about identical colors.

Taking the formation of color as a measure of 
the oxidation and drawing the analogy between 
oxidation by air and by silver ion, Volmer sug­
gested that a similar catalysis is essential in

(1) P a r t  X I I I ,  Jam es an d  W eissberger, T h is  J o ur n a l , 61, 442 
(1939).

(2) O stwald, “ L ehrbuch d e r allgem einen Chem ie,”  2nd E d ., 
(1893), I I ,  1, p. 1078; Abegg, A rch , fü r  w iss . Phot., 1, 15, 109 
(1899).

(3) Piper, B rit. J .  o f  P h ot., 65, 195 (1908).
(4) Sheppard , Ph ot. Jou rn a l, 69, 135 (1919); Sheppard and 

M eyer, T h is  J o u r n a l , 42 , 689 (1920).
(5) Volmer, Z. w iss . P h o t., 20, 189 (1921); Phot. K orr., 58, 226 

(1921).

photographic development. Such a catalysis 
would, like the quinone catalysis,6,7»8 affect the 
reactivity of the developing agent directly. It 
would be unspecific with respect to the oxidizing 
agent, while the mechanism suggested by Shep­
pard4 is specific for the reduction of metal salts. 
Likewise specific for metal ions is the mechanism 
suggested by James,9 according to which the re­
duction of the silver ions is accelerated when the 
latter are deformed through adsorption to silver 
or because they are located at the interface of silver 
and silver halide. To complete this brief account10 
it may be mentioned that the unexposed grains 
are, according to Sheppard,11 protected by an ad­
sorption layer of gelatin which becomes permeable 
for the developing agents when silver nuclei are 
formed in the exposure. According to Schwarz 
and Urbach,12 the protection of the unexposed 
grains of the common emulsions against reduction 
consists in an adsorbed electrical barrier. This is, 
according to James, the more effective the higher 
the charge of the active species of the developing 
agent, while it does not function against neutral 
molecules of the ^-phenylenediamine type.

In view of their importance for the theory of 
development, Volmer’s experiments were repeated 
with a volumetric control of the oxygen absorp­
tion. This appeared advisable because a change 
in the rapidity of discoloration of a developer 
through the addition of colloidal silver may or 
may not indicate that the silver affects the autoxi­
dation itself, i. e.f the reaction of the developing 
agent with oxygen. The formation of the colored 
reaction products takes place in later phases of 
the reaction, and it may well be that the silver 
accelerates the discoloration without speeding up 
the autoxidation proper. Moreover, it may be 
questioned whether the effect recorded by Volmer 
is big enough to be significant for photographic

(6) Jam es an d  W eissberger, T h is  J o u r n a l , 60, 98 (1938).
(7) Jam es, Snell an d  W eissberger, ib id ., 60, 2084 (1938).
(8) K ornfeld  an d  W eissberger, ib id ., 61, 360 (1939).
(9) Jam es, ib id ., 62, 536, 1649, 1654 (1940); J .  P h ys . C hem ., 43, 

701 (1939); ib id ., 45, 223 (1941).
(10) F o r  de ta iled  inform ation  see C. E . K . M ees, “ T h e  T h eo ry  of 

th e  P ho tograph ic  Process,” T he  M acm illan Co., N ew  Y ork , N . Y .
(11) S heppard , P h ot. Jou rn a l, 69, 330 (1929).
(12) Schw arz an d  U rbach, Z . w iss . P h ot., 31, 77 (1932); Schw arz, 

Phot. K o rr ., 69, Suppl. No. 5, 27 (1933).
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T a b l e  I

V o l m e r ’s  R e s u l t s ®
Pyrocatecho l M eto l H ydroquinone G lycine ^-A m inophenol Amidol^ Eikonogen

With silver 60 30 40 30 20 30 30
Without silver 160 60 100 80 120 140 60
® Metol = N-methyl-^-aminophenol; Glycine = N-/>-hydroxyphenylaminoacetic acid; Amidol = 3,4-Diaminophenol; 

Eikonogen = l-Amino-2-hydroxynaphthalene-6-sulfonate. 
b Aqueous solution without addition of carbonate.

development, unless the size of the observed catal­
ysis was depressed by the experimental technique 
used.

Materials1211 and Methods
Hydroquinone was recrystallized from water; catechol 

from benzene.
^-Aminophenol was sublimed in a high vacuum (0.003- 

0.004 mm.); m. p. 189°. p-Aminophenol oxalate was re­
crystallized twice from water, containing about 1% of 
oxalic acid, decolorizing with Nuchar. The filtered crys­
tals were washed with water, alcohol, and ether; m. p. 224° 
dec. ^-Methylaminophenol was precipitated from a con­
centrated aqueous solution of the sulfate by sodium 
carbonate, filtered and dried. I t  was then distilled in 
vacuo [140° (3 mm.)], recrystallized twice from benzene 
and washed with petroleum ether; m. p. 86-87°. p- 
Methylaminophenol sulfate was recrystallized from 
slightly acidulated water. No difference was found in the 
autoxidation between the free bases and the salts.

^-Hydroxyphenylaminoacetic acid (photographic glycin) 
was dissolved in aqueous carbonate, filtered from insoluble 
impurities, precipitated with acetic acid and washed with 
water and alcohol. ^-Phenylenediamine was distilled in 
vacuo and kept as a solid cake, m. p. 140-141 °, the surface 
of which was discarded in taking samples for measurements. 
^-Aminodimethylaniline sulfate was precipitated from an 
alcoholic solution of the freshly distilled free base with the 
theoretical amount of sulfuric acid, recrystallized from

Minutes.
Fig. 1.—2 millimoles of hydroquinone in 50 ml. of 0.1 N  

barbital buffer, pH 8.06, with various shaking rates in 
oscillations per minute: O, 330 o.p.m.; A, 300; # , 270; 
□, 240; -h  210; X, 195; V, 180.

(12a) F o r th e  p reparations we a re  in d eb ted  to  M r. E . C, A rm strong 
an d  D r. John M . Snellt.

50% methyl alcohol, and washed with methyl alcohol and 
ether. 2,4-Diaminophenol sulfate (amidol) was precipi­
tated from an aqueous solution of the hydrochloride by 
sulfuric acid, recrystallized from water containing about 
1% of sulfuric acid and washed with water, alcohol and 
ether.

The silver was prepared by reduction of silver nitrate 
with formaldehyde as described by Volmer.5

The buffers were made up with potassium phosphate, 
carbonate, borate, diethyl barbiturate, or hydroxide. 
Twenty-five milliliters of 0.2 molar standard solutions 
was adjusted to the desired pH by addition of nitric acid 
or potassium hydroxide. The type of buffer and the pH 
are indicated with the experimental results. The hydro­
gen-ion concentrations were measured with a glass elec­
trode. For solutions of a pH above 9 a special electrode12b 
was used to reduce errors caused by cations. These were 
further diminished by using potassium salts exclusively. 
The measurements were made on duplicates of the solu­
tions actually oxidized.

The apparatus for measuring the reaction rates was that 
described in the preceding papers of this series.13 The re­
actions were run at 20.0 =*= 0.02 °, the volumes given for the 
oxygen absorptions were measured over water at this tem­
perature and reduced to 760 mm.; the G. M. V. for these 
conditions is 24.6 1. Before the start of the reaction, the 
buffer was in the bottom part of the reaction vessel, the 
developing agent in slightly acidulated solution in the top 
chamber. The silver was added to the buffer, and, in the 
experiments in presence of halogen ion, this was also added 
to the buffer. In the experiments with addition of per­
manganate, the vessel with two top chambers6 was used.

Results and Discussions
A critical factor in autoxidations of high velocity 

is the supply of oxygen to the reaction mixtures. 
Unless this is fast enough to maintain a constant 
oxygen concentration in the solutions, it may be­
come the limiting factor of the oxygen absorp­
tion. The capacity of an apparatus similar to the 
one used at present was tested by Weissberger, 
Mainz and Strasser13 in the autoxidation of ben­
zoin. With this reaction no observations were 
made in the very beginning of the absorption, and 
it appeared desirable to characterize the capacity 
of the present apparatus more completely. This 
is done in the experiments recorded in Fig. 1. At 
shaking rates of 270 oscillations per minute and

(12b) N a tio n a l T echnical L aboratories, Berkeley, California.
(13) W eissberger, Main?? and  Strasser, <52, 1942 (1929),
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higher, and absorption rates of 1 ml. per minute 
and lower, equilibrium between the gaseous (oxy­
gen) and liquid phases is established. The critical 
shaking rates are somewhat higher with the new 
than with the old apparatus. Most likely the 
difference is due to the fact that in the older ap­
paratus vigorous splashing of the solutions oc­
curred at lower rates than in the new one. For 
reactions of high rates, the shaking mechanisms 
should cause jerky, rather than smooth, move­
ments. In the experiments described in this 
paper, shaking rates of 280 o. p. m. were main­
tained. Hence, it will demonstrate a catalytic 
effect if the addition of silver raises the rate of 
the oxygen absorption from values up to 1 ml./ 
min. to higher values. Rates, however, which are 
higher than 1 ml. oxygen/min. will suffer a depres­
sion by a lack of saturation of the liquid phase 
which is the more serious the higher the rate.

An insufficient saturation of the liquid phase 
with oxygen appears to be responsible for results 
published recently by Green and Branch.14 These 
authors claim that the rate of the autoxidation of 
hydroquinone is proportional to the 3/2 power 
of the hydroxyl-ion concentration, and, on the 
basis of this result, draw conclusions about the 
mechanism of the reaction. The same rate law 
had been found by LaMer and Rideal,15 while it 
is contradicted by the results of Euler and Bru- 
nius16 and of Reinders and Dingemans,17 who 
found that the autoxidation rate is proportional 
to the square of the hydroxyl-ion concentration. 
James, Snell and Weissberger7 have confirmed 
this quadratic dependency. Green and Branch 
worked with solutions containing about 10 m. 
mole of hydroquinone and observed only the 
beginning of the autoxidation over a range where 
the uptake of oxygen per minute could be treated 
as constant. Plotting log (ml. 0 2/min.) against 
pH, they obtained a straight line with the slope 
3/2. James, Snell and Weissberger, using 0.5 m. 
mole of hydroquinone for each run, followed the 
course of the oxygen absorption until it had slowed 
down considerably. They calculated the rate con­
stants according to the first-order law, using as final 
volume absorbed the theoretical one of the reaction

C6H4(OH)2 +  Oo----> CeHUOo -f H2O2

When the logarithm of the rate constant was 
plotted against pH, a linear dependency was ob-

(14) G reen an d  B ranch, T h is  J o u r n a l , 63, 3441 (1941).
(15) L aM er an d  R ideal, ibid., 46, 223 (1924).
(16) E u ler and  B runius, Z . physik. Chemie, 139, 615 (1928).
(17) R einders and  D ingem ans, Rec. trav. c h i m 53, 209 (1934).

tained with the slope 1.98. Following this pro­
cedure, with measurements made over a wider 
range of pH  (6.95-8.21), the values of Fig. 2 
marked by 0 were obtained. The straight line is 
drawn with a slope of 2.00, thus confirming the 
result of Euler and Brunius, Reinders and Dinge­
mans, and James, Snell and Weissberger.

It might be contended that the use of the theo­
retical final volume in the calculation of the rate 
constants is arbitrary, although ample reasons 
exist for the validity of the above equation.6-7 
To avoid this contention, the values of ml. 0 2/min. 
for each measured point of a number of experi­
ments were plotted against the time, and the 
initial rates in ml. 0 2/min. were determined by 
extrapolation to time =  0. When these initial 
rates were plotted against pH, the values marked 
by X  in Fig. 2 were obtained, which confirm that 
the autoxidation rate of hydroquinone increases with 
the square of the hydroxyl-ion concentration. The 
latter method of evaluation of the results is free 
from any assumption about the final volume and 
corresponds to that used by Green and Branch. 
The difference in the determination of the initial 
rates is necessitated by the fact that only 1/20 
of the amount of hydroquinone used by Green and 
Branch was used in the present experiments in 
order to keep well within the limits of capacity of 
the apparatus.

Fig. 2.—Dependency of rate of hydroquinone autoxidation 
on p H

Experiments in the absence of silver with the 
concentrations and alkalinity used by Volmer pro­
ceeded at rates which were too high to maintain
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Fig. 3.—Reactions without silver, experimental points marked O; reactions with 
silver, experimental points marked + .

C om pound m Buffer

Hydroquinone 7.98 Barbital
Amidol 5.57 Phthalate
Glycine 7.50 Phosphate
Glycine 9.18 Carbonate
^-Aminophenol 8.57 Borate

(Figs. 3 and 4), the absorption 
of oxygen is accelerated only 
little in spite of the large ex­
cess of the metal and only in 
the beginning of the reactions. 
After an uptake of about 0.4 
mole of oxygen per mole of 
hydroquinone, the absorption 
of the silver-containing solu­
tions sinks below those of the 
corresponding silver-free sys­
tems, and the curves show that 
the silver decreases the total 
amount of absorbed oxygen. 
One might suspect that this 
deficit is caused by the pres­
ence of silver oxide which oxi­
dizes part of the developing 
agent. However, analyses, for 
which we thank Mr. Ballard 
of these Laboratories, showed 
that the silver contained less 
than 0.4% of oxide. This can 
account for an oxidation of not 
more than 10% of the develop -

constant oxygen concentrations in the 
solutions. It may be mentioned, how­
ever, that in such experiments with 
catechol, metol, amidol and glycine no 
great increase in the rate of the oxygen 
absorption could be observed when 
silver was added. If it was the capac­
ity of the apparatus which limited the 
effect in our experiments, the same 
might apply to Volmer’s because the 
oxygen supply in our experiments was 
probably not less efficient than in those 
of this author. In order to obtain more 
exact data, buffered solutions contain­
ing 0.5 m. mole of the developing 
agents in 50 ml. were used. The pH's 
were so chosen that the absorption 
rates kept within the limits given 
above, and oxygen was used instead 
of air to keep the gas phase constant 
throughout the reactions. With each 
compound two experiments were made 
at the same pH, one of them with and 
the other without the addition of silver 
in a large excess (1.8 g. for each run).

When silver is added to the reac­
tion mixtures containing hydroquinone

Fig. 4.—Reactions without silver, experimental points marked O; reac­
tions with silver, experimental points marked + .

C om pound m Buffer

—------------  ^-Phenylenediamine 13.05 Potassium hydroxide
9.08 Borate
7.57 Phthalate

Metol 6.20 Phosphate
Catechol 8.40 Barbital

----. ------. Hydroquinone 7.41 Phosphate
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ing agent. The total absorption of oxygen by hy­
droquinone, however, may upon addition of silver 
drop as much as 25%, and that by other develop­
ing agents, e. g., metol and ^-aminophenol, even 
more than 50%.

A silver-catalyzed evolution of oxygen from 
peroxide (formed according to the above equa­
tion), is likely to contribute to the deficit. The 
catalytic action of silver on the decomposition of 
peroxide is well known.18 Table II illustrates 
the extent of this catalysis under the conditions 
of our experiments. It gives the times at which 
one half of the total oxygen evolution had taken 
place when solutions of 1 m.mole of hydrogen per­
oxide in 50 ml. of the various buffers were shaken 
at 20.0° with and without addition of 1.8 g. of 
silver. It is evident that hydrogen peroxide 
formed in the autoxidation will, in the presence 
of silver, decompose rapidly, and the liberation 
of oxygen contributes toward the deficit in the 
observed oxygen absorption.

T a b l e  II
T im es in  m inutes

pH W ith o u t silver W ith  silver

11.8 70
11.7 0.1
7.9 1.4
7.6 21 X 103

Moreover, the reaction of hydrogen peroxide 
with the developing agent itself is catalyzed by 
silver. This is shown by the following experi­
ments. One m.mole of hydrogen peroxide and
0.5 m.mole of hydroquinone in 50 ml. of 0.1 molar 
dipotassium phosphate of pH  7.5 were kept under 
nitrogen for twenty minutes. During this time, 
the volume of the gas phase did not change meas­
urably. Then 20 ml. of 0.25 molar permanganate 
solution was added, and an evolution of 19.2 ml. 
of oxygen indicated that 78% of the peroxide 
was still present. In two corresponding experi­
ments, but with addition of 2 g. of silver, the gas 
phase increased during the keeping period of 
twenty minutes by 0.6 and 1.2 ml., respectively, 
by the silver-catalyzed decomposition of the per­
oxide. In the absence of hydroquinone under 
otherwise identical conditions, this decomposition 
yields 5.5 ml. of oxygen. The reduction in the 
evolution of oxygen in the presence of hydroqui­
none is caused by a reaction of the hydroquinone 
with the hydrogen peroxide, which is catalyzed by 
the silver; when permanganate solution was added

(18) M cIn tosh , J .  Phys. Ghent., 6, 15 (1902); Wiegel, Z. physik. 
Chem., A143, 81 (1929).

to the solutions which had evolved 0.6 and 1.2 ml., 
no further evolution occurred, showing that the 
peroxide had been used up completely. The ob­
servation that the deficit in the total oxygen ab­
sorption of the developing agents, which is caused 
by the presence of silver, varies with the different 
developing agents shows that the silver-catalyzed 
reaction between peroxide and developing agent 
takes place to a considerable degree. In the ab­
sence of silver, most of the peroxide appears to 
react with the quinonoid oxidation products of 
the developing agents.6,7

Oxidation by silver oxide contaminating the 
silver will produce oxidation products of the de­
veloping agents and thus accelerate the autoxida­
tion of those compounds which are subject to 
quinone catalysis.6,7 This acceleration is, how­
ever, not caused by a catalytic action of the silver. 
On the other hand, the consumption of develop­
ing agent by the silver oxide and by the silver- 
catalyzed reaction with hydrogen peroxide dimin­
ishes the amount of autoxidizable material, and, 
therefore, the rate of the oxygen absorption. This 
apparent rate of autoxidation is likewise dim­
inished by the liberation of oxygen in the silver- 
catalyzed decomposition of hydrogen peroxide.

In Figs. 3-5, the absorption of oxygen is plotted 
against the time for pairs of experiments with

Fig. 5.—Reactions without silver, experimental points 
marked O; reactions with silver, experimental points 
marked + .

C om pound p H  Buffer

-----------  Metol 7.66 Phosphate
. . . . ^-Aminophenol 9.23 Borate
---------- ^-Aminodimethylaniline 13.2 Potassium

hydroxide
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and without silver. In view of the badly defined 
end-points of many of the reactions, the calcula­
tion of rate constants does not afford an advantage 
for the interpretation of these data. The dis­
cussion will, therefore, be based upon an inspec­
tion of the curves themselves. The figures show 
that the silver accelerates the initial oxygen ab­
sorption of hydroquinone, catechol, p-amino- 
phenol and glycine. The absence of an observable 
induction period with hydroquinone7 and cate­
chol19 makes it unlikely that with these com­
pounds the acceleration can be attributed to the 
elimination of an induction period. The latter 
effect is unmistakable in the cases of p-amino- 
phenol and glycine, where it causes at least part of 
the observed speeding-up of the oxygen absorp­
tion. With metol and amidol no absolute acceler­
ation of the oxygen absorption was observed on 
addition of silver. However, considering the 
above-mentioned simultaneous reactions as they 
are evidenced by the deficit in the total oxygen 
absorption, silver may cause some acceleration 
in the autoxidation of metol, while hardly any in­
fluence of the silver can be observed with amidol 
at pH  5.57. The total absence of an effect with 
amidol may be due to the low pH  of the measure­
ment. With all the other systems, the silver 
causes some small acceleration. It has not been 
studied whether the effect is limited to silver 
or whether it can likewise be caused by other 
metals. The latter is rather probable,6 but the 
effect is not general for fine powders as such, be­
cause the addition of purified diatomaceous earth 
had no effect at all.

The pH  of our experiments with catechol, p- 
aminophenol, glycine and amidol included regions 
in which these developing agents can be used in 
practical development. With hydroquinone and 
metol the pH  for the measurements had to be 
lower in order to keep the rates within the capac­
ity of our apparatus. However, observations at 
different pH  leave little doubt that at higher pH 
the influence of the silver would not show a 
significant increase. Hence, no silver catalysis 
which is likely to be of importance for photographic 
development is observed in the autoxidation of the 
above-mentioned developing agents. The accelera­
tion of the rate of the darkening of these develop­
ing agents beyond that of their autoxidation in the 
presence of silver must be caused by an effect of 
the metal on other reactions than the autoxida-

(19) Joslyn and  B ranch, T h is  J o u r n a l , 87, 1779 (1935).

tion proper. The colored compounds are formed 
by polymerization of the oxidized developing 
agents, and the silver-catalyzed oxidation of the 
developing agents by hydrogen peroxide may ex­
plain a certain amount of the darkening in Vol- 
mer’s experiments. Moreover, the reaction of the 
hydrogen peroxide with quinonoid oxidation prod­
ucts of the developing agents in the absence of 
silver may be responsible for a decreased forma­
tion of dark products if the metal is not present.

Volmer did not include in his investigation p- 
phenylenediamine or its derivatives. It is these 
compounds, however, which show a marked effect 
of silver on their autoxidation. This is demon­
strated in Figs. 4 and 5. With p-phenylene- 
diamine the acceleration is about 102 fold; with 
p-aminodimethylaniline it is less, but still pro­
nounced. The curve of the silver-catalyzed 
autoxidation of ^-phenylenediamine at pH  13.05 
has a marked and reproducible inflection after 
an absorption of about 1/ 2 equivalent of oxygen. 
In the beginning of the reaction, the concentra­
tion of hydrogen peroxide builds up, while that of 
the oxidized compound sinks, and conditions can 
be reached where the liberation of oxygen from 
peroxide just compensates for the absorption of 
oxygen by the developing agent. In certain 
other cases even a temporary increase in the 
oxygen volume was observed. The fact that a 
considerable catalytic action of the silver is 
limited to a certain type of the developing agents 
shows that neither an adsorption of oxygen to the 
silver nor the intermediary formation of silver 
oxide20 gives a sufficient explanation for this 
catalysis. Such a mechanism might, however, be 
considered in connection with the small accelera­
tion of the oxygen uptake by the developing agents 
of the types of hydroquinone and aminophenol. 
The lack of a silver catalysis with hydroquinone 
agrees with the results of Ferry, Ballard and 
Sheppard21 who, disproving observations of Rabin- 
owitsch,22 showed that this compound is not 
adsorbed to silver to any measurable extent. It 
would be interesting to see whether p-phenyl- 
enediamine is adsorbed to a higher degree.

The systems described above differ from de­
veloping emulsions by the absence of halogen ion. 
Addition of chloride ion depressed the effect of the

(20) B enton an d  D rake, ibid., 56, 255 (1934); B enton and  Bell, 
ibid., 56, 501 (1934).

(21) Perry , B allard  and  S heppard , ibid., 63, 2357 (1941).
(22) R abinow itsch  and  Peissachow itsch, Z . wiss. Phot., 33, 94 

(1934).
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silver on £-pheny lenediamine. With the other 
developing agents it eliminated the effect of the 
silver on the total oxygen absorption, showing 
that the halogen ion interferes with the silver 
catalysis of the decomposition of hydrogen per­
oxide and of the oxidation of the developing agents 
by hydrogen peroxide. The effect of halogen ion 
on the shortening of the induction period, e. g., 
of metol, is much less pronounced.

According to the present results, a catalytic 
effect of silver in photographic development of the 
type suggested by Volmer, i. e., a catalysis which 
directly affects the reactivity of the developing 
agents is most unlikely with developing agents of 
the types of dioxybenzene and aminophenol. It 
may possibly play some role in development with 
^-phenylenediamine and its derivatives. For the 
discrimination between exposed and unexposed 
grains in general, however, the other mechanisms 
indicated in the introductory remarks should be 
responsible.

Summary

1. The oxygen absorption of hydroquinone 
at various rates of shaking was investigated to

check the conditions under which the concentra­
tion of oxygen in the liquid phase remains con­
stant.

2. In agreement with results in earlier papers 
of this series and in disagreement with Green and 
Branch, it was shown that the rate of autoxida­
tion of hydroquinone between pH  7 and 8.2 in­
creases with the square of the hydroxyl-ion con­
centration.

3. Silver accelerates the autoxidation of hy­
droquinone, catechol, p-aminophenol, and glycine 
only to a very small degree. With these develop­
ing agents, therefore, the catalysis suggested by 
Volmer is most unlikely to be of significance for 
photographic development.

4. The autoxidation of ^-phenylenediamine
and. ^-dimethylaminoaniline shows a more con­
siderable catalysis by silver.

5. The addition of silver strongly diminishes 
the total amount of oxygen which is absorbed by 
the developing agents in alkaline solutions. This 
is chiefly caused by a catalytic effect of the silver 
on reactions of peroxide formed in the autoxida­
tion.
R o c h e s t e r , N. Y. R e c e i v e d  M a r c h  10, 1942

[C o n t r i b u t io n  f r o m  t h e  N o y e s  C h e m ic a l  L a b o r a t o r y , U n i v e r s it y  o f  I l l i n o i s ]

Reductive Cleavage of Dioxolones by the Grignard Reagent
B y R eynold C. F uson and A. I. R achlin

Dioxolones, acetone derivatives of a-hydroxy 
acids (I), are known to react with the Grignard 
reagent to form glycols (II).1 It seemed probable 
that if the reagent had a very highly branched 
radical, acyloins (III) might be produced.

R'M gX
RCH—CR'2 --------RCH-

R'MgX 
-C—O ---------- ^

OH OH

II

o<k ,0XCH3 c h 3 
I

RCH—CR'
I II
OH O 

III

In an attempt to obtain the latter type of com­
pound, the acetone derivative of mandelic acid
(IV) was treated with /-butylmagnesium chloride. 
The product was not the acyloin, however, but 
a-isopropoxymandelic acid (V). Isobutylene was 
evolved.

(X) F leudenberg , T o d d  and  Seidler, A n n ., 501, 210 (1933).

CsHr.CH-----C = 0  C6H5CH----- C = 0
I | (CH3)3CMgCl | i

Os ,0  ------------------ >- (X OHX  X
c h 3 c h 3 c h 3 n c h 3

iv  v
The reaction is a hydrogenolysis of the dioxolone 
ring and appears to be new in type. Moreover, it 
has no parallel among the reactions between the 
Grignard reagent and esters or lactones.

The structure of the product was established 
by synthesis. The following series of reactions was 
employed

PC15 C2H5OH
C6H5CHC02H -------->  CeHöCHCOCl------------►

I I
OH Cl

(CH3)2CHONa HC1
C6H5CHC02C2H5-------------- — C6H5CHC02N a ----V

Cl OCH(CH3)2
It has been found that the reaction is general for 
acetone derivatives of a-hydroxy acids. The iso-
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propyl ethers of mandelic, ^-methylmandelic, 
^-bromomandelic, a-mesitylglycolic, lactic and 
o'-hydroxyisobutyric acids have been prepared 
by this method in yields of 57, 66, 71, 80, 20 and 
50%, respectively. All these acids are new com­
pounds.

Unsuccessful attempts were made to produce 
the cleavage with the binary mixture (Mg +  
M gl2),2 aluminum isopropoxide, the zinc-copper 
couple and hydrogen in the presence of platinum. 
Hydrogen with copper chromite has been re­
ported3 to convert dioxolones into a mixture of 
compounds none of which is analogous to the prod­
uct described here.

Attempts to effect the reduction of the acetone 
derivative of mandelic acid by use of other alkyl 
Grignard reagents were unsuccessful, indicating 
that the reaction may be peculiar to /-butylmag- 
nesium halides.

No evidence of reduction was observed in reac­
tions involving aryl Grignard reagents. Normal 
addition was the principal reaction, with steric 
hindrance playing an interesting role. For ex­
ample, phenylmagnesium bromide gave a 66% 
yield of triphenylethylene glycol as reported by 
Freudenberg, Todd and Seidler.1

Mesitylmagnesium bromide produced an in­
tractable oil. On the other hand, 0-tolylmag- 
nesium bromide converted the dioxolone into the 
glycol (VI). Small amounts of the corresponding 
dioxolane (VII) and the ketone (VIII), formed 
from the glycol by dehydration, were also isolated.
C6H5CH—C(C6H4CH3)2

I I
OH OH

C6H5CH----- C(C6H4CH3)2

Ov x>

VI
c h 3 c h 3

VII
C6H5CCH(C6H4CH3)2

o
VIII

The glycol (VI) was transformed readily into 
the ketone (VIII) by acids. Treatment of the 
glycol with acetic anhydride in the presence of a 
mineral acid produced an acetate (IX) obtained 
by similar treatment of the ketone (VIII). On the 
other hand, acetic anhydride in pyridine produced 
a different acetate (X), which was readily de­
hydrated to the other acetate (IX) by acetyl 
chloride. The glycol had two active hydrogen 
atoms.

OCOCH3

C6H5C==C(C6H 4CH3):

IX

C6H5CH—C(C6H4CH3)2
I I
0  OH
1

CO

c h 3
X

An attempt to synthesize the glycol by treat­
ing methyl mandelate with 0-tolylmagnesium 
bromide resulted in the formation of an oil. A 
similar experience was reported by Roger and 
McKay4 who used the ethyl ester.

The structure of the dioxolane (VII), an acetal, 
is based on the analysis, the transformation to the 
ketone (VIII) in the presence of acid and the syn­
thesis by condensing the glycol (VI) with acetone. 
The dioxolane had no active hydrogen atom. 
When it was treated with acetic anhydride and 
acid, the acetate (IX) was formed.

The ketone (VIII) was synthesized in the follow­
ing manner.

HCO2C2H5 HC1
CH3C6H4M gBr-------------- >  (CH3C6H4)2CHOH------ >-

CuCN
(CH3C6H4)2CHC1--------->

C5H5N
C6H5MgBr

(CH3C6H4)2CHCN---------------VIII

The formation of the dioxolane may be ex­
plained by assuming that the behavior of the 
original dioxolone toward 0-tolylmagnesium bro­
mide resembles that of lactones. The transfor­
mation may be represented as 
C6H5CH-----CO C6H5CH— C(C6H4CH3)2

I I I  I I  h 2o
[Ov ,0  l — Ov O M g B r ------->
f)>C<Q ^C^OMgBr
CH3 c h 3 c h 3 c h 3

C6H5CH-----C(C6H4CH3)2  ^  C6H5CH---- C(C6H4CHa)2

O OH 
\ C/ 0H ° \  / °  X
/ c \  

CH, CH,
c h 3 c h 3

Experimental
The dioxolones were made by condensing acetone with 

the appropriate a-hydroxy acids by means of concentrated 
sulfuric acid. The method, essentially that of Audrieth 
and Sveda,6 was modified in order to give a pure product. 
The following directions for making acetonemandelic 
acid illustrate the general procedure.

A solution of 304 g. of mandelic acid in 880 cc. of dry 
acetone was cooled to —10° in an ice-salt-bath. The 
solution was stirred vigorously while 196 g. of concentrated 
sulfuric acid was added. The addition was made over a 
period of one hour and the unused acid was neutralized by

(2) Gom berg an d  B achm ann, T h is  Jo u r n a l , 49, 237 (1927).
(3) Oeda, Bull. chem. soc. Japan, 10, 531 (1935).

(4) Roger and  M cK ay, J . Chem. Soc., 2232 (1931).
(5) A udrieth an d  Sveda, “ O rganic S yntheses,” 20, 62 (1940).
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T a b l e  I  
Y

Com pound, w ith
substituen ts  a t  

X and  Y in X M. p. or Yield
--------------A nalyses, %®------------------------------ -
C arbon  H vdroeren

th e  form ula CHa CHa b. p., °C. (%) C alcd. F o u n d C alcd . F o u n d

c 6h 5 H 45“ 77
c h 3c 6h 4 H 56-57 32 69.55 69.92 7.29 7.07
BrC6H4 H 65-66 35 48.75 49.01 4.06 4.26
Mes& H 92 72 71.76 71.70 7.74 7.89
CHS H 58-60 (18 mm.)c,d 30
c h 3 c h 3 71 (42 mrn.)e 35 58.31 58.76 8.39 8.69

° Described by Audrieth and Sveda 5 & “Mes” is used to represent mesityl. c Described by Oeda,8 d The reaction
mixture w a s  poured into benzene. The benzene layer was treated with diethylamine to 
over magnesium sulfate and distilled. e » 20d  1.4065.

neutralize the acid, dried

pouring the reaction mixture into an ice-cold solution of 
400 g. of anhydrous sodium carbonate in 3500 cc. of water. 
The curdy white product was collected on a suction filter 
and sucked dry. Purification was effected by washing the 
solid with four 250-cc. portions of ether. The ether solu­
tion was dried over calcium chloride and the solvent was 
removed by distillation. Removal of the last traces of 
ether in vacuo caused the acetone compound to solidify in a 
white mass. The hard cake was pulverized and used 
without further purification.

The physical constants, yields and analytical data for 
this and similar compounds are given in Table I.

The Action of /-Butylmagnesium Chloride on Di­
oxolones.—The procedure, illustrated for the reaction of 
/-butylmagnesium chloride on acetone-mandelic acid, was 
the same in all cases.

/-Butylmagnesium chloride was made by adding 55.8 g. 
of /-butyl chloride to a mixture of 14.4 g. of magnesium and 
150 cc. of ether. To this well-stirred solution was added 
38.4 g. of acetone-mandelic acid dissolved in 100 cc. of 
ether. The time of addition was one-half hour. The 
solution was stirred and refluxed for an additional hour be­
fore decomposition with 200 cc. of concentrated hydro­
chloric acid and 1000 g. of ice. After separation of the 
layers, the aqueous part was extracted with 200 cc. of ether. 
The combined ethereal solution was extracted repeatedly 
with 10% potassium bicarbonate. Acidification of the 
alkaline solution with hydrochloric acid caused the a-iso- 
propoxymandelic acid to precipitate as an oil. The oil 
solidified when the mixture was allowed to stand for a few 
hours; yield, 22 g., 57% of theoretical.

One experiment was devoted to the examination of the 
gaseous by-product. By means of a stream of nitrogen 
the gas was forced through a series of wash bottles con­
taining the following solutions in order: 64 g. of bromine 
in 200 cc. of carbon tetrachloride (0 °); 10 g. of bromine in 
100 cc. of carbon tetrachloride (0°); 25 cc. of sodium 
sulfite in 300 cc. of water; an empty trap at dry-ice 
temperature. The reaction was carried out as described 
above, using the Grignard reagent made from 24 g. of 
magnesium, 92 g. of /-butyl chloride, 250 cc. of ether and a 
solution of 76.8 g. of acetone-mandelic acid in 200 cc. of 
ether. The solution was refluxed a total of two hours, 
after the addition of the acetone compound. No other

(6) T h e  m icroanalyses reported  in  th is  paper were carried ou t by  
M iss M ary  S. K reger, M iss M arg aret M cC arthy , M iss T h e ta  Spoor 
and  M r. L. G. Fauble.

effort was made to drive the gas out of the ether. The 
carbon tetrachloride solutions were combined, washed 
with sodium sulfite solution, water and distilled. There 
was produced 20 g. (24%) of pure dibromoisobutane; b. p. 
146-147°; n20d 1.508. The absence of a condensate in 
the dry-ice trap indicated that no saturated hydrocarbon 
was formed. The reaction mixture was worked up as 
described above and yielded 34 g. (45%) of isopropoxy- 
mandelic acid; m. p. 57-58°.

The physical constants, yields and analyses of the iso- 
propoxy acid and their ^-phenylphenacyl esters are given 
in Table II.

Synthesis of a-Isopropoxymandelic Acid.—Phenylchlo- 
roacetyl chloride was made, according to the directions of 
Bischoff and Walden,7 by heating mandelic acid with 
phosphorus pentachloride at 140°. This compound was 
converted to ethyl phenylchloroacetate, reported by Find­
lay and Turner,8 by heating it with absolute ethanol. A 
sodium isopropoxide solution, prepared by dissolving 8 g. 
of sodium in 120 cc. of dry isopropyl alcohol, was refluxed 
on a steam-bath while 30 g. of phenyl chloroacetate was 
added. The mixture was heated for four hours, cooled 
and filtered. The solid was dissolved in water and the 
solution acidified with hydrochloric acid. The oily prod­
uct was isolated by extraction with ether, drying the 
ethereal extract with calcium chloride and removing the 
solvent by distillation. Treatment of the residual oil 
with low-boiling petroleum ether caused the separation of 
14 g. of white acid; m. p. 41-55°. Several recrystalliza­
tions from low-boiling petroleum ether resulted in a pure 
product melting at 58-59 °—alone or when mixed with the 
compound obtained by the other method.

The Reaction of o-Tolylmagnesium Bromide with 
Acetone-mandelic Acid.—To an o-tolylmagnesium bro­
mide solution, prepared from 342 g. of d-bromotoluene and 
48 g. of magnesium in 500 cc. of ether, was added, with 
vigorous stirring over a period of one hour, a solution of 96 
g. of acetone-mandelic acid in 300 cc. of ether. The 
solution was stirred and refluxed for an additional three 
hours after which it was cooled and decomposed with 400 
cc. of concentrated hydrochloric acid and 1500 cc. of ice. 
The ether was distilled from the organic layer and the 
residue was subjected to steam distillation in order to 
remove the toluene. The residue was dissolved in ether 
and repeatedly extracted with 10% potassium bicarbonate

(7) Bischoff and  W alden, A n n .,  279, 122 (1894).
(8) F in d la y  an d  T u rn er, J . Chem. Soc., 87, 756 (1905).
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T a b l e  II
A c id s  a n d  £ - P h e n y l p h e n a c y l  E s t e r s ®

C om pound , w ith 
su b s titu en ts  a t  X — 

X  a n d  Y  in 
th e  form ula

Y
-C C O O H

1
OR&

N eu tra l 
equivalent 

Calcd. F ound
Yield,

%
M . p. o r b. p .f

°C .
C arbon

Calcd.

/o ----------- v
H ydrogen

F o und  Calcd. Found

C6H 5 H 57 58-59 194 191 68.02 68.29 7.27 7.33
Ester 114-115 .77.29 77.53 6.23 6.28

c h 3c 6h 4 Hc 66
Ester 93-94 77.58 77.55 6.51 6.45

BrC6H4 Hc 71
Ester 90-91 63.24 63.46 4.96 4.93

Mes n d 80 83-84 236 242 71.15 71.52 8.53 8.69
c h 3 Hc 20 72-75 (2 mm.) 132 134 54.53 54.62 9.15 8.80
CH3 c n / 50 102-103 (15 mm.) 146 146 57.51 57.18 9.65 9.72

Ester 88 74.15 73.96 7.06 7.33
® The ^-phenylphenacyl esters were made from ^-phenylphenacyl bromide according to the method described in 

Shriner and Fuson, “Identification of Organic Compounds,” 2nd Edition, John Wiley and Sons, New York, N. Y., 1940, 
p. 132. 6 R is used to represent isopropyl. c The product was a clear uncrystallizable oil. d “Mes” is used to represent 
mesityl. e w20d 1.4158. f  ni0D 1.4196.

solution. Acidification of the alkaline solution with 
hydrochloric acid produced 3 g. of mandelic acid.

The ether was distilled from the organic layer after it 
was washed with water and dried over calcium chloride. 
The residue was treated with 150 cc. of methanol and 
cooled in an ice-bath. A solid product (39 g.) melting at 
118-132° was removed by filtration. Concentration of 
the mother liquor followed by cooling and filtration pro­
duced 3 g. of a solid (VIII), m. p. 100-102°. The pure 
compound, recrystallized from methanol, melted at 104- 
106°.

Anal. Calcd. for C22H20O: C, 87.96; H, 6.71. Found:
C. 88.25; H, 6.88.

The crude solid melting at 118-132° was washed with 
200 cc. of low-boiling petroleum ether. The insoluble 
residue (VI) weighed 30.5 g. and melted at 139-141°. 
After recrystallization from methanol, it melted at 146 °.

Anal. Calcd. for C22H22O2: C, 82.99; H, 6.99.
Found: C, 83.23; H, 7.19.

A Zerewitinoff determination showed the presence of 
two active hydrogen atoms in the molecule.

The wash solution was evaporated to an oily residue. 
Treatment of the oil with methanol produced 8.5 g. of a 
solid (VII), melting at 104-106°. The dioxolane, recrys­
tallized from methanol, melted at 108-109 °.

Anal. Calcd. for C2öH260 2: C, 83.76; H, 7.31.
Found: C, 83.97; H, 7.69.

A Zerewitinoff determination showed the absence of 
active hydrogen.

The Condensation of 1-Phenyl-2,2-di-o-tolylethylene 
Glycol (VI) with Acetone,—To a solution of 0.6 g. of the 
glycol in 10 cc. of anhydrous acetone was added 0.4 cc. of 
concentrated sulfuric acid and 1 g. of anhydrous sodium 
sulfate. The reaction flask was allowed to stand with 
occasional shaking for twenty-four hours. The solution 
was filtered and the solvent was removed by a stream of air. 
The residue, dissolved in ether, was washed with 10% 
potassium bicarbonate solution and water, dried over 
calcium chloride and evaporated to an oil. Treatment of 
the oil with methanol caused the separation of a solid; 
m. p. 104-106°. The compound was recrystallized from

methanol and melted at 108-109° alone or mixed with 
other samples of the dioxolane. The yield of pure product 
was 0.4 g.

Reaction of l-Phenyl-2,2-di-0-tolylethylene Glycol with 
Acetic Anhydride and Pyridine.—Five grams of the glycol 
was dissolved in 50 cc. of a 20% solution of acetic anhydride 
in pyridine. The solution was heated on a steam-bath for 
twelve hours. About 35 cc. of the solvent was removed 
by distillation and the residue was added to 100 cc. of 
water. The solution was digested for fifteen minutes, 
cooled and extracted with ether. The ethereal solution 
was dried over calcium chloride and concentrated to an oil. 
Treatment with methanol produced 4 g. of a solid (X), 
which melted at 153-155°. The acetate, recrystallized 
from methanol, melted at 158-160°.

Anal. Calcd. for C24H24O3: C, 79.97; H, 6.71. 
Found: C, 80.01; H, 6.81.

The compound had one active hydrogen atom.
Reaction of 1-Phenyl-2,2-di-ö-tolyl Ethylene Glycol 

with Acetic Anhydride and Hydrochloric Acid.—Three 
grams of the glycol was refluxed for eighteen hours with 30 
cc. of acetic anhydride and 3 drops of concentrated hydro­
chloric acid. The reaction mixture was poured into 100 
cc. of water and digested for fifteen minutes, cooled and 
extracted with ether. The ethereal solution was dried 
over calcium chloride and evaporated to an oil. Treat­
ment of the oil with methanol produced 2.5 g. of a white 
solid (IX) which melted at 133-135°. The acetate, re­
crystallized from methanol, melted at 138.5-140°.

Anal. Calcd. for C24H22O2: C, 84.20; H, 6.48. 
Found: C, 84.09; H, 6.53.

The Reaction of Acetyl Chloride with the Acetate (X).—
Two grams of the acetate (X) was heated at the refluxing 
temperature for four hours with 20 cc. of acetyl chloride. 
The reaction mixture was poured on ice and allowed to 
come to room temperature. The organic matter was 
extracted with ether. The ethereal solution was washed 
with 10% potassium bicarbonate solution and water and 
then dried over calcium chloride. The solvent was re­
moved and the residue was taken up in hot methanol. 
Cooling caused the precipitation of 1.2 g. of a compound
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melting at 135-136°. Recrystallized from methanol, it 
melted at 138.5-140 ° alone or mixed with the acetate (IX).

Reaction of the Dioxolane (VII) with Acetic Anhydride 
and p-Toluenesulfonic Acid.—Two grams of the dioxo­
lane was heated at the refluxing temperature for four hours 
with 20 cc. of acetic anhydride and a few crystals of p- 
toluenesulfonic acid. The reaction mixture was worked 
up in the usual manner; yield, 1.5 g. of a white compound 
melting at 129-132°. Recrystallization from methanol 
gave a melting point of 138.5-140° alone or mixed with 
other samples of the acetate (IX).

Transformation of l-Phenyi-2,2-di-o-tolylethylene Gly­
col and the Dioxolane in Acid Solution.—One gram of the 
compound was dissolved in 4 cc. of methanol and three 
drops of concentrated hydrochloric acid. The solution 
was refluxed for twelve hours and the solvent was removed 
by distillation. The residue was 0.75 g. of a solid identified 
as co,a>-di-o-tolylacetophenone (VIII).

Treatment of the dioxolane (VII) with hydriodic acid, 
30% sulfuric acid, phosphoric acid or ^-toluenesulfonic 
acid gave practically quantitative conversion to os,oj-ói-o- 
tolylacetophenone. Treatment of the 1-phenyl-2,2-di-o- 
tolylethylene glycol with hydrochloric acid or ^-toluene- 
sulfonic acid gave similar results.

Reaction of co,co-Di-d-tolylacetophenone with Acetic 
Anhydride and Pyridine.—Two grams of the compound 
was heated at the refluxing temperature for twelve hours 
with 4 cc. of pyridine and 16 cc. of acetic anhydride. The 
reaction mixture was worked in the usual fashion; yield, 
1.5 g. of the acetate (IX); m. p. 133-135°; the pure com­
pound melted at 138.5-140 °.

Synthesis of Di-o-tolylcarbinol.—A solution of o-tolyl- 
magnesium bromide was prepared from 171 g. of o-bromo- 
toluene, 24 g. of magnesium and 250 cc. of ether. To this 
solution was added 33.4 g. of ethyl formate. The solution 
was refluxed and stirred for seven hours before it was 
cooled and decomposed with hydrochloric acid and ice. 
It was necessary to add 250 cc. of benzene to the mixture 
in order to dissolve all the organic matter. The organic 
layer was separated, dried over calcium chloride and 
evaporated; yield, 70 g. (73%); m. p. 115-119°9.

Synthesis of Di-o-tolylchloromethane.—The di-^-tolyl- 
carbinol was converted, without further purification, into

di-tf-tolylchloromethane by the method of Reid10; yield, 
94%.

Synthesis of Di-o-tolylacetonitrile.—A mixture of 23.1 
g. of di-0-tolylchloromethane, 10.7 g. of cuprous cyanide 
and 20 cc. of dry pyridine was heated for twenty-four hours 
at 200-215°. Ground glass equipment, protected from 
moisture by a calcium chloride tube, was used. The dark 
mass was cooled and poured into dilute aqueous ammonia. 
The organic matter was extracted with ether. I t was 
necessary to remove some dark solid material by filtration. 
The ethereal solution was washed successively with dilute 
ammonia, water, dilute hydrochloric acid and finally with 
water. , The solution was dried with calcium chloride and 
evaporated to dryness. The residue was recrystallized 
from 95% ethanol; m. p. 107-109°; yield, 12 g. (54%). 
The pure compound, recrystallized from 95% ethanol, 
melted at 114-115°.

Anal. Calcd. for Ci6Hl6N: C, 86.83; H, 6.83. Found: 
C 87.17; H, 6.91.

Synthesis of co,a>-Di-o-tolylacetophenone.—A solution of 
phenylmagnesium bromide, made from 14.1 g. of bromo- 
benzene, 1.94 g. of magnesium and 35 cc. of ether, was 
added to a well-stirred solution of 4.5 g. of di-o-tolylaceto­
nitrile in 75 cc. of ether. The solution was stirred and 
refluxed for twenty-four hours, after which it was cooled 
and decomposed with hydrochloric acid and ice. The 
organic layer was separated and discarded. The aqueous 
layer was digested on a steam-bath for two hours. Cooling 
to room temperature produced an oil which soon solidified; 
yield, 4 g.; m. p. 100-102°. Recrystallized from metha­
nol, the product melted at 104-106° alone or mixed with 
other samples of (VIII).

Summary

Dioxolones, acetone derivatives of a-hydroxy 
acids, react with /-butylmagnesium chloride to 
yield the corresponding a-isopropoxy acids. The 
reaction is a hydrogenolysis of the dioxolane ring 
and appears to be new in type.
U r b a n  a , I l l i n o i s  R e c e i v e d  F e b r u a r y  2, 1942

(9) Boyd and  H a tt, J .  Chem. Soc., 898 (1927). (10) R eid , T h is  J o u r n a l , 61, 3238 (1939).
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[C o n t r i b u t io n  f r o m  t h e  M e d ic a l - R e s e a r c h  D i v i s i o n , S h a r p  a n d  D o h m e ]

Dicarboxylic Acid Derivatives of Sulfonamides1

B y M aurice  L. M oore and Charles S. M il l e r

In continuing our studies of the possible chemo­
therapeutic activity of sulfonamide compounds,2 
it was found that certain of the derivatives from 
dicarboxylic acids possessed interesting activity 
as intestinal antiseptics. We undertook to pre­
pare a large series of these compounds, some of 
which have been studied as intestinal antiseptics.3 
One of these, succinylsulfathiazole,4,5 has shown 
unusually marked activity for this purpose. In 
this paper we describe the preparation and prop­
erties of these compounds and discuss some of 
the results obtained from the reactions involved in 
their preparation.

The condensation of succinic, maleic and phtha- 
lic anhydrides with the various sulfonamides, us­
ing anhydrous alcohol or dioxane as a solvent 
according to the method previously described for 
the sulfanilamide and sulfanilhydroxamide deriva­
tives,2b,c occurred in the ratio of 1:1, giving mono­
basic acids of the general formula I. Condensa-

HOOC—R—CONH<^__ J>S02NHY
I

/COx 
'CCK

II

R<^ X>N< >S02NHY

tion of succinic anhydride with sulfanilamide in 
the presence of pyridine had been found to give 
the anil II.2c Recently, Shapiro and Bergmann6 
have found that in the condensation of sulfa- 
pyridine with succinic and phthalic anhydrides 
temperatures below 100° give acid amides I while 
temperatures above 100° give the anils II. They 
found that with maleic anhydride the acid amide 
was the sole reaction product, even at 190°. 
However, neither Shapiro and Bergmann nor we 
had obtained any of the diamides III in condensa­
tions with anhydrides.

(1) T h is  pap er was p resen ted  before th e  D ivision of M edicinal 
C hem istry  of th e  A m erican Chem ical Society in  M em phis, April, 
1942.

(2) (a) M oore an d  M iller, T h is  J o u r n a l , 63, 2781 (1941); (b) 
M oore, M iller an d  M iller, ibid., 62, 2097 (1940); (c) M iller, Rock and  
M oore, ibid., 61, 1198 (1939).

(3) P o th  an d  K n o tts , Arch. Surg., 44, 187 (1942).
(4) T o  th is  com pound S harp  an d  D ohm e has applied its  tra d e ­

m ark  “ Sulfasuxid ine.”
(5) (a) P o th  and  K n o tts , Proc. Soc. E xp . Biol, and Med., 48, 129 

(1941); (b) P o th  an d  K n o tts , Arch. Surg., 44, 208 (1942).
(6) Shapiro  and  B ergm ann, J . Org. Chem., 6, 774 (1941).

y n h s o 2<̂  ^>n h c q r c o n h <  ̂ ^>so2n h y

III

The oxalic and malonic acid derivatives of sulfa- 
thiazole, sulfadiazine and sulfaguanidine were 
made by refluxing the sulfonamide with an excess 
of the ethyl ester of the appropriate acid and 
hydrolyzing the ester amides IV thus formed with

c2h 6o o c r c o n h <  ̂ ^>so2n h y

IV

alkali to give the corresponding acid amides. 
The ester amides were obtained in yields above 
80%, although, in most cases there was isolated a 
small quantity of by-product which appeared to 
be the diamide. Esters of higher acids, such as 
ethyl glutarate and sebacate, did not condense 
with sulfathiazole even when heated at 160-170° 
for two hours.

The higher acid derivatives, i. e.> from glutaric, 
adipic and sebacic acids, were made by heating 
the sulfonamide with the acid itself at a tempera­
ture between 150-170° for one to two hours. 
Succinylsulfathiazole (compound no. 8) was also 
prepared in this manner and the reaction studied 
in some detail. It appears that with an equimolar 
mixture of the components, or with as much as 5 
or 10% excess of the acid, the reaction proceeded 
with the formation of the anil and about 5-7% of 
the diamide. Hydrolysis of the anil with 5-10% 
sodium hydroxide solution gave the acid amide 
which was removed from the diamide by solu­
bility in cold bicarbonate solution. Similar re­
sults have been obtained by carrying out the con­
densation in refluxing “Carbitol.”

Condensation of adipic acid with sulfapyridine, 
sulfathiazole and sulfaguanidine, followed by 
treatment with alkali, led to the isolation of the 
acid amides and the diamides, with a larger por­
tion of the product being the diamides. However, 
with glutaric and sebacic acids, the diamides were 
the principal product from the condensation with 
sulfathiazole.

Attempts to condense ^-succinimidobenzenesul- 
fonyl chloride with 2-aminothiazole led to some 
interesting observations. With two equivalents of
2-aminothiazole, in pyridine or acetone as a sol-



July, 1942 D icarboxylic  A cid D eriv a tiv es  óf Sulfonam ide^

vent, the acid amide was obtained in about a 1:1 
ratio with an unidentified product. Similar re­
sults were obtained with 1 equivalent of 2-amino­
thiazole in sodium carbonate solution.

Experimental

1, Anhydride Condensations.—Five hundred grams 
(1.96 moles) of sulfathiazole was added to 5000 cc. of an­
hydrous alcohol and heated to refluxing with mechanical 
stirring. When refluxing occurred, 250 g. (2.5 moles, 25% 
excess) of succinic anhydride was added and the mixture 
refluxed for forty-five minutes. During this period, all of 
the materials had gone into solution and toward the end of 
the reaction a solid began to crystallize out, which after 
standing overnight was obtained in a yield of 90%. 
Yields equally as good were obtained by using only 5 or 
10% excess of succinic anhydride. Purification was 
effected by recrystallizing 104 g. of the crude material 
from a refluxing solution of 400 cc. of alcohol and 300 cc. of 
water. The yield was 89 g. (77%), melting at 192-195°, 
with decomposition.

Dioxane was used as the solvent for the condensation of 
succinic anhydride with 2-sulfanilamido-5-ethyl-4-thi- 
azolone, sulfadiazine and sulfanilylsulfathiazole.

2. Ester Condensations.—Twenty grams (0.078 mole) 
of sulfathiazole was added to 60 g. (0.375 mole) of ethyl 
malonate and heated under reflux at a temperature of 130- 
150° for two hours. After cooling the reaction mixture to 
room temperature, the solid product was filtered and 
washed thoroughly with dilute hydrochloric acid and 
water. A yield of 24.7 g. (85%) of the ester amide IV, 
compound no. 6, was obtained and after purification by 
recrystallizing from dilute alcohol, it melted at 193-194.5° 
with decomposition.

A similar yield was obtained when only two equivalents 
of the ethyl malonate was used under the same experi­
mental conditions. However, in this experiment, a small 
quantity of material was obtained which was insoluble in 
dilute alcohol. On crystallization from methyl “Cello- 
solve” and water, this product melted at 233-236° with 
decomposition. A mixed melting point with acetylsulfa- 
thiazole, m. p. 256-257°, was 225-226° followed by de­
composition. Reactions and analysis suggest that the 
productwas the diamide, malonamide-4,4'-bis-(2-benzene- 
sulfonamidothiazole).

Anal. Calcd. for C2iH180 6N6S4: N, 14.53. Found: N, 
14.00.

An 86% yield of ester amide was obtained by condensing 
sulfathiazole with' two equivalents of ethyl oxalate under 
the above conditions and no diamide was isolated.

Hydrolysis of the ethyl malonylsulfathiazole to the acid 
amide was accomplished by heating 14 g. of the material 
in 150 cc. of 2.5% sodium hydroxide solution at 85-95° 
for one-half hour. The solution was decolorized with 
charcoal (Darco) and the product precipitated from the 
solution by neutralization with dilute hydrochloric acid. 
A yield of 10 g. (77%) was obtained and after several 
recrystallizations from dilute alcohol the malonylsulfa­
thiazole decomposed in the range of 240-250°, without 
definitely melting.
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3. Acid Condensations.—(A) Ten grams (0.0392 mole) 
of sulfathiazole and 4.6 g. (0.0392 mole) of succinic acid 
were mixed in a flask and heated in a sand-bath to a 
temperature of 150-160° for one hour, with occasional 
stirring. At the end of the hour, the reaction melt began 
to solidify, while stirring, as a granular solid. The 
material was treated with a boiling solution of 90% acetic 
acid and an insoluble product filtered. The yield was 0.9 
g. and melted at 277-279° with decomposition after 
purification by dissolving in dilute ammonia and precipi­
tating with dilute hydrochloric acid. The product was 
soluble in dilute ammonia and alkali but insoluble in cold 
sodium bicarbonate solution. This corresponded to the 
diamide III, succinamido-4,4,-bis-(2-benzenesulfonamido- 
thiazole).

Anal. Calcd. for C22H20O6N6S4: N, 14.19. Found: N, 
14.13.

The hot acetic acid filtrate from the above was allowed 
to cool overnight and a white crystalline solid was obtained. 
The yield of the product was 5.6 g. and it melted at 266- 
267° after recrystallization from anhydrous methyl “ Cello- 
sol ve.’5 I t was soluble in dilute ammonia and alkali but 
insoluble in cold sodium bicarbonate solution. This cor­
responded to the anil II, 2-(4'-succinimidobenzenesulfon- 
amido) -thiazole.

Anal. Calcd. for C9H11O4N3S2: N, 12.46. Found: N, 
12.30.

A sample of the anil was converted into the acid amide, 
succinylsulfathiazole, by dissolving in a warm 2.5% sodium 
hydroxide solution and precipitating with dilute hydro­
chloric acid. The product was readily soluble in cold 
sodium bicarbonate solution with the evolution of carbon 
dioxide and it melted at 140° with decomposition. After 
several crystallizations from dilute alcohol the product 
melted at 185-187° with decomposition.

A sample of the diamide was dissolved in 5% sodium 
hydroxide solution, refluxed for a few minutes and after 
cooling to room temperature the solution was carefully 
neutralized with dilute hydrochloric acid giving sulfa­
thiazole; m. p. 196°. A mixed sample with authentic 
sulfathiazole, m. p. 199-200°, melted at 199-200°.

(B) Ten grams of sulfathiazole and 4.6 g. of succinic acid 
were heated together under the same conditions as de­
scribed above. The solid obtained from the reaction mix­
ture was dissolved in dilute ammonia, the solution de­
colorized with charcoal (Darco), and precipitated by the 
careful addition of a slight excess of dilute hydrochloric 
acid. A yield of 9.9 g. of an unidentified product (A) was 
obtained which melted at 194.5-195.5° after four recrystal­
lizations from methyl "Cellosolve” and water. I t  was 
insoluble in cold bicarbonate solution. Anal. Found: 
N, 14.63. The identity of this compound is being investi­
gated.

Four grams of the above compound was dissolved in 50 
cc. of 5% sodium hydroxide solution and heated at about 
90° for ten minutes. The acid amide, succinylsulfa­
thiazole, melting at 129-133° with decomposition, was 
isolated by precipitation with dilute hydrochloric acid and 
after several recrystallizations from dilute alcohol melted 
at 185-187°.

(C) Sulfathiazole, 100 g. (0.392 mole), and 48.8 g. (0.411 
mole) of succinic acid were mixed in a liter flask and heated
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T a b l e  I

N*-Acyl Nx-Substituent

N 4-ACYL-N^SUB STITUTED SULFANILAMIDES
Method of Yield, M. p., °C.® 

preparation % (uncor.) Formula
Nitrogen analyses, %M 

Calcd. Found
H O O C ( C H 2)2C O - 2-Pyridyl 1 81 135-140d,e CisHitOsNaS 12.01 11.99
H O O C C H = C H C O - / 2-Pyridyl 1 193-194d CuHuOjNjS 12.08 12.11
H O O C ^ H ^ C O -9 2-Pyridyl 3E 11 184-185° C17H19O5N3S 11.12 11.07
C 2H 6O O C C O - 2-Thiazolyl 2 88 233-234 eisHigOöNgSiï 11.83 11.95
H O O C C O -l,',‘ 2-Thiazolyl 2 82 207-208 C n H 90 5N 3S 2 12.84 12.70
C 2H 5O O C C H 2C O - 2-Thiazolyl 2 85 193-194.5 CuH uOsN sSa 11.38 11.31
h o o c c h 2c o - 2-Thiazolyl 2 76 240-250’s CI2Hu05N3S2 12.31 12.14
H O O C ( C H 2)2C O - 2-Thiazolyl 1, 3A, 3B, 3C, 3D 90 192-195* C1sHi30 6N3S2 11.83J 11.66
H O O C C H = C H C O - ‘ 2-Thiazolyl 1 215-216 C1.H uO5N .S2 11.90 11.79
HOOC(CH2)sCO- 2-Thiazolyl 3E 56 196-197 c I4h 16o 5n 3s2 11.38 11.32
H O O C C C H iO iC O - 7 2-Thiazolyl 3E 47 196-197° Ci6H170 5N3S2 10.96 10.82
H O O C ( C H 2)8C O - 2-Thiazolyl 3F 171-172° C1.H2505N.S2 9.56 9.43

/ N c o -
2-Thiazolyl 1 72 260’sM C l8H l3C)5N 3S 2 10.42 10.43

k Jc o o h

H O O C ( C H 2)2C O -' 2-(5-ethyl-4- 1 82 161-162 Ci6H170 6N3S2 10.52 10.45
H O O C C H = C H C O - thiazolonyl) 1 179-181 C15H1506N3S2 10.58 10.78
H O O C ( C H 2)2C O - 2-(5,5-diethyl-4 1 82 208-209 C l7H 2lOöN3S 2 9.83 9.70

c2h 5o o c c h 2c o -
thiazolonyl)

Guanyl 2 80 225-226 C 12H 160 5 N 4S 17.07 17.33
HOOCCHjCO-7 Guanyl 2 53 172-175w C10H 12O5N 4S 18.66 18.71
H O O C ( C H 2)2C O - Guanyl 1 60 214-215 CuH1406N4S 17.83 17.89
H O O C C H = C H C O - Guanyl 1 78 201-202 ChH1205N4S 17.94” 18.00
H O O C ( C H 2)4C O - Guanyl 3E 18 132-133° Ci3Hi80 5N4S 16.37 16.26

A c O - Guanyl 1 78 266-267° C uH uO ^S 15.47 15.44

COOH

C 2H 5O O C C O -7’ 2-Pyrimidyl 2 61 230-235 C i4H 160 6N 4S 15.99 15.87
H O O C C O - 2-Pyrimidyl 2 96 250,sw C 12H io0 6N 4S 17.39 17.70
C 2H 6O O C C H 2C O -!> 2-Pyrimidyl 2 84 198-199° C i6H 160 5 N 4S 15.38 15.43
h o o c c h 2c o - 2-Pyrimidyl 2 87 215-216° C i3H 120 6N 4S 16.66 16.91
H O O C ( C H 2)2C O -9'! 2-Pyrimidyl 1 91 212-213 C i4H 140 5N 4S 15.99 16.14
H O O C ( C H 2)4C O - 2-Pyrimidyl 3C 188 c kh 18o 6n 4s 14.81 14.95
H O O C ( C H 2)2C O - / 2-(4-Methyl-

pyrimidyl)
1 49 201-202* CisHwOsNiS 15.38 15,27

H O O C ( C H 2)2C O -rs 4-Sulfamylphenyl 1 95 234 C l6H l707N 3S 2 9.83 9.85
H O O C ( C H 2)2C O -r’!'‘ 4- (2-Thiazolylsulf- 

amyl)-phenyl
1 81 237 C ibH 180 7N 4S 2 10.98 10.99

® Most of these compounds actually decomposed with effervescence instead of melting. In some cases these decom-
position ranges were difficult to recheck. h The analyses were carried out in these laboratories by Mr. John R. Taylor.
c All samples were dried in the Abderhalden dryer for at least one hour before analyzing. d Shapiro and Bergmann 
[7. Org. Chem., 6, 774 (1941)] reported a melting point of 145° for the succinyl derivative and 208° for the maleyl deriva­
tive without mentioning their decomposition. e A sample of this compound decomposed at 191-194° after standing 
for seven months. Anal. Found: N, 11.94. f Recrystallized from water. 0 Purified by dissolving in dilute ammonia
and precipitating with dilute hydrochloric acid. h Hygroscopic; takes up water during weighing. * The first samples 
of this compound decomposed at 184-186°. Anal. Found: N, 11.60. After standing for six months the same samples 
decomposed at 192-195°. All subsequent samples prepared by the anhydride condensation have decomposed at the 
higher range. 3 Anal, before drying. Calcd. for Ci3Hi305N3S2*H20: N, 11.26. Found: N, 11.21. k This com­
pound is unstable in solution and is subject to hydrolysis. 1 The anhydride condensation was carried out in dioxane as 
the solvent. m A sample of this compound was heated at the melting point until no further decomposition occurred. 
After recrystallizing from water it melted at 260-261 °. Mixed with an authentic sample of N4-acetylsulfanilylguanidine, 
m. p. 266-267°, it melted at 260-262°. n Anal, before drying. Calcd. for CnH ^O s^S-^O : N, 16.97. Found: N, 
17.00. 0 Melted to a clear liquid. v Recrystallized from methyl “Cellosolve” and water. 3 Solidified after melting at
this temperature and remelted at 270°. r We are indebted to Dr. T. M. Immediata for the preparation of these com­
pounds. s Recrystallized from acetone and water. * Recrystallized from dioxane and water. w Charred instead of 
melting.
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in an oil-bath to approximately 165° for one hour with 
stirring. At the end of this time, the reaction melt had 
begun to solidify and the flame was removed from the oil- 
bath. With the flask still in the oil-bath, 380 cc. of 10% 
sodium hydroxide solution was cautiously added and after 
stirring for about fifteen minutes all of the solid had dis­
solved. After cooling to room temperature, the alkali 
solution was poured into a mixture of 88 cc. of concentrated 
hydrochloric acid and 960 cc. of water giving 130 g. of 
crude product (melting at 129-135° with decomposition), 
which was removed by filtration and purified by dissolving 
in a solution of 1000 cc. of ethanol and 200 cc. of water, 
decolorizing with charcoal (16 g. of Norite) and filtering 
with the aid of 16 g. of Filter-cel. Crystallization was 
completed by the addition of 504 cc. of water and 40 cc. of 
concentrated hydrochloric acid. The yield of succinyl­
sulfathiazole was 87.5 g., which after further crystallization 
from dilute alcohol melted at 138-140°.

The diamide formed was removed by the Norite and 
Filter-cel and was isolated by treating with dilute alkali, 
filtering and precipitating with dilute hydrochloric acid. 
A yield of 6-9 g. was obtained.

(D) One hundred grams of sulfathiazole and 48.8 g. of 
succinic acid were heated together in 100 cc. of diethyl 
“Carbitol” under the same conditions as described in (C) 
above, for two hours. During the heating all of the ma­
terials went into solution and at the end of one and one-half 
hours a solid began to precipitate. After standing over­
night, the product was filtered, dissolved in 400 cc. of 10% 
sodium hydroxide and precipitated with dilute hydro­
chloric acid. A yield of 81.9 g. (59%) of succinylsulfa­
thiazole was obtained after recrystallization from dilute 
alcohol. Eight grams of crude diamide was recovered 
from the Norite and Filter-cel.

(E) Ten grams (0.0467 mole) of sulfaguanidine was 
mixed with 6.7 g. (0.0467 mole) of adipic acid and heated 
at 140-150° for one hour. After standing overnight, the 
solid was treated with 60 cc. of 10% sodium carbonate 
solution and the insoluble product filtered. A yield of 8 g. 
was obtained, melting at 234-240° with decomposition. 
After having been washed with dilute ammonia, hydro­
chloric acid and water and recrystallized from methyl 
"Cellosolve,” the product melted at 268-269° with de­
composition. I t corresponded to the diamide, adipamido- 
4,4,-bis-(benzenesulfonylguanidine).

Anal. Calcd. for C2oH2606N8S2: N, 20.82. Found: 
N, 20.51.

The carbonate soluble filtrate was neutralized with dilute 
hydrochloric acid and a yield of 2.8 g. of adipoylsulfa- 
guanidine was obtained, melting at 132-133° after re­
crystallization from dilute alcohol.

Similar results were obtained by the condensation of 
adipic acid with sulfapyridine and sulfathiazole.

(F) Ten grams (0.0392 mole) of sulfathiazole was mixed 
with 7.9 g. (0.0392 mole) of sebacic acid and heated to 150- 
170° for one and one-half hours. The cooled solid reaction 
mixture was treated with 200 cc. of 5% sodium hydroxide 
solution, decolorized with charcoal (Darco) and precipi­
tated with dilute hydrochloric acid. The crude product 
(14 g.) was extracted thoroughly with saturated sodium 
bicarbonate solution, leaving 7.5 g. of insoluble material 
which was thoroughly washed with dilute hydrochloric

acid and water and crystallized from dilute methyl 
"Cellosolve” containing a small amount of sodium bicar­
bonate. Purification by further crystallization from dilute 
methyl “Cellosolve” gave the diamide, sebacamido-4,4'- 
bis-(2-benzenesulfonamidothiazole), melting at 245-246°.

Anal. Calcd. for C28H32O6N6S4: N, 12.42. Found:
N, 12.31.

Acidification of the sodium bicarbonate solution gave 
unreacted sebacic acid, m. p. 133°.

Glutaramido-4,4'-bis-(2-benzenesulfonamidothiazole), 
melting at 251-254° with decomposition after crystalliza­
tion from dilute methyl "Cellosolve,” was obtained in the 
same manner from glutaric acid and sulfathiazole.

Anal. Calcd. for C^H^OcNcSl. N, 13.84. Found:
N, 13.56.

Succinimidobenzenesulfonyl chloride was prepared by 
the method reported by Adams, Long and Jeanes.7 How­
ever, the compound was purified by two recrystallizations 
from acetone and water, melting at 189-195° with de­
composition.

Anal. Calcd. for CioH80 4NSC1: N, 5.12. Found:
N, 5.10.

Condensation of Succinimidobenzenesulfonyl Chloride 
with 2-Aminothiazole.—Twenty grams (0.2 mole) of 2- 
aminothiazole was dissolved in 75 cc. of anhydrous pyridine 
and 27.4 g. (0.1 mole) of succinimidobenzenesulfonyl 
chloride was added slowly with stirring. After the addi­
tion, the solution was heated on the steam-bath for one- 
half hour and the pyridine was then removed by distillation 
under reduced pressure. The residue was triturated with 
50 cc. of cold water and the brown insoluble solid (4 g.) was 
filtered. After purification by several recrystallizations 
from dioxane and water the solid melted at 250.5-251.5° 
with decomposition. I t  was insoluble in cold sodium bi­
carbonate solution.

Anal. Found: N, 14.85.
The aqueous filtrate from above was acidified with 

concentrated hydrochloric acid and after chilling for 
several days 6.8 g. of succinylsulfathiazole was obtained, 
melting at 180-184°. I t was soluble in cold sodium bi­
carbonate solution with evolution of carbon dioxide.

Condensations with two equivalents of 2-aminothiazole 
in acetone or one equivalent of 2-aminothiazole in sodium 
carbonate solution gave similar results.

Summary
A series of dicarboxylic acid derivatives of sul­

fonamides has been prepared for study as intes­
tinal antiseptics.

Succinic, maleic and phthalic anhydrides con­
densed with the sulfonamides to give the mono­
basic acid amides I. Ethyl oxalate and ethyl 
malonate condensed with sulfathiazole, sulfadi­
azine and sulfaguanidine to give the ester amides 
IV, which were easily hydrolyzed by alkali to 
give the acid amides I, and a small amount of the 
diamides III. Esters of higher acids, such as 
ethyl glutarate, adipate and sebacate did not con-

(7) A dam s, Long and Jean es, T ots J ournal , 61, 2316 (1039),
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dense with sulfathiazole even when heated at 
160-170° for two hours.

Succinic acid condensed with the sulfonamides, 
when heated at a temperature of 150-170° for one 
to two hours, to give the anils II and 5-7% of the 
diamides IV. Hydrolysis of the anils II with
5-10% alkali gave the corresponding acid amides
I. Condensation of glutaric, adipic and sebacic

acids with the sulfonamides led to the isolation of 
the acid amides I and diamides III, in varying 
proportions.

^-Succinimidobenzenesulfonyl chloride con­
densed with 2-aminothiazole, under varying condi­
tions, to give N 4-succinylsulfathiazole and an 
unidentified product.
G l e n o l d e n , P a . R e c e i v e d  M a r c h  27, 1942

[C o n t r i b u t i o n  f r o m  t h e  K e d z i e  C h e m ic a l  L a b o r a t o r y , M i c h i g a n  S t a t e  C o l l e g e ]

The Condensation of Some Secondary Aliphatic Alcohols with Benzene in the
Presence of Aluminum Chloride

By R. C. Huston and I. A. Kaye1

Previous work in this Laboratory has shown 
that /-aliphatic alcohols condense with benzene 
and phenol in the presence of aluminum chloride 
to give the expected /-alkylbenzenes.la~3 Second­
ary aliphatic alcohols have been condensed with 
benzene too, but the nature of the products was 
not determined.la The purpose of the present in­
vestigation was to extend the study of the con­
densation of secondary aliphatic alcohols with 
benzene, using aluminum chloride as catalyst, 
and to determine the nature of the products ob­
tained.

5-Propyl, butyl, amyl, hexyl and nine of the
5-heptyl alcohols were condensed with benzene. 
That isopropyl and 5-butyl alcohols gave the ex­
pected hydrocarbons, cumene and 5-butylbenzene, 
was shown by their monoacetamino derivatives 
whose melting points agreed with those in the 
literature.4 The other monoalkylbenzenes were 
nitrated yielding the p -nitro derivatives which 
were then reduced to the amines. Phenols were 
prepared from the latter through the diazonium 
salts. The a-naphthylurethans of the phenols 
were then prepared. By comparison with the 
melting points of the a-naphthyl-urethans of 
known /-alkylphenols2’3 and by mixed melting 
point determinations with these compounds, it 
was established that 2-methylbutanol-3, 2-methyl- 
pentanol-3, 2-methyl-hexanol-3 and 3-methyl- 
hexanol-4 gave the /-alkylbenzenes, 2-methyl-
2-phenylbutane, 2-methyl-2-phenylpentane, 2-

(1) F rom  a  thesis su b m itted  in  p a rtia l fulfillm ent of the  require­
m en ts  fo r th e  degree of D octor of Philosophy.

( la )  H uston  and  Hsieh, T h is  J o u r n a l , 58, 439 (1936).
(2) H uston  and  H edrick, ibid., 59, 2001 (1937).
(3) H uston  and  Guile, ibid., 61, 69 (1939).
(4) Ipatieff an d  Schm erling, ibid., 59, 1056 (1937).

methyl-2-phenylhexane and 3-methyl-3-phenyl- 
hexane.

The ^-hydroxy derivatives and their a-naph- 
thylurethans of 2-phenylpentane, 3-phenylpen- 
tane, 2-phenylhexane, 3-phenylhexane, 3-methyl-
2-phenylpentane, 2-methyl-4-phenylpentane, 2,2- 
dimethyl-3-phenylbutane, 2-phenylheptane, 3- 
phenylheptane, 4-phenylheptane, 2-methyl-4- 
phenylhexane, 2-methyl-5-phenylhexane, 3- 
methyl-2-phenylhexane, and 2,2-dimethyl-3- 
phenylpentane were synthesized. The condensa­
tion of pinacolyl alcohol with benzene gave an 
alkylbenzene which was converted into a phenol 
identical with synthesized 2,2-dimethyl-3-£-hy- 
droxyphenyIbutane. The other alcohols, pen- 
tanol-2, pentanol-3, hexanol-2, hexanol-3, 3- 
methylpentanol-2, 2-methylpentanol-4, hepta- 
nol-2, heptanol-3, heptanol-4,2-methylhexanol-4,
2-methylhexanol-5, 3-methylhexanol-2 and 2,2- 
dimethylpentanol-3 undoubtedly gave mixtures of 
monoalkylbenzenes such as might be formed by 
the splitting out of water and the condensation of 
the resulting olefin in either of the two possible 
positions. This formation of mixtures in the con­
densation of the 5-amyl alcohols with benzene and 
phenol and in the condensation of the secondary 
hexylphenols has been observed by others5»6’7 and 
it is quite possible that the same phenomenon 
occurs with the higher homologs. The forma­
tion of tertiary products in the condensation of
5-aliphatic alcohols with methyl groups adjacent 
to the carbinol group has also been reported.5,6»7

(5) Ipatieff, P ines an d  Schm erling, J .  Org. Chem., 5, 253 (1941).
(6) H uston  and  E sterdah l, M as te r’s Thesis, M ichigan S ta te  Col­

lege (1940).
(7) H uston an d  C urtis, ibid. (1941).
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M o n o a l k y l b e n z e n e s  f r o m  5 -A l i p h a t i c  A l c o h o l s

^-A liphatic 
alcohol condensed

% Y ield 
of m ono-

Surface tension  
d rop

%c % Hw ith  benzene
Propanol-2
Butanol-2

alkylbenzene
71
81

B. p ., °C . 

151 
171

M m .

759
759

d*h
0.8600

.8597

W25 D
1.4858
1.4878

w eight D u  N ouy

27.78 29.28 
28.20 29.40

Pentanol-2 83 190 759 .8599 1.4864 28.49 29.72 
Calcd. for CuHi6

88.89
89.12

10.98
10.88

Pentanol-3 65 189-190.5 757 .8605 1.4877 28.51 29.65 88.97 10.83
2-Methyl-

butanol-3 54 188.5-190 760 .8684 1.4908 28.60 29.97 89.23 10.79
Hexanol-2 72 208-210 760 .8608 1.4866 28.79 30.16 

Calcd. for C12H18
88.86
88.82

11.06
11.18

2-Methyl-
pentanol-4 50 205-206 760 .8754 1.4932 28.79 29.84 88.53 11.31

Hexanol-3 65 209-211 760 .8580 1.4845 28.93 29.84 88.67 11.11
3-Methyl-

pentanol-2 56 207-211 760 .8760 1.4951 29.28 30.55 89.17 10.94
2-Methyl-

pentanol-3 66 208-209 760 .8702 1.4900 28.96 29.78 89.00 11.04
2,2-Dimethyl-

butanol-3 62 205-207 760 .8763 1.4942 28.92 30.16 88.96 10.99
Heptanol-2 72 226-227 760 .8585 1.4837 28.94 29.72 

Calcd. for C13H20
88.47
88.56

11.40
11.49

Heptanol-3 67 227-228 762 .8569 1.4828 28.73 30.03 88.55 11.59
2-Methyl-

hexanol-3 62 225-226 762 .8688 1.4893 29.08 30.09 88.19 11.56
3-Methyl-

hexanol-4 60 224-226 762 .8727 1.4913 29.88 30.91 88.27 11.63
2-Methyl-

hexanol-4 54 224-225 762 .8654 1.4873 28.74 29.84 88.13 11.40
2-Methyl-

hexanol-5 44 223-226 760 .8777 1.4929 29.06 29.97 88.43 11.31
3-Methyl-

hexanol-2 56 224-225.5 762 .8767 1.4939 29.14 30.09 88.99 11.52
2,2-Dimethyl-

pentanol-3 58 221-223 762 .8720 1.4912 28.67 29.65 88.63 11.30
Heptanol-4 63 226-229 760 .8613 1.4847 29.03 29.78 88.29 11.62

Alcohols listed in Table I were prepared by the 
Grignard method. Some of their physical con­
stants were redetermined. Other alcohols used 
showed constants which agreed with those in the 
literature.

Condensation of the Secondary Aliphatic Alcohols with 
Benzene.—All condensations were carried out in the same 
manner. One-half mole of the alcohol, dissolved in 50 ml. 
of benzene, was added dropwise and with vigorous stirring 
to a suspension of 50 g. of anhydrous aluminum chloride 
in 400 ml. of ice-cold anhydrous, thiophene-free benzene. 
Dry hydrogen chloride gas was bubbled through the reac­
tion mixture a t the same time at a rate such that the bub­
bles could just be counted. The reaction mixture was 
stirred one hour after the addition of the alcohol and then 
permitted to stand eight hours at room temperature.

In the case of the straight-chain alcohols, refluxing the 
reaction mixture eight hours longer, while bubbling in 
hydrogen chloride gas, was found to improve the yields. 
This practice was omitted in the condensation of the 
branched alcohols, since poorer yields were obtained.

The reaction mixture was then poured on ice; hydro­

chloric acid was added, and the benzene layer was sepa­
rated and washed once with water, twice with a dilute 
sodium bicarbonate solution and once more with water. 
After drying over anhydrous sodium sulfate, the benzene 
was removed in vacuo. The residual liquid was distilled 
at atmospheric pressure using a ten-inch Vigreux column.

Derivatives of the Monoalkylbenzenes.—Acetamino 
derivatives were prepared by the method of Ipatieff and 
Schmerling.4 The ^-nitroalkylbenzenes, ^-aminoalkyl- 
benzenes and ^-hydroxyalkylbenzenes were prepared by 
the methods given in Fisher's test.8 or-Naphthylurethans 
were prepared by the method of French and Wirtel.9

Synthesis of the s-Alkylbenzenes.—These compounds 
were prepared by a modification of the method of Klages.10 
The alkyl Grignard reagent was treated with acetophenone 
or its homologs. The tertiary alcohol formed was not 
isolated but converted directly into an olefin by refluxing, 
using a Dean-Stark moisture trap11 to collect the water 
which was eliminated. The product was then distilled and

(8) F isher, “ L ab o ra to ry  M anual of Organic C hem istry ,” 4 th  ed., 
1938, Jo h n  W iley an d  Sons, Inc ., N ew  Y ork, N . Y.

(9) F rench  an d  W irtel, T h is  Jo u r n a l , 48, 1736 (1926).
(10) K lages, Ber., 36, 622 (1903).
(11) D ean and  S tark , I n d . Eng. Chem., 12, 486 (1920).
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F a b l e  II
D e r i v a t i v e s  o f  t h e  M o n o a l k y l b e n z e n e s

i>-Nitro-------- s ,---------p- Amino---------  ̂ ,-------- ^ -H y d ro x y ----—- -•-------— « -N aph thy l u re th a n --------

Secondary alcohols
B. p „°c. P,

mm.
B. p„  

°C.

Pentanol-2 112-114 2 101-102
Pentanol-3 111-117 2 103-105.5
2-Methylbutan ol-3 113-118 2 99-103

Hexanol-2 133-141 3 111-114
2-Methylpentanol-4 134-138 3 124-125
Hexanol-3 122.5-124 2 121.5-122
3-Methylpentanol-2 124-127 2 112-113
2-Methylpentanol-3 123.5-127 2 111-113
2>2-Dimethylbutanol-3 117-123° 2 115-118*

Heptanol-2 154-156 3 124-127
Heptanol-3 143-149 3 124-126
Heptanol-4 146-150 3 129-130
2-Methylhexanol-3 140-146 3 127-129
3-Methylhexanol-4 143-148 3 124-126
2 - M e thy lhexanol-4 136-143 3 120-124
2-Methylhexanol-5 139-142 3 123-127
3-Methylhexanol-2 135-139 3 120-125
2,2-Dimethylpentanol-3 139-141 3 120-126

a Calcd. for Ci2H170 2N : N ,  6.73. Found : N ,  6.68. 6
for Ci2H i80: C, 80.85; H, 10.18. Found: C, 80.63; H,

p, B. p„ p , M . p ., N itrogen, %
mm. °C. m m. °C. Calcd. Found

2 100-104 2 99-99.5 4.12 4.13
2 100-101 2 97.5-98.5 4.12 4.18
2 110-114 

m. p. 89-90
3 125-126.5 4.12 4.17

2 108-113 2 95-96.5 4.03 3.99
3 115-119 3 108-112 4.03 3.97
3 117-119 3 95-96 4.03 4.03
2 117-121 3 103-105.5 4.03 3.99
2 116-119 3 123.5-125 4.03 4.0(1
2 115-118c

m. p .122
3 109-110 4.03 3.98

2 120-122 2 94.5-96.5 3.87 3.82
2 125-127 2 95.5-97.5 3.87 3.86
2 117-121 2 93.5-94 3.87 3.82
2 123-127 3 125-126 3.87 3.83
2 128-131 3 101-103 3.87 3.87
2 122-129 3 119-121 3.87 3.79
2 123-126 3 119-121 3.87 3.86
2 121-125 3 106-108 3.87 3.83
2 131-133 3 114-115 3.87 3.79

alcd.
).35.

for Ci2H19N: N, 7.87. Found: N, 7.74. c Calcd

T a b l e  III
S y n t h e s i z e d  s-A l k y l b e n z e n e s  a n d  D e r i v a t i v e s

A lkylbenzenes------- ------ -n -̂--------- i?-N itro------------. ,  p-Am ino-------------- >  -------------------------- ^-H ydroxy-

N am e
B. p„ 

°C.
P,

m m.

B. p.,
°C .

(2 m m .)
N itrogen, % 

Calcd. Found

B. p.,
°C.

(2 mm.)
N itrogen, % 

Calcd. F ound

B. p .,
°C .

(2 m m .)
C arb o n , % 

Calcd. F ound
H ydrogen, % 

Calcd. F ound
3- P henylpen tane 189-191 741 110-115 7 .25 7.18 107-116° 8 .58 8 .43 108-1176
2-Phenylpen tane 191-193 762 112-118 7 .25 7.21 101-104 8 .58 8.49 101-103 81.19 80 .83 10.48 10.33
2-Phenylhexane 210-211 737 120-128 6 .72 6.62 112-116 7.87 7 .7 8 110-112
4-P henylhep tane
2-M ethyl-4-

221-224 760 140-143 6.33 6.29 128-131 7 .32 7 .25 121-123 81 .19 80 .78 10.48 10.27

phenylpen tane 197-198 735 132-133 6.73 6.66 113-115 7 .87 7 .83 109-110 80.85 80 .37 10.18 10.01

3 mm. 1 M. p. 75.5°.
T a b l e  I V

S y n t h e s i s  o f  ^ - H y d r o x y p h e n y l a l k a n e s

/----------------- Analyses, % ---------
Secondary ^-hydroxy- P, Found C alculated

phenylalkane B. p ., °C. mm. C H C H S ta rtin g  m aterials
3-^-Hydroxy phenylhexane 133 4 80.67 10.11 80.85 10.18 w-Propyl bromide and p -  

methoxypropiophenone
3 -£-Hy dr oxy phenylhep tane 117 2 81.07 10.31 81.19 10.48 w-Butyl bromide and p - meth- 

oxypropiophenone
2,2- D imethy 1-3 -h y dr oxy - 

phenylpentane
108 2 80.87 10.64 81.19 10.48 ^-Butyl chloride and ^-meth- 

oxypropiophenone
2-Methyl-4-£-hydroxyphenyl-

hexane
111 2 81.49 10.29 81.19 10.48 Isobutyl bromide and p -  

methoxypropiophenone
3-Methyl-2-£-hydroxyphenyl-

pentane
120-123.5 3 80.71 9.99 80.85 10.18 s-Butyl bromide and p - meth- 

oxyacetophenone
2-/>-Hydroxyphenylheptane 140 4 80.78 10.52 81.19 10.48 w-Amyl bromide and p - meth- 

oxyacetophenone
2-Methyl-5-£-hydroxyphenyl-

hexane
123.5 2 80.79 10.20 81.19 10.48 Isoamyl bromide and p - meth- 

oxyacetophenone
3-Methyl-2-£-hydroxyphenyl-

hexane
123-125 2 80.77 10.37 81.19 10.48 5-Amyl chloride and p -meth- 

oxyacetophenone
2,2-Dimethyl~3-£-hydroxy~

phenylbutane®
123 4 80.94 10.64 81.19 10.48 Z-Butyl chloride and £-meth- 

oxyacetophenone
*M . p. 120-121 °,
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reduced to the hydrocarbon by dissolving 0.25 mole in 375 
ml. of absolute ethanol. Forty grams of sodium was 
added to the boiling solution in small portions over a 
period of time. Water was added when all the sodium had 
dissolved and the mixture was extracted three times with 
ether. The combined ether extracts were washed free of 
alcohol, dried over anhydrous sodium sulfate and the ether 
removed by distillation. The residue was shaken thor­
oughly with a saturated aqueous potassium permanganate 
solution and the excess permanganate reduced by the addi­
tion of solid sodium bisulfite. The alkylbenzene was then 
extracted with ether and distilled at atmospheric pressure 
after drying and removing the ether. The product was 
then converted into the £-hydroxyphenylalkane (see 
Table III, C) through the £-nitro and amino derivatives. 
The a-naphthylurethan of the phenol was then prepared.

T a b l e  V

« - N a p h t h y l u r e t h a n s  o f  t h e  S y n t h e s i z e d  ^ - H y d r o x y - 
p h e n y l  a l k a n e s

P a re n t com pound

a -N ap h th y l- 
u re than , 

m . p ., °C.

N itrogen, %  
C alcu­
la ted  Found

2-^-Hydroxyphenylpentane 100-101 4.12 4.09
3-^-Hydroxyphenylpentane 114 4.12 4.07
2-^-Hydroxyphenylhexane 108-109 4.03 3.98
2-Methyl-4-£-hydroxy-

phenylpentane 107 4.03 3.96
3-^-Hydroxy phenylhexane 95-95.5 4.03 3.99
3-Methyl-2-£-hydroxy-

phenylpentane 100-101 4.03 3.95
2-^-Hydroxyphenylheptane 115-116 3.87 3.85
3-£-Hydroxyphenylheptane 100 * 3.87 3.79
4-£-Hydroxyphenylheptane 104-105 3.87 3.88
2-Methyl-4-£-hydroxy-

phenylhexane 117-117.5 3.87 3.81
2-Methyl-5-£-hydroxy-

phenylhexane 125 3.87 3.81
3 -Methyl-2-£-hy droxy- 

phenylhexane 110-111 3.87 3.82
2,2-Dimethyl-3-£-hydroxy-

phenylpentane 118-119 3.87 3.82

T a b l e  V I

M o n o a l k y l b e n z e n e s  f r o m  ^ -A l c o h o l s  w i t h o u t  R e ­
a r r a n g e m e n t

Alcohol
condensed

w ith
benzene

M . p . of deriva­
tives, °C. 

M ono- D iacet- 
acetam ino  am ino

P ure  M . p. of deriva- 
com pound tives, °C. 

a lky l- M ono- D iacet- 
benzene acetam ino amino

Isopropyl 105 213-214 Cumene 1065 2165
^-Butyl 126 2-Phenyl- 1265

butane

i>~Hydroxyphenol Phenol
M . p. of 
Phenol

Pinacolyl 122® 2,2-Dimethyl-3- 1 2 0 -1 2 1 *
^-hydroxyphenylbutane

a,b Melting point of mixture of a and b showed no de­
pression.

Table VI indicates definitely that propanol-2 
condenses with benzene to form only cumene, and 
butanol-2 forms only 2-phenylbutane. The only 
other case of apparent simple replacement of the

hydroxyl with phenyl was found in the conden­
sation of 2,2-dimethylbutanol-3 with benzene. 
The alkylbenzene gave, upon nitration, reduc­
tion and diazotization, a phenol which was proved 
by mixed melting point and melting points of 
derivatives to be identical with 2,2-dimethyl-3~ 
^-hydroxyphenylbutane. This is especially note­
worthy in view of the fact that it has been found 
in this Laboratory7 that pinacolyl alcohol reacts 
with phenol in the presence of aluminum chloride 
at 50° to give 2,3-dimethyl-2-£-hydroxyphenyl- 
butane.

Of the remaining alcohols listed (Table II), 
none showed simple replacement of the hydroxyl 
with the phenol group. The a-naphthylurethan 
from the condensation of 3-methylpentanol-2 
gave a melting point (not sharp) intermediate 
between that of the a-naphthylurethan of
3-methyl-2-/>-hydroxyphenylpentane (Table V) 
and of 3-methyl-3-£-hydroxyphenylpentane, while 
the a-naphthylurethan from 3-methylhexanol-2 
melted between that of 3-methyl-2-^~hydroxy- 
phenylhexane and of 3 -methyl-S-p- hydroxy - 
phenylhexane.2

The other four alcohols in which the hydroxyl 
is on a carbon adjacent to one carrying tertiary 
hydrogen gave products identical with those 
obtained from tertiary alcohols. 2-Methyl- 
butanol-3 gave an alkylbenzene which was con­
verted into 2-methyl-2-^-hydroxyphenylbutane.la
2-Methylhexanol-3 gave 2-methyl-2-£-hydroxy- 
phenylhexane,2 and 3-methylhexanol-4 gave 3- 
methyl-3-^-hydroxyphenylhexane.2 Identification 
was accomplished by mixed melting points of the 
a-naphthylurethans.12 Probability of the ad­
mixture of some secondary alkylbenzene in the 
condensation products was indicated by the 
repeated crystallizations which were necessary in 
order to obtain the a-naphthylurethans in the 
pure state.

All straight chained alcohols and those in which 
branching occurs on carbons not adjacent to the 
alcoholic group give mixtures of condensation 
products which may be accounted for by assuming 
the elimination of water and the reaction of the 
mixture of alkenes with benzene. Both 2-methyl- 
hexanol-4 and 2-methylhexanol-5 gave urethan 
mixtures melting at 119-121°. This is between

(12) T he earlier publication  repo rted  a m. p. of 110-111° fo r the  
a -n ap h th y lu re th an  of 2-m ethyl-2-i>-hydroxyphenylhexane an d  82.3° 
fo r th e  a -n ap h th y lu re th an  of 3-m ethyl-3-j>-hydroxyphenylhexane. 
T he  m elting po in ts of these derivatives, as prepared  by  th e  au tho rs  
from  th e  phenols prepared  by  H uston  and H edrick, were found to  be 
X25° and  101°, respectively.
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the melting points of the a-naphthylurethans of
2-methyl“5-^-hydroxyphenylhexane and of 2- 
methyl-4-£>-hydroxyphenylhexane.

Unlike 2,2-dimethylbutanol-3* 2,2-dimethyl- 
pentanol-3 apparently forms a mixture of con­
densation products. The melting point of the 
a-naphthylurethan mixture is 114-115°. This is 
well below that of the a-naphthylurethan of
2,3-dimethyl-3-/>-hydroxyphenylpentane2 (124- 
125°) or of 2,3-dimethyl-2-£-hydroxyphenyl- 
pentane2 (122-123°) but is quite near that of
2,2-dimethyl-3-£-hydroxyphenylpentane. This 
leads to the suggestion that the mixture is the 
result of the reaction of 2,2-dimethylpentene-3 
with benzene and not of methyl migration.

Summary
1. The ^-propyl, butyl, amyl, hexyl and nine 

of the 5-heptyl alcohols were condensed with 
benzene in the presence of aluminum chloride.

2. The alkylbenzenes obtained in the conden­
sations were converted to the corresponding 
^-hydroxy compounds through the p - nitro and 
p - amino derivatives. a-Naphthylurethans of the

^-hydroxy compounds were also prepared as well 
as acetamino derivatives of some of the alkyl­
benzenes.

3. A number of pure 5-alkylbenzenes and s- 
alkylphenols were synthesized and their a-naph­
thylurethans prepared.

4. By comparison of the melting points of the 
acetamino derivatives of the alkylbenzenes with 
those in the literature and of the melting points of 
the phenols and of the a-naphthylurethans with 
those synthesized and with those of /-alkylphenols, 
the following facts have been established: (a) 
Isopropyl, 5-butyl and pinacolyl alcohols gave the 
corresponding 5-alkylbenzenes in pure form, (b)
2-Methylbutanol-3,2-methylpentanol-3,2-methyl- 
hexanol-3 and 3 -methylhexanol-4 gave tert- 
alkylbenzenes. (c) The straight chain alcohols, 
those having a branched methyl group remote 
from the carbinol group, and 2,2-dimethylpen- 
tanol-3 gave mixtures of monoalkylbenzenes.
(d) 3-Methylpentanol-2 and 3-methylhexanol-2 
also gave mixtures consisting, probably, of the 
5 and /-alkylbenzenes.
E a s t  L a n s i n g , M i c h i g a n  R e c e i v e d  M a r c h  9, 1942

[C o n t r i b u t io n  f r o m  t h e  C h e m ic a l  D i v is i o n  o f  t h e  W o b u r n  D e g r e a s i n g  C o m p a n y  o f  N. J.]

Solid 10,12-Octadecadienoic Acid-1* A New Conjugated Linoleic Acid Melting at 57°
By J. D . von M ikusch

When linoleic and linolenic acids or their gly­
cerides are treated with an excess of alcoholic 
potash for prolonged periods of time, a rearrange­
ment of the double bonds into the conjugated 
position has been found to take place.1 In the 
case of linolenic acid, a solid isomer, pseudoeleo- 
stearic acid, is formed, which was identified by 
Kass and Burr2 as 10,12,14-octadecatrienoic 
acid-1. Linoleic acid, on the other hand, was 
found by Moore1 (pp. 145, 147) to give rise “to a 
product which remains liquid at room tempera­
ture.” On alcoholic-potash isomerization of 
maize oil containing linoleic but no linolenic acid, 
“no solid acids were formed” (ref. 1, p. 143).

Burr and collaborators, however, disclose an 
isomerization of linoleic acid to crystalline forms 
as a result of treatment with sodium butylate,3 
and give absorption spectrum, diene number and

(1) M oore, Biochem. J . ,  31, 138-154 (1938).
(2) K ass and  B urr, T h is  J o u r n a l , 61, 3294 (1939).
(3) K ass, M iller and  B urr, ibid., 61, 482 (1939).

extinction coefficient for a solid 10,12-linoleic acid.4 
They also describe a solid 10,12-linoleyl alcohol.5

As a result of extensive studies in this Labo­
ratory6 a commercial 'conjugating process has 
been developed in which oils and fatty acids are 
isomerized with caustic soda in aqueous medium 
(patents pending). When oils containing a large 
proportion of linolenic acid, for instance linseed 
oil, are subjected to this process, the melting 
point or titer of their free fatty acids rises, indi­
cating the formation of solid products. The fatty 
acids of oils containing little or no linolenic acid 
but a large proportion of linoleic acid experience 
a drop in titer.7 From this it appears that linoleic 
acid does not yield solid isomerization products 
to any appreciable extent under the conditions

(4) M iller an d  B urr, Chem. Reviews, 29 , 419 (1941).
(5) K ass and  B urr, T h is  J o u r n a l , 62, 1796 (1940).
(6) W oburn B ulletins No. 121 an d  123, W oburn  D egreasing C om ­

pany  of N . J ., H arrison , N . J .
(7) T ite r of linseed fa tty  acids: 18° before, 23.1° a fte r isom eriza­

tion; of soybean fa tty  acids: 22° before, 12.5° a fte r isom erization.
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of the commercial process. In order to verify this, 
the fatty acids of walnut oil were freed from the 
bulk of their solid constituents by storing and 
pressing at 0-3°. When the resulting liquid frac­
tion was isomerized, the conjugated fatty acid 
product was liquid at room temperature and re­
mained liquid on renewed cold storage at 0-3°.

In contrast herewith, it was found that a sample 
of dehydrated castor oil (“isoline”), the fatty 
acids of which remain liquid at 3°, produces a 
fatty acid mixture upon isomerization which sets 
to a semi-solid mass at 3°, and from which a con­
siderable quantity of a solid acid separates even 
at room temperatures. The fatty acids of de­
hydrated castor oil have previously been found to 
contain 26% or less of 9,11-linoleic acid, the re­
mainder being largely non-conjugated, i. e., 9,12- 
linoleic acid.8

The diene value of dehydrated castor oil in­
creases considerably dining the caustic treatment, 
and the solid fatty acid formed, m. p. 57°, methyl 
ester m. p. 25°, is conjugated as shown by its 
analysis. It is found to be not identical with 
Mangold’s9 solid 9,11-linoleic acid. Another solid 
conjugated linoleic acid, m. p. 56°, which was ob­
tained by Smit10 by the debromination of tetra- 
bromostearic acid, m. p. 124° and believed to be 
also a 9,11-isomer, was not available; but no bro­
mide melting at 124° was formed by the new acid.

Oxidation with permanganate, both in alkaline 
and neutral solution, served to characterize the 
new acid as 10,12-octadecadienoic acid-1 and it 
may, therefore, be concluded that it resulted from 
the isomerization of the 9,12-linoleic acid present 
in dehydrated castor oil. Since other oils con­
taining 9,12-linoleic acid, such as soybean or 
walnut, do not yield a solid fatty acid under 
similar treatment, it may be further concluded 
that the linoleic acid present in dehydrated castor 
oil, or at least a portion of it, is not identical with 
ordinary linoleic acid but a stereoisomer thereof.

Only one of the four theoretically possible 10,12- 
linoleic acids has in the past been identified. It 
was found by Böeseken and collaborators11*12 in

(8) P ries t an d  von  M ikusch, In d . Eng. Chem., 32, 1314 (1940); 
P ries t an d  von M ikusch, C h ap ter on deh y d ra ted  castor oil in "P ro ­
tec tive  an d  D ecorative  C oatings, e tc ./*  J .  J . M attiello , E d ito r, 1st 
ed. vol. 1, page 128, Jo h n  W iley and  Sons, N ew  Y ork, N . Y., 1941.

(9) M angold, M onatsh., 15, 309 (1894).
(10) Sm it, Rec. trav. chim., 49, 539 (1930).
(11) Böeseken, Sm it, H oogland an d  v an  der Broek, ibid., 46, 623

(1927) .
(12) Böeseken an d  van  K rim pen , K oninkl. Akad. Wetensch. 

Am sterdam , w isk. natk. A fd .,  37, 66 -8 ; Chem. Zentr., 99, I, 2704
(1928) ; Böeseken., van  K rim pen and  B lanken, Rec. trav. chim., 49, 
247 (1930).

the products of partial hydrogenation of both 
alpha- and beta-eleostearic acids and their esters 
and had a melting point of 28.5°. The melting 
point of the 10,12-linoleic acid referred to by 
Burr, et al.,2~5 has not been reported .

Experimental
The fatty acid product obtained from the commercial 

isomerization of dehydrated castor oil (‘Tsoline”) with 
caustic soda in an aqueous medium was refrigerated at 3° 
for forty-eight hours. Repeated filtration and pressing 
on a suction funnel yielded a dry cake weighing more than 
2 0 % of the original total fatty acids.

Two recrystallizations from petroleum ether gave snow- 
white crystals, m. p. 55-56°, which, with Wijs solution, 
showed the color of free iodine characteristic for conjugated 
double bonds, 13 Wijs I. V., 130; diene value, —88.5 
(Ellis-Jones).

Two recrystallizations of the purified product from 
ether, in which it is less soluble at low temperatures than 
stearic acid, and two from 95% alcohol yielded crystals 
melting at 56.3-57.7° (cor.), which became tacky when 
left exposed to air, showing sensitivity to oxidation. The 
final crop formed a clear solution in a little warm petroleum 
ether but, in ample excess, this solvent precipitated a 
white cloud indicating the presence of oxidized fatty acids. 
The dilute solution was, therefore, filtered with charcoal 
and cold stored. Before each of the following determina­
tions, a sample of the resulting acid suspension in petroleum 
ether was removed, filtered, and dried under carbon diox­
ide; properties, melting point 55.7-57.5° (cor.); partial 
iodine value (modified Wijs, 2 min. on ice) 14 89.91, 89.80 
(calcd. 90.52); total iodine value (Woburn Method, 0.32 N  
iodine bromide solution, 1 hr., 20 ° ) 15 186.7 (calcd. 181.0); 
acid value 199.6 (calcd., 200.06); from this: mol. wt. 
281.1 (calcd. 280.436); refractive index, n60D 1.4689; n 70D 
1.465616; density by pycnometer, d704 0.86857; molar 
refraction (Lorenz-Lorentz) 89.36,16 calcd. (acc. to Eisen­
lohr) 85.93, exaltation, +3.43 . 17

The white lead soap, precipitated quantitatively from 
the hot aqueous potassium soap solution, was practically 
insoluble in cold benzene (6 °), but 1 0 0  ml. of boiling ben­
zene dissolved approximately 3 g. After one crystalliza-

(13) Böeseken and  Gelber, ibid., 46, 162 (1927).
(14) von M ikusch, Oil and Soap, 15, 186 (1938).
(15) von M ikusch and  Frazier, Ind . Eng. Chem., A na l. Ed., 13, 

782 (1941). D a ta  on th e  de te rm ina tion  of to ta l and  p a rtia l iodine 
values and  diene values, by  difference of th e  tw o, are  being p repa red  
for pub lica tion  by  von M ikusch and  Frazier.

(16) T h e  a u th o r is indeb ted  to  H . E . R iley for de te rm in ing  th e  
re frac tive  indices listed , and  suggesting im provem ents in  th e  p re p a ­
ra tio n  of th e  m anuscrip t. M r. R iley also po in ts  o u t in  a  p r iv a te  
com m unication  th a t  th e  specific refraction  of th e  new acid is 0.31853, 
com pared to  a  value of 0.31772 for 9,11-linoleic acid calcu la ted  from  
th e  d a ta  c ited  by  S m it and  Böeseken.

(17) Böeseken, et a l.,11 rep o rt a  m olar refraction  of 88.9 fo r 9,11- 
linoleic acid, m . p . 52.2°, b u t from  th is  value inco rrec tly  derive  an  
exaltation  of + 3 .4 , a lthough  S m it (ref. 10, p . 545) co rrec tly  s ta te s  
th e  calculated  m olar refraction  to  be 85.9, showing an  ex a lta tio n  of 
+ 3 .0 . If  th e  values for w77d 1.4624 an d  sp. gr. a t  77° 0.8659 as re ­
p o rted  iden tically  by  Böeseken, et al., and  S m it10 are  used  to g e th e r 
w ith  th e  calcu lated  m olecular w eight for octadecadienoic acid  using  
1941 atom ic weights, m. w t. 280.4, a  m olar re frac tion  of 89.1 resu lts  
giving an  exalta tion  of + 3 .2 . This is seen to  be close to  th e  p resen t 
value for th e  10,12-isomer.
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lion from boiling benzene, the lead soap melted indistinctly 
at 115°.

Mangold’s acid was prepared in the usual manner by the 
dry distillation of ricinelaidic acid.3,11 The yield after one 
recrystallization from 95% alcohol was 17.4%, m. p. 52°. 
A mixture of this with the new acid melted at 48 to 51 °, 
or lower than either acid alone.

Methyl Ester.—Twenty-four grams of a sample of the 
new acid which had been recrystallized only once from 
petroleum ether was refluxed with twice its weight of 
anhydrous methyl alcohol for three and one-half hours 
while passing hydrogen chloride gas into the solution. 
Recrystallization of the product from methyl alcohol gave 
12.2 g. of white scales melting at 25°; the remaining 
brown oil was not further investigated; (9,11-linoleic 
methyl ester, m. p. 29.8°, according to Böeseken, et al.11). 
The bulk of the dried scales distilled at 207-208° (uncor.) 
at 9 mm. The distillate solidified sharply at 23-23.5°; 
total iodine value (Woburn, 1 hr. 20°)15 173.4; 173.4 
(calcd. 172.4); partial iodine value (mod. Wijs, 2 min., 
ice)14 86.6; 86.1 (calcd. 86.2); Woburn diene value (by 
diff.) compare15 87.0 (calcd. 86.2).

Bromination of the new acid in cold petroleum ether 
with one mole of bromine and storing of the solution at 3 ° 
for forty-eight hours did not lead to solid products. After 
adding a second mole of bromine and allowing to stand in 
diffuse daylight at room temperature for two days, the 
color of free bromine had disappeared and a white solid 
had settled out, m. p. 104-113°. Extensive fractional 
crystallizations from 95% alcohol resulted in two portions., 
melting at 149.5-150.5° and 104-105° (cor.), respectively; 
acid values 95.8 and 94.7 resp. (calcd. 93.5 for tetrabro- 
mide).

Mild oxidation with alkaline potassium permanganate 
of 15 g. of the once recrystallized acid yielded a cake of 
hydroxy acids from which 0.1 g. of soluble substance was 
extracted, with petroleum ether. Extraction of the re­
maining cake with warm ether yielded 4.8 g. of a viscous, 
almost water-white liquid which did not solidify after 
several days at 3°; acid value 178.6 (calcd. for dihydroxy- 
stearic acid, 178.4).

The remaining hydroxy acids were extracted succes­
sively with hot chloroform and boiling alcohol. These ex­
tracts on cooling yielded 0.3 and 0.9 g., respectively, 
of white precipitates, identical although of different purity, 
melting at 177-182° and 186-189°, recrystallized, 187- 
188.5° (cor.); acid value 159.9 and 156.6 (calcd. for tetra- 
hydroxy stearic acid 161.0).

Ether extraction of the aqueous solution remaining 
after the separation of the hydroxy acids yielded 2.5 g. of 
an oil which on extraction with boiling water yielded

crystals, melting after one recrystallization at 127-129.5°. 
They showed no depression with sebacic acid; acid value 
580 (calcd. for sebacic acid 554.8). Other oxidation prod­
ucts, in evidence, were not further investigated.

Destructive Oxidation of Methyl Ester.—Following in 
general the procedure of Armstrong and Hilditch,18 8 g. 
of the recrystallized and distilled methyl ester was oxi­
dized with 75 g. of powdered potassium permanganate in 
250 ml. of boiling acetone. The ether-soluble oxidation 
products were dry-distilled at atmospheric pressure. 
When the distillate, which had the odor of caproic acid, 
was redistilled, the two main fractions collected passed 
over at 193-201° and 201-205.5°, respectively, and had 
equivalent weights by titration of 106.1 and 110.3 (caproic 
acid, mol. wt., 116.2; b. p. 202°).

The residue was boiled with alcoholic potassium hy­
droxide, acidified with dilute sulfuric acid, and the acidified 
solution extracted three times with ether. After evapora­
tion, a white solid, contaminated with a yellow oil, re­
mained. The solid was soluble in boiling water, which on 
cooling yielded 1.4 g. of white crystals, m. p. after four 
recrystallizations from boiling water 130.5-132.5°, acid 
value 542, which gave no depression with genuine sebacic 
acid.

Summary

A new solid conjugated isomer of linoleic acid, 
melting at 57°, was isolated from the isomeriza­
tion products obtained from dehydrated castor 
oil in a commercial conjugating process using 
aqueous alkali. It is identified as 10,12-octa­
decadienoic acid-1 by its oxidation products.

The exaltation of the new acid compares with 
that of 9,11-octadecadienoic acid-1, which has 
been recalculated from data listed in the litera­
ture.

Properties of the acid and some of its deriva­
tives are given.

Since other oils containing linoleic acid do not 
yield the new solid isomer upon identical treat­
ment, it is concluded that it is formed from a 
stereoisomer of 9,12-linoleic acid in dehydrated 
castor oil which is not identical with ordinary 
linoleic acid.
Harrison, N. J. R eceived February 5, 1942

(18) A rm strong  and  H ild itch , J. Soc. Chim. In d ., 44, 43T (1925)
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Furfuryl Formate
B y W . R. E dwards, J r ., and L e sl ie  H . R e e v e s 1
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Furfuryl formate does not appear to have been 
prepared previously. Tobie2 attempted this by 
mixing furfuryl alcohol with formic acid, where­
upon the mixture became hot and a violent explo­
sion resulted. The present authors succeeded in 
preparing it by employing the reaction of furfuryl 
alcohol with acetyl formate3 at a moderate tem­
perature: after unsuccessful attempts (1) by
treatment of furfuryl alcohol with formic acid at 
temperatures from 0 to 25°, (2) by refluxing these 
materials in low-boiling organic solvents, (3) by 
treatment of furfuryl chloride with sodium for­
mate, (4) by alcoholysis, using n-heptyl formate 
and furfuryl alcohol, distilling slowly at atmos­
pheric pressure, and (5) by treatment of furfuryl 
alcohol with formamide at 100 to 120°.

Preparation of Acetyl Formate.—Following Béhal,4 
three moles of formic acid and four moles of acetic an­
hydride were mixed and heated at 50° for one hour. 
Because of the difficulty of protecting a vacuum pump from 
the quantity of corrosive fumes evolved, Béhal’s method 
of separation of the product was modified conveniently by 
employing an aspirator, distilling at 45 mm.; and collecting 
distillates at 43-46° and 42-43.5°, respectively, before and 
after washing with petroleum ether.

Furfuryl Formate.—To a mixture of 2.5 moles of furfuryl 
alcohol5 and 0.75 mole of sodium formate in a flask with a 
mercury-seal stirrer, 3.4 moles of acetyl formate was 
added drop wise. The flask was cooled with tap water 
during the addition, and theni immersed in a water-bath 
at 60° for five hours. Stirring was continuous during ad­
dition and subsequent heating. The resultant mixture 
was separated by addition of water, in which the ester 
was nearly insoluble. The ester layer was withdrawn, 
shaken with saturated aqueous sodium bicarbonate, sepa­
rated again, and dried over anhydrous sodium sulfate. 
I t  was then distilled four times at 16 mm., using a 45-cm. 
Widmer column; yield 138 g. (44%) of an almost constant­
boiling product.

With another batch, a second water washing was em­
ployed after the first distillation; only one additional 
distillation was then required. The product appeared to be 
equal in quality to the first batch, but the yield was lower.

Anal. Calcd. for C6H60 3: C, 57.12; H, 4.80; mol. wt., 
126.0. Found: C, 57.41; H, 5.07; mol. wt. (Cottrell), 
127.4.

(1) F rom  a  thesis subm itted  by  Leslie H. R eeves in  pa rtia l ful­
fillm ent of th e  requ irem ents for th e  degree of M aster of Science.

(2) Tobie, In d . Eng. Chem., News Ed., 19, 72 (1940).
(3) T he  m ixed anhydride  of form ic and  acetic acids.
(4) Béhal, Compt. rend., 128, 1460 (1899).
(5) T he  au th o rs  wish to  th a n k  D r. F . N . Peters and  th e  Q uaker

O ats C om pany for a gift of th e  fu rfu ry l alcohot used in  these  experi­
m ents.

Saponification of the ester with aqueous sodium hydrox­
ide yielded furfuryl alcohol (identified by the melting point 
of its a-naphthyl urethan) and the salt of formic acid (iden­
tified by Duclaux constant determinations).

The high carbon content, and the fact that the boiling 
point was higher than might have been predicted from a 
study of the data on other furfuryl esters, suggest some 
contamination of the product by furfuryl alcohol, a difficult 
substance to eliminate completely. I t may be observed, 
however, that Zanetti6 has suggested that the accepted 
boiling point of furfuryl acetate may be several degrees too 
low. If this is true, the boiling point of the formate occu­
pies a more nearly regular position in the series.

Furfuryl formate is a colorless liquid with a pleasant 
odor; b. p. 66.2-66.5° (16 mm.), 166.3° (with some colora­
tion) (760 mm.); d 2\  1.1584; d \  1.1830; w25d  1.4662. 
The sample obtained as described did not crystallize at 
—68°. Sealed in a glass tube, it turned faintly yellow on 
standing two months; exposed to air, it darkened rapidly. 
One hundred grams of water at 25° dissolved 1.31 g. of 
the ester. I t was infinitely soluble in ether, benzene and 
ethanol. I t dissolved 34% of its own weight of nitrocellu­
lose (viscosity, 1/ 2 second), forming a viscous, greenish paste; 
and 25% of its own weight of cellulose acetate (Celanese 
satin), forming a viscous, transparent, colorless paste.

Attempted Oxidation.—The oxidation of furfuryl for­
mate should be of interest, since the formyl group might be 
expected to undergo elimination during the process, 
simultaneously influencing the nature of the reaction of the 
remainder of the molecule. In an initial attempt to in­
vestigate this, furfuryl formate (0.45 mole) was added drop- 
wise to 1.35 moles of hydrogen peroxide (30% aqueous 
solution) containing a trace of ferrous sulfate. The mix­
ture was stirred vigorously for one hour at room tempera­
ture, and then for two hours at 50 ° ; at the end of this time, 
no odor of the ester could be detected. Formic acid (36% 
of the theoretical) and furfural (18% of the theoretical) 
were identified among the diverse products of the reaction; 
identification of other products was incomplete.

Preparation and Properties of a Resin.—Recent work7 on 
the use of synthetic resins for the removal of chlorides and 
sulfates from aqueous solutions included the observation 
that several resins prepared from either furfural or furfuryl 
alcohol, usually by condensation with a diamine, possessed 
widely varying efficiencies. The present authors prepared, 
washed, dried and sub-divided a resin by an essentially 
similar procedure, using furfuryl formate, m-phenylenedi- 
amine, and hydrochloric acid. The initial reaction was 
vigorous but not violent. The resultant resin was black 
and very hard. One gram of it was shaken for three 
hours at 31° with 250 cc. of water containing 500 p. p. m. 
of sulfuric acid. There was no decrease in the sulfate ion 
concentration of the solution.

(6) Z anetti, T h is  J o u r n a l , 47, 535 (1925).
(7) Schw artz, E dw ards and  B oudreaux, In d . Eng. Chem., 32, 1462 

(1940).
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Growth-promoting Action.—Initial tests by Dr, C. F. 
Moreland on tomato leaves showed furfuryl formate to be 
ineffective in giving an epinastic response. On this 
tentative basis, it appears probable that the formate does 
not possess the growth-promoting power which Traub8 re­
ported as a conspicuous characteristic of furfuryl acetate 
and a number of other furan derivatives.

Attempted Preparation of Furfuryl Oxalate.—(1) Oxalic 
acid and furfuryl alcohol were mixed, ether was added, 
and the mixture was refluxed with stirring for eight hours; 
there was no reaction. (2) Furfuryl acetate (0.75 mole) 
and oxalic acid (0.67 mole) were heated together at 70°, 
with stirring, for five hours; there was no apparent reac­

(8) T rau b , Proc. A m . Soc. Hort. Sci., 35, 438 (1937).

tion. The temperature was then raised. At about 85- 
90° there was an explosion which scattered a black tarry 
material over a circle of ten feet radius.

Summary

Furfuryl formate has been prepared in fair 
yield by the reaction between furfuryl alcohol and 
acetyl formate at 60°. Its properties have been 
ascertained and some of its reactions have re­
ceived preliminary study. Attempts to prepare 
furfuryl oxalate were unsuccessful.
B a t o n  R o u g e , L o u i s ia n a  R e c e i v e d  M a r c h  16, 1942

[C o n t r i b u t io n  N o. 71 f r o m  t h e  C h e m is t r y  L a b o r a t o r y  o f  t h e  U n i v e r s i t y  o f  U t a h ]

Organoboron-Nitrogen Compounds. II. The Reaction of Boron Chloride with
^-Toluidine

B y  Corliss R. K in n ey  and M artin  J. K olbezen

In an earlier paper the results of a study of the 
salt of aniline and boron chloride (C6H5NH2RCI3) 
were described1 which indicated that several 
types of organoboron-nitrogen compounds could 
be made from such salts or addition compounds 
by the elimination of the halogen acid. In order 
to determine the extensiveness of these reactions 
the behavior of ^-toluidine and boron chloride 
was studied and is described in the experimental 
part.

Experimental Part
The Salt of ^-Toluidine and Boron Chloride, CH3C6H4- 

N H 2B C I 3.—A 500-ml. two-necked flask equipped with a 
mercury-sealed stirrer and a dropping funnel was used. 
Into the flask, 114 g. of sodium dried benzene was intro­
duced and 13.9 g. (0.118 mole) of boron chloride was dis­
tilled into the benzene. The flask was cooled with snow 
and 9.7 g. (0.0906 mole) of ^-toluidine dissolved in 127 g. 
of dry benzene was dropped in slowly and with stirring. 
With the dilute solutions used the precipitate redissolved 
immediately but, toward the end, 180 g. more benzene was 
added and the cooling bath removed in order that the prod­
uct be kept in solution. When more concentrated solu­
tions were used, the addition compound separated as a 
white powder which could not be purified readily.

When all of the ^-toluidine had been added, the stirrer 
and dropping funnel were removed and the clear solution 
vacuum distilled. The pressure was about 370 mm. A 
fine stream of d!ry carbon dioxide was admitted to mini­
mize bumping. When about one-half of the benzene had 
been removed, the distillation was stopped and the crystals 
which had formed filtered out. The filtrate was concen­
trated to about 50 ml. and a second crop of crystals ob­

(1) Jones and  K inney , T h is  J o u r n a l , 61, 1378 (1939),

tained. The product weighed 19.4 g., a yield of 95.4%. 
Considering the material left in the 50 ml. of mother liquor, 
the reaction must proceed quantitatively.

The product was decomposed rapidly by the moisture in 
the air. Filtrations were made using a Büchner funnel 
into which was fitted a rubber stopper carrying a tube con­
nected with a source of dry air. The melting point was 
159-160° with evolution of hydrogen chloride. Also, 
when dissolved in dry boiling benzene, hydrogen chloride 
was evolved and the product obtained on cooling had a 
melting point of 147-149°. The salt is quite insoluble in 
cold benzene or other anhydrous solvent and further at­
tempts at recrystallization were unsuccessful. The solu­
bility was determined to be 0.896 g. per 100 ml. of dry ben­
zene at 27°.

AnalA Calcd. for CH3C6H4NH2BC13: B, 4.83; Cl, 
47.48. Found: B, 4.87, 4.81, 4.83; Cl, 47.32, 47.32, 
47.14.

On heating the salt to its melting point or in boiling ben­
zene, hydrogen chloride was evolved with no evidence of 
boron chloride. The number of equivalents of hydrogen 
chloride was determined by heating 0.0059 mole with 
boiling benzene. A current of dry carbon dioxide was used 
to remove the hydrogen chloride which on titration re­
quired 0.0124 equivalent of base. The chloride ion was 
determined gravimetrically and 0.0120 mole was found, 
which demonstrated that the acid was entirely hydrogen 
chloride within a small error because, if boron trichloride 
had been liberated, three equivalents of hydrogen chloride 
and one of boric acid would have been produced. Similar 
quantitative results were obtained when the salt was heated 
dry.

Tri-^-tolyltrichlorotriboron-nitride (CH3C6H4NB Cl)3.— 
The clear colorless benzene solution obtained by refluxing 
the addition compound until no more hydrogen chloride 
was evolved was concentrated and allowed to cool. From 
the solution a colorless compound slowly crystallized,
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usually taking two or three days for complete crystalliza­
tion. The crystals were proved to contain benzene of 
crystallization by removing the benzene and making the 
dinitro derivative. On standing in air the crystals became 
opaque and eventually fell to a powder. The melting 
point was 308-309° with slight softening at 304°. The 
substance darkened on melting and if heated few: some time 
turned black, indicating extensive decomposition.

Anal. Calcd. for (CH3C6H4NB Cl)8* C6H6: B, 6.10; 
Cl, 20.00; C6H6, 14.66; mol. wt., 532. Found: B, 6.15, 
6.02, 6.10; Cl, 20.09, 19.81, 20.07; C6H6, 15.55; mol. wt. 
in freezing benzene, 505-492, 526-556, 512-524.

This is clearly the benzene addition product of the trimer 
which may be assigned the cyclic structure

CH3C6H4—N

Cl

‘N—C6H4CH8

Cl—B \ yB—Cl
N sk

c 6h 4c h 3

The compound decomposes slowly in air giving off hydro­
gen chloride fumes, but appears to be quite stable when 
kept under dry benzene. I t  is quite insoluble in cold an­
hydrous solvents such as benzene, carbon tetrachloride, 
ethyl acetate or ether. I t  reacts slowly with cold water and 
rapidly with hot forming p-toluidine hydrochloride and 
presumably boric acid. With 95% alcohol or moist ether 
the compound dissolves rapidly and heat is liberated. In 
an attempt to hydrolyze the compound to a trihydroxy 
derivative corresponding to that obtained with the phenyl 
homolog,1 a dry benzene solution was mixed with moist 
benzene. However, only ^-toluidine hydrochloride and 
boric acid could be isolated.

Boric Tri-^-toluidide (CH3C6H4NH)3B.—To 8.9 g. of 
boron chloride dissolved in 85 g. of dry benzene and cooled 
in a freezing mixture, 41.7 g. of ^-toluidine dissolved in 83 
g. of benzene was added slowly while the mixture was 
stirred constantly. The amount of toluidine was 2.5 g. 
less than the calculated to account for the loss of boron 
chloride in the early stages of the reaction. When the 
addition was complete, the cooling bath was replaced by 
an oil-bath and the reaction mixture refluxed with con­
stant stirring for three hours. The temperature of the oil- 
bath was 110°.

The mixture was filtered hot using suction. The pre­
cipitate of toluidine hydrochloride was returned to the 
reaction flask and extracted with 200 ml. of boiling benzene 
for ten minutes. The benzene was filtered and combined 
with the first filtrate. The residue gave no test for boron,

but did give tests for nitrogen and chlorine. The melting 
point was 240.5° and was not lowered by admixture with 
^-toluidine hydrochloride (m. p. 241°).

The combined filtrates were distilled to a volume of 40 
ml. On cooling fine colorless needles formed which were 
filtered, washed with dry benzene, and dried in a current of 
dry air; the yield was 35%. More of the product was ob­
tained from the mother liquor, but this was impure and 
was not easily purified.

The substance was recrystallized readily from dry ben­
zene, crystallization occurring suddenly. The melting 
point was 165-166 °. On cooling and remelting, the melt­
ing point was not lowered, indicating that no decomposi­
tion had occurred.

Anal. Calcd. for (CH3C6H4NH)3B: B, 3.29. Found: 
B, 3.28, 3.29.

The compound was hydrolyzed easily and was not 
stable in air. Even in a desiccator over calcium chloride, 
the odor of toluidine soon became apparent. However, 
the compound could be kept apparently indefinitely when 
covered with dry benzene.

The compound reacted readily with dry hydrogen chlo­
ride in a benzene solution, forming a solid product. No 
boron chloride or other boron compound was carried out 
in sufficient quantities to give the characteristic green flame 
of boron when ignited. The solid product, in part, reacted 
violently with water and part dissolved more slowly. No 
method was found for purifying the product. However, 
when it was heated with boiling benzene, hydrogen chloride 
was evolved, the boron containing material passed into 
solution, and the solid remaining was identified as p-tohii- 
dine hydrochloride melting at 241°. From the benzene 
extract, the trimer, tri-/>-tolyltrichlorotriboron-nitride, was 
obtained. All of these observations indicate that the 
product was a mixture of the addition compound, 
C H 3C 6H 4N H 2B C 13, and ^-toluidine hydrochloride.

Summary
The reactions of p-t oluidine with boron tri­

chloride have been investigated. The addition salt 
CH3C6H4NH2BCI3 was prepared. Upon heating 
it evolved hydrogen chloride and formed a trimer 
which was named tri-£-tolyltrichlorotriboron- 
nitride and was assigned a cyclic structure. By 
heating the salt with an excess of p-toluidine, boric 
tri-£-toluidide (CH3C6H4NH)3B was obtained. 
By treating boric tri-^-toluidide with excess dry 
hydrogen chloride the reaction was reversed.
Salt Lake City, Utah R eceived F ebruary 24, 1942
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[C o n t r i b u t io n  f r o m  t h e  I n s t i t u t e  o f  E x p e r im e n t a l  B i o l o g y , U n i v e r s i t y  o f  C a l i f o r n i a ]

Electrophoresis of Crotoxin*
B y  C h oh  H ao L i  and H . F ra en k el -C onrat

The crystalline protein (crotoxin), isolated by 
Slotta and Fraenkel-Conrat* 1 from rattlesnake 
venom, has been shown to behave as a homogene­
ous substance in ultracentrifuge and diffusion 
studies.2 The electrophoretic behavior of this 
beautifully crystalline substance will now be re­
ported.

Experimental
Approximately 150 mg. of crystalline crotoxin 

was prepared from the crude venotn2a and crys­
tallized twice according to the method described 
previously.1 The electrophoretic experiments 
were carried out in the Tiselius apparatus3 at 1.5°.

d**-2 hrs.-^a 
pH 7.20

(b)
Fig. 1.—Electrophoretic patterns of crotoxin solutions in 

buffers of different pH and ionic strength 0.10 at 1.5° after 
the current has been put on for 2.0, 1.5 or 6 hours; (a) is 
the base line for the electrophoretic patterns.

* A ided by  g ran ts  from  th e  B oard of R esearch  of th e  U niversity of 
C aliforn ia , th e  Rockefeller F o u nda tion  and  P a rke , D avis and Com­
p any .

(1) S lo tta  and  F raenkel-C onra t, Ber., 71, 1076 (1938); Nature, 
142, 213 (1938).

(2) G ralen  and  Svedberg, Biochem. J .,  32, 1375 (1938).
(2a) W e are  g rea tly  indeb ted  to  Professor K .  H . S lo tta  for his 

in te res t in  th is  investigation  as well as for his cooperation  in  drying 
an d  preserv ing  th e  crude ra ttle sn ak e  venom  k ind ly  p u t  a t our dis­
posal by  D r. C avalcan ti of th e  In s titu to  B u ta n tan , Sao Paulo. Our 
th a n k s  are  also due to  Professor H . M . E vans  for enabling us to  
u n d ertak e  th is  investigation .

(3) T iselius, Trans . Faraday Soc., 33, 524 (1937).

The electrophoretic patterns were recorded by 
the method described by Longsworth.4 Buffers 
were prepared according to Clark5 and brought to 
ionic strength 0.10 by the addition of sodium 
chloride. The pH of the solution was obtained 
with the aid of a glass electrode-vacuum tube as­
sembly at room temperature. No corrections 
were made for 1.5°. The conductance was meas­
ured with the usual Wheatstone bridge type of 
circuit apd a Washburn conductivity cell at 1.5°. 
The mobility was calculated from the descending 
boundary as recommended by Longsworth and 
Maclnnes6 and was determined in the manner de­
scribed in a previous paper.7

Results

The first experiment was conducted in a phos­
phate buffer of pH 7.20 with 1.0% crotoxin solu­
tion. The boundaries appeared very sharp and 
there was no indication of the appearance of other 
components after the current had been on for two 
hours in a field gradient of 6.40 volts per cm. (see 
Fig. lb). Studies in solutions of other pH also 
indicate that the crystalline crotoxin is an electro- 
phoretically homogeneous protein. Fig. I8 pre­
sents a few typical patterns obtained in pH 7.20,
7.00, 6.23 and 4.40 buffer solutions. Each ex­
periment was made in a field gradient approxi­
mately 6 volts per cm.

It is to be noted that here, as in the case of other 
proteins, the ascending boundary is always sharper 
than the descending one. This anomaly is cur­
rently attributed to variations of the electric field 
strength in the boundary.9 When the current is 
reversed and the descending boundary becomes a 
rising one, this boundary should gradually become 
sharper. This is the case for the crotoxin solu­
tions. Figure 2A shows a series of photographs 
taken after electrolysis for one and two hours at 
6.26 volts per cm. with a 0.5% crotoxin solution

(4) Longsw orth, T h is  J o u r n a l , 61, 529 (1939).
(5) C lark, “ T he  D eterm ina tion  of H ydrogen Ions,”  W illiams and  

W ilkins Co., B altim ore, M d., 1922.
(6) Longsw orth and  M aclnnes, T h is  J o ur n a l , 62, 705 (1940).
(7) Li, Lyons and  E vans, J . Gen. Physiol., 23, 433 (1940).
(8) I t  m ay be no ted  th a t  th e  base lines of these p a tte rn s  are very 

irregular. This is generally  th e  case using a poor Schlieren lens. 
F o r the  in te rp re ta tio n  of these  p a tte rn s , the  d is to rted  base line is 
given in  Fig. 1.

(9) Longsw orth and  M aclnnes, T h is  J o u rn al , 62, 705 (1940).
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2 hrs. 1 hr. 1 hr. 2 hrs.
a-«— A ->d

1 hr. 2 hrs. 2 hrs. 1 hr.
d - *  B  * - a

Fig. 2.—Electrophoretic patterns of a crotoxin solution illustrating no “reversible 
boundary spreading” phenomena in pH 7.00 phosphate buffer of ionic strength 
0.10 at 1.5°.

in a pH 7.00 phosphate buffer of ionic strength
0.10. After the current was reversed, the de­
scending pattern became much sharper while the 
rising one showed spreading as indicated in Fig. 2B. 
These observations are particularly interesting, 
for certain proteins always give rise to a phe­
nomenon of “reversible boundary spreading’’ 
which, as first discovered by Tiselius and Hors­
fall,10 indicates that “an initial sharp boundary 
will become diffuse as the electrolysis proceeds 
but if the direction of the amount is reversed will 
progressively recover most of its initial sharp­
ness.”11 Some authors11 believe that this phe­
nomenon is due to the inhomogeneity of the pro-

T a b l e  I

E l e c t r o p h o r e t i c  M o b i l it y  o f  C r o t o x in  i n  D i f f e r e n t  
pH o f  I o n i c  S t r e n g t h  0.10 a t  1.5°

PB. Buffer sa lt P ro tein  concn. Aid (io®)
7.20 Phosphate 1.0 —4.97
7.00 Phosphate 0.4 -4 .5 1
6.23 Phosphate .5 -2 .8 0
4.90 Acetate .3 -0 .5 7
4.40 Acetate .4 +  1.19
4.23 Acetate .3 +2.28
3.91 Acetate .5 +3.71

(10) Tiselius and  H orsfall, A rk . Ketni. M ineral Geol., 13A, No. 18
(1939) .

(11) Longsw orth, C annan and M aclnnes, T h is  J o u rn al , 62, 2586
(1940) .

tein and others12 express 
the view that it is a prop­
erty of pure proteins. 
Here, we have a case 
which does not show the 
phenomenon of “revers­
ible boundary spreading” 
as illustrated in Fig. 2, 
nor was it observed in 
any other experiment 
with crotoxin.

Table I summarizes 
the mobility determina­
tions in different pH  solu­
tions of ionic strength
0.10. A plot of pH  
against mobility is found 
in Fig. 3. The isoelectric 
point is located from the 
straight line which is 
drawn through the points 
made in acetate buffers 
of pH 3.91,4.23,4.40 and 
4.90. This seems to be 

justified, for phosphate ions have been shown13 
to alter the electrophoretic mobility of a protein 
as compared with that made in a monovalent salt 
buffer. Thus, the isoelectric point of crotoxin is 
found to be 4.71 and the dju/d^H0 value is 4.65 X 
10 in a solution of ionic strength 0.10.

1587

pH.
Fig. 3.—The electrophoretic mobility of crotoxin as a 

function of the pH.

(12) Shedlovsky, et al., Science, 92, 198 (1940).
(13) Longsw orth, A n n . N . Y . Acad. S c i.t X L I , 267 (1941).
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Summary14
1. Crotoxin, the crystalline neurotoxin iso­

lated from rattlesnake venom, has been shown to 
be a homogeneous substance in electrophoresis 
experiments.

(14) T h e  au th o rs  a re  indeb ted  to  D r. L. G. Longsw orth for his 
suggestions during  th e  p rep a ra tio n  of the  m anuscrip t.

2. Crotoxin solutions do not exhibit the phe­
nomenon of “reversible boundary spreading” to a 
detectable extent, in contradistinction to all other 
proteins studied.

3. The isoelectric point of crotoxin has been 
determined and the dyu/d^H0 value.
B e r k e l e y , C a l i f o r n i a  R e c e i v e d  J a n u a r y  19, 1942

[C o n t r i b u t io n  f r o m  t h e  W e s t i n g h o u s e  R e s e a r c h  L a b o r a t o r i e s ]

Ionization and Dissociation by Electron Impact: Normal Butane, Isobutane, and
Ethane

B y D . P . Stev en so n1 and J . A. H ip p l e , J r .

Introduction
Mass spectrometer studies of the dissociation 

products resulting from electron bombardment of 
gases at low pressures have provided many inter­
esting and instructive results. In particular, the 
work on the lower hydrocarbons, methane,2 
ethane,3 ethylene,4»5 propane,6 propylene6 and 
allene6 has yielded considerable data on energies 
and unimolecular reactions of the ions CH4+, 
C2H6+, etc., not obtainable in any other way. It 
was felt that the extension of such studies to one 
of the simplest isomeric pairs, n- and i-butane, 
would be helpful in deciding or at least defining 
questions of interpretation raised by the work on 
the simpler molecules. Furthermore, the con­
tinually growing interest in the application of the 
mass spectrometer to problems in the analysis of 
hydrocarbon mixtures makes necessary a knowl­
edge of the complete mass spectra, so that the 
limitations of this analytical tool can be dis­
cussed. With this latter point in mind we have 
extended the results of the previously published 
investigation of ethane.3

Experimental
Inasmuch as the apparatus is to be described in detail by 

one of the authors (J. A. H.) in a separate publication, we 
will give but a cursory discussion of the pertinent details 
here.

The 180° tube (^46  cm. radius) and accessories are 
supported within a water-cooled spherical solenoid. The 
strength of the magnetic field used throughout this investi­
gation was '•'-'1000 Oersteds, corresponding to 130 volts

(1) W estinghouse R esearch  Fellow.
(2) L. G. Sm ith, Phys. Rev., 51, 263 (1937).
(3) J . A. H ippie, ibid., 53, 530 (1938).
(4) P . K usch, A. H u stru lid  and  J . T. T a te , ibid., 52, 843 (1937).
(5) J . Delfosse an d  J . A. H ippie, ibid., 54, 1060 (1938).
(6) J . Delfosse an d  W . B leakney, ibid., 56, 256 (1939).

accelerating potential to bring m/e — 100 into focus. The 
positive ion accelerating voltage is supplied by a 1200 volt 
electronic power source. The electrons are obtained from 
an oxide coated platinum cathode, their accelerating poten­
tial being controlled by means of a wire wound drum 
potentiometer, An electrometer tube amplifier and sensi­
tive galvanometer are used to measure the positive ion cur­
rent. The resolving power of the tube with the wide slits 
used is 1:150 as indicated by the extent to which the mer­
cury isotopes are resolved.

The gases are admitted to the ionization chamber 
through a glass capillary leak. A separate pumping lead 
to the arm of the tube containing the cathode chamber 
assures the complete removal of any pyrolysis products 
formed on the filament.

The samples of the two butanes were obtained from the 
Gulf Research Laboratories, while the ethane was taken 
from a sample given to us by the Standard Oil Co. of 
Indiana.

Preliminary examinations of the mass spectra of the 
butanes were made using an automatic recorder. The 
peaks corresponding to the various masses were all quite 
symmetrical, and were spaced in exact accord with the 
inverse relationship between mje and accelerating voltage. 
No satellites or shoulders were observed for any of the 
masses. The measurements reported in this paper were 
all manually recorded. The symmetry of the peaks indi­
cated that the current at the top of the maxima could be 
taken as a measure of the total current due to the corre­
sponding ion. The linear variations of the positive ion 
current with the density of the electron beam and with the 
pressure in the ionization chamber indicate that only the 
products of primary reactions were observed. The total 
electron emission from the cathode ran from 5 to 15 p amp., 
while the intensity of the bombarding beams lay between 
0.1 and 3 /* amp.

Results
The results of this investigation may be divided, 

for convenience, into two parts: (A) the varia­
tion of the mass spectra of the molecules with the 
electron energy, V~f for V~~ large with respect to 
the critical potentials; and (B) the determination
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of the critical potentials for the more abundant 
ions in the mass spectra.

A. The relative abundances of some of the 
principal ions in the spectrum of ethane are given 
for round values of V~ in Table I. The dots in

T a b l e  I
M a s s  S p e c t r u m  o f  E t h a n e

m/e *= v - 30 29 28 27 26 25 15

e . v . C2H 6 + C2H 5 + C2H4 + C2H 8 + C2H 2 + C2H  + c h 3+

30 100 72 347 70 29.5 7.3
60 132 101 462 147 99 11.8

100 135 106 488 153 101 16 15.5
100° (135/ 103 486 142 84 16 12
175 126 99 452 140 88 12.5

a Ref. 3 of the text. 6 This value assumed to fit our 
scale.

velocity of the ions7 in contrast to our tube in 
which the initial velocities of the ions enter into 
the focusing, the agreement is very satisfactory.

Tables II and III summarize the behavior of 
the spectra of the butanes. No corrections were 
made for the presence of C13 in its natural abun­
dance, 1.1%. Thus the spectra as given correspond 
to the mass numbers {m/e), rather than to the 
formulas. Since the correction is small and the 
relative currents due to the masses are of analy­
tical interest, the uncorrected values have been 
tabulated.

Careful comparison of the ratios of the currents 
due to masses 44 and 43 and masses 30 and 29 
showed that the butane samples were free of pro-

T a b l e  II
M a s s  S p e c t r u m  o f  « - B u t a n e

m/e  =*
v -

58
C4H10 +

57
C4H9 +

56
C4H8 +

55
C4HvH

54
' C4H6 +

53
C4HB +

52
C4 H4

51
C4H3 +

50
C4H2

49 48 
C4H+ C4 +

30 100 13.5 3 .4 3 .5 . . . . . .  . . .
50 119 15.3 4 .4 5 .6 1.1 4 .2 1.2 3 .9 3 .3 0 .4  < 0 .1

100 125 16.0 4 .4 5 .6 1.1 4 .1 1 .4 5 .3 7 .3 2 .5
m / e  =

V~
43

C3H7 +
42

C3H6 +
41

C3H s +
40

C3H4 +
39

C3H3 +
38

CaH2 +
37

CaH +
36 

Ca +
30 462 6 8 105 . . . . 12.1 . . . . . . . . •
50 530 79 140 7.3 52 5 .7 2 .0 < 0 .1
75 555 82 149 53 7 .4 3 .9 0 .4

100 580 83 153 7 .9 52 8 .1 4 .6 0 . 7

m/e  ==
v -

29
C2h 5+

28
C2H4 +

27.5 
C4H7 + +

27
C2H» +

26.5 
C4H5 + +

26
C2H2 +

25.5
C4H* + +

25
C2H +

15
CHt +

30 162 125 71 . . . . . 1.2
50 222 164 172 . . . 12.8
70 236 . . . 0.15 . . . 0 .27 27 1 .9 1 .7 . .

100 240 179 • • 184 •• 31 . . . . . . ••

T a b l e  III
M a s s  S p e c t r u m o f  ^'-Bu t a n e

m / e - 58
GiHio

57
+ C*H9 +

56
C4Hs +

55
c 4h 7+

54
c 4h 6+

53 52 
C4Hfi+ C4H4 +

51
C4H8 +

50
C4H2 +

49 48 
C4H + c4 +

30 100 32 . . . . . . . . . . . . . . . . . .
5 0 117 37 7 .5 6 .8 1.4 6 .4 1 .5 5 .9 4 .9 0 .7  0 .15

100 123 39 7 .7 6 .9 0 .9 5 .5 1 .5 7 .6 9 .7 3 .2  0 .79

3 1 1 43
C3H7 +

42
C sH6 +

41
C3H6 +

40
C3H4 +

39
C3Ha +

38
C3H2 +

37
C3H +

36 
C3 +

30 877 292 248 . . 29 . . . .

50 1020 344 352 18.7 120 13.7 4 .8 0 .26
75 1070 354 370 19.2 128 16.7 10.1 0.74

100 1070 361 377 18.6 120 20.2 11.4 1.30
m / e  *= 

V ~
29

C2H5 +
28

C2H4 +
27

CaHa+
26

C2H2 +
25.5

C4H3 ++ 25
C2H +

15
CHs +

30 128 80 126 . . < . . • 2 .0
50 188 112 279 21 . . . . . ♦ 29

100 196 122 296 32 2.8 2 .7 37

this and subsequent tables indicate no measure­
ments were made. The data of Hippie3 for 100 
volt electrons are included for comparison. Since 
the earlier work was carried out with a tube whose 
focusing properties are independent of the initial

pane and ethane. The exact correspondence of 
the ratio 44/43 to that calculated for

(7) W. B leakney and  J . A. H ippie, P h y s .  R ev ., 53, 521 (1938).
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indicated that neither of the butanes gives the 
ions C3H8+ or C2H6+. This point will be returned 
to later.

The currents of masses 29+ and 28+ could con­
ceivably be due in part to C4Hi0++ and C4H8+_!". 
We searched very carefully, but were unable to 
find currents due to masses 29.5 or 28.5 (C13- 
C32Hio++ or C13C32H8++), hence concluded that 
the ions C4Hi0++, C4H9++ and C4H8++ are absent 
from the butane spectra.

B. The method used to derive the critical or 
appearance potential, ^4(X+), from the initial 
portions of the ionization efficiency curves has 
been discussed by Smith2 (see below). Argon 
was used to correct the voltage scale for the con-

14.0 16.0 18.0 20.0 22.0
V (uncor.).

Fig. 1.—Ionization efficiency curves for the processes 
I, A A+; II, C2H6 C2H8+; III, C2H6 C2H6+ and 
IV, TC4Hio —► C4Hio+. Vertical scale is arbitrary and 
different for each curve.

13 15 17 19 21
V (uncor.).

Fig. 2.—Ionization efficiency curves for the processes I, 
Ï-C4H10 C3H7+; II, n-C4H10 C2H54-; III, 7C4H10 -*■
C3Hs+ and IV, w~C4H i0 -> C2H8+. Vertical scale is arbi­
trary and different for each curve.

tact potential of the cathode. Its ionization po­
tential, 7Z(A) = 15.69 e. v. was taken from the 
tables of Bacher and Goudsmit.8

In Table IV the results of our investigation of 
ethane are compared with the earlier results of 
Hippie.3 The agreement between the results 
given by such very different instruments is ex­
cellent.8a

Table IV

Ion
A  (ion)

[This R esearch], e. v.
A  (ion)

[H ippie3], e. v.

c2h 6+ 11.59*0.1 11.6±0.1
c2h 6+ 12.84* 0.1 12.7±0.2
c2h 4+ 12 .09* 0.1 12.1 ±0.1
c2h 3+ 15.1 ±0.2 15.2±0.3

The appearance potentials of those ions in the 
spectra of the butanes, which were investigated, 
are given in Table V. Typical examples of the 
ionization efficiency curves from which the ap­
pearance potentials were determined are given in 
Figs. 1 and 2.

Table V
Appearance Potentials for n- and ^-Butane (Electron 

Volts)
ion = Ae(R+)R + W-C4H1Q i-CiHio Probable process

C4H,o+ 10.34*0.1 10.34*0.1 C4H,0+ +  6-
c4h 9+ 12.0 ±0.3 11.5 ±0.3 *C4H9+ +  H +  €-
c3h 7+ 1 1 . 1 4 * 0 . 1 10.94*0.1 C3H7+ +  CH3 +  e-
CsHe+ 10.94*0.1 10.74*0.1 *C3He +  CH4 +  «-
C3H6+ 13.09*0.1 13.54*0.1 XC3HS+ +

( CH4 +  H 
\  CH3 +  H, +

c2h 6+ 12.04*0.1 12.7 ± 0 .2 C2H:,+ +  C2H6 +  e-
c2h 4+ 11.49*0.1 12.0 ± 0 .2 *C2H(+ +  C2He +  «-
c2h „+ 14.1 ±0.3 14.6 ±0.3 *CjH,+ +  ? +  <=-
c h 3+ > 20 20 ± 2 CHa+ +  C3H7+ +  2«_

* Ambiguity with respect to the structure of the positive 
ion; see text.

The method employed in determining the 
critical potentials given in Tables IV and V is not 
completely satisfactory. Considerable personal 
factors may be involved in the choice of the initial 
break (Fb“) of the ionization efficiency curve, 
/ + ( .  Furthermore, greatest weight is given to 
measurements of least accuracy, that is, those 
near the appearance potential. For these reasons

(8) R . F . B acher and  S. G oudsm it, “ A tom ic E nergy S ta te s ,” 
M cG raw -H ill Book Co., N ew  Y ork, N , Y ., 1932.

(8a) T he reason th a t  our value of A  (C2H 5+) is h igher th a n  H ippie’s 
lies in th e  fac t th a t  we corrected our ionization efficiency curve for 
m ass 29 for th e  con tribu tion  by  th e  ion C 13C 12H 4 +. This correction 
was suggested by  D r. O. Beeck and  M r. E lten to n  of the  Shell De­
velopm ent Co. in a le tte r to  one of th e  au thors. T he  value of A  
(29+) derived from  th e  uncorrected  ionization efficiency curve is in 
exact agreem ent w ith  H ipp ie’s value. I t  m ay be noted  th a t  the  cor­
rection is en tire ly  insignificant for sim ilar processes in  th e  butanes.
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we examined the curves, 7 +(F~), for various 
processes in ethane, the butanes, argon and neon 
very carefully in the hope that some other char­
acteristic, subject to a more objective determina­
tion, could be used in estimating the appearance 
potentials.

The observation that all the ionization effi­
ciency curves, 7+(F~), are linear over the range 
^7%  to ^65%  of their maximum values, sug­
gested that the intercept of the extrapolated linear 
portion with the V ~  axis (I + — 0), V f ,  might 
be used in making estimates of the appearance 
potentials. It was found that for the process, 
R —> R+ -f- e~, in eight atoms or molecules9 
V f  — V f  — 1.065 volts. The mean deviation 
was ±  0.06 volt and the maximum deviation was
0.12 volt from the average, which are well within 
the uncertainty of the individual measurements. 
Thus the linear intercepts, V f ,  can be used in 
place of the initial breaks, V f ,  in determining 
the appearance potentials of the parent ions.

For more complex processes, such as those in­
volving the rupture of a C-C or a C-H bond, the 
difference V f  —  V f  is also constant but greater 
than for simple ionization. Eleven reactions of the 
types, R—CH3 R+ +  CH3 or R—H —*R + +  H,
have V f  —  V f  = 1.54 =*= 0.09 volts. In a recent 
article one of the authors10 applied differences be­
tween the V f ’s for such reactions to the estima­
tion of C-H and C-C bond strengths. The use 
of V f’s gives the same results. If one wishes to 
compare the appearance potentials of the reac­
tions Ri—R2 Ri—R2+ +  € and Ri—R? —»
Ri+ +  R2 +  e- , the apparent difference given 
by the F f ’s is ^0.5  volt greater than that given 
by the V f’s.

The still more complex processes, such as the 
formation of C2H3+ from ethane, normal or iso­
butane, have V f  — V f  =  2.3 =*= 0.2 volts. The 
various phenomena discussed here are illustrated 
in Figs. 1 and 2.

Discussion
Ignoring the questions concerning the suitabil­

ity of the method used to correct the voltage 
scale, we may associate the appearance potentials 
of the parent ions, C?H6+, i-C4Hi0+ and 77-C4Hi0+ 
with their vertical ionization potentials.11 It

(9) Neon, argon, ethane, n- and i-bu tane , propane, propylene and 
isobutene.

(10) D. P. S tevenson, J . Chem. Phys., subm itted  for publication.
(11) By “ vertical tran s itio n ” we are to  understand  th e  transitions 

favored by the  F ran k —Condon principle. We will use “ ad iabatic” to  
indicate  transition  from  v' =  0 to  v" — 0, where v is the  v ibrational 
quan tum  no.

has been pointed out by Mulliken12 that the low­
est ionization potential in ethane is probably that 
of removing an electron from the C-C bonding 
orbital [<r +  a] and that 7vert [<r +  cf] is undoubt­
edly greater than /adiabatic W +  <r] • The reason 
for the inequality Jvert >  / ad lies in the fact that 
the removal of a bonding electron will cause an 
increase in the equilibrium separations of the 
atoms. In ethylene a comparison of the appear­
ance potential of C2H4+ (10.8 e. v .)-1 with the 
spectroscopic ionization potential 7ad(C2H4) =
10.41 e. v .13 suggests that in ethane the inequality 
is at least 0.4 e. v. Thus, one might estimate 
7ad(C2H6) < 11.6 -  0.4 =  11.2 e. v. The electron 
removed in ionizing a butane probably comes from 
the same type of orbital as in ethane. Since the 
electron deficiency is much less in the ions C4Hi0+ 
than in C2H6+ it is likely that 7vert ~  7ad, and 
thus from Table V, 7ad(C4Hi0) < 10.34 =*= 0.1 
e. v.

If we take the strength of the first C-H bond 
in ethane as 4.2 e. v .10 and the appearance poten­
tial, zt(C2H5+) =  12.7 e. v. given in Table IV as 
the heat of the reaction C2H6 —> C2H5+ +  H, we 
find 7ad(C2H5) =  8.5 e. v. If the linear intercepts 
discussed above were used to estimate the ap­
pearance potentials, this value would be increased 
by 0.5 e. v. to 7ad(C2H5) =  9.0 e. v. It is clear that 
a reliable direct measurement of 7ad(C2H5) would 
be extremely valuable in determining the relative 
merits of the two possible modes of calibrating the 
voltage scale.

The relative reactivities of C-H bonds are in 
the order primary <  secondary <  tertiary. The 
lower value of ^4(C4H9+) in isobutane than in 
w-butane is probably due in part to this. The 
greater number of C-C acceptor bonds for hyper 
conjugation14 in the /-C4H9+ ion (3) than in the 
s-C4H9+ ion (2) probably results in greater 
stability for the former. Thus one might expect 
7ad(̂ -C4H9) <  7ad( -̂C4H9). If one guesses that 
the inequality signs in the reactivity sequence 
correspond to ~ 0 .1  e. v .15 and that the strength 
of a primary C-H bond is 4.2 e. v .,10 we get

D[s-C4H9-H] = 4.2 -  0.1 = 4.1 e. v.
DF-C4H9-H] = 4.2 -  0.2 = 4.0 e. v.

Combining these estimates with the corresponding 
appearance potentials from Table V, we find

(12) R . S. M ulliken, J . Chem. Phys., 3, 517 (1935).
(13) W. C. Price, Phys. Rev., 47, 444 (1935).
(14) R . S. M ulliken, C. A. R ieke and  W. G. Brown, T h is  J o u r n a l , 

63, 41 (1941).
(15) J . O. Sm ith  and  H . S. Taylor, J . Chem. Phys., 7, 39 (1939).
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Iad(s-CJl$) =  7.9 e. v. and/ad^-CJEIg) =  7.5 e. v. 
Due to the low precision of the appearance poten­
tials of C4H94" from the butanes great weight can­
not be given to these estimates of /^(CéHg).

16 24 32 40
V (uncor.).

Fig. 3.—Ionization efficiency curves for I, -̂C4H io ->  
i-C4Hio+; II, Ï-C4H10 -> C3H5+; and III, ^C4H10 -> CH3+. 
Vertical scale is different for each curve. Maximum values 
are I, 121; II, 123; and III, 180. Compare with Table III.

It seems reasonable to assume that no molecular 
rearrangement accompanies the formation of 
C3H7+ from either butane. Then, since isobu­
tane is 0.07 e. v .16 more stable than normal butane 
one concludes from the values of A (C3H7+) given 
in Table V that s-C3H7+ is 0.3 e. v. lower in 
energy than tz-C3H7+. If a secondary C-H bond 
is 0.1 e. v. weaker than a primary C-H bond, we 
can write, / ad(s-C3H7) +  0.2 e. v. =  Jad(#-C3H7).

The high value of the appearance potential of 
CH3+ in both butanes is probably to be attributed 
to the simultaneous formation of C3H7+, If the 
vertical ionization of C4H10 to CvHi0++ results in 
the doubly charged ion being formed in a state 
above the dissociation limit this result is explained. 
Our failure to observe any C13C32Hi0++ ions is in 
accord with this explanation. The marked second 
break in I +(V~) for the CH3+ at ~ 2 8  volts indi­
cates that a second state of C4Hi0++ is involved. 
Since the maxima corresponding to the ions 
CH3+ and C3H7+ in the mass spectra are quite

(16) F . D . Rossini, Chem. Rev., 27, 1 (1940) (1 kcal. =  0.04338 
e. v.).

symmetrical there is no indication that a fraction 
of these ions is formed with excessive kinetic en­
ergy. We may thus conclude that the second 
reaction giving rise to CH3+ involves electronic 
excitation and not simply an antibonding state of 
C3H7—CH3++. The ionization efficiency curve 
for CH3+ is compared with those of i-C4Hi0+ 
and 5-C3H5+ in Fig. 3.

From its structure, one would not expect iso­
butane to give rise to the ion C2H5+. The fact 
that C2H5+ is observed indicates that rearrange­
ments can occur in the ions CMH2w + 2+ in the 
short time between their formation and dissocia­
tion. The value of A (C2H5+) =  12.0 e. v. in iso­
butane indicates that C2H5 is the accompanying 
product, since any other products would require 
at least 2 volts more energy. The ~ 0 .7  e. v. 
difference between 4̂ (C2H5+) from isobutane and 
normal butane can probably be associated with 
the activation energy of the isomerization i- 
C4Hi0+ n-CJI1Q+.

The magnitude of the appearance potentials of 
the ions C2H4"1" and C3H6+ in the spectra of ethane 
and the butanes indicates that the formation of 
these ions is accompanied by the formation of 
stable molecules.3»6 Two mechanisms are pos­
sible for these reactions. The one suggested by 
Delfosse and Bleakney6 involves the assumption 
that the atoms or groups which form the stable 
un-ionized accompanying product are originally 
bound to the same carbon atom. This suggests 
an ethylidine structure for the ions C2H4+ and 
C3H6+. The other possible mechanism would in­
volve the groups forming the stable un-ionized 
molecule coming from adjacent carbon atoms, 
and suggests that the ions C2H4+ and C3H6+ are 
olefinic molecular ions.

One might expect the resonance between the 
equivalent structures

H2C—C+H2 h 2c +—c h 2

in the olefinic molecular ions to stabilize them 
with respect to the isomeric ethylidene ions by at 
least 0.5 e. v. If this is true, the appearance po­
tentials given in Tables IV and V for C2H44" 
and C3H6+ indicate that the second mechanism 
is the more probable one.

From Rossini’s review article16 we can write
c2h 6 = c2h 4 +  h 2 ASJ»., = 1.42 e. V. (1)

w-C4Hio — C2H4 -f- c 2h 6 = 0.96 e. V. (2)
2'-C4Hio — C3H6 -j- c h 4 A ^298.1 = 0.80 e. V. (3)

w-C4Hio = C3He -j- CH4 ASJ*i = 0.73 e. V. (4)
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Treating the appearance potentials, A (C2H4+) 
and A (C3H6+) as heats of reaction, we find

C2H6: I*  (C2H4) = 12.09 -  1.42 = IO.67 e. v. (1')
W-C4H10: /ad (C2H4) = 11.49 -  0.96 = IO.53 e. v. (2')
^C4Hio: lad (G3H6) = 10.74 -  0.80 = 9.94 e. v. (3')

W-C4H10: hd  (C3H6) = 10.94 -  0.73 = 10.2x e. v. (4')

Equations (1') and (2') compare very favor­
ably with Price’s13 directly measured Jad(C2H4) =
10.41 e. v. Delfosse and Bleakney6 found C3H6,* 
A (C3H6+) =  10.0 e. v .17 with which Eqs. (3') and 
(4') are to be compared. The essential agreement 
between the directly observed / ad(C2H4) and 
/ ad(C3H6) with the indirect calculations (1' to 4') 
suggests that olefinic molecular ions rather than 
ethylidinic ions are formed in these reactions.

The mechanism suggested by Delfosse and 
Bleakney was suggested by the observations of 
Delfosse and Hippie5 that in the reactions C2H4 —> 
H2+ +  • • • the hydrogens forming the H2+ are 
originally attached to the same carbon atom. 
Kusch, Hustrulid and Tate4 have shown that this 
reaction of ethylene is considerably more com­
plex than the reactions like C2He —> C2H4+ +  H2. 
In this connection it will be noted that the reac­
tions C4H10 —> C3H8+ or C2H6+ do not occur.

The —0.7 e. v. difference between A (C2H4+) in 
normal butane and in isobutane may be attributed 
to an activation energy of isomerization as was 
done in the discussion of the formation of C2H5+ 
from isobutane. On the other hand, it might be 
that the “same atom mechanism” operates in the 
dissociation of isobutane and the 0.7 e. v. is the 
difference in energy between the ethylene and the 
ethylidene ions.

Attempts to interpret the appearance potentials 
of the ions C3H5+ and C2H3+ from the butanes are 
impeded not only by the ambiguity with respect 
to the structures of these ions but also by the fact 
that several sets of un-ionized products of roughly 
the same energy are possible. The magnitudes of 
the appearance potentials are indicative of a mini­
mum decrease in the number of bonds.

If we combine Eq. 2 given above with A (C2H3+) 
in ethane, Table IV, we get
n-C4H10 = C2H3+ +  C2H4 +  H2 +  H A —16.1 e. v. (5)
Kusch, Hustrulid and Tate4 found A (C2H3+) in 
ethylene to be 14.1 e. v., thus we can write

n-C4H10 = C2H6 +  C2H3+ +  H A — 15.1 e. v. (5') 
These values are considerably greater than our

(17) One of th e  au tho rs  (D . P . S.) has found, C3H 6; A (C 3H g+) =  
9.7 e. v.

observed n-C4Hi0; A (C2H3+) =  14.1 e. v.
Similar difficulties exist in attempted interpreta­
tions of the observed values of 4 (C 3Hb+).

The ionization efficiency curves for the ion 
C2H3+ from both butanes indicate a second break 
—4-4.5 e. v. above the initial break. Since this 
is just the order of the strength of C-C and C-H  
bonds, one can infer that the accompanying 
un-ionized products are more dissociated for elec­
tron energies greater than 18 e. v. than for elec­
trons with energies between 14-18 e. v.

An examination of the distribution of the ions 
in the mass spectra of the two butanes (Tables 
II and III) immediately reveals certain limita­
tions to the applicability of the mass spectrometer 
to hydrocarbon analysis. The excessively large 
fragmentation to ions in the C3 and C2 mass 
regions will reduce considerably the accuracy 
with which C3 and C2 hydrocarbons can be deter­
mined in the presence of butanes. Although this 
is particularly true with respect to C3 and C2 
unsaturates, it is also true for propane and ethane. 
The large relative abundances of the ions C3H7+ 
and C2H5+ give rise to considerable quantities of 
masses 44 and 30 through the ions C13C22H7+ 
and C13C12H5+. Since the natural abundance 
of C13 is 1.1%, the relative current of mass 44 will 
be —'3.3% of mass 43 and of mass 30 will be 2.2% 
of mass 29. For concentrations of propane and 
ethane of the order of 2-3% or less, the corrections 
will be of the order of the quantity to be measured 
which is always unsatisfactory. In contrast to 
this less pleasant aspect it should be noted that 
extremely small traces of the butanes can be de­
termined with ease in the presence of large con­
centrations of lower hydrocarbons. This is pos­
sible because at the low pressures involved there is 
no building up of heavier ions by recombination.

The relatively small abundances of the ions 
C4H8+—C4+ to which the butanes give rise, will 
make possible the determination of C4 unsaturates 
with reasonable precision.

It is interesting to note that a definite similarity 
exists between the unimolecular dissociation reac­
tions of the ions CJE2w + 2+ and the thermal 
reactions of the hydrocarbons. The carbon- 
carbon bond in the ethane ion shows but little 
tendency to break; less than 10% of its spectrum 
lies in the Ci region. The butanes on the other 
hand have only —10% of their spectra in the 
parent C4 region. A direct comparison of the ions 
in the mass spectra with the pyrolysis products
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of hydrocarbons or hydrocarbon free radicals18 
cannot be made because none of the ions in the 
mass spectra result from collisions after the initial 
ionization. Thus the characteristic chain reac­
tions are absent.

Summary
The variation of the relative abundances of the

(18) F . O. R ice an d  K . K . Rice, “ T he  A liphatic  Free R adicals,” 
T he  Johns H opkins Press, B altim ore, M d., 1935.

ionic dissociation products formed by electron 
impact in ethane, normal and isobutane are re­
ported as a function of the energy of the bombard­
ing electrons. The critical potentials of a num­
ber of the processes have been measured, and their 
significance is discussed. Certain limitations of 
the mass spectrometer as an analytical tool are also 
discussed.
P i t t s b u r g h , P e n n a . R e c e iv e d  M a r c h  20, 1942

[C o n t r i b u t io n  f r o m  t h e  D e p a r t m e n t  o f  P h y s ic a l  C h e m i s t r y , T h e  H e b r e w  U n i v e r s it y ]

The Mechanism of the Catalytic Conversion of Para-hydrogen on Nickel, Platinum
and Palladium

By A. Farkas and L. Farkas

The catalytic conversion of para-hydrogen on 
metals was explained by the dissociation of the 
hydrogen molecules on the surface of the catalyst.1 
This mechanism was later extended to the ortho­
para conversion of deuterium and to the reaction 
H2 +  Do =  2HD.2

It seemed to receive confirmation when it was 
found that the rate of ortho-para conversion on 
palladium was very nearly equal to the rate of the 
diffusion of hydrogen through palladium.3 From 
these experiments the conclusion was drawn that 
in the conversion and in the diffusion process the 
rate determining step is the dissociation of the 
hydrogen molecules on the surface of the catalyst.

Roberts questioned the correctness of the sug­
gested mechanism4 on the basis of his own experi­
ments.5 In these he was able to show that a 
clean tungsten surface will take up hydrogen 
molecules with great speed, that the molecules 
will be dissociated and that the atoms form a very 
stable layer on the surface of the tungsten. As 
this layer will give off atoms or molecules only at a 
very high temperature it was suggested that it is 
more reasonable to assume that the ortho-para 
conversion of hydrogen involves a reaction be­
tween the atomic layer and the molecules adsorbed 
or impinging on this layer. A direct proof for 
this view was brought forward by Eley and 
Rideal,6 who showed that on an evaporated tung-

(1) Bonhoeffer an d  F a rkas , Z. physik . Chem., B12, 231 (1935); 
Bonhoeffer, F a rk a s  an d  R um m el, ibid., B21, 225 (1933).

(2) F a rk as  and  F a rkas , Proc. Roy. Soc. (London), A144, 467 
(1934).

(3) F arkas, Trans. Faraday Soc., 32, 1667 (1936).
(4) R oberts, ibid., 35, 941, 944 (1939).
(5) R oberts, Proc. Roy. Soc. (L ondon), A152, 452 (1935).
(6) E ley  an d  R ideal, N ature, 146, 401 (1940) ; Eley, Proc. Roy. 

Soc. (L ondon), A178, 452 (1941).

sten layer which has been in contact with hydro­
gen, the rate of the para-hydrogen conversion and 
the rate of exchange of atoms between molecular 
deuterium and the hydrogen in the tungsten layer 
are about equal.

The object of the present paper was the ex­
amination of the mechanism of the para-hydrogen 
conversion on typical hydrogenation catalysts 
such as nickel, palladium and platinum.

Experimental
The reaction vessel was either a bulb or a cylindrical 

vessel having a volume of 700 to 1100 cc. The pressure in 
the reaction system was measured by a Pirani gage. The 
entrance of vapors of grease or mercury into the reaction 
vessel or into the Pirani gage was prevented by traps cooled 
by liquid air. The gases were introduced into the reaction 
vessel by means of locks having a volume of 0.1 to 0.2 cc.

The reaction vessel was equipped with an electrically 
heated wire. The catalyst was prepared by heating the 
wire to a temperature at which the evaporation of the 
metal begins and thus an invisible layer of high activity is 
formed on the inner surface of the reaction vessel. The 
active layer thus prepared was, on the average, not more 
than one or two atoms deep, since the whole of the wire 
when completely evaporated would have formed a layer 
about one hundred atoms deep and actually only a small 
fraction of the wire, certainly not more than one per cent., 
was evaporated.

The concentration of para-hydrogen and of deuterium 
was determined according to the micro-thermal conduc­
tivity method.2»7

Nickel.—In the first series of experiments a reaction 
vessel of 730 cc. volume and having an inner surface of 390 
sq. cm. was used. This vessel was provided with a 
nickel wire 11 cm. long, 0.1 mm. in diameter.

Table I shows the dependence of the half-life time of the 
para-hydrogen conversion on pressure in the presence of an 
evaporated nickel film.

(7) F a rkas , Z. p h y s ik .  C h e m ., B22, 344 (1933).
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T a b l e  I
E x p t . 1, T e m p e r a t u r e  20°

Pressure X 10* in  m m . H alf-life tim e in  m inutes

5.2 1.6
10 2.6
26 3.2
76 4.2
26 2.9
Apparent order of reaction. 0.65

In two other series (Expts. 2 and 3), on the same cata­
lyst, but in a less active stage, the order of 0.7 was found
in the pressure region 3.4 X 10” 8 to 3.4 X 10"2 mm.

In Expt. 4, on a fresh catalyst the para-hydrogen con­
version was found to be complete in five minutes. Then 
(Expt. 5) a sample of pure deuterium was admitted into 
the reaction vessel at a pressure of 0.013 mm. and the 
deuterium content of the sample was determined after a 
four-minute contact with the catalyst. Then after 
evacuation with a mercury diffusion pump to a pressure of 
10"6 mm., fresh deuterium was admitted and analyzed and 
this procedure repeated twice more with deuterium and 
four times with hydrogen (Expt. 6). In the experiments 
with hydrogen the pressure was 0.0095 mm. The results 
obtained are given in Table II. I t  will be seen that there

T a b l e  II
E xpt.

5 First sample 
Second sample 
Third sample 
Fourth sample

6 First sample 
Second sample 
Third sample 
Fourth sample®

a Time of contact nine minutes

is reversible exchange between the hydrogen adsorbed on 
the catalyst and the molecular deuterium; i. e., the deuter­
ium introduced by exchange into the catalyst can be re­
covered by exchange with hydrogen. Furthermore, the 
extent of the exchange observed indicates that the amount 
of hydrogen in the catalyst is comparable to the amount of 
hydrogen (or deuterium) present in the gaseous phase.

By heating the reaction vessel the catalyst was de­
activated and neither the conversion of para-hydrogen nor 
the exchange reaction took place.

The amount of exchangeable hydrogen in the catalyst 
can be determined by adding up the amount of exchanged 
hydrogen in a number of consecutive experiments.

Before Expts. 10 and 11 were performed, a fresh deuter­
ium layer was produced on the catalyst by exchange with a

T a b l e  III 
T e m p e r a t u r e  20 °

First sample

E x p t. 10 
% D  in  sam ple

33

E xpt. 11 
% D  in  sample

16.4
Second sample 18 12
Third sample 11 8.4
Fourth sample 7' 5.9
Fifth sample 4 5.3
Sixth sample 3.7

great excess of deuterium. In Expt. 10 the catalyst was 
brought into contact five times with fresh hydrogen sam­
ples each time, at a pressure of 0.006 mm. for five minutes, 
after which period the deuterium content of the gas was 
determined. In Expt. 11 the pressure was 0.0057 mm., 
the contact time two minutes and the exchange was 
repeated six times. The results are given in Table III.

Taking the amount of gas present in each experiment in 
the reaction vessel as unity, the sum of exchanged hydro­
gen, a, is 0.73 in Expt. 10 and 0.52 in Expt. 11. If the 
amount of exchangeable deuterium is allowed for that 
which remains in the catalyst layer after the first five or six 
exchanges, the above figures can be corrected to 0.8 and 
0.6, respectively.

Assuming that in equilibrium the concentration of 
deuterium is equal in the gas and in the catalyst layer the 
half-life time of the exchange calculated for Expts. 10 and 
11 is 2.4 minutes.

Immediately after Expt. 11 the rate of the para-hydrogen 
conversion was measured at a pressure of 0.006 mm. and a 
half-life time of two minutes was found. Thus on the 
nickel catalyst the conversion of para-hydrogen and the 
exchange reaction proceed at practically identical rates in 
agreement with the findings of Eley and Rideal on a tung­
sten catalyst.

In a second series of experiments a Pyrex reaction vessel 
of cylindrical form (volume 750 cc., surface 550 sq. cm.) 
was used, equipped with a 34-cm. long nickel wire 0.1 mm. 
in diameter. This reaction vessel was placed in an electric 
oven so that it could be baked out at higher temperatures 
and maintained at any desired temperature.

The first experiments in this reaction were carried out at 
64 ° and again it was found that at pressures of 7-10 X 10"3 
mm., the para-hydrogen conversion and the exchange re­
action proceeded at similar speed, the half-life times being 
2.5 and four minutes, respectively. The amount of 
exchangeable hydrogen was 0.82 if the gas present in the 
reaction vessel at 0.01 mm. and 64° was taken as unity 
(Expts. 39 and 40).

As it is known that hydrogen atoms are exchanged be­
tween molecular hydrogen and ethylene in the presence of 
a catalyst,8 it was tested whether such an exchange reaction 
takes place between ethylene and the hydrogen layer. 
This test was performed by bringing hydrogen into contact 
with a layer containing about 50% deuterium before and 
after it had been in contact with ethylene or by saturating 
the layer with deuterium and continuing the saturation 
after having exposed the layer to ethylene.

The results of this test (Expts. 41 to 44 at 64°, and 
Expts. 56 to 59 at 30°) are summarized in Table IV. In 
Expt. 41 a catalyst layer containing 48% deuterium pro­
duced a deuterium content of 17.6% in a hydrogen sample 
which had been in contact with the catalyst for four 
minutes. After this experiment a new layer with 49% 
deuterium was exposed to ethylene and then to a sample of 
hydrogen. In Expts. 56-57 a hydrogen layer was treated 
four times with fresh samples of deuterium. After each 
treatment the loss in the deuterium content of the samples 
was smaller, showing that the deuterium content of the 
catalyst layer was increasing. When, however, ethylene

(8) F arkas, F a rk a s  and  R ideal, Proc. Roy. Soc. (L ondon), A14S, 
630 (1934); F a rk as  an d  F arkas, T h is  J o u r n a l , 60, 22 (1938).

C hange in  D  con ten t in  % 

-2 6  
- 8 .5  
- 6 .3  
- 4 .2  
20 
14 
13 
10
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T a b l e  IV
E x p t.

P ressure  in 
m m . G as

T im e in 
min.

D content of 
sample in %

41 0.0059 h 2 4 17.6
43 .012 C2H4 10
44 .0059 h 2 4 2 .5
56 .0094 d 2 3 20

.0094 D 2 3 50

.0094 d 2 3 67

.0094 d 2 3 79
57 .028 d 2 5 89
58 .014 c 2h 4 10
59 .0093 d 2 3 * 39

.0093 r>2 3 54

was brought into contact with the deuterated catalyst, the 
loss in the deuterium content of the deuterium applied 
subsequently was nearly as large as the loss in the very 
first treatment in Expt. 56.

Both series of experiments show clearly that fresh ex­
changeable hydrogen appears on the catalyst layer after 
the contact with ethylene, indicating that either the 
hydrogen layer is capable of exchanging with ethylene or 
that the ethylene is taken up and retained by the catalyst 
in a form which can subsequently exchange with molecular 
deuterium. This point requires further investigation but 
it was proved by special experiments that no measurable 
amounts of hydrogen are displaced from the catalyst and 
evolved when the hydrogen layer is brought into contact 
with ethylene.

Palladium.—In the next series of experiments a reaction 
vessel having a volume of 1150 cc. and an inner surface of 
520 sq. cm., equipped with a palladium wire 10 cm. long, 
0.1 mm. in diameter, was used.

The results of Expts. 14 and 15, which were carried out in 
the same manner as Expts. 5 and 6, are given in Table V. 
In Expt. 14 deuterium samples and in Expt. 15 hydrogen 
samples were brought into contact with the catalyst, the 
pressure being 0.0073 and 0.0082 mm., respectively. Be­
fore and after these experiments, the half-life time of the 
para-hydrogen conversion was found to be fifteen seconds 
at the reaction temperature of 25 °.

T a b l e  V
R eaction C hange in R eaction Change in

tim e D -conten t tim e D -content
in  m in. in % in  m in. in %

Expt. 14 Expt. 15
1 -5 3 2 33.7
2 -3 1 .5 2 19.6
2 - 21.8 2 9.8
2 -1 3 .0 2 6.5
2 -  9.8 10 5.4
2 -  8.7 20 5.8

90 -1 6 .3 1 2.5
1 1.4

If the exchange reaction had proceeded at the same speed 
as the para-hydrogen conversion, equilibrium would have 
been established in about two minutes. I t  will be noted, 
however, that, in the last run, after a reaction time of 
ninety minutes, the amount of exchange was higher than in 
the previous run after a reaction time of two minutes. 
This shows that there is a certain amount of slowly ex­
changeable hydrogen on the catalyst. The half-life time

calculated with a — 1.5 varies between twenty and sixty 
seconds for the first four runs in Expt. 14, while for the 
first four runs in Expt. 15 half-life times of fifty-five to one 
hundred and twenty-five seconds are obtained. In Expt. 
15, a = 1.

The results of all experiments with palladium layers are 
summarized in Table VI and it will be seen that the para- 
hydrogen conversion is up to fifteen times faster than the 
exchange reaction and that the amount of exchangeable 
hydrogen is in no direct relation to the rate of the conver­
sion reaction.

T a b l e  VI
Palladium, Temperature 20°

a corrected  for H alf-life tim e
E xp t. G as 0.01 m m . in  seconds

13° P-H2 20
14 d 2 1.09 20-60
15 d 2 0.82 55-125
16 P-h 2 15
21° a h 2 .. 15
22 d 2 0.9 120
23 P-H2 8
25a p-h2 2
26 d 2 .27 8
29 P- H2 .. 4
30 d 2 .22 24
0 Indicates fresh catalyst.

Platinum.—In this series the reaction vessel was a bulb 
having a volume of 800 cc. and an inner surface of 410 sq. 
cm., and equipped with a 12 cm. long platinum wire 0.1 
mm. in diameter. As shown by the results summarized in 
Table VII, the conversion of para-hydrogen is five to six 
times faster on an evaporated layer of platinum than the
exchange reaction.

Table VII
Platinum, T emperature 20°

P ressure H alf-life tim e
E xpt. in  m m . G as a in  seconds

31 0.0057 a h 2 15
32 .0068 D2 0.20 45
37 .0057 a h 2 10
38 .0068 D2 .18 60

Discussion
The described experiments with nickel, palla-

dium and platinum catalysts indicate, in accord­
ance with Roberts’ conclusions and Eley and 
Rideal’s findings on tungsten, the following points:

1. There is a hydrogen layer on these metals 
which is not removed by pumping at room tem­
perature and which can exchange atoms readily 
with molecular hydrogen, and in the case of nickel 
with ethylene as well.

2. The rate of this exchange reaction with 
molecular hydrogen is on nickel equal to the rate 
of the conversion ©f para-hydrogen, but it is 
smaller on palladium and on platinum than that 
of the para-hydrogen conversion.
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The explanation of the findings on nickel is 
that either the mechanisms of the exchange and 
conversion reactions are the same or the rate 
determining steps in these two reactions are the 
same.

Before discussing the various possible reaction 
mechanisms, the number of exchangeable hydro­
gen atoms in the stable hydrogen layer will be 
calculated. This number will be of some impor­
tance as it can be taken as the number of the active 
centers and will indicate that fraction of the cata­
lyst's area which is active.

The difference between the number of exchange­
able hydrogen atoms and the number of the hydro­
gen atoms in the layer on the catalyst is significant. 
While it is possible to determine the amount of 
hydrogen in the layer by adsorption measure­
ments, all of these “chemisorbed” hydrogen atoms 
are not necessarily exchangeable and the whole 
surface covered by chemisorbed hydrogen is not 
necessarily catalytically active.

In Expt. 10 the volume of the reaction vessel 
was 730 cc., its surface 390 sq. cm., the hydrogen 
pressure 0.006 mm., a =  0.77 and the temperature 
20°. From these data the number of the hydro­
gen atoms in the reaction vessel is 2.90 X 1017 and 
the number of the exchangeable atoms in the layer 
is 2.22 X 1017.

If each hydrogen atom is attached to a different 
nickel atom, 2.22 X 1017 is the number of active 
centers on the nickel catalyst. The total area of 
the active catalytic layer is obtained by multiply­
ing the number of active centers by the area cov­
ered by each nickel atom. For an unoriented 
nickel layer the area covered by one nickel atom 
can be taken as 6.7 X 10~16 sq. cm., being the 
arithmetic mean of the areas 5.32, 6.15 and 8.7 X 
lO"16 sq. cm., in the (111), (100) and (110) planes, 
respectively9; thus the total area of 148 sq. cm. 
As the apparent area of the glass vessel was 390 
sq. cm. and the catalyst layer was on the average 
not deeper than a few atoms it follows that at 
least one-tenth of the nickel atoms evaporated 
was catalytically active.

The figure of 2.22 X 1017 corresponds to 5.7 X 
1014 active centers per sq. cm. of apparent catalytic 
area. In other experiments values of the same 
order were obtained ranging from 1.6 to 16 X 1014 
per sq. cm.

These results have significance if considered to-
(9) Beeck, S m ith  and  W heeler, Proc. Roy. Soc. (London), A177, 62 

(1940).

gether with recent experiments of Beeck, Smith 
and Wheeler.9 These authors have found that 
oriented nickel films of definite crystal structure 
and reproducible activity for the hydrogenation 
of ethylene can be prepared by evaporation in an 
indifferent gas atmosphere at a few millimeters 
pressure, and that the active regions of the catalyst 
coincide with a homogeneous, definite crystal lat­
tice, rather than with extra-lattice atoms and re­
lated atomic combinations. They have also 
measured the adsorption of hydrogen on fresh 
nickel layers up to a thickness of several thousand 
atoms and have found that an instantaneous, 
irreversible adsorption, “chemisorption,” takes 
place in agreement with Roberts' results on tung­
sten.5 The chemisorption observed in this case 
is probably closely related to the chemisorption 
type A described by Brunauer and Emmett10 * on 
iron.

There are two different types of reactions which 
might be operative in the exchange and conver­
sion reactions:

1. Reaction between the stable layer of hydro­
gen on the catalyst and gas molecules impinging 
thereon.

2. Reaction between the stable layer of hydro­
gen on the catalyst and hydrogen adsorbed on 
places adjacent to those occupied by the stable 
layer.

According to Roberts and Beeck, Wheeler and 
Smith, and also to Brunauer and Emmett, the 
stable layer consists of chemisorbed atoms, but 
we have no definite information about the hydro­
gen in the second layer. The hydrogen may be 
present in the second layer either in the form of 
more or less deformed molecules or in the form of 
atoms which can recombine and leave the catalyst 
in contradistinction to chemisorbed atoms.

The apparent order of a reaction of the first type 
should be one since the concentration of the hydro­
gen in the stable layer is independent of the pres­
sure and the number of molecules impinging is 
proportional to the pressure. Furthermore, one 
would expect that the collision efficiency of a re­
action of this type such as

f t - H . 2  -f- H ads =  O - H 2  +  H ads ( 1)

would be much smaller than that of the ho­
mogenous reaction

p-H2 -f H = o-H2 +  H (2)
(10) B runauer and  E m m ett, T h is  J o u r n a l , 62, 1752 (1940);

59, 1553 (1937); 57,1631 (1935).
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because in the latter case the hydrogen atom is 
free and the molecule can approach the atom in the 
direction of the line joining the nuclei and thus 
encounter the least energy of activation.11

Actually, the observed order of reaction (Table
I) is definitely below unity and the calculated 
collision efficiencies for reaction 1 are of the same 
order as, and in some cases ten to twenty times 
higher than, the collision efficiencies for reaction 2. 
For these reasons one might rule out the reaction 
of type 1 as highly improbable.

On the other hand, it is not possible to decide 
between the two alternatives of reaction type 2;
i. e., whether the reaction with the stable layer 
involves adsorbed molecules or adsorbed atoms. 
A close investigation of the conversion of para- 
hydrogen and of the exchange reaction on palla­
dium and platinum might help to decide between 
the two mechanisms if it would be possible to as­
certain whether the difference in the rates of con­
version and exchange is real and not only apparent 
owing to the existence of centers of various cataly­
tic activity. A renewed comparison of the para- 
hydrogen conversion on palladium with the dif­
fusion of hydrogen into the metal may also con­
tribute to the solution of the above problem.

In case it is definitely proved that the exchange 
and para-hydrogen conversion involve adsorbed 
molecules rather than adsorbed atoms, all conclu­
sions drawn from the assumption that the rate of 
the para-hydrogen conversion is governed by the 
rate of dissociation of the molecules, will need 
revision.

For example, the repeatedly observed parallel­
ism between the rate of the para-hydrogen con­
version and the rate of the hydrogenation of 
ethylene on the same catalyst12 was explained by 
the assumption that the dissociation of the hydro­
gen molecules is the rate determining step in both 
processes. In case the participation of atoms other 
than those in the stable layer in the exchange and 
conversion must be ruled out, another explanation 
will be needed. The following might be possible. 
In the exchange reaction between the stable layer 
and the adsorbed molecules the rate determining 
step is the adsorption and deformation of the 
molecules preceding the actual exchange of atoms. 
In fact this mechanism would not disagree with 
the general picture of catalytic hydrogenation 
according to which both hydrogen atoms of the

(11) Pelzer and  W igner, Z. physik. Chem., B15, 445 (1932).
(12) Farkas, Trans. Faraday S o c . ,  35, 909 (1939).

same molecule are added simultaneously in the 
act of hydrogenation.13

If the dissociation of the hydrogen molecules 
takes place only in the chemisorbed layer and the 
recombination of the atoms in this layer is too 
slow to cause conversion or exchange it is not prob­
able that a dissociation of hydrocarbons into hy­
drogen atoms and hydrocarbon radicals will con­
tribute to the catalytic exchange of hydrogen 
atoms between hydrocarbons and molecular hydro­
gen as postulated by the dissociative theory.8'14

The exchange of hydrogen atoms between 
hydrocarbons and the stable hydrogen layer 
is possible according to the experimental results 
given in Table V. This possibility must be taken 
into account especially when dealing with ex­
change of hydrogen atoms between hydrocarbons.15

Finally, the bearing of the present experiments 
on two catalytic isomerization reactions will be 
referred to. Twigg16 observed that in the catalytic 
interaction of butene-1 and deuterium the double 
bond migration was faster than the exchange re­
action, while the isomerization was very slow in 
the absence of hydrogen or deuterium. A similar 
observation was made by Baxendale and War- 
hurst17 in the catalytic hydrogenation of methyl 
oleate with deuterium when a considerable amount 
of 'light” elaidic ester was formed, indicating 
that the cis-trans conversion proceeded faster 
than the exchange reaction. Again the isomeriza­
tion was slow and soon stopped completely when 
no hydrogen was present.

Both observations can be explained by assuming 
that the isomerization is caused by an interaction 
with the stable layer of hydrogen. The effect of 
hydrogen or deuterium in accelerating the iso­
merization might be due to the circumstance that 
the hydrogen in the stable layer is gradually re­
moved by addition to the unsaturated hydro­
carbon and gaseous hydrogen is needed for replac­
ing the used-up layer. Since each hydrogen or 
deuterium atom will cause a number of isomeriza­
tion processes before it is removed the isomeriza­
tion will appear to be faster than the exchange.

Summary
The catalytic conversion of para-hydrogen was

(13) F arkas and  F arkas, ibid., 33, 837 (1937).
(14) F arkas and  F arkas, ibid., 33, 678, 827 (1937); 35, 917

(1939) ; 36 ,522  (1940).
(15) J . Am an, Thesis, 1941, T he  H ebrew  U niversity , Jerusalem .
(16) Twigg, Proc. Roy. Soc. (L ondon), A178, 106 (1941).
(17) Baxendale and  W arhu rst, Trans. Faraday Soc., 36, 1161

(1940) .
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investigated at room temperature and a pressure 
of about 0.01 mm. on evaporated layers of nickel, 
palladium and platinum. It was found that there 
is a stable layer of hydrogen on the catalysts which 
is not removed by pumping at room temperature 
and which exchanges readily with molecular 
hydrogen or deuterium. The rate of this exchange 
is equal to the rate of the para-hydrogen conver­
sion on nickel, but is smaller on palladium and 
platinum. It is shown that the amount of ex­

changeable hydrogen in the stable layer can be 
taken as an indication of the number of active 
centers on the catalyst. This number is 1014 to 
1015 cm.-2 and shows that a great fraction of the 
apparent catalytic surface is active. The various 
possible mechanisms for the conversion of para- 
hydrogen and the exchange are discussed and their 
bearing on other exchange, hydrogenation and 
isomerization reactions considered.
Jerusalem, Palestine R eceived January 26, 1942

[C o n t r i b u t io n  f r o m  t h e  S t e r l i n g  C h e m is t r y  L a b o r a t o r y  o f  Y a l e  U n iv e r s it y ]

Fluorochlorobromomethane
By Kenneth L. Berry1»2 and Julian M. Sturtevant

In connection with recent theories of optical 
activity,8 an optically active pentatomic molecule 
would be of considerable interest. Attempts have 
therefore been made to resolve fluorochlorobromo- 
ethane, perhaps the most readily obtainable of the 
few such substances having potential optical ac­
tivity. During this work several physical prop­
erties of this substance have been determined.

Swarts4 attempted to resolve this substance by 
fractional crystallization of the complex it forms 
with salicylide, but without success. He was also 
unsuccessful5 in attempts to decarboxylate opti­
cally active fluorochlorobromoacetic acid to yield 
the active substituted methane.

Preparation and Purification.—Ethyl chloro- 
acetal was prepared by the addition of chlorine 
to vinyl acetate in alcohol solution according to 
the method of Filachione.6 Bromination7 of the 
chloroacetal, followed by hydrolysis, yielded chlo- 
rodibromomethane. This latter halide on treat­
ment with antimony trifluoride and bromine gave 
fluorochlorobromomethane4 in fair yield, though 
contaminated with considerable amounts of 
higher and lower boiling halides. The crude prod­
uct was washed at 0° with very dilute alkali 
followed by water, dried over calcium chloride,

(1) T he  m ateria l in th is  com m unication  constitu tes p a rt of a dis­
serta tion  subm itted  by  K en n eth  L. B erry  to  Yale U niversity  in 
pa rtia l fulfillm ent of th e  requ irem en ts for th e  Ph.D . degree, June, 
1940.

(2) P resen t address: E xperim enta l S ta tion , E . I. du  P o n t de
N em ours and  Com pany, W ilm ington, D elaw are.

(3) K uhn, Z. physik. Chem., B31, 23 (1936); Kirkwood, J . Chem. 
Phys., 5, 479 (1937); Condon, A lta r and  E yring, ibid., 5, 753 (1937).

(4) Sw arts, Bull. acad. roy. Belg., [3] 26, 102 (1893).
(5) Sw arts, ibid., [3] 31, 28 (1896); ibid., M em oirs Couronnes, 54, 

54 (1896).
(6) F ilach ione, T h is  J o u r n a l , 61, 1705 (1939).
(7) Jacobsen  and N eum eister, Ber., 15, 601 (1882).

and fractionated from phosphorus pentoxide 
through a 48-cm. vacuum-j acketed column packed 
with glass helices. The main fraction was col­
lected between 36.3 and 36.8°, and was stored in 
sealed ampoules in the dark. Over-all yields of 
approximately 25% were obtained.

Anal. 0.2097 g. gave 0.4693 g. AgCl +  AgBr; 
calcd. 0.4711 g. AgCl +  AgBr.

One hundred and forty grams of material boil­
ing at 36.3-36.8° was refractionated, and the 
middle cut of 65 g. was again fractionated to give 
a 37 g. fraction boiling at 36.11-36.18° (cor.) 
(756.0-756.2 mm.). This sample was used for the 
determination of physical properties. It remained 
perfectly colorless when sealed in an ampoule and 
stored in the dark.

Physical Properties.—The fusion curve of 
fluorochlorobromomethane, which was observed 
in an apparatus similar to that described by Skau,8 
showed the 36.11-36.18° fraction to be quite pure. 
The melting point was found to be —115° (cor.).

The density was determined dilatometricafly 
from 0 to 25°, and can be represented in this 
range by the equation (t =  °C.) 
dt == 1.9771 -  2.51 X 10“** -  2.03 X 10~5/2 +

3.3 X 10-V (1)
A Pulfrich refractometer was employed to de­

termine the refractive dispersion of fluorochloro­
bromomethane in the visible spectrum at 0.5,
10.0 and 20.0°. The data were fitted to an equa­
tion of the form recommended by Tilton9 (X =  
wave length in microns)

m 2 = a2 -  £ \ 2 +  (2)
(8) Skau , Proc. A m . Acad. A rts  Sci., 67, 551 (1933).
(9) T ilto n , Bur. Standards J .  Research, 17, 646 (1936).
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The constants for this equation listed in Table I 
reproduce the data within the experimental ac­
curacy from X 0.7065 to X 0.4047.

Table I
T he Constants o f  Equation (2)

T em p.,
°C . a2 k m

0 .5 2.0083 0.00432 0.01175 0.01832
10.0 2.0041 .01828 .00873 .03954
20.0 1.9778 .00610 .01082 .02256

The Lorenz-Lorentz molecular refractivities for 
the sodium D  line are R0.5 =  19.24, i?i0 =  19.26, 
i?2o =  19.31. Using the atomic refractivities10 of 
carbon, hydrogen, chlorine and bromine, one finds 
the atomic refractivity of fluorine at X 0.5893 and 
20° to be 0.956.

Attempted Resolution.—Three types of pro­
cedure for accomplishing the resolution of 
fluorochlorobromomethane suggest themselves:
(a) formation of solid addition compounds with 
optically active substances; (b) utilization of 
vapor pressure differences in asymmetric solvents; 
and (c) selective adsorption on optically active 
adsorbents. Limitations of time have not per­
mitted an extensive investigation of these proce-

(10) “ Organic C hem istry , A n A dvanced T rea tise ,”  edited by  H . 
G ilm an, John  W iley and  Sons, In c ., N ew  Y ork , N . Y ., 1938, p . 1739.

dures, though indications of positive results were 
obtained with the first method.

It was found that digitonin11’12 forms an insol­
uble digitonide with fluorochlorobromomethane. 
This digitonide cannot be dried and characterized 
since it very readily loses its volatile component. 
The halide was added to an aqueous alcoholic 
solution of digitonin at 0°; after vigorous shaking 
the mixture was centrifuged, and the precipitate 
was then warmed to 55° under a slow stream of air 
to sweep the vaporized halide into a dry-ice- 
cooled receiver. The distillates thus obtained 
had rotations varying from zero to +0.15° (1- 
decimeter tube). The irreproductibility of the 
results, and the poor recovery of the very expen­
sive digitonin make further experiments along 
this line seem unpromising.

Summary
Fluorochlorobromomethane was prepared in 

pure form, and its boiling point, melting point, 
density and refractive dispersion determined. In­
conclusive results were obtained in attempts to 
resolve the substance through its insoluble digi­
tonide.

(11) W indaus an d  W einhold, Z. physiol. Chem., 126, 299 (1923).
(12) W indaus, K la n h a rd t an d  W einhold, ibid., 126, 308 (1923).

N ew H aven, Connecticut R eceived February 5,1942

[C o n t r i b u t io n  f r o m  t h e  G e o r g e  H e r b e r t  J o n e s  C h e m is t r y  L a b o r a t o r y  o f  t h e  U n i v e r s it y  o f  C h ic a g o ]

The Pressure-Area-Temperature and Energy Relations of Monolayers of Octa-
decanenitrile

B y L. E. C opeland and W illiam  D . H ark in s

1. Introduction
Until recently only three liquid phases have 

been known to exist in monolayers. These are (1) 
the liquid expanded or Li phase, (2) the inter­
mediate or I phase, and (3) the liquid condensed 
or L2 phase. Any one of these may exist at low 
pressures, and therefore may be designated as a 
low pressure liquid phase. Recently a new liquid 
LS1’2 phase has been discovered, but is found to 
exist only at high film pressures, since it is formed 
by a transition from the liquid condensed (L2) 
phase when the pressure is raised to a sufficiently 
high value. Except at the lowest temperatures 
at which this new phase is formed, the transition

(1) W . D. H ark ins  and  L. E . Copeland, J .  Chem. Physics, 10, 272 
(1942).

(2) L. E . Copeland, W . D . H ark ins  and  G. E . B oyd, ibid., 10, June 
(1942).

is of the second order, so at the transition point 
the molecular area is the same in the high pressure 
LS phase as in the low pressure L2 phase. How­
ever, by increase of pressure the area for the LS 
phase may be reduced below any possible area, 
for the given temperature, at which the L2 phase 
may exist. This new high pressure phase has 
been found to form in monolayers of the normal 
long chain paraffin alcohols, but its lower limiting 
molecular area is 19.98 sq. A., since below this it 
transforms into the “solid” or S phase.

At the highest pressure at which a low pres­
sure liquid alcohol monolayer is stable, its 
molecular area may be below that possible for the 
stable existence of the high pressure liquid phase. 
Thus at 2.85° and 14 dyne cm.-1 the molecular 
area for octadecanol is 19.8 sq. A., the lowest area
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thus found for any liquid phase. The area at 0° 
as obtained by extrapolation would be about
19.7 sq. A.

Reliable measurements of the molecular areas 
of the normal long paraffin chain acids have not 
been made at such low temperatures but even at 
25° the L2 film of nonadecanoic acid has a mini­
mum value of 20.2 sq. A., while the minimum for 
octadecanol is 20.53 sq. A. Thus the data seem to 
indicate that at 25° the minimum area for the 
acid is lower than that for the alcohol. The molec­
ular areas obtained at 25° by extrapolation to zero 
pressure are 22.41 sq. A. for the alcohol and 24.41 
for the acid when the molecule of each contains 18 
carbon atoms. The larger area for the acid at low 
pressure and the nearly equal areas at high pres­
sure are explained by the higher mean compressi­
bility of the monolayer of the acid as compared 
with that of the alcohol.

The fact that the minimum molecular area for 
the acid is lower than that of the alcohol may be 
misleading if the pressure of the transformation of 
liquid (L2) into the high pressure phase is not taken 
into account, since the transition pressure is much 
higher (24 dyne cm."1) than for the alcohol (14 
dyne cm."1). At this latter pressure the areas 
are 20.53 sq. A. for the alcohol, but 21.7 for nona­
decanoic, and 21.9 for stearic, acid, so at equal 
pressures the acid has the higher area.
2. The Liquid Condensed Monolayer of Octa­

decanenitrile
Since in monolayers of the long chain alcohols 

and acids the polar groups are oriented toward the 
water, they are also brought close together, if the 
film is condensed. With either of these substances 
there is a possibility that there may be hydrogen 
bonding either in (1) the film itself, or (2) between 
polar groups in the film and molecules of water.

It is, therefore, of interest to learn the effect, 
upon the molecular area, which is produced by the 
elimination of the first possibility, that is, of hydro­
gen bonding in the film. This may be eliminated 
by the use of a long chain nitrile.

The pressure-area-temperature relations ob­
tained with monolayers of octadecanenitrile are 
exhibited in Fig. 1. From this figure it is evident 
that the —Ce=N group gives a much higher area 
(with a minimum of 25.82 sq. A. at 15.1°) in the 
monolayer than either —CO • OH or —OH. Adam3 
explains the relations on the basis of the assump-

(3) N . K . A dam , “ T he  Physics an d  C hem istry of Surfaces,”  
Oxford, C larendon Press, 1938, p . 53.

tion that the nitrile group is the largest, and the 
hydroxyl group the smallest of the three. How­
ever, it does not seem possible that the nitrile 
group, with its two atoms and a carbon-nitrogen 
distance of only 1.15 A., can be larger than the 
carbonyl group with its content of four atoms, even 
though one (H) of the latter is small. Therefore 
it seems necessary to reject Adam’s hypothesis, 
and to seek another cause for the high area in the 
nitrile monolayers. Obviously if there is intra­
monolayer hydrogen bonding in the case of the 
acids and alcohols, its absence in the nitrile films 
would give a sufficient explanation of their higher 
areas. Unfortunately the existence of this type of 
bonding in the film itself has not been demon­
strated, even in the case of the alcohols and acids.

Some investigators assume, without solving the 
statistical mechanics of the problem, that the di­
poles in monolayers of this type always repel each 
other. If this were assumed the higher dipole 
moment of the nitriles (3.56 X 10"18) as compared 
with those of the acids (1.4 X 10"18) and the 
alcohols (1.7 X 10"18) would give a sufficient cause 
for the higher areas exhibited by the nitriles. This 
problem will be considered in a later paper which 
considers other relations of the nitrile mono-layers.

3. The Intermediate Phase
The interesting feature revealed by Fig. 1, as 

related to the intermediate phase of octadecane­
nitrile, is that the pressure (7r)-area (<r) curves are 
very much steeper than those exhibited by the 
normal long chain paraffin acids. Thus the com­
pressibilities of the nitriles, in this phase, are very 
much smaller. In contrast the esters give much 
larger compressibilities than the acids.

At 25.8° the intermediate phase of the nitrile 
has a compressibility of 0.06 at areas close to that 
at which this phase is formed by a transition, on 
increase of pressure, from the liquid expanded 
state. As the area is reduced the compressibility 
falls to about 0.015. Adam and Harding4 have 
obtained a maximum compressibility of the order 
of 0.45 for the intermediate phase of margaric 
nitrile, but their value is very much higher than 
any obtained by us at any temperature with the 
18 carbon atom nitrile.

4. The Liquid Expanded Phase
The compressibilities exhibited by the liquid ex­

panded phase of the nitriles are of the same order
(4) N . K .  A dam  an d  J . B. H ard ing , Proc. Roy. Soc. (L ondon), 

A143, 104 (1934).
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Fig. 1.-—Pressure-area-temperature relations of monolayers of octadecane nitrile on water.

of magnitude as those of the acids. That the 
phase is of the liquid rather than of the vapor type 
is indicated by the areas at which the film pres­
sures become small, and which are of the order of 
those to be expected when a liquid expanded film 
begins to vaporize. At 22.6° and 30.3° the areas 
are 46 and 48 sq. A., while with pentadecylic 
acid, known to be in the liquid expanded state, 
the areas are 44 and 49 sq. A. at 17.9 and 35.2°. 
In the case of myristic acid the transition occurs 
at 42 and 46 sq. A. at 4° and 25°.

5. Energy of Spreading and Extension
The values of the energies of extension of the 

surface of clean water, which are the same as the 
energies of surface formation, are given in the 
first row of Table I. The energies of extension of 
the water covered by the nitrile monolayer are all 
higher (than those of water), except for the free 
energies which are lower. Any energy of spread­
ing may be obtained from the corresponding 
energy of extension by subtracting the value for 
water. As usual there is a decrease of free energy 
but an increase of total energy, and of entropy, and 
of absorption of heat when the monolayer spreads.

T a b l e !

T h e  E n e r g i e s  o f  t h e  M o n o l a y e r  o f  O c t a d e c a n e ­
n i t r i l e  i n  t h e  V a r i o u s  S t a t e s  a t  2 0 °

Energy in erg cm."2 and entropy in erg cm.-2  deg. - 1

Phase Area Process f h q s
Clean water 72.75 116 43.2 0.148

U 40.0 extension 72.25 155 82.2 .282
spreading - 0 .4 9 38.8 39.3 .134

I 32.0 extension 69.00 170 201 .685
spreading —3.75 154 158 .537

L2 28.0 extension 66.38 124 57.5 .197
spreading - 6 .3 7 7.9 14.3 .049

The effect of pressure and temperature upon the 
energy values for the monolayers, as obtained at 
various constant areas, are given in Table II. 
The values are not extremely high, as in the case 
of the alcohols,1'2 but are of somewhat the same 
order of magnitude as those for pentadecylic acid. 
As is usual they are very much higher for the 
intermediate phase than for the expanded and con­
densed liquid phases.

This publication was made possible by funds 
granted by the Carnegie Corporation of New 
York. That Corporation is not, however, the 
author, owner-publisher or proprietor of this pub­
lication, and is not to be understood as approving
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T a b l e  I I

T h e  E f f e c t  o f  P r e s s u r e  o n  a  M o n o l a y e r  o f  O c t a ­
d e c a n e n i t r i l e  a t  V a r i o u s  A r e a s

Phase /, °C . s« q* h .
28 sq. A./molecule

u 6.3 19.60 0 .00 00 0
6.5 21.05 .203 60 54

I 7.0 22.64 .442 131 124
8 .0 24.60 .600 179 171
9.0 25.85 1.12 322 313

10.0 26.80 0.917 275 265
Lx 11.0 28.30 .00 0 0

32 sq. A./molecule
I 3 .0 18.40 0.337 98 95

4.0 20.46 .564 166 162
5.0 22.00 .770 217 212
6 .0 23.31 .770 230 224
7.0 24.51 .902 268 261
8 .0 25.60 .972 290 282

Lx 9.0 27.35 .104 31 22

40 sq. A./molecule
I 1 .0 18.85 0.203 59 58

2 .0 20.96 .815 240 238
3.0 22.05 .797 235 232
4.0 23.52 .541 160 156

by its grant any of the statements made or views 
expressed therein.

Summary
1. The lowest area thus far found, in accurate 

work, for any n-\ong chain paraffin derivative in 
its monolayer on water is 19.57 sq. A. This was 
obtained with w-octadecanol in the S-phase at 
2.85°. At lower temperatures somewhat lower 
areas could be obtained. In solid three dimen­
sional crystals the area of the hydrocarbon chain 
is 18.5 sq. A. Nonadecanoic acid in its monolayer 
at 25° has been compressed to 20.2 sq. A. At 25° 
the extrapolated area at zero pressure is, for the

liquid condensed phase, 22.41 sq. A. for octadec- 
anol and 24.41 sq. A. for stearic acid.

2. In monolayers of the alcohols and acids 
there is the possibility of hydrogen bonding be­
tween the polar groups in the film itself as well as 
with water. In monolayers of w-octadecane nitrile 
hydrogen bonding in the film itself is no longer 
possible, and it was found that the minimum area 
obtained at any temperature and pressure em­
ployed was 25.8 sq. A. at 15.1° and 18 dyne cm.-1, 
while the lowest area found by extrapolation at 
zero pressure was 30 sq. A. Thus the —C==N 
end group gives much less condensed films than 
either the —COOH or the —OH groups. Un­
fortunately the dipole moment of the nitrile is 
much higher (3.56 X 10“18) than that of the alco­
hol or the acid, so there is a possibility that this 
produces a repulsion which accounts for the greater 
area. The decision as to which factor is responsible 
for the high area, is left to later work.

3. The hypothesis that the larger area of the 
nitrile is due to a large size of the —C =N  group, 
with its interatomic distance of only 1.15 A., as 
compared with the —COOH group, is rejected.

4. The pressure-area curves for the intermedi­
ate phase are much steeper than those for the long 
chain acids. Thus in this phase the nitriles ex­
hibit a much smaller compressibility.

5. The pressure-area curves for the expanded 
phase fall to low pressures at just those areas 
characteristic of the liquid expanded state, so 
these films are not gaseous. Thus at 22.6° and 
30.3° these areas are 46 and 48 sq. A., while with 
pentadecylic acid at 17.9° and 35.2° the corre­
sponding areas are 44 and 49 sq. A.
C h ic a g o , I l l i n o i s  R e c e i v e d  A p r i l  23, 1942
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Ultraviolet Absorption Spectra of Nitrogenous Heterocycles. IV. Effect of pH 
and Irradiation on the Spectra of Isoguanine and 2-Hydroxy-6,8-diaminopurine

B y Sr . M iriam  M ichael  Stimson , O. P.

The introduction of a hydroxy group on the 
second carbon atom of adenine to give isoguanine 
and the same relative positions of the hydroxy 
and amino groups on the pyrimidine ring of 2- 
hydroxy-6,8-diaminopurine permits a study of the 
combination effect of tautomerism of the imidine 
type1 and of the amide-imidole type.2

Although the spectrum of guanine was found 
by Holiday3 and by Heyroth and Loofbourow4 to 
be greatly affected by pm  change, the position of 
the amino group on carbon 2 rather than 6 intro­
duces the possibility that some of the variation 
may be positional5 rather than a modification of 
the spectrum of adenine by introduction of a hy­
droxy group.

2300 2500 2700 2900 3100
A.

Fig. 1.—Isoguanine: 1, pH. 3.0; 2, pH 7.0; 3, pH 11.0. 

Experimental

Materials.—The isoguanine and 2-hydroxy-
6,8-diaminopurine were kindly furnished by Mr. 
Joseph R. Spies, Bureau of Chemistry and Soils, 
U. S. Department of Agriculture.

(1) Loofbourow  and  S tim son, J . Chem. Soc., 844 (1940); Stim son 
an d  Loofbourow , T h is  J o u r n a l , 63, 1827 (1941).

(2) Loofbourow  a n d  S tim son, J . Chem. Soc., 1275 (1940).
(3) H oliday, Biochem. J .,  24, 619 (1930).
(4) H ey ro th  an d  Loofbourow , T h is  J o u r n a l , 56, 1728 (1934).
(5) U npublished  lab o ra to ry  resu lts  of Loofbourow  and  Stim son.

Method.—The details of the techniques em­
ployed were given in Part I of this series.

Results and Discussion
Figure 1 shows the spectra of isoguanine at pm  

3, 7, 11. The €max is greatest for pm  7 and is con­
siderably lower for pm  11.0 than for pm  3.0. In
6-aminopyrimidine6 and 6-aminopurine1 emax. 
for neutral solution is less than that for acid reac­
tion. On the other hand, unpublished findings of 
Loofbourow and Stimson indicate emax. for cyto­
sine to be greatest at pm  7.0. From this it may be 
concluded that the downward trend of the amino 
(on C 6) emax with change from acid to alkaline 
conditions is over balanced by the high absorp­
tion of the hydroxyl group at pm  7.0.2 The effect 
of the hydroxyl in position 6 is weaker than in 2, 
however, since the work of Williams, et dl.,6 shows 
5-methyl-6-hydroxypyrimidine to absorb less at 
the long wave maximum in neutral solution than 
in either acid or alkaline reaction. Unpublished 
findings of Stimson and Loofbourow for hypoxan- 
thine also show the influence of the hydroxyl on 
C 6 to be insufficient to raise emax. for neutral 
solutions above that for acid or alkaline solutions. 
Although Xmax. for 6-aminopyrimidine and 6- 
aminopurine shifts progressively to longer wave 
lengths with increase in pm, the reverse condition 
is true for the compounds with the 2-hydroxy-6- 
amino arrangement. The introduction of the 
second amino group in position 8 shows in 2-hy- 
droxy-6,8-diaminopurine, the shift of Xmax> to be 
in the same direction as the other two 2-hydroxy-6 
amino compounds although the degree is consid­
erably less (Fig. 2). However emax. here again 
takes on the characteristics of purely amino sub­
stituted compounds, which may be attributed to 
overbalancing the hydroxyl absorption. The 
short wave maximum found by Williams, et al., 
for 6-amino- and 6-hydroxy compounds, by Stim­
son and Loofbourow for 2-chloro-6-aminopyrimi- 
dine and by Uber and Winters7 is indicated only 
at pm  7 for isoguanine and did not appear in the 
photographic ultraviolet for 2-hydroxy-6,8-di-

(6) W illiams, R ueh le  an d  F inkelste in , T h is  J o u r n a l , 59, 526  
(1937).

(7) U ber and  W inters, ibid., 63, 137 (1941).
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2300 2700 2900 3100 3300
A.

Fig. 2.—2-Hydroxy-6,8-diaminopurine: 1, pH 3.0; 2,
pH  7.0; 3, pH 11.0.

aminopurine. In the case of isoguanine the in­
ability to photograph the peak in acid and in al­
kaline solution may be due to the absorption of 
the buffers in the short wave end of the spectrum. 
This, in conjunction with any shift which might 
occur, could readily prevent it from being recog­
nized under the experimental conditions.8

Figure 3 shows the effect of irradiation on iso­
guanine for as long as four hours. Unlike adenine, 
which is markedly stable to ultraviolet radiation 
isoguanine shows response of the type shown by 
barbituric acid.4

Summary
1. A comparison of 2-hydroxy-6-amino-pyrimi- 

dine and purine with 6-amino-pyrimidine and
(8) Sm akula, Z . physiol. Chem., 230, 231 (1934).

2300 2500 2700 2900 3100
A.

Fig. 3.—Effect of irradiation on isoguanine: 1, 15 min.; 
2, 1 hr.; 3, 2 hr.; 4, 3 hr.; 5, 4 hr.

purine shows that the substitution of the hydroxyl 
group causes Xmax. to shift to shorter wave 
lengths with increase in pH  and emax> to rise at 
pH. 7 and then to fall so that the value at pH  11.0 
is lower than that at pH  3.

2. Location of the hydroxy group on C 6 in 
these compounds tend to increase emax at neutral 
pH above that in acid or alkaline pH, whereas 
certain 2-hydroxy purines and pyrimidines have a 
reduced emax. at pH  7.0.

3. An additional amino group in the case of 2- 
hydroxy-6,8-diaminopurine shows the same gen­
eral pH  effect on Amax. but to a lesser degree, 
however emax. follows the amino substitutes.

4. Whereas adenine showed only negligible 
change on irradiation, isoguanine showed a de­
cided change in extinction.
C i n c i n n a t i , O h i o
A d r i a n , M i c h i g a n  R e c e i v e d  A p r i l  16, 1942
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Some Studies on L-Glucoheptulose
By W. Dayton Maclay, Raymond M. Hann and C. S. Hudson

The biochemical oxidation of a number of poly­
atomic alcohols to ketoses by Acetobacter suboxy- 
dans has been reported1 in previous publications 
from this Laboratory. The present article de­
scribes the preparation of L-glucoheptulose through 
the biochemical oxidation of D-gluco-D-gulo- 
heptitol2 (a-glucoheptitol) by the procedure pre 
viously found to be successful for the oxidation of 
D-manno-D-gala-heptitol (perseitol) to L-galahep- 
tulose. The L-glucoheptulose was obtained in a 
yield of 88%; the pure ketose melted at 172-173° 
(cor.) and exhibited a specific rotation [a] 20d of 
— 67.8° in water without mutarotation; these 
constants agree with those reported (m. p. 173.5°;
[a] 20d —67.1°) by Bertrand and Nitzberg3 for the 
“a-ghicoheptulose” which they obtained by the 
biochemical oxidation of D-gluco-D-gulo-heptitol 
with Bacterium xylinum (syn. Acetobacter xyli- 
num). Austin4 has shown that “ a-glucoheptu- 
lose” is L-glucoheptulose since it is the enantio- 
morph of D-glucoheptulose (m. p. 171-174°;
[a] 20d +67.7°) prepared by the Lobry de Bruyn 
rearrangement of D-gluco-D-gulo-heptose (d-«- 
glucoheptose). He prepared the D-glucoheptose 
phenylosazone that is common to D-gluco-D-gulo- 
heptose and D-glucoheptulose and showed that it 
mutarotates in absolute alcohol-pyridine solu­
tion from —5.3° to +35.0°; he pointed out that 
the phenylosazone of “a'-glucoheptulose,” which 
had been described by Bertrand and Nitzberg as 
identical with D-glucoheptose phenylosazone, must 
in reality have been the enantiomorphous L-gluco- 
heptose phenylosazone. Bertrand and Nitzberg 
did not report its rotation; Austin did not have 
the L-form of glucoheptulose available for the re­
preparation of its phenylosazone. We have now 
confirmed the observation of Austin on the rota­
tion of D-glucoheptose phenylosazone; we have 
also prepared the enantiomorphous L-glucohep- 
tose phenylosazone from L-glucoheptulose and 
find that it mutarotates from +6.0° to —35.3° 
in absolute alcohol-pyridine solution, proving that

(1) H ann , T ilden  an d  H udson, T h is  J o u r n a l , 60, 1201 (1938); 
H ann  an d  H udson, ibid., 61, 336 (1939); T ilden , J .  B ad., 37, 629 
(1939).

(2) C oncerning th is  nom enclatu re, see H udson, T h is  Jo ur n a l , 60, 
1537 (1938).

(3) B ertran d  and  N itzberg , Compt. rend., 186, 925, 1172 (1928).
(4) A ustin, T h is  J o u r n a l , 52, 2106 (1930).

the phenylosazones are enantiomorphs, as was 
concluded by Austin. Confirmation of the con­
figuration of L-glucoheptulose (I) was obtained 
also through its reduction with hydrogen and 
Raney nickel to form a mixture of the inactive 
L-gluco-L-gulo-heptitol (syn. D-gluco-D-gulo-hep­
titol, a-glucoheptitol) (II) and the active l- 
gluco-L-ido-heptitol (syn. L-/3-glucoheptitol) (III).

OH OH H OH
i i I I

h o h 2c— c — c — c — c — c — c h 2o h
I ! I I II

H H OH H O
i.-Glucoheptulose (I)

OH OH H OH OH
I I I I I

h o h 2c— c — c — c-— c — c — c h 2o h
I I I I I

H H OH H H
L-Gluco-L-gulo-heptitol (II) 

(syn. D-Gluco-D-gulo-heptitol,
a-Glucoheptitol)

OH1 OHj HI OH H
1
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-C —  1 -C ----1

j
-C-----CH2OHI1
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1

H
1
OH

1
H

1
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L-Gluco-L-ido-heptitol (III) 
(syn. L-Ido-D-gulo-heptitol, 

L-/3-Glucoheptitol)

The alcohols were separated by conversion into 
their respective heptaacetates, that of L-gluco-L- 
gulo-heptitol crystallizing readily while that of 
L-gluco-L-ido-heptitol remained dissolved in the 
acetylating solution. The L-gluco-L-gulo-heptitol 
heptaacetate was optically inactive, melted at 
118-119° (cor.) and gave a quantitative yield of 
the inactive L-gluco-L-gulo-heptitol upon deacetyl­
ation. The L-gluco-L-ido-heptitol heptaacetate 
was obtained as a sirup, which upon deacetyla­
tion yielded crystalline L-gluco-L-ido-heptitol, 
melting at 129-130° (cor.) and exhibiting a spe­
cific rotation [a] 20d of —0.8° in water. The re­
corded values5 of these constants for the enantio­
morphous D-gluco-D-ido-heptitol are 130-131° 
and +0.8°, respectively, and we also have ob­
served a melting point of 129-130° (cor.) and a 
specific rotation [a]20D of +0.7° in water on a 
sample of D-gluco-D-ido-heptitol prepared by the 
catalytic reduction of D-gluco-D-ido-heptose with 
hydrogen and Raney nickel. The L-gluco-L-ido-

(5) Phillipe, C o m p t. r e n d ., 147, 1481 (1908).
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heptitol was further characterized by conversion 
to its crystalline heptabenzoate and this com­
pound was found to have the same melting point, 
namely, 181-182° (cor.) as authentic D-gluco-D- 
ido-heptitol heptabenzoate; the specific rotation 
of the heptabenzoate in chloroform solution 
( — 25.3°) was equal in magnitude, but opposite in 
sign, to that of the D-isomer. The data from the 
reduction therefore confirm the accepted con­
figuration of L-glucoheptulose (I). They are also 
in agreement with the results obtained by Khou- 
vine,6 who has shown that D-glucoheptulose is re­
duced by hydrogen and Raney nickel to form d- 
gluco-D-gulo-heptitol and D-gluco-D-ido-heptitol, 
although reduction with sodium amalgam yielded 
D-gluco-D-gulo-heptitol and a substance desig­
nated as a-D-glucoheptulitol, which Humoller, 
Kuman and Snyder7 regard as mixed crystals of 
D-gluco-D-gulo-heptitol and a small amount of an 
optically active impurity of undetermined iden­
tity.

We express our appreciation to Mr. L. B. Lock- 
wood, Dr. Evelyn B. Tilden and Dr. W. T. Has­
kins for assistance in parts of this work.

Experimental
L-Glucoheptulose (I) from d-Glnco-D-guIo-heptitol.— 

A medium for inoculating the solution employed in the 
biochemical oxidation was prepared as follows: a solution 
of 10 g. of D-gluco-D-gulo-heptitol, 1.0 g. of Difco yeast 
extract, 0.6 g. of potassium acid phosphate and 0.1 g. of 
glucose in 200 cc. of water was placed in a 500-cc. Jena glass 
gas-washing bottle; following sterilization, a bacterial sus­
pension of Acetobacter suboxydans was added, and the 
bottle was placed in a 30° constant temperature room and 
sterile air was passed through the suspension at a rate of 
200 cc. per minute; after twenty-four hours the oxidation 
of the alcohol to ketose was complete and the inoculum 
was ready for use. A solution of 400 g. of D-gluco-D-gulo- 
heptitol, 20 g. of Difco yeast extract, 12 g. of potassium 
acid phosphate, 2 g. of glucose and 0.5 g. of octadecyl alco­
hol in 4000 cc. of water was sterilized in a 10-liter Pyrex 
bottle suitably equipped with an air intake and dispersion 
unit. After introduction of the previously described inocu­
lum the bottle was placed in a 30° constant temperature 
room and sterile air was passed through the culture at a 
rate of 12 liters per minute. Subsamples were analyzed 
for reducing value at the expiration of 24, 48, 96, 120 and 
144 hours and the analyses indicated that the oxidation 
was 9, 28, 80, 93 and 100% complete at these periods. 
The solution was clarified by filtration and successive 
treatments with lead acetate and hydrogen sulfide, and the 
final filtrate was concentrated in vacuo at 60° to a volume 
of 400 cc.; the sirup was diluted with 700 cc. of warm alco­
hol and as the solution cooled it deposited the crystalline

(6) K houvine, ComPt. rend., 204, 983 (1937).
(7) H um oller, K um an  and  Snyder, T h is  J o u r n a l , 61, 3370 (1939).

ketose in a yield of 349 g. (m. p. 166-167°). A second 
crop of 6 g. was obtained by concentrating the filtrate to a 
volume of 55 cc. and adding 285 cc. of warm alcohol, and 
the final mother liquor, upon treatment with p-bromo- 
phenylhydrazine, gave a yield of L-glucoheptose p-bromo- 
phenylosazone equivalent to 12 g. of ketose. The yield 
of crystalline ketose was therefore 355 g. or 88%, and the 
over-all yield was 367 g. or 91%. The compound was 
recrystallized by solution in 1 part of water and addition of 
5 parts of alcohol; it formed large rhombs which melted 
at 172-173° (cor.) and showed a specific rotation of 
—67.8° (c, 2.5; l, 4) in water, without detectable mutarota- 
tion. Bertrand and Nitzberg3 reported a melting point of 
173.5° and a specific rotation of —67.1° in water for “a- 
glucoheptulose” and Austin4 reported a melting point of 
171-174° and a specific rotation of +67.7° in water for d - 
glucoheptulose.

Mr. G. L. Keenan, of the Food and Drug Administration 
of the Federal Security Agency, has examined the L- 
glucoheptulose and finds its optical-crystallographic prop­
erties to be identical with those of authentic D-glucoheptu­
lose, as would be expected. In  ordinary light, the powdered 
L-glucoheptulose consists of angular fragments, showing 
by the immersion method in oily organic liquids refrac­
tive indices, na — 1.545, np indeterminate and nr — 1.560, 
both =*=0.002; in parallel polarized light (crossed nicols) 
the birefringence is moderate and the fragments extin­
guished sharply with crossed nicols, only an occasional 
fragment being found which remains bright; in convergent 
polarized light (crossed nicols), a partial biaxial interference 
figure is only rarely observed.

A mixture of 1.0 g. each of pure l - and D-glucoheptulose 
was recrystallized from 15 parts of warm alcohol. The 
crystals which were deposited as the solution cooled melted 
at 150-152° (cor.) and this melting point was unchanged 
by further recrystallization. This d ,L-glucoheptulose 
showed no optical rotation in aqueous solution. An 
optical-crystallographic examination by Mr. Keenan dis­
closed that the indices of refraction of the crystals were 
identical with those of the optically active forms of the 
ketose; the crystals form therefore a mixture of the d - and 
L-modifications rather than a true racemate.

L-Glucoheptose Phenylosazone.—A solution of 10.0 g. of 
L-glucoheptulose in a mixture of 25 cc. of phenylhydrazine 
12.5 cc. of acetic acid and 100 cc. of water was heated on the 
steam-bath for two hours. The osazone, which separated 
as an oil as the reaction progressed, crystallized readily 
as the suspension was cooled. The yield was 18.1 g. 
(98%). The compound was recrystallized from 25 parts

T a b l e  I
M u t a r o t a t io n  o f  d - a n d  l -G l u c o h e p t o s e  P h e n y l o s a - 

ZONES
Concentration 1.6 g. in 100 cc.; tube length 1 dm.;

:emp. 20 =*= 0.5°.
T im e after m ak in g  so ln ., hr. o-F orm L-Form

0.25 -  5.6° +  6 .0C
3 +  9.0 -  9.6
6 +  15.5 -1 5 .7

24 +30.2 -3 1 .0
48 +32.7 -3 4 .2
96 +34.9 -3 5 .3

120 (final) +34.9 -3 5 .3
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of boiling alcohol in the form of yellow needles which 
melted with decomposition at 181-182° (cor.). The 
specific rotation was determined in a mixture of 2 parts of 
pyridine and 3 parts of absolute alcohol and, as shown in 
the following summary, it was equal in magnitude, but 
opposite in sign to that of a sample of authentic D-gluco­
heptose phenylosazone.

A mixture of 1.0 g. of each of the enantiomorphous 
osazones was dissolved by refluxing in 250 cc. of alcohol 
and, upon cooling, the solution deposited yellow needles 
which melted at 176-177° (cor.). This melting point was 
not changed by recrystallization from alcohol and a pyri­
dine-alcohol solution of the recrystallized product showed 
no rotation. Since the melting point of the compound is 
lower than that of its components it may be designated at 
the present time only as d ,L-glucoheptose phenylosazone.

Anal. Calcd. for CigH^OgN^ C, 58.75; H, 6.23. 
Found: (for L-form) C, 58.78; H, 6.14; (for D,L-form) C, 
58.13; H, 6.18.

Reduction of L-Glucoheptulose.—A solution of 50.0 g. 
of L-glucoheptulose in 250 cc. of water was heated for six 
hours at 100° under a pressure of 2500 pounds (167 atm.) 
of hydrogen in the presence of 10.0 g. of Raney nickel. 
Following removal of the catalyst, the solution was con­
centrated in vacuo at 60° to a thick sirup, which was 
thinned with 25 cc. of water and then mixed with 300 cc. of 
warm alcohol. As the solution cooled it deposited 47.5 g. 
of a mixture of plates and needles (m. p. 116-119°) and an 
additional 2.6 g. of crystalline material (m. p. 116°) was 
obtained from the mother liquor. The total yield was 
therefore 50.1 g. (99%). It was found impractical to sepa­
rate the mixture of crystalline heptitols by fractional crys­
tallization, and accordingly, 45.0 g. of the mixed alcohols 
was acetylated by heating for two hours on the steam-bath 
with 180 cc. of acetic anhydride and 11.3 g. of fused sodium 
acetate. The acetylation mixture was poured upon 
crushed ice and the precipitated L-gluco-L-gulo-heptitol 
heptaacetate (41 g., 38%) was removed by filtration. The 
acetate, after recrystallization from 4 parts of alcohol, 
melted at 118-119° (cor.) and this melting point was not 
depressed upon admixture with authentic L-gluco-L-gulo- 
heptitol heptaacetate. A chloroform solution of the sub­
stance showed no optical activity. Upon deacetylation 
the heptaacetate gave a quantitative yield of L-gluco-L- 
gulo-heptitol.

Anal. Calcd. for C21H30O14: C, 49.79; H, 5.97; CH3CO, 
59.5. Found: C, 49.68; H, 5.89; CH3CO, 59.2.

The dilute acetic acid mother liquor remaining, after re­
moval of the crystalline L-gluco-L-gulo-heptitol hepta­
acetate, was neutralized with sodium bicarbonate and ex­
tracted with chloroform. The washed extract was con­
centrated to a dry sirup (59.5 g., 55%) which was dissolved 
in 500 cc. of absolute methanol and deacetylated with 
barium methylate in the usual manner. The solution was 
freed of barium ion by balancing out with sulfuric acid, and 
after concentration to a sirup was dissolved in 100 cc. of 
boiling methanol. The alcoholic solution upon cooling 
deposited L-gluco-L-ido-heptitol in a yield of 21.8 g. (48%). 
The substance was recrystallized by solution in 0.5 part 
of water and the addition of 10 parts of warm methanol; 
it formed plates which melted at 129-130° (cor.) and

showed a specific rotation [«]20d of —0.8° (c, 4.0; lf 4) 
in water. Pure D-gluco-D-ido-heptitol, prepared by the 
catalytic reduction of D-gluco-D-ido-heptose, melted at 
129-130° (cor.) and showed a specific rotation [q5]20d of 
+0.7° in water in agreement with the recorded value5 
(m. p. 130-131°; [q:]20d +0.8°) of Phillipe. An examina­
tion by Mr. G. L. Keenan showed that the l- and D-forms 
of the alcohol possessed identical optical crystallographic 
properties. In ordinary light they consist of thin quadratic 
plates showing refractive indices, na = 1.552, np indeter­
minate and ny = 1.561, both ±0.002; in parallel polarized 
light (crossed nicols) the birefringence is weak and low order 
polarization colors are invariably shown; no interference 
figures were observed in convergent polarized light (crossed 
nicols).

Anal. Calcd. for C7H16O7: C,39.60; H, 7.60. Found: 
C, 39.66; H, 7.54.

L-Gluco-L-ido-heptitol Heptabenzoate (L-/?-Glucohepti- 
tol Heptabenzoate).—A mixture of 1.0 g. of L-gluco-L-ido- 
heptitol, 5 cc. of pyridine, and 6 cc. (10.5 molecular 
equivalents) of benzoyl chloride was heated in a boiling 
water-bath for two hours. The solid reaction products 
were dissolved in a mixture of chloroform and water and 
the chloroform layer was separated, washed, dried over 
anhydrous sodium sulfate and concentrated to a sirup; 
the sirup was dissolved in 475 cc. of boiling alcohol and 
as the solution cooled it deposited the heptabenzoate in a 
yield of 3.2 g. (72%). The compound was recrystallized 
from 150 parts of boiling alcohol and was obtained in the 
form of needles which melted at 181-182° (cor.) and ex­
hibited a specific rotation [ a ] 20D of —25.3° {c, 2.0; l, 4) 
in chloroform. D-Gluco-D-ido-heptitol heptabenzoate, pre­
pared from D-gluco-D-ido-heptitol, obtained by the cata­
lytic reduction of D-gluco-D-ido-heptose, showed the same 
melting point and its rotation, +25.1°, was the same in 
magnitude, but opposite in sign. Phillipe5 recorded the 
melting point of D-gluco-D-ido-heptitol heptabenzoate as 
182°, but did not measure its rotation.

Anal. Calcd. for Csel^Ou: C, 71.48; H, 4.71; C6H5- 
CO, 78.2. Found: C, 71.55; H, 4.65; C6H5CO, 77.7.

Racemic Gluco-ido-heptitol Heptabenzoate (Racemic 
jS-Glucoheptitol Heptabenzoate).—A mixture of 0.4 g. 
each of D-gluco-D-ido- and L-gluco-L-ido-heptitol hepta- 
benzoates was dissolved in 640 cc. of boiling 95% alcohol 
and as the solution cooled it deposited the racemate in the 
form of small needles. The pure compound may be re­
crystallized from 750 parts of alcohol; it was devoid of 
optical activity in chloroform solution. Its melting point 
of 193-194° (cor.) is considerably higher than that of its 
components, which shows that it is a true racemate.

Anal. Calcd. for C56H440i4: C, 71.48; H, 4.71; C6H5- 
CO, 78.2. Found: C, 71.54; H, 4.63; C6H5CO, 78.0.

Racemic Gluco-ido-heptitol (Racemic /3-Glucoheptitol). 
—A mixture of 1.0 g. each of pure D-gluco-D-ido-heptitol 
and L-gluco-L-ido-heptitol was dissolved in 1 cc. of water 
and the aqueous solution diluted with 50 cc. of hot absolute 
methanol. As the solution cooled, racemic gluco-ido- 
heptitol was deposited in a yield of 1.85 g. (92%). The 
substance was recrystallized by solution in 1 part of water 
and the addition of 30 parts of methanol and formed small 
plates which melted at 114-115° (cor.) and showed no ro­
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tation in an aqueous solution. An optical-crystallo­
graphic examination of the compound by Mr. Keenan 
showed that in ordinary light the refractive indices were 
no. = 1.552, np indeterminate and %  = 1.555, both 
=±=0.002; in parallel polarized light (crossed nicols) the bire­
fringence is weak and low order polarization colors are 
usually seen; no interference figures were observed in 
convergent polarized light. The differences in these op­
tical-crystallographic properties from those of L-gluco-L- 
ido-heptitol indicate that the substance which is here 
described is a true racemate.

Anal. Calcd. for C7H16O7: C, 39.60; H, 7.60. Found: 
C, 39.66; H, 7.72.

Summary

L-Glucoheptulose has been prepared in high 
yield through the biochemical oxidation of a-

glucoheptitol with Acetobacter suboxydans. The 
phenylosazone of the ketose has been shown to 
possess a specific rotation equal in magnitude, but 
opposite in sign, to that of D-glucoheptose phenyl­
osazone. Catalytic reduction of L-glucoheptulose 
by hydrogen and Raney nickel produces L-gluco- 
L-gulo-heptitol and L-gluco-L-ido-heptitol and 
thus provides supporting evidence for the ac­
cepted configuration of the ketose. New sub­
stances which have been described are d,L-gluco­
heptulose, L-gluco-L-ido-heptitol (l- /3-glucohepti- 
tol), L-gluco-L-ido-heptitol heptabenzoate, race­
mic gluco-ido-heptitol heptabenzoate, and race­
mic gluco-ido-heptitol.
Bethesda, Md. Received April 13, 1942
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The Oxidative Degradation of L-Glucoheptulose
By Nelson K. Richtmyer and C. S. Hudson

In an earlier communication from this Labora­
tory1 we reported the isolation of potassium l- 
galactonate in a 45% yield from the degradation 
of perseulose (L-galaheptulose) in alkaline solu­
tion by oxygen, according to the procedure de­
veloped by Spengler and Pfannenstiel.2 Having 
available a considerable amount of L-glucoheptu- 
lose from another research,3 we had planned to 
degrade it in similar fashion to potassium L-glu- 
conate, and thus to obtain, by reduction of the 
lactone, the difficultly accessible L-glucose.4 Un­
fortunately for our purpose the oxidation could 
not be controlled sufficiently to yield L-gluconic 
acid as the principal degradation product. In­
stead there was formed one of those complex mix­
tures of acids such as have been obtained, by a suc­
cession of enolizations and cleavages, from the oxi­
dation of other sugars in alkaline solution by air.5

When the oxidation of L-glucoheptulose was
(1) R ich tm yer, H an n  and  H udson, T h is  J o u rn al , 61, 340 (1939).
(2) Spengler and  P fannenstie l, Z . Wirtschaftsgruppe Zuckerind., 

85, Tech. T l. 547 (1935).
(3) M aclay, H an n  and  H udson, T h is  J o urn al , 64, 1606 (1942).
(4) Fischer, Ber., 23, 2618 (1890); for th e  crystalline L-glucono- 

lactone, see K iliani, ibid., 58, 2349 (1925); Upson, Sands and  W hit- 
nah , T h is  J o u r n a l , 50, 519 (1928). A lthough L-glucose has been 
reported  to  occur in  Grindelia rohusta [Power and T u tin , Pub. 
Wellcome Chem. Research Lab., 57, 1 (1905)], in  capsularin, a  glyco­
side from  ju te  {Corchorus capsularis) [Saha and C houdhury, J .  
Chem. Soc., 121, 1044 (1922)], and  collagen [Beek, T h is  J o u r n a l ,1* 
63, 1483 (1941); J .  Research N atl. Bur. Standards, 27, 507 (1941)], 
th e  evidence is n o t conclusive in  any  case.

(5) See, for exam ple, th e  degradation  of D-glucose [Power and U p­
son, T h is  J o u r n a l , 48 , 195 (1926 )].

carried out in the manner described previously for 
L-galaheptulose, the first product to be isolated 
was the readily crystallized potassium L-arabon- 
ate, in a yield of 31%. It was identified by its 
rotation6 of +5.2° in water as compared to —5.0° 
for potassium D-arabonate, and by conversion to 
the benzimidazole derivative described by Moore 
and Link.7 The remainder of the oxidation prod­
ucts was converted to a mixture of brucine salts. 
Crystallized from water, the least soluble frac­
tion, about 14% of the theoretical yield, consisted 
of approximately equal amounts of the brucine 
salts of L-gluconic and L-erythronic acids. Bru­
cine L-gluconate was identified by comparison of 
its constants with those recorded in the literature, 
by conversion to potassium L-gluconate rotating 
— 11.3° in water as compared to +11.3° for po­
tassium D-gluconate, and by conversion to 2- 
[L-gtoc0-pentahydroxyamyl] -benzimidazole. This 
last-named compound has the same melting point 
as the D-derivative described by Moore and Link,8 
while the rotation, —9.0° in citric acid solution, is 
about equal in magnitude but is opposite in sign 
to that recorded for its better-known antipode.

Brucine L-erythronate was identified by analy-
(6) T hroughou t th e  artic le  th e  ro ta tio n s  are  specific ro ta tio n s  a t  

20° for sodium  ligh t; c designates concen tration  in  gram s per 100 cc. 
of solution, and  l th e  leng th  of th e  tu b e  in  decim eters.

(7) M oore and  Link, J . Biol. Chem., 133, 300 (1940).
(8) M oore and  L ink, ref. 7; see a lso  H askins and  H udson , T h is  

J o u r n a l , 61, 1267 (1939).
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sis, melting point and rotation, and by conversion 
to the known, crystalline L-erythronolactone. 
The latter was characterized further by preparing 
from it 2- [L-erytór0-trihydroxypropyl] -benzimi­
dazole, which has the same melting point as
2- [D-ery/Afö-trihydroxypropyl] -benzimidazole pre­
pared from D-erythronolactone; the rotations 
are similar in magnitude, but are opposite in sign.

The more soluble fractions of the brucine salts 
contained some additional brucine L-gluconate, 
but carbon and hydrogen analyses indicated that 
the rest of the material consisted chiefly of the 
brucine salts of hydroxy acids containing only 
two or three carbon atoms.

While the oxidative degradation of L-galahep­
tulose to L-galactonic acid had been satisfactory 
in regard to yield, the degradation of L-glucohep- 
tulose was disappointing because the principal 
product isolated was L-arabonic acid. However, 
such a two-carbon atom degradation would be 
very useful if the oxidation of sedoheptulose 
should be found to produce D-ribonic acid in con­
siderable amount in addition to the small yield of 
D-altronic acid already reported.9

The degradation of L-glucoheptulose to L-glu­
conic acid derivatives, as reported above, com­
pletes a series of reactions by which D-glucose has 
been transformed to its mirror-image, L-glucose, 
as follows: D-glucose —» D-gluco-D-gulo-heptose 
(=  D-a-glucoheptose)10—» D-gluco-D-gulo-heptitol 
(=  L-gluco-L-gulo-heptitol =  a-glucoheptitol)10 —» 
L-glucoheptulose11 —> L-gluconic acid —> L-glucose.12

Experimental Part
Oxidation of L-Glucoheptulose; Isolation of Potassium 

L-Arabonate.—A solution of 21 g. of L-glucoheptulose 
(0.1 mole) in 100 cc. of water was added to 150 cc. of 2 
N  aqueous potassium hydroxide (0.3 mole) and the mixture 
was shaken vigorously with oxygen at 20-25°. After 
twenty-four hours the oxygen consumption had ceased at 
about 3000 cc., measured at room temperature. A product 
was isolated, as in the oxidation of perseulose, by concen­
tration, precipitation with methyl alcohol, and crystalliza­
tion from water by the addition of methyl alcohol. It 
was identified as potassium L-arabonate,13 and was ob­
tained in a 31% yield (average).

Anal. Calcd. for CsHöOöK: K, 19.15. Found: K, 
19.20.

A thrice recrystallized sample rotated6 +5.2 =±= 0.1° in 
water (c, 5; Z, 4). For comparison, a specimen of potas­

(9) R ich tm yer, H an n  an d  H udson, T h is  J o u r n a l , 61, 343 (1939).
(10) Fischer, A n n .,  270, 64 (1892).
(11) B ertran d  and  N itzberg , Compt. rend., 186, 925 (1928).
(12) Fischer, ref. 4.
(13) F ir s t p repared  by  K iliani, Ber., 21, 3009 (1888); neither m. p.

nor ro ta tio n  was repo rted .

sium D-arabonate was crystallized to constant rotation and 
showed —5.0 =*= 0.1° in water (c, 5; l, 4). Both d- and 
L-salts melted about 220° with decomposition. The potas­
sium L-arabonate was characterized further by conversion 
to 2-[L-araZw-tetrahydroxybutyl]-benzimidazole by the 
procedure of Moore and Link.7 This derivative melted 
at 235° (decomp.) and rotated +49.7 =*= 0.2° in 5% citric 
acid solution (c, 2), in good agreement with the data re­
ported by those authors.

Isolation of L-Gluconic Acid Derivatives.—After 145 g. 
of potassium L-arabonate had been separated from the 
products obtained by the oxidation of 478 g. of L-gluco­
heptulose, the mother liquor was acidified with hydro­
chloric acid until all the organic acids had been liberated. 
The solution was concentrated in vacuo to a thin sirup 
which was diluted with methyl alcohol and most of the 
potassium chloride was removed by filtration. The fil­
trate was concentrated to a thick sirup which was heated 
in vacuo for two hours at 70°, and the lactones and acids 
were extracted from the remainder of the potassium chlo­
ride with hot absolute alcohol. The alcohol was removed 
by distillation, and the residue was heated for several hours 
with 1500 cc. of water and 60 g. of calcium carbonate. 
Excess carbonate and any calcium oxalate were removed by 
filtration. Inasmuch as no crystalline calcium salt could 
be obtained by concentrating the aqueous solution, the 
calcium ions were removed by the addition of an equiva­
lent amount of oxalic acid, as determined by analysis of an 
aliquot portion, and the organic acids were then converted 
to brucine salts in the usual manner. Upon concentration 
of the aqueous solution of the brucine salts, there were 
obtained several crops of crystals, totaling 181 g. An at­
tempt to purify this material showed that it consisted of 
about equal amounts of the brucine salts of L-gluconic and 
L-erythronic acids which could be separated, partially, by a 
series of extractions and crystallizations with methyl alco­
hol. In this way we were able to isolate brucine l- 
gluconate in clusters of elongated, more or less rectangular, 
plates which were solvent-free after being dried in the air 
at room temperature. The rotation, —28.6° in water 
(c, 4), is higher than —25.4° in water (c, 4), the only value 
recorded previously, by Upson, Sands and Whitnah.14 
The melting point, 180° with evolution of gas, is in agree­
ment with that of those authors, but is higher than the 
value 167-168° reported by Kiliani.14

Anal. Calcd. for CnHnNsOn: C, 58.97; H, 6.49. 
Found: C, 59.36; H, 6.59.

A portion of the brucine L-gluconate was converted to 
barium L-gluconate by treatment with barium hydroxide 
in the usual manner. Although barium L-gluconate has 
been obtained in crystalline form by Kiliani,14 our product 
was amorphous. By reacting with an equivalent amount 
of potassium sulfate, the barium salt was converted to a 
crystalline potassium salt. Potassium L-gluconate, twice 
recrystallized from water by the addition of methyl alco­
hol, separated in clusters of flattened, acicular prisms. 
It melted about 185° with decomposition, and rotated 
— 11.3 =*= 0.2° in water (c, 4; Z, 4).

Anal. Calcd. for C6Hn0 7K: K, 16.69. Found: K, 
16.82, 16.62.

(14) Upson, Sands an d  W hitnah , T h is  J o ur n a l , 50, 519 (1928)-
c f . K iliant, B e r ., 55, 100 (1922); 58, 2349 (1925).
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Potassium D-gluconate, prepared for comparison and 
thrice recrystallized as similar acicular prisms, melted at 
185° (decomp.), and rotated +11.3 =*= 0.2° in water (c, 4; 
l, 4). This value is higher than the value +10.3 ° reported 
by May, Weisberg and Herrick15 but lower than the 
+  13.0° reported by Nilkantum.16

Final identification of L-gluconic acid was obtained by 
converting it to 2- [L-g/weo-pentahydroxyamyl 1-benzimida­
zole by the procedure of Moore and Link.7 This com­
pound, after four recrystallizations as colorless needles 
from water, melted about 215° with decomposition, and 
rotated —9.0 =*= 0.2° in 5% citric acid solution (c, 2; l, 4). 
Although optical enantiomorphs should have equal and 
opposite rotations, according to the classical views of 
stereochemistry,17 this rotation is slightly lower in magni­
tude than the value +9.6° reported by Moore and Link, 
and +9.5 =*= 0.2° as confirmed by our own measurements 
for the D-antipode; this is due perhaps to the presence of a 
very small amount of the dextrorotatory (+49.7°), 
rather insoluble L-arafo-benzimidazole which might ac­
company the 'L-gluco derivative as an impurity.

Anal. Calcd. for C12H16N2O5: C, 53.72; H, 6.02.
Found: C, 53.72; H, 6.04.

Isolation of L-Brythronic Acid Derivatives.—Besides 
brucine L-gluconate we were able to isolate, from the less 
soluble brucine salts, brucine L-erythronate. This salt 
crystallized from methyl alcohol as small, colorless prisms 
with many faces. The air-dried product contained about 
0.9% of water which it lost in a desiccator but regained 
upon subsequent exposure to the air. I t melted about 
210° with vigorous decomposition. The rotation, on a 
solvent-free basis, was —31.6° in water (c, 4), or slightly 
higher than the value —28.4° in water (c, 4) reported by 
Ruff.18

Anal. Calcd. for C27H34N2O9: C, 61.12; H, 6.46.
Found, on sample dried at 100° in vacuo: C, 61.08; H, 
6.42.

The conversion of brucine L-erythronate to L-erythrono- 
lactone was accomplished by standard procedures. The

(15) M ay, W eisberg an d  H errick, J .  W ash. Acad. Sci., 19, 443 
(1929).

(16) N ilkan tum , J .  Sci. Tech. (Ind ia), 2, 39 (1936); C. A ., 32, 
1402 (1938).

(17) T his has been verified  in  th e  case of the  arabo and  galacto 
pairs of b enzim idazoles; see R ich tm yer  an d  H udson, T h is  J o ur n a l , 
64, 1612 (1942).

(18) Ruff, Ber., 34, 1369 (1901); see also Nef, J ledenburg  and
G lattfe ld , T h is  J o u r n a l , 39, 1638 (1917).

lactone crystallized from ethyl acetate as elongated, 
flattened prisms, which appeared to consist of bundles 
of tough, flexible needles. The m. p. 102-103° and the 
rotation +73.0° in water (c, 4) are in agreement with the 
data of Glattfeld and Forbrich.19

Benzimidazole derivatives were prepared from both d - 
and L-erythronolactones by the procedure of Moore and 
Link.7 The compounds were recrystallized from 12 parts 
of hot water, as colorless, prismatic needles melting at
177-178°. A thrice-recrystallized sample of 2-[d-erythro- 
trihydroxypropyl]-benzimidazole rotated + 9 .0  =*= 0.2° in 
5% citric acid solution (c, 2; l ,  4), and the twice recrystal­
lized 2- [L-tfry/^rtf-triiiydroxypropyl ]-benzimidazole rotated 
—8.3 =*= 0.2° under identical conditions. The L-form may 
be contaminated with a very small amount of the l -arabo- 
benzimidazole which would lower the rotation.

A n a l .  Calcd. for C10H12N 2O3: C, 57.68; H, 5.81. 
Found: (D-fortn) C, 57.73; H, 5.76; (L-form) C, 57.58; 
H, 5.78.

One of the authors (N. K. R.) desires to thank 
the Chemical Foundation of New York for a Re­
search Associateship. The authors express their 
indebtedness to Dr. W. Dayton Maclay and Dr. 
Raymond M. Hann for their generous gift of l- 
glucoheptulose, and to Dr. Arthur T. Ness for 
carrying out the micro-analyses.

Summary
1. L-Glucoheptulose has been degraded in al­

kaline solution by oxygen to potassium L-arabon- 
ate in a 31% yield. Smaller amounts of L-glu- 
conic and L-erythronic acids were isolated and 
identified by means of their salts and other de­
rivatives.

2. The D- and L-forms of 2- [ery/Zm?-trihydroxy- 
propyl ] -benzimidazole have been described.

3. The transformation of D-glucose to L-glu­
cose has now been completed by the step involv­
ing the degradation of L-glucoheptulose to l- 
gluconic acid.
B e t h e s d a , M d . R e c e i v e d  A p r i l  13, 1942

(19) G la ttfe ld  an d  F o rb rich , ibid., 56, 1209 (1934); cf.  R uff, 
ref. 18.
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A Benzimidazole Rule for the Determination of Configuration of the Aldonic Acids and
Related Compounds

B y N elson  K. R ichtmyer and C. S. H udson

During the course of a recent investigation1 in 
which several 2- [a/dtf-polyhydroxy alkyl] -benzi­
midazoles were prepared for the identification of 
aldonic acids, as recommended by Moore and 
Link,2 a certain correlation was noticed between 
the sign of rotation and the configuration of the 
compound. This correlation may be stated in the 
form of a “benzimidazole rule’' as follows: when­
ever the hydroxyl group on the second {or alpha) 
carbon atom of an aldonic acid is written on the 
right in the conventional projection formula, the 
rotation of the derived benzimidazole is positive, and 
conversely, when the hydroxyl group is written on 
the left, the rotation of the benzimidazole derivative 
is negative.

In Table I are recorded the specific and mo­
lecular rotations in either aqueous citric or hy­
drochloric acid, or both, of the known benzimida­
zoles derived from the optically active aldonic 
acids. Of these, the T>-ribot the d-glucomethylo, 
the l-galactOy and the D-gluco-E-gala-octo deriva­
tives are described for the first time; the d - 
arabOy the o-galacto and the d-gluco derivatives 
have been prepared and recrystallized to constant 
rotation the better to compare the d- and l- 
forms of these substances. All twenty-three com­
pounds, or all nineteen if we include only one 
member of a d and l pair, are in agreement with 
the rule stated above. From the laws of proba­
bility we should expect this rule to hold for other 
benzimidazoles of this class which may be pre­
pared in the future.2a Consequently, this benzimi­
dazole rule, like the well-known phenylhydrazide3 
and amide4 rules, may be used to determine the

(1) R ich tm yer an d  H udson , T h is  J o u r n a l , 64, 1609 (1942).
(2) M oore and  L ink, J .  Biol. Chem., 133, 300 (1940); J .  Org. 

Chem., 5, 637 (1940).
(2a) N o te  added Ju n e  10, 1942.— D im ler and  Link [.ƒ. Biol. 

Chem., 143, 557 (1942)] have  repo rted  th e  ro ta tio n  of the benzimi­
dazole derivative  of L-lactic acid (“ sarco” lac tic  acid, with th e  con- 

O H
figuration  C H 3— C— COOH) to  be —33.4° in  e th y l alcohol, and  the  H
ro ta tio n  of th e  D -antipode to  be + 3 3 .4 °  in  th e  sam e solvent. Inas­
m uch as th e  L-derivative has a  ro ta tio n  of —14.7° in  5%  aqueous 
c itric  acid [M oore, D im ler an d  L ink, Ind. Eng. Chem., Anal. Ed., 
13, 160 (1941)] th e  d a ta  for these  deriva tives of th e  simplest op ti­
cally active  « -hydroxy acid  a re  in  accord w ith  th e  benzimidazole 
rule.

(3) Levene, J . Biol. Chem., 23, 145 (1915); H udson, T his  J our­
n a l , 39, 462 (1917).

(4) H u d son , T h is  J o u r n a l , 40 , 813 (1918).

configuration of the hydroxyl group on the carbon 
atom adjacent to the carboxyl group of an al­
donic acid.

If the benzimidazole derivatives listed in Table 
I are arranged according to the configurations of 
the hydroxyl groups on the second and third car­
bon atoms, certain additional correlations will be 
noted. When these hydroxyl groups are in a cis 
relationship, as in compounds 1, 2, 5, 6, 9, 15, 17, 
18, 19 and 20, the molecular rotations are of rela­
tively low magnitude, the highest being +7350 in 
the case of the l-mannomethylo derivative. When 
the hydroxyl groups in question are in a trans 
relationship, the compounds may be separated 
further into two classes. The members of the one 
class, with the hydroxyl groups on the second, 
third and fourth carbon atoms in a +  — — or 
— H— b sequence (arabonic configuration), as in 
compounds 3, 4, 10, 11, 12, 22 and 23, have rela­
tively high molecular rotations, between 11,750 
and 14,750. The members of the other class, with 
the same three hydroxyl groups in a +  — +  or
---- 1---- sequence (xylonic configuration), seem to
show no regularity in their molecular rotations, 
the values ranging from +1900 for the d-gluco­
methylo to +15,450 for the d-xylo derivative. As 
new benzimidazoles are prepared in the future for 
characterization and determination of configura­
tion of other aldonic acids, additional regularities 
or irregularities in their rotations may become evi­
dent.

One of the authors (N. K. R.) desires to thank 
the Chemical Foundation of New York for a Re­
search Associateship. The authors also express 
their indebtedness to Dr. Arthur T. Ness for 
carrying out the microanalyses.

Summary

1. The “benzimidazole rule” may be stated 
as follows: whenever the hydroxyl group on the 
second (or alpha) carbon atom of an aldonic acid 
is written on the right in the conventional projec­
tion formula, the rotation of the derived benzimi­
dazole is positive and, conversely, when the hy­
droxyl group is written on the left, the rotation of
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Table I
R otations of 2- [ö/^o-Polyhydroxyalkyl ]-benzimidazoles

No. S u b s titu en t group

Configuration 
of th e  second 
carbon atom®

R o ta tio n  in 5%  aqueous 
c itric  acid&[ap°D [M]20d

R o ta tio n  in  N HC1& 
[ck]20d [M]20d

1 D-Erythro + +  9.0°" +  1,850
2 L-Erythro — -  8.3c,i -  1,750
3 D-Araboe — -4 9 .4 — 11,750 -4 9 .7 -11,850
4 L-Arabo + +49.7C,/ +  11,850 +49.8" +  11,850
5 D-Lyxo — -12.8* -  3,050
6 D-Ribo4 + +21.6 +  5,150
7 D-Xylo + +64.8* +  15,450
8 D-Glucomethylo1 + +  7.6 +  1,900

+29.1 '9 L-Mannomethylofc + +27.4'* +  6,900 +  7,350
10 D-Altro -4 8 . l ' -12,900
11 D-Galacto + +44.6”* +  11,950 +45.1“ +  12,100
12 L-Galacto° — -4 4 .1 -11,850 -4 5 .0 -12,050
13 d -G1uco + +  9.5” +  2,550 +  8.7" +  2,350
14 l -G 1uco — -  9. Qc'd -  2,400 -  8.2? -  2,250
15 d -G u 1o + +16.7 ' +  4,500
16 D-Ido — -1 9 .2 ' -  5,150
17 D-Manno — —22.0* -  5,900 -2 3 .7 ' -  6,350
18 D-Talo — -2 3 .0 ' -  6,150
19 D-Gala-L-mannoheptor + +18.5 ' +  5,500
20 D-Gluco-D-gulo-heptor + +  14.3' +  4,250
21 D-Gluco-D-ido-heptor — -2 7 .6 ' -  8,250
2 2 D-Manno-D-gala-heptor + +49.5 ' +  14,750
23 D-Gluco-L-gala-octor’8 - -4 4 .7 -14,700

a A plus sign indicates that the hydroxyl group on the second carbon atom is on the right, and a minus sign indicates 
that the hydroxyl group is on the left, when the aldonic acid is written in the usual vertical projection formula. 6 The 
specific rotations reported by the present authors, either here or in a preceding paper (ref. c), were measured in a 4-dm. 
tube; the values are considered accurate to ± 0.2°. Concentrations were 2 g. per 100 cc. of solution unless otherwise 
noted. The rotations reported by Moore and Link (ref. h) were observed at 25°. c Richtmyer and Hudson, T h i s  
J o u r n a l , 64,1609 (1942). d The rotations observed in the cases of the l-erythro and l-gluco benzimidazoles were slightly 
lower than the corresponding values in the D-series; this is due, probably, to the presence of a trace of a high dextro- 
rotating, less soluble impurity (see ref. c). 6 This compound was prepared first by Moore and Link (ref. h, p. 307). 
The rotation was reported a s —51°; no analysis was given. Anal. Calcd. for C11H14N2O4: C, 55.45; H, 5.92. Found: 
C, 55.31; H, 5.88. f Reported as +49.2° by Moore and Link, ref. h. 0 Reported as +51.96° in 5 A  HC1 (c, 1.6) by 
Ohle, Ber., 67, 162 (1934). h Moore and Link, J. Biol. Chem., 133,301 (1940). 4 2-[D-i?i&o-tetrahydroxybutyl]-benzimi- 
dazole was prepared from D-ribonolactone which was obtained in turn from cadmium D-ribonate, furnished through the 
courtesy of Dr. C. R. Addinall of the Merck Research Laboratories. The product was recrystallized from hot water, in 
which it is readily soluble, as prismatic needles melting about 190° (decomp.). Anal. Calcd. for C11H14N2O4: C, 55.45; 
H, 5.92. Found: C, 55.48; H, 5.81. ? Also known as d-isorhamno (see ref. r). The 2-[D-glucomethylo-tetrahydroxy- 
amyl ̂ benzimidazole was recrystallized from hot water, in which it is readily soluble, as needles melting about 190° 
(decomp.). Anal. Calcd. for C12H16N2O4: C, 57.13; H, 6.39. Found: C, 57.28; H, 6.25. k Also known as L-rhamno 
(see ref. r). 1 Haskins and Hudson, T h i s  Journal, 61, 1267 (1939). m Reported as +43.3° by Moore and Link, ref. h. 
n Reported as +44.4° by Haskins and Hudson, ref. I, and also by Moore and Link, ref. h, p. 309. 0 2- [i,-Galacto--penta.-
hydroxyamyl ]-benzimidazole was prepared from the 7-L-galactonolactone described by Richtmyer, Hann and Hudson, 
T h i s  J o u r n a l , 61, 342 (1939). The product was recrystallized four times from 50% aqueous alcohol as fine needles 
melting about 250° (decomp.). Anal. Calcd. for Ci2Hi6N20 5: C, 53.72; H, 6.02. Found: C, 53.82; H, 6.18. p Re­
ported as +9.6° by Moore and Link, ref. h. q Reported as +8.9° by Haskins and Hudson, ref. I, and +9.4° by Moore 
and Link, ref. h, p. 309. r For the nomenclature of the methylpentoses, heptoses and octoses, see Hudson, T h i s  Journal, 
60, 1537 (1938). 8 The 2- [D-gluco-'L-gala-octo-heptahyóioxyheptyl ]-benzimidazole was prepared in this Laboratory by 
Dr. Alice T. Merrill and Dr. Raymond M. Hann, to whom we are indebted for permission to publish their data. The 
compound was thrice recrystallized from water as fine needles melting at 246-247° with decomposition. The rotation 
was observed at a concentration of 1 g. per 100 cc., in a 4-dm. tube. Anal. Calcd. for ChH2oN207: C, 51.21; H, 6,14; 
N, 8.53. Found: C, 51.05; H, 5.96; N, 8.69.

the benzimidazole derivative is negative. No ex- gluco-L-gala-octo benzimidazoles have been de­
ceptions have been noted. scribed.

2. d-Riboy T>-glucomethylo, l-galacto and d- B e t h e s d a , M d . R eceived April 13, 1942
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The Structure of Di-o-nitrobenzylidene-dulcitol (1,3:4,6-Di-o-nitrobenzylidene-
dulcitol)

By  R aymond M. H a n n , W. T. H askins and C. S. H udson

Tanasescu and Macovski1 have assigned the 
structure of a l,2:5,6-di-o-nitrobenzylidene-dulci- 
tol to a substance which they obtained by con­
densing o-nitr oben zaldehyde and dulcitol through 
the agency of 75% sulfuric acid. They stated that 
the behavior exhibited by dulcitol in forming this 
supposed 1,2:5,6-diacetal was a general property 
of this hexitol and in their communication they 
assigned 1,2:5,6-diacetal structures to the di- 
methylene-dulcitol of Weber and Tollens2 and the 
dibenzylidene-dulcitol of Emil Fischer,3 although 
the original investigators did not designate 1,2:
5,6 or any other structure for the diacetals which 
were described by them. No evidence justifying 
the assignment of a definitive structure to any of 
these diacetals appears in the experimental work 
reported by Tanasescu and Macovski. Recently 
it has been established that Fischer’s dibenzyli­
dene-dulcitol is 1,3:4,6-dibenzylidene-dulcitol4 and 
that the dimethylene-dulcitol of Weber and Tol­
lens is 1,3:4,6-dimethylene-dulcitol.5 In the 
present paper we present conclusive evidence that 
the di-o-nitrobenzylidene-dulcitol of Tanasescu 
and Macovski possesses an analogous structure 
and is therefore l,3:4,6-di-o-nitrobenzylidene- 
dulcitol and not 1,2:5,6-di-o-nitrobenzylidene- 
dulcitol as was assumed by its discoverers.

The di-o-nitrobenzylidene-dulcitol which was 
employed in the investigation was prepared by 
the method of Tanasescu and Macovski and 
melted at 261-262° (cor.) in substantial agreement 
with the melting point of 256-258° (presumably 
uncor.) reported by them. It formed a dibenzo­
ate which melted at 320-321° (cor.); the melting 
point recorded for the dibenzoate by them was 
310° (presumably uncor.). The diacetal was 
tested for the presence of contiguous hydroxyl 
groups by oxidation with lead tetraacetate in 
glacial acetic acid. It was concluded that they 
were absent, because of the slight consumption of 
oxidant (only 0.043 of a molecular equivalent in 
twenty-two hours); thus hydrolysis of the di-

(1) Tanasescu  an d  M acovski, Bull. soc. chim ., [4] 53, 1097 (1933).
(2) W eber and  Tollens, A n n ., 299, 316 (1898).
(3) Fischer, Ber., 27, 1534 (1894).
(4) H askins, H an n  an d  H udson, T h is  J o u r n a l , 64, 132 (1942).
(5) H ann , H ask ins and  H udson, ibid., 64, 986 (1942).

acetal appears to be necessary before oxidation 
can proceed. If the compound possessed the 
structure proposed by Tanasescu and Macovski 
it would contain a glycol grouping at positions 3 
and 4 and it should consume one molecular equiva­
lent of lead tetraacetate upon oxidation. The 
acetal linkages therefore cannot be at positions
1,2 and 5,6 of the hexitol. Definitive proof of 
their location at positions 1,3 and 4,6 was obtained 
when it was found that dibenzoyl-di-0-nitrobenzyl- 
idene-dulcitol, upon simultaneous hydrolysis and 
acetylation in a 2% sulfuric acid acetylating mix­
ture, formed the known 2,5-dibenzoyl-1,3,4,6- 
tetraacetyl-dulcitol. Previous experience has in­
dicated that this reaction proceeds with the sub­
stitution of acetyl groups on those hydroxyl 
groups which are concerned in the acetal formation 
as evidenced by the formation of 2,5-dibenzoyl-
1,3,4,6-tetraacetyl-dulcitol from 2,5-dibenzoyl-1,- 
3:4,6-dibenzylidene-dulcitol4 and of 1,6-dibenzoyl-
2.3.4.5- tetraacetyl-dulcitol from l,6-dibenzoyl-2,-
3.4.5- dibenzylidene-dulcitol.6 Acyl migration of 
benzoyl groups has not been observed in the 
transformation of a dibenzoylated hexitol diacetal 
into a dibenzoyltetraacetyl-hexitol by this reagent. 
The isolation of the same dibenzoyl-tetraacetyl- 
dulcitol from the dibenzoate of di-0-nitrobenzyl- 
idene-dulcitol and from 2,5-dibenzoyl-1,3:4,6-di­
benzylidene-dulcitol may thus be accepted as 
strong evidence that the acetal linkages in di-o- 
nitrobenzylidene-dulcitol are at positions 1,3 and
4,6 of the dulcitol moiety.

We express our appreciation to the Atlas Pow­
der Company for furnishing a supply of dulcitol.

Experimental
1,3:4,6-Di-o-nitrobenzylidene-dulcitol.—This compound 

was prepared from dulcitol and o-nitrobenzaldehyde by the 
procedure described by Tanasescu and Macovski.1 I t 
was recrystallized from 40 parts of acetic acid or dioxane 
and formed yellow needles which melted at 261-262° 
(cor.). Tanasescu and Macovski recorded a melting point 
of 256-258°. The yield of product from 5 g. of dulcitol 
was 12.0 g. (98%).

Anal. Calcd. for C 2oH 20O ioN 2: C , 53.57; H , 4.50; N, 
6.25. Found: C,53.51; H, 4.47; N, 6.17.

(6) H askins, H an n  an d  H udson, ibid., 64, 137, 139 (1942).
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Failure of Lead Tetraacetate to Oxidize l,3:4,6-Di-0- 
nitrobenzylidene-dulcitol.—To a solution of 0.1605 g. of 
the di-0-nitrobenzylidene-dulcitol in 80 cc. of glacial acetic 
acid, 12 cc. of 0.09108 N  lead tetraacetate-glacial acetic 
acid solution (3.05 molecular equivalents) was added and 
the volume was adjusted to 100 cc. with glacial acetic acid. 
Analysis of 5-cc. aliquots at the expiration of fifteen min­
utes, one hour, and twenty-two hours, at 20°, showed that
0.016, 0.016 and 0.043 molecular equivalents of oxidant 
had been consumed; this slight reducing action was pre­
sumably due to a slow hydrolysis of the diacetal. A 1,2:
5,6-di-ö-nitrobenzylidene-dulcitol should reduce one mo­
lecular equivalent of lead tetraacetate; the failure of the 
substance to reduce lead tetraacetate indicated that it does 
not contain a glycol grouping, and therefore cannot possess 
the 1,2:5,6-diacetal structure proposed by Tanasescu and 
Macovski.

2,5-Dibenzoyl-l,3:4,6-di-^nitrozylidene-dulcitol.—A so­
lution of 1.0 g. of the di-0-nitrobenzylidene-dulcitol in 20 
cc. of pyridine was cooled in an ice-bath and after the addi­
tion of 5.0 g. of benzoyl chloride, the reaction mixture was 
allowed to stand at room temperature (25°) for seventy- 
two hours. The dibenzoate, which precipitated in quan­
titative yield from the mixture upon the addition of water, 
was recrystallized from 15 parts of pyridine; it formed 
yellow prisms which were devoid of optical activity in pyri­
dine solution and melted at 320-321° (cor.) on an elec­
trically heated microscope stage. Tanasescu and Macov­
ski recorded a melting point of 310° for the compound.

Anal. Calcd. for C34H28O12N2: C, 62.19; H, 4.30. 
Found: C, 62.16; H, 4.19.

2.5- Diacetyl-l,3:4,6-di-o-nitrobenzylidene-dtdcitol.— 
The diacetate was obtained in quantitative yield by the 
acetylation of the di-tf-nitrobenzylidene-dulcitol in pyridine 
solution with acetic anhydride. The substance was prac­
tically insoluble in boiling alcohol or chloroform, but could 
be recrystallized from 200 parts of acetic anhydride; it 
formed small needles which melted at 320-321° (cor.) on 
an electrically heated microscope stage.

Anal. Calcd. for QuH^OuNs: C, 54.13; H, 4.54; 
CH3CO, 16.2. Found: C, 54.00; H, 4.66; CH3CO, 16.0.

2.5- Ditosyl-l ,3:4,6-di-ö-nitrobenzylidene-dulcitol.—A 
solution of 1.0 g. of the di-o-nitrobenzylidene-dulcitol and
1.5 g. of ^-toluenesulfonyl chloride in 25 cc. of pyridine 
was refluxed for two hours; the 1.0 g. of precipitate which 
formed on cooling the solution was separated by filtration 
and recrystallized from 50 parts of acetic anhydride to con­
stant physical properties. The ditosylate formed light

yellow needles which decomposed at 221- 222° (cor.) 
and were optically inactive in pyridine.

Anal. Calcd. for C ^H ^O ^N a: C, 53.96; H, 4.26; 
S, 8.47. Found: C, 54.15; H, 4.31; S, 8.32.

2,5-Dibenzoyl-l,3,4,6-tetraacetyl-dulcitol from 2,5-Di- 
benzoyl-1,3:4,6- di-0-nitrob enzyli den e-dulcitol.—A suspen­
sion of 2.0 g. of the dibenzoyl-di-0-nitrobenzylidene-dulci- 
tol in 50 cc. of an acid acetylattng solution, prepared by 
adding 1 cc. of concentrated sulfuric acid dropwise to an 
ice-cold mixture of 35 cc. of acetic anhydride and 15 cc. of 
acetic acid, was agitated until the suspended solid dissolved 
completely (two and one-half hours) and the solution was 
allowed to stand at 20° overnight. The mixture was then 
poured into 300 cc. of ice-cold water and the crystalline 
precipitate (1.0 g., 59%) which formed was separated by 
filtration and recrystallized twice from 25 parts of alcohol. 
It then showed a melting point of 157-158° (cor.), and a 
mixed melting point with authentic 2,5-dibenzoyl-1,3,4,6- 
tetraacetyl-dulcitol4 showed no depression. The conver­
sion of the dibenzoate of the di-o-nitrobenzylidene-dulcitol 
of Tanasescu and Macovski to 2,5-dibenzoyl-1,3,4,6- 
tetraacetyl-dulcitol is a definitive proof that the acetal 
linkages in the former compound are at positions 1,3 and
4,6 of the dulcitol molecule and not at the 1,2 and 5,6 posi­
tions as assumed by these investigators.

Anal. Calcd. for C28H30O12: C, 60.21; H, 5.41. Found: 
C, 60.32; H, 5.49.

Summary
The di-o-nitrobenzylidene-dulcitol described by 

Tanasescu and Macovski is not oxidized by lead 
tetraacetate in glacial acetic acid and therefore 
cannot possess the structure of 1,2:5,6-di-o-nitro- 
benzylidene-dulcitol arbitrarily assigned to it by 
its discoverers. Its crystalline dibenzoate is con­
verted to the known 2,5-dibenzoyl-1,3,4,6-tetra- 
acetyl-dulcitol by treatment with an acid acetyl- 
ating mixture, a fact which proves that the acetal 
linkages are at positions 1,3 and 4,6 of the dulcitol 
molecule. The compound of Tanasescu and Ma­
covski is therefore 1,3:4,6-di-ö-nitrobenzylidene- 
dulcitol and its structure is analogous to that of 
the diacetals which dulcitol forms with benzalde­
hyde and formaldehyde.
Bethesda, M d . R eceived April 21, 1942
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Isolation of a Copper Bearing Protein from Cow’s Milk
By William L. Dills and J. M. Nelson
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The presence of traces of copper in plant and 
animal tissues is attracting more and more atten­
tion. Not only is it being recognized as essential 
for the formation of hemin iron in animals1 but it 
also has been found to play a role in the form of 
copper proteins as oxidases in plants.2 Recently 
Saha and Guha3 report the presence in animal 
tissues of a non-hemin iron associated with copper 
in the form of a copper-iron nucleoprotein com­
plex.

Cow's milk contains from 0.09 to 0.17 mg. of in­
herent copper per liter.4 Since the copper in milk 
appears not to be combined with the fat, it has 
been suggested that it probably occurs combined 
with the protein.5 In the present study, a protein 
has been isolated from milk containing around 
15% nitrogen and 0.19% copper. Dialysis ex­
periments showed the copper in this protein to be 
non-ionic in form. Due to lack of sufficiënt mate­
rial it was not possible to establish definitely that 
the protein isolated was absolutely pure, al­
though comparing its copper content with those 
of other copper bearing proteins listed below sug­
gests that it might have been mainly a single 
chemical substance. No attempt was made in 
the present study to see whether the milk copper 
protein was related in any way to the haemocu- 
prein in blood.

C opper p ro te in Source Copper, %

Laccase6 Juice of the lac-tree 0.15
Ascorbic acid oxidase7 Crook-neck squash .15
Tyrosinase8 Lactarius piperatus .23
Tyrosinase2 Common mushroom .30
Tyrosinase10 Potato .20
Haemocyanins11 Certain invertebrates 0.19-0.26
Haemocuprein9 Blood 0.34

No reactions were found in which the milk cop­
per protein showed enzymatic activity. The au-

(1) C. A. E lvehjem , Physiol. Rev., 15, 471 (1935).
(2) D . K eilin  and  T . M ann , Proc. Roy. Soc. (London), 125B, 187 

(1938); F . K ubow itz, Biochem. Z ., 299, 32 (1938).
(3) S ah a  and  G uha, Nature, 148, 595 (1941).
(4) E lveh jem , S teenbock and  H a rt, J . B iol. Chem., 83, 27 (1929); 

S y lveste r and  L am p itt, A na l., 60, 376 (1935).
(5) R . J . M cllray , N ew  Zealand J .  Sci. Tech., 17, 710 (1936).
(6) K eilin  an d  M ann , N ature, 143, 23 (1939).
(7) L ove tt-Jan ison  an d  N elson, T h is  J o u r n a l , 62, 1409 (1940).
(8) D a lto n  an d  N elson, ibid., 61, 2946 (1939).
(9) K eilin  an d  M ann , Proc. Roy. Soc., (London) 126B, 303 (1938).
(10) K ubow itz , Biochem. Z ., 299, 32 (1938).
(11) R edfield, Biol. Rev., 9, 175 (1934).

thors are inclined to the opinion that this non- 
enzymatic activity cannot be attributed to de- 
naturation during its isolation, although no defi­
nite proof for this conclusion can be offered. Other 
enzymes present in the milk, such as peroxidase, 
continued to accompany, in the active form, the 
milk copper-protein during several steps in the 
isolation process, without being inactivated. 
This conclusion is also favored by the fact that the 
process of isolating the milk protein was quite 
similar to those employed in the isolation of other 
copper proteins in their native condition. The 
isolation of tyrosinase from mushrooms and from 
potatoes, and ascorbic acid oxidase from squash, 
may be mentioned as examples.

It has been reported that milk shows a loss of 
antiscorbutic activity on standing.12 Since as­
corbic acid oxidase is a copper protein,7 it was 
deemed worth while to test the milk copper pro­
tein for ascorbic acid oxidase activity. The re­
sult, however, proved to be negative. Likewise 
the milk copper protein showed no polyphenolase 
activity.

Experimental
Raw (unpasteurized) skimmed milk was used for the 

isolation of the copper bearing protein. Twenty-four to 
thirty-six hours had elapsed from the time the milk had 
been taken from the cow up to the time it was used. Forty 
liters of this milk contained before treatment about 1200 g. 
of solids, and this quantity of solid matter contained 4 mg. 
of copper.

The 40 liters of milk was made 0.3 saturated with 
ammonium sulfate by adding the salt gradually with stir­
ring. The resulting mixture was allowed to stand over­
night in a cool place. The clear supernatant liquid, 
formed on standing, was siphoned off and the remaining 
wet solids suspended in muslin bags and allowed to drain 
overnight. The liquid thus obtained, together with that 
obtained by siphoning, amounted to 33 liters (solution A), 
and contained 200 g. of solids (dry weight basis) exclusive 
of salts. The pH of the liquid was 6.6 and the 200 g. of 
solids contained 2 mg. of copper.

Solution A was made 0.7 saturated with ammonium sul­
fate, permitted to stand overnight, filtered and the filtrate 
discarded. The precipitate was dissolved in 4 liters of
0.1 I f  Na2HP04, pH  8, yielding a clear reddish-yellow 
solution B. Solution B was next subjected to successive 
fractional precipitations with 0.2, 0.3, 0.4, 0.5 and 0.7 
saturation with ammonium sulfate, dissolving the precipi­
tates, formed in each precipitation, in 0.1 M  Na2HP04.

(12) T auber, P ro c . S o c . E x p t l .  B io l .  M e d ., 35, 422 (1931).



July, 1942 C o p p e r  B e a r in g  P r o t e in  fr o m  C o w ’s  M il k 1617

In this way solutions C, D, E, F, and G, described in 
Table I, were obtained.

T a b l e  I
Satn . Solids

am t. of exclusive
(N H 4)2SO4 Vol., of salts, M g

Soln. used cc. Color g. Cu %  Cu
C 0 .2 295 T an , tu rb id 17.0 0 .12 0.0007
D .3 370 T an , tu rb id 56 .2 .37 .0007
E .4 520 C lear deep red 28 .2 .24 .0008
F .5 1340 C lear lig h t red 7 3 .0 1 .00 .0014
G .7 425 Colorless 17 .0 0 .1 0 .0006

Solution F, containing the highest percentage of copper, 
was selected for obtaining the copper protein in still higher 
state of purity. I t  was subjected to more fractional pre­
cipitation by means of varying concentrations of am­
monium sulfate, following much the same procedure as 
that followed in obtaining the solutions described in Table
I. The solutions thus obtained are described in Table II.

T a b l e  II
Satn . Solids

am t. of exclusive

Soln.
(NH4)2S04

used
Vol.,
cc. Color

of salts, 
g.

M g
Cu %  Cu

H 0 .6 1365 Deep red 68 .60 0 .64 0.0013
I .7 510 L igh t red 3 .1 0 .18 .0056
J S a tu ra ted 320 Colorless 0 .84 .10 .0120

Solution J, containing the highest percentage of copper, 
was selected for further purification of the copper protein. 
For this purpose 3 cc. of a 2.5% basic lead acetate solution 
was added to the 320 cc. of solution J. This operation was 
followed immediately by the addition of 30 cc. of cold ace­
tone (cooled with solid carbon dioxide). The precipitate 
formed was removed by centrifugation and discarded since 
it contained no copper. To the remaining liquid 3 cc. more 
of the basic lead acetate solution was added followed by 
the addition of 30 cc. of cold acetone, the resulting precipi­
tate removed by centrifugation and discarded. To the 
clear supernatant liquid, 30 cc. more of cold acetone was 
added and the precipitate M which was formed was sepa­
rated by means of the centrifuge. Precipitate M, con­
taining most of the copper, was suspended in 50 cc. of
0.1 M  disodium phosphate, and allowed to stand for an 
hour, with intermittent stirring. Lead phosphate sepa­
rated, was removed in the centrifuge, and the clear liquid 
thus obtained was dialyzed until free of phosphate. This 
dialyzed solution, M l, contained 0.23 g. of solids having
0.07 mg. or 0.03% of copper.

Further purification of the material contained in solution 
M l was accomplished by adsorption to alumina at pH 6.8, 
followed by elution with 0.1 M  disodium phosphate. 
After elution with 0.1 M  disodium phosphate and dialysis, 
the resulting solution (solution O) was found to contain
0.14 g. of solids containing 0.06 mg. or 0.043% of copper.

Solution O was then treated dropwise with 2.5% basic 
lead acetate solution (about 2 cc.) at pH 7.5 until no fur­
ther precipitate formed. The precipitate (P) was removed 
by centrifugation, and the clear supernatant liquid, 
containing no copper, discarded. The precipitate P was 
then suspended in 40 cc. of 0.1 M  disodium phosphate and 
allowed to stand for three hours with intermittent stirring. 
The lead phosphate which had formed was removed in the 
centrifuge and the clear liquid dialyzed, yielding solution

PI. The latter contained 0.04 g. of solids, containing
0.034 mg. or 0.085% of copper.

The contents of solution PI were then subjected to ad­
sorption to alumina followed by elution by means of 0.1 M  
disodium phosphate. The clear solution thus obtained 
was then dialyzed for four days at 0° yielding a solution Q, 
which contained 0.0088 g. of solids (dry basis). This solid 
matter, on analysis, was found to contain 0.017 mg. or
0.19% of copper and 15% of nitrogen.

Determination of Copper,—The method used for the 
copper determinations was that of Warburg as modified 
by Warburg and Krebs.13

Determination of Nitrogen.—Two samples from solution 
Q, one equivalent to 2 and the other to 2.8 mg. of solids, 
were analyzed for nitrogen by the micro-Kjeldahl method. 
Both determinations gave values for nitrogen content equal 
to 15%.

To ensure no contamination by extraneous copper, all 
the samples used for copper determinations were dialyzed 
against distilled water which had been redistilled in glass
vessels.

Dry weights of the solids were determined by the method 
described by Lutz and Nelson.14

The Copper in the Protein Is Non-ionic.—A freshly 
prepared milk protein fraction, containing in solution 540 
mg. of solids (dry basis), which in turn had a copper con­
tent of 0.0185%, was divided into two equal portions, (I) 
and (II). To one aliquot, (I), was added 0.05 mg. of cop­
per ion(CuSC>4) thereby bringing the copper in its solid 
matter (the latter determined by evaporating a given 
amount of the solution) up to 0.037%. The two solutions,
(I) and (II), were dialyzed separately at 0° for six days, at 
pH 6.5. At the end of each of the first three days, the 
solutions were removed from the dialyzing bags, and 
samples taken for copper determinations. The remaining 
solutions were again placed in fresh bags15 and the dialysis

Days.
Fig. 1.

continued. As shown in Fig. 1, at the end of the three 
days of dialysis, the copper content of the solids in solution
(I) had dropped to practically the same value (0.018%) 
as that of solution (II). On the other hand, the copper 
content of the solids in (II) remained at the original value 
(0.018%). In other words, the added ionic copper in 
solution (I) was lost in the dialysis while the copper be­
longing to the milk protein was not. From the end of the

(13) W arburg  an d  K rebs, Biochem. Z ., 190, 143 (1927).
(14) L u tz  and  N elson, J .  B iol. Chem., 107, 169 (1934).
(15) Visking sausage casing, m ade b y  th e  V isking C orpora tion , 

Chicago, was used in  all dialyses.
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third day up to the end of the sixth day of the dialysis, both 
solutions (I) and (II) lost no copper. Since most copper 
proteins lose copper in dilute acid solutions,16 at the end 
of the sixth day both solutions were made pH 3.5 with 
hydrochloric acid, and under these conditions the copper 
belonging to the milk protein was lost in the dialysis.

The authors wish to express their thanks to the 
Borden Company for their generous supply of 
milk which made this study possible.

(16) K ubow itz, Biochem. Z ., 299, 32 (1938).

Summary
A procedure is described for isolation of a cop­

per bearing protein from cow’s milk.
The copper in the protein is non-ionic and can­

not be removed by dialysis at pH 6.5.
Up to the present, no chemical reactions have 

been found which are catalyzed by this milk pro­
tein.
N ew Y ork City, N . Y. R eceived April 24, 1942

[Contribution from the School of Chemistry and Physics of T he Pennsylvania State College]

Abnormal Grignard Reactions. XIV.1 Sterically Hindered Aliphatic Carbonyl 
Compounds. IV. Methyl Triethylcarbinyl Ketone and its Bromomagnesium

Enolate
B y F rank  C. W hitm ore and C. E. L e w is2

An attempt to prepare 2-methyl-3,3-diethyl-2- 
pentanol by the reaction of methylmagnesium 
bromide with triethylacetyl chloride was unsuc­
cessful. The action of the Grignard reagent 
with the acid chloride caused the evolution of 
one-half mole of methane for each mole of Gri­
gnard reagent used. The liquid products were 
methyl triethylcarbinyl ketone and bis-triethyl- 
acetyl-methane.
Et3CCOCl +  MeMgBr---->

I EtaCCOCH* +  MgBrCl (1)
II

II -f MeMgBr---^  E t3CCOCH2MgBr +  CH4 (2)
III

III H- I ---► EtjCCOCHsCOCEtg (3)
« IV

Such a series of reactions is not new. Methyl- 
£-butylneopent3dacetyl chloride3 and dineopentyl- 
acetyl chloride4 have both been found to give good 
yields of the corresponding methyl ketones with 
methylmagnesium bromide. These ketones give 
bromomagnesium enolates which react as true 
Grignard reagents.3,4’5 Fuson and co-workerse 
had earlier shown that mesityl alkyl ketones give 
halomagnesium enolates which also react as true 
Grignard reagents.

Methyl triethylcarbinyl ketone gave 94% 
enolization and no addition when run in the

(1) X III ,  W hitm ore and  L ester, T h is  J o u r n a l , 64, 1251 (1942).
(2) P resen t address: Calco Chem . D iv., American Cyanam ide

Co., Bound Brook, N ew  Jersey.
(3) W hitm ore and  R andall, T h is  J o u r n a l , 64, 1242 (1942).
(4) W hitm ore and Lester, ibid., 64, 1247 (1942).
(5) W hitm ore and  Lester, ibid., 64, 1251 (1942).
(6) Fuson and  co-workers, ibid., 52, 5036 (1930); 61, 2362 (1939); 

J . Org. Chem., 4, 111 (1939).

Grignard machine7 with methylmagnesium bro­
mide. Thus, it is the lowest molecular weight 
ketone known which gives only enolization with 
the methyl Grignard reagent. The bromomag­
nesium enolate of methyl triethylcarbinyl ketone 
acts as a true Grignard reagent. Treatment of 
the enolate with carbon dioxide and formaldehyde 
gave the corresponding beta-keto acid and beta- 
ketol, respectively.

The few reactions studied indicate that the 
carbonyl of methyl triethylcarbinyl ketone is al­
most as sterically hindered as that of methyl 
methyl-Fbutylneopentylcarbinyl ketone,3 methyl 
dineopentylcarbinyl ketone4 and acetomesityl- 
ene.6 This is interesting when it is remembered 
that the reactions of pinacolone indicate only 
slight steric influence on the carbonyl. Thus, 
the remarkable difference in steric influence of the 
methyl and ethyl groups is clearly demonstrated.

We thank R. S. George of this Laboratory for 
his help on this paper.

Experimental
The Grignard reagents for this work were prepared in the 

usual manner. All fractionations were done with the 
usual type of column8 having 12-18 theoretical plates. 
The triethylacetyl chloride was prepared by standard re­
actions as follows:

EtC02Pr
EtMgBr

EtgCMgCl ■

^  Et3COH 
C02

HC1 Mg
------>  EtsCCl — ►

SOCl2
BtsCC02H — ^  EtaCCOCl

The chloride had b. p. 98° (65 mm.); « 20d 1.4438.
(7) Kohler, Stone and  Fuson, T h is  J o u r n a l , 49, 3181 (1927).
(8) W hitm ore and  Lux, ibid., 54, 3451 (1932).
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Action of Methylmagnesium Bromide with Triethyl­
acetyl Chloride (I).—To a solution of 157 g., 0.95 mole, of 
triethylacetyl chloride in ether was added 2 moles of 1.52 
molar methylmagnesium bromide. About 0.5 mole of 
gas was evolved per mole of Grignard reagent added. The 
material was worked up as usual. Fractionation gave
45.6 g., 0.32 mole, or 34% of methyl triethylcarbinyl 
ketone (II), b. p. 90° (60 mm.), n20d 1.4318-9, and 39.9 
g., 0.15 mole, or 32% of bis-triethylacetyl-methane (IV),
b. p. 135-6° (8 mm.), n™d 1.4769-70. The 2,4-dinitro- 
phenylhydrazone and the oxime of the monoketone, both 
of which were prepared with difficulty, melted at 93- 
94.5° and 97-101°, respectively. The diketone gave a 
chelate copper derivative with ammoniacal cupric acetate. 
The derivative was a brilliant purple compound with m. p. 
143-144°. The monoketone gave 94% enolization and 
no addition when run in the Grignard machine with 
methylmagnesium bromide.7

3-Keto-4,4-diethylhexan~l-ol.—To 16 g., 0.65 gram- 
atom, of magnesium in 200 cc. of dry ether was added 70 
g., 0.65 mole, of ethyl bromide. When the reaction was 
completed 80 g., 0.56 mole, of methyl triethylcarbinyl 
ketone was added. The reaction mixture was stirred for 
twenty-four hours. Formaldehyde gas was then passed 
into the reaction flask until an excess had been added. 
The reaction mixture became viscous as the reaction pro­
ceeded, and heating was necessary to keep it fluid enough 
for adequate stirring. The material was worked up as 
usual. Fractionation gave 37.7 g., 0.22 mole, or 34% of
3-keto-4,4-diethylhexan-l-ol, b. p. 86° (2 mm.), n20d
1.4554-8; alpha-naphthylurethan, m. p. 120-122°.

Mol. wt. Calcd. for CioH2o02: mol. wt., 172. Found: 
mol. wt. (cryoscopic), 171.

3-Keto-4,4-diethylhexanoic Acid.—To 0.07 mole of 
ethylmagnesium bromide was added 10 g., 0.07 mole, of 
methyl triethylcarbinyl ketone. The reaction mixture was 
stirred three hours. Gas was evolved during the reaction. 
An excess of carbon dioxide gas was passed into the re­
action mixture with continuous stirring. The material 
was worked up as usual. The oil layer was extracted with 
dilute sodium carbonate. The alkaline extract was acidi­
fied with sulfuric acid and the solid beta-keto acid was 
filtered off. The yield was 2.5 g., 0.014 mole, or 21%. 
The acid, m. p. 63-65°, decomposed on heating to give 
carbon dioxide and methyl triethylcarbinyl ketone.

Anal. Calcd. for CioHisCV. neut. equiv., 186. Found: 
neut. equiv., 183, 185, 190.

Summary
1. The presence of three ethyl groups on the 

carbon adjacent to a carbonyl group has been 
found to have a pronounced influence on the reac­
tions of the carbonyl.

2. The reaction of methyl triethylcarbinyl 
ketone with a Grignard reagent gives an enolate 
which reacts as a true Grignard reagent.

3. Methyl triethylcarbinyl ketone is the lowest 
molecular weight aliphatic ketone found to give 
only enolization with the methyl Grignard reagent. 
S t a t e  C o l l e g e , P e n n a . R e c e i v e d  D e c e m b e r  18, 1941

[C o n t r i b u t io n  f r o m  t h e  S c h o o l  o f  C h e m is t r y  a n d  P h y s ic s  o f  T h e  P e n n s y l v a n ia  S t a t e  C o l l e g e ]

Grignard Reactions, XV.1 Sterically Hindered Aliphatic Carbonyl Compounds.
V. Enolization Studies. I

By Frank C. Whitmore and L. P. Block2

Methylmagnesium halides have long been used 
as reagents for the determination of active hydro­
gen in organic compounds. Early work on such 
determinations has been reviewed by Courtot,3 
who pointed out that the method is applicable to 
the study of keto-enol tautomerism.

Kohler and co-workers4 devised a new type of 
apparatus with which one can determine the 
amount of gas evolved with the methylmagnesium 
halide, and also measure the amount of reagent 
used in the reaction.

Enolization studies until recently have been 
confined almost entirely to ketones containing 
an aromatic group. The reason for this is prob-

(1) W hitm ore and  Lewis, T h is  J o u r n a l , 64, 1618 (1942).
(2) P resent address: E . I. du  P o n t de N em ours and Co., W aynes­

boro, Va.
(3) C ourto t, “ Le M agnesium  en Chem ie Organique,” 1926.
(4) K ohler, S tone and  Fuson, T h is  J o u r n a l , 49, 3181 (1927).

ably because hindered ketones which would con­
tain conjugated double bonds in the enol form 
almost invariably give enolization.5 Thus aceto- 
mesitylene and related compounds6 have been 
studied rather extensively.

A definite correlation between the branching in 
aliphatic ketones and the amount of enolization 
given with the methyl Grignard reagent is not 
yet entirely clear. The literature indicates that 
such ketones show little tendency to give enoliza­
tion with simple Grignard reagents. However, 
several new aliphatic sterically hindered ketones7 
prepared in this Laboratory give as high as 100%

(5) (a) Fuson, F isher and  F uga te , J .  Org. Chem., 4, 111 (1939); 
(b) Fuson, F u g a te  and  Fisher, T h is  J o u r n a l , 61, 2362 (1939).

(6) (a) K ohler and  B altzly , ibid., 54, 4015 (1932); (b) S m ith  and  
Guss, ibid., 59, 804 (1937).

(7) (a) W hitm ore and  R andall, ibid., 64, 1242 (1942); (b) W h it­
m ore and  Lester, ibid., 64, 1247 (1942); (c) W hitm ore and  Lewis,
ibid., 64, 1618 (1942).
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enolization and no addition with the methyl 
Grignard reagent.

The present work was undertaken to extend the 
studies on enolization of branched aliphatic ke­
tones with the methyl Grignard reagent. The 
compounds studied are not sufficiently branched 
to prevent the addition reaction entirely. The 
results of the studies are given in Table I.

The Grignard machine used in this work is 
essentially the same as the one used by Kohler.4 
The amount of enolization was calculated from 
the amount of gas evolved by the action of methyl­
magnesium chloride with the carbonyl compound. 
The excess methylmagnesium chloride present 
was determined by observing the amount of gas 
evolved on the addition of water to the reaction 
flask. The amount of addition reaction was taken 
as the difference between the number of moles 
of methylmagnesium chloride added and the 
total moles of gas evolved by the enolization reac­
tion and by the decomposition of the excess 
reagent. This is based on the assumption that the 
amount of condensation is negligible. The reac­
tion flask was always heated to ensure optimum 
reaction conditions. The apparatus was enclosed 
in a case to protect it from changes in tempera­
ture caused by air currents. The usual corrections 
were made for the gas evolved due to the presence 
of moisture in the reaction flask.

T able I
Percentage

C om pound
E noliza­

tion A ddition

Methyl isopropyl ketone 0 100
Ethyl isopropyl ketone 0 100
Methyl /-butyl ketone 5 86
Ethyl /-butyl ketone 9 86
Pentamethylacetone 0 49
Methyl pinacolyl ketone 48 47
Ethyl pinacolyl ketone 62 33
Methyl 5-butyl ketone 32
Propyl 5-butyl ketone 53 40
2,2-Dimethyl-4-ethyl-3-hexanone 5 19
2,2,4,6,6-Pentamethyl-3,5-hep tadione 27/2 129/2

From the above measurements it can be seen 
that the amount of enolization and addition is 
dependent upon the steric influence of the groups 
around the carbonyl. This was first pointed 
out by Conant and Blatt.8 The carbonyls of 
methyl and ethyl isopropyl ketones are not suffi­
ciently hindered to retard the normal addition 
reaction and allow time for the competing enoliza­
tion reaction. It is interesting to note that al­

(8) C onan t and  B la tt, T h is  J o u r n a l , 51, 1227 (1929).

though pentamethylacetone gave only 49% addi­
tion, no enolization took place. This recalls the 
failure of phenyl dineopentylcarbinyl ketone to 
give any enolate.7b All of the other ketones in­
vestigated gave both enolization and addition.

The steric influence of the ethyl group is shown 
to be much greater than that of the methyl group. 
The carbonyls of 2,2-dimethyl-4-ethyl-3-hexanone 
and 2,2,4,6,6-pentamethyl-3,5-heptadione are ster­
ically hindered to such an extent that the sums 
of the enolization and addition reactions are 
24% and 78%, respectively, of the calculated 
amount assuming complete reaction. It is thus 
apparent that steric hindrance in carbonyl com­
pounds may retard, and in some cases prevent, 
either enolization or addition or both.

We thank R. S. George of this Laboratory for 
his help.

Experimental
The procedure used in making the enolization measure­

ments has been described above. The compounds run in 
the Grignard machine were prepared by conventional pro­
cedures. The compounds, their physical properties and 
the method of preparation are given very briefly.

Methyl isopropyl ketone: dichromate oxidation of
methylisopropylcarbinol; b. p. 92° (740 mm.) and n20d 
1.3886.

Ethyl isopropyl ketone: dichromate oxidation of
ethylisopropylcarbinol; b. p. 111-113° (740 mm.) and 
u20d 1.3975.

Methyl /-butyl ketone: reaction of acetyl chloride with 
/-butylmagnesium chloride; b. p. 103.5° (735 mm.) and 
n20 d 1.3974.

Ethyl /-butyl ketone: oxidation of olefins; b. p. 124.5° 
(730 mm.) and n20d 1.4049.

Pentamethylacetone: diisopropyl ketone by reaction
with sodamide and dimethyl sulfate; b. p. 135° (735 mm.) 
and n20D 1.4074.

Methyl pinacolyl ketone: ozonolysis of 3,4,5,5-tetra- 
methyl-2-hexene; b. p. 144° (740 mm.).

Ethyl pinacolyl ketone: reaction of methyl-/-butyl-
acetyl chloride with ethylmagnesium bromide; b. p. 87° 
(50 mm.) and n20D 1.4221.

Methyl 5-butyl ketone: dichromate oxidation of
methyl-5-butylcarbinol; b. p. 115.5° (733 mm.) and n20d 
1.3988.

Propyl 5-butyl ketone: dichromate oxidation of propyl-
5-butylcarbinol; b. p. 154° (73 mm.) and n20d 1.4132.

2,2-Dimethyl-4-ethyl-3-hexanone: dichromate oxida­
tion of 2,2-dimethyl-4-ethyl-3-hexanol; b. p. 120° (150 
mm.) and w20d 1.4240.

2,2,4,6,6-Pentamethyl-3,5-heptadione: oxidation of tri­
isobutylene; b. p. 91° (16 mm.) and w20d 1.4320.

Summary
1. Eleven aliphatic ketones have been an­

alyzed in the Grignard machine with methyl­
magnesium chloride.
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2. Pentamethylacetone gave no enolization 
and 49% addition with the methyl Grignard re­
agent.

3. It has been confirmed that steric hindrance 
around the carbonyl retards both the enolization

and addition reactions. Thus 2,2-dimethyl-4- 
ethyl-3-hexanone gave 5% enolization and 19% 
addition with the methyl Grignard reagent.
S t a t e  C o l l e g e , P e n n s y l v a n ia

R e c e i v e d  D e c e m b e r  24, 1941

[C o n t r i b u t io n  f r o m  t h e  G e o r g e  H e r b e r t  J o n e s  L a b o r a t o r y  o f  t h e  U n i v e r s i t y  o f  C h i c a g o ]

Carboxylation. III. The Peroxide-catalyzed Reaction of Oxalyl Chloride with the 
Side-chains of Aralkyl Hydrocarbons. A Preliminary Study of the Relative Re­

activity of Free Radicals
By M. S. Kharasch, Stephen S. Kane1 and Herbert C. Brown

It has been suggested that the photochemical 
carboxylation2 of the paraffin hydrocarbons with 
oxalyl chloride proceeds in the following manner. 

Primary process
hv

(A) (COCl)2 — ^  2 -COC1
and/or

hv
(A') (COCl)2 — > -COCOC1 +  Cl- 

Secondary processes
(B) -COC1 — ^ CO +  Cl-

and/ or
(B') -COCOC1 — 2CO +  Cl-
(C) RH +  Cl- — > R- +  HC1
(D) R- -f (COCl)o — > RCOC1 +  -COC1
(E) -COC1 — ^  CO +  Cl-

The experimental evidence upon which this mech­
anism is based has already been discussed.3

Study of the carboxylation of a number of 
representative hydrocarbons indicates that this 
reaction is general for the paraffins, the cyclo­
paraffins and their halogen derivatives. How­
ever, attempts to extend this photochemical reac­
tion to the carboxylation of the side chains of 
representative aralkyl hydrocarbons have thus 
far met with little success.

This observation can be interpreted in either of 
two ways: (1) the aromatic hydrocarbons con­
taining side-chains are opaque to the radiation 
necessary for the chain-initiating step, which is the 
photolysis of the oxalyl chloride (A); or (2) the 
aralkyl free radicals which are formed (C) require 
a relatively high energy of activation to break the 
carbon-to-carbon bond in oxalyl chloride (D).

(1) This paper is p a r t  of a d isserta tion  subm itted  by S tephen S. 
K ane to  th e  F acu lty  of th e  D ivision of Physical Sciences of th e  U ni­
versity  of Chicago in pa rtia l fulfillm ent of th e  requirem ents for the  
degree of D octor of Philosophy.

(2) T he au tho rs have adop ted  th e  te rm  carboxylation to  describe 
th e  in troduction  of th e  chloroform yl (— COC1) group; see the  first 
paper of th is  series (reference in  foo tno te  3).

(3) K harasch  and  Brown, T h is  J o u r n a l , 64, 329 (1942).

Considerable support for the belief that the first 
of these interpretations is of importance in the 
photochemical carboxylation reaction was fur­
nished by a study of the carboxylation of cyclohex­
ane in the presence of various diluents. Carbon 
tetrachloride, chloroform, and similar inert dilu­
ents exert but small effects upon the rate of car­
boxylation of cyclohexane. The slight decrease 
observed, approximately 20%, can easily be ac­
counted for by decreased concentration of the re­
actants. On the other hand, the presence of com­
parable quantities of benzene in the reaction 
mixture causes a five-fold drop in the rate. It is 
evident, therefore, that in the photochemical car­
boxylation of the aralkyl hydrocarbons, the poor 
yields are largely due to the effect of the aromatic 
nucleus upon the radiation required to initiate 
the carboxylation reaction.

It is noteworthy, however, that this interpreta­
tion does not eliminate the second of the two 
possibilities mentioned above: namely, that the 
low degree of reactivity4 of the aralkyl free radicals 
might also contribute to the sluggishness of the 
aralkyl hydrocarbons in the photochemical car­
boxylation reaction under discussion. The ob­
servation that the carboxylation reaction could 
be initiated thermally in the dark by the addition 
of several mole per cent, of an organic peroxide3 
offered a means of investigating this question. _

Accordingly, a study of the peroxide-catalyzed 
carboxylation of a number of aralkyl hydrocarbons 
was undertaken. It is significant that low yields 
(about 5-10%) of the corresponding acid chlo­
rides were obtained with such representative 
aralkyl hydrocarbons as toluene, m-xylene, and 
mesitylene. In these reactions, the inhibitory ef-

(4) T h a t is, low com pared w ith  th e  highly re a c tiv e  n o rm a l a lk y l 
free radicals.
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feet exerted by the nucleus in the photochemical 
reaction is absent, since cyclohexane readily par­
ticipates in the peroxide-catalyzed carboxylation 
reaction in the presence of as much as 50 mole per 
cent, of benzene. Therefore, the authors are led 
to the conclusion that the low reactivity of the 
aralkyl free radicals (resulting in comparatively 
short chain lengths) must be an important factor 
in the low conversions noted in the reaction of 
oxalyl chloride with aralkyl hydrocarbons. In 
other words, the reaction of the comparatively 
inactive aralkyl free radicals with oxalyl chloride 
(D) is so slow that the free radicals have greatly 
increased opportunity to disappear by participa­
tion in side reactions.5

An interesting question which is raised by 
these considerations is that of the relative re­
activity of free radicals. If the organic free 
radicals differ markedly in chemical reactivity 
(as the results of the carboxylation studies indi­
cate), it would be of considerable interest then to 
obtain information concerning their relative re­
activity. This paper describes some preliminary 
experiments to establish a method for carrying 
out such studies.

There is at hand considerable experimental 
evidence to support the conclusion that the de­
composition of the diacyl peroxides in solution 
proceeds through the formation of organic free 
radicals as intermediates.6 The free radicals 
formed in this way may either react with the sol­
vent or disappear by disproportionation, combina­
tion or other side reactions. The relative amount 
of any species of free radical which disappears 
by reaction with the solvent depends largely upon 
the nature of that solvent. Hence, by a judicious 
choice of solvent it should be possible to divide 
the free radicals into two groups which differ 
markedly in the extent of their attack upon the 
solvent in question. Obviously, these two groups 
could be further subdivided by the use of other 
solvents. In this way, a large number of organic

(5) T h is  reac tiv ity  of th e  free rad ica l m u st be in tim ately  con­
n e c te d  w ith  th e  energy req u ired  fo r th e  fo rm ation  of the  activated  
com plex , as ind ica ted  in  th e  following equation , which is a  m ore de­
ta ile d  rep resen ta tio n  of th e  processes involved in  step D  of the  
m ech an ism  proposed fo r th e  carboxy la tion  re ac tio n :

o o r o on o
R-

i iCl Cl
R—C +  -COC1

ICl
T h a t  is, a  free rad ica l of "h ig h ” reac tiv ity  m ust require  considerably 
less energy  for th e  fo rm ation  of th e  ac tiv a ted  complex (shown in 
b ra c k e ts  above) th a n  a  free rad ical of " lo w ” reactiv ity .

(6) H ey  and  W aters, Chem. Rev., 21, 169 (1937).

free radicals might finally be arranged in the 
order of their relative activities.

As a preliminary study of the practicability of 
the method outlined, an investigation of the de­
composition of several representative diacyl per­
oxides in carbon tetrachloride was undertaken.7 
Appreciable quantities of methyl, rz-propyl and 
isopropyl chlorides were isolated from the reac­
tion products of carbon tetrachloride, with di­
acetyl, di-w-butyryl and di-isobutyryl peroxides, 
respectively. On the other hand, no /-butyl or 
benzyl chloride could be found in the correspond­
ing thermal decomposition products of di-tri- 
methylacetyl or di-phenylacetyl peroxides in car­
bon tetrachloride. These results are interpreted, 
in accordance with the argument previously out­
lined, to mean that the methyl, tz-propyl and iso­
propyl free radicals are of a higher order of reac­
tivity than the benzyl or /-butyl free radicals. 
To the group of more active free radicals phenyl 
may be added, since dibenzoyl peroxide decom­
poses in carbon tetrachloride solution to form 
phenyl chloride and hexachloroethane8; tri- 
phenylmethyl, which crystallizes unchanged from 
carbon tetrachloride solution,9 evidently belongs 
to the less reactive class.

These results are summarized in Table I.
T a b l e  I

P r e l i m in a r y  R e s u l t s  o n  a  R e l a t iv e  R e a c t iv i t y  S e r i e s  
o f  O r g a n ic  F r e e  R a d ic a l s

F ree  radical

phenyl C6H5* 
methyl CH3- 
«-propyl CH3CH2CH2‘ 
isopropyl (CH3)2CH* 
benzyl C6H5CH2- 
/-butyl (CH3)3C*
_ triphenylmethyl ( CöHö̂ C •

° The arrangement of the free radicals within each of the 
two groups has not yet been verified experimentally.

It is perhaps too early to draw any theoretical
(7) Selection of carbon  te trach lo ride  as th e  so lven t in  these  p re ­

lim inary  experim ents w as d ic ta ted  by  a  n um ber of observations m ade 
a t  various tim es in th is  L abora to ry  th a t  th e  decom position of perox­
ides in  th is  substance  proceeds sm oothly  in accordance w ith  th e  fol­
lowing equations:

(RCOO)2 — 2R- +  2C02 
R- +  CC14 — >  RC1 +  C13C- 

2C13C----- >  C2C16
T h e  possibility  of iso la ting  and  identify ing  b o th  th e  organic chloride 
and  th e  hexachloroethane offers a  sim ple m eans of checking th e  re ­
su lts of any  experim ent. Cf. Böeseken and Gelissen, Rec. trav. chim., 
43, 869 (1924); K harasch , K ane and  Brown, T h is  J o u r n a l , 63, 526 
(1941).

(8) Böeseken and  Gelissen; unpublished w ork of K harasch  and 
W alling.

(9) G om berg and  Cone, Ber., 37, 2036 (1904).

Class T
More reactive free radicals

Class IIa
Less reactive free radicals
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conclusions from the chemical structures of the 
two groups of radicals. However, it is of consid­
erable interest that this division of the free radi­
cals closely follows the relative electronegativity 
series10 of organic groups.11 Thus the more reac­
tive radicals are related to the more electronega­
tive groups and the less reactive radicals to the 
less electronegative groups.

At first glance, it may appear somewhat sur­
prising to find that the electronegativity series, of 
organic groups, set up by a study of the hydro­
lytic splitting of unsymmetrical organomercurials, 
should correspond so closely to the arrangement 
of the free radicals according to their relative reac­
tivities, as determined by the ease with which they 
react with carbon tetrachloride. Yet this correla­
tion cannot be entirely fortuitous. The factors 
which tend to give an organic group such as 
phenyl or methyl a relatively high place in the 
electronegativity series, i. e., which increase the 
tendency of the group to exist as a negative ion, 
probably also give the corresponding free radical a 
relatively high affinity for electrons.12 Conse­
quently, the free radical would fall into the more 
reactive class. By an obvious extension of the 
argument, the less electronegative groups may be 
identified with the less reactive free radicals. 
Whether other factors cause minor divergences 
between the two series remains to be settled by 
further experimentation. Until more definite in­
formation is available, however, the comprehen­
sive classification of organic groups in the electro­
negativity series can probably be used as a rough 
indication of the relative reactivity of the organic 
free radicals. It is hoped to elaborate on these 
ideas in subsequent publications from this Labora­
tory.

Experimental Part
Attempt to Carboxylate the Aralkyl Hydrocarbons 

Photochemically.—A typical procedure utilizing toluene 
will be described. A mixture of 16.8 g. (0.2 mole) of

(10) K harasch  an d  M arker, T h is  J o u r n a l , 48, 3131 (1926); 
K harasch  and  F lenner, ibid.,  54, 674 (1932). F o r leading references 
to  th e  application  of th e  e lectronegativ ity  theory  to  th e  in te rp re ta ­
tion  of organic reactions, see K harasch , R einm uth  and  M ayo, J . 
Chem. Ed.,  13, 7 (1936).

(11) T he te rm  “ groups” has been su b stitu ted  for th e  original te rm  
“ rad icals.” A t th e  tim e th e  e lectronegativ ity  series was set up , no 
p articu lar significance h ad  y e t been  a tta ch ed  to  th e  te rm  radical. 
A t th e  present tim e, however, “ rad ica l” is used chiefly to  refer to  
neutral organic aggregates and  it  seems advisable thus to  res tric t the  
use of th is term .

(12) T he correlation  which exists betw een the  e lectronegativity  
series and  dipole m om ent d a ta  [Brown, T h is J o u r n a l , 61, 1483 
(1939)] lends fu r th e r sup p o rt to  the  view th a t  the  position of an 
organic group in th e  e lectronegativ ity  series is a m easure of the 
affinity of the  bonding carbon atom  for electrons.

toluene and 12.7 g. (0.1 mole) of oxalyl chloride was 
placed in an elongated flask and illuminated under the 
conditions previously described for the carboxylation of 
the paraffinic hydrocarbons.13 After twenty hours, the 
reaction mixture was fractionated. Less than 0.4 g. of 
higher boiling material was isolated. With ammonia 
this material gave only a slight test for acid chloride groups. 
There was some indication of the presence of dibenzyl. 
Similar results were obtained with m-xylene, mesitylene, p- 
chlorotoluene, tetralin and /3-methylnaphthalene. Under 
similar conditions, in a reaction mixture of cyclohexane 
and oxalyl chloride, approximately 50% of the oxalyl chlo­
ride is converted to the carboxylic acid derivative.

Photochemical Carboxylation of Cyclohexane in Pres­
ence of Diluents.—A number of reaction mixtures were 
made up using 0.1 mole of oxalyl chloride, 0.1 mole of 
cyclohexane and 0.1 mole of the diluent (benzene, carbon 
tetrachloride, chloroform, methylene chloride); these were 
illuminated for twenty hours by the standard procedure.13 
The yields of cyclohexane carboxylic acid chloride from 
those reaction mixtures containing the halogenated meth­
anes as diluents were only slightly less (approximately 
80%) than those obtained from reaction mixtures free 
from diluents. On the other hand, the yield of the acid 
chloride from the reaction mixture containing benzene as 
diluent was markedly lower—only 15% of the usual yield.

Peroxide-Catalyzed Carboxylation of the Aralkyl Hydro­
carbons.—In the main, the experimental procedure was 
similar to that used for the peroxide-catalyzed carboxyla­
tion of the paraffin hydrocarbons.14 A few modifications 
were, however, introduced. The hydrocarbon, oxalyl 
chloride, and dibenzoyl peroxide (3.0, 2.0, and 0.08 moles, 
respectively) were refluxed for twenty-four hours. The 
solution was then fractionated through a small column. 
The oxalyl chloride and most of the unreacted hydrocarbon 
was removed at ordinary pressure; the higher boiling 
material was fractionated under reduced pressure (approxi­
mately 20 mm.). Particular care was taken to separate 
benzoyl chloride (formed by the reaction of the peroxide 
on oxalyl chloride) from the acid chloride produced in the 
course of the reaction. The acid chloride thus obtained 
was identified by its boiling point, its neutral equivalent 
and the melting point of either the corresponding acid, or 
amide.

Under these experimental conditions, toluene produced 
an 8% yield of phenylacetyl chloride, m-xylene a 10% 
yield of 3-methylphenylacetyl chloride, mesitylene a 7% 
yield of 3,5-dimethylphenylacetyl chloride,15 and ^-chloro- 
toluene a 5% yield of 4-chlorophenylacetyl chloride.

No appreciable quantity of the carboxylic acid deriva­
tives could be obtained from diphenylmethane, p-nitro- 
toluene and /3-methylnaphthalene.16

Di-phenylacetyl Peroxide.—Phenylacetyl chloride, b. p. 
99-103° (16 mm.), was prepared from phenylacetic acid 
and phosphorus pentachloride. The peroxide was made 
by slowly running 5 g. of the acid chloride into a vigor-

(13) K harasch  and  Brow n, ibid., 64, 331—332 (1942).
(14) K harasch  and  Brow n, ibid., pp. 332—333.
(15) M . p. of th e  am ide (no t previously reported) is 154-154.5°. 

Anal. Calcd. for CwHiaON: N , 8.59. F o u n d : N , 8.66.
(16) I t  m ay be recalled th a t  these  substances also failed to  undergo  

the peroxide-catalyzed chlorination reaction  w ith sulfuryl chloride 
[K harasch and Brown, T h is  J o u r n a l , 61, 2142 (1939;].
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ously stirred solution of 4 g. of sodium peroxide in 100 cc. 
of water. The temperature was carefully maintained 
slightly below 5°. After thirty minutes, the granules 
formed were filtered off and immediately added to care­
fully purified carbon tetrachloride.17 When the mixture 
was warmed, a vigorous reaction occurred which kept the 
carbon tetrachloride refluxing for several minutes. The 
carbon tetrachloride was then removed by distillation under 
ordinary pressure. The residue, 7 g., distilled from 115- 
200° (23 mm.). The combined distillate was washed with 
aqueous alkali and steam distilled. The solid obtained 
was identified as dibenzyl by its melting point of 52-53° 
(verified by the melting point of a mixture with an au­
thentic sample). Acidification of the aqueous extract 
yielded a white crystalline precipitate, which, after recrys­
tallization from water, was identified as phenylacetic acid 
from its m. p. of 75-76° and its neut. eq. of 140. Neither 
benzyl chloride nor hexachloroethane could be found in the 
reaction product.

Di-trimethylacetyl Peroxide.—Trimethylacetic acid was 
prepared by the Grignard reaction18 and was transformed 
into its acid chloride by the use of benzoyl chloride.19 
The peroxide was prepared by the action of sodium perox­
ide on a solution of the acid chloride in ethyl ether.20 
This peroxide decomposed readily in warm carbon tetra­
chloride. Neither /-butyl chloride nor hexachloroethane 
could be identified in the reaction mixture.

From the less volatile constituents of the reaction prod­
uct was obtained a liquid which distilled at 166-168°. It 
contained chlorine (28.54%) and appeared to be a Cs 
derivative. Further identification was not attempted; 
the substance is probably formed by secondary reactions 
of the /-butyl free radicals.

Diacetyl, Di-w-butyryl, and Di-isobutyryl Peroxides.—
These peroxides were prepared by methods similar to that 
described for di-trimethylacetyl peroxide. Their decom­
position in hot excess carbon tetrachloride proceeded 
smoothly. From the reaction mixtures the corresponding 
alkyl chlorides21 were isolated in yields of 10 to 20% and

(17) T he  carbon  te trach lo ride  used in  th is  w ork was washed w ith 
potassium  p e rm anganate  solution, dried  over D rierite, and  distilled 
th ro u g h  an  efficient colum n.

(18) “ O rganic Syn theses,” Coll. Vol. I, p . 510.
(19) Brow n, T h is  J o u r n a l , 60, 1325 (1938).
(20) Procedure  modified from  th a t  described b y  G am bayan, B er., 

42, 4008 (1909); see also K harasch , K ane and  B row n, T h is  J o u r n a l , 
63, 527 (1941).

(21) I t  is of considerable in te re s t th a t  on ly  n -propyl chloride 
was ob ta ined  in  th e  decom position of w -butyryl peroxide and  only  
isopropyl chloride was ob ta ined  from  isobu ty ry l peroxide. T his 
re su lt suggests th a t  th e  organic free radicals in  solution do n o t isom- 
erize to  an y  appreciable  ex ten t. T h is  p o in t is of considerable im ­
po rtance  for th e  fu r th e r d evelopm ent of th e  chem istry  of free radicals 
in  liqu id  system s and  has been discussed in  de ta il in  an earlier publi­
cation  [K harasch , K ane  and  Brow n, ib id ., p. 526].

the presence of equivalent quantities of hexachloroethane 
was demonstrated.

Summary
1. A number of aralkyl hydrocarbons (tol­

uene, m-xylene, mesitylene, ^-chlorotoluene) re­
act with oxalyl chloride in the presence of di­
benzoyl peroxide to form the corresponding acid 
chlorides. (The reaction is RC6H4CH3 +  (CO- 
Cl)2 -* RC6H4CH2C0C1 +  CO +  HC1.) The 
conversions in the instances mentioned are low; 
they average 5-10% under conditions such that 
the carboxylation of representative paraffinic 
hydrocarbons is practically complete. Under the 
same conditions, some other aralkyl hydrocarbons 
(/Tmethylnaphthalene, diphenylmethane, p-nitro- 
toluene) are not appreciably carboxylated.

2. None of the aralkyl hydrocarbons were ob­
served to undergo photochemical carboxylation 
with oxalyl chloride to any appreciable extent.

3. An important factor in the inhibition of the 
photochemical reaction of oxalyl chloride with 
the aralkyl hydrocarbons appears to be the effect 
of the aromatic nucleus on the radiation required 
for the photolysis of the oxalyl chloride, the chain- 
initiating step.

4. The low conversions in the peroxide-cata­
lyzed reaction are ascribed to the comparatively 
low reactivity of the aralkyl free radicals, which 
results in a sluggish reaction of these intermedi­
ates with the oxalyl chloride.

5. Means of investigating the relative reac­
tivity of aralkyl free radicals are discussed. Pre­
liminary results indicate that the free radicals 
phenyl, methyl, ^-propyl and isopropyl are more 
reactive than the benzyl, /-butyl and triphenyl- 
methyl.

6. There is an interesting correspondence be­
tween the order of the free radicals when ar­
ranged according to their reactivities and the 
electronegativity series of organic groups. A 
plausible interpretation of this correspondence is 
advanced.
C h ic a g o , III . R e c e i v e d  M a r c h  18, 1942
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Some Mono- and Di-alkyl Ethers of Stilboestrol1
B y E. E mmet R eid  and E d ith  W ilson

For a study of the variation of the physical and 
pharmacological properties of the members of a 
series, the mono- and di-alkyl ethers of stilboes­
trol2 (trans -dihydroxya , /3-diethylstilbene) 
seemed to be desirable. The parent compound 
has an intense physiological activity which can 
be determined readily and comparatively accu­
rately. The dimethyl ether and several of the es­
ters are known to have similar activity. The

nonyl. The hexyl, octyl and decyl di-ethers have 
extremely low activity. The lower mono-ethers 
are 8 to 15 times as active as the corresponding di- 
alkylated compounds.3 * * The figures given are the 
weights in gamma of the compounds which equal 
one rat unit as found by the Allan-Doisy method. 
The rat unit is the minimum amount of the estro­
gen required to produce cornification of the vagi­
nal smear in 50% or more of a group of ten cas-

T a b l e  I

M e l t in g  P o i n t s , A c t i v i t i e s  a n d  A n a l y s e s  o f  t h e  M o n o - a n d  Di-a l k y l  E t h e r s  o f  S t il b o e s t r o l  
The melting points were all taken on the same thermometer, calibrated for 3-inch immersion.

Alkyl
M elting  poin ts, °C. 
M ono- Di-

A ctivity , y 
M ono- Di-

/-------------Analyses
Carbon, %  

Calcd. F ound

m ono----------- .
H ydrogen, % 

Calcd. F o u n d

,------- ----—Analyses, d i-----------------.
C arbon, %  H ydrogen, %  

C alcd . F ound  Calcd. F ound

Methyl 117° 124& 2 .5C 20 . . .
Ethyl 99. bd 127.56 5 50 81.08 80.62 8.11 8.10 81.48 81.10 8.64 8.82
Propyl 107 95.66 17.5 250 81.29 80.97 8.39 8.27 81.81 81.66 9.09 9.44
Butyl 97.5 101.6 20 250 81.48 81.07 8.64 8.62 82.10 81.39 9.47 9.53
Amyl 82 64.6 48 600 81.65 81.69 8.87 8.81 82.35 82.17 9.81 9.91
Hexyl 72 74.6 45 30,000 81.81 81.05 9.09 9.04 82.56 82.38 10.09 10.13
Heptyl 87 50.4 45 750 81.96 81.84 9.29 9.38 82.75 82.58 10.34 10.37
Octyl 88.5 72.2 50 >50,000 82.10 81.80 9.47 9.75 82.92 82.97 10.56 10.54
Nonyl 76 57.4 50 5,000 82.23 81.88 9.64 9.63 83.07 83.05 10.76 11.01
Decyl 75 73.6 84 50,000 82.35 81.65 9.81 9.65 83.21 82.86 10.95 11.00
Undecyl 58.5 66.0 200 >40,000 82.46 81.68 9.95 9.89 83.33 82.71 11.11 11.01
Lauryl 83 80.0 100 82.56 82.48 10.09 10.01 83.44 83.16 11.26 11.13
Tridecyl 67 73.2 82.66 81.94 10.22 10.23 83.54 83.44 11.39 11.41
Myristyl 85 86.0 82.75 82.81 10.34 10.68 83.63 83.67 11.51 11.94
Pentadecyl 73 77.0 82.84 82.38 10.46 10.41 83.72 83.62 11.62 11.76
Cetyl 89 89.0 82.92 81.93 10.56 10.27 83.80 83.64 11.73 12.06
Heptadecyl 78.5 82.0 83.00 82.14 10.67 10.65 83.87 83.54 11.82 11.74
Octadecyl 94.3 94.0 83.07 82.91 10.76 10.57 83.93 83.48 11.91 11.86

a The m. p. is 112-114° when it is recrystallized from aqueous alcohol and 116-117.5° from benzene-petroleum ether 
or from methylene chloride. Anal. Methoxyl calcd., 11.0; found, 10.9. 6 Sondern, Sealey and Kartsonis give 121-
123°, 119-121° and 93-94° as the melting points of dimethyl, diethyl and dipropyl ethers, Endocrinology, 28, 849 (1941). 
c Stilboestrol by same method 0.3 y. d The mono-ethyl may have water of crystallization at times. One sample from 
aqueous alcohol, m. p. 105.5-107°, lost 6.0% on drying, calcd. for 1 water 5.7%, and then m. p. 99.5°.

mono-alkyl ethers appeared to be particularly in­
teresting since, having one phenolic hydroxyl open, 
they might be expected to resemble the parent 
substance more closely than the dialkyl ethers.

We have prepared the mono- and di-ethers of 
stilboestrol using the normal alkyls from methyl 
to öctadecyl. The melting points, activities and 
analyses are given in Table I and the melting 
points are plotted in Fig. 1.

In each series the estrogenic activity decreases 
as the alkyl increases in size, though in the mono­
ethers there is not much change from amyl to

(1) R ead  a t  th e  A tlan tic  C ity  M eeting , Septem ber, 1941.
(2) E . C. Dodds, L. G oldberg, W . Law son and  R . Robinson, Proc. 

R oy. Soc. (London), B127, 152 (1939).

' ----------- 1----------------1_________Ï ______ i________i <____________i_______ i—

1 3 5 7 9 11 13 15 17
Carbon atoms in alkyl.

Fig. 1.—Melting points of the mono- and di-alkyl
e th ers  of s t i lb o e s t r o l : —*------*—, m o n o -eth ers;
—• —— 9 —, di-ethers.

(3) Biological assays by  C. F . G eschickter an d  E lizabeth  W.
B yrnes, published  in p a r t  in J . C lin ica l E n docrin ology , 2, 19-25
(1942).
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trated female rats. The melting points of the di­
ethers show regular alternation; those of the 
mono- do so from the decyl up.

Experimental
These ethers were prepared in the conventional 

manner by heating stilboestrol in alcoholic solu­
tion with alkali and the required alkyl bromide (or 
iodide for the methyl). The preparation of the 
di-ethers presented no difficulty. These (particu­
larly the high alkyl di-ethers) are much less solu­
ble than the corresponding mono-ethers and can 
be purified by two or three recrystallizations from 
alcohol. To get rid of traces of mono-ether, alkali 
was usually added in the first recrystallization. 
The yields were high, usually above 90%. The 
mono-ethers proved to be difficult to prepare. 
The exclusive formation of a mono-ether could not 
be obtained by any attempted modification of the 
alkylation procedure. With less than one equiva­
lent of alkyl halide and alkali the product always 
containeddi-ether along with unreacted stilboestrol.

Although stilboestrol is soluble in 0.1 N  aqueous 
alkali and the mono-ethers only in alcoholic alkali , 
the separation, theoretically simple, is tedious in 
practice. Since the solubilities change greatly 
with the size of the alkyl, each mono-ether re­
quired special study. In some cases the separa­
tion was repeated as many as 10 times before a 
satisfactory product was obtained. For the mono­
methyl ether 0.4 N  potassium hydroxide in 50% 
alcohol was used; the higher mono-ethers re­
quired stronger alcohol.

The monomethyl ether was recrystallized from 
70% ethanol and then distilled in vacuo, b. p. 
185-195° (0.3 mm.).

Summary
1. The normal mono- and di-alkyl ethers of 

stilboestrol from methyl to octadecyl have been 
prepared.

2, Their estrogenic activities have been de­
termined.
Baltimore, M aryland Received April 24, 1942

[Contribution from the W estinghouse Research Laboratories, East P ittsburgh, Pa . ]

The Effect of Temperature on the Validity of Hudson’s Rules of Isorotation
B y W alter  K auzmann*

Over thirty years ago, Hudson1 proposed his 
“rules of isorotation” for use in calculating the 
optical rotatory powers of carbohydrate deriva­
tives. Although these have since been of great 
use to the carbohydrate chemist in determining the 
structure of new derivatives, their reliability has 
been seriously reduced by the existence of a num­
ber of definite instances, notably but not solely 
in the mannose series, in which calculated rota­
tions fail to agree at all satisfactorily with those 
observed. It has been felt that if the source of 
these discrepancies could be determined, the 
value of the rules as a tool in carbohydrate struc­
ture determination might be considerably en­
hanced. So far, the effects of different solvents 
and concentrations2 and of wave length3 on carbo­
hydrate rotations have been studied, but the be­
havior of the anomalous cases with respect to

* W estinghouse R esearch  Fellow. T he experim ental work in th is  
paper was carried  o u t a t  F rick  Chem ical L abora to ry , Princeton U ni­
versity , Princeton , New Jersey.

(1) C. S. H u d son r T h is J o u r n a l , 31, 66 (1909).
(2) P . Levene and  I. Bencowitz, J . B io l. Chem ., 73, 685 (1927).
(3) T . L. H arris, E. L. H irs t and C. E . W ood, J . Chem . Soe.t 

2108 (1932),

these variables has not led to any clue as to the 
true nature of the difficulty. Previous theoreti­
cal considerations,4 based upon the physical origin 
of optical rotation have led us to suspect that the 
real clue to the problem is to be found in tempera­
ture dependence of the rotation. In this paper we 
shall give the reasoning which leads to this con­
clusion and show by means of experimental data 
that there is indeed good reason to believe that this 
is actually the case.

In a previous paper4 it was shown by relatively 
simple, essentially geometrical arguments that 
Hudson's rules may be expected to be valid if two 
conditions are fulfilled. (1) The vicinal actions 
between any two groups whose locations, confor­
mations and relative orientations in a molecule 
are fixed must be unaffected by change in the 
spacial configurations of other groups in the 
molecule.5 In order to state this more explicitly,

(4) E. G orin, W . K auzm ann  and  J . W alter, J . Chem. P h ys ., 7, 
327 (1939).

(5) Vicinal actions are th e  optical in teractions betw een groups in a 
molecule, th e  sum  to ta l of w hich results in the  m olecule’s being able to  
ro ta te  the  plane of polarized light. For fu rther details, see W. 
K auzm ann, J . W alter and  H. Eyring , Chem, Rev., 26, 339 (1940).
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consider the molecule shown as A. This condition
then requires that theCH3Ox

> C 2-
TL'
Ck I 

/O r
h /

/H

V
A

/C4*/
OH
CH2OH

contribution to the 
optical rotation due 
to the interactions of, 
say, the methoxyl on 
C2 and the chlorine on

Ci shall not be influenced by the configurations of 
the groups about C3 and C4, either directly, through 
the “higher order perturbations" considered in 
reference 5, or indirectly through, for instance, 
solvent and steric effects6 on the methoxyl which 
might depend on the orientation of the groups 
about C3. (2) The second condition which must be 
fulfilled in order that Hudson's rules may be valid 
is that the framework of the molecule have a plane 
of symmetry, such that when the configurations 
about any two asymmetric centers in the com­
pound are simultaneously reversed, all of the con­
tributions to the optical activity resulting from 
the interactions of the groups about the two cen­
ters with one another change their signs but not 
their absolute values. Referring again to com­
pound A, this condition means that if we change 
the configurations about Ci and C2, the new 
average conformation which the molecule assumes 
must be merely the mirror image of the old one as 
far as Ci and C2 by themselves are concerned. In a 
plane, five-membered ring with tetrahedral car­
bon atoms this will be automatically true; in a 
puckered, six-membered ring this will only be 
true if the various possible “chair conformations" 
occur in equal amounts, and similarly if “bed con­
formations" are also present, so that the average 
conformation of the ring will be symmetrical.

As far as the vicinal actions themselves are con­
cerned, condition (1) will very probably be well 
satisfied in the sugars. Evidence for this has been 
discussed elsewhere.7 On the other hand, the ef­
fect of steric repulsions, solvent effects and other 
structural factors may not be such as to allow the 
molecule to conform with these requirements, 
and it is probably here that we should seek the 
reason for the observed discrepancies to the rules, 
as well as the failure of optical superposition rules 
more generally.

Now let us inquire what will be the effect of an 
increase in the temperature on these structural

(6) By th e  so lvent effect here is m ean t th e  difference between the  
ro ta tion  in a  given so lvent and  th e  ro ta tio n  a t  the  same tem pera tu re  
in th e  d ilu te  vapo r or (neglecting th e  in ternal field effect given 
by the  factor (n z +  2 ) /3 —see ref. 5) in an  in e rt solvent.

(7) W. K auzm ann  and  H . E yring , J .  Chem, Phys., 9, 41 (1941).

factors which tend to invalidate Hudson*s rules. 
First of all, solvent effects are known to tend to 
decrease with increasing temperature, so that any 
trouble from this source must also decrease with 
increasing temperature. Secondly, increasing 
temperatures tend more or less to equalize the 
frequency of occurrence of all possible conforma­
tions of a molecule. This will tend to reduce the 
effects of “higher order steric interactions" which 
tend to invalidate the rules. It will also probably 
tend to equalize the amounts of the two possible 
chair forms of a six-membered ring, and it will 
tend to do the same for the bed forms. In short, 
except for the purely optical interactions (which 
would probably not lead to serious discrepancies 
anyway), an increase in the temperature should 
tend to bring about those conditions which result 
in Hudson’s rules being valid.

Experimental.—The rotations of a number of 
sugar derivatives were measured at different 
temperatures and wave lengths. Since there was 
nothing particularly striking about the rotatory 
dispersion, however, these data will not be given 
here. The results at three temperatures for Na D 
light are given in Table I for various sugar de­
rivatives. These derivatives were supplied by 
Dr. E. Pacsu, of Princeton University, or were 
prepared by standard procedures starting with 
materials furnished by him. The a-methyl man- 
nofuranoside was supplied by Dr. A. Scatter- 
good. The author wishes to express his gratitude 
for these materials.

The rotations recorded in Table I have been 
corrected for changes in the densities of the solu­
tions on which the measurements were made. In 
all cases, rotations at room temperature were 
taken both before and after the readings at high 
temperatures in order to make sure that the ob­
served changes with temperature were reversible. 
Practically all of the rotations changed very 
nearly linearly with the temperature in the range; 
studied here.

Discussion.—It is obvious from the data of 
Table I that perhaps the conformations of, and 
certainly the solvent effects on, many of the 
sugars change with temperature sufficiently to 
cause, in some instances, very considerable 
changes in the optical rotation. Thus we see that 
there is no real justification for applying Hudson’s 
rules indiscriminately to data obtained at room 
temperature, and serious errors might be expected 
from such a course.
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T a b l e  I
V a r i a t io n  i n  t h e  O p t i c a l  R o t a t io n s  o f  C a r b o h y d r a t e  D e r i v a t i v e s  w i t h  T e m p e r a t u r e  a n d  S o l v e n t

S ubstance Solvent
Concn., 

g ./100 ml. [M]20D [M]™d [M]8°D
a-Glucose pentaacetate c2h 2ci4 5.07 394.5 394.5 394.5
/8-Glucose pentaacetate c2h 2ci4 4.98 16 25 26.5
«-Mannose pentaacetate c2h 2ci4 3.12 190.5 223 230.5
iS-Mannose pentaacetate c 2h 2ci4 5.04 -9 7 .5 -9 0 -8 8 .5
«-Methyl glucoside tetraacetate c 2h 2ci4 4.80 439 461 465.5
«-Methyl glucoside tetraacetate c6h 6 5.30 623 583 (578)
/0-Methyl glucoside tetraacetate c 2h 2ci4 5.17 -8 0 -5 8 .5 (-5 5 )
/8-Methyl glucoside tetraacetate c 6h 6 4.85 -8 3 .5 -7 3 (-7 0 .5 )
«-Methyl mannoside tetraacetate c6h 6 4.94 160.5 180 182.5
«-Methyl mannoside tetraacetate c2h 2ci4 5.06 221 218.5 (219)
«-Methyl glucopyranoside h 2o 5.12 302 301.5 301
/8-Methyl glucopyranoside h 2o 5.00 -6 4 .5 -6 1 -6 0 .5
«-Methyl mannopyranoside h 2o 4.93 150.5 152.5 153
«-Methyl mannofuranoside h 2o 5.26 212 199 196.5

In order to see if our previous theoretical con­
siderations are valid, values of 2A for the penta- 
acetates of glucose and mannose in acetylene 
tetrachloride were calculated at 20, 70 and 80°. 
The results are given in Table II. It is apparent 
that by increasing the temperature from 20 to 
80° the agreement with Hudson’s rules is im­
proved by nearly 50%, and since at even the 
highest temperature the rotations were still 
rapidly changing with the temperature, it is easy 
to believe that at sufficiently high temperatures 
the agreement would be very nearly complete.

In Table III the values of 2̂ 4 0Me are given as 
determined from the methyl glucoside tetraace­
tates in benzene and acetylene tetrachloride as 
solvents. It is apparent that as the temperature 
is increased, the discrepancy due to the very 
large solvent effects here is considerably reduced. 
It is also apparent from Table I that when there 
are large differences in the rotation of one sub­
stance in different solvents, these differences tend 
to be reduced at higher temperatures, in accord­
ance with a rule previously given.7

In the previous paper4 it was recalled that there 
is a corollary to Hudson’s rules8 which predicts 
that, for instance, the difference in the rotations 
of a-methyl glucoside and a-glucose should be the 
same as that between a-methyl mannoside and a- 
mannose. It was shown that this corollary should 
and does tend to be very accurate when the par­
tial rotations being compared (here 4̂Qh and 
A OMe) are due to optically similar groups, but 
that when optically dissimilar groups are com­
pared (such as CH3—O and CH3—CO—O)9 no

(8) C. S. H udson , T h is  J o u r n a l , 47, 271 (1925).
(9) By op tica lly  sim ilar groups i t  is m ean t th a t  th e  electronic tra n ­

sitions w hich p lay  a  p red o m in an t role in  determ ining th e  con tribu­
tio n  to  th e  ro ta to ry  pow er by  these  g roups aeting  as chrom ophores

good agreement should be expected, as is indeed 
found to be the case (Table VI, ref. 4). In Table 
IV this conclusion is tested further, and it is again 
seen that when dissimilar groups are involved, no 
general improvement in the discrepancy is found 
at higher temperatures. Even the apparent con­
vergence for the glucose derivatives here is only 
temporary, since at the higher temperatures the 
rotations appeared to be still changing rapidly 
enough so that at about 100° their differences will 
probably become equal and then start to diverge.

The considerable temperature effects on the ro­
tation of a-methyl mannofuranoside in water is of 
significance in connection with the poor agree­
ment found for the mannofuranosides with respect 
to Hudson’s rules.10

The temperature variation of the optical rota­
tion offers a method for evaluating the F factors 
introduced by Pacsu10’11 in order to improve the 
agreement with observed rotations of the rota­
tions calculated using Hudson’s rules: these fac­
tors at any given temperature should be given by 
the difference between the limiting rotation at 
high temperatures (insofar as the frequency of 
occurrence of all conformations is actually equal­
ized at high temperatures) and the rotations at the 
given temperature. Pacsu11 originally suggested 
that the factors arise from new types of isomerism, 
perhaps involving chair and bed forms of the sugar 
rings. More recently Scattergood and Pacsu11 
have suggested that they arise through “different
(see ref. 5, p. 351) a re  sim ilar. T h u s th e  first excited s ta tes  in  h y ­
droxyl and  m ethoxyl groups involve p redom inan tly  th e  sam e orb itals  
on th e  oxygen a tom , so th e  groups a re  sim ilar to  one ano ther in th is  
sense, while th e  first excited s ta te  in  th e  acety l group involves th e  
double bond of C = 0 ,  so th is  group is dissim ilar to  hydroxyl and  
methoxyl.

(10) A. Scattergood and  E . Pacsu , T h is  J o u r n a l , 62, 903 (1940).
(11) E. Pacsu, ibid., 61, 2669 (1939).
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orientation [about the C—O bond] of the hy­
droxyl groups in the a- and /3-isomers of certain 
sugars.” In the light of the observed large sol­
vent effects for some substances, it does not, how­
ever, seem profitable to ascribe all of these varia­
tions to any one such physical cause.

When the temperature dependence of the rota­
tions of /3-methyl mannoside tetraacetate in ben­
zene and in acetylene tetrachloride and of /3- 
methyl manno-pyranoside and -furanoside in 
water are known, it will be possible, with the data 
presented here, to find out if the values of 2̂ 4 for 
these compounds, too, tend to agree any better at 
higher temperatures with the corresponding values 
of the glucose derivatives, just as we have shown 
is the case for the pentaacetates of the two sugars.

T a b l e  II
( F r o m  D a t a  o n  t h e  P e n t a a c e t a t e s )

t, °c. 2 A oAc(glucose) 2.4 o  Ac (mannose) Discrepancy
20 378.5 288 90.5
70 369.5 313 56.5
80 368 319 49

T a b l e  III
( F r o m  D a t a  o n  t h e  M e t h y l  G l u c o s id e  T e t r a a c e t a t e s )

t, °C .

2.4 o Me 
(in acetylene 
tetrachloride)

2.4 OMe 
(in benzene) Discrepancy

20 519 706.5 187.5
70 519.5 656 136.5
80 (520.5) (648.5) (128)

T a b l e  IV
( F r o m  D a t a  o n  S o l u t io n s  i n  A c e t y l e n e  T e t r a c h l o r id e )

t, °c.
a-Me glue, 

tetraac.-a glue, 
pentaac.

— (/3-Me glue. 
tetraac.-/3 glue, 

pentaac.)
a-Me mann. 

tetraac.-a mann. 
pentaac.

20 44.5 96 - 3 0
70 66.5 83 .5 -4 3
80 71 82 ( - 4 8 )

Conclusion.—From the evidence presented 
here it should be clear that for many of the de­
rivatives of the carbohydrates there is a con­
siderable dependence of the rotation on the tem­
perature, so that structural influences on Hudson’s

rules must be important in affecting their va­
lidity, and it is not at all unlikely that these struc­
tural influences lie at the root of the major part 
of the observed discrepancies in those rules. It 
would be very desirable if, when a test is being 
made concerning the validity of Hudson's rules in 
a series of compounds, measurements of the effect 
of the temperature on the rotations as well as the 
rotations themselves were made. Then, if the 
rotations were found to be in disagreement with 
the rules, the influence of the temperature in 
making the rules better or worse could be ascer­
tained, and we would gain considerably more in­
sight into the origin of the discrepancy.

It would also be very interesting to have such 
temperature data for the menthyl amines investi­
gated by Read,12 since these should show super­
position in the ordinary van’t Hoff sense at higher 
temperatures. Similarly, the recent application 
of superposition rules to the 7-lactones by Hud­
son13 should become more exact at higher tem­
peratures, and no division of the 7-lactones into 
two classes should be necessary. By working at 
higher temperatures, superposition rules would 
undoubtedly be found to apply to many new types 
of compounds, possibly even to some open chain 
compounds.

Summary
It is shown from theoretical considerations that 

the clue to the discrepancies observed on the ap­
plication of Hudson's rules of isorotation to the 
calculation of the optical rotations of carbohy­
drates is probably to be found in the temperature 
variation of the optical rotation for these com­
pounds. Experimental measurements are made 
which support the prediction that as the tempera­
ture is increased, the rules should with certain re­
strictions tend to become more and more accurate. 
E a s t  P i t t s b u r g h , P e n n a . R e c e i v e d  M a r c h  20, 1942

(12) J. R ead , Trans. Faraday Soc., 26, 441 (1930).
(13) C. S. H udson, T h is  J o u r n a l , 61, 1525 (1939).
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[C o n t r i b u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m i s t r y  o f  D u k e  U n i v e r s i t y ]

Complex Ions. III. A Study of Some Complex Ions in Solution by Means of the
Spectrophotometer1

B y R obert K. G ould and W. C. Vosburgh

A modification of Job's method2 of continuous 
variations for the identification of compounds 
formed in solution has been described by Vosburgh 
and Cooper.3 The modification made it possible 
to apply the method to cases in which more than 
one compound is formed from the same compo­
nents. It was thought desirable to test the 
method further on a wider variety of systems, and 
to investigate some more systems to determine 
how many different complex ions are formed from 
the same components.

The modified method consists of making a num­
ber of mixtures of equimolar solutions of the two 
reactants and measuring the optical densities of 
the mixtures at certain pre-selected wave lengths. 
From the density of each mixture is subtracted the 
density calculated by the law of mixtures assum­
ing no reaction. The difference, F, is a maxi­
mum or minimum for the mixture in which the 
two reactants have been brought together in the 
proportions in which they react.

When more than one compound is formed, 
particular wave lengths can be selected as the 
most favorable for obtaining evidence of the vari­
ous compounds. Different wave lengths lead to 
different composition values for a maximum or 
minimum in F when more than one compound is 
formed. If Y  is a maximum or minimum at the 
same composition for all wave lengths, the prob­
ability is that only one compound is formed. 
The shapes of the curves obtained when the re­
sults are plotted help in deciding whether or not 
more than one compound is formed.

Theoretical
In the course of this work the question arose 

as to the effect of a second equilibrium in the sys­
tem being investigated. For example, suppose 
that substance A in addition to reacting with B in 
accordance with the equation

A +  nB ABn (1 )

reacts also with the substance D
A +  rB  ADr (2 )

(1) Thesis su b m itted  in p a rtia l fulfillm ent of th e  requirem ents for 
the  degree of D octor of Philosophy in th e  G rad u a te  School of Arts 
and  Sciences of D uke U niversity .

(2) J o b , A nn . chitn., (10) 9, 113 (1928).
(3) V osburgh and  Cooper, T h is  J o u r n a l , 63, 437 (1941).

Let us suppose that D is present in the equimolar 
solutions of A and B so that when these are mixed 
in varying proportions all mixtures contain the 
same concentration of D, and further that this 
concentration is large enough to remain practically 
constant in spite of Reaction 2. Then the con­
centration of ADy is proportional to the concen­
tration of A and can be set equal to Lc\. The 
following equations can be set up, in which c\y C2 
and Cz are the concentrations of A, B and ABW, 
respectively, and x is the volume of solution B 
added to the volume 1 — x of solution A to give 
unit volume of the mixture.

ci — M ( 1 — x) — cz — Lei
c2 =  M x  — ncz
CiC2n =  Kcz

On differentiation of each of these equations, 
setting dcz/dx equal to zero, and solving the six 
equations simultaneously, the result is that when 
Cz is a maximum, n — x /( l  — x). This is the 
same as when there is no second equilibrium cor­
responding to Reaction 2.

If the compound AD r is colored, but D is 
colorless, the difference F between the actual op­
tical density of the solution and the density cal­
culated for no reaction is given by
Y  = l(e 1 -j- €$L) Cl +  €2^2 +  €363 — 6\M(1 ~~ x)/{  1 -f- L) — 

62Mx -  6AL M (l -  x)/(l -j- L)

in which ei, €2, e3 and e4 stand for the extinction co­
efficients of the substances A, B, ABW, and ADn 
respectively, and l is the length of the path of 
light through the solution. Differentiating and 
equating d cz /d x  to zero shows that F is either a 
maximum or minimum when c$ is a maximum. 
Consequently, when a second substance is present 
that enters into reaction with Reactant A, the 
method of continuous variations may be used 
without the necessity of correcting for the second 
reaction. It should be noted that this is true 
only when the concentration of the second reac­
tant is practically constant throughout the series 
of mixtures. Another restriction not mentioned 
is that the activity coefficients, if not cancelling 
from the equilibrium equations, must be held 
constant by constant ionic strength.
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Ferric and Thiocyanate Ions.—Bent and 
French4 and also Edmonds and Birnbaum5 have 
shown that in dilute solutions the only compound 
formed from ferric and thiocyanate ions is the ion 
FeCNS++. It was of interest to see whether or 
not the method of continuous variations would 
lead to the same conclusion.

Solutions containing iron(III) and thiocyanate 
ions, both at a concentration of 0.02 M, and other 
solutes as shown below, were prepared

Iro n (I I I )  ion solution, M  T h iocyanate  solution, M

0.02 Fe(NH*)(SOi)2 0.'02 NHUCNS
.06 H2SO4 .16(NH4)2S04
.06 (NH4)2S04

First, mixtures of the two solutions were made in 
the proportions of 1:1, 1:2 and 1:3 and their ab­
sorption spectra were measured by means of a 
Coleman Double Monochromator spectrophotom­
eter. The slit width was 30 mjut, and by means of 
plungers in the sample tubes the length of the 
path of light through the solution was reduced to 
2 mm. The spectra are shown in Fig. 1, in which 
the density values for the 1:1 mixture have been 
multiplied by 0.5 and those for the 1:2 mixture 
by 0.75. The curves are of the same shape and

Fig. 1.—Absorption spectra of solutions containing iron- 
(III) and thiocyanate ions in the ratios 1:1,1:2 and 1:3. 
Dotted lines represent arbitrarily selected wave lengths.

are in agreement with the conclusion of Bent and 
French that only a single compound of low sta­
bility is formed. No particular wave lengths can 
be selected in accordance with the rules of Vos­
burgh and Cooper in this case, since the curves do 
not cross. A series of mixtures was therefore 
measured at four arbitrarily selected wave 
lengths. The values of Y  as defined above were 
plotted against x, the volume of 0.02 M  thiocy­
anate added to the volume (1 — x) of 0.02 M  

iron (III) ion solution. The resulting curves are 
shown in Fig. 2. The curves all have a broad 
maximum in the vicinity of x =  0.5, indicating a 
compound FeCNS++ which is considerably dis­
sociated in solution, in agreement with Bent and

(4) B en t and  F rench, T h is  J o u r n a l , 63, 568 (1941).
(5) Edm onds and  B irnbaum , ibid., 63, 1471 (1941).

French. There is no indication of the existence 
of any other compound under these conditions.

Fig. 2.—Iron(III) and thiocyanate ions; volume (1 — x) 
of 0.02 M  iron(III) ion solution plus x of 0.02 M  thio­
cyanate ion solution.

It is shown in the theoretical part that the ex­
istence of a complex ion of iron and sulfate ions6 
would not affect this conclusion provided the sul­
fate ion concentration is held constant.

Iron (II) Ion and p-Phenanthroline.—Fer­
rari7 has presented evidence that iron(II) ion 
forms only one complex ion with a,a/-dipyridyl 
in solution. Jaeger and van Dijk,8 prepared 
solid complex sulfates with iron(II) ion and a ,a -  
dipyridyl in the proportions 1:1, 1:2 and 1:3. 
However, when it was attempted to convert these 
into chlorides by treatment with barium chloride, 
only the tridipyridyl iron(II) chloride was ob­
tained. Vosburgh and Cooper3 found evidence of 
three complex ions formed from nickel ion and o- 
phenanthroline in solution. Because of the simi­
larity of o:,a'-dipyridyl and o-phenanthroline, it 
was of interest to investigate compound forma­
tion between iron (II) ion and 0-phenanthroline 
by the method of continuous variations.

A 0.004 M  solution of ferrous ammonium sul­
fate was prepared by weighing the required 
amount of reagent grade material. A small 
amount of sodium bisulfite was included to pre­
vent oxidation. A 0.004 M  phenanthroline solu­
tion was prepared similarly from 0-phenanthroline 
obtained from the G. Frederick Smith Chemical 
Co.

The two solutions were mixed in varying pro­
portions, and the optical densities of the resulting 
solutions were measured at wave lengths 400, 
500, 540 and 570 with a length of path of 2 
mm. The wave lengths were selected arbitrarily 
to cover the region of the spectrum absorbed by 
the iron Fe(phen)3++. The results are shown in 
Fig. 3, in which density is plotted against compo-

(6) Kiss, A braham  an d  H egedus, Z. anorg. allgem. Chem., 244, 98 
(1940).

(7) Ferrari, Gazz. chim. ital., 67, 604 (1937).
(8) Jaege r and  von D ijk , Z . anorg. allgem. Chem., 227, 273 (1936).
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sition. Since the two original solutions were 
practically colorless, the density is equal to the 
difference F. At all four wave lengths the maxi­
mum comes at composition 0.75, and each of the 
curves consists practically of two intersecting 
straight lines, indicating only one compound, 
Fe(phen)3+++, which is very stable.

Fig. 3.—Iron(II) ion and 0-phenanthroline; volume 
(1 — x) of 0.004 M  iron(II) sulfate solution plus x of
O. 004 M  o-phenanthroline solution.

The difference between the reaction of ferrous 
ion with phenanthroline and that of nickel ion is 
striking. There is another important difference 
between the ferrous phenanthroline and the three 
nickel phenanthroline ions: the ferrous phenan­
throline ion is diamagnetic9 while all three of the 
nickel phenanthroline ions are paramagnetic.10

The formation of a series of two or more com­
plex ions from the same components is rather 
common. Bjerrum11 has pointed out that this 
is to be expected theoretically, though the theory 
provides that in extreme cases a compound ABn 
might be considerably more stable than the pos­
sible intermediate compounds. Bjerrum has in­
vestigated several series of ammines and ethylene- 
diamine complex ions, finding in each case a series 
AB, AB2, . . ., ABW in which the stability de­
creases as n increases.

The ferrous phenanthroline complex ion seems 
to be exceptional in this respect, and the ion Ni- 
(CN)4“ which is also diamagnetic seems to be 
another exception. Cambi, Cagnasso and Tre- 
molada12 have presented evidence from magnetic 
measurements that hydrated nickel cyanide, 
Ni(CN)2*wH20  is in reality composed of the para­
magnetic cation Ni(H20)^ ++7 and the diamag-

(9) C am bi and  C agnasso, Gazz. chim. ita l., 63, 767 (1933).
(10) Russell, P h .D . Thesis, D uke U niversity , 1941.
(11) B jerrum , “ M etal A m m ine F o rm ation  in Aqueous S o lu tio n /’

P. H aase and Son, C openhagen, D enm ark , 1941, p. 130; Chem. Abs. 
35, 6527 (1941).

(12) Cam bi, Cagnasso and  T rem olada, Gazz. chim. ital., 64, 758 
(1934).

netic anion Ni(CN)4=. Whether these two dia­
magnetic compounds are special cases or examples 
of a general rule can be determined by the exam­
ination of other ferrous and nickel complex ions.

Nickel and Dithio-oxalate Ions.—A highly 
colored complex salt formed from potassium 
dithio-oxalate and a nickel salt was shown by 
Jones and Tasker13 to have the composition K2- 
Ni(C20 2S2)2. Cox, Wardlaw and Webster14 
showed that all atoms in the complex ion Ni- 
(C202S2)2== are co-planar. According to Pauling, 
co-planar nickel compounds should be diamag­
netic, and potassium nickel dithio-oxalate has 
been shown to conform.15 Therefore, it was of 
interest to see if more than one complex ion 
formed from nickel and dithio-oxalate ions could 
be identified.

A 0.004 M  solution of nickel sulfate was pre­
pared by dilution of a stock solution made from 
reagent grade material and standardized gravi- 
metrically. A 0.004 M  solution of potassium di­
thio-oxalate was prepared by weight. The di­
thio-oxalate was obviously somewhat impure, 
and the concentration of the solution was some­
what lower than 0.004 M. However, it was felt 
that purification or standardization was unneces­
sary, since the main object was to see whether or 
not evidence could be found for more than one 
compound, and there was little doubt as to the 
formula of the known compound.

The two solutions were first mixed in the pro­
portions of one part by volume of nickel sulfate 
solution to one, two, and three parts of dithio- 
oxalate solution. The optical densities were 
measured as described for the iron (III) and thio­
cyanate ions, and corrected to a nickel ion con­
centration of 0.001 M. The resulting absorption 
spectra are shown in Fig. 4. Since the curves do

Fig. 4.—Absorption spectra of solutions containing 
nickel and dithio-oxalate ions in the ratios 1 :1, 1 :2 and 1:3. 
Dotted lines represent arbitrarily selected wave lengths.

not cross in the visible region, wave lengths 440, 
500 and 590 m/x were arbitrarily selected for the

(13) Jones an d  T asker, J . Chem. Soc., 95, 1904 (1909).
(14) Cox, W ardlaw  and  W ebster, ibid., 1475 (1935).
(15) Pauling, “ T he  N a tu re  of th e  Chem ical B ond ,” Cornell U ni­

versity  Press, Ith aca , N . Y ., 1939, p. 111.
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Fig. 5.—Nickel and dithio-oxalate ions; volume (1 — x) 
of 0.004 M  nickel sulfate solution plus x of 0.004 M  
potassium dithio-oxalate solution.

measurement of the usual series of mixtures. 
The results of these measurements are shown in 
Fig. 5. The straight lines, with the points of in­
tersection all coming at about the same composi­
tion, indicate the formation of only one compound, 
which is quite stable. The difference between the 
1:2 and 1:3 curves of Fig. 4 might appear to indi­
cate some dissociation of the ion Ni(C202S2)2=, 
but the error in concentration of the dithio-oxa­
late solution is responsible for at least part of the 
difference.

Copper and Aminoacetate Ions.—Copper 
aminoacetate, Cu(OOCCH2NH2)2, was found by 
Ley16 to be little dissociated in solution and was 
early recognized as a chelate compound.17 Bor- 
sook and Thimann18 found evidence for four 
different compounds of copper ion and aminoace- 
tic acid or aminoacetate ion, two in the more acid 
solutions, one in neutral solution and a fourth in 
alkaline solutions. These were formed from 
either 1.5 or 2 moles of aminoacetic acid per gram 
atom of copper. Ley19 has recognized the possi­
bility of the stepwise dissociation of copper 
aminoacetate to give the ion Cu(OOCCH2NH2) +. 
Application of the method of continuous variations 
to the study of compound formation from copper 
sulfate and sodium aminoacetate showed that 
two compounds were formed, with ratios of cop­
per ion to aminoacetate ion of 1:1 and 1:2, re­
spectively.

A 0.02 M  copper sulfate solution was prepared 
from recrystallized material and standardized by 
iodometric determination of the copper. A 0.02 
M  sodium aminoacetate solution was prepared by 
weighing the twice recrystallized acid and adding 
the equivalent quantity of standard sodium hy­
droxide solution.

Absorption spectra were measured of a solution
0.01 M  with respect to both copper sulfate and

(16) Ley, Z. Elektrochem., 10, 954 (1904).
(17) (a) Tschugaefï, J . firakt. Chem., [2] 75, 162 (1907); (b)

Ley, Ber., 42, 354 (1909).
(18) Borsook and  T him ann , J . Biol. Chem., 98, 671 (1932).
(19) Ley, Z. anorg. allgem. Chem., 164, 387 (1927).

sodium aminoacetate, and of a solution 0.004 M  
with respect to copper sulfate and 0.08 M  with 
respect to sodium aminoacetate. Circular sample 
tubes of 16 mm. diameter were used in the spectro­
photometer. The optical densities of the second 
solution were corrected by multiplication by 2.5, 
and the data for the two solutions and for 0.01 
M  copper sulfate solution were plotted to give

600 700 800
Wave length, m/i.

Fig. 6.—Absorption spectra of 0.01 M  copper sulfate 
solution and solutions containing copper and aminoacetate 
ions in ratios of 1:1  and 1:20, with 0.01 M  total copper.

The wave lengths indicated by the dotted lines 
in Fig. 6 were selected for use in the further in­
vestigation of the system. Measurement of a se­
ries of mixtures of the 0.02 M  solutions described 
above at these wave lengths gave the data shown 
in Fig. 7. The F-values for all of these curves 
were determined by the subtraction of the calcu­
lated densities for no reaction. This is wrong 
theoretically3 for the curves with the maximum 
at x =  0.67. However, experience has shown 
that the position of the maximum is usually 
changed only a little when the correct subtrac­
tion is made instead of the one made in this case.

Fig. 7.—Copper and aminoacetate ions; volume (1 — x) 
of 0.02 M  copper sulfate solution plus x of 0.02 M  so­
dium aminoacetate solution.

Figure 7 gives evidence of two compounds, the 
ion Cu(OOCCH2NH2)+ postulated by Ley19 and 
the neutral compound Cu(OOCCH2NH2)2. It is 
interesting that the curve for wave length 650 m/x 
consists of two intersecting straight lines. 
Straight lines are generally found when only a 
single compound of high stability is formed. 
The straight line on the left for 650 m/x is the re­
sult of a coincidence, since it happens that at 650 
m/x the molar extinction coefficient of the first 
compound is very nearly half that of the second.
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At other wave lengths this is not true, and the 
curves for 500 and 560 m/x indicate the existence 
of a second compound, as do also the right-hand 
parts of the curves for 740 and 770 m/x. The wave 
length 740 m/x is the most favorable one for show­
ing the existence of the first compound, and for 
this wave length the maximum in the F-curve 
comes nearest to x =  0.5.

Nickel and Aminoacetate Ions.—Ley19 has 
prepared a nickel aminoacetate and has found it 
to have the composition Ni(OOCCH2NH2)2* 
2H20 . The method of continuous variations 
shows that in addition a compound is formed from 
three aminoacetate ions to one nickel ion. The 
new compound is presumably an anion in which 
the nickel has a coordination number of six.

A 0.2 M  nickel sulfate solution was standard­
ized gravimetrically. A 0.2 M  sodium aminoace­
tate solution was prepared as described above in 
connection with the copper aminoacetate system. 
The two solutions were mixed in the ratios 1:1, 
1:2 and 1:3, and the absorption spectra of the re­
sulting mixtures measured in the circular sample 
tubes. The spectra corrected to a concentration 
of 0.1 M  total nickel with the assumption of Beer's 
law are shown in Fig. 8. An outstanding feature

Wave length, m/x.
Fig. 8.—Absorption spectra of 0.1 M  nickel sulfate solu­

tion and solutions containing nickel and aminoacetate ions 
in ratios of 1 : 1, 1:2 and 1 :3, with 0.1 M  total nickel.

of these curves is the large difference between 
the curve for the 1:3 ratio and the others. This 
curve lies above the others over so large a portion 
of the spectrum that it is difficult to select wave 
lengths that can be used to investigate the exist­
ence of other than the compound highest in amino­
acetate content. In the region where the 1:1 
curve is higher than the 1:3 curve, the curve for

1------- ;— i------------ 1------------- 1-------------r

X.

Fig. 9.—Nickel and aminoacetate ions; volume (1 —• x) 
of 0.2 M  nickel sulfate solution plus x of 0.2 M  sodium 
aminoacetate solution.

nickel ion almost coincides with the 1:1 curve, 
making this region useless. This system is one in 
which none but the compound highest in amino­
acetate content can be determined with assur­
ance. Wave length 600 m/x is favorable for show­
ing the highest compound, and the only other 
that seemed worth while trying was 680 m/x. 
The usual series of mixtures was examined spec- 
trophotometrically at these wave lengths and the 
results in Fig. 9 were obtained. At wave length 
600 m/x the maximum comes slightly beyond the 
composition x =  0.75, indicating a compound 
of the composition Ni(OOCCH2NH2)3“. The 
curvature of the left-hand line suggests at least 
one other compound, and the F-curve for 680 m/x 
has a maximum somewhere between x =  0.5 and 
x = 0.75, which also indicates another compound. 
These data give little indication of what the com­
pound might be. Thus, it can be seen that the 
method of continuous variations does not always 
give full information about compound formation, 
and can be relied on for such only when conditions 
are favorable.

Summary
A number of systems have been examined by 

the method of continuous variations. In the 
three systems iron (III) and thiocyanate ions, 
iron(II) and 0-phenanthroline, and nickel and 
dithio-oxalate ions, evidence was obtained for 
only one compound each, the compounds being 
already known. From copper and aminoacetate 
ions evidence of two compounds was obtained, 
with the components in ratios of 1:1 and 1:2, re­
spectively. From nickel and aminoacetate ions 
evidence was obtained for a 1:3 compound and 
one other which could not be definitely identified. 
D u r h a m , N .  C . R e c e i v e d  M a r c h  2, 1942
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[C o n t r i b u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m i s t r y , T h e  C a t h o l ic  U n i v e r s i t y ]

Conductivity Studies. IV. The Limiting Ionic Mobilities of Several Univalent Ions
at Temperatures between 15 and 45°
B y  N orman C. C. L i  and  W ilh elm  B r ü ll

Conductance data on aqueous solutions of po­
tassium chloride at several temperatures are given 
in a paper preceding this one.1 Allgood, LeRoy 
and Gordon2 describe the accurate determination 
by moving boundary method of the transference 
numbers of aqueous solutions of potassium chlo­
ride at 15, 25, 35 and 45°. With these data on 
conductances and transference numbers at hand, 
we can calculate the equivalent conductances of 
ion constituents and the limiting ionic mobilities 
at different temperatures, with an accuracy of a 
part in several thousand.

Table I contains the assembled data on the 
equivalent conductances, A, of potassium chlo­
ride solutions and the corresponding transference 
numbers of the chloride ion, tci> for 15, 25, 35 and 
45°. The values of A are calculated from the 
equation

A =  Ao* ( l  — e t 's / l j )  — f t ' s f C

in which the theoretical coefficients a and 0 are 
calculated in the same way as described by Li and 
Fang1 and A0' is given by the equation

A +  /3a / £
Ao' Ao ~b B  C  —

t+° + A C  - (1 )

T a b l e  I

A ci f o r  P o t a s s iu m  C h l o r i d e  S o l u t i o n s  o f  D i f f e r e n t  
C o n c e n t r a t io n s

1 -  aVC
The constants A0 and B are either given in or in­
terpolated from Table III of the preceding paper. 
The transference numbers as given by Allgood, 
LeRoy and Gordon are either the directly deter­
mined values or calculated by the equation

LA T

c AKCl *C1 Xci Aa
15°

0.005 116.07 0.5074 58.89 61.50
.01 114.29 .5075 58.00 61.70
.02 111.97 .5076 56.84 62.09
.05 108.08 .5077 54.87 63.21
.10 104.73 .5079 53.19 65.12

25°
0.005 143.67 0.5097 73.23 76.58

.01 141.38 .5098 72.08 76.82

.02 138.41 .5099 70.62 77.33

.05 133.36 .5100 68.02 78.71

.10 128.98 .5100 65.78 81.06
35°

0.005 171,74 0.5113 87.81 91.96
.01 168.89 .5114 86.37 92.24
.02 165.17 .5115 84.48 92.80
.05 158.83 .5115 81.24 94.48

45°
0.005 199.72 0.5131 102.48 107.48

.01 196.26 .5132 100.72 107.81

.02 191.73 .5132 98.40 108.44

.05 183.96 .5131 94.37 110.33

This equation was first given by Maclnnes, Shed­
lovsky and Longsworth.3 Fig. 1 shows values of 
X plotted against V C  and X0' against C. The

A +
where A is a disposable constant and 0 is the same 
theoretical coefficient as before, It is interesting 
to note that data on transference number and 
equivalent conductance can be treated in a similar 
way.

Column 4 of Table I gives the conductance of 
the chloride ion constituent Xq =  A/Ci, and col­
umn 5 gives the values of X<£ obtained by means 
of the equation

Xo — X -j- V t f V c / l  — ct'\/~C  == Xo 4" b C  (2) 

in which X0 is the limiting equivalent conductance 
of the ion species and b is an empirical constant.

(1) Li and  F ang , T h is  J o u r n a l , 64, 1544 (1942).
(2) Allgood, L eR oy  and  G ordon, J . Chem. Phys., 8, 421 (1940).

0.05 0.15 0.25 0.35 0.45
Vc.

0.01 0.03 0.05 0.07 0.09

Fig. 1.—Variation of equivalent conductance with con­
centration.

(3) M aclnnes, Shedlovsky and  L ongsw orth, T h is  J o u r n a l , 54, 
2760 (1932).
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values of X0 and b in Eq. 2 are obtained graphi­
cally and are listed in Table II.

T a b l e  II
L i m i t i n g  M o b i l i t i e s  o f  t h e  C h l o r i d e  I o n

t, °c. b Xo for Cl ion

15 40 61.30
25 48 76.34
35 56 91.68
45 64 107.16

The values of Aci can be calculated directly 
from the product of A0Kci and t°C\- Table III, 
columns 4 and 5 list the values of X0 for potassium 
and chloride ions, respectively, for 15, 25, 35 and 
45°. The values of A0Kci are taken from Li and 
Fang1 and £+kci from All good, LeRoy and Gordon.2

T a b l e  III
L i m i t i n g  I o n i c  M o b i l i t i e s

t, °c. A0 KOI O
l+ KOI XK XC1

15 120.88 0.4928 59.57 61.31
25 149.84 .4905 73.50 76.34
35 179.40 .4889 87.71 91.69
45 208.96 .4872 101.81 107.15

The values of Xq as seen agree very well with
those listed in Table II and the very close agree­
ments are somewhat surprising, since the trans­
ference numbers at very low concentrations are 
not known accurately. The relationship between 
X° and temperature is linear so that the following 
equations can be applied

\w, = 38.50 +  1.519*
Xk = 38.44 +  1.407*

The value of Aci at 25° agrees with that given by 
Maclnnes, Shedlovsky and Longsworth.3

Fig. 2.—Variation of limiting ionic conductances with 
temperature.

From the values of Â  and Xq just given and 
the limiting conductances A0 of sodium chloride 
and sodium acetate in water as given by Brescia, 
LaMer and Nachod,4 the limiting ion conduct­
ances of sodium and acetate ions at different 
temperatures can be calculated from Kohl- 
rausch’s law of independent ion mobilities. The 
results obtained are shown in Table IV and in 
Fig. 2. The values for Â a and XAc at 25° 
given by Maclnnes, Shedlovsky and Longsworth3 
are 50.10 and 40.87, respectively, and differ con­
siderably from the corresponding values given in 
Table IV, owing to the differences in the values of 
ASraCi and Aĝ Ac used.

T a b l e  IV
L im it in g  I o n  C o n d u c t a n c e s  a n d  L im i t i n g  T r a n s f e r ­

e n c e  N u m b e r s

!, °C. XNa XAc in  N aC l t+ in  N aAc

15 39.70 32.80 0.3930 0.5476
25 49.29 42.07 .3923 .5395
35 58.57 51.65 .3898 .5314
45 67.72 61.36 .3872 .5256

The values °f A£raci and A£aAc given
Brescia, LaMer and Nachod,5 however, are calcu­
lated from data in “International Critical Tables” 
and are not as accurate as the more recent values 
given by Maclnnes, Shedlovsky and Longsworth. 
Using the equation

o x: \ i
t+  -  x j  +  X° "  Ac

we have calculated the limiting transference 
numbers of aqueous solutions of sodium chloride 
and sodium acetate at the several temperatures 
and the results are shown in columns 3 and 4 of 
Table IV.

The cation transference numbers in aqueous 
solutions of sodium acetate are seen to decrease 
with rising temperature. This decrease is in ac­
cord with the well-known generalization that if 
the transference numbers are less than 0.5 they 
increase, and if greater than 0.5 they decrease 
with rise in temperature. The cation transfer­
ence numbers in aqueous solutions of potassium 
and sodium chlorides, which are all less than 0.5, 
are seen to decrease with rising temperature and 
this is apparently contrary to the above generali­
zation. Allgood, LeRoy and Gordon2 have ten­
tatively explained the anomaly of potassium chlo­
ride solutions as due to the hydration of the cation 
resulting in a different mechanism of transport 
for cation and anion. This difference may be-

64) Brescia. L aM er an d  N achod, T h is  J o ur n a l , 62, 615 (1940).
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come prominent because the anion and cation of 
potassium chloride have approximately the same 
mobility, but it is not sufficient to explain the 
case of sodium chloride, in which the mobilities 
of anion and cation are quite different. We 
believe that the apparent decrease in cation 
transference numbers in sodium chloride solu­
tions with rise in temperature is due to the inac­
curate conductivity data given in “International 
Critical Tables.” Thus if we use the more recent 
value, A0 =  126.42, for sodium chloride at 25°, 
the calculated value of t°+ for aqueous solution 
of sodium chloride at 25° will be 0.3963 in agree­
ment with the value found from direct transfer­
ence data and in agreement with the above gen­
eralizations in that the limiting transference 
number at 25° is higher than at 15°. However, 
since the recent accurate conductivity data have 
been determined for 25° only, all the values given 
in Table IV for the four different temperatures 
are taken from the paper by Brescia, LaMer and 
Nachod which is based on the values given in 
“International Critical Tables.” The older value

for A0NaC1 at 25° is 125.63, which is only 0.79 unit 
different from the new value. This illustrates the 
immense importance and need of obtaining ac­
curate conductivity data at different tempera­
tures, in order to obtain limiting ionic mobilities 
and limiting transference numbers with a high 
degree of accuracy.

Summary
Tables are given of the limiting mobilities of 

potassium and chloride ions at 15, 25, 35 and 45°, 
based on conductance data given by Li and Fang 
and transference data given by Allgood, LeRoy 
and Gordon. Approximate values for the limiting 
ionic mobilities of sodium and acetate as well as 
the limiting transference numbers in aqueous 
solutions of sodium chloride and sodium acetate 
for these temperatures are also given. The 
transference numbers calculated for sodium chlo­
ride solutions illustrate the necessity of obtaining 
accurate conductivity data not at one tempera­
ture, 25°, only, but at different temperatures.
P e i p i n g , C h i n a  R e c e i v e d  A p r i l  10, 1942

[C o n t r i b u t io n  f r o m  t h e  N o y e s  C h e m ic a l  L a b o r a t o r y  o f  t h e  U n i v e r s i t y  o f  I l l i n o i s ]

Studies of Lead Oxides.1 VL The Effect of Grinding on the X-Ray Diffraction 
Patterns of Mixtures Containing Lead Oxides

B y G eorge L. Clark and Stanley  F. K er n

Of all the variables which are known to affect 
the nature of materials used in the lead storage 
battery, grinding, especially of mixtures, has been 
studied the least. Leblanc and Eberius2 report, 
“A hard stroke with a spatula, leaving a brown- 
red trail in the yellow oxide, suffices for the con­
version of Y-PbO (yellow, orthorhombic) into 
R-PbO (red, tetragonal), while the conversion of 
Pb30 4 (black) into Pb30 4 (red) proceeds only 
under the hardest grinding and crushing on the 
roughest surfaces.” Clark and Rowan3 have 
shown that the R-PbO obtained on grinding 
Y-PbO is different from the normal R-PbO in 
that it gives an X-ray diffraction pattern identi­
cal with a distorted R-PbO formed by the vacuum 
decomposition of lead carbonate, basic carbonate 
or white lead, or lead oxide hydrate, and in that

(1) F o r th e  fifth paper of th is series, see C lark and Rowan, T his 
J o u r n a l , 63, 1305 (1941).

(2) M . Leblanc and  E. Eberius, Z. physik . Chem., A160, 69 (1932); 
see also M . Petersen , T h is  J o u r n a l , 63, 2617 (1941).

(3) C lark and  Row an, ibid., 63, 1302 (1941).

it exhibits an abnormal chemical activity toward 
hydrogen peroxide and an increased heat of solu­
tion in perchloric acid over that of the normal 
R-PbO.

It has been observed previously in this Labora­
tory that intense grinding of normal R-PbO 
caused a slight broadening of some lines on the 
X-ray diffraction pattern. This non-uniform 
broadening is indicative of distortion.

Brown, Cook and Warner4 have reported the 
effect of grinding upon the apparent density of 
Pb30 4 samples obtained by oxidation of three dif­
ferent lead oxides.

Procedure
Seven binary mixtures involving the lead oxides were 

investigated using six to eight different percentage com­
positions of each. These mixtures were ground with a 
rubbing or shearing action and in identical manner in an 
agate mortar and samples reserved after various times of

(4) O. W. Brown, S. V. Cook and  J . C. W arner, J .  P hys. Chem., 26, 
477 (1922).
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grinding for X-ray diffraction studies. In this manner, 
twenty to thirty patterns were obtained to describe each 
of the following mixtures

Y-PbO-Pb02 PbS04-P b02
Y-Pb0-Si02 R-PbO-PbI2
R-PbO-Pb02 Y-PbO-PbI2
R-PbO-PbS04

The grinding was carried out manually and in contact 
with the atmosphere in all cases except for a few samples 
of the PbO-PbCb system. Some of these were ground in 
an atmosphere of nitrogen and the rest in a vacuum. The 
same results could be obtained in times three times as 
long by grinding in the rod mill described by Clark and 
Rowan.3

Through holes bored in the sides of an air-tight box, rub­
ber gloves were inserted and attached to the box in such a 
manner that these connections were also air tight. The 
gloves were used to operate the mortar and pestle inside the 
box. Nitrogen which previously had been passed through 
sulfuric acid and ascarite was passed through the box form­
ing the nitrogen atmosphere used in these experiments.

For the vacuum grinding the mortar was placed in a 
glass jar having a flat brass cover. A rubber gasket was 
used between the brass cover and the glass jar to give a 
vacuum-tight contact. In the center of the cover was a 
hole fitted with a collar through which the pestle was 
operated. A length of rubber tubing fitting tightly around 
the collar and the pestle constituted the vacuum-tight 
connection at this point and allowed ample movement of 
the pestle to effect the grinding. Two smaller holes were 
on either side of the large central opening. One was con­
nected to a Cenco-Hyvac pump and the other to a glass 
tube, one end of which was drawn into a capillary and 
sealed.

The sample of PbO was heated for several hours at 3 
mm. pressure and 450° previous to grinding to ensure com­
plete removal of any carbon dioxide present. A small 
amount of this PbO was mixed with an equal amount of 
Pb02, the mixture placed in the mortar and the system 
evacuated within a minute after the PbO had been re­
moved from the vacuum furnace. The sample was 
ground for twenty minutes and transferred to the capillary 
which was sealed off and used for X-ray diffraction studies.

All materials used were c. p . chemicals or made from c. p . 
reagents.

The X-ray diffraction patterns were registered in a cylin­
drical camera using a wedge-shaped sample holder for 
mounting the samples.5 For the samples ground in 
vacuum the capillaries containing the sample were mounted 
directly. Radiation from a copper target X-ray tube was 
used throughout the investigation.

Results and Discussion
The description of some typical patterns will 

illustrate the phenomena observed when these 
mixtures were ground.

P b 0 -P b 0 2 Mixtures.—For a mixture of 67% 
Pb02 and 33% Y-PbO, after twenty minutes of

(5) G. L. C lark, “ A pplied X -R ay s,” 3 rd  ed., M cG raw -H ill Book
Co., 1940, p. 269.

grinding, the speckled lines of Y-PbO, easily ob­
served for a mixture before grinding, are com­
pletely missing from the pattern, indicating that 
the Y-PbO has completely disappeared. Nor is 
there any evidence of R-PbO to which the yellow 
modification ordinarily is transformed on grinding. 
Other patterns were obtained from the following 
mixtures after they had been ground twenty min­
utes: 50% PbO2-50% Y-PbO, 33% Pb02-67% 
Y-PbO, 10% PbO2-90% Y-PbO, 5% Pb02-  
95% Y-PbO. In each case both the Y-PbO and 
R-PbO patterns are completely missing. On the 
other hand, corresponding mixtures ground with 
fine sand (Si02) as an abrasive invariably showed 
broad interferences of R-PbO.

The patterns of corresponding mixtures of Pb02 
and R-PbO up to a mixture of 10% Pb02 and 
90% R-PbO under the same conditions of grind­
ing for twenty minutes disclosed only the pattern 
of Pb02 with one extra line which could be attrib­
uted to 2PbC03*Pb(0H)2.

In attempting to determine what happened to 
the PbO on grinding, the following theories were 
proposed. First, the distorted (activated) PbO, 
formed on grinding, may have absorbed oxygen 
from the atmosphere and was oxidized to Pb02. 
The high oxidation potential needed for such a 
reaction made this theory rather doubtful. Ac­
tive oxygen analysis on the sample before and 
after grinding showed that there was no increase 
in active oxygen, as determined by the method of 
Diehl and Topf and recommended by Mrgudich 
and Clark.6

The second theory claimed that the PbO was 
incorporated into the Pb02 lattice, giving either 
an interstitial solid solution of PbO in Pb02 or a 
type of substitutional solid solution where the 
Pb02 lattice remains but the ratio of oxygen to 
lead is less than two. The formation of an inter­
stitial solid solution was immediately discounted 
as no parameter changes were observed on the 
Pb02 pattern and because packing considerations 
would make this situation impossible.

The existence of an ‘ ‘oxygen-deficient'’ lattice 
of Pb02 is well known. Clark and Rowan1 have 
shown that sulfamic acid, although a very good 
solvent for PbO, is incapable of increasing the 
ratio of oxygen to lead in an oxygen-deficient lat­
tice. However, after the ground mixture of Pb02-  
PbO has been treated with sulfamic acid, an ac-

(6) J. N . M rgudich  and  G. L. C lark, I n d .  E n g .  C h em . ,  A n a l .  E d . ,  9,
256 (1937).
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tive oxygen analysis on the residue showed that 
the residue wras Pb02 and therefore the PbO must 
have been removed. A precipitate of lead sul­
fate was obtained when sulfuric acid was added to 
the sulfamic acid extraction solution, thereby sub­
stantiating the conclusion that the divalent lead 
was removed from the ground mixture. In the 
light of these facts, there could be no appreciable 
incorporation of PbO into the Pb02 lattice.

The final theory is a combination of two effects. 
It is known that grinding, in general, decreases 
the particle size of a crystalline material and in 
some cases introduces distortion. As mentioned 
previously, it has been observed in this Labora­
tory that R-PbO, as well as Y-PbO, when ground 
produces an X-ray diffraction pattern of distorted 
R-PbO. It is possible that grinding these mix­
tures decreases the particle size of the PbO and 
introduces such a large amount of distortion that 
Bragg scattering can no longer result. Thus, even 
a mixture of 90% PbO ground with 10% Pb02 
fails to produce the slightest diffraction evidence 
of PbO.

It has also been shown that this distorted PbO 
is highly active. In this highly distorted or acti­
vated state, some of the PbO could react rapidly 
with the carbon dioxide and water of the atmos­
phere to form a basic carbonate of lead. To sub­
stantiate this theory both R-PbO and Y-PbO were 
ground alone in air under the same conditions 
used for the mixtures, and the X-ray diffraction 
patterns obtained from the ground samples com­
pared with the patterns of the basic carbonates. 
The patterns obtained from ground R-PbO, 
Y-PbO and the ground mixtures of Pb02-PbO 
which contain a large percentage of R-PbO or 
Y-PbO always show one or more interferences 
characteristic of 2PbC03*Pb(0H)2 and thus indi­
cate that this carbonate is being formed. Chem­
ical analysis showed that the amount of carbon 
dioxide present in the ground samples was about 
80% of that required for the complete conversion, 
of the PbO present, into 2PbC03*Pb(0H)2. These 
facts indicate that the effect of grinding on these 
mixtures is the activation of the PbO which then 
reacts with the carbon dioxide and water of the 
atmosphere to give 2PbC03*Pb(0H)2. How­
ever, the intensity of the diffraction interferences 
from this basic carbonate is far too small to ac­
count for 80% conversion of the PbO to the basic 
carbonate. Hence, we must conclude that either 
not all of the carbon dioxide in the mixture is in

molecular union with the PbO or that the basic 
carbonate remains in a state öf great dispersion 
and distortion. Since the diffraction interferences 
of the basic carbonate are very diffuse, it was more 
logical to accept the latter conclusion.

From these experiments, it was possible to con­
clude only that the absence of the PbO lines 
on patterns obtained from ground mixtures of 
Pb02-PbO was accompanied by a large increase 
in carbon dioxide content of the sample. Whether 
the abnormal absorption or incorporation of the 
carbon dioxide into the mixture was a cause of the 
disappearance of the PbO pattern, or a result of 
the high activity introduced into the PbO on 
grinding, could not be ascertained from these ex­
periments. To attempt to find facts favoring 
either explanation it was decided to grind the mix­
tures in an atmosphere as nearly free from carbon 
dioxide as possible.

The first attempt toward this goal was grinding 
in an atmosphere of nitrogen. The experimental 
procedure has been described above. X-Ray dif­
fraction patterns taken of the samples after being 
ground in the nitrogen atmosphere were similar 
to those obtained from samples ground in air. 
Chemical analysis of these samples showed that 
they had absorbed some carbon dioxide, but to a 
far less degree than the samples ground in air. 
Although this experiment was unsuccessful in 
completely removing carbon dioxide from the 
atmosphere, it did indicate that the disappear­
ance of the diffracting power of PbO was not pri­
marily dependent on the amount of carbon di­
oxide absorbed.

Samples ground in vacuum gave X-ray patterns 
completely devoid of all PbO lines. Chemical 
analysis of the samples showed that there was less 
than 0.1% of carbon dioxide present in the ground 
sample. Hence, we are forced to conclude that 
the disappearance of the lines characteristic of 
PbO is not necessarily a function of the carbon 
dioxide absorbed.

Clark and Rowan1 have shown that distorted 
PbO when annealed at a temperature above 300° 
was converted to the normal PbO. It was believed 
that if the PbO was present as a distinct phase an­
nealing should restore it to the original form. A 
sample of Pb02-PbO after being ground was an­
nealed at 300° and an X-ray pattern taken of the 
product. The pattern showed the presence of a 
large amount of the PbO and a small amount of 
Pb30 4, as well as PbQ2, indicating that the PbO
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was present in the ground sample in a form easily 
converted to the normal crystalline PbO.

These experiments prove that it is impracticable 
to place limits on the amount of PbO detectable 
in Pb02 by the powder diffraction method, as too 
much depends upon the previous history of the 
sample.

R-PbO -PbS04 Mixtures.—Grinding experi­
ments on these mixtures, followed by the X-ray 
method and chemical analysis, indicate that the 
PbO was converted into a poorly diffracting and, 
therefore, a highly distorted PbO.

In the unground mixture approximately 10% 
is the limit of detection of PbO in lead sulfate. 
This same limit can be said to hold for lead sul­
fate in PbO.

PbS04~Pb02 Mixtures.—Grinding decreases 
the particle size of the lead sulfate but in no 
other way alters the pattern. The limit of detec­
tion of one component in the presence of the other 
is less than 5%.

PbO-PbI2 Mixtures.—In direct opposition 
to the findings in the previous experiments it 
was found that grinding PbO in the presence of 
lead iodide does not destroy the PbO pattern. 
However, grinding does have an effect in that 
the pattern obtained from lead iodide tends to 
disappear. Chemical analysis of these samples 
before and after grinding shows no appreciable 
absorption of carbon dioxide on grinding.

In order to explain the apparent resistance of 
the PbO to reaction with carbon dioxide when 
ground with lead iodide, it is necessary to con­
sider the differences between lead iodide and Pb02. 
The Pb02 lattice is made up of oxygen octahedra 
with a lead ion in the center of each octahedron. 
These octahedra are held together by shared 
corners and edges giving rise to strong bonding 
energies in each of the three directions. On the 
other hand, lead iodide exhibits a layer lattice 
composed of two layers of iodide ions to one layer 
of lead ions. The bonding force between the ad­
jacent layers of iodine ions is weak and, as a re­
sult, the lead iodide crystal is easily sheared in this 
direction.

On grinding these mixtures, Pb02-PbO and 
PbI2-PbO, there is a tendency to set up a stress 
in the materials of the mixtures. In the Pb02- 
PbO mixture there is a competition between the 
strong bonding forces between the octahedra in 
the Pb02 lattice and the forces tending to keep the 
PbO lattice in the undistorted form as to which

will yield to the applied stress. It is supposed 
that these forces for the latter are the weaker and, 
as a consequence, the PbO lattice is distorted by 
the stress of grinding. In the distorted form the 
PbO lattice is active and reacts with the carbon 
dioxide and moisture of the air and is partly con­
verted into the basic carbonate. The Pb02 seems 
to have more than a simple abrasive effect since 
silicon dioxide ground with PbO is not effective in 
destroying the PbO pattern or in producing a 
highly active oxide.

In the PbI2-PbO mixtures the competition is 
between the forces of PbO and the relatively weak 
forces between the adjacent layers of iodide ions 
in the lead iodide lattice. In this case, we find that 
it is the bonds between these layers of iodine ions 
that yield to relieve the stresses introduced on 
grinding and thereby protect the PbO from dis­
tortion and the accompanying activation and re­
action with carbon dioxide.

Summary
1. Grinding mixtures of Pb02 with either 

R-PbO or Y-PbO results in the disappearance of 
the X-ray diffraction lines characteristic of PbO. 
This is not the case when PbO is ground with an 
abrasive like silicon dioxide. A. Active oxygen 
analysis on the samples before and after grinding 
showed that there was no increase in oxygen con­
tent in the mixture during grinding and, conse­
quently, no oxidation of the PbO to Pb02. B. 
The formation of a solid solution of PbO in Pb02 
or compound formation between them is improb­
able as the PbO is easily extracted from the ground 
mixture with sulfamic acid, no new lines indica­
tive of compound formation are present on the 
pattern and, on annealing the ground sample, the 
PbO is restored to normal R-PbO. C. There is 
an abnormally high absorption of carbon dioxide 
by the PbO when ground with Pb02. The ab­
sorption of carbon dioxide is not necessarily the 
cause of the disappearance of the PbO pattern as 
the PbO lines do not appear on patterns of samples 
ground in a vacuum and containing less than
0.1% carbon dioxide. D. The high absorption 
of carbon dioxide by the mixture when ground in 
air is further evidence of the increased activity of 
PbO when formed in the distorted form.

2. Lead oxide loses its diffracting power when 
ground with other compounds such as lead sulfate, 
although these are not so effective as Pb02.

3. Grinding mixtures of lead iodide and PbO
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results in the disappearance of the pattern of the 
lead iodide while the PbO pattern remains. The 
lead iodide acts as a lubricant and thereby pro­
tects the PbO from distortion. This lubricating

action of the lead iodide arises from the weak 
forces existing between layers of iodide ions in 
the lead iodide crystals.
U r b a n a , I l l i n o i s  R e c e i v e d  M a r c h  26, 1942

[C o n t r i b u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m i s t r y , U n i v e r s i t y  o f  M i c h i g a n ]

Reproducible Contact Angles on Reproducible Metal Surfaces. III. Contact 
Angles of Saturated Aqueous Solutions of Different Organic Liquids on Silver and

Gold
B y F. E. Bartell and P aul H. C ardw ell

Recent communications from this Laboratory 
have presented the results obtained in studies of 
water-air contact angles on silver and gold,1 and 
of organic liquid-water interfacial contact angles 
on these same solids.2 For each of these systems 
explanations were suggested for the “hysteresis” 
of the contact angles. The system solid-saturated 
aqueous organic liquid solution-air reported upon 
in this paper is even more complex than the two 
types of systems previously discussed, and though 
angles can be reproduced readily by controlled 
procedures, the factors which may contribute to 
the “hysteresis” of these contact angles are more 
numerous and more complex than those encoun­
tered in the other systems.

The liquids used in this investigation were 
“conductivity” water, isoamyl alcohol, normal 
butyl acetate, benzene, a-bromonaphthalene and 
heptane. The organic liquids were of the same 
high degree of purity as those previously used. 
The procedure for the formation and measurement 
of contact angles and the method for preparing 
reproducible surfaces of silver and gold have been 
described in a previous paper.1

Three different groups of solution contact 
angles were measured. Angles formed by solution 
drops on initially fresh and clean surfaces of silver 
and gold comprised the first group, angles formed 
by solution drops on solids which had stood in air 
saturated with water and organic liquid vapors 
comprised the second, and angles formed by air 
bubbles on solids in saturated aqueous organic 
liquid solutions comprised the third group. The 
contact angles reported for both drop and bubble 
systems are the angles measured through the aque­
ous solution phase.

When a drop of saturated aqueous organic liquid
(1) B artell and  Cardw ell, T h is  J o u r n a l , 64, 494 (1942).
(2) B artell and  Cardwell, ibid., 64, 1530 (1942).

solution was placed upon a fresh and clean solid 
surface, in a cell with air saturated with water 
vapor alone, the angle measured immediately 
after formation of the drop was not reproducible. 
Initial air adsorption upon the metal surface was 
so rapid that exact duplicates could not be ob­
tained for these initial angles. When the solution 
drop was left stationary on the solid for a short 
period of time and was then caused to advance 
by adding solution to increase the volume of the 
drop, the value of the contact angle of the ad­
vanced drop was not the same as that of the orig­
inal drop. This change in the contact angle ap­
peared to be much greater than would have been 
caused by further adsorption of air by the solid 
during the short period of time that the solution 
drop was allowed to stand on the solid, since after 
the initial rapid air adsorption the rate of air ad­
sorption appears to decrease.1 It was concluded 
that organic liquid must have evaporated from 
the solution drop into the air of the closed cell 
and subsequently have been adsorbed by the solid 
and that this adsorbed organic liquid caused part 
of the change.

Reproducible contact angles of solution drops 
on silver and gold surfaces could be obtained when 
these metal surfaces were exposed for sufficient 
periods of time to air saturated with the vapors of 
the given aqueous organic liquid solution. Values 
obtained for angles measured in air saturated with 
the vapors of the given solutions are shown in 
Table I. The advancing angles of Table I are the 
angles measured immediately after the drops were 
formed upon the surfaces which had been allowed 
to stand in contact with the vapors. The receding 
angles were obtained by immediately withdraw­
ing the solution-drop once it was formed. On 
solids exposed to the vapors for a few seconds 
only, the receding angles were smaller than the
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T a b l e  I

C o n t a c t  A n g l e s

S o l id - S o l u t io n  D r o p - A i r  S a t u r a t e d  w i t h  W a t e r  V a p o r  a n d  O r g a n ic  L i q u i d  V a p o r

T im e m eta l surfaces
Satd . aqueous soln. 

of org. Iiq.

Isoamyl alcohol

were in contact 
w ith th e  vapors

Few seconds 
12 hours 
18 hours

w-Butyl acetate Few seconds 
12 hours 
18 hours
6 days
7 days

Benzene Few seconds 
12 hours 
18 hours
6 days
7 days

öj-Bromonaphthalene Few seconds 
12 hours 
18 hours
6 days
7 days

Heptane Few seconds 
12 hours 
18 hours 
7 days

advancing angles. This was probably the result 
of a partial removal of an incomplete adsorbed 
film by the solution-drop. Solids on which there 
was maximum adsorption of the organic liquid 
vapors gave advancing and receding angles which 
were equal or nearly equal when the drop was 
receded immediately. Drops allowed to stand on 
the solids even for short periods of time before 
being receded gave receding angles somewhat 
smaller than those of Table I, while drops allowed 
to stand for long periods of time gave receding 
angles approaching zero, which indicates that the 
adsorbed films of the organic liquids on the solids 
were gradually being removed by the solution- 
drops. It is of interest to note that the values of 
the contact angles given by solution-drops on ad­
sorbed organic liquid films increase progressively 
with the hydrophobic nature of the organic liquid.

Contact angles formed by air-bubbles on sur­
faces immersed in saturated aqueous organic 
liquid solutions are given in Table II. The solu­
tion receding contact angles reported in this table 
were those formed as soon as the air-bubbles were 
advanced. The magnitude of the angles formed 
when the air-bubbles were withdrawn, solution 
advancing, depended upon the length of time the 
air-bubbles were left on the metal surfaces. The

Angle
Advancing

on silver
Receding

Angle on gold 
A dvancing Receding

36 7 25 5
36.5 37 25 23

25 25
61 15.5 50 0
64.5 41 51 29

51 35.5
64.5 64

51 51
72 25 61.5 0
86 45 63 16.5

72.5 25
90 90

83.5 83
71.5 14 61 0

80 7
95 69
96 90 94.5 76

91 74 85.5 9
103.5 103

101 71
101 101

longer the air-bubbles were allowed to stand on 
the solids before being withdrawn, the larger 
were the solution advancing angles. The solution 
advancing angles reported in Table II were ob­
tained with air-bubbles which had stood on the 
metal surfaces for one minute before being with­
drawn.

T a b l e  I I

C o n t a c t  A n g l e s  o f  S o l id - S o l u t io n - A i r  B u b b l e

Satd. aqueous soln. Angles on silver Angles on gold 
of org. iiq. A dvancing Receding A dvancing Receding

Isoamyl alcohol 47 22 43 21
w-Butyl acetate 58 36 48 33
Benzene 65 33 61 28
a-B romonapht halen e 73 47.5 65 40
Heptane 74 37 66 34.5

Individual angle measurements for all angles 
reported showed a maximum variation of =*= 1° 
and in many cases the variation was less than 
*  0.5°.

Discussion of Results
In the water drop and air bubble systems pre­

viously studied,1 drop and bubble measurements 
were identical, within the limits of experimental 
error, when corresponding states were reproduced. 
In the solid-liquid-liquid systems previously re­
ported2 corresponding water drop and organic
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liquid drop measurements were also identical, 
within the limits of experimental error. The 
contact angle values obtained for solution drops 
and air bubbles in the present study were not 
identical.

In the solid-solution-air systems the air ad­
sorption factor, operative also in solid-water-air 
systems, has an effect; and at the same time the 
organic liquid adsorption factor, operative also in 
solid-liquid-liquid systems, has two effects. Or­
ganic liquid appears to be adsorbed on the solid 
surface both from saturated air and from satu­
rated solution. The solid appears to adsorb a more 
complete layer from saturated air than can exist in 
equilibrium under a saturated solution, however, 
and the solution accordingly tends to remove both 
adsorbed air and adsorbed organic liquid. Water 
adsorption appears to be a negligible factor in any 
of the three systems. With such varied processes 
of adsorption and such different rates of adsorp­
tion and desorption as the measurements indicate, 
exactly corresponding states for drop and bubble 
would be very difficult, if not impossible, to 
achieve. Corresponding states were not achieved 
in the present study and the measurements on 
drop and bubble were, therefore, not identical.

Factors capable of causing hysteresis of contact 
angles were numerous and were effective to differ­
ent degrees for each change of system. It was pos­
sible to obtain advancing and receding angles of 
the same value, however, and the method of ob­
taining such angles was similar to that used with 
the two previously described less complex systems. 
On solids left for long periods of time in atmos­
pheres saturated with organic liquid, solution 
drops gave advancing and receding angles of the 
same value when the solution was immediately 
receded after being advanced.

It has been realized from the beginning of work 
on contact angles in this Laboratory that the sur­

face tension of identical solid surfaces does not 
always remain strictly constant when the solid is 
used in different systems. For some systems it 
probably is so nearly constant, or changes in the 
tension are so nearly identical, that combinations 
of equations effected by cancelling surface tension 
values of solid can give valuable information. The 
work reported in all three of the papers of this 
series re-emphasizes, however, that conclusions 
drawn from all such equations and from similar 
equations for solid-liquid-liquid systems must 
be subjected to careful analysis before their valid­
ity can be considered to be established.

Summary
Measurements have been made of the contact 

angles of drops of saturated aqueous organic liquid 
solutions on silver and gold in air and of air bub­
bles on silver and gold in saturated aqueous or­
ganic liquid solutions.

These measurements indicate that the metal 
surfaces adsorb air and adsorb also organic liquid 
both from air and from aqueous solution. A drop 
of solution caused to advance by stages over a 
fresh metal surface gives a different angle each 
time it is advanced because of evaporation of or­
ganic liquid into the air and subsequent adsorp­
tion of the vapor on the exposed metal.

Because of these complex adsorption conditions 
identical surface states for drop and bubble 
systems were not achieved, and, consequently, 
identical angles for the two systems were not 
obtained.

Identical advancing and receding angles were 
obtained for drops caused to recede immediately 
after they had been advanced on metal surfaces 
which had previously stood in the given aqueous 
solution vapors for sufficient time to attain ad­
sorption equilibrium.
A n n  A r b o r , M i c h . R e c e i v e d  A p r i l  21, 1942
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[Contribution from the D epartment of Chemistry of The University of T exas]

The Formal Oxidation-Reduction Potentials of Thallous-Thallic Salts in Aqueous 
Hydrochloric Acid Solutions. Formation of Chlorothallate Complex Ions1

B y  R ichard  H . H ug h es and  Clifford  S. Ga r n e r

The oxidation-reduction potentials of thallous- 
thallic salts have been investigated in aqueous 
solutions of hydrochloric,2 sulfuric,2'3,4 nitric2,5 
and perchloric6 acids. These studies have shown 
that the formal potentials7 differ in the presence 
of various anions, suggesting the formation of an­
ion complexes with thallic ion.

In particular, the experiments of Spencer and 
Abegg2 have indicated the probable formation of 
one or more chloride complexes of thallic ion. 
However, their data are not easily interpreted for 
several reasons: (1) because a 0.1 N  calomel half­
cell was used as a reference electrode, the results 
were complicated by the presence of relatively 
large liquid junction potentials which were not 
taken into account; (2) since the thallous-thallic 
solutions were always less than 0.2 ƒ in hydro­
chloric acid, considerable hydrolysis of the thallic 
salts must have occurred in many of their solu­
tions; and, (3) the chloride ion concentration was 
not varied independently of the hydrogen ion con­
centration and the ionic strength.

Since it seemed desirable to have more accurate 
values of the formal potentials in hydrochloric 
acid solutions and to study the formation of chlo­
ride complexes of thallic ion, the measurement of 
the electromotive forces of cells of the type 

( T1C1 ( * ƒ ) ]

pt, \ net (ca ƒ) >HC1 (C3 + Cif)’H’ atm-) + Pt
I HC104 (e l f )  j

has been undertaken. Conditions of concentra­
tion were chosen such that the difficulties referred 
to in the above paragraph were eliminated almost 
entirely.

For the above cell, the formal potential, E°rf 
(for the reaction Tl1 =  Tlm +  2e~) has been de-

(1) Based on a thesis presented by R . H. Hughes to  the Graduate 
F acu lty  of the U niversity of Texas in .partial fulfillment of the re­
quirements for the degree of M aster of Arts, June, 1942.

(2) Spencer and Abegg, Z . anorg. Chem., 44, 379 (,1905).
(3) Grube and Hermann, Z . Elektrochem., 26, 291 (1920).
(4) Partington and Stonehill, Trans. Faraday Soc., 31, 1357 

(1935).
(5) N oyes and Garner, T h is  J o u r n a l , 58 , 1268 (1936).
(6) Sherrill and H aas, ibid., 58, 952 (1936).
(7) The “formal potentia l” is the potential, referred to the stand­

ard molal hydrogen electrode, when the total concentrations of the 
reduced and oxidized substances (without reference to their possible 
incom plete ionization, hydrolysis, formation of complexes, etc.) 
are both 1.0 ƒ.

rived by adding to the observed potential, E0bsdt, 
the two following quantities

E c = (RT/2F) lnfe/ci) (A)
to provide for equiformal concentrations of thal- 
lous and thallic salts, and

£ h = (RT/F) In (V p /y (c t +  *)) (B)
to refer the values to the molal hydrogen elec­
trode, 7 being the mean ionic activity coefficient 
of hydrogen ions in cz +  c4 ƒ hydrochloric acid, and 
p being the partial pressure of hydrogen in atmos­
pheres. The liquid junction potential was made 
negligibly small by keeping the total salt concen­
tration (ci +  C2) less than 1% of the total acid 
concentration, which was the same in both half­
cells.8 This low salt concentration also made pos­
sible the maintenance of constant ionic strength 
in a given series of experiments. Hydrolysis of 
the thallic salts was reduced to a minimum by 
having the acid concentration 1 ƒ or greater.

Since thallous ion appears to have no tendency 
to form chloride complexes,9 the variation of the 
formal potential with changes in concentration of 
thallic ions or chloride ions may be interpreted in 
terms of the formation of chloride complexes of 
thallic ion.

Hence, two types of experiment were planned. 
In one (Series 1 and 2) the ratio of thallic to thal­
lous salt concentration, ^Ai, was varied, and in 
the other (Series 3, 4 and 5) the ratio of hydro­
chloric to perchloric acid concentration, cz/c4i was 
altered, in both cases cz +  c4 and all other factors 
being held constant in a particular series.

Experimental
Preparation and Analysis of the Solutions.—“Chemi­

cally pure” thallous nitrate was recrystallized from water 
solution three times, dried in an oven at 120° and stored in

(8) Although there is a liquid junction between hydrochloric and 
hydrochloric-perchloric acid solutions in some of the cells, the junc­
tion potential is negligible, for these tw o acids possess at 25° closely  
agreeing activity coefficients and alm ost identical equivalent con­
ductances over the concentration range 1 to  4 ƒ. See, for example. 
Latimer, “ Oxidation Potentials,” Prentice-Hall, Inc., New York, 
N. Y ., 1938, p. 323, and “ International Critical Tables,” Vol. VI, 
McGraw-Hill Book Co., N ew  York, N . Y ., 1929, p. 241.

(9) N oyes, Z . physik. Chem., 9, 603 (1892), has shown th at the 
solubility of thallous chloride in solutions of potassium chloride or 
hydrochloric acid at 25° decreases substantially in accordance with  
the solubility product principle, at least up to  0.8 ƒ potassium chlpride 
solution.
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a desiccator. Analysis by the iodate method using the 
iodine monochloride end-point10 showed the product to be 
99.5% pure. I t  was used without further purification.

Thallous nitrate was dissolved in water, and a slight 
excess of hydrochloric acid was added. The precipitated 
thallous chloride was washed with water until the wash­
ings gave a negative test for nitrate ion with sulfuric acid 
and ferrous sulfate. A portion of this thallous chloride 
was dissolved in water. The resulting solution was stand­
ardized by the above iodate method, using a 0.01 N  potas­
sium iodate solution which had been prepared by weight 
and checked by titration against samples of Bureau of 
Standards arsenious oxide. The stock solution thus pre­
pared was 0.004032 ƒ in thallous chloride. All other 
thallous chloride solutions were made from it by weight 
dilution.

To prepare a stock thallic chloride solution a suspension 
of thallous chloride in hydrochloric acid was heated with an 
excess of c. p . potassium brornate. Thallic hydroxide was 
then precipitated by the addition of ammonium hydroxide, 
and was washed until the washings failed to give a positive 
test for bromide or chloride ion with nitric acid and silver 
nitrate. The moist thallic hydroxide was suspended in 
water and just enough hydrochloric acid added to dissolve 
it. Concordant analyses, made by methods described in 
an earlier paper,5 showed the resulting stock solution to be 
0.02508 ƒ in thallic chloride and 0.0002403 ƒ in thallous 
chloride (this small amount of thallous chloride was always 
taken into account in the preparation of the cell solutions). 
The amount of free hydrochloric acid was negligible. Other 
stock thallic chloride solutions were prepared in a similar 
way. Both the thallous and thallic stock solutions were 
checked at the end of this investigation and found to have 
undergone no appreciable change.

The hydrochloric and perchloric acid solutions were ob­
tained by dilution of reagent grade concentrated acids, the 
impurities in which were stated to be negligible. These 
solutions were standardized by titrating portions of a so­
dium hydroxide solution which had been just standardized 
against Bureau of Standards potassium hydrophthalate.

Tank (electrolytic) hydrogen was purified by passing it 
successively through concentrated solutions of sulfuric acid, 
potassium hydroxide and sodium plumbite, then over 
electrically-heated platinized asbestos.

The Cell.—The assembled cell is shown in Fig. 1. A 
180-ml. electrolytic beaker served as a container (A) for the 
thallous-thallic mixture, in which was immersed the hydro­
gen half-cell and two bright platinum wire electrodes (B). 
In some of the early experiments one of these electrodes 
was cathodically polarized and the other anodically polar­
ized in 1 ƒ hydrochloric acid; our experience, unlike that 
of Spencer and Abegg,2 indicated that equilibrium was 
more quickly attained with non-polarized electrodes. 
The hydrogen half-cell vessel was made from a 25 X 200 
mm. test-tube equipped with a standard taper ground-glass 
joint (C) which prevented appreciable liquid diffusion while 
allowing electrolytic contact. The liquid junction was 
made inside this joint by diffusion. Inside this vessel was 
the hydrochloric acid solution into which dipped two plat­
inized platinum-foil electrodes (D) and the hydrogen en­
trance tube (E). Before entering the half-cell the hydro­

(10) Sw ift and  G arner, T h is  J o u r n a l , 58, 113 (1936).

gen from the purification train passed through a long 
“bubbler” trap containing hydrochloric acid of the same 
concentration as that used in the half-cell. A small 
“bubbler” trap (F) was also provided at the hydrogen out­
let.

All rubber stoppers and tubing were boiled in sodium 
hydroxide solution and rinsed well to remove sulfur.

The cell and “bubbler” traps were immersed in a kero­
sene-bath thermostated at the desired temperature to 
within ±0.05°.

Method of Potential Measurements.—A Leeds and 
Northrup Type K-l potentiometer and Type R galvanome­
ter were used for the e. m. f. measurements.11 The Bppley 
standard cell used was checked several times during the 
investigation against a cell which had just been certified 
by the National Bureau of Standards.

Solutions of thallous chloride and of thallic chloride, 
both in 0.9952ƒ hydrochloric acid, were prepared by weight 
from the stock solutions, and mixed in varying proportions 
for the cells of Series 1 and 2. The cells of Series 3, 4 and 5 
were prepared using a stock solution containing both 
thallous and thallic chlorides in water or in 4 or 2 ƒ per­
chloric acid. To a given weight of one of these solutions 
was added a constant weight of water obtained by mixing 
in the desired proportion hydrochloric and perchloric acid 
solutions of the same concentration.

After the cells had attained thermal equilibrium (about 
half an hour was allowed), the potentials were measured at 
intervals over a period of two to fifty hours. In practically 
all cases equilibrium appeared to be reached within three 
hours, and thereafter readings were generally constant 
to 0.4 mv. or better. With rare exceptions, the readings 
taken with the duplicate electrodes in the same cell agreed 
to 0.1 mv. Occasionally some of the cells were agitated 
by hand, and this seldom produced an appreciable effect.

All volumetric apparatus, weights and thermometers em­
ployed in this research were calibrated, and all weighings 
were corrected to vacuum conditions. Distilled water 
was used in the preparation of all the solutions.

(11) T he  au th o rs  wish to  th a n k  Professor W. A. Felsing  fo r his
kindness in  m aking availab le to  them  th is equ ipm en t.



E°"

—O.7835
-  .7823
-  .7826
-  .7823
-  .7823
-  .7831
-  .7832
-  .7822
-  .7827
-  .7843
-  .7829
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T a b l e

E l e c t r o m o t iv e  F o r c e s  a t  25 a n d  15° 
Series 1. 0.9952 ƒ HC1 (y =

i n  H y d r o c h l o r ic  A c id  S o l u t io n  
0.808) at 25°, /* = 1.00

T1C1, ci 
0.0001814 

.0001016 

.0001556 

.0001097 

.00006390 

.0001962 

.0001452 

.00001806 

.00004515 

.0001806

0.0001814
.0001016
.00001806
.0001806

TIC h, et 

0.00001886 
.00009430 
.0004715 
.0009430 
.001415 
.004715 
.004715 
.001886 
.004715 
.01886

0.00001886
.00009430
.001886
.01886

T l1 +  T lI i r , 
C l +  C2

0.0002001
.0001959
.0006271
.001053
.001479
.004911
.004861
.001904
.004760
.01904

Series 2. 0.91 
0.0002001 

.0001959 

.001904 

.01904

T lI n / T l r,d/ci
0.1040
0.9281
3.030
8.596

22.14
24.03
32.32

104.4
104.4
104.4

0.1040
.9281

104.4
104.4

■Eobfld. Ec EH
-0.7593(1) —0.0291 4-0.0049
-  .7862(2) — .0010 4- .0049
-  .8019(2) +  .0142 4- .0051
-  .8148(3) +  -0276 +  .0049
-  .8272(4) 4- .0398 4- .0051
-  .8289(2) +  .0408 4- .0050
-  .8328(1) +  .0446 4* .0050
-  .8468(3) -F .0597 +  .0049
-  .8474(1) +  .0597 4- .0050
-  .8489(2) 4- .0597 4- .0049 

M(
0.822) at 15° ,» -  1.00
-0.7585(1) —0.0281 4-0.0045
-  .7844(2) -  .0010 4“ .0045
-  .8422(1) 4- .0577 4- .0045
-  .8456(2) 4- .0577 4- .0045

Mean

-0.7821
- .7809
- .7800
- .7834
- .7816

Results and Discussion 
Potentials in Hydrochloric Acid Solution.—

In Table I are presented the results of measure­
ments made at 25 and 15° with cells in which per­
chloric acid was not present. The hydrochloric 
acid concentration was kept at 0.9952 ƒ, corre­
sponding to an ionic strength ( jjl)  of 1.00. All 
concentrations have been expressed as weight 
formalities, ƒ (formula weights per kilogram of 
water). Usually check cells were made up and 
measured. The values of jEobsd. given in the 
table represent average values based on the num­
ber of cells indicated in the parentheses immedi­
ately following each value.12 The values of E°,f 
were calculated as indicated earlier in this paper, 
the values of the activity coefficient of hydro­
chloric acid (given in parentheses following the 
concentration of the acid) being interpolated from 
the data of Harned and Ehlers,13 and the partial 
pressure of hydrogen being computed from the 
corrected barometric pressure by subtraction of 
the vapor pressure of the acid solution at the given 
temperature14 and addition of the hydrostatic 
head.

From the third, fourth and last columns of 
Table I it may be seen that the formal potential is 
not materially altered by changing the ratio c%/cx 
or the formal concentration of the thallic salt one

(12) T h e  spread betw een extrem e values w as less th a n  0.5 mv. 
as a  rule, b u t in a num ber of cases it  was greater, becom ing 3.7 mv. in 
th e  w orst case.

(13) H arned  and  Ehlers, T h is  Jo u r n a l , 55, 2179 (1933).
(14) “ In te rn a tio n a l C ritical T ab les ,"  Vol. I l l ,  M cG raw -H ill 

B ook Co., New Y ork , N . Y „  1928, p. 301.

thousand-fold in the range indicated. One re­
quirement of this constancy of E°" is that there be 
only one thallium atom per thallic complex pres­
ent in appreciable concentration.15

The cells of Series 1 and 2 give the average 
values of —0.7829 =±= 0.0015 and —0.7816 =*=
0.0015 volt for E°* at 25 and 15°, respectively. 
From these values there are calculated for the cell 
reaction
T1+(0.9952 ƒ HC1) +  2H +(a = 1 m) »

TlIlr (0.9552 ƒ HC1) +  H2(l atm.)

values of AF^s =  36.12 kcal., Aiï^s = 34.48 
kcal., and A5£98 =  — 0.0055 kcal./deg.16

Potentials in Mixtures of Hydrochloric and 
Perchloric Acid Solutions.—The measurements 
of Series 3, 4 and 5 were carried out with mixtures 
of hydrocliloric and perchloric acid solutions so 
that the chloride ion concentration could be varied 
independently of hydrogen ion concentration and 
ionic strength. The results, together with the con­
centration conditions under which they were ob­
tained, are given in Table II. Reference to col­
umns one and six shows that the formal poten-

(15) I f  complexes of th e  ty p e  Tl*Cly^  ~ 3a:) ^  are  im p o rtan t and  
stable  in th e  solutions s tud ied , th en

£°" = (RT/2F)(l — l/x)  In c2 4* constant
where $• is th e  average n um ber of th a lliu m  atom s per complex. 
For exam ple, if x w ere 2, th e  thousand-fo ld  varia tion  in C2 would 
have produced a  change of 44 m v. in E°* a t  25°.

(16) F rom  th e  re la tive ly  large varia tion  in the  values of E  
a t  15° i t  would ap p ea r th a t  th e  en tropy  change is unreliable. H ow ­
ever, by tak ing  th e  tem p e ra tu re  coefficients of th e  six cells involved 
and averaging th em  th e  value —0.00012 vo lt per degree was ob ­
tained , the  m ean dev iation  from  th e  m ean being 0.00002 volt per 
degree.
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T a b l e  I I

E l e c t r o m o t iv e  F o r c e s  a t  2 5 °  i n  M i x t u r e s  o f  H y d r o c h l o r ic  a n d  P e r c h l o r i c  A c id  S o l u t io n s

HC1, cs Logic C3 Eobsd. Eg Eh Eo"
Series 3. Total acid concentration, 4.007 ƒ (y — 1.762), n = 4.01

(ci = 2.070 X 10~4 ƒ, Cl = 4.520 X 1CT4/, ci/ci = 2.184)
1.003 +0.0013 -0.7260(2) + 0.0100 -0.0506 -0.7666 -0.7667
0.8020 -  .0958 -  .7357(2) +  .0100 -  .0506 -  .7763 -  .7664

.6017 -  .2206 -  .7472(1) +  .0100 -  .0508 -  .7880 -  .7652

.4013 -  .3965 -  .7682(2) +  .0100 -  .0509 -  .8091 -  .7681

.2010 -  .6968 -  .8008(4) +  .0100 — .0507 -  .8415
Mean

-  .7694
-  .7672

Series 4, Total acid concentration, 2.000/(7 — 1.010), ju = 2.00
(Cl = 2.070 X 10-« ƒ, Cl -  4.520 X 10-> ƒ, ci/a  =  2.184)

1.001 +0.0004 -0.7691 (2) + 0.0100 -0 .0188 -0.7779 -0.7779
0.8006 -  .0966 -  .7785(2) +  .0100 -  .0188 -  .7873 -  .7773

.6006 -  .2214 -  .7912(2) +  .0100 -  .0189 -  .8001 -  .7772

.5006 -  .3005 -  .7991(1) +  .0100 -  .0188 -  .8079 -  .7768

.4006 -  .3973 -  .8091(2) +  .0100 -  .0189 -  .8180 -  .7769

.2006 -  .6977 -  .8413 (2) +  .0100 -  .0189 -  .8502 -  .7780
Mean -  .7774

Series 5. Total acid concentration, 0.9952 ƒ ( 7  =  0.808), ju =  1.00
( C l  =  2.099 X 10- 4 ƒ, Cl =  1.866 X IO- 4 ƒ. a / c i  =  0.8890)

0.9952 - 0.0021 -0.7871(1) -0.0015 +0.0050 -0.7836 -0.7834
.7464 -  .1270 -  .7991(2) -  .0015 +  .0051 -  .7955 -  .7824
.4976 -  .3031 -  .8204(2) -  .0015 +  .0050 -  .8169 -  .7855
.3483 -  .4581 -  .8348(1) -  .0015 +  .0050 -  .8313 -  .7839
.2488 -  .6042 -  .8465(2) -  .0015 +  .0049 -  .8431 -  .7806
.1742 -  .7590 -  .8644(1) -  .0015 +  .0051 -  .8608 -  .7822
.0995 - 1.002 -  .8938(1) -  .0015 +  .0049 -  .8904

Mean
-  .7867
-  .7835

tial, E°", is a function of chloride ion or perchlo­
rate ion concentration. Since the work of Sher­
rill and Haas6 has indicated that perchlorate ions 
have little or no tendency to form complexes with 
thallic ion over the range 0.5 to 1.2 ƒ perchloric 
acid, this variation in E°" may be interpreted in 
terms of the formation of complexes involving 
chloride and thallic ions.

Conceivably, a solution of thallic chloride in 
hydrochloric acid may contain complexes such as 
T1C1++ T1C12+, TlCls, T1CU-, . . TlCl/'- 'y“ ,
having equilibrium dissociation constants Ki, 
K 2, K s, . . Ki, respectively. Assuming that 
the relatively high acid concentrations employed 
in these studies prevent the formation of hydro­
lytic complexes such as T10H++ and Tl(OH)2+, 
and that the concentration of free (hydrated) 
T1+++ is very small compared to that of the com­
plexes,17 then
c2 =s (T 1C 1+ + ) +  (T1C12+ ) +  . . .  +  ( T i a < ( * - 3 ) - )  (1)

C2 =  ( T l + + + ) £  (C l - y / K i  (2 )
* = 1

Now, the formal potential is related to the molal 
thallous-thallic potential, E°y by the equation

= E° -  (RT/2F) In (tti+ W tti-O +
(RT/2F) In c2/(T1+++) (3)

Substitution of (2) into (3) and the collection of 
all terms which are constant under the conditions 
of Series 3, 4 or 5, leads to the following relation 
for the variation of E °" with chloride ion concen­
tration :

n
EQ" = (RT/2F)  In ^2 (Cl~Y/Ki  +  constant (4) 

i — 1
Within the accuracy of the results described in this 
paper, the sum term may be replaced by the term 
(Cl~~)y/K y, where y is a weighted average of the 
number of chlorine atoms per complex.18 Equa-

(18) T he condition  for th e  rep lacem ent is th a t
a (C l- )  +  &(C1-)2 +  . . - . +  *(  C l~ )n(Cl )y = --------------7--------------------

ao. . . . ,n

In terms of the dissociation constants, (1) becomes
(17) T he la tte r  assum ption  seems justified in view of th e  fact th a t  

th e  form al po ten tia ls  in hydrochloric acid solutions are about 0.5 
vo lt m ore positive th a n  th e  corresponding po ten tia ls  in perchloric 
acid solution.

w here th e  coefficients a re  p roducts  of su itab le d issociation constan ts . 
Consequently , th e  value of y  is a  function  of chloride ion concen tra ­
tion  as well as of th e  exponents, b u t for our experim ents th e  change 
in y  for a  ten-fold change in (Cl~) is less th an  10% . T his  change in 
slope canno t be d e tected  in  our graphs, and  for all p rac tica l purposes 
y  is a  constan t.
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tion (4) then becomes
£o" = y(RT/2F ) ln(Cl-) +  constant (5)

Accordingly, a straight line should be obtained if 
E°" is plotted against log c3, the slope being 2.303 
(RT/2F)y.

In order to investigate this power dependence of 
E°" upon the chloride ion concentration, plots 
were made of the data from Series 3, 4 and 5, and 
these are given in Fig. 2. Within the experimental 
error the points fall on straight lines the slopes of 
which are almost identical. The average number 
of chlorine atoms per thallic complex was thus 
found to be 3.5 =±= 0.2, indicating that chloro- 
thallate anions exist in appreciable concentra­
tions under the given conditions. Definite con­
clusions regarding the formulas of such complex 
ions cannot be deduced from these data, how­
ever.19

0 -0 .2  -0 .4  -0 .6  -0 .8
Log cz.

Fig. 2.—Power dependence of formal potential upon the 
chloride ion concentration: ^ = 4.01; O, m = 2.00;
□, m = LOO.

In the last column of Table II are given values 
of E 0///, the formal potential for the reaction 

T1+ +  3 .5 0 “ -  TlCl3.5°-5“ +  2e“
(19) I t  has been repo rted  th a t  a  solid w ith  th e  com position TlCl3*3- 

T1C1 m ay be p repared  from  tha llous  and  thallic  chlorides (see, for 
exam ple, Spencer and  Abegg, loc. cit.). If th is  solid is a  compound i t  
m ay be thallous hexachlorothallate , in  w hich even t T lC k  ions 
p resum ably  could exist in so lu tion  as well as in th e  crystal lattice. 
C ovalent complexes of th is  ty p e  could p robab ly  be form ed by use of 
th e  6s and  6p o rb itals (T lC k - , sp 3) or w ith  th e  6s, 6p and  two 6d orbi­
ta ls  (TICU , sp 3d2); these  tw o  complexes would th en  resemble 
SnCL and  SnCL""-, since i t  is likely  th a t  th e  la t te r  m ake use of th e  
corresponding 5s, 5p  and  5d o rb itals  in  bond form ation. There 
would probably  be an  appreciable am o u n t of ionic charac te r to  such 
bonds.

Using the average of the values at each ionic 
strength, the following relation has been derived 
for the temperature of 25°

E0'"  = -0.7880 +  0.00508 /* (6)
Equation (6) reproduces within 1 mv. the values 
of E 0"' over the range jx =  1 to ix =  4.

Equation (6) may be combined with the stand­
ard free-energy of ionization of solid thallous chlo­
ride20 to give for the reaction

TlCl(s) +  2 .5 0 “ = TlCl3.5°-5“ +  2e“ 
the formal potential, E 0"", at 25°

£o//// = -0.8902 +  0.00508/a (7)

This value should replace that estimated by 
Latimer.20 21

Summary
1. The formal oxidation-reduction potential, 

E°", of thallous-thallic salts in 0.9952 ƒ hydro­
chloric acid has been determined at 25 and 15°. 
E°" =  —0.7829 =*= 0.0015 volt for the reaction 
Tl1 =  Tlm +  2e~ at 25° in the above acid solu­
tion and for a thousand-fold variation of thallic 
salt concentration. The thermodynamic con­
stants for the reaction T l+ (0.9952 ƒ HC1) +  2H+ 
(a =  1 m) =  Tlm (0.9952 ƒ HC1) +  H2 (1 atm.) 
were found to be: AF?98 =  36.12 kcal., AZï^g =  
34.48 kcal., and A.S298 =  —0,0055 kcal./deg.

2. Measurements have been made of the po­
tentials in mixtures of hydrochloric and perchloric 
acid solutions of constant total acid concentration 
and constant ionic strength. The results were in­
terpreted in terms of the formation of chlorothal- 
late anions of the type T1C14~ and T1C16 .
Most of the thallic ions are bound in the form of 
such complexes, there being one thallium atom 
and, on the average, 3.5 chlorine atoms per com­
plex in the range of hydrochloric acid concentra­
tion from 0.1 to 1/.

3. For the half-cell reaction Tl+ +  3 .5 0 “ =  
TlCl3.5°*5“ +  2e~, the formal potential at 25° was 
found to be given by the relation E 0/// — —0.7880 
+  0.00508 /x, over the range of ionic strength 
from ix — l to ix — 4. The corresponding formal 
potential, E 0"", for the reaction TlCl(s) +  
2.5C1- =  TICI3.50 5-  +  2e~ is E 0"" =  -0.8902  
+  0.00508 m.
A u s t i n , T e x a s  R e c e i v e d  A p r i l  21, 1942

(20) T lC l(s) =  T l+ (aq .) +  C l- (a q .) ;  AF®98 =  5.086 kcal. 
L atim er, “ O xidation P o ten tia ls ,” Pren tice-H all, Inc ., N ew  Y ork, 
N . Y ., 1928, p. 152.

(21) L atim er, ibid., p. 154.
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Preparation and Properties of Some Peri-Hydroxyquinone Inner Complexes1
By Bradford P. Geyer2 with George McP. Smith

Little work has been done on the preparation 
and characterization of simple inner complexes of 
compounds containing the C,C,C-0,0H chelat­
ing group.3 Such inner complexes are of interest 
because of their structural relationship to the color 
lakes derived from alizarin and related substances. 
Because of the remarkable difference in color of 
these inner complexes compared to the color of the 
quinone and the metal ion involved, the prepara­
tion of several inner complexes of some peri-hy- 
droxyquinones was undertaken with a view to de­
termining, by absorption spectra, the relationship 
between color and structure.

1. 1-Hydroxyanthraquinone Inner Com­
plexes.—Only three inner complexes of 1- 
hydroxyanthraquinone (9, lu-anthracenedion-1 -ol) 
have been described. Machemer4 has prepared 
the cobalt(II) and copper(II) complexes of this 
quinone. Pfeiffer and co-workers5 have made the 
dipyridinonickel(II) compound. We have pre­
pared the four-coordinate cobalt(II), copper(II), 
magnesium, manganese (I I), nickel (II), diaquo- 
nickel(II), and uranyl inner complexes of 1-hy- 
droxyanthraquinone, with the general structure I.

Starting Material.—1-Hydroxyanthraquinone was pre­
pared by a method similar to that of Roemer.6 To 10 g. of 
1-aminoanthraquinone in 500 ml. of glacial acetic acid, a 
cold solution of 3.5 g. of sodium nitrite in 25 ml. of 36 N  
sulfuric acid was added gradually. After forty-two hours 
the solution was concentrated, a large volume of cold water 
added, and the solid filtered off after nine hours. By treat­
ing the crude acetoxy compound with 100 ml. of 3 N  so­
dium hydroxide under reflux for three hours and then acidi­
fying with 6 N  hydrochloric acid, 1-hydroxyanthraquinone 
was obtained. Sublimation of the product yielded 4.6 g. 
(46%) of pure yellow-orange hydroxy quinone; m. p. 193-

(1) This paper represen ts  an  a b strac t of a portion of a thesis p re­
sented  by  B radford  P. G eyer to  th e  U niversity  of W ashington in p a r­
tia l fulfillm ent of th e  requ irem ents for th e  degree of D octor of Ph il­
osophy.

(2) P resen t address: Shell D evelopm ent Com pany, Em eryville,
Calif.

(3) H aendler an d  Geyer, T h is  J o u r n a l , 60, 2813 (1938).
(4) M achem er, J .  prakt. Chem., 127, 109 (1930).
(5) Pfeiffer, B reith , L iibbe and  T sum aki, A nn ., 503, 84 (1933).
(6) Roem er, Ber., 15, 1793 (1882).

194°. A sample of the crude 1-acetoxyanthraquinone, re­
crystallized from chloroform, formed pale-yellow crystals; 
m. p. 175-176°.

Inner Complexes: 9,1 Q-Anthracenedion-1 -olato-cobalt
(II).—A cold, filtered solution of 0.25 g. of Co(OAc)2*4H20 
in 50 ml. of methanol was added to a hot, filtered solution of 
0.45 g. of 1-hydroxyanthraquinone in 200 ml. of methanol. 
The dark red mixture was heated under reflux for one-half 
hour, the solid filtered off when cool, washed with hot 
methanol, and dried at 100 ° to a brown powder.

9.10- Anthracenedion-1 -olato-copper (II).—A cold solu­
tion of 0.40 g. of Cu(0Ac)2*H20  in 100 ml. of water was 
added to 400 ml. of a warm 95% ethanol solution of 0.90 g. 
of 1-hydroxyanthraquinone The solid was filtered off 
after twelve hours, washed with ethanol and water, and 
dried at 105°. I t  was purified by extraction with 95% 
ethanol for seven hours, followed by extraction with water, 
and dried at 105 ° to a bright brownish-red powder.

9.10- Anthracenedion-l-olato-magnesiiim.—To a warm 
solution of 0.90 g. of 1-hydroxyanthraquinone in 400 ml. of 
ethanol was added 100 ml. of a cold, water solution of 0.43 
g. of Mg(0Ac)2-4H20. Six N  ammonium hydroxide was 
added dropwise until a definite precipitate persisted. After 
standing overnight, the excess 1-hydroxyanthraquinone 
was removed by decanting the reheated solution from the 
solid. This solid was washed with hot ethanol, followed 
by hot water, dried at 100°, and extracted with 95% eth­
anol. This inner complex is a deep red powder.

9.10- Anthracenedion-l-olato-manganese(II).—A cold 
solution of 0.98 g. of Mn(OAc)2-4H20  in 50 ml. of methanol 
was mixed with a warm solution of 0.90 g. of 1-hydroxy­
anthraquinone in 300 ml. of ethanol. The solution was 
concentrated under reduced pressure. After cooling, the 
solid formed was collected by filtration, washed with cold 
water and ethanol, and dried at 105°. To remove excess 
quinone, the solid was heated for one hour under vacuum 
in a drying pistol at 205°. The compound was obtained 
as a dark olive-brown powder.

9, lO-Anthracenedion-l-olato-nickel(II).—The four-co­
ordinate nickel complex was prepared exactly as was the 
cobalt compound, using identical quantities. The un­
solvated complex is an orange-brown powder.

Diaquo-9,10-anthracene dion-l-olato-nickel (II).—The 
six-coördinate diaquo nickel complex was prepared by the 
method used for the copper(II) complex, using 0.50 g. of 
Ni(0Ac)2-4H20, the other quantities being the same; 
red-violet powder.

9.10- Anthracenedion-l-olato-uranyl.—One hundred ml. 
of a warm methanol solution of 1.70 g. of U02(0Ac)2-2H20  
was added slowly to 300 ml. of a warm methanol solution 
of 0.90 g. of 1-hydroxyanthraquinone. After several days, 
the crystals were removed, washed with cold methanol, 
and dried at 105°. The complex was heated in the dry­
ing pistol at 204° for one hour; purple-brown crystals.

These compounds are stable at high temperatures, 
highly colored, insoluble in water, and in the common 
organic solvents at room temperature. Strong acids de-
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T a b l e  I

A n a l y t ic a l  a n d  S p e c t r a l  D a t a  f o r  t h e  I n n e r  C o m p l e x e s

P ercen tage of 
M eta l Y ield, M axim um

Inner complex Form ula Calcd. F ound % ’ TQfX e
9,10-Anthracenedione-l-olato-Co(II) C28H14O6C0 11.7 11.5 86 410,480 6080,3190
9,10-Anthracenedione-l-olato-Cu(II) C28H14O6CU 12.5 12.3 91 400, 500 4830, 940
9,10-Anthracenedione-l-olato-Mg C28H140 6Mg 5.2 5.0 57 400, 500 3160,1440
9,10-An thracenedione-1 -olato-Mn (II) QraHuOeMn 11.0 10.9 14
9,10-Anthracenedione-1 -olato-U 0 2 c28h 14o6u o 2 33.2 33.8 80 410, 510 13900,2020
9,10-Anthracenedione-l-olato-Ni(II) C28H140 6Ni 11.6 11.7 51 400, 500 8100, 6990
Diaquo-9,10-anthracenedione-l-olato-Ni(II) C28H140 6Ni-2H20 fl 10.8 10.9 86
2- Acetoxy-9,10-anthracenedione-l-olato-Cu (II)
3- N ito-9,10-an thracenedion-2 (1) -ol-1 (2) -

CbHwOmCu 10.2 9.7 89 400,530 2380, 2810

olato-Cu(II)
a H20  calcd.: 1:2. Found: 1:2.1; 1:1.9.

C28Hi2Oi2N2Cu 10.1 10.8 57 500 3720

compose the complex with liberation of the quinone. The still hot was filtered. The solid was washed with cold
analytical data for the complexes are in Table I.

2. 1-Acetylalizarin Inner Complexes.—It has been re­
ported7 that alizarin, 1,2-dihydroxyanthraquinone, upon 
direct interaction with metal acetates, forms normal salts. 
Acetylation of the more active 2-hydroxy group should 
permit chelation through the other, or 1-hydroxy, group. 
As was expected, 2-acetylalizarin (2-acetoxy-9,10-anthra- 
cenedion-l-ol) did form an inner complex with copper(II) 
ion. The complex was similar in color and behavior to 
the corresponding complex of 1-hydroxyanthraquinone.

Starting Material.—2-Acetylalizarin was prepared ac­
cording to Perkin8; m. p. 197-198°.

Inner Complex: 2-Acetoxy-9,10-anthracene dion-1-
olato-copper(II).—A warm solution of 0.20 g. of Cu- 
(0Ac)2*H20  in 30 ml. of absolute alcohol was added drop- 
wise to a warm solution of 0.56 g. of 2-acetylalizarin in 20 
ml. of nitrobenzene, with stirring. After five hours, the 
solid was filtered off, washed with hot ethanol, then with 
ether, and dried. The dry powder was heated for six 
hours in the drying pistol at 210°, followed by extraction 
with chlorobenzene and reheating at 210°; red-brown 
powder.

3. 3-Nitroalizarin Inner Complexes.—The hydrogen 
bonding of peri-hydroxyquinones9 and of o-nitrophenols 
would suggest the possibility of inner complex formation 
through either of the two chelating groups in 3-nitroalizarin 
(3-nitro-9,10-anthracenedion-l,2-diol). This proved to be 
the case, for a copper(II) compound, which exhibited 
typical inner complex behavior, was prepared from the 
nitro compound.

Starting Material.-—Crude 3-nitroalizarin was recrystal­
lized from glacial acetic acid; m. p. 244-245°, with de­
composition.

Inner Complex: 3-Nitro-9,10-anthracenedion-2(1)-ol-
l(2)-olato-copper(II).—A cold solution of 0.20 g. of 
Cu(0Ac)2-H20  in 100 ml. of absolute alcohol was added 
slowly to a suspension of 0.57 g. of 3-nitroalizarin in 100 ml. 
of cold, absolute alcohol contained in a 3-neck flask fitted 
with mercury-seal stirrer, condenser with anhydrone-filled 
drying tube, and dropping funnel. The mixture was 
stirred and heated under reflux for seven hours, and while

(7) Crossley, T h is  J o u r n a l , 41, 2081 (1919).
(8) Perk in , J. Chem. Soc., 75, 447 (1899).
(9) H ilbert, W ulf, H endricks and Liddel, T h is  J o u r n a l , 68 , 548

(1936).

ether, air-dried, and then heated for ninety minutes in the 
drying pistol at 255° to give purplish-brown microcrystals.

Absorption Spectra
The absorption of these inner complexes was 

measured in the visual range following the same 
procedure as in our earlier publication.10 In the 
case of the inner complexes of 1-hydroxy-anthra- 
quinone, absorption occurs over one narrow band 
in the violet and another narrow, but less intense, 
band in the blue-green. As in the phthiocol series 
of inner complexes previously described10 the in­
tensity of absorption is dependent upon the metal 
present. The absorption curves for the four- 
coordinate 1-hydroxyanthraquinone complexes are 
all similar in shape. Table I shows the wave 
lengths at which maximum absorption occurs 
and the corresponding molecular extinction co­
efficients.

From 370-410 m/x, the absorption of the co- 
balt(II), copper(II), magnesium, and nickel(II) 
inner complexes show the same relationships ob­
served among the corresponding phthiocol com­
plexes. From 470-580 m/x the absorption char­
acteristics of the cobalt(II), copper(II), and 
nickel(II) complexes are again similar to the 
phthiocol compounds. The color of the inner 
complexes is caused more by the formation of the 
chelate ring than by the presence of a particular 
metal. This latter fact has been observed in all 
of the studies on the absorption spectra of o-qui- 
none monoxime, o-hydroxyazo dye, and 0-hy- 
droxyquinone inner complexes prepared in this 
Laboratory.10»11

The absorption spectra curves for 2-acetylali­
zarin and 3-nitroalizarin, with those for their

(10) G eyer w ith  Sm ith , ibid., 63, 3071 (1941).
(11) H aendler w ith  Sm ith , ibid., 62, 1669 (1940).
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copper(II) complexes, are similar in gross detail 
to the corresponding hydroxyanthraquinone 
curves.

Experimental
The experimental procedure for absorption 

spectra measurements12 was the same as that de­
scribed in our earlier publication.10 The concen­
trations of the ^-butanol solutions ranged from
0.00003 to 0.0002 M . Values of the extinction co­
efficients were calculated by Beer's law.

Catalytic Behavior of the Inner Complex10

It was found that certain of the inner com­
plexes prepared could catalyze the chemilumi­
nescent oxidation of luminol (3-amino-phthal- 
hydrazide) by hydrogen peroxide. The cobalt-
(II) and copper(II) complexes of 1-hydroxy­
anthraquinone and the copper(II) complexes 
of 2-acetylalizarin and 3-nitroalizarin all exhibit 
decreasing degrees of catalytic activity, in that 
order. The free quinones are inactive.

The l-hydroxyanthraquinone-cobalt(II) com­
plex produces a bluish violet-white luminescence, 
lasting over three hours, but not as intense as the 
light produced with the cobalt(II) complex of

(12) W ith  H . M . H aendler.

phthiocol. The copper(II) complex produces a 
blue-white light of three-hour duration, but of 
lower intensity than either the 1-hydroxyanthra­
quinone cobalt(II) complex or the phthiocol 
copper(II) complex. Solubility and stability of 
the complex appear to be the governing factors in 
the catalysis of chemiluminescent oxidation.

Summary
1. The preparation and properties of the 

cobalt(II), copper(II), magnesium, manganese-
(II), nickel (II), diaquonickel (II), and. uranyl 
inner complexes of 1-hydroxyanthraquinone, as 
well as the copper(II) inner complexes of 2-acetyl­
alizarin and 3-nitroalizarin have been described.

2. The absorption spectra of these inner com­
plexes in ^-butanol solution have been determined 
in the visual region.

3. The color of the complex is due to the che­
lation of the quinone with the metal.

4. The cobalt(II) and copper(II) inner com­
plexes of 1-hydroxyanthraquinone and the copper-
(II) inner complexes of 2-acetylalizarin and 3-ni­
troalizarin catalyze the chemiluminescent oxida­
tion of luminol by hydrogen peroxide.
Seattle, Washington R eceived N ovember 24, 1941

[Contribution from the Iowa Agricultural Experiment Station]

The Molecular Weights of the Schardinger Alpha and Beta Dextrins1
By Dexter French a n d  R. E. Rundle

The work of Freudenberg2 and others3 indicates 
that the Schardinger dextrins are composed solely 
of glucose residues bonded by a-l,4-glucosidic 
linkages as in starch. Though these dextrins are 
of much lower molecular weight than starch, 
they are completely non-reducing. The only 
structure which appears to be consistent with 
these chemical properties is a cyclic structure.4

Several molecular species with the chemical 
properties given above are known to occur in the 
dextrin mixture obtained by the B. macerans 
enzymolysis of starch. The main components of 
the mixture have been separated and characterized

(1) Jou rna l P ap er No. J-979 of th e  Iow a A gricultural Experim ent 
S ta tion , Ames, Iow a. P ro jec t No. 639. Supported  in  p a r t  by a 
g ran t from  th e  C orn  Industries  R esearch  Foundation .

(2) K . F reudenberg , G. B lom quist, L. Ew ald  and  K. Soff, Ber., 
69, 1258 (1936).

(3) J . C. Irv ine, H . Pringsheim  and  J . M acD onald, J . Chem . .Soc., 
125, 942 G924).

(4) K . Freudenberg , A n n . Rev. Biochem ., 8, 81 (1939).

by Freudenberg and Jacobi.5 The molecular 
weights which these authors suggest for these 
species were determined by cryoscopic methods, 
but since these dextrins are of comparatively high 
molecular weight and are very difficult to free 
from low molecular weight impurities (solvent of 
crystallization and inorganic ash), the cryoscopic 
molecular weights can be expected to be but 
rough approximations.

A method better adapted to the determination 
of the molecular weights of high molecular weight 
crystalline compounds is X-ray diffraction com­
bined with crystal density measurement. In 
this method low molecular weight impurities are 
of minor importance, and their contribution to the 
crystal density can be determined and corrected 
for with satisfactory accuracy.

By this method we have found Schardinger’s
(5) K. Freudenberg  and  R . Jacobi, A n n ., 518, 102 (1935).



1652 D exter French and R. E. R undle Vol. 64

«-dextrin to contain six glucose residues per mole­
cule and the /5-dextrin to contain seven glucose 
residues per molecule, whereas Freudenberg and 
Jacobi5 report five and six, respectively.6 That 
the cryoscopic values are too low is not unex­
pected.

Naming of the Compounds.—The chemical 
properties of the a- and /5-dextrins together with 
the molecular weights reported here leave no 
doubt as to the gross structure of these com­
pounds. Their present names have no structural 
significance, nor have the names been standard­
ized in usage.7 The term amylose has been gen­
erally applied to those compounds possessing the 
o'-l,4-glucosidic linkage of starch. The prefix 
cyclo adequately describes the distinguishing 
structural characteristics of this class of com­
pounds, and the usual Greek terms can be used to 
identify the members of the class through the 
number of glucose residues in the ring. We there­
fore propose that Schardinger’s a-dextrin be 
named cyclohexaamylose, and the /5-dextrin be 
named cycloheptaamylose.

Experimental
Preparation of the Cycloamyloses.—The cycloamyloses 

were prepared by enzymolysis of potato starch as described 
by Schoch,8 and were separated and purified by the method 
of Freudenberg and Jacobi.5 The authors are indebted 
to Drs. T. J. Schoch and R. W. Kerr of Corn Products 
Refining Company for part of the material used in this 
investigation. Crystals of cyclohexaamylose were pre­
pared by adding 95% ethanol to a hot, 30% aqueous solu­
tion of the cyclohexaamylose until the concentration of 
alcohol reached 60-80%. On cooling, crystals deposited 
in large, glass-clear, orthorhombic prisms. For anhy­
drous cyclohexaamylose [o:]d is 151.4 =*= 0.5°. Crystals of 
cycloheptaamylose were prepared by evaporation of a 
saturated, aqueous solution at room temperature. For 
anhydrous cycloheptaamylose [«]d is 161.9 =*= 0.5°. The 
identity of these compounds With the a- and /3-dextrins 
was confirmed by the formation of characteristic iodine 
addition products: blue-black hexagonal prisms and

(6) O. K ra tk y  and  B. Schneidm esser [Ber., 71, 1413 (1938)], 
claim  to  have found five glucose residues per m olecule of the  alpha- 
dextrin , b u t th e ir  w ork con tains a  discrepancy. T h e  possible space 
groups which th ey  find for th e ir  c ry s ta l are  F 3 — P2i2i2 and F 4 — 
P2i2i2i. F 4 requires four asym m etric  molecules pe r cell, and V s re ­
quires four asym m etric  molecules or tw o molecules possessing a tw o­
fold axis. T hey  find for th e ir  u n it cell tw o m olecules of five glucose 
residues each, molecules w hich can n o t possess th e  required sym m etry.

(7) Schardinger called these  com pounds “ crystallized am ylose” 
and  “ crystallized am ylopectin” [Zentr. Bakt. Parasitenk. I I , 22, 98 
(1908) ]. Pringsheim  used  th e  nam e “ polyam ylose,” and referred to  
th e  indiv idual com pounds as « -te traam ylose, 0-hexaamylose, etc. 
[Ber., 47, 2565 (1914)]. F reudenberg  and  Jacob i (ref. 5) refer to  
these  com pounds as «-dex trin , 0-dextrin , etc., and  la te r  as pentaosan, 
hexaosan, etc. [K. F reudenberg  and  H . Boppel, Ber., 73, 609 (1940)].

(8) T . J . Schoch, R ep o rt to  th e  Corn Industries  Research F ounda­
tion  (1940). T his m ethod is an  ad ap ta tio n  of th e  m ethod of E. B.
'P ilden and  C. S. H udson, T h is  J o u r n a l , 61, 2900 (1939).

greenish needles from the cyclohexaamylose, and red- 
brown prisms from the cycloheptaamylose.

X-Ray Diffraction Patterns.-—Twenty degree oscillation 
patterns were taken about all three axes of both crystals 
reported here. They were obtained using Ni filtered Cu 
Ka radiation and a cylindrical camera of 5-cm. radius. 
Reciprocal lattice goniometer patterns9 were also made 
with Cu K oj radiation and a sample to film distance of 
2 \ / 3 cm., with the axis of rotation inclined 60° to the X- 
ray beam.

Cyclohexaamylose.—The density, measured by flotation 
in a mixture of chloroform and toluene, was 1.436 =*= 0.004. 
The amount of volatile matter (water and/or alcohol of 
crystallization) amounted to 12.2 =*= 0.1% of the weight 
of the crystals, and an ash determination showed the pres­
ence of 1.63 =*= 0.02% inorganic impurity. The average 
value for the carbohydrate density is then 1.237 =*= 0.005.

The primitive translations of the lattice, as obtained by 
layer line separations on oscillation patterns, are ao = 
15.49 A.; bo = 24.06 A.; c0 — 13.93 A. The volume of 
the orthorhombic unit is 5195 cu. A. Since the molecular 
weight of a glucose residue is 162.1, the number of glucose 
residues per unit cell is

5195 X 1.237 X 6.06 X 10~* _  Qg _  »
162.1 =

The crystal has orthorhombic symmetry as shown by 
oscillation and goniometer diffraction patterns. Since the 
molecules are optically active only those space groups iso- 
morphous with the point group V-222 are allowed. Many 
reflections from all types of planes eliminate all space 
groups based on any but the primitive orthorhombic lat­
tice. The possible space groups are then Vl-P222, F2- 
P222i, F3-P2i2i2, and F4-P2i2i2i. Examination of the 
(hQO), (0&0), and (00Z) reflections on intense oscillation and 
goniometer patterns reveals that all odd orders of these 
reflections are missing. I t  was possible to observe 16 
orders of (hOO), 26 orders of (0&0), and 14 orders of (00/), 
so that the space group is doubtless F4-P2i2i2i. This 
space group requires a multiple of four molecules per unit 
cell regardless of molecular symmetry. The number of 
glucose residues per molecule is then 6, 3, or 2. The 
latter two possibilities may be excluded on the basis of 
the chemical behavior of this compound and the fact that 
a ring of three or two glucose residues is sterically impos­
sible. Moreover, it is quite unusual for a unit cell to con­
tain a number of molecules greater than that required by 
the crystal symmetry.10

Cycloheptaamylose.—Crystals were obtained having a 
density of 1.444 =*= 0.004 and a water content of 14.18 =*= 
0.02%. The carbohydrate density is therefore 1.240 =*= 
0.004. The crystals exhibit monoclinic symmetry as 
shown by oscillation and reciprocal lattice patterns. The 
unit translations determined by layer line separations are 
a0 = 15.271.; bo = 10.241.; Co = 20.931. The mono- 
clinic angle (3 = 68.0° (sin (3 = 0.9272) was determined by 
direct measurement on reciprocal lattice patterns and con­
firmed by Laue patterns. The volume of the unit cell is

(9) T he in s tru m en t used was th e  C lark—Gross m odification of the  
reciprocal la ttic e  X -ray  goniom eter described by  W . F . de jo n g  and 
J. Bournan, Z. K r is t . ,  98, 456 (1938); 99, 326 (1938).

(10) A. E . H. T u tto n , “ C rystalline  F orm  and  Chem ical C onstitu ­
t io n ,” T he M acm illan  Co., London, 1926, p. 31.
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3032 cu. A. The number of glucose residues per unit 
cell is then

3032 X 1.240 X 6.06 X 1 0 '1 , „ „
--------------- Ï62T-------------------1.4.05 =  14

The monoclinic space groups allowed for an optically 
active molecule are C21-P2, C22-P2i, and C23-C2. Many 
reflections of the form (hkl) with (h +  k) odd are present so 
that C23-C2 is eliminated. Intense reciprocal lattice 
goniometer patterns were made rotating the crystal about 
the zone [100]. All reflections of the form (0kl) were ob­
served to (sin 6)/X = 0.56, except the odd orders of (0&0), 
through (090), which were absent. The space group can 
then be taken as C22-P2i. This space group requires an

even number of molecules per unit cell so we must have 
two molecules of seven glucose residues each.

Summary
1. The molecular weights of the Schardinger 

a- and /5-dextrins have been accurately deter­
mined by X-ray diffraction and crystal density 
measurements.

2. The a-dextrin contains six glucose residues
per molecule and has been renamed cyclohexa­
amylose ; the /5-dextrin contains seven glucose resi­
dues and has been renamed cycloheptaamylose. 
A m e s , I o w a  R e c e i v e d  F e b r u a r y  17, 1942

[C o n t r i b u t io n  f r o m  t h e  S c h o o l  o f  C h e m is t r y  a n d  P h y s i c s  o f  T h e  P e n n s y l v a n ia  S t a t e  C o l l e g e ]

Sterols. CXLVII. Sapogenins. LXI. The Bio-reduction of Steroids
By Russell E. Marker, R. B. Wagner and Paul R. Ulshafer

It has been postulated that A5-3-hydroxyster- 
oids arise as reduction products of A4-3-keto- 
steroids under biological conditions.1 Using A4- 
dehydrotigogenone as a model substance for the 
bio-reduction process, we3 have recently shown 
that this when administered to a dog on a biscuit 
diet gave diosgenin (I), smilagenin (iso-sarsasa- 
pogenin) (II) and epi-smilagenin (^i-iso-sarsasa- 
pogenin) (III). These results not only support 
our hypothesis, but also support the conception 
that cholestenone is an intermediate in the forma­
tion of coprosterol in the organism1’5 since the 
products, (I), (II) and (III) correspond in nuclear 
structure to cholesterol, coprosterol and epi- 
coprosterol. The sapogenin derivatives having 
the characteristic side-chain act as effective indi­
cators and are not subject to the suggestions of 
Fieser and Wolfe.2

We have now extended this work along the line 
of that of Rosenheim and Webster4 who showed 
that /5-sitosterol administered together with 
brain-powder to rats was converted into an iso- 
meride of sitostanol which they named copro- 
sitostanol. The latter agrees in composition and 
properties with 24-ethylcoprostanol-3(/5). Since 
a coprostane derivative has not been obtained di­
rectly from a A5-3-hydroxysteroid by chemical 
action Rosenheim and Webster's experiment in­
dicates a A4-3-ketosteroid as a very probable in-

(1) M arker, T h is  J o u r n a l , 60, 1725 (1938).
(2) Fieser and  Wolfe, ibid., 63, 1485 (1941).
(3) M arker, W ittbecker, W agner and  T urner, ibid., 64, 818 

(1942).
(4) Rosenheim  and W ebster, J .  Soc. Chem. Ind ., XL, 486 (1941)

termediate for the formation of the copro-sitos- 
tanol.

Accordingly, diosgenin (I) was administered to 
a dog fed on a meat diet containing small portions 
of pig brain. The non-saponifiable fraction of the 
feces gave smilagenin (II) and e^i-smilagenin (III) 
products which correspond to coprosterol and its 
epimer. This and the previous conversion sup­
port the hypothesis of Schoenheimer5 that there 
is a reversible biological reaction of the type 
cholestenone cholesterol. A4-Dehydrotigo-
genone (IV) may be reduced by one enzyme sys­
tem to smilagenin (II) and ^'-smilagenin (III) 
or by another enzyme system converted to dios­
genin (I). The present work indicates the revers­
ible reaction involving the following oxidation-re-

[Q]
duction mechanism; diosgenin (I) A4-de-

[R][R]hydrotigogenone (IV) — >■ smilagenin (II) and 
epTsmilagenin (III). These reactions are sum­
marized in the accompanying chart.

Another observation in the present work is that 
the bio-reduction of keto-sapogenins gives hy­
droxy compounds of both alpha and beta con­
figuration. This is contrary to the earlier state­
ments1 that reduction in vivo of 3-ketosteroids ap­
pears to give only alpha compounds. Tigogenone 
and sarsasapogenone having the cholestane and 
the coprostane configuration, respectively, were 
administered to a dog fed on a meat diet. In the 
case of the tigogenone the feces contained both

(5) Schoenheim er, R itten b erg  and  Graff, J .  Biol. Chem.t 111, 185 
(1935).
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digitonide was filtered and 
washed well with alcohol. 
The filtrate was concentrated 
to about 50 cc., ether was 
added and the excess digi­
tonin filtered off. The fil­
trate was washed well with 
water, the solvent was re­
moved and the residue was 
crystallized from methanol, 
m. p. and mixed m. p. with 
an authentic sample of epi- 
smilagenin 217-220°; yield 
0.2 g. of good material.

When refluxed with acetic 
anhydride it gave an acetate 
which was crystallized from 
methanol and from acetone; 
m. p. and mixed m. p. with 
an authentic sample of epi- 
smilagenin acetate, 158-160°.

tigogenin and epi-tigogenin. Similarly, the sar- 
sasapogenone gave both sarsasapogenin and its 
epimer.

We thank Parke, Davis and Company for their 
assistance.

Experimental Part
The Biological Conversions of Diosgenin.—A 10-kg. dog 

was fed daily a mixture of 150 g. of meat, 50 g. of pig- 
brain and 3 g. of diosgenin for three consecutive days. 
After these feedings the dog was maintained for three addi­
tional days on a meat diet. Its feces were collected during 
the entire period and immediately ground up in acetone. 
The residue was further extracted with ether. The solvent 
was removed and the residue hydrolyzed with alcoholic 
potassium hydroxide. The product was extracted with 
ether and the ethereal solution washed with water. The 
solvent was removed and the residue was refluxed with 30 
cc. of acetic anhydride for thirty minutes. After cooling 
the crystalline product was filtered and washed with cold 
ether; m. p. and mixed m. p. with an authentic sample of 
diosgenin acetate, 197-200°; yield 5.2 g.

The filtrate was vacuum distilled and the residue was re­
fluxed for thirty minutes with alcoholic potassium hy­
droxide. Water was added and the product extracted with 
ether. The solvent was removed and the residue was 
heated on a steam-bath for two hours with 50 cc. of pyri­
dine and 10 g. of succinic anhydride. After cooling, ether 
was added and the pyridine was removed by washing the 
ethereal solution with dilute hydrochloric acid. The ether 
layer was then washed well with potassium carbonate 
solution. The aqueous layer was acidified and extracted 
with ether. The solvent was removed and the residue was 
refluxed with alcoholic potassium hydroxide for thirty 
minutes. Water was added and the product was extracted 
with ether. The solvent was removed and the residue was 
dissolved in a small amount of 95% alcohol. To this was 
added a solution of 15 g. of digitonin in 700 cc. of 95% 
ethanol. After standing for two hours in the ice-box the

Anal. Calcd. for C29H46O4: 
C, 75.9; H, 10.1. Found: C, 76.0; H, 10.2.

The digitonide was decomposed with pyridine and the 
product thus obtained was converted to the acetate and 
crystallized from ether to give an additional crop of dios­
genin acetate. The filtrate from this was fractionally 
crystallized from methanol and from acetone to give a 
product; m. p. and mixed m. p. with an authentic sample of 
smilagenin acetate, 127-130°; yield 0.1 g. of good material.

Anal. Calcd. for C29H4604: C, 75.9; H, 10.1. Found:
C, 75.8; H, 10.0.

Sarsasapogenone.—The dog was fed meat containing 7 
g. of sarsasapogenone divided into three daily feedings. 
Its feces were collected for six consecutive days and im­
mediately ground up with acetone. After a thorough ex­
traction with acetone the feces were extracted with ether. 
The combined extracts were evaporated and the residue 
was hydrolyzed with alcoholic potassium hydroxide for 
thirty minutes. Water was added and the product was 
extracted well with ether. The solvent was removed and 
the residue was heated on a steam-bath for two hours with 
25 cc. of pyridine and 10 g. of succinic anhydride. Ether 
was added and the pyridine was removed by washing the 
ethereal solution with dilute hydrochloric acid. The suc­
cinates were removed by shaking with potassium carbonate 
solution. The aqueous layer was acidified, extracted with 
ether and the solvent removed. The residue was hydro­
lyzed by refluxing with alcoholic potassium hydroxide. 
The neutral fraction was extracted with ether and the 
solvent was removed; yield 2.7 g.

The residue was dissolved in alcohol and 10 g. of digi­
tonin in 500 cc. of ethanol was added. After standing at 
room temperature for several hours the digitonide was 
filtered, washed with alcohol and dried. It was then de­
composed by warming on a steam-bath for one hour with 
pyridine. Ether was added and the digitonin was filtered. 
The filtrate was washed well with water and dilute hydro­
chloric acid. The solvent was evaporated and the residue 
was crystallized from ethanol and from methanol; m. p. 
and mixed m. p. with an authentic sample of sarsasapo- 
genin, 199-200°.
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When refluxed with acetic anhydride it gave sarsasapo- 
genin acetate; m. p. and mixed m. p. 126-128°.

Anal. Calcd. for C29H46O4: C, 75.9; H, 10.1. Found: 
C, 75.8; H, 10.2.

The filtrate from the digitonide was evaporated to about 
50 cc. Ether was added and the digitonin was filtered off. 
The filtrate was washed well with water and the solvent 
removed. The residue was crystallized from methanol; 
m. p. and mixed m. p. with e£/-sarsasapogenin, 205-209°. 
When refluxed with acetic anhydride it gave a product 
which was crystallized from methanol; m. p. and mixed 
m. p. with e^i-sarsasapogenin acetate, 190-195°.

Anal. Calcd. for C29H46O4: C, 75.9; H, 10.1. Found:
C, 76.0; H, 10.3.

Tigogenone.—The dog was fed a meat diet containing 7 
g. of tigogenone. The feces were extracted and worked up 
as described above. The digitonin precipitable fraction 
gave a product which was crystallized from methanol; 
m. p. and mixed m. p. with tigogenin, 200-202°. This 
gave tigogenin acetate; m. p. and mixed m. p. with tigo­
genin acetate, 197-199 °.

Anal. Calcd. for C29H46O4: C, 75.9; H, 10.1. Found: 
C, 76.2; H, 10.3.

The fraction not precipitated by digitonin was crys­
tallized from acetone; m. p. and mixed m. p. with an 
authentic sample of epi-tigogenin, 242-244°. This prod­
uct gave ^/-tigogenin acetate; m. p. and mixed m. p., 
199-201°.

Anal. Calcd. for C29H46O4: C, 75.9; H, 10.1. Found: 
C. 75.7; H, 10.1.

Summary
1. Diosgenin has been biologically converted 

to smilagenin and e^i-smilagenin.
2. Similarly tigogenone and sarsasapogenone 

have been converted to the carbinols of both the 
alpha and beta configurations.

3. The significance of these facts has been dis­
cussed.
S t a t e  C o l l e g e , P e n n a . R e c e i v e d  M a r c h  5, 1942

[C o n t r i b u t io n  f r o m  t h e  S c h o o l  o f  C h e m is t r y  a n d  P h y s ic s  o f  T h e  P e n n s y l v a n ia  S t a t e  C o l l e g e ]

Sterols. CXLVIII. Sapogenins. LXII. The Structure of the Side Chain in the
Dihydro-pseudosapogenins1

By Russell E. Marker, D. L. Turner and Paul R. Ulshafer

When dihydro-pseudosarsasapogenin (I) was 
oxidized with chromic anhydride at 15-18°, two 
products were obtained,2 a C-27 keto acid (II) 
and 16-pregnenedione-3,20 (V). The latter arises 
from an acid oxidation intermediate which is 
hydrolyzed on extraction from ethereal solution 
with alkali.3 In the same manner the oxidation 
of dihydropseudotigogenin gives an isomeric C-27 
keto acid (VIII) together with 16-a//o-pregnene- 
dione-3,20 (VII).

On oxidation with chromic acid the two keto- 
acids, like the corresponding dihydropseudosa- 
pogenins, are converted to 16-pregnenedione-3,20
(V) and 16-a//0-pregnenedione-3,3O (VII), respec­
tively. This suggested that the formation of the 
keto acids involves only the oxidation of the two 
hydroxyl groups at C-3 and C-27. The presence 
of a single carbonyl group in each acid was indi­
cated by the analyses of the oximes and setni- 
carbazones.4

(1) Original m anuscrip t received Ju n e  25, 1941.
(2) M arker an d  R ohrm ann, T h is  Jo u r n a l , 62, 521 (1940).
(3) (a) M arker, et al., ibid., 6 3 /7 7 4  (1941); (b) M arker et dl., 

ibid., 63, 779 (1941).
(4) W e are  unab le  to  dup licate  th e  p repara tion  of th e  Jns-semi- 

carbazone previously rep o rted .2 T he analy tica l d a ta  as previously 
given for th e  acid and  ester are  correct for the  m ono-keto com pound.

Clemmensen reduction of the acid (VIII) from 
dihydro-pseudotigogenin removed only one oxy­
gen to give the 3-desoxy acid (IX). Catalytic 
reduction of both keto acids in neutral solution 
gave the corresponding 3-hydroxy acids (IV),
(VI), (X) . In the case of the acid from dihydro- 
pseudosarsasapogenin, a mixture of the epimeric 
carbinols resulted, the 3(a)-carbinol being present 
in greater quantity. The acid of the alio series 
gave the 3(/3) carbinol. Bouveault reduction of 
the methyl ester of the acid (II) from dihydro- 
pseudosarsasapogenin gave 0/£>f-dihydro-pseudo- 
sarsasapogenin (III), identified as its bis-p-nitro- 
benzoate.0

These results establish definitely that the two 
keto acids are mono-ketones. The reactions can 
best be represented as in the accompanying chart.

The various reactions of the pseudosapogenins 
which have been reported2,3,6,7 from this Labo­
ratory are all consistent with the dihydrofuran 
formulation of the side-chain in these substances
(XI).

(5) M arker, R oh rm an n  an d  Jones, T h is  J o u r n a l , 62, 648 
(1940).

(6) M ark er an d  R ohrm ann , ibid., 62, 896 (1940).
(7) M arker, Jones an d  K reuger, ibid., 62, 2532 (1940).
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CH3
| /CH 2OH
g = c—-c h 2—c h 2—c h <

n c h 3

x i

The structure of the side-chain in the oxidation 
products has been established as (XII).2*3 Con- 

CH3 O
| || /CH2OAc
C—o  c —c h 2— c h 2— c h <
I /  X CH3

\ / \ / °
_ j X II

sequently the oxide bridge must be assumed 
to be present in dihydro-pseudosapogenins as well 
as in the pseudosapogenins. That the third oxy­
gen atom is of oxide function is also indicated by 
the formation of diacetates from the dihydro- 
pseudosapogenins and by the properties of the 
C27 keto acids described in the present paper. 
This leads to a structure for the side-chain of 
dihydro-pseudosapogenins (I) which is identical 
with one previously assigned to the dihydrosa- 
pogenins.8*9 The dihydrosapogenins can be oxi­
dized to monoketo acids, anhydrotetrahydro-sar- 
sasapogenoic acid9 and anhydrotetrahydrotigo- 
genoic acid,10*11 which were assigned constitu­
tions identical with these of the acids described 
in the present paper. Oxidation of the diacetates 
of the dihydrosapogenins at higher temperatures 
gave the same products which were obtained from 
the sapogenins: the C22 lactone, the sapogenoic 
acid, the 16-keto acid, etc.,9*10 in extreme con­
trast to the behavior of the dihydro-pseudosa­
pogenins on oxidation. This may be due to a 
difference of configuration at C-20 and C-22. 
Sterols differing only stereochemically are known 
to give different products of oxidation in other 
cases.12

We thank Parke, Davis and Company for their 
assistance.

Experimental Part
Oxidation of Dihydropseudotigogenin.—To a solution of 

8 g. of dihydropseudotigogenin in 400 cc. of acetic acid at
(8) M arker and  R ohrm ann , T h is  J o u r n a l , 61, 846 (1939).
(9) M arker an d  R ohrm ann , ibid., 61, 2072 (1939).
(10) M arker, T u rn e r and  U lshafer, ibid., 63, 763 (1941).
(11) A nhydrotetrahydro-tigogenoic  acid was incorrectly desig­

na ted  “ tetrahydroanhydro-tigogenoic  acid” in the  theoretical section 
of th e  paper of ref. 10.

(12) Cf. M arker et al., ibid., 61, 3317 (1939).

15° was added a solution of 6.4 g. of chromic anhydride in 
50 cc. of 60% acetic acid. The temperature was main­
tained at 10-15° for thirty minutes. The product was 
poured into water and then extracted with ether. The 
ethereal solution was washed free of acetic acid with water. 
The acid was then removed with 10% sodium hydroxide 
solution. The alkaline layer was allowed to stand for 
thirty minutes and then reëxtracted with ether. The C27 

keto acid separated in the alkaline layer as an insoluble 
sodium salt. This was filtered and decomposed with 
dilute hydrochloric acid. I t was taken up in ether and 
crystallized after evaporation to a small volume; yield 
about 0.8 g. I t was recrystallized from ethyl acetate, 
m. p. 207-209°.

Anal. Calcd. for C27H42O4: C, 75.3; H, 9.6. Found: 
C, 75.2; H, 9.7.

The neutral fraction from the above oxidation gave 
material which was crystallized from acetone, m. p. 211-  
213°. When mixed with 16-aZZo-pregnene-3,20-dione 
(m. p. 210- 212°) there was no depression in melting point.

Anal. Calcd. for C2iH30O2: C, 80.2; H, 9.6. Found: 
C, 80.1; H, 9.7.

Semicarbazone of the Above a/fo-Keto-acid (VIII).—
This was prepared in the usual manner by boiling for two 
hours in aqueous ethanol with semicarbazide hydrochloride 
and potassium acetate; recr-ystallized from ethanol, m. p. 
210-213° dec.

Anal. Calcd. for C28H4504N3 (mono-semicarbazone): 
C, 68.9; H, 9.3. Calcd. for C29H46O4N6 (bis-semicarb- 
azone): C, 64.2; H, 8.5. Found: C, 68.9; H, 9.2.

Oxime of aZZo-Keto-acid (VIII).—This was piepared 
by a method similar to that used for the semicarbazone 
and recrystallized from methanol as colorless needles which 
decomposed at 232-234°.

Anal. Calcd. for C27H4304N: C, 72.8; H, 9.7. Found: 
C, 72.8; H, 9.7.

Methyl Ester of aZ/0-Keto-acid (VIII).—This was pre­
pared in ether with diazomethane and recrystallized from 
methanol, m. p. 138°.

Anal. Calcd. for C28H440 4: C, 75.6; H, 10.0. Found: 
C, 75.3; H, 9.8.

Oxidation of aZZo-Keto-acid (VIII).—To a solution of 1.4 
g. of the above keto-acid in 115 cc. of acetic acid was 
added a solution of 1.4 g. of chromic anhydride in 28 cc. of 
80 per cent acetic acid at 28°. The mixture was allowed 
to stand for seventy-five minutes at 28-30°. I t  was 
poured into water and extracted with ether. The ethereal 
solution was washed to remove acetic acid. The acid 
fraction was extracted with 20% potassium hydroxide 
solution; it was allowed to stand for one hour and then re­
extracted with ether. The united ether extracts gave 
crystalline material on evaporation. This was recrystal­
lized from acetone, m. p. 212-213 °. When mixed with 16- 
aZZo-pregnene-3,20-dione, there was no depression in 
melting point.

Anal. Calcd. for C2iH30O2: C, 80.2; H, 9.6. Found: 
C, 80.0; H, 9.5.

Oxidation of Dihydropseudosarsasapogenin (I).—This 
followed the procedure given for the oxidation of dihydro­
pseudotigogenin except that the sodium salt was not sepa-
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rated by filtration. The acid product was crystallized 
from acetone, m. p. 233-236°. When mixed with the acid 
previously prepared2 there was no depression in melting 
point.

To a solution of 300 mg. of the acid in 70 cc. of ethanol 
was added a solution of 1.0 g. of semicarbazide hydro­
chloride in 5 cc. of water and a solution of 1.0 g. of potas­
sium acetate in 5 cc. of water. This was refluxed for two 
hours. The mixture was poured into water, the product 
was filtered and washed with water and ether. It was re­
crystallized from ethanol and decomposed at 236°.

Anal. Calcd. for CssB^AN*: C, 68.9; H, 9.3. 
Found: C, 68.7; H, 9.3.

The oxime was prepared similarly. It was recrystallized 
from methanol and melted at 232-234°.

Anal. Calcd. for C27H43O4N: C,72.8; H, 9.7. Found:
C, 72.4; H, 9.6.

Methyl Ester of the Above Keto-acid (II).—-This was 
prepared with diazomethane in ether and was recrystallized 
from pentane as prismatic needles, m. p. 116.5°. Upon 
standing for two years the ester previously described had 
changed in melting point from 85-87° to 112°, apparently 
changing crystalline form. This gave no depression 
with the above sample.

Anal. Calcd. for C28H44O4: C, 75.6; H, 10.0. Found:
C, 75.6; H, 10.0.

Semicarbazone of the Methyl Ester of the Above Keto 
Acid (II).—This was prepared in the usual manner and re­
crystallized from methanol. It decomposed at 225 °.

Anal. Calcd. for C a s ^ O ^ :  C, 69.4; H, 9.4.
Found: C,69.3; H, 9.4.

Bouveault Reduction of the Methyl Ester of (II).—
Sodium (2.5 g.) was added to a solution of 2.0 g. of methyl 
ester in 20 cc. of absolute ethanol (dried over magnesium 
methylate). The mixture was boiled for one hour, then an 
additional 25 cc. of absolute ethanol and 2 g. of sodium was 
added. After boiling for two additional hours the mixture 
was poured into water and extracted with ether. The 
ethereal solution was washed with water and evaporated. 
The residue was a mixture difficult to separate. It was 
dissolved in dry pyridine and treated with an excess of p- 
nitrobenzoyl chloride. The ^-nitrobenzoate was isolated 
in the usual manner and crystallized from acetone, m. p. 
206-208°. Mixed with the bis-/>-nitrobenzoate of epi- 
dihydropseudosarsasapogenin, m. p. 208-9 °, the m. p. 
was 206-208°, yield 0.5 g.

Anal. Calcd. for C^HmO ^ :  C, 68.5; H, 7.6.
Found: C, 68.7; H, 7.4.

Clemmensen Reduction of the Keto-acid (II) from Di­
hydropseudosarsasapogenin.—To a refluxing solution of 
1 g. of the keto acid in 250 cc. of ethanol containing 40 g. 
of amalgamated zinc (20-mesh) was added 70 cc. of con­
centrated hydrochloric acid during a period of three hours. 
The mixture was refluxed for an additional hour, poured 
into water and extracted with ether. The residue re­

maining after evaporation was crystallized from methanol, 
m. p. 81.5-82.5.

Anal. Calcd. for CsrHUCb: C, 77.8; H, 10.6. Found: 
C, 78.1; H, 10.7.

Catalytic Reduction of the Keto-acid (II) from Dihydro- 
pseudosarsasapogenin.—A mixture of 1.0 g. of acid and 
0.5 g. of platinum oxide catalyst in 200 cc. of absolute 
ethanol was shaken with hydrogen at 3 atm. for two hours. 
The catalyst was removed and 200 cc. of ethanol was 
added together with a hot solution of 8.0 g. of digitonin in 
500 cc. of 85% ethanol. The digitonide which separated 
was decomposed with pyridine in the usual manner. The 
3(jS)-hydroxy acid was crystallized from acetone, m. p. 189- 
190°.

Anal. Calcd. for C27H44O4: C, 74.9; H, 10.25.
Found: C, 74.6; H, 10.3.

The fraction which did not precipitate with digitonin 
was crystallized from ether, m. p. 181-183°. This is the 
3(a)-hydroxy acid.

Anal. Calcd. for C27H44O4: C, 74.9; H, 10.25.
Found: C, 74.6; H, 10.3.

The acetate was prepared by treatment with acetic 
anhydride in pyridine in the usual manner. It was crys­
tallized from methanol, m. p. 197-199°.

Anal. Calcd. for C29H46O5: C, 73.4; H, 9.8. Found: 
C, 73.5; H, 9.6.

Catalytic Reduction of the Keto-acid (VIII) from Di­
hydropseudotigogenin.—The keto acid was reduced by 
the procedure given for the reduction of the acid from 
dihydropseudosarsasapogenin except that the digitonin 
separation was unnecessary. The product was crystallized 
from methanol, m. p. 240-241 °.

It was quite insoluble in acetone, ethyl acetate and 
chloroform.

Anal. Calcd. for C27H44O4: C, 74.9; H, 10.25. 
Found: C, 75.1; H, 10.3.

The acetate was prepared by refluxing with acetic an­
hydride. I t was recrystallized from ethyl acetate, m. p. 
179-181°.

Anal. Calcd. for C, 73.4; H, 9.8. Found:
C, 73.7; H, 9.7.

Summary
Evidence has been presented indicating that 

the side chain in the dihydropseudosapogenins 
has the structure

CH3

CH—CH—CH2—CH„>—CH
,CH2OH

n A /
o

\C H S

S t a t e  C o l l e g e , P e n n a . R e c e i v e d  A p r i l  22, 1942
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The Alkaloids of Papaveraceous Plants. XXXIV. H u n n e m a n n ia  fu m a r ia e fo l ia  S w ee t  
and the Constitution of a New Alkaloid, Hunnemanine

B y R ichard H. F. M an sk e , Léo M arion  and A rch ie  E. L edingham

Hunnemannia is a mono-typic genus being 
represented only by H. fumariaefolia Sweet, the 
so-called tulip poppy. It is native to Mexico and 
has been successfully introduced into more tem­
perate regions as an ornamental.

There seems to be no record of this plant having 
been chemically examined. Such an examination 
seemed to the authors particularly interesting on 
account of the lone position which the plant occu­
pies in the Papaveraceae family.

Four alkaloids have been isolated, two of which, 
namely protopine and alio-cryptopine, are well- 
known constituents of many plants of the same 
family. The remaining two alkaloids appear to be 
new. One of these, alkaloid F58, is non-phenolic 
and is best represented by C22H21O5N containing 
two methoxyl groups. The amount available was 
too small for further immediate investigation. 
The second of the new alkaloids (F59) is now 
termed hunnemanine and its constitution has been 
determined. It is empirically represented by 
C20H21O5N. It is a mono-hydric phenol, one 
methoxyl group is present, and on methylation 
with diazomethane it yields allo-cryptopine (C21- 
H23O5N). This simple observation establishes 
that hunnemanine is one of the two possible O- 
desmethyl-allo-cryptopines. That the free hy­
droxyl is in the sterically hindered 9-position in 
analogy with many other phenolic alkaloids was 
highly probable. On this assumption formula
(I) has been adopted as a basis for degradative 
and subsequent synthetic experiments. The deg-

C02H

OCH3
(II)

radation of alkaloids of this nuclear type as rep­
resented by cryptopine is readily carried out by 
the procedure first detailed by Perkin,1 but the 
yield of the final products is not always good. The

(1) Perkin, / .  Chem. Soc„ 109, 815 (1916).

O-ethyl ether of hunnemanine on subjection to 
the necessary series of reactions yielded two frag­
ments. Since the isolation of one of these, 4,5- 
methylenedioxy-2-/3- di methylaminoethylb enzal- 
dehyde, could give us no new information, it was 
not exhaustively purified. The second fragment 
was isolated in a pure condition and shown by a 
synthesis to be 2-methyl-3-ethoxy-4-methoxy- 
benzoic acid (11), thus proving formula (I) for 
hunnemanine. It is pertinent to point out that 
this alkaloid is the first known example of a phe­
nolic base of the protopine type. The synthesis 
of the above acid was effected by a very simple 
route but not until a variety of previous attempts 
had failed. Oxidation of the mono-basic acid to 
the known 3-ethoxy-4-methoxyphthalic acid was 
not practical on account of the small amount 
available.

The successful synthesis of the above acid was 
readily achieved by oxidizing the corresponding 
aldehyde. The synthesis of the aldehyde from
2-ethoxy-3-methoxytoluene proceeded smoothly 
and with good yield by Gattermann’s method It 
is worthy of note that in this synthesis the sole 
product was the desired one since the acid obtained 
from the crude aldehyde was pure even without 
recrystallization. It is to be observed in this 
connection that the nitration of 2,3-dimethoxy- 
benzaldehyde gives the 6-nitro-derivative2 almost 
exclusively, whereas the nitration of 2-ethoxy-3- 
methoxybenzaldehyde yields for the most part 
the 5-nitro-compound.3 It is, of course, obvious 
that the synthetic and degradative acids cannot 
be identical unless the assigned formula is the cor­
rect one. The 2-ethoxy-3-methoxytoluene was 
prepared by the Clemmensen reduction of the 
corresponding aldehyde which was obtained by 
ethylating 2-hydroxy-3-methoxybenzaldehyde. 
For the last the authors are greatly indebted to the 
Monsanto Chemical Co., St. Louis, Missouri, who 
generously donated a liberal amount of it.

Experimental
Isolation of the Alkaloids.—The plant material for this 

investigation was grown in part in a local garden. The
(2) P erk in  an d  R obinson, ibid., 105, 2389 (1914).
(3) D avies and  R ubenste in , ibid., 123, 2839 (1923). •
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greater portion, however, was kindly supplied by Bodger 
Seeds, Limited, El Monte, California, and special thanks 
are due to Miss Elizabeth M. Bodger of this firm who 
personally supervised the collecting and drying of the 
material. There was available a total of 12 kg. which in­
cluded the roots. Nearly all of the material was collected 
during the early flowering stages of the plant. In the 
course of the chemical examination of the plant it was ob­
served that there were present practically no alkaloids 
whose hydrochlorides were extractable from aqueous solu­
tion by means of chloroform. The procedure devised by 
one of us4 yielded only two fractions, namely, -BS, non- 
phenolic bases (protopine, allo-cryptopine, and alkaloid 
F58) and BSE +  EES, phenolic bases (hunnemanine).

Protopine and Allo-cryptopine.—The dried base, repre­
senting fraction BS, was boiled with methanol and the 
protopine which then crystallized was filtered off. After 
recrystallizing it from chloroform-methanol the protopine 
was obtained in brilliant colorless crystals melting at 209- 
21005 either alone or in admixture with an authentic 
specimen. Including a small amount obtained from the 
mother liquor the total yield of protopine was 0.14%.

The methanolic filtrate from the protopine was filtered 
with the aid of charcoal and evaporated somewhat. The 
crystals which then separated consisted primarily of allo- 
cryptopine with some protopine. The mixture was dis­
solved in dilute hydrochloric acid and the sparingly soluble 
protopine hydrochloride which then separated was filtered 
off. The filtrate was basified and the separated base re­
crystallized from ch lor of or m-methanol. I t then melted 
at 160° either alone or in admixture with an authentic 
specimen of allo-cryptopine. The yield was 0.03%.

Alkaloid F58.—The final mother liquor from which no 
more protopine or allo-cryptopine could be crystallized 
was acidified with hydrochloric acid, boiled to expel the 
solvents, filtered, basified with ammonia, and the liberated 
base extracted with ether. The washed extract was evapo­
rated to dryness and the resin treated with an excess of 
oxalic acid in methanol. The sparingly soluble oxalate 
which then separated in orange colored plates was con­
verted to free base by shaking with ammonia in the pres­
ence of ether. The washed ether solution left a colorless 
resinous base which crystallized in contact with methanol. 
The washed base (alkaloid F58) was recrystallized from 
chloroform-methanol and then consisted of aggregates of 
colorless fine prisms melting at 174°. I t dissolved in sul­
furic acid to yield an orange colored solution which changed 
to a dirty pink color only on heating to a high temperature. 
Found: C, 69.48, 69.27; H, 5.35, 5.23; N, 3.50, 3.77; 
OCHs, 18.39, 18.37. Calcd. for C22H21O5N: C, 69.65; H, 
5.54; N, 3.69; OCH3, 16.36.

Hunnemanine.—The phenolic base (BSE) precipitated 
by means of carbon dioxide from its solution in an excess 
of aqueous sodium hydroxide was dried and boiled with 
methanol. The cooled mixture was filtered and the crys­
talline solid recrystallized first from chloroform-methanol 
and then from a large volume of boiling methanol. Hun­
nemanine was thus obtained in large colorless rectangular 
prisms which melted at 209°. A trace of the alkaloid dis­
solved in sulfuric acid yielded an intensely lilac colored

(4) M anske, Can. J .  Research, 8, 210 (1933).
(5) All m elting  po in ts  are  corrected.

solution which on gentle heating changed to an olive color. 
Found: C, 67.95, 67.63; H, 5.93, 5.76; N, 3.51, 3.91; 
OCH3, 9.19, 9.27. Calcd. for C20H21O5N: C, 67.60; H, 
5.92; N, 3.94; OCH3, 8.73. The total yield of hunne­
manine was 0.18%.

A small portion of the base was methylated by treating 
its suspension in methanol with an ethereal solution of 
diazomethane. The alkaloid dissolved as the brisk evolu­
tion of nitrogen proceeded. The non-phenolic product 
isolated in the usual way was recrystallized from hot 
methanol and then melted sharply at 160°. In admixture 
with allo-cryptopine it melted at the same temperature. 
Calcd. for C2iH2305N: OCH3, 16.62. Found: OCH3,
17.46, 17.53.

Hunnemanine-O-ethyl Ether.—The ethylation of hunne­
manine suspended in absolute ethanol was carried out with 
an ethereal solution of diazo-ethane. The yield was not 
quite quantitative but no difficulty was experienced in ob­
taining the non-phenolic base in a pure condition. When 
recrystallized from hot methanol it was obtained in color­
less stout prisms which melted sharply at 168°. From 5 
g. of the phenolic base there was obtained 4.3 g. of the 
ethyl ether. Calcd. for C22H25O5N; OCH3 +  OC2H5 as 
OCHs, 16.19. Found: OCH3, 16.72, 16.82.

Hunnemanine-O-ethyl Ether Methosulfate.—Hunne­
manine-O-ethyl ether was added to freshly distilled methyl 
sulfate and the mixture kept on the steam-bath for thirty 
minutes. The mixture was then cautiously heated over a 
small flame until the few remaining crystals had dissolved. 
The resulting thick, dark sirup was dissolved in a little 
boiling ethyl acetate, from which solution the methosulfate 
crystallized in colorless needles melting at 196°.

T etr ahy dromethylhunnemanine-O-ethyl Ether.—The
methosulfate dissolved in 5% sulfuric acid was reduced 
with sodium amalgam according to the procedure of Per­
kin.1 The product consisted of a thick, light-brown, oily 
base.

Anhydrotetrahydromethylhunnemanine-O-ethyl Ether.
—The oily tetrahydromethylhunnemanine-O-ethyl ether 
was refluxed for thirty minutes with acetyl chloride. After 
removal of the excess acetyl chloride, the oily residue was 
dissolved in hot water, the solution filtered, basified with 
strong sodium hydroxide and the precipitated base ex­
tracted with ether. The ether extract was washed with 
water and dried over anhydrous potassium carbonate. 
The oily residue from this solution did not crystallize and 
failed to yield a crystalline picrolonate.

Oxidation of Anhydrotetrahydromethylhunnemanine-O- 
ethyl Ether.—-Anhydrotetrahydromethylhunnemanine-O- 
ethyl ether (1.29 g.) was dissolved in purified acetone (100 
cc.) and the stirred and cooled (3°) solution treated with 
finely ground potassium permanganate (1.3 g.) added in 
small portions. When the oxidation had been completed, 
the mixture was filtered and the solid washed with acetone. 
The combined filtrate and washings were distilled under 
diminished pressure and the viscous residue dissolved in 
ether. The filtered ether solution was extracted repeatedly 
with small quantities of dilute acid (1 vol. hydrochloric 
acid: 3 vol. water), washed with water and extracted with 
two portions of dilute sodium hydroxide. The combined 
sodium hydroxide solutions were acidified with hydro­
chloric acid and the precipitated acid collected in ether.
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The ether solution was washed with water, dried over 
sodium chloride and distilled. The crystalline residue 
after repeated recrystallization from ether-hexane was 
finally obtained as short white needles melting at 175°. 
Calcd. for CnHwCh: C, 62.86; H, 6.67. Found: C,
62.88; H, 6.88. A further quantity of the same acid was 
obtained by digesting with hot water the manganese di­
oxide sludge which had been filtered out. The aqueous 
solution was evaporated down to a volume of ca. 25 cc. and 
acidified with hydrochloric acid. The chalky precipitate 
was filtered, dissolved in 5% sodium bicarbonate, the solu­
tion filtered and again acidified with hydrochloric acid. 
The precipitate was dissolved in dilute ammonia and 
boiled thirty minutes with a little barium chloride. The 
insoluble barium salt which precipitated was filtered out 
and the filtrate acidified and extracted with ether. The 
ether solution, after washing and drying, yielded an acid 
melting at 168° which after several recrystallizations from 
ether-hexane melted at 175° and was identical with that 
obtained as above. A mixture of this acid with a synthetic 
specimen of 2-methyl-3-ethoxy-4-methoxy-benzoic acid 
melted at 176-177°.

2-Ethoxy-3-methoxy-toluene.—A mixture of 2-ethoxy-
3-methoxybenzaldehyde (50 g,), amalgamated zinc (100 
g.), toluene (100 cc.) and hydrochloric acid (275 cc.) was 
boiled under reflux for twenty-four hours. The separated 
toluene solution was washed with successive portions of 
aqueous sodium bisulfite, the solvent distilled off, and the 
residue fractionated in vacuo. The portion boiling at 72- 
74° (4 mm.) weighed 20 g. and consisted substantially of
2-ethoxy-3-methoxytoluene. Calcd. for C10H14O3: C,
72.29; H, 8.43. Found: C, 71.56; H, 8.82.

2-Methyl-3-ethoxy-4-methoxybenzaldehyde.—Alumi­
num chloride (25 g.) was added to a cooled solution of 2- 
ethoxy-3-methoxytoluene (17 g.) in dry benzene (50 cc.). 
To the stirred and cooled mixture was then added an­
hydrous hydrogen cyanide (17 g.), and a stream of dry 
hydrogen chloride passed in to saturation. The tempera­
ture was then raised to 40° and maintained there for two 
hours. After remaining at room temperature overnight, 
the mixture was decomposed with ice, and the aldehyde 
distilled in a current of steam. I t was extracted from the 
distillate and fractionated in vacuo. As thus obtained 2-

methyl-3-ethoxy-4-methoxybenzaldehyde was a colorless 
oil boiling at 121-123° (3 mm.). On cooling it formed a 
mass of colorless needles which when pressed out on filter 
paper melted at 24°. The yield was 14 g. Calcd. for 
C11H14O3: C, 68.04; H, 7.21. Found: C, 68.35; H, 7.65.

The oxime was prepared in aqueous methanol and re­
crystallized from ether-hexane. I t  consisted of colorless 
pearly plates melting at 88°. Calcd. for C11H15O3N: C, 
63.15; H, 7.18; N, 6.70. Found: C, 63.36; H, 7.05; N,
7.09.

2-Methyl-3-ethoxy-4-methoxybenzoic Acid.—A suspen­
sion of the aldehyde in warm water was vigorously stirred 
and treated with a saturated solution of potassium per­
manganate until the color was permanent for five minutes. 
The solution was then boiled, filtered, decolorized with a 
little sulfur dioxide, and while still warm acidified with 
hydrochloric acid. The filtered, washed, and dried acid 
melted at 176°. I t was recrystallized from hot acetone, 
in which it is only moderately soluble. The large brilliant 
highly refracting plates thus obtained melted sharply at 
177° The yield was virtually quantitative. Calcd. for 
CnHuCh: C, 62.86; H, 6.67. Found: C, 63.02; H, 6.83.

Summary
Hunnemannia fumariaefolia Sweet has yielded 

four alkaloids, two of which, protopine and allo- 
cryptopine, are well known. A third, alkaloid 
F58, represented as C22H21O5N, was obtained in 
only minute amounts. The main alkaloid now 
termed hunnemanine, C20H21O5N, is phenolic, 
contains one methoxyl group, and on methylation 
yielded allo-cryptopine. O-Ethylation gave a 
non-phenolic base which on appropriate degrada­
tion yielded 2-methyl-3-ethoxy-4-methoxybenzoic 
acid, identical with a specimen synthesized for 
purposes of comparison. Hunnemanine is there­
fore 9-desmethyl-allo-cryptopine. It is the first 
alkaloid of the protopine type known to contain a 
free hydroxyl group.
Ottawa, Canada R eceived M arch 30, 1942
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[Contribution from the Chemistry Laboratory, U niversity of M issouri]

Orientation Effects in the Alkylation of ^-Xylene by Various Procedures and
Reagents

B y  D orothy N ig hting ale , H. D. R adford and  O. G. S hanholtzer

Investigations of the alkylation of substituted 
aromatic hydrocarbons by an alcohol and 70-85% 
sulfuric acid1'2 have led to the belief, but appar­
ently without definite proof in some cases, that 
the normal orientation effects of alkyl groups are 
always exerted when this procedure is used. 
Thus, i -propylbenzene has been reported to yield
1,2,4-triisöpropylbenzene, and the dialkylbenzenes 
obtained from benzene or toluene have been re­
ported to be the o- and ^-isomers. In their inves­
tigation of the action of aluminum chloride on the
1.3- dimethyl-4-butylbenzenes, Nightingale and 
Smith3 assumed that the products obtained from 
m-xylene and /-butyl alcohol by the sulfuric acid 
procedure had the 1,3,4 orientation, although it 
was observed that the trinitro derivatives of the
1.3- dimethyl-4-/-butyl- and -5-/-butylbenzene 
melted at 112 and 113°, respectively, and gave 
only small depressions in melting points when 
mixed.

During further work with these compounds, 
the similarity in melting points and the small de­
pressions in the mixed melting points of other de­
rivatives of the two hydrocarbons led to the con­
viction either that the 1,3,4-hydrocarbon did not 
have this orientation, but was mainly the 1,3,5- 
isomer, or that a rearrangement of the 1,3,4- to 
the 1,3,5-isomer occurred during the preparation 
of the derivatives. In order to decide between 
these alternatives we have reinvestigated the na­
ture of the products obtained when w-xylene is 
alkylated by /-butyl alcohol and 85% sulfuric 
acid, and it has been found that the previous work3 
was in error in that the trialkylbenzene from this 
reaction is a mixture consisting of approximately 
two parts of l,3-dimethyl-5-/-butylbenzene and 
one part of the 1,3,4-isomer.

The study has been extended to include the 
trialkylbenzenes formed from ra-xylene by alkyla­
tion with other butyl compounds in the presence 
of boron trifluoride or ferric chloride as catalysts. 
The results showed that the abnormally oriented 
trialkylbenzene (1,3,5) was obtained not only from 
75 and 85% sulfuric acid, but with boron tri-

(1) M eyer an d  B ernhauer, M onatsh., 53, 721 (1929).
(2) K irrm an n  an d  G raves, Bull. soc. chim., (5) 1, 1494 (1934).
(3) N ightingale  an d  Sm ith , T h is  J o u r n a l , 61, 101 (1939).

fluoride and with ferric chloride, when /-butyl 
compounds were used. The abnormally oriented 
product with boron fluoride was unexpected, for
l ,  2,4-trh‘söpropylbenzene is reported from ben­
zene, i-propyl alcohol and this catalyst.4 The 
normally oriented trialkylbenzene (1,3,4) was 
obtained from ra-xylene, s-butyl alcohol and 
either 85% sulfuric acid or boron trifluoride as 
the catalyst.

The structures of the hydrocarbons were es­
tablished by oxidation rather than by conversion 
to the trinitro derivatives in order to avoid any 
chance that a rearrangement might occur during 
the preparation of the derivatives. The oxidation 
product of 1,3-dimethyl-5-/-butylbenzene (Friedel- 
Crafts) proved to be 5-/-butyl-isophthalic acid,
m. p. 343°, rather than trimesic acid, and the tri­
alkylbenzene from m-xylene, /-butyl alcohol and 
85% sulfuric acid yielded a mixture of 4-/-butyl- 
isophthalic acid and 5-/-butyl isophthalic acid. 
The 4-/-butylisophthalic acid is soluble in the 
aqueous pyridine solution in which the oxidation 
was carried out, whereas the 5-isomer is only 
slightly soluble, and this fact made it possible to 
separate the mixture of acids.

To establish the identity of the 5-/-butyliso- 
phthalic acid, the compound was synthesized by 
the method of Doebner5 from pyruvic acid, tri- 
methylacetaldehyde and barium hydroxide. The 
acid so obtained melted at 343° and did not de­
press the melting point of the acid formed by 
oxidation.

The l,3-dimethyl-4-/-butylbenzene was synthe­
sized by coupling the Grignard reagent from 1,3- 
dimethyl-4-iodobenzene with /-butyl chloride.6 
Oxidation of this hydrocarbon with potassium per­
manganate in aqueous pyridine yielded 4-/-butyl- 
isophthalic acid.

The stability of the tertiary radical toward 
potassium permanganate is surprising. In one 
experiment, more than enough permanganate was 
used to oxidize the /-butyl group and the two 
methyl groups of the 1,3,5-hydrocarbon and the 
mixture was refluxed gently. The product was

(4) M cK enna and  Sowa, ibid., 59, 470 (1937).
(5) D oebner, Ber., 24, 1748 (1891).
(6) Sm ith  an d  Perry , T h is  J o u r n a l , 61, 1411 (1939).



July, 1942 Alkylation of w-Xylene 1663

nearly pure 5-/-butylisophthalic acid in almost 
quantitative yield. Oxidation of /^-/-butyltoluene 
with excess permanganate likewise yielded only 
^-/-butylbenzoic acid.

These results do not invalidate the work of 
Nightingale and Smith,3 for both 1,3-dimethyl-
4- /-butyl- and 4-5-butylbenzene synthesized 
through the Grignard route are converted to the
5- 4-butyl isomer by the action of aluminum chlo­
ride.

The abnormal orientation of these trialkylben- 
zenes made it desirable to verify the structure of 
the trialkylbenzene from m-xylene, 5-butyl alco­
hol and 85% sulfuric acid or boron trifluoride. 
The 1,3-dimethyl-4-5-butylbenzene was synthe­
sized through 2,4-dimethylacetophenone and 
ethylmagnesium bromide. The carbinol was de­
hydrated to the olefin, which was reduced with 
hydrogen and Raney nickel under pressure. The 
trialkylbenzenes were identical. This hydrocar­
bon could be oxidized to 4-5-butylisophthalic acid, 
but the 5-5-butyl isomer yielded trimesic acid.

It may or may not be significant that three of 
the condensing agents which lead to abnormally 
oriented trialkylbenzenes, sulfuric acid, alumi­
num chloride and ferric chloride, can also cleave 
a /-butyl group from the benzene ring.7

Results from the alkylation of m-xylene with 
/-amyl alcohol and either 85% sulfuric acid or 
boron trifluoride are not so clean-cut. Analyses 
and neutral equivalents of the acids obtained by 
oxidation of the trialkylbenzene fraction corre­
spond to a /-amylisophthalic acid, as do their 
methyl esters. The fact that these compounds 
melt higher than 5-/-amylisophthalic acid and its 
methyl ester is difficult to explain. Mixtures of 
the acids with 5-/-amylisophthalic acid melt be­
tween the two, as do mixtures of the methyl es­
ters. The reaction products from /-amyl alcohol 
are undoubtedly more complicated mixtures than 
in the case of the butyl compounds. By analogy 
with the reaction products from /-butyl alcohol 
the trialkylbenzenes should have the 1,3,5 orien­
tation. /-Amylbenzene was unaffected by potas­
sium permanganate in aqueous pyridine solution.

Oxidation of 1,3-dimethyl-5-/-amylbenzene 
(Friedel-Crafts) yielded 5-/-amylisophthalic acid, 
identical with 5-/-amylisophthalic acid synthe­
sized by Doebner’s method. Unfortunately the 
Grignard reagent from l,3-dimethyl-4-iodoben- 
zene would not couple with /-amyl chloride and a

(7) Ipatieff an d  C orson, T h is  J o u r n a l , 5 9 , 1417 (1937).

Fittig synthesis was likewise unsuccessful, so
4-/-amylisophthalic acid could not be made to 
complete the series.

In an effort to find solid derivatives of these 
alkylbenzenes which would avoid the use of nitric 
or sulfuric acid, the hydrocarbons were chloro- 
methylated. The substituted benzyl chlorides 
were converted to the corresponding acetamides 
by heating with acetamide, and to the benzyl al­
cohols.

The reactions were useful only with 1,3-di- 
methyl-5-/-butylbenzene. The 2,4-dimethyl-6-/ 
butylbenzylacetamide separated readily as a solid, 
and 2,4-dimethyl-6-/-butylbenzyl alcohol is a solid. 
The other amides were viscous and would not crys­
tallize readily. The other benzyl alcohols were 
liquids. Careful oxidation of 2,4-dimethyl-6-/- 
butylbenzyl alcohol to the corresponding known 
monocarboxylic acid8 served to establish the loca­
tion of the —CH2C1 group as between the methyl 
and /-butyl radicals rather than between the two 
methyl groups.

Experimental9
Most of the trialkylbenzenes were prepared by proce­

dures previously described.3 The preparation of 1,3- 
dimethyl-4-s-butylbenzene has been improved by increas­
ing the amount of 5-butyl alcohol to 100 cc., and reducing 
the reaction time to seven hours. The hydrocarbons were 
vacuum distilled through columns packed with single turn 
glass helices.

The diacetarnino derivative of l,3-dimethyl-4-/-butyl- 
benzene, not previously described, melts at 331 °.

Anal. Calcd. for Ci6H2402N2: N, 10.14. Found: N,
10.00.

Preparation of 1,3-Dimethyl-5-/-butylbenzene. (a) 
With Ferric Chloride as Catalyst.—ra-Xylene (144 g.) and 
anhydrous ferric chloride (12.2 g.) were placed in a 3- 
necked flask cooled with an ice-salt mixture and fitted 
with a sealed stirrer and dropping funnel. /-Butyl chloride 
(25 g.) was added at such a rate that the temperature of the 
reaction mixture did not rise above —4.5°. Stirring was 
continued an additional four hours. The reaction mixture 
was decomposed as for a Friedel-Crafts reaction; yield,
29.6 g.; b. p. 88° (14 mm.).

(b) With Boron Fluoride as Catalyst.—m-Xylene (106 
g.) was alkylated with /-butyl alcohol (74 g.) and boron 
fluoride (41 g.) by the method of McKenna and Sowa4 
using a 3-necked conical flask. The boron fluoride was 
admitted into the reaction mixture during six hours. The 
flask was cooled with water at the beginning of the reac­
tion. The hydrocarbon layer was separated, washed and 
dried; yield, 27.5 g.; b. p. 78-79° (8 mm.).

(c) With 75% Sulfuric Acid as Catalyst.—The experi­
mental conditions were those of Meyer and Bernhauer.1

(8) Bauer, Ber., 33, 2562 (1900).
(9) Sem im icro analyses by  D . R . S m ith  and K. M ilberger.



1664 D o r o t h y  N ig h t in g a l e , H. D. R a d fo r d  a n d  O. G. S h a n h o l t z e r Vol. 64

The m-xylene (184 g.) and /-butyl alcohol (123 g.) were 
placed in a 3-necked flask in a water-bath at 65-70°. A 
solution of concentrated sulfuric acid (1060 cc.) and water 
(540 cc.) was added during an hour while the reaction 
mixture was stirred mechanically. The hydrocarbon layer 
was washed, dried and distilled. The following fractions 
were obtained at 13 mm. after removal of ra-xylene: (I)
24 g. up to 85°; (II) 3 g. 85-89°; (III) 8.2 g. 89-92°; 
(IV) 5 g. 92-97°. Fraction (III) is the trialkylbenzene.

Oxidation of l,3-Dimethyl-5-/-butylbenzene.—The hy­
drocarbon (5 g.) from /-butyl chloride and aluminum chlo­
ride was dissolved in pyridine (40 cc.) and water (20 cc.) in 
a 3-necked flask. Finely powdered potassium permangan­
ate (21.5 g.) was added in small portions during two hours 
with the temperature maintained around 80°. The mix­
ture was heated until the purple color disappeared. The 
mixture was stirred mechanically during the entire period.

The manganese dioxide was separated by filtration and 
the filtrate acidified strongly with hydrochloric acid. The 
5-Z-butylisophthalic acid precipitated. A small amount of 
acid was extracted from the manganese dioxide. The 
combined acids (6.5 g.) were recrystallized from glacial 
acetic acid; m. p. 343°. Since the acid begins to sublime 
below the melting point, the sample was packed into the 
tube and the tube sealed.

Anal. Calcd. for C12H14O4: C, 64.84; H, 6.30; neut.
eq., 111. Found: C, 64.73; H, 6.49; neut. eq., 110.

The methyl ester was prepared with diazomethane, 
m. p. 97°.

Anal. Calcd. for C14H18O4: C, 67.20; H, 7.20. Found: 
C, 67.08; H, 7.29.

Only 5-/-butylisophthalic acid was obtained by the oxida­
tion of the hydrocarbons from the three alkylations de­
scribed above.

Oxidation of l,3-Dimethyl-4-/-butylbenzene.—A 7-g. 
sample of the hydrocarbon (Grignard synthesis6) was oxi­
dized in aqueous pyridine solution. After separation of 
the manganese dioxide, most of the pyridine was distilled 
from the solution before acidifying; yield, 5 g.; m. p. 
230°.

Anal. Calcd. for C12H14O4: C, 64.84; H, 6.30; neut. 
eq., 111. Found: C, 64.77; H, 6.39; neut. eq., 112.5.

Oxidation of the Trialkylbenzene from m-Xylene, /- 
Butyl Alcohol and 85% Sulfuric Acid.—The hydrocarbon 
(10.8 g.) was oxidized with excess permanganate. The 
5-/-butylisophthalic acid (9.7 g.) separated when the solu­
tion was acidified after removal of the manganese dioxide. 
The filtrate was made basic and most of the pyridine dis­
tilled off. The solution in the distilling flask was again 
acidified and the 4-/-butylisophthalic acid (5.2 g.) sepa­
rated. The purified acids melted at 343° and 230°, re­
spectively, and did not depress the melting points of authen­
tic samples.

Synthesis of 5-/-Butylisophthalic Acid.—Trimethyl- 
acetaldehyde10 (23.7 g.), pyruvic acid (50 g.), barium 
hydroxide (120 g.) and 1000 cc. of water were refluxed 
gently for one hundred hours.5 To free the crude 5-/- 
butylisophthalic acid from oxalic acid, the solid was 
suspended in a little water and potassium permanganate 
solution added in the cold until the purple color persisted.

(10) Campbell, T h is  J o u r n a l , 59, 1980 (1937).

Hydrochloric acid was added and the manganese dioxide 
removed with sulfur dioxide; yield, 4.1 g.; m. p. 343°.

Anal. Calcd. for C12H14O4: C, 64.86; H, 6.30; neut.
eq., 111. Found: C, 64.63; H, 6.54; neut. eq., 112.5.

Preparation of l,3-Dimethyl-4-s-butylbenzene. (a) 
Through the Grignard Reaction.—A solution of 2,4-di- 
methylacetophenone (155 g.) in ether was added to the 
Grignard reagent from 86 g. of ethyl bromide. The com­
plex was decomposed in the usual manner.

The crude carbinol was added to 250 g. of acetic an­
hydride containing ten drops of concentrated sulfuric acid. 
The anhydride was distilled off at a somewhat reduced 
pressure and the residue fractionated. The olefin dis­
tilled at 102° (1 mm.). To purify the olefin, it was heated 
with sodium, vacuum distilled, and again vacuum distilled 
from Raney nickel.

The olefin (45 g.) was reduced in methyl alcohol solution 
with Raney nickel at 80-90° (2000 lb.). After removal of 
the solvent and catalyst, the hydrocarbon was heated with 
sodium and fractionated; yield, 38 g.; b. p. 82° (1 mm.).

The diacetamino derivative of this hydrocarbon melted 
at 270° and did not depress the melting point of diacet­
amino- l,3-dimethyl-4-5-butylbenzene prepared by the 
sulfuric acid procedure.

(b) With Boron Fluoride as the Catalyst.—m-Xylene 
(106 g.) was alkylated with 5-butyl alcohol and boron fluo­
ride (49 g.); yield, 30 g.; b. p. 91-93° (13 mm.).

The diacetamino derivative of this hydrocarbon melted 
at 270° and did not depress the melting point of the deriva­
tive of the hydrocarbon from the Grignard reaction. Care­
ful oxidation of l ,3-dimethyl-4-5-butylbenzene (10 g.) at 
70° yielded 2 g. of 4-5-butylisophthalic acid; m. p. 188°.

Anal. Calcd. for C12H14O4: C, 64.86; H, 6.30; neut. 
eq., 111. Found: C, 64.81; H, 6.30; neut. eq., 111.7.

Synthesis of 5-/-Amylisophthalic Acid.—The 2,2-di- 
methylbutyraldehyde was prepared by adding the Gri­
gnard reagent from 425 cc. of /-amyl chloride to 460 cc. of 
methyl formate.10 The reaction temperature was main­
tained at —50° to —55°; yield, 53.7 g. (26%).

A mixture of pyruvic acid (45 g.), 2,2-dimethylbutyralde- 
hyde (24.5 g.), barium hydroxide (106 g.) and 900 cc. of 
water was refluxed for one hundred hours. The acid was 
purified as described above; yield, 7.5 g.; m. p. 307°.

Anal. Calcd. for C13H16O4: C, 66.10; H, 6.78; neut. 
eq., 118. Found: C, 66.19; H, 6.67; neut. eq., 115.

The methyl ester melted at 81°.
Anal. Calcd. for C15H20O4: C, 68.18; H, 7.20. Found: 

C, 68.34; H, 7.51.
Oxidation of 4 g. of l,3-dimethyl-5-/-amylbenzene (Frie­

del-Crafts) yielded 5-/-amylisophthalic acid; m. p. 307°; 
yield, 5 g.

The methyl ester melted at 78°.
Anal. Calcd. for Ci3H160 4: C, 66.10; H, 6.78; neut. 

eq., 118. Found: C, 66.10; H, 7.11; neut. eq., 123.
Alkylation of m-Xylene with /-Amyl Alcohol, (a) With 

Boron Fluoride as Catalyst.—m-Xylene (200 cc.) was 
alkylated with /-amyl alcohol (200 cc.) and 30-50 g. of 
boron fluoride as described above. The reaction mixture 
was stirred for four hours. The following fractions were 
obtained at 16 mm. after removal of m-xylene: (I) 4.5
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T a b l e  I

C h l o r o m e t h y l  D e r i v a t i v e s  a n d  B e n z y l  A l c o h o l s

A lkylbenzene,
1,3-dim ethyl-

✓---------------C hlorom ethyl derivative®—
B. p.

°C . M m . C, % H , %

✓-------------------------Benzyl alcohol»----------
B. p.

°C . M m . C, % H , %

5-s-Butyl 115 1 74.25 9.36 158-162 14 81.20 10.15
5-Z-Butyl 111-116 6 74.14 9.59 m. p. 99 81.18 1 0 . 1 2

4-ra-Butyl 103-108 1 74.66 9.40 135-140 81.13 1 0 . 1 0

4-^-Butyl 100-106 4 74.25 9.32 145-150 10 81.16 10.40
Calcd. for Ci3H i9C1: C, 74.28; H, 9.04. 4 Calcd. for C13H20O: C, 81.25; H, 10.41.

g. 91-94°; (II) 15 g. 94-96°; (III) 15 g. 96-104°; (IV) 29 
g. 100-135°; residue 15 g.

Oxidation of 4 g. of the trialkylbenzene (II) yielded 6  g. 
of a dicarboxylic acid, m. p. 330°, corresponding to a t- 
amylisophthalic acid.

Anal. Calcd. for C13H16O4: C, 66.10; H, 6.78; neut. 
eq., 118. Found: C, 65.85; H, 6.99; neut. eq., 113.

(b) With 85% Sulfuric Acid as Catalyst.—This alkyla­
tion was carried out as previously described. 11 The di- 
benzamino derivative of the trialkylbenzene from this re­
action melted at 305°. A mixture of this derivative and 
the dibenzamino derivative (m. p. 303°) of l,3-dimethyl-5- 
Z-amylbenzene (Friedel-Crafts) melted at 298°.

Oxidation of this hydrocarbon yielded an acid melting 
at 320-325°, which, mixed with the acid (m. p. 330°) from 
the trialkylbenzene prepared with boron fluoride, melted at 
319°. The neutral equivalent was 116.

The method of oxidation of alkylbenzenes such as durene 
containing only methyl radicals or methyl radicals and t- 
alkyl radicals with potassium permanganate in aqueous 
pyridine solution has been generally successful with other 
compounds such as 4-methyl-2'-methoxydiphenyl ether. 
Yields are much higher than in aqueous solution. Bump­
ing is avoided, for it is not necessary to boil the mixture and 
in some cases the temperature must be kept at 80° or 
lower. /-Butylbenzene and Z-amylbenzene were un­
affected even after long heating with excess permanganate. 
The ethylbenzenes gave indefinite oxidation products.

Chloromethyl Compounds and Derivatives.—The hy­
drocarbons were chloromethylated by the method of v. 
Braun and Nelles. 12 Boiling points and analytical data are 
summarized in Table I. Derivatives were prepared from
2,4-dimethyl-6-/-butylbenzyl chloride as follows:

The acetate was prepared by refluxing 4.2 g. of the chlo­
ride, 2.5 cc. of acetic anhydride, 7.5 cc. of acetic acid and 2.5 
g. of potassium acetate. The mixture was poured onto 
ice, washed, and dried over sodium sulfate. The ether was 
distilled leaving the crude ester.

The crude ester (2.5 g.) was refluxed three hours with 
potassium hydroxide (6 . 6  g.) in alcohol (25 cc.) and water 
(35 cc.). The oily top layer solidified on cooling. The 
carbinol was separated by filtration and recrystallized from 
28-30° petroleum ether; yield, 2.25 g.; m. p. 99°.

(11) N ightingale and  Shanholtzer, J . Org. Chem., 6 , 6 (1942).
(12) v. B raun  and  Nelles, Ber., 67, 1094 (1934).

The carbinol was oxidized to the corresponding mono- 
carboxylic acid with potassium permanganate at 0  to 2 0 °. 
The 2,4-dimethyl-6-Z-butylbenzoic acid melted at 168°, the 
recorded value. 8

2,4-Dimethyl-6-/-butylbenzylacetamide was prepared by 
heating a mixture of the chloride (2 . 1  g.) and acetamide ( 1 . 2  

g.) in an oil-bath at 210° for thirty-five minutes. The 
solid was boiled with water to remove acetamide and re­
crystallized from a mixture of chloroform and petroleum 
ether; yield, 2.2 g .; m. p. 197°.

Anal. Calcd. for Ci5H23NO: N, 6.00. Found: N,
6.25.

Nitrations.—All efforts in this Laboratory to prepare 
the trinitro derivatives, by the use of the nitrating mixture 
previously described, 3 have been fruitless. A nitrating 
mixture in the ratio of 15 g. of nitric acid sp. gr. 1.5 and 30 
g. of 15% fuming sulfuric acid has been satisfactory, al­
though this mixture is not as smooth a nitrating agent as 
the mixture originally used. We can give no explanation 
for this difference.

Summary
Abnormally oriented trialkylbenzenes (1,3,5 

rather than 1,3,4) are formed when m-xylene is 
alkylated with /-butyl alcohol in the presence of 
75-85% sulfuric acid or boron trifluoride, and with 
/-butyl chloride and anhydrous ferric chloride as 
the catalyst.

The normally oriented trialkylbenzene (1,3,4) 
is formed when w-xylene is alkylated with 5-butyl 
alcohol and either 85% sulfuric acid or boron tri­
fluoride.

Abnormally oriented trialkylbenzenes are 
formed from m-xylene and /-amyl alcohol and 
/-amyl chloride under the same conditions as for 
the /-butyl compounds.

The l,3-dimethyl-4-/-butyl, 5-/-butyl and 5-/- 
amylbenzenes can be oxidized in aqueous pyridine 
solution to the corresponding /-butyl and /-amyl 
isophthalic acids.
C o l u m b ia , Mo. R e c e i v e d  F e b r u a r y  10, 1942
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[C o n t r i b u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r y  o f  H a r v a r d  U n i v e r s i t y ]

The N-Methylformanilide Synthesis of Aldehydes
By L ouis F . F ie se r  and J . E lmore J ones

Vilsmeier and Haack1 discovered that secondary 
and tertiary aromatic amines can be converted 
into aldehydo derivatives by the action of N- 
methylformanilide and phosphorus oxychloride, 
a reaction reminiscent of the Bischler-Napieral- 
ski synthesis of isoquinolines. In a series of 
patents, Kalischer, Scheyer and Keller2 reported 
that the reaction is applicable to certain phenol 
ethers and aromatic hydrocarbons, and these 
claims were verified by Wood and Bost3 to the 
extent of noting that /3-naphthol ethyl ether and 
anthracene can be formylated by the method 
described, and detailed procedures for conducting 
these reactions have subsequently been pub­
lished.4

Following the observations of Vollmann, et al.,b 
that pyrene-3-aldehyde can be obtained in excel­
lent yield by the methylformanilide method, the 
reaction was applied in this Laboratory to a few 
carcinogenic and related hydrocarbons. With 
the use of ö-dichlorobenzene as the solvent,0 3,4- 
benzpyrene was found to react6 with the same 
degree of readiness as pyrene5 and anthracene4’7 
and to afford the 5-aldehyde in 90% yield; 1,2- 
benzanthracene was converted into the 10-deriva­
tive somewhat less smoothly7 (64%), and 1,2,5,6- 
dibenzanthracene failed to react.7 In exploring 
other cases, we have found the reaction to be less 
generally applicable to aromatic hydrocarbons 
than claimed in the patents.2 No trace of alde­
hyde could be obtained from hydrindene, a- 
methylnaphthalene, phenanthrene, or chrysene 
in condensations conducted at temperatures from 
20 to 150°, and the solid hydrocarbons were re­
covered in good yield. 9-Methylanthracene re­
acted satisfactorily without added solvent, since 
it melts at the reaction temperature, and gave 
the 10-aldehyde. Acenaphthene and perinaph- 
thane possess adequate nuclear reactivity but are

(1) V ilsm eier an d  H aack , Ber., 60, 119 (1927).
(2) K alischer, Scheyer an d  K eller (I. G . F arben ind . A .-G.), G er­

m an  P a te n ts  514,415 (1930) an d  519,444 (1931); French P a te n t 
648,069 (1928); U . S. P a te n t 1,807,693 (1931) [Chem. Zentr., 100, I ,  
2528 (1929); 1 0 2 ,1 1 ,3 3 9 4  (1931)].

(3) W ood an d  B ost, T h is  J o u r n a l , 59, 1721 (1937).
(4) W ood an d  B ost (2 -ethoxy-l-naph tha ldehyde), Fieser, H a r t­

well and  J . E . Jones (9 -an th raldehyde), “ Organic Syntheses,”  20, 11 
(1940).

(5) Vollm ann, Becker, Corell and  S treeck, A n n ., 531, 1 (1937).
(6) F ieser an d  H ershberg , T h is  J o u r n a l , 60, 2542 (1938).
(7) F ieser an d  H artw ell, ibid., 60, 2555 (1938).

highly sensitive to the action of phosphorus oxy­
chloride and yielded only tars when condensed 
at 95 and 25°, respectively.

In the condensation with acenaphthene a satis­
factory conversion was accomplished by control­
ling the temperature to 25° and allowing a reac­
tion period of six days. The product was purified 
effectively if slowly by steam distillation and ob­
tained in 85% yield. It melted at 105-107° and 
was identified as 3-acenaphthaldehyde (I) by 
oxidation to the corresponding acid.8 Hinkel, 
Ayling and Beynon9 obtained a lower melting 
product (87°) by the Gattermann synthesis, but 
the constants for the oxime and semicarbazone 
are comparable. 3-Acenaphthaldehyde was con­
verted to the corresponding alcohol by hydro­
genation in the presence of Adams catalyst and 
ferrous chloride, and it yielded 3-methylace- 
naphthene when heated in an autoclave with 
hydrazine hydrate at 200°, according to Vollmann, 
et al.’° The aldehyde was also utilized for the 
synthesis of the tetracyclic hydrocarbon IV.

CH O
1. Malon. acid (77%) 

v ir ^  2. Reduction (93%)

w
U

I
CHa

/ \
HOaC CH2

HF, HONH2 

40% *

II
HON,

Condensation with malonic acid and reduction
(8) Fieser an d  H ershberg, ibid., 62, 49 (1940).
(9) H inkel, Ayling an d  Beynon, J .  Chem. Soc., 339 (1936).
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either catalytically or with sodium amalgam af­
forded the propionic acid II, and cyclization with 
hydrogen fluoride gave a tarry product from which 
the ketone was best isolated in the form of the 
oxime (III). Under the conditions of the Clem- 
mensen reaction the oxime suffered hydrolysis and 
the ketone was reduced. The point of ring closure 
was established by oxidation of the ketone to the 
known naphthalene-1,4,5,8-tetracarboxylic acid. 
The hydrocarbon obtained as the end-product of 
the synthesis (m. p. 121.4-122°) can thus be as­
signed the structure of 3,4-aceperinaphthane (IV).

3-Methylacenaphthene and 3-methylpyrene 
were found to react smoothly with N-methylfor- 
manilide, but no satisfactory methods were 
found for separating the resulting mixtures of 
isomers.

Experimental Part10
9-Methyl-10-anthraldehjrde.—A mixture of 9-methyl- 

anthracene7 (m. p. 77.9-78.4°), 2.7 g. of N-methylformani- 
lide,11 and 2.7 g. of phosphorus oxychloride was heated with 
stirring on the steam-bath under protection from moisture 
for forty-five minutes, during which time the hydrocarbon 
dissolved. The cooled mixture was treated with 5.6 g. of 
crystalline sodium acetate in 50 cc. of water and stirred for 
a few minutes to decompose the excess oxychloride and any 
intermediate complex. The collected solid product on 
crystallization from acetic acid gave 1.84 g. (84%) of 
orange needles; m. p. 170-171.4°. After three recrystal­
lizations from benzene-ligroin the substance melted at 
171.9-172.6°.

Anal. Calcd. for C16H12O: C, 87.25; H, 5.49. Found: 
C, 87.34; H, 5.61.

Oxidation of the aldehyde with chromic oxide in acetic 
acid gave anthraquinone (mixed m. p.) in 86% yield.

The oxime was obtained from the aldehyde with aqueous 
hydroxylamine hydrochloride and alkali, with enough 
ethanol to effect solution; after heating at the boiling 
point for ten minutes, the oxime separated in deep yellow 
plates; m. p. 210°, dec.; (94% yield).

Anal. Calcd. for Ci6H13ON: C, 81.68; H, 5.57.
Found: C, 81.52; H, 5.60.

The hydrazone was prepared by adding 0.5 g. of hydra­
zine hydrate to a solution of 0.5 g. of the aldehyde in 70 cc. 
of hot alcohol, boiling the solution for ten minutes, and 
adding water to saturation; on cooling 0.37 g. (69%) of 
orange needles separated; m. p. 175.1-175.8°. A mixture 
with the aldehyde showed a 10 °-depression. The hydra- 
zone is stable in the solid state but decomposes on at­
tempted crystallization.

Anal. Calcd. for Ci6H14N2: C, 82.02; H, 6.02.
Found: C, 82.26; H, 6.29.

A mixture of 0.25 g. of the hydrazone with a solution 
of 0.05 g. of sodium in 16 cc. of absolute ethanol was shaken 
in a sealed tube until uniform and heated at 200-210° for

(10) All m elting  po in ts  a re  corrected .
(11) F ieser and  Jones, “ Org. S y n th .,” 20, 66 (1940).

twenty-four hours. The product was collected after dilu­
tion with water and neutralization with acetic acid and 
crystallized from ethanol, giving 0.17 g. (74%) of light 
yellow plates, m. p. 183-183.7°; the picrate formed dark 
red needles, m. p. 175.6-176.3 °. The constants agree with 
those reported for 9,10-cfcmethylanthracene (m. p. 180- 
181°)12 and its picrate (m. p. 175-176°).13

3-Acenaphthaldehyde (I).—A mixture of 43 g. of ace­
naphthene, 90 cc. of N-methylformanilide, 60 cc. of phos­
phorus oxychloride, and 50 cc. of o-dichlorobenzene was 
shaken thoroughly to effect solution and allowed to stand 
at room temperature for six days, during which time the 
solution turned deep red and hydrogen chloride was 
evolved slowly. For hydrolysis, 150 g. of crystalline 
sodium acetate in 150 cc. of water was added slowly to pre­
vent violent reaction, and the mixture was subjected to 
efficient steam distillation. The solvent was removed in 
about one-half hour, and the product then distilled very 
slowly. Filtration of the large volume of cooled distillate 
afforded 40.2 g. (85%) of the aldehyde; m. p. 105-107°. 
The best sample, purified by repeated crystallization from 
dilute acetic acid and sublimation at 110° (2 mm.), formed 
pale greenish needles; m. p. 107.4-108°.

Anal. Calcd. for C13H10O: C, 85.69; H, 5.53. Found: 
C, 85.95; H, 5.50.

A sample of the oxime melted at 126.8-127.9°, and the 
semicarbazone melted at 247.8-248.8°; Hinkel, et a l .9 
recorded the constants 126.5° and 234°. For oxidation, 
0.3 g. of the aldehyde in 5 cc. of dioxane was treated slowly 
with 8 cc. of 30% hydrogen peroxide, followed by 10% 
sodium hydroxide. The mixture was heated on the steam- 
bath for ten minutes, filtered from a trace of unreacted 
aldehyde (0.04 g.), and acidified. Crystallization of the 
voluminous precipitate from acetic acid yielded 0.22 g. 
(78%) of acenaphthene-3-carboxylic acid; m. p. 219-221° 
(no depression with an authentic sample).8

3-Hydroxymethylacenaphthene.—Hydrogenation of 1.16 
g. of 3-acenaphthaldehyde in 100 cc. of absolute ethanol in 
the presence of 25 mg. of Adams catalyst and 10 mg. of fer­
rous chloride proceeded to completion in one hour, and in 
this time a quantity of the alcohol had crystallized in 
colorless needles. This was dissolved by warming, and 
the solution was filtered and evaporated and the product 
crystallized from benzene, yielding 0.86 g. (73%) of 
needles; m. p. 153.4-154.2°. The best sample melted at 
153.8-154.8°.

Anal. Calcd. for C13H12O: C, 84.75; H, 6.57. Found:
C, 84.52; H, 6.66.

3-Methylacenaphthene.—A mixture of 18 g. of the alde­
hyde and 55 g. of hydrazine hydrate was heated in an auto­
clave under a nitrogen pressure of 2250 lb. at 200-210° for 
eight hours. The well washed reaction product on sub­
limation at atmospheric pressure at 100° yielded 10.4 g. 
(63%) of colorless blades; m. p. 95.6-95.9°. The hydro­
carbon crystallized from ethanol in long, colorless needles 
of the same melting point (20 °-depression with acenaph­
thene). Considerable azine was formed in the reaction 
and was left as a residue in the sublimation.

(12) G ibson and  Johnson, J . Chem. Soc., 753 (1931); B achm ann 
and  C hem erda, J .  Org. Chem., 4, 583 (1939).

(13) B a rn e tt an d  M atthew s, Ber., 59, 1437 (1926).
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Anal. Calcd. for C13Hi2: C, 92.82; H, 7.18. Found: 
C, 92.57; H, 7.38.

The picrate crystallized from alcohol in bright red 
needles; m. p. 163°, dec.

Anal. Calcd. for Ci9Hi60 7N3: C, 57.42; H, 3.81.
Found: C, 57.59; H, 3.82.

3-Acenaphthalacetic Acid.—A mixture of 40.2 g. of the 
aldehyde, 42 g. of malonic acid, and 30 cc. of pyridine was 
heated on the steam-bath for eight hours and the solid 
product which separated was collected after cooling and 
dissolved in 200 cc. of 10% sodium carbonate solution by 
heating. The filtered solution was acidified and the pale 
yellow precipitate was washed thoroughly and dried for 
six hours at 50° (20 mm.). This material had no distinct 
melting point and appeared to be the dihydrate; yield 
47.8 g. (83%).

Anal. Calcd. for Ci5Hi202-2H20 : neut. equiv., 260.
Found: 256.

Crystallization from ethanol (Norit) yielded 38.4 g. 
(77%) of pale yellow needles of the anhydrous acid; m. p. 
250°, dec. On further purification the substance melted 
at 251.3-251.8° with gas evolution.

Anal. Calcd. for CiftHi20 2: C, 80.33; H; 5.39; neut. 
equiv., 224. Found: C, 80.43; H, 5.51; neut. equiv., 
219.

The acid seemed to undergo some decarboxylation on 
melting, but attempts to isolate a pure reaction product 
after vacuum distillation or treatment with copper bronze 
were unsuccessful.

The methyl ester, prepared with diazomethane, distilled 
at 204° at 6 mm. and crystallized from ligroin in large yel­
low cubes; m. p. 104.4-105.4°. A second modification 
was obtained by rapid cooling of the melted ester; this 
melted at 73-74°, solidified and remelted at the higher 
temperature.

Anal. Calcd. for C16H14O2: C, 80.65; H, 5.92. Found: 
C, 80.34; H, 5.99.

iS-3-Acenaphthylpropionic Acid (II).—A solution of 
22.4 g. of the unsaturated acid in 200 cc. of 0.5 N  sodium 
hydroxide was shaken with 450 g. of 2% sodium amalgam 
for three hours and the filtered solution was acidified. 
Crystallization of the precipitated material from benzene 
gave 21.0 g. (93%) of colorless needles, m. p. 188-190°, 
and repeated recrystallization raised the melting point to 
191.7-192°.

Anal. Calcd. for Ci5H140 2: C, 79.62; H, 6.24. Found: 
C, 79.44; H, 6.46.

The methyl ester, prepared by hydrogenation of the 
unsaturated ester in ethanol (Adams catalyst) formed 
colorless needles from methanol; m. p. 50.7-51.7°.

Anal. Calcd. for Ci6Hi60 2: C, 79.97; H, 6.71. Found: 
C, 79.92; H, 6.94.

3,4-Aceperinaphthanone-7.—A solution of 5 g. of the
saturated acid in 50 g. of liquid hydrogen fluoride was 
poured onto ice after twenty minutes. The tarry, yellow- 
green product which separated solidified after about three 
hours and was washed thoroughly and dried at 50° (20 
mm.) for three hours. Extraction with ligroin from a resid­
ual green tar and clarification with Norit gave 2.5 g. 
(54%) of clusters of yellow plates; m. p. 92-97 °. Further

purification was best accomplished through the oxime
(III), which was prepared by treating a solution of the 
crude ketone in ethanol with the filtrate from a mixture of 
13 g. of hydroxylamine hydrochloride and 14 g. of sodium 
carbonate which had been ground with 50 cc. of ethanol. 
After standing for several hours the mixture was heated to 
boiling, the separated solid was brought into solution with 
more solvent, and the solution was clarified with Norit 
and allowed to cool. Repeated crystallizations of the 
material which separated afforded 1.9 g. (40%) of colorless 
needles, m. p. 245-246 °, dec., with darkening at 225° (even 
in an evacuated capillary).
.Anal. Calcd. for C15Hi3ON: C, 80.69; H, 5.87.

Found: C, 80.93; H, 5.98.
Steam distillation of a mixture of the oxime and dilute 

sulfuric acid yielded in the distillate 1.36 g. of the ketone 
(77 % from the oxime, 31 % from the acid). The substance 
crystallized from ligroin in clusters of yellow plates; m. p.
102.6-103.4°. The ketone darkened on exposure to sun­
light.

Anal. Calcd. for C15H12O: C, 86.51; H, 5.80. Found: 
C, 86.59; H, 5.79.

The semicarbazone separated from a boiling solution of 
the components in ethanol in the form*' of microcrystals 
which turned green when introduced into a bath at 260° 
and melted at 268° (evacuated capillary). The substance 
was very sparingly soluble in the usual solvents.

Anal. Calcd. for Ci6H15ON3: C, 72.43; H, 5.70.
Found: C, 72.54; H, 5.86.

Oxidation of the ketone was accomplished by gradually 
adding 10 g. of chromic oxide in 20 cc. of 50% acetic acid to 
1.5 g. of the ketone in 10 cc. of acetic acid. After the initial 
reaction had subsided the solution was refluxed for one 
hour and poured into water. The mixture was boiled to 
coagulate the dark brown solid, and this crude product 
was then dissolved in 20 cc. of 10% sodium hydroxide and 
refluxed with 3 g. of potassium permanganate for three 
hours. The mixture was poured into 100 cc. of water con­
taining 20 cc. of concentrated sulfuric'acid, sodium bisul­
fite was added until the manganese dioxide was dissolved, 
and the solution was evaporated to a volume of 75 cc. 
The gray product which separated was sublimed at 320° 
(3 mm.) and yielded 0.15 g. (7.7%) of naphthalene-1,4,5,8- 
tetracarboxylic dianhydride.14 This was identified by the 
formation of the diimide and its sodium salt, by the 
characteristic solubility in sulfuric acid and precipitation 
with water, and by the analysis.

Anal. Calcd. for Ci4H406: C, 62.70; H, 1.50. Found: 
C, 62.94; H, 1.72.

3,4-Aceperinaphthane (IV).—A mixture of 0.75 g. of the 
oxime, 12 cc. of 6 N  hydrochloric acid, 6 cc. of acetic acid, 
12 cc. of toluene, and 4 g. of amalgamated zinc was refluxed 
vigorously for six hours, after which another charge of zinc 
and acid was added and refluxing continued for thirty-six 
hours longer. The aqueous layer was extracted with ether, 
combined with the toluene layer, and evaporated to dry­
ness. The residue was a greenish tar from which the 
hydrocarbon was obtained by sublimation at 135° (8 mm.) 
in the form of colorless needles. Two crystallizations from

(14) B am berger an d  Philip , A n n ., 240, 147 (1887); F reund  and 
Fleischer, ibid., 399, 182 (1913).
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ligroin afforded 0.2 g. (30%) of material melting at 121.4- 
122° .

Anal. Calcd. for Ci6Hu : C, 92.75; H, 7.26. Found: 
C, 92.72; H, 7.24.

Attempts to prepare a pure picrate were unsuccessful, 
the best sample sintering at 121° and melting over the 
range 127-130°. The trinitrobenzene derivative crystal­
lized from ethanol in orange needles; m. p. 147-148°.

Anal. Calcd. for C21H17O6N3: C, 61.91; H, 4.21.
Found: C, 61.98; H, 4.50.

Other Trials.—3-Methylacenaphthene (10 g.) was con­
densed with N-methylformanilide under the conditions 
used in the reaction with acenaphthene. Steam distilla­
tion gave 8.0 g. (68%) of a mixture of aldehydes, m. p. 67- 
100 °, but no satisfactory method of separation was found.
3-Methylpyrene5 (9 g.) was submitted to the reaction in o- 
dichlorobenzene solution at the steam-bath temperature, 
and the reaction mixture when processed through the bi­
sulfite addition product yielded 7.5 g. (73%) of a mixture 
of aldehydes, m. p. 98-108°, but this again proved intract­

able. The semicarbazone mixture did not seem favorable 
for fractionation and the regeneration proceeded poorly. 
Extensive fractionation of the aldehyde mixture from alco­
hol and from benzene-ligroin afforded only a small amount 
of possibly homogeneous orange needles; m. p. 138-140°.

Anal. Calcd. for Ci7H10O: C, 88.50; H, 4.99. Found: 
C, 88.60; H, 4.95.

Summary
The reaction of aromatic hydrocarbons with 

N-methylformanilide to give aldehydes is 
limited to substances having a particularly reac­
tive nuclear position and not too sensitive to be 
destroyed by the condensing agent (phosphorus 
oxychloride). Acenaphthene has been formylated 
by this method and the product utilized for the 
synthesis of 3,4-aceperinaphthane.
C o n v e r s e  M e m o r ia l  L a b o r a t o r y
C a m b r i d g e , M a s s a c h u s e t t s  ' R e c e i v e d  A p r i l  1, 1942

[C o n t r i b u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m i s t r y , t h e  U n i v e r s i t y  o f  T e x a s ]

The Synthesis from Rhodanine-oxindoles of Keto and Mercapto Derivatives of
Cinchoninic Acid1

B y R u fu s  Vernon  J ones2 and H en ry  R . H en ze

Although the preparation of derivatives of keto- 
cinchoninic acids has been studied to a consider­
able extent, little attention has been directed to 
the synthesis of mercapto derivatives of the type

COOH
R - r A / V - S R

U nJ=o R = H  or CH3

R
In fact, only two examples of this type have been 
reported, namely, the unsubstituted keto-mer- 
capto acid and its 1-methyl derivative, prepared, 
respectively, by the alkaline hydrolysis of the ap­
propriate rhodanine- ( A5,3') -oxindole.3

We have resynthesized these two rhodanine- 
oxindoles and, in addition, have prepared the 5- 
methyl and the 1,5-dimethyloxindole analogs, by 
condensation of rhodanic acid and appropriate 
derivatives of isatin, in order to study their con­
version into keto and mercapto derivatives of

(1) P resen ted  before th e  D ivision of Organic C hem istry a t  th e  99th 
m eeting of th e  A m erican Chem ical Society a t  C incinnati, Ohio, 
A pril 9-11, 1940.

(2) F rom  th e  P h .D . d isserta tion  of R . V. Jones, June, 1937. 
P resen t address of R . V. J ., E a s t T exas S ta te  Teachers College, Com­
merce, Texas.

(3) (a) G ranacher and  M ahal, Helv. Chim. Acta, 6, 467 (1923); 
(b) G ranacher and  K ouniniotis, ibid., 11, 1241 (1928).

cinchoninic acid. A comparison of behavior upon 
hydrolysis of rhodanine-(A5»3')-oxindole and its
5-methyl homolog was of special interest since it 
had been shown4 that the closely related hydan- 
toin-(5,3')-oxindole and its 5'-methyl homolog 
had formed markedly different products on alka­
line hydrolysis, in that the former yielded 1,2-di- 
hydro-2-ketocinchoninic acid and the latter 5- 
methy loxindole.

In the present investigation, rhodanine-( A5»3')- 
oxindole and three methyl derivatives were hy­
drolyzed by alkali to form derivatives of 1,2-di- 
hydro-2-keto-3-mercaptocinchoninic acid. The 
behavior of these compounds toward further hy­
drolysis, methylation and reduction was studied. 
It was found that rhodanine-(A5’3')-oxindole and 
its 5'-methyl homolog by treatment with one 
molecular proportion of potassium hydroxide are 
converted into mono-potassium salts of the type 
(A) which can be hydrolyzed to regenerate the 
oxindoles but cannot be methylated. With an 
excess of alkali, rhodanine-( A"»3')-oxindole was 
converted into the dipotassium salt of 1,2-di- 
hydro~2-keto-3-mercaptocinchoninic acid, and the 
three methyl derivatives formed analogous dipo-

(4) H enze and  B lair, T h is  J o u r n a l , 55, 4624 (1933).



1670 R. Vernon Jones and Henry R. H enze Vol. 64

COOK
I

R -V ^j)------- c ~— C----—S R— SK

U \Nr“ K °=\N/^  v U -o
A H  B  R

tassium salts of type (B). The latter upon acidi­
fication form the corresponding l,2-dihydro-2- 
keto-3-mercaptocinchoninic acid derivatives. 
These, in turn, when treated with dimethyl sul­
fate were converted into l,2-dihydro-2-keto~3- 
methylmercaptocinchoninic acid analogs.

Experimental
Rhodanine-(A5’3')-1 '-methyloxindole (II).—This com­

pound was synthesized in a manner similar to rhodanine- 
( Aö'3/)-oxindole (I),5 by heating for five hours at 140° a 
solution of 30 g. (0.185 mole) of 1-methylisatin,6 24.6 g. 
(0.185 mole) of rhodanine, 30 g. (0.36 mole) of fused 
sodium acetate, 400 cc. of glacial acetic acid and 4 cc. of 
acetic anhydride. Upon cooling, dark red crystalline 
plates separated which, after drying, weighed 51 g. (99% 
yield). This compound is virtually insoluble in the com­
mon organic solvents and does not melt or decompose at 
300°. I t yields a positive test with Feigl’s reagent,

(= C = C —SEU=± = C H —C =S),7 and dissolved in alkaline 
solution but is not reprecipitated unchanged upon acidifica­
tion.

Anal Calcd. for C12H8N20 2S2: N, 10.14; S, 23.20. 
Found: N, 9.76; S, 23.31.

Rhodanine-(A5’3')-5'-methyloxindole (III).—Prepared in 
the same manner as the above but from 5-methylisatin, this 
compound possesses a copper-brown color with a metallic 
luster and is very sparingly soluble in ordinary organic 
solvents. Its physical and chemical behavior is similar 
to that of the 1'-isomer.

Anal. Calcd. for Ci2H8N20 2S2: S, 23.20. Found: S, 
22.82.

Rho danine-( A5 >3')-1 ',5 '-dimethyloxindole (IV).—Pre­
pared as above from 1,5-dimethylisatin8 in 76% yield, the 
compound is a satin-black colored, fluffy solid with physical 
and chemical properties like those of the monomethyl 
analogs.

Anal. Calcd. for Ci3H10NO2S2: N, 9.65. Found: N, 
9.83.

The same compound was obtained in 69% yield by con­
densing 1,5-dimethylisatin and rhodanine in ethyl alcohol 
solution using diethylamine as the catalyst,

Methylation of Rhodanine-(A5’3')-oxindoles.—In an 
attempt to convert (I) into (II), the former (0.05 mole) 
was mixed with dimethyl sulfate (0.05 mole) in alcoholic 
solution made basic with potassium hydroxide, and then

(5) Andreasch, M onalsh., 38, 138 (1917).
(6) H eller, Ber., 40, 1300 (1907); an  easier m ethod  of preparing 

N -m ethy iisa tin  involves conversion of N -m ethy lan iline  into m ethyl- 
isonitrosoacetanilide and  w arm ing th e  la t te r  w ith  concentrated sul­
furic acid a t  40-50°.

(7) Feigl, Mikrochemie, XV, (N . F. IX ), 1 (1934).
(8) Hegel [Ann., 232, 217 (1885)] repo rted  m. p. 148°; we found 

m. p. 150-152° (cor.).

was heated with an equal quantity of dimethyl sulfate 
for one hour. The solution was acidified and the solid 
which separated was purified and then melted at 216-217° 
with decomposition. Analysis proved the material to be
1,2-dihydro-2-keto-3-methylmercaptocinchoninic acid 
(XIII), indicating that mere methylation had not occurred.

Anal Calcd. for CnH9N 03S: N, 5.95. Found: N, 
5.94.

When compound I was treated with two equivalents of 
dimethyl sulfate in a 5% alcoholic solution, addition of 
25% potassium hydroxide solution produced a red precipi­
tate. The latter was filtered, dissolved in excess of the 
same alkaline solution and, upon acidification with hydro­
chloric acid, hydrogen sulfide was evolved. From the 
solution was obtained light yellow crystals melting at 345° 
(cor.); mixed with an authentic sample of l,2-dihydro-2- 
ketocinchoninic acid (XVII), the mixture melted un­
changed.

Attempted methylation of I, suspended in methanol, by 
means of dimethyl sulfate and alcoholic potash for two 
hours at 100° was unsuccessful and I was recovered un­
changed. The monopotassium salt of I was refluxed for 
fifteen hours with methyl iodide, but without reaction.

Likewise, no apparent change occurred when the mono­
potassium salt of III was suspended in dry ether and heated 
for several hours with dimethyl sulfate in an attempt to 
form IV. Even when this salt was heated for eighty hours 
at 100° with dimethyl sulfate, instead of methylation, 
hydrolysis and desulfurization produced l,2-dihydro-2- 
keto-6-methylcinchoninic acid (XVIII); m. p. 235-236° 
(cor.).

Anal Calcd. for CnH9NOs: N, 6.90. Found: N, 6.96.
Potassium Hydroxide on Rhodanine-(A5>3')-oxindoles.— 

To a well-stirred alcoholic suspension of I was added one 
equivalent of potassium hydroxide and the mixture was 
heated for one hour. The suspended, dark colored ma­
terial became red and then was but slightly soluble in alco­
hol, ether or water. Suspended in water the salt rapidly 
hydrolyzed (accelerated by acid) to regenerate I. The 
red solid does not melt or decompose at 300°, is a mono­
potassium salt, and gives a positive test with the Feigl 
reagent.7

Anal Calcd. for CiiHöKN20 2S2 : N, 9.26. Found: 
N, 8.94.

Addition of three equivalents of potassium hydroxide to 
an alcoholic suspension of I caused a change of color, first 
to a deep red, and after a while to yellow. The mixture 
was boiled for one hour, cooled and filtered, yielding a 
canary yellow, crystalline solid. The latter is extremely 
soluble in water but is only slightly so in absolute alcohol 
or ether. The salt gave a positive Feigl test.7 A 3% 
solution yields precipitates of characteristic color with 
many cations; these cannot be distinguished from those 
produced by the dipotassium salt of l,2-dihydro-2-keto-3- 
mercaptocinchoninic acid (V).

Anal Calcd. for C10H5K2NO3S: S, 10.78. Found:
S, 10.43.

A solution of this dipotassium salt in water at 0° was 
acidified yielding an orange colored amorphous precipitate. 
After drying, the product (81% yield) was recrystallized 
from toluene as feathery, orange crystals melting at 165-
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166° (cor.). These data are in exact agreement with that 
reported for l,2-dihydro-2-keto-3-mercaptocinchoninic 
acid9 (VI).

Anal. Calcd. for Ci0H7NO3S: neut. equiv., 110.6; N, 
6.33. Found: neut. equiv., 109.5; N, 6.36.

Unsuccessful attempts were made to synthesize VI from 
isatin (a) with thioglycolic acid in alcohol refluxed with di- 
ethylamine and (b) with thioglycolic acid heated in glacial 
acetic acid containing acetic anhydride and fused sodium 
acetate.

Boiling the dipotassium salt (V) with glacial acetic acid 
caused the separation of elementary sulfur and from the 
solution was obtained a curdy, light yellow mass. After 
solution in alkali, acidification yielded material (62%) 
melting at 345° (cor.). This material was mixed with an 
authentic sample of 1,2-dihydro-2-ketocinchoninic acid10 
(XVII) and the melting point remained unchanged.

The 1-methyl, 5-methyl and 1,5-dimethyl derivatives 
of rhodanine-( A6,3')-oxindole appear to be more readily 
hydrolyzed by action of potassium hydroxide solution and 
are converted into the dipotassium salts of the correspond­
ing methylated l,2-dihydro-2-keto-3-mercaptocinchoninic 
acids (VII), (IX) and (XI). These salts do not appear to 
decompose at 300°.

Anal. Dipotassium salt from rhodanine-( A5,3' ) - l /- 
methyloxindole (VII). Calcd. for CnH7K2N 03$ : N, 4.50; 
S, 10.29. Found: N, 4.64; S, 9.85.

This salt was converted in 79% yield by acidification into 
1,2“dihydro-2-keto-3-mercapto-l-methylcinchoninic acid 
(VIII), m. p. 145° (cor.) (dec.).11

Anal. Calcd. for CnH9N 03S: N, 5.96. Found: N, 
5.73.

A monopotassium salt was obtained by interaction of 
rhodanine-( A5>3/)-5'-methyloxindole (III) and one equiva­
lent of potassium hydroxide in alcohol. The red salt is 
hydrolyzed readily by hot water, regenerating the original 
oxindole derivative.

Anal. Calcd. for Ci2H7KN20 2S2: N, 8.92; S, 20.40. 
Found: N, 8.87; S, 20.10.

When the oxindole derivative III is allowed to stand in 
the cold with alcoholic potassium hydroxide solution, or 
more rapidly by warming, canary yellow needle-like 
crystals of a dipotassium salt (IX) are obtained in 90% 
yield. The compound is very soluble in water, yielding a 
solution neutral to phenolphthalein, but is rather sparingly 
soluble in 95% alcohol.

Anal. Calcd. for CnH7K2N 03S: C, 42.42; H, 2.27; 
N, 4.50; S, 10.29. Found: C, 42.04; H, 3.01; N, 4.47; 
S, 10.40.

From a chilled, aqueous solution of this salt (IX), 
acidification caused separation (93% yield) of an orange 
colored solid, so finely divided as to be filtered with extreme 
difficulty. I t is quite soluble in alcohol, acetone and 
ethyl acetate, but is best recrystallized from glacial acetic 
acid as a bright red product; m. p. 193-196° (cor.) (dec.).
1,2-Dihydro-2-keto-3-mercapto-6-methylcinchoninic acid

(9) G ranacher and  K ouninio tis, ref. 3b.
(10) Borsche and  Jacobs, Ber., 47, 362 (1914).
(11) G ranacher and  K ouninio tis, ref. 3b, repo rt m . p. 146-150°

(dec.). T he tem p era tu re  of decom position of th is  acid is greatly  in ­
fluenced by th e  ra te  of heating  du ring  th e  ra. p. determ ination.

(X) is rather insoluble in cold water but is decomposed by 
continued contact with boiling water.

Anal. Calcd. for CnH9N 03S: neut. equiv., 117.6;
N, 5.96; S, 13.63. Found: neut. equiv. (phenolphthalein), 
117.6; N, 6.01; S, 13.75.

Compound IV was heated with slightly more than two 
equivalents of potassium hydroxide in water (20% solu­
tion); the black compound became red in color and dis­
solved. Upon dilution of the solution with ethyl alcohol a 
yellow, crystalline dipotassium salt (XI) separated and was 
filtered and dried (90% yield). This salt is extremely sol­
uble in water and is quite hygroscopic.

Anal. Calcd. for Ci2H9K2N 03S: N, 4.30; S, 9.85. 
Found: N, 4.32; S, 10.03.

This salt (XI) upon acidification formed the corre­
sponding 1,2-dihydro-2~keto-3-mercapto- 1,6-dimethylcin- 
choninic acid (XII) in 87% yield. Out of toluene, the 
orange-brown feathery crystals melt with decomposition 
at 157-159° (cor.).

Anal. Calcd. for C12H11NO3S: neut. equiv., 124.6; N, 
5.62; S, 12.86. Found: neut. equiv., 125.1 (phenol­
phthalein); N, 5.79; S, 12.66.

In order to further characterize X, 2 g. of the latter was 
heated with 1.2 g. of benzyl chloride, 5 g. of sodium hy­
droxide and 50 cc. of alcohol until solution was complete. 
On cooling, sodium chloride separated and was removed 
by filtration. The filtrate was diluted with a large volume 
of water, boiled to remove much of the alcohol, again 
cooled, extracted with ether, and upon acidification there 
was precipitated l,2-dihydro-2-keto-3-benzylmercapto-6- 
methylcinchoninic acid; purified by crystallization from 
diluted alcohol it melts with decomposition above 200°.

Anal. Calcd. for Ci8Hi5N 03S: N, 4.31. Found: N, 
4.29.

Following the method of Johnson, Pfau and Hodge,12 
11 g. of chloroacetic acid was dissolved in 20 cc. of water, 
5 g. of X was added and the mixture was boiled for one 
hour. The black, suspended material was removed and 
dissolved in alcohol with separation of elementary sulfur. 
Dilution of the filtrate caused precipitation of 1,2-dihydro- 
2-keto-6-methylcinchoninic acid (XVIII). The latter 
was recrystallized from 80% alcohol and melted with de­
composition at 235-236°. The acid is insoluble in water, 
but is fairly soluble in alcohol, ether and glacial acetic acid.

Anal. Calcd. for CnH9N 03: C, 65.02; H, 4.47; N, 
6.90. Found: C, 65.21; H, 4.61; N, 6.88.

Formation of l,2-Dihydro-2-keto-3-methylmercapto- 
cinchoninic Acids.—A solution of 60 g. (0.22 mole) of the 
yellow dipotassium salt V in 200 cc. of water was cooled to 
0° and treated with 60 g. (0.475 mole) of dimethyl sulfate 
with subsequent addition of 20% potassium hydroxide 
solution as needed to maintain the mixture alkaline to lit­
mus. A yellow precipitate was filtered and recrystallized 
from boiling water. The solid did not melt at 300° and 
yielded a negative test with the Feigl reagent.7

Anal. Calcd. for CnH8KN03S: S, 11.73. Found: S,
11.57.

Upon acidifying the filtrate from this potassium salt, or a 
cold aqueous solution of the salt, bright yellow leaflets

(12) Johnson, P fau  and  H odge, T h is  J o u r n a l , 34, 1041 (1912).
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were obtained which could be recrystallized from dilute 
alcohol. Thus purified, 1,2-dihydro-2-keto-3-methylmer- 
captocinchoninic acid (XIII) melts with decomposition at 
219-220° (cor.).

Anal. Calcd. for CnHgNOsS: neut. equiv., 235.3; 
N, 5.95; S, 13.63. Found: neut. equiv. (phenolphtha- 
lein), 238.9; N, 5.98; S, 13-84.

In the same manner, (VII) was converted into 1,2-di- 
hydro-2-keto-3-methylmercapto-1 -methylcinchoninic acid 
(XIV), melting with decomposition at 229-230° (cor.).

Anal. Calcd. for C12H11NO3S: neut. equiv., 249.3; 
N, 5.62. Found: neut. equiv. (phenolphthalein), 245.4; 
N, 5.87.

From the dipotassium salt (IX) there was prepared a 
monopotassium salt which was recrystallized from 80% 
alcohol.

Anal. Calcd. for Ci2Hi0KNO3S: N, 4.88; S, 11.16. 
Found: N, 5.00; S, 11.16.

A sample of this monopotassium salt was dissolved in 
water and treated with cold, dilute hydrochloric acid caus­
ing separation of a glistening yellow solid. After recrys­
tallization from dilute alcohol, 1,2-dihydro-2-keto-3- 
methylmercapto-6-methylcinchoninic acid (XV) was ob­
tained as an orange crystalline material melting with de­
composition at 221- 222° (cor.).

Anal. Calcd. for C12H11NO3S: neut. equiv., 249.3;
N, 5.62. Found: neut. equiv. (phenolphthalein), 246.2; 
N, 5.57.

Dimethyl sulfate converted the dipotassium salt XI into 
a monopotassium salt which did not melt at 300° and which 
did not give a positive test with Feigl reagent.7

Anal. Calcd. for CisH^KNOsS: N, 4.65. Found: N, 
4.35.

This salt upon acidification yielded yellow, crystalline 
material. Recrystallized from dilute alcohol, 1,2-dihydro- 
2-keto-3-methylmercapto-l ,6-dimethylcinchoninic acid 
(XVI) melts with decomposition at 224-225° (cor.).

Anal. Calcd. for Ci3Hi3N03S: neut. equiv., 263.3; 
N, 5.32, Found: neut. equiv. (phenolphthalein), 258.0; 
N, 5.61.

Reduction of l,2-Dihydro-2-keto-3-methylmercaptocin- 
choninic Acids.—Six grams of XIII, 5 g. of red phos­
phorus and 50 cc. of hydriodic acid (sp. gr. 1.7) were re­
fluxed for seven hours at 150°. After removal of the phos­
phorus by filtration and most of the acid by steam distilla­
tion, the solution was made alkaline with potassium hy­
droxide and then faintly acidic with hydrochloric acid; 
upon cooling, light yellow crystals (2 g. or 41% yield) were 
obtained. A mixture of this material with an authentic 
sample of l,2,3,4-tetrahydro-2-ketocinchoninic acid 
(XIX)13 melted at 215-216° (cor.).

Anal. Calcd. for Ci0H9NO3: N, 7.33. Found: N, 
7.16.

Three grams of XIV was heated with 25 cc. of hydriodic 
acid and 2 g. of red phosphorus for eight hours at 150°, a 
gas with mercaptan-like odor being evolved. The gum 
which formed could not be caused to crystallize, but did not 
contain sulfur.

From heating a sample of XV with concentrated hydri­
odic acid for ten hours at 150° there was obtained white 
needles of l,2,3,4-tetrahydro-2-keto-6-methylcinchoninic 
acid (XX) melting at 219-220° (cor.). This melting point 
was not altered by mixture with an authentic sample.14

Anal. Calcd. for C11H11NO3: N, 6.86. Found: N, 6.74.
Two attempts were made to reduce l,2-dihydro-2-keto-3- 

methylmercapto-l,6-dimethylcinchoninic acid (XVI) with 
hydriodic acid alone or with red phosphorus; in neither 
case was it possible to secure a crystalline product.

Summary
The preparation of ketomercaptocinchoninic 

acids from rhodanine-(A5’3')-oxindoles has been 
studied. As a result it has been possible to syn­
thesize examples of l,2-dihydro-2-keto-3-methyl- 
mercaptocinchoninic acids, a type not previously 
reported in the chemical literature.

(13) H ill, Schu ltz  an d  L indw all [T h is  J o u r n a l , 52 , 773 (1930)] 
reported  m. p . 217-218°.

(14) H enze an d  B lair, ref. 4.

Austin, Texas R eceived December 8, 1941

[Contribution from the D epartment of Chemistry, the University of T exas]

Hydantoins Containing a Tetrahydropyranyl Substituent1
B y  H en ry  R . H enze  and R obert L . M cK e e

Until quite recently, the clinical utilization of 
hydantoin derivatives had been limited wholly 
to the use of ethylphenylhydantoin (Nirvanol)2 
in the treatment of convulsions of the type of St. 
Vitus dance. However, the sodium salt of di- 
phenylhydantoin (Dilantin)3 has come now to be

(1) P resen ted  before th e  M edicinal D ivision of th e  Am erican 
C hem ical Society a t  M em phis, A pril, 1942.

(2) Swiss P a te n t 72,561 (Sept. 16, 1916).
(3) (a) P u tn am  an d  M erritt, Science, 85, 526 (1937); (b) M erritt 

an d  P u tn am , J .  A m . M ed. Assoc., I l l ,  1068 (1938); (c) P u tnam , 
ibid ., 112, 2190 (1939).

considered as virtually a specific for control of 
epileptic seizures. Treatment with this substi­
tuted hydantoin does not effect a cure of epilepsy, 
hence the necessity for further research seeking 
additional anticonvulsants.

A few hydantoin derivatives containing an al- 
koxy substituent4 have been prepared in this 
Laboratory and shown elsewhere to possess vary-

(4) (a) R ig ler w ith  H enze, T h i s  J o u r n a l , 58, 474 (1936); (b) 
Speer w ith H enze, ibid., 61, 3376 (1939); (c) Rogers an d  H enze, 
ibid., 62, 1758 (1940).
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ing degrees of activity as anticonvulsants. A 
careful survey of the chemical literature fails to 
disclose evidence of the synthesis of any hydan­
toin possessing a cyclic ether grouping as a sub­
stituent. With these facts in mind, this research 
was begun with the intention to synthesize a series 
of cyclic keto ethers of the type (I) in which the 
■—R grouping should be alkyl or phenyl, and, fur­
ther, from these ketones to prepare a similar 
series of 5,5-disubstituted hydantoins of the type
(II) in which the —R groupings should correspond 
to those of the parent ketones.

R—CO—CH<
/CH2CH5

> 0
c h 2c h /

I
HN----- CO

oè 
I

HN
CH2CH2v

C-----CH< ^>0
\ ch2ch2'

II
Only two examples of cyclic keto ethers (I) 

were known, namely, the methyl and ethyl tetra­
hydropyranyl ketones,5 which were reported to be 
formed by action of the appropriate zinc alkyls 
upon the acid chloride of tetrahydropyran-4-car- 
boxylic acid. In the present investigation, reac­
tion of 4-cyanotetrahydropyran with appropriate 
Grignard reagents has been utilized in the resyn­
thesis of these methyl and ethyl ketones, and in 
the initial preparation of six homologs and of the 
cyclohexyl and phenyl analogs. No appreciable 
quantity of ketone could be obtained from 4- 
cyanotetrahydropyran and either isopropylmag- 
nesium bromide or ^-butylmagnesium bromide.

Each of these ten acyl derivatives of tetrahydro- 
pyran has been converted into the corresponding 
hydantoin by interaction with potassium cyanide 
and ammonium carbonate in diluted alcohol solu­
tion. Through the courtesy of Parke, Davis and 
Company two of these new compounds, in the 
form of their sodium salts, have received prelimi­
nary pharmacological testing; 5-isoamyl-5-tetra- 
hydropyranylhydantoin and its 5-phenyl analog 
were found to exhibit mild anticonvulsant ac­
tivity and to be devoid of any hypnotic action.

Experimental
Ethyl 4-Cyanotetrahydropyran-4-carboxylate.—To a

suspension of sodium ethylate, prepared from 31.5 g. of 
sodium and 450 cc. of absolute ethanol, was added 155 g.

(5) Prelog, C erkovnikov and  H eim bach, Collection Czech. Com- 
www., 10, 399 (1938).

of ethyl cyanoacetate6 followed by 97 g. of 2,2'-dichloro- 
ethyl ether. This mixture was heated under a reflux 
condenser for three hours and later allowed to stand for an 
additional twelve hours. After filtration from sodium 
chloride, the solution was fractionated and the material 
boiling 105-140° (16 mm.) was collected. Upon redis­
tillation there was obtained 37 g. (31% yield) of ethyl 4- 
cyanotetrahydropyran-4-carboxylate boiling at 135° (16 
mm.)7; w20d 1.4539; d2Q4 1.1109; y20 37.4; MR  calcd. 
44.68; MR found 44.66; P  calcd. 413.9; P  found
407.9.

Anal. Calcd. for C9H13NO3: C, 58.95; H, 7.15; N, 
7.65. Found: C, 58.77; H, 7.29; N, 7.71.

This ester was subsequently hydrolyzed by allowing a 
mixture of 32 g. of ester, 10.8 g. of potassium hydroxide, 
9 cc. of water and 192 cc. of methanol to stand at room 
temperature for fifteen hours. Carbon dioxide was passed 
through the solution while the latter was concentrated on a 
water-bath. When solid matter began to separate it was 
redissolved and acidified with hydrochloric acid, causing 
separation of the organic acid. After recrystallization 
from the least amount of water, 4-cyanotetrahydropyran-4- 
carboxylic acid (yield quantitative) melted at 163—164° 
(cor.).8

Anal. Calcd. for C7H9NO3: neut. equiv., 155.1; N, 
9.03. Found: neut. equiv. (phenolphthalein), 156.5; N, 
9.12.

Tetrahydropyran-4-nitrile.—The carboxylic acid (28.5 
g.) was heated under a reflux condenser in an oil-bath at 
180-200° until evolution of carbon dioxide ceased. On 
fractionation of the residue, the nitrile distilled at 82-83° 
(10 mm.)9 and left a small amount of solid product, which 
on further heating at 210-220° gave an additional amount 
of the nitrile. The total yield was 18.4 g. or 90%; w20d 
1.4521; d2\  1.0343; y20 40.7; MR calcd. 29.11; MR  
found 28.99; P  calcd. 267.9; P  found 272.0.

Preparation of Acyl 4-Tetrahydropyrans.—The ketones 
were prepared by addition of a molar proportion of tetra- 
hydropyran-4-nitrile in absolute ether to 1.2-2.0 molar 
proportions of an appropriate Grignard reagent; the hy­
drolysis could be effected equally well with cold solutions 
of either ammonium chloride or hydrochloric acid. The 
ether extracts, after drying, were fractionated through an 
eight-inch (21 cm.) column containing a nichrome wire 
spiral. The purified ketones were water-white liquids 
having a sweet odor, and were miscible with ethanol or 
ethyl ether but immiscible with water. The compounds 
appear to be stable on standing and readily formed semi- 
carbazones and 2,4-dinitrophenylhydrazones.

Preparation of 5-(4-Tetrahydropyranyl)-5-substituted 
Hydantoins.—A given ketone, together with 1.8 molar 
equivalents of potassium cyanide and 3.6 molar equiva­
lents of ammonium carbonate (U. S. P. cubes), was dis­
solved in about 150 cc. of 50% ethyl alcohol and heated 
under a reflux condenser at 58-60° for twelve hours. The 
solution was evaporated to about one-half its original

(6) “ O rganic S yn theses,” John  W iley and  Sons, Inc ., N ew  Y ork , 
N . Y ., Coll. Vol. I, 1932, p. 249.

(7) G ibson and  Johnson  [J. Chem. Soc., 2528 (1930)] re p o rt b. p . 
125° (16 m m .), b u t  no o the r da ta .

(8) Ib id ., p. 2529, repo rted  m. p. 160-162°.
(9) Ib id ., repo rted  b. p. 82-83° (10 m m .).
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T a b l e  I
/C H 2CHS

>4-Acyltetrahydropyrans, R—CO—-CH<
XCH2CHs

Yield, B. p. Mol. refract.
— R % °C. (cor.) Mm. W20 D d™* y20 Calcd. Found

Methyl0 53 205-207 144 1.4530 1.0243 35.8 33.98 33.84
Ethyl6 72 101 20 1.4541 1.0016 37.2 38.60 38.40
«-Propyl 57 85-88 5 1.4545 0.9828 43.22 43.08
«-Butyl 67 100 5 1.4551 .9700 47.83 4.7.61
Isobutyl 69 90-92 6 1.4545 .9648 33.2 47.83 47.83
«-Amyl 64 106-107 5 1.4573 .9589 33.3 52.45 52.39
Isoamyl 65 116-117 7 1.4567 .9562 32.9 52.45 52.46
«-Hexyl 61 134-135 6 1.4569 .9446 57.07 57.12
Cyclohexyl 46 142 5 1.4839 1.0262 54.87 54.72
Phenyl 67 57-58c

Semi­ 2,4-Dinitro-
Carbon, % Hydrogen, % carbazone phenylhydrazone

— R Calcd. Found Calcd. Found M. p., °C. (cor.) M.. p., °C. (cor.)
Methyl 65.57 65.21 9.43 9 .58 178 160-1610'
Ethyl 67.55 67.28 9.92 10.08 151 146-147*
«-Propyl 69.18 68.87 10.32 10.54 145-146
«-Butyl 70.54 70.21 10.66 10.68 180 99
Isobutyl 70.54 70.40 10.66 10.78 187-188 122
«-Amyl 71.69 71.39 10.94 10.95 117 89-90
Isoamyl 71.69 71.60 10.94 10.93 158-159 134-135
«-Hexyl 72.68 72.67 11.18 11.19 161
Cyclohexyl 73.42 73.43 10.27 10.19 213-214
Phenyl 75.76 75.62 7.42 7.65 (ƒ)

° Prelog, Cerkovnikov and Heimbach, ref. 5, reported b. p. 90-94° (15 mm.); we found b. p. 91-92° (15 mm.). 6 Ibid.,
reported b. p. 103° (15 mm.). c M. p. of the solid ketone. d Prelog, Cerkovnikov and Heimbach, ref. 5, reported m. p. 
160.0-160.5°. e Ibid., reported m. p. 146.0-146.5°. f Did not form; the ketone was recovered unchanged.

T a b l e  II
H y d a n t o in s  C o n t a in in g  a  T e t r a h y d r o p y r a n y l  S u b s t it u e n t

HN---- CO R
| \  r /  /C H 2—CH2
I /  \ c H  NoOC— -NH \

x CH2—CH2
M . p., Yield, Carbon, % H ydrogen, % N itrogen, %

— R °C. (cor.) % Calcd. F ound Calcd. F ound Calcd. Found

Methyl 250 51 54.53 54.79 7.12 7.30 14.13 14.14
Ethyl 246 70 56.59 56.25 7.60 7.69 13.20 13.34
«-Propyl 223 6 6 58.39 58.41 8 . 0 2 8.18 12:38 12.19
«-Butyl 195 49 59.98 59.74 8 .39 8.48 1 1 .6 6 11.60
Isobutyl 2 2 2 53 59.98 59.76 8 .39 8.50 1 1 .6 6 11.55
«-Amyl 171-172 79 61.39 61.30 8 .72 8.74 1 1 .0 2 11.15
Isoamyl 195-196 68 61.39 61.22 8 .72 8.77 1 1 .0 2 10.97
«-Hexyl 169 48 62.66 62.58 9.01 9.04 10.48 10.61
Cyclohexyl 304-306 65 63.12 63.01 8.33 8.40 10.52 10.63
Phenyl 253 72 64.57 64.23 6.20 6.39 10.77 1 0 .8 8

volume and then was acidified with hydrochloric acid 
causing separation of the hydantoin. In general, two 
recrystallizations from 20% alcohol produced crystal­
line white material, seemingly quite insoluble in water, 
but readily soluble in alkaline solution. Sodium salts 
of the hydantoins could be prepared readily by addition 
of the calculated amount of sodium ethylate to an 
alcoholic solution of the hydantoin and evaporation to 
dryness.

Summary
1. Eight new cyclic ether ketones, containing 

the tetrahydropyran nucleus, have been prepared.
2. The initial synthesis is reported of ten ex­

amples of a novel type of hydantoin containing a 
cyclic ether (tetrahydropyranyl) grouping.
A u s t i n , T e x a s R e c e i v e d  M a y  4, 1942
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Copolymerization of Alkyl Acrylates and Alkyl Maleates. Some Kinetic Studies on
Copolymerization1

B y  C. S. M arvel and R obert  L. F r a n k 2
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In order to learn more about copolymerization 
an attempt has been made to extend the method 
of kinetic study of the polymerization of optically 
active monomers3 to mixtures of monomers. The 
work reported in this communication deals with 
copolymers of acrylates and maleates. These 
were selected for study because of ready avail­
ability and because it was thought that when these 
two monomer units entered a growing chain, they 
would do so in a 1:1 ratio as this seemed to be the 
tendency for such heteropolymers as styrene- 
maleic anhydride, stilbene-maleic anhydride4 
and the less closely related olefin-sulfur dioxide5 
copolymers. It was to be expected that excess 
acrylate units might appear in the polymer but 
the maleate being unable to polymerize alone 
should never exceed the 1:1 ratio.

The polymerization of various mixtures of 
/-monomenthyl maleate and ethyl acrylate was 
carried out in water-jacketed polarimeter tubes 
at 55° and the change in rotation was followed to 
determine the rate of each reaction. The change 
in concentration of the maleate could then be cal­
culated by means of the equation

c = Cq(yt -  yP)
T ym -  yP

in which CT is the concentration of the maleate 
at time T (in grams per 100 cc.), C0 is the initial 
concentration, and 7mt 7p, and 7X are the specific 
rotations of the monomer, the polymer, and the 
solution at time T, respectively. It should be 
noted that what is being measured here is not 
necessarily the rate of polymer formation, but the 
rate of entrance of the maleate units into the 
chain.

Benzoyl peroxide was used to catalyze the poly­
merizations, and rather large amounts (up to 5% 
of the solutions) were employed in order to elimi­
nate as much as possible the induction period and 
to speed up the polymerizations. Anhydrous di-

(1) This is th e  th ir te e n th  com m unication on vinyl polymers. For 
the  tw elfth  see T h is  J o u r n a l , 64, 92 (1942).

(2) du  P o n t P o st-D o c to ra te  R esearch A ssistant, U niversity  of 
Illinois, 1940-1941.

(3) (a) M arvel, Dec an d  Cooke, T h is  J o u r n a l , 62, 3499 (1940); 
(b) Price and  K ell, ibid., 63, 2798 (1941).

(4) W agner-Jauregg, Ber., 63, 3213 (1930).
(5) Frederick, Cogan an d  M arvel, T h i s  J o u r n a l , 56, 1815 (1934).

oxane was the solvent and the solutions contained 
from 6 to 16% of the combined monomers.

The entrance of maleate units into the polymer 
chains appears to be a zero order reaction and 
gives a straight line when the change in concen­
tration (C0 — CT) is plotted against time (Fig. 
1, Curve 1). This indicates that the rate should 
be independent of the concentration of the male­
ate, and this was found to be the case. When the 
concentration of the maleate was varied, the slope 
of the straight line did not change (Figs. 1 (Curve
2) and 2).

Fig. 1.—Curve 1: 0.26 molar ethyl acrylate, 0.26 molar 
/-monomenthyl maleate, 5% benzoyl peroxide; Curve 2: 
0.26 molar ethyl acrylate, 0.13 molar /-monomenthyl 
maleate, 5% benzoyl peroxide.

When two equivalents of /-monomenthyl mal­
eate to one of ethyl acrylate were used, it was ex­
pected that the rotation would change until half 
the maleate had copolymerized with the acrylate, 
to give a 1:1 polymer, and that the rotation would 
then show no further change, as indicated by the 
dotted line in Fig. 2. As shown by the curve ob­
tained in Fig. 2, this was not the case. The rota­
tion changed according to zero order kinetics until 
one equivalent of maleate had been used up, and 
then continued to decrease slowly.
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Fig. 2.—0.26 molar ethyl acrylate, 0.52 molar /-mono­
menthyl maleate, 5% benzoyl peroxide.

In order to investigate this behavior, /-mono­
menthyl maleate was heated in dioxane alone for 
a week to determine whether or not an ester inter­
change might be taking place. The rotation was 
unchanged at the end of this time.

The maleate was then treated with benzoyl 
peroxide without having any acrylate present. 
The rotation changed and, when the data were 
plotted, a first-order curve was obtained (Fig. 3). 
This result indicated that the maleate was poly­
merizing itself or that perhaps the monomer was

Fig. 3.—0.26 molar /-monomenthyl maleate, 0.21 (5%) 
molar benzoyl peroxide.

reacting in some way with the benzoyl peroxide. 
In experiments using a limited amount of peroxide 
it was found that the latter alternative was the 
correct one. When less than one mole of peroxide 
was used for two of maleate, the rotation changed 
only in proportion to the amount of peroxide 
which would combine in this ratio. When the 
acrylate is present, this first order reaction is ap­
parently superseded by the zero-order copoly­
merization, but takes place when the acrylate is ab­
sent. This reaction is being investigated further.

By doubling the concentration of aciylate and 
keeping the peroxide and maleate concentrations 
the same as in the experiments plotted in Fig. 1, 
it was found that the rate of reaction is independ­
ent of the acrylate concentration (Fig. 4, Curve 1).

Fig. 4.—Curve 1: 0.52 molar ethyl acrylate, 0.26 molar 
/-monomenthyl maleate, 5% benzoyl peroxide; Curve 2: 
0.26 molar ethyl acrylate, 0.26 molar /-monomenthyl 
maleate, 2.5% benzoyl peroxide.

When mole per mole of acrylate and maleate 
were used at the same concentration as in Fig. 1, 
and the peroxide concentration was halved, the 
rate of reaction was also cut in half, as illustrated 
in Fig. 4, Curve 2. Thus the rate of this polymeri­
zation appears to be directly proportional to per­
oxide concentration and not to the square root of 
the peroxide concentration as found by Price and 
Kell for d-s-butyl a-chloroacrylate.3b

It is possible to explain these kinetics, zero 
order with respect to maleate, if one makes the 
assumption that the reaction of Z-monomenthyl 
maleate with the growing polymer chains occa­
sionally forms a non-polymerizing product.
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Polymers were isolated from the reaction mix­
tures containing equimolar amounts of acrylate 
and maleate and also from the mixtures containing 
two moles of maleate for one of acrylate. These 
polymers were found to have specific rotations of 
—29.2° and —39.2°, respectively. By calculating 
the specific rotation of a 1:1 copolymer from the 
actual rotation of the reaction mixtures at the 
end of the reaction, a figure of —43.2° is obtained, 
which is higher than the values found. This would 
indicate that the polymer chains contain less than 
one maleate unit for each acrylate unit, even 
when the maleate monomer is used in excess. This 
conclusion is in agreement with the analytical 
data obtained for the copolymers.

A second series of experiments was carried out 
with /-menthyl acrylate and ethyl maleate, in 
order to study the kinetics of the entrance of acry­
late units into the polymer chain. These reac­
tions, however, did not give, clean-cut curves and 
it was impossible to ascertain whether the reac­
tions were zero order or first order. /-Menthyl 
acrylate alone was found to polymerize according 
to first-order kinetics, as shown in Fig. 5. This 
is the expected result and similar to the polymeri­
zation of 5-butyl a-chloroacrylate and vinyl fi- 
phenylbutyrate.3a

Experimental
Kinetic Studies on Polymerization of Optically Active 

Esters.—Special water-jacketed 1-dm. polarimeter tubes 
of Pyrex glass were used for the rotation studies. These 
were made by the Macalaster Bicknell Company of Cam­
bridge, Massachusetts. Between polarimeter readings 
these tubes were kept in a constant temperature bath at 
55°. When a reading was to be taken, a tube was re­
moved from the bath and connected by means of rubber 
tubing to a small centrifugal pump. Water from the bath 
was then circulated through the jacket.

Some difficulty was experienced in the readings at 55° be­
cause of convection currents, but by averaging a number 
of readings it was possible to obtain reproducible results. 
All the experiments were carried out in duplicate except 
the polymerization of /-menthyl acrylate.

The first experiment was made with 0.750 g. of benzoyl 
peroxide, 0.999 g. of /-monomenthyl maleate, and 0.403 g. 
of ethyl acrylate in 15 ml. of dry dioxane solution. The 
data are plotted in Fig. 1, Curve 1.

The second experiment was carried out with 0.750 g. of 
benzoyl peroxide, 0.499 g. of /-monomenthyl maleate, and 
0.399 g. of ethyl acrylate in 15 ml. of dry dioxane solution. 
These results are plotted in Fig. 1, Curve 2.

In the third kinetic study 0.750 g. of benzoyl peroxide, 
2.000 g. of /-monomenthyl maleate, and 0.402 g. of ethyl 
acrylate in 15 ml. of dry dioxane were used. These data 
are plotted in Fig. 2.

The reaction between peroxide and maleate alone was

Time, hours.
Fig. 5.—0.26 molar /-menthyl acrylate, 5% benzoyl 

peroxide.

carried out using 0.500 g. of benzoyl peroxide and 0.667 g. of 
/-monomenthyl maleate in 10 ml. of dry dioxane solution. 
The results are plotted in Fig. 3.

The data represented in Curve 1 of Fig. 4 were obtained 
with a 15-ml. solution of dry dioxane containing 0.750 g. 
of benzoyl peroxide, 1,000 g. of /-monomenthyl maleate, 
and 0.787 g. of ethyl acrylate. These are represented in 
Fig. 4, Curve 1.

In the experiment represented by Curve 2 of Fig. 4, 
the reaction was carried out with a 15-ml. dry dioxane 
solution containing 0.375 g. of benzoyl peroxide, 1.000 g. of 
/-monomenthyl maleate, and 0.394 g. of ethyl acrylate. 
The results are shown in Fig. 4, Curve 2.

The final experiment, the polymerization of /-menthyl 
acrylate, was made using a 5-ml. dry dioxane solution of 
0.250 g. of benzoyl peroxide and 0.277 g. of /-menthyl acry­
late. These data are represented in Fig. 5.

The final reading in each experiment was taken after the 
cell had been heated overnight in order to determine the 
rotation of the polymer itself.

/-Monomenthyl Maleate.—This was prepared by the 
method of Wassermann6 and on recrystallization from pe­
troleum ether melted at 86-87° ([ck]28d —74.3°, 0.1053 g. 
in 5 cc. of ethanol solution). The yield was 38.6%.

Ethyl Acrylate.—Rohm and Haas ethyl acrylate was dis­
tilled once through a modified Widmer column at atmos­
pheric pressure; b. p. 98-99°.

/-Menthyl 0-Chloropropionate.—To 125 g. of /-menthol 
dissolved in 200 cc. of dry benzene was added 98.2 g. of 
/3-chloropropionyl chloride. The reaction mixture became 
warm and hydrogen chloride was evolved. The reaction 
flask, fitted with a calcium chloride tube, was allowed to 
stand for forty-eight hours.

The reaction mixture was fractionally distilled under 
reduced pressure through a modified Widmer column. The 
main fraction distilled at 105-107° (4 mm.) and weighed

(6) W assermann, A n n . ,  488, 211 (1931).
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146.4g. (77%); w20d 1.4642; d2h 1.011; M 26d +25 .8° (no 
solvent).

Anal. Calcd. for Ci3H23C102: C, 63.30; H, 9.39. 
Found: C, 63.55; H, 9.60.

/-Menthyl Acrylate.—A mixture of 30 g. of /-menthyl 
0-chloropropionate and 66 g. of quinoline was heated for 
three hours at a bath temperature of 170-180°. Crystal­
line quinoline hydrochloride separated from the reaction 
mixture on cooling. One hundred cubic centimeters of 
benzene was added and the solution was extracted with 
three 100-cc. portions of water and five 60-cc. portions of 
50% sulfuric acid. I t was then washed with ten 50-cc. 
portions of water, in order to remove the last traces of 
quinoline salts.

The dark oily solution was fractionally distilled through 
a modified Widmer column and 10.2 g. (39.5%) of product 
boiling at 64-67° (3 mm.) was obtained. This was re­
distilled at 78-80° (5 mm.); w20d  1.4628; d204 0.927;
[a] 28d  —80.2° (1.002 g. in 10 cc. of dioxane solution).

Anal. Calcd. for Ci3H220 2: C, 74.29; H, 10.55.
Found: C, 74.53; H, 10.57.

Isolation of Polymers.—The collected washings from all 
the polarimeter tubes containing 1:1 ethyl acrylate and 
/-monomenthyl maleate were evaporated nearly to dry­
ness and the viscous mixture was dissolved in 50 cc. of 
methanol. This was poured into 100 cc. of water and the 
mixture became milky. Polymer droplets adhered to the 
sides of the beaker and the milky supernatant liquid was

poured off. This procedure was repeated and the polymer 
was then dried overnight at 70 °. The result was a clear, 
light yellow, tacky plastic mass, [<*]55d —29.2° (0.0992 g. 
in 5 cc. of dioxane solution).

Anal. Found: C, 63.15; H, 8.39.
The contents of the two polarimeter tubes used in the 

experiments described in Fig. 2 (two parts maleate and 
one part acrylate) were washed into a beaker with di­
oxane. Water was added and the polymer separated as an 
oil which stuck to the bottom and sides of the beaker. 
The milky supernatant liquid was poured off. This pro­
cedure was repeated once with dioxane and once with 
acetone, in which the polymer was soluble. The polymer 
was then dried overnight at 70 °, yielding a clear, amber, 
brittle resin (0.4 g.); [a]55D —39.5° (0.1030 g. in 5 cc. of 
dioxane solution).

Anal. Found: C, 64.42, 64.48; H, 8.55, 8.57.

Summary
Some preliminary kinetic studies on mixtures 

of ethyl acrylate and /-monomenthyl maleate and 
of ethyl maleate and /-menthyl acrylate have 
been recorded. Evidence that /-monomenthyl 
maleate reacts with benzoyl peroxide to give a 
non-polymeric product has been reported.
U r b a n a , I l l i n o i s  R e c e i v e d  M a r c h  11, 1942

[C o n t r i b u t io n  f r o m  t h e  G a t e s  a n d  C r e l l i n  L a b o r a t o r ie s  o f  C h e m i s t r y , C a l if o r n ia  I n s t i t u t e  o f  T e c h n o l o g y ,
No. 882]

The Synthesis of the Three Isomeric ^/-/3-Pyridylalanines
B y C arl N iem a n n , R ichard N. Lew is  and J ohn  T . H ays

The knowledge that the known «-amino acids 
containing heterocyclic ring systems are inti­
mately associated with a number of important 
biological processes1 has led us to consider the 
chemical and physiological properties of «-amino 
acids containing the pyridine nucleus, a hetero­
cyclic ring system which, to date, has not been 
found in any naturally occurring «-amino acid,2 
but which is present in other compounds isolated 
from natural sources.1’4 In this communication 
we wish to describe the synthesis of dl-(3-(2- 
pyridyl)-alanine, d/-/3-(3-pyridyl)-alanine, and dl- 
j8-(4-pyridyl)-alanine, and to record some of the 
properties of these amino acids.

(1) M , Guggenheim , “ D ie biogenen A m ine,” S. Karger, Basel, 
1940.

(2) I t  has been suggested3 th a t  th e  com pound mimosine, obtained 
from  th e  leaves of M im osa pudica, is a d ihydroxypyridylalanine, b u t 
th is  charac te riza tion  has n o t been confirm ed.

(3) (a) H . N ienburg  an d  K . T auböck , Z . physiol. Chem.t 250, 80 
(1937); (b) J. R enz, ibid., 244, 153 (1936).

(4) T . A. H enry, “ T he P lan t A lkaloids,” 3rd edition, B lakiston’s 
Sons, Philadelphia , Pa ., 1939.

Overhoff, Boeke and Gorter,5 starting with (2- 
pyridyl)-methyl chloride, prepared dl-/3-(2-py- 
ridyl)-alanine via the phthalimidomalonic ester 
synthesis of Sorensen.6 The authors also reported 
that all attempts to prepare the amino acid from 
/3-(2-pyridyl)-«-chloropropionic acid or from pic- 
olinaldehyde were unsuccessful. Our experiences 
have been similar to those described above, but we 
have found that <//-/?-(2-pyridyl)-alanine can be 
prepared in considerably better yield than that re­
ported by Overhoff, Boeke and Gorter5 by substi­
tuting the benzamidomalonic ester synthesis of 
Redemann and Dunn7 for the procedure of 
Sorensen.6 The failure of picolinaldehyde to con­
dense with hippuric acid5 or with diketopiperazine 
in the desired fashion is not due to a lack of reac-

(5) J . Overhoff, J . Boeke and  A. G orter, Rec. trav. chim., 55, 293 
(1936).

(6) S. P . L. Sorensen, Z . physiol. Chem., 44, 448 (1905).
(7) C. E . R edem ann  and  M . S. D unn, J . Biol. Chem., 130, 341 

(1939).
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tivity, but rather to side reactions which lead to 
loss of aldehyde through tar formation. It ap­
pears that those aldehydes which undergo conden­
sation with derivatives of glycine, to form azlac- 
tones or analogous compounds, in satisfactory 
yields are aldehydes in which additional stabiliza­
tion is brought about by the possibility of reso­
nance among excited structures.8

A comparison of the various structures that can 
be written for nicotinaldehyde and for picolinal­
dehyde8’9 leads one to the conclusion that nico­
tinaldehyde has the greater resonance energy and 
consequently more closely resembles the aromatic 
aldehydes than does picolinaldehyde. One would 
therefore expect that nicotinaldehyde could be 
converted into d/-/3-(3-pyridyl)-alanine by the 
Erlenmeyer procedure,10 or modifications there­
of.11 This expectation was realized when it 
was found that nicotinaldehyde readily condenses 
with hippuric acid, diketopiperazine, hydantoin, 
thiohydantoin, and acetylthiohydantoin. Since 
the azlactone is not readily purified and the hy­
dantoins are not readily hydrolyzed, the amino 
acid was prepared from the diketopiperazine- 
nicotinaldehyde condensation product by the 
method of Sasaki.12

The condensation of (4-pyridyl)-methyl bro­
mide hydrobromide with benzamidomalonic es­
ter7 was not very satisfactory but hydrolysis of 
the small amount of condensation product that 
was obtained gave dl-fi- (4-pyridyl)-alanine.

During this investigation we attempted to pre­
pare the three isomeric pyridylaldehydes from the 
corresponding pyridine monocarboxylic acids by 
the method of McFadyen and Stevens.13 In the 
case of nicotinic acid and picolinic acid the 
method proved to be satisfactory but when ap­
plied to isonicotinic acid only traces of isonicotin- 
aldehyde were obtained. McFadyen and Stev­
ens13 found that p -nitrobenzoic acid could not be 
converted into ^-nitrobenzaldehyde by their pro­
cedure although m~nitrobenzaldehyde was readily 
obtained from m-nitrobenzoic acid. Our observa­
tion of the difference in the behavior of nicotinic 
acid and isonicotinic acid in the McFadyen- 
Stevens reaction provides still another example

(8) L. Pauling, “ T he N a tu re  of th e  Chem ical B ond,” Cornell 
U niv. Press, Ith aca , N . Y., 1940.

(9) V. Schom aker and  L. Pauling , T h is  J o ur n a l , 61,1769 (1939).
(10) (a) E. E rlenm eyer, J r .,  A n n ., 271, 137 (1892); (b) ibid., 275, 

1 (1893).
(11) C. L. A. Schm idt, “ T he  C hem istry  of the  Amino Acids and 

P ro teins,” C. C. Thom as, Springfield, 111., 1938.
(12) T . Sasaki, Ber., 54, 163 (1921).
(13) J. S. M cF adyen  and  T . S. S tevens, J . Chem . Soc., 584 (1936).

of the parallel behavior of derivatives of pyridine 
and nitrobenzene.9,14 The conversion of picolinic 
acid to picolinaldehyde by the McFadyen- 
Stevens reaction cannot be taken as an exception 
to the above generalization because with picolinic 
benzenesulfonhydrazide there is an excellent pos­
sibility that an intramolecular hydrogen bond is 
formed between the pyridine nitrogen atom and 
one of the nitrogen atoms present in the side chain 
thereby causing a decided structural modification 
which would preclude any direct comparison of 
the behavior of the alpha and gamma compounds.

A preliminary determination of the apparent 
dissociation constants11 of the three isomeric dl- 
/3-pyridylalanines15 led to results which may be 
interpreted as follows. Considering first the 
zwitterionic structures, one would expect that in 
all of the amino acids the positively charged am­
monium nitrogen atom would try to get as close 
as is structurally possible to the negatively charged 
pyridine nitrogen atom. In the case of dl-/3~(2- 
pyridyl)-alanine this tendency would lead to the 
formation of a strong intramolecular hydrogen 
bond between the ammonium nitrogen atom and 
the pyridine nitrogen atom. It is obvious that 
this situation makes it difficult to add a proton to 
the pyridine nitrogen atom or to remove one from 
the ammonium nitrogen atom. Therefore one 
would predict that the pyridine nucleus, in all 
three dl-/Tpyridylalanines, would be less basic 
than pyridine, and that the basicity of the pyri­
dine nucleus would increase as the amino acid 
side chain is shifted progressively from the 2 to 
the 4 position with the greatest increment accom­
panying the shift from the 2 to the 3 position. 
The observed apparent basic dissociation con­
stants ascribable to the pyridine nucleus are gen­
erally in accord with these predictions. Similarly 
the observed apparent acid dissociation constants 
are compatible with the idea that it is more diffi­
cult to remove a proton from the ammonium ni­
trogen atom in d/-/3-(2-pyridyl)-alanine than in 
tW-/3-(3-pyridyl)-alanine. However, they also 
show that the amino group is less basic in these 
amino acids than in the simple monoamino- 
monocarboxylic acids. The observed values for 
the second apparent basic dissociation constants

(14) (a) N . V. Sidgwick, “ T h e  O rganic C hem istry  of N itrogen ,” 
Oxford U niversity  Press, New Y ork, 1937, pp . 522—523; (b) C. 
Naegeli, W . K tindig  and  H . B randenburger, Helv. Chim . A cta , 22, 912 
(1939).

(15) In  th e  case of dl-fi- (4-pyridyl) -alanine a  com plete titra tio n  
curve was n o t de te rm ined  because of th e  sm all am o u n t of am ino acid 
availab le.
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of (2-pyridyl) -alanine and ^/-^-(3-pyridyl)- 
alanine make it clear that the carboxyl group is 
more acidic in the case of the dl-/3-pyridylalanines 
than in the case of the simple monoamino-mono- 
carboxylic acids. This increase in acid strength 
as well as the decrease in basic strength of the 
amino group can be explained in terms of the in­
ductive effect of the pyridine nucleus. Summing 
all of the above effects one finds that the values for 
the isoelectric points of these amino acids {pi =
6.6-6.8) are more acid than one would expect 
upon casual examination.

Experimental16
d/-0-(2-Pyridyl)-alanine.5—Sodium nitrite, 4 g., in 6 ml. 

of water, was added dropwise, with stirring, to a well- 
cooled solution of 5.4 g. of (2-pyridyl)-methylamine,17 
b. p. 87-89° (2.2 mm.), in 25 ml. of concentrated hydro­
chloric acid. Forty grams of powdered potassium hy­
droxide was then added to the cold reaction mixture, the 
solution quickly filtered, and the filtrate extracted with 
ether. The ethereal solution was dried, filtered, the sol­
vent removed by evaporation in vacuo, and the residue dis­
solved in 50 ml. of absolute ethanol. This solution was 
added to a warm solution of 12.1 g. of benzamidomalonic 
ester7 and 1.56 g. of sodium in 76 ml. of absolute ethanol 
and the mixture refluxed for four hours. The ethanol was 
removed by evaporation in vacuo, the residue taken up in 
dilute aqueous hydrochloric acid, and the excess benzami­
domalonic ester removed by extraction with ether. The 
aqueous phase was made alkaline, extracted with ether, 
the ethereal phase dried, filtered, and the solvent removed 
to give 5.6 g. (30%) of oily (2-pyridyl)-methylbenzamido- 
malonic ester. This condensation product was refluxed for 
eight hours with 25 ml. of 49% hydrobromic acid. The 
hydrolysate was diluted with 150 ml. of water, the solution 
cooled to 25°, and the liberated benzoic acid removed by 
extraction with ether. The aqueous phase was evaporated 
to dryness, the residue taken up in water, the solution freed 
of inorganic ions with the aid of silver carbonate and hydro­
gen sulfide, and evaporated to dryness. The residue was 
collected, washed with a mixture of absolute ethanol and 
isopropyl ether and then recrystallized from a mixture of 
isopropyl ether and 80% aqueous ethanol to give 1.38 g. 
(17%) of dZ-/3-(2-pyridyl)-alanine; m. p. 205.5-206°. 
Overhoff, Boeke and Gorter5 give 216° as the melting 
point.

Anal. Calcd. for C8H10O2N2 (166.2): C, 57.8; H, 6.1; 
N, 16.9. Found: C, 58.0; H, 6.2; N, 16.8.

The addition of ninhydrin to an aqueous solution of 
dl-(3- (2-pyridyl) -alanine resulted in the formation of a vio­
let color.

Picolinic Benzenesulfonhydrazide.—B enzenesulf onyl
chloride (5 ml.) was added, with stirring, to a chilled solu­
tion of 4.62 g. of picolinic hydrazide18 in 35 ml. of pyri­
dine.13 The clear red solution was allowed to stand for

(16) M icroanalyses by  D r. G. O ppenheim er an d  G. A. Sw inehart.
(17) H . G . Kolloff an d  J . H . H u n te r, T h is  J o u r n a l , 63, 492 

(1941).
(18) H . M eyer an d  J . M ally, M onatsh., 33, 393 (1912).

four hours before the pyridine was removed by evapora­
tion in vacuo. When the sirupy residue was stirred with 
a large volume of cold water a solid separated. This was 
washed with water, a small amount of cold ethanol, and 
finally with ether to give picolinic benzenesulfonhydrazide, 
m. p. 202-203.5°, after recrystallization from ethanol. 
The yield of crude product was practically quantitative.

Anal. Calcd. for Ci2H n03N3S (277.3): C, 52.0; H, 
4.0; N, 15.2. Found: C, 52.4; H, 4.1; N, 15.1.

Picolinaldehyde.19—The procedure of McFadyen and 
Stevens13 was modified as follows: 25 g. of picolinic ben­
zenesulfonhydrazide, 24 g. of anhydrous sodium carbonate 
and 100 ml. of c. P. glycerol were heated to 160° and main­
tained at that temperature for two minutes. One hundred 
ml. of water was added to the reaction mixture, the solu­
tion saturated with sodium nitrate, filtered, and the filtrate 
extracted with ether in a continuous extractor for ten hours. 
The ethereal phase was dried, filtered, and the solvent 
evaporated to give 1.99 g. (20%) of picolinaldehyde. The 
liquid aldehyde was converted into the phenylhydrazone 
hydrochloride; m. p. 194.5-197°. Lénart19 gives a 
melting point of 196° for this compound. All attempts to 
condense the above picolinaldehyde with diketopiperazine 
were unsuccessful.

Nicotinic Benzenesulfonhydrazide.—The addition of 230 
g. of benzenesulfonyl chloride to a suspension of 169 g. of 
nicotinic hydrazide20 in 1.2 liters of technical pyridine gave 
328 g. (96%) of nicotinic benzenesulfonhydrazide, m. p. 
186-186.5° after recrystallization from 95% ethanol.

Anal. Calcd. for Ci2H n03N3S (277.3): C, 52.0; H, 
4.0; N, 15.2. Found: C, 51.7; H, 4.2; N, 15.2.

Nicotinaldehyde.21—Nicotinic benzenesulfonhydrazide 
(177 g.) was decomposed, in 25-g. portions, to give 14.3 g. 
(22.5%) of nicotinaldehyde; b. p. 97-99° (26 mm.). 
The liquid aldehyde was converted into the phenylhydra­
zone; m. p. 157.5-158°. Harries and Lénart21 give a 
melting point of 158° for this compound.

5-(3-Pyridylmethyl)-thiohydantoin.—One gram of
acetylthiohydantoin,22 0.53 g. of dry sodium acetate, both 
finely powdered, 0.67 g. of nicotinaldehyde, and 5 ml. of 
acetic anhydride were heated in an oil-bath at 110-115° for 
thirty minutes. The solid reaction product was extracted 
with hot water leaving 1.2 g. of a light yellow solid as a 
residue. This product was refluxed for six hours with 6 ml. 
of acetic anhydride, 6 ml. of hydriodic acid (d. 1.7) and 
1.3 g. of red phosphorus. The hydrolyzate was filtered, 
the acetic anhydride and hydriodic acid removed by re­
peated evaporation, following the addition of water, and 
the residue dissolved in 20 ml. of ethanol. The addition 
of 6 IV aqueous ammonium hydroxide to the filtered alco­
holic solution precipitated an oil which solidified in contact 
with methanol. This product was recrystallized from aque­
ous ethanol to give 0.8 g. (60%) of 5-(3-pyridylmethyl)- 
thiohydantoin; m. p. 249-252°.

Anal. Calcd. for C9H9ON3S (207.2): C, 52.2; H, 4.4; 
N, 20.3. Found: C, 52.3; H, 4.7; N, 20.3..

(19) G. L énart, Ber., 47, 808 (1914).
(20) T . C urtiu s  an d  E . M ohr, ibid., 31, 2493 (1898).
(21) C. H arries  an d  G. H . L én art, A n n ., 410, 115 (1915).
(22) T . B. Johnson  an d  B. H . N icolet, T h is  Jo u r n a l , 33, 1973 

(1911).
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Dinicotinaldiketopiperazine.—Nine grams of diketo- 
piperazine, 27 g. of fused sodium acetate, 14.3 g. of nico­
tinaldehyde, and 25 ml. of acetic anhydride were heated in 
an oil-bath at 120-125° for five hours.12 The solid reac­
tion product was digested with hot water, the digest cooled, 
filtered, and the residue digested with hot ethanol to give
9.7 g. (50%) of crude dinicotinaldiketopiperazine. After 
two recrystallizations from pyridine the condensation 
product was obtained in the form of fine yellow needles; 
m. p. >300°.

Anal. Calcd. for Ci6H i20 2N4 (292.3): C, 65.8; H, 4.1; 
N, 19.2. Found: C, 66.0; H,4.3; N, 19.3.

^-/3-(3-Pyridyl)-alanine.—A mixture of 9.7 g. of dinico­
tinaldiketopiperazine, 6.7 g. of red phosphorus, 67 ml. of 
hydriodic acid (d. 1.7), and 67 ml. of acetic anhydride 
was refluxed for six hours. The reaction product was fil­
tered and the volatile acids removed by repeated evapora­
tion, following the addition of water. The residue remain­
ing after the final evaporation was dissolved in water and 
the solution freed of inorganic ions with the aid of silver 
carbonate and hydrogen sulfide. The solution was then 
evaporated to dryness and the solid residue collected with 
the aid of ethanol to give 7.6 g. (69%) of crude dl~i3-(3- 
pyridyl)-alanine; m. p. 258-260°. The crude amino 
acid was recrystallized from 80% aqueous ethanol to give 
d/-/3-(3-pyridyl)-alanine; pearly flakes; m. p. 262-263°.

Anal. Calcd. for C8Hi0O2N2 (166.2): C, 57.8; H, 6.1; 
N, 16.9. Found: C, 57.6; H, 6.2; N, 16.9.

d/-/3-(3-Pyridyl)-alanine has a very sweet taste, gives a 
violet color when treated with ninhydrin, and forms a di- 
picrate, needles, m. p. 187-189°, after recrystallization 
from a dilute aqueous solution of picric acid.

Anal. Calcd. for C2oH16Oi6N8 (624.4): C, 38.5; H, 
2.6; N, 18.0. Found: C, 38.5; H, 2.7; N, 18.1.

Isonicotinic Benzenesulfonhydrazide.—A suspension of 
13 g. of isonicotinic hydrazide,22 m. p. 170.5-171.5°,23 in 
90 ml. of pyridine was treated with 18 g. of benzenesul- 
fonyl chloride and the reaction mixture worked up as pre­
viously described to give 24.5 g. (93%) of isonicotinic 
benzenesulfonhydrazide; m. p. 193-194° after recrystalli­
zation from water.

Anal. Calcd. for C^HnOsNsS (277.3): C, 52.0; H, 
4.0; N, 15.2. Found: C, 52.2; H,4.2; N, 15.3.

All attempts to prepare isonicotinaldehyde by decom­
posing the above sulfonhydrazide in the presence of glycerol 
and sodium carbonate, as described previously, failed in 
that only traces of the aldehyde were formed.

(4-Pyridyl)-carbinol Hydrochloride.24—A solution of
3.8 g. of (4-pyridyl)-methylamine,17 b. p. 99-101° (24 
mm.), was treated with silver nitrite according to the direc­
tions of Graf.23 24 The crude carbinol hydrochloride was 
recrystallized from absolute ethanol to give 2.5 g. of (4- 
pyridyl)-carbinol hydrochloride; m. p. 167-172°.

Anal. Calcd. for C6H8ONCl (145.6): N, 9.6. Found: 
N, 9.5.

(4-Pyridyl)-methyl Bromide Hydrobromide.25—(4-Pyri- 
dyl)-carbinol hydrochloride (1.8 g.) was refluxed with 15

(23) M eyer and  M ally18 give a  m. p. of 163°.
(24) R . G raf, J . prakt. Chem., 146, 88 (1936).
(25) All a tte m p ts  to  ob ta in  (4-pyridyl)-m ethyl chloride directly

from (4-pyridyl)-m ethylam ine by  trea tin g  the  la tte r  com pound w ith 
nitrous acid in  the  presence of hydrochloric acid were unsuccessful.

ml. of 49% hydrobromic acid, the solution evaporated to 
dryness, and the residue washed with absolute ethanol to 
give 2.8 g. of crude (4-pyridyl)-methyl bromide hydro- 
bromide; m. p. 145-150°. The compound had a very 
irritating action on the skin.

Anal. Calcd. for C6H7NBr2 (253.0): N, 5.5. Found: 
N, 5.8.

dZ-/3-(4-Pyridyl)-alanine.—(4-Pyridyl)-methyl bromide 
hydrobromide (2.8 g.) was refluxed with a solution of 
sodiobenzamidomalonic ester7 prepared by adding 0.54 
g. of sodium to 5 g. of benzamidomalonic ester dissolved in 
50 ml. of toluene. The reaction mixture was filtered, the 
filtrate extracted with 4 N  hydrochloric acid, a slight 
excess of aqueous potassium hydroxide added to the 
aqueous phase, and the latter extracted with ether. The 
ethereal solution was dried, filtered, the solvent removed 
from the filtrate, and the residue recrystallized from aque­
ous ethanol to give 0.24 g. of condensation product; m. p. 
106-107°.26 The condensation product (0.24 g.) was hy­
drolyzed as previously described to give 0.11 g. of dl-fi- 
(4-pyridyl)-alanine, m. p. 235-236°, after recrystallization 
from a mixture of isopropyl ether and 80% aqueous ethanol.

Anal. Calcd. for C8H10O2N2 (166.2): C, 57.8; H, 6.1;
N, 16.9. Found: C, 56.9; H, 6.2; N, 17.0.

The addition of ninhydrin to an aqueous solution of dl-(5- 
(4-pyridyl)-alanine resulted in the formation of a red color.

Preliminary Titration Data.—Samples of the amino 
acids dissolved in 10 ml. of water were titrated a t 23° with
O. 1 N  hydrochloric acid and sodium hydroxide. The 
pH measurements were made with a Beckman Laboratory 
Model pH Meter equipped with external shielded elec­
trodes. In the titration of dl-(3- (2-pyridyl) -alanine and 
d£-j3-(3-pyridyl)-alanine the mean volumetric error was 
less than 0.1% but in the titration of dl-/3-(4-pyridyl) -

Fig. 1.—O, dl-(3~ (2-Pyridyl) -alanine, volume of solution 
containing 63.2 mg. of the amino acid after 1.5 equiv. of 
acid had been added = 17.0 ml.; C, dl-(3-(3-pyridy 1)- 
alanine, volume of solution containing 165.5 mg. of the 
amino acid after 1.5 equiv. of acid had been added =  27.0 
ml.; # , (4-pyridyl)-alanine.

(26) A sim ilar yield and  a  com parable  p ro d u c t w as o b ta in e d  w hen 
the  condensation  was carried  o u t in  abso lu te  e th a n o l.
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alanine, this error was of the order of 1%. The pH meas­
urements were reproducible to within 0.02 of a pH unit 
and in the case of the base titration correction was made 
for the presence of sodium ion. The titration curves are 
given in Fig. 1 and the apparent dissociation constants, 
K A, K bv and K Bv in Table I.

T able I
Apparent D issociation Constants

K b , X K A X
Amino acid K b i  X IO-1 0 10-13 IO- 1 0

dl-j3-(2-Pyridyl) -alanine 0.89 =»= 0.05 2 ±  1 6 =*= 1
dl-jS- (3-Pyridyl) -alanine 
dl-j3- (4-Pyridyl) -alanine

3.7 =*= .5 
6 1

5 ±  1 8 =*= 1

Summary
1. The three isomeric d/-/Tpyridylalanines 

have been synthesized and their apparent acid 
and basic dissociation constants determined. 
The effect of structure on acid and base strength 
is discussed.

2. Picolinaldehyde and nicotinaldehyde have 
been synthesized by the McFadyen-Stevens re­
action and the applicability of this reaction to the 
pyridine series is discussed.
Pasadena, California R eceived April 21, 1942

[Contribution from the Stamford R esearch Laboratories of the American Cyanamid Company]

Studies in Chemotherapy. V. Sulfanilylcyanamide and Related Compounds1
B y P h il ip  S. W in n e r , G eorge W. Anderson , H arry  W. M arson , H . E ldridge F aith

and R ichard O. R oblin , J r .

Shortly after sulfanilylguanidine was described 
in a preceding paper of this series,2 Marshall and 
co-workers3 reported the compound independ­
ently. On the basis of a comprehensive bacterio­
logical and pharmacological study, they suggested 
its use for the treatment of intestinal infections.

Guanidine is one of a large group of compounds 
which may be prepared from cyanamide. Because 
of the somewhat unusual characteristics of sulfa­
guanidine, it appeared to be of interest to investi­
gate the sulfanilyl derivatives of cyanamide and a 
number of related compounds including a series 
of substituted guanidines. The following diagram 
illustrates some of the inter-relationships among 
this group of substances

Isoureas Thiourea 
H + | V ^R O H  | h 2S 

H+
Urea <---- Cyanamide

Dicyandiamide 
R N H ,^  \ H + 
Biguanides Guanylurea

RX

r n h 2---

Isothioureas
| r nh2

Guanidines
NH2NH2

R N H ,| |,H N 03 
Nitroguanidine

Aminoguanidine <—
Many of the same relationships have been found 

to exist among the sulfanilyl derivatives of these 
compounds (Table I). Thus, in addition to the 
more obvious method, sulfanilylguanidines were

(1) P resen ted  in  p a r t  before th e  D ivision of M edicinal Chem istry, 
M em p h is  m eeting of th e  A m erican Chem ical Society, April 22, 1942.

(2) R ob lin , W illiam s, W innek and  English, T h is  J o urn al , 62, 
2002 (1940).

(3) M arsha ll. B ra tto n , W hite  and  Litchfield. B u l l . J o h n s  H o p k i n s  
H o s p 67, 163 (1940).

prepared from the sulfanilyl derivatives of cyana­
mide, nitroguanidine and isothioureas. Similarly, 
sulfanilylcyanamide was converted to the urea or 
isourea compounds. ^-Nitrobenzenesulfonyl chlo­
ride and isoureas also led to the formation of sul- 
fanilylisoureas, which in turn could be hydrolyzed 
to the urea derivative.4 Other similar reactions 
such as the conversion of sulfanilyldicyandiamide 
to guanylurea and biguanide derivatives were also 
investigated.

Because of the alkali insolubility of many of the 
substituted sulfanilylguanidines (Table I), it was 
not possible to establish their structure directly 
when they were prepared through acetylsul­
fanilyl chloride and the substituted guanidines. 
For example, the sulfanilylalkylguanidines might 
have any of the following structures

NH2<  >S02—N—C—NHR
X X  I II

H NH
I

NH,<(  ^>S02—N = C —NHR

NH,
II

NH2<4 ^>S02—n —c= n r\  ' I I
H NH*

III

NH2<f \ s 0 2—N—C—NH2
^  I II

R NH
IV

(4) C f .  Cox and  R aym ond, T h is  J o u r n a l , 63, 300 (1941).
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Properties of Sulfanilyl Compounds
M . p..® Water*» M ax. M eth o d Ref. to ,-------------A nalyses, /  % -------------- .

Com pound, °C . soly. A lk.c blood*» In  vitro of in ter- Calcd. F o u n d
sulfanilyl- (cor.) 37° soly. level** ac tiv ity 0 p repn . med. Form ula C H N C H  N

Cyanam ide 292-5 384 sol. 3 .7 Less A i C 7H 7O2N 3S 4 2 .6 3 .6 2 1 .3 4 2 .5 3 .7  2 1 .2
Urea 140-4 811 sol. 7 .4 E qual B , C 3 C 7H 9O3N 3S 39 .1 4 .2 1 9 .5 3 9 .1 4 .1  1 9 .2
M ethylisourea 172-3 157 sol. 22 .6 E qual D , E j C8H 11O3N 3S 4 1 .9 4 .8 18 .3 4 2 .1 4 .8  1 8 .3
E thylisourea 126-7 199 sol. 16 .0 E qual D 3 C 9H 13O3N 3S 4 4 .4 5 .4 1 7 .3 4 4 .7 5 .4  1 7 .2
M ethyliso th iourea 184-5 33 sol. 8 .6 E qual F k C8H 11O2N 3S2 39 .2 4 .5 17.1 3 9 .2 4 .5  1 7 .2
E thyliso th iourea 154-5 30 sol. 6 .4 E qual F l C9H 13O2N 3S2 4 1 .7 5 .0 1 6 .2 4 1 .8 5 .1  1 6 .2
Guanidine^ 189-90 190 in. 2.6* S tandard
N itroguanidine 194-5 44 sol. 2 .8 Less G i C 7H 9O4N 6S 3 2 .4 3 .5 2 7 .0 3 2 .5 3 .6  2 7 .0
Am inoguanidine 209-10 188 in. 2 .8 G reater H , m 3 C 7H u02N5S 3 6 .7 4 .8 3 0 .6 3 6 .7 4 .7  3 0 .8
E thylguanid ine 160-1 226 in. 4 .2 E qual G n C9H 14O2N 4S 4 4 .6 5 .8 2 3 .1 4 4 .4 5 .7  2 3 .5
Propylguanidine 147-8 429 in. 12.0 SI. less G o C10H 16O2N 4S 4 6 .9 6 .2 2 1 .9 4 6 .8 6 .0  2 1 .6
B utylguanidine 184-6 28 in. 6 .9 Less G , H if CUH18O2N 4S 4 8 .9 6 .7 2 0 .7 4 9 .1 6 .7  2 0 .7
Phenylguanidine 231-3 24 in. 1 .6 Equal I, J 3 C 13H 14O2N 4S 5 3 .8 4 .8 1 9 .3 5 3 .8 4 .7  1 9 .6
£-A m inophenylguanidine 200-1 205 in. 2 .4 E qual J 3 C 13H 15O2N 5S 51 .1 4 .9 2 2 .9 5 1 .1 4 .6  2 2 .6
^-C arboxyphenylguanid ine 234-5 19 sol. 0 .8 Less J 3 C14H 14O4N 4S 5 0 .3 4 .2 1 6 .8 5 0 .2 4 .1  1 6 .6
2-P yridylguanidine 239-41 2 .6 in., 3 .4 SI. less J 3 C 12H 13O2N 5S 4 9 .5 4 .5 2 4 .0 4 9 .5 4 .3  2 3 .6
D icyandiam ide 236-7 255 sol. 1 .2 Less G i CsHgCbNsS 4 0 .2 3 .8 2 9 .3 4 0 .3 3 .8  2 9 .2
G uanylurea 225-6 20 sol. 1 .3 SI. less B , G a CsHuOsNsS 3 7 .3 4 .3 2 7 .2 3 7 .2 4 .4  2 7 .4
B iguanide 244-5 134 in. 1 .3 Less G r CsHnOaNeS 3 7 .4 4 .7 3 2 .8 3 7 .6 4 .9  3 3 .1
B utylbiguanide 214-5 5 .4 in. 2 .8 Less G r C12H 20O2N 6S 4 6 .1 6 .4 2 6 .9 4 6 .4 6 .4  2 6 .6
D im ethylbiguanide 191-2 28 in. 3 .0 Equal G s C 10H 18O2N 6S 4 2 .2 5 .6 2 9 .6 4 2 .2 5 .7  2 9 .5
o-Tolylbiguanide 214-6 8 .0 in. 1 .5 Less G , I t C 16H 18O2N 6S 5 2 .0 5 .2 2 4 .3 5 2 .5 5 .1  2 4 .6

° With decomposition. 6 Mg./100 cc. c Sol. indicates greater solubility in alkali than in water; in., no greater than 
in water. d White mice; dosage 0.5 g./kg. body weight. e Relative bacteriostatic activity compared with sulfaguani­
dine against B. coli in a synthetic medium. f Microanalyses were carried out in these Laboratories by Mrs. Thelma 
Kirk and the Misses Helen Chubb, Margaret Oliver, Rebecca Teston and Lucy Vandervort. 6 Refs. 2 and 3. h Aver­
age of large number of determinations. * American Cyanamid Co., New York, N. Y. ? This paper. k Arndt, Ber., 
54B, 2236 (1921). 1 Taylor, J .  Chem. Soc., I l l ,  656 (1917). m Also prepared by iron reduction of sulfanilylnitroguani- 
dine; m. p. N 4-acetylsulfanilylaminoguanidine 256-7°. w Schenck and Kirchhof, Z. physiol. Chem., 154, 292 (1926). 
0 Piovano, Gazz. chim. ital., 58, 245 (1928). p Davis and Elderfield, T his J o u r n a l , 54,1499 (1932). 9 Soil and Stutzer, 
Ber., 42, 4534 (1909). r Rackmann, Ann., 376, 169 (1910). 8 Slotta and Tscheschi, Ber., 62, 1400 (1929). * U. S.
Patent 2,195,073.

However, the synthesis of a sample of sulfanilyl- 
butylguanidine from N 4-acetylsulfanilylmethyl- 
isothiourea and butylamine5 identical with the 
product obtained from acetyl sulfanilyl chloride 
and butylguanidine served to eliminate formula 
IV as a possibility. We have not attempted to 
differentiate conclusively among formulas I, II 
and III, because they are potentially tautomeric 
isomers. With the possible exception of sulfanilyl- 
^-carboxyphenylguanidine, alkali solubility would 
seem to favor I, since there appears to be a gen­
eral tendency against the formation of III.6

The use of sulfaguanidine for intestinal infec­
tions is based on the fact that, while it has a rea­
sonable degree of water solubility and therapeutic 
activity, it is poorly absorbed. These properties 
result in a high concentration in the intestinal 
tract without a correspondingly high level in the 
blood and tissues. The most important proper­
ties for compounds of this type then appear to be 
activity against the coliform group of organisms, 
degree of absorption and solubility. Given these

(5) Cf. Phillips an d  C larke, T h is  J o u r n a l , 45, 1755 (1923).
(6) Pauling, “ T he  N a tu re  of th e  Chem ical Bond,” Cornell U niver­

sity  Press, Ith aca , N . Y ., 2nd ed., 1940, p. 213.

data for a new substance, it should be possible to 
determine whether or not it merits further inves­
tigation. These properties for the compounds 
reported in this paper are recorded in Table I.7

It is interesting that in general the presence of 
a guanidyl radical resulted in low absorption. An 
exception to this were the alkyl guanidines, which 
were more completely absorbed. Other closely re­
lated compounds which lacked the guanidyl group 
were also absorbed.

Sulfanilylaminoguanidine was the only sub­
stance in this group which was more active in 
vitro against B. coli than sulfaguanidine. From 
the standpoint of absorption in mice and water 
solubility there appears to be little to choose be­
tween these two compounds. Since the prelimi­
nary results indicate that the amino derivative is 
bacteriostatic at higher dilutions than sulfa­
guanidine, it is possible that a further study 
of sulfanilylaminoguanidine may demonstrate 
it to be useful in the treatment of intestinal 
infections.

(7) T he  bacteriological and  pharm acological s tu d ie s  w ere 
carried  o u t in th is  L abora to ry  under th e  d irec tio n  of D r. W . H . 
Feinstone.
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Experimental
A number of different procedures have been used 

in preparing the sulfanilyl derivatives reported in 
this paper. In most cases only one example of 
each method is described in detail. Other deriva­
tives prepared by the same general procedure are 
designated in Table I. Whenever the same com­
pound was prepared by more than one method, 
the identity of the different samples was estab­
lished by mixed melting points as well as separate 
analyses.

(Method A) Sulfanilylcyanamide.—Commercial cal­
cium cyanamide (220 g. of minimum hydrated) was stirred 
in 1300 cc. of water for three hours at 25-30°. To the 
filtrate from this mixture (about a 10% solution of 
Ca(HNCN)2) was added with stirring, over a period of 
forty-five minutes, 200 g. (0.855 mole) of acetylsulfanilyl 
chloride at a temperature of 25-30 °. The reaction mixture 
was kept alkaline by adding 40% sodium hydroxide solu­
tion as required. Stirring was continued for two hours, 
during which time a precipitate separated. After filtering 
the cooled mixture, the precipitate was washed with cold 
water and then with acetone. A yield of 162 g. (73%) of 
calcium acetylsulfanilyl cyanamide was obtained. With­
out further purification the product analyzed as follows: 
Ca (calcd.) 7.75%; Ca (found) 7.73%.

Thirteen grams (0.025 mole) of the acetyl derivative was 
refluxed with 60 cc. of 10% sodium hydroxide solution for 
thirty-five minutes and filtered while hot. The cooled 
filtrate was then made strongly acid with concentrated 
hydrochloric acid to separate the sulfanilyl cyanamide. 
I t  was purified by dissolving in alkali, treating with acti­
vated charcoal, filtering and precipitating with hydro­
chloric acid. The yield amounted to 9.8 g. (95%).

Sulfanilylcyanamide was also prepared by treating p- 
nitrobenzenesulfonyl chloride with free cyanamide in an 
aqueous medium in the presence of an excess of sodium 
hydroxide. The resulting sodium ^-nitrobenzenesulfonyl- 
cyanamide was reduced to sulfanilylcyanamide with iron 
powder and 5% acetic acid.

(Method B) Sulfanilylurea.—Three grams (0.0058 mole) 
of calcium acetylsulfanilylcyanamide and 20 cc. of 4 N 
hydrochloric acid were warmed together on a steam-bath 
until solution was complete (fifteen to twenty minutes). 
When the solution was cooled a gummy solid separated. 
I t  was filtered off and dried. A yield of 2 g. (82%) of 
crude sulfanilylurea was obtained. The product was puri­
fied by repeated crystallization from water.

(Method C) Sulfanilylurea was also prepared from sul- 
fanilylmethylisourea (see Methods D and E) by hydrolysis 
with concentrated hydrochloric acid on a steam-bath.4

(Method D) Sulfanilylmethylisourea.—14.9 g. (0.06 
mole) of sodium ^-nitrobenzenesulfonylcyanamide was 
added to 100 cc. of absolute methanol; most of the salt 
dissolved. Eight grams (0.22 mole) of hydrochloric acid 
gas was bubbled in from a cylinder in fifteen to twenty 
minutes with ice cooling. A white precipitate formed im­
mediately. After one and one-half hours of standing in a 
stoppered flask at room temperature, the solid was filtered 
off and washed with methanol. It was then slurried with

25 cc. of water, made alkaline with ammonium hydroxide, 
filtered off and washed with 25 cc. of water, then with 
methanol. A yield of 14.4 g. (93%) of crude ^-nitroben- 
zenesulfonylmethylisourea was obtained. It was purified 
by recrystallizing twice from methanol. Sulfanilylmethyl­
isourea was produced in 81% yield by reduction of the puri­
fied nitro compound with iron powder in 5% acetic acid.

Sulfanilylmethylisourea was made more simply by the 
reaction of calcium acetylsulfanilylcyanamide with meth­
anol and dry hydrochloric acid. Hydrolysis of the acetyl 
group apparently took place during the reaction, since the 
final compound was isolated directly from the reaction 
mixture.

(Method E) Sulfanilylmethylisourea was obtained also 
from p-ni trob enzenesulfonyl chloride and methylisourea 
hydrochloride following the general method of Cox and 
Raymond.4 The nitro group was reduced as described 
under Method D.

(Method F) Sulfanilylmethylisothiourea was prepared 
from acetylsulfanilyl chloride and methylisothiourea sul­
fate by the general procedure described in a previous 
paper.8 A mixture of 10 g. (0.035 mole) of acetylsulfanilyl- 
methylisothiourea obtained by this procedure, 20 cc. of 
concentrated hydrochloric acid and 100 cc. of 95% ethanol 
was heated to boiling and the boiling continued for two 
minutes after all solid material had dissolved. The reac­
tion mixture was then neutralized with 20% sodium 
hydroxide and cooled. The resulting precipitate of sul­
fanilylmethylisothiourea was purified by crystallization 
from water; yield 3.6 g. (42%).

(Method G) Sulfanilylpropylguanidine.—Fifteen grams 
(0.1 equiv.) of propylguanidine sulfate was suspended in 
120 cc. of acetone and 10 g. (0.25 mole) of sodium hydroxide 
dissolved in 20 cc. of water was added. The mixture was 
cooled to 20°, and 25 g. (0.107 mole) of acetylsulfanilyl 
chloride was added gradually with stirring, while the tem­
perature was maintained at 18-22°. After the reaction 
mixture had been stirred for four hours at room tempera­
ture, it was allowed to stand overnight. It was then di­
luted with 200 cc. of water and neutralized with acetic acid. 
Acetylsulfanilylpropylguanidine separated as a white solid, 
which was filtered off, washed with water and dried. The 
yield was 23 g. (78%) of crude product.

Nine grams (0.03 mole) of the crude acetyl compound 
was suspended in 21 cc. of 4 N  hydrochloric acid and the 
mixture heated to boiling. All solid material was dissolved 
after five minutes and boiling was continued for three 
minutes. At this point a precipitate started to form. The 
mixture was at once diluted with two volumes of ice and the 
cold solution stirred for one hour with activated charcoal. 
The filtrate from this mixture was neutralized in the cold 
with 20% sodium hydroxide solution. Crude sulfanilyl­
propylguanidine separated as a gum which on stirring in 
the cold turned to a white solid. I t was purified by crystal­
lizing twice from hot water. A yield of 3 g. (40%) was 
obtained.

(Method H) Sulfanilylbutylguanidine.—4.1 g. (0.014 
mole) of ^-acetylsulfanilylmethylisothiourea was sus­
pended in 20 cc. of 50% ethanol in a 3-necked flask fitted 
with a mercury-sealed stirrer and a reflux condenser lead­
ing through wash-bottles containing dilute hydrochloric

(8) Roblin and  W innek, T h is  J o u r n a l . 62, 1999 (1940).
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acid and sodium hydroxide solution; 0.86 g. (0.012 mole) 
of butylamine was added and the mixture warmed slowly 
with stirring on a steam-bath. There was a slow evolution 
of gas and after two hours the solid had dissolved. Heating 
was continued for one hour and the reaction mixture was 
then diluted with water and the acetylsulfanilylbutyl- 
guanidine separated as a solid; yield 3.5 g. (94%). Hy­
drolysis to sulfanilylbutylguanidine was accomplished by 
the method described unden Method G except that 50% 
ethanol was employed as the medium.

(Method I) Sulfanilylphenylguanidine.—21.1 grams 
(0.07 mole) of acetylsulfanilylnitroguanidine, 13 g. (0.14 
mole) of aniline, and 60 cc. of dioxane were refluxed for 
seven hours. All the solids had dissolved after the first 
half hour and the dark solution was allowed to stand over­
night. Dilution with 200 cc. of water gave a sticky pre­
cipitate. The mixture was made slightly alkaline with 
ammonium hydroxide to dissolve any unreacted acetyl­
sulfanilylnitroguanidine. After standing in the refrigera­
tor for several hours, the oily material completely solidified. 
This was filtered off, washed with very dilute ammonia, 
and dried. The yield was 12.6 g. (54%). It was purified 
by crystallization from dilute alcohol. Deacetylation was 
carried out as described under Method G.

(Method J) Sulfanilyl-^-aminophenylguanidine.—7.5 
grams (0.05 mole) of ^-aminoacetanilide (Eastman Kodak 
Co., Rochester, N. Y.) was suspended in 50 cc. of water and 
4 cc. of concentrated hydrochloric acid and 13 g. (0.025 
mole) of calcium acetylsulfanilylcyanamide was added. 
A thick slurry resulted, which on heating to boiling dis­
solved. The mixture was refluxed for one-half hour and 
during the last fifteen minutes a light yellow precipitate 
separated. After cooling the product was filtered off, 
washed with water and dried. The crude acetylsulfanilyl- 
^-acetylaminophenylguanidine obtained in this manner 
amounted to 13 g. (67 %). I t  was hydrolyzed as described 
under Method G in 54% yield.

Sulfanilyl-2-pyridylguanidine was obtained by a modifi­
cation of the above method. Equivalent quantities of 2- 
aminopyridine hydrochloride and calcium acetylsulfanilyl­
cyanamide were heated together at 200 ° for fifteen minutes. 
The resulting acetylsulfanilyl-2-pyridylguanidine was de- 
acetylated by refluxing with 4 N  hydrochloric acid. The 
yield of purified product was about 10%.

Sulfanilyldicyandiamide.—The acetyl derivative of 
this compound was obtained through the courtesy of 
Dr. D. W. Kaiser of this Laboratory. I t  was prepared 
by him using Method G. Sulfanilyldicyandiamide resulted 
from the alkaline hydrolysis of the intermediate acetyl 
derivative by the procedure described under Method A.

Sulfanilylguanylurea was prepared both by Method G 
and from the acid hydrolysis of acetylsulfanilyldicyandi- 
amide employing the procedure described in Method B for 
the conversion of the cyanamide to the urea derivative. 
The product obtained by the latter method was somewhat 
difficult to purify. Only after fractional precipitation 
from alkaline solution was the melting point as high as th a t 
of the product obtained by Method G. Since only one 
product can be obtained from the dicyandiamide deriva­
tive, this method of synthesis in conjunction with the 
alkali solubility served to indicate the structure of sul­
fanilylguanylurea.

Sulfanilylbiguanides were produced by the same process 
that was employed for a number of the guanidines (Method 
G). In addition, sulfanilyl-o-tolylbiguanide was obtained 
by the reaction of acetylsulfanilyldicyandiamide and 
tf-toluidine followed by hydrolysis. The conditions were 
the same as those described under Method I. This 
method helped to establish the structure of the o-tolyl 
derivative and by analogy the structure of the other sul­
fanilylbiguanides.

Summary
A group of sulfanilyl derivatives of cyanamide 

and related compounds has been prepared. The 
interrelationships among this group of compounds 
have made it possible to obtain many of them by 
more than one method. On the basis of this and 
other evidence the structure of the sulfanilyl de­
rivatives is discussed.

The absorption, water solubility and bacterio­
static activity of these substances compared with 
sulfaguanidine are reported. These preliminary 
data suggest that sulfanilylaminoguanidine may 
be worth further investigation.
Stamford, Connecticut R eceived A pril 9, 1942



1686 D oris R. Seeger and Anne M acM illan Vol. 64

[C o n t r i b u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r y  o f  M o u n t  H o l y o k e  C o l l e g e ]

A Further Study of the Cyclization of Ureido Derivatives of Unsymmetrical Iminodi- 
basic Acids Together with the Synthesis of Certain Hydantoins and Other Related

Compounds1
B y D o ris R. Seeg er  and  A n n e  M acM illan

Observations have been reported separately to 
the effect that neither the acyclic ureidic deriva­
tive of phenylalanine-N-acetic acid,2 NH2CON- 
(CH2COOH)CH(CH2C6H5)COOH, nor the corre­
sponding phenylureide of tyrosine-N-acetic acid,3 
C6H5NHCON (CH2COOH) CH (CH2C6H4OH) CO­
OH, has ever been obtained in pure condition. 
Indeed both appear to be so unstable that when 
formed by the hydrolysis of their esters or salts, 
they suffer ring closure almost instantly with the 
elimination of water and the formation of the 
corresponding hydantoin derivatives. Attention 
has not yet been called, however, to the fact that 
the dimethyl esters of such compounds also show 
a tendency to cyclization, in this case with the 
elimination of one molecule of alcohol and the 
formation of an acetic ester derivative of the corre­
sponding hydantoin.4 Even more significant is 
the observation that under all conditions and in 
the case of all of these diesters and acids only one 
of the two carboxyl groups enters into a reaction 
with the ureidic hydrogen atom, although theo­
retically unsymmetrical dibasic acids of this kind 
might be expected to form a mixture of two iso­
meric hydantoins, i. e.

(la) HOOCCH2NCONHCOCHCH2C(iH6 and

(2a) HOOC(CH2C6H5)CHNCONHCOCH2, or

(lb) HOOCCH2NCON(OC(iH5)COCHCH2C6H1OH and

(2b) HOOC(CH2C6HiOH)CHNCON(C6H6)COCH2

Actually hydantoins of the second type have 
never been isolated except under conditions which 
precluded the participation of the substituted 
acetic acid group in the condensation.5

The present investigation was undertaken in 
order to determine whether a phenylureide of 
phenylalanine-N-acetic acid, C6H5NHCON- 
(CH2COOH)CH(CH2C6H5)COOH, would behave 
in the same way as the corresponding derivative

(1) G ra te fu l acknow ledgm ent is due D r. D oro thy  A. H ahn for sug­
gesting  an d  cooperating  in  th is  research.

(2) H ah n  an d  E n d ico tt, T h is  J o u r n a l , 60, 1040 (1938).
(3) W are, ibid., 60, 2653 (1938).
(4) H ah n , M cL ean  an d  E n d ico tt, ibid., 62, 1087 (1940); cf. W are, 

ref. 3, p . 2655.
(5) H ah n , M cL ean  and  E n d ico tt, ref. 4, pp. 1087, 1090, 1091.

of tyrosine-N-acetic acid* and thus furnish addi­
tional evidence in support of the assumption that, 
in general, substituted acetic acid residues tend to 
dissociate their hydroxyl groups much more 
readily than unsubstituted residues. Accordingly 
a dimethyl ester of the above ureide was prepared 
by treating the free dimethyl ester of phenylal- 
anine-N-acetic acid, dissolved in absolute ether, 
with phenyl isocyanate 
^CHjCOOCH,

NH +  C6H5NCO — >
xCH(CH2CoH5)COOCHs

/C H 2COOCH3
CgH5NHCON<

x CH(CH2C6H5)COOCH3

Under these conditions the product separated al­
most instantly in exceptionally pure condition 
and in quantitative amounts. Its conversion 
into methyl N-3-phenyl-C-5-benzylhydantoin~N-
1-acetate was effected with equal ease since solu­
tion in absolute methyl alcohol containing one 
equivalent of sodium methoxide6 was followed 
within five minutes by precipitation of the cal­
culated quantity of the pure ester. On the other 
hand, the corresponding hydantoin acid

(lc) HOOCCH2NCON (C6Hs) c o c h c h 2c 6h 5, 
was obtained by the action of aqueous hydrochlo­
ric acid upon the acyclic ester. In both cases the 
condensations were exactly analogous to those 
previously reported.

The configuration of the hydantoin (lc) was 
subsequently established by means of a separate 
synthesis which involved the following series of 
transformations
(1) NH2CH2COOH -j- C6H5NCS — >■

NHCSN(C6H5)COCH2 7

(2) NHCSN (C6H5) COCH2 +  C6H5CHO — ►

NHCSN(C6H5)C 00=C H C 6H5 *

(3) The product, N-3-phenyl-2-thio-5-benzalhy-
(6) C om pare H ahn , M cL ean and  E n d ico tt, ref. 4, p. 1088, footnote

8.
(7) B rau tlech t, J .  Biol. Chem., 10, 142 (1911); cf. Aschan, Ber., 

16, 1544 (1883) and  17, 424 (1884); also M arckw ald, N eum ark  and 
Stelzner, ibid., 24, 3276 (1891).

(8) W heeler and  B rau tlech t, A m . Chem. J .,  45, 448 (1911).
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dantoin, which will be referred to again in an­
other connection, was then converted into the
corresponding oxy-compound, NHCON (C«H5) COC== 
CHC6H5,9 by first preparing the ethyl mercapto 
derivative and then hydrolyzing this in the pres­
ence of hydrochloric acid. (4) and (5) The 
preparation of ethyl N-3-phenylbenzalhydantoin- 
N-l-acetate10 was carried out in the usual way11 
and the product then reduced and hydrolyzed si­
multaneously under the action of hydrogen iodide 
and red phosphorus.12 The product finally ob­
tained as a result of the above series of transfor­
mations was N-3-phenyl-5-benzylhy dantoin-N-1 - 
acetic acid. That it was identical with the com­
pound (lc) previously obtained from the corre­
sponding acyclic ureide, was established by a 
mixed melting point as well as by a detailed com­
parison of the properties of the two substances.

Supplementary work undertaken during the 
course of this investigation will now be outlined 
briefly since, although minor in character, it adds 
a few facts to what has been previously reported 
regarding the behavior of three of the substances 
which have been mentioned. Of these, N-3- 
phenyl-2-thiobenzalhydantoin8 and ethyl N-3- 
phenylbenzaihy dantoin-N - 1-acetate10 will be con­
sidered first.13 The thiohydantoin has been ob­
served, for example, to condense readily not only 
with ethyl chloride to form a mercapto derivative 
in the manner described by Wheeler and Braut­
lecht, but also to react almost instantly with a- 
halogen derivatives of esters of the fatty acids. 
In the case of ethyl chloroacetate, the reaction 
takes place as follows
C6H5N-----CO

I CH2ClCOOC2H5s=c ----------------->-
HN-----C=CHC6H5

c 6h 5n -----CO

C2H5OOCCH2SC
II

N-----C=CHC6H5
(9) Wheeler and Brautlecht, ref. 8, p. 451. The product, N-3- 

phenylbenzalhydantoin, was also prepared by condensing N-3- 
phenylhydantoin with benzaldehyde according to the method of 
Wheeler and Hoffman [Am. Chem. J ., 45, 368 (1911)], a reaction 
which though mentioned as practical by Johnson and Brautlecht 
[T h is  J o u r n a l , 33, 1531 (1911) ], was never described in detail. The 
compound prepared in this way was found to  be identical with that 
prepared by the method of Wheeler and Brautlecht.

(10) Halogen derivatives of this compound will be considered later.
(11) and (12) C om pare L itz in ger, T h is  J o u r n a l , 56, 673, 675

(1934).
(13) Investigations concerning derivatives of these two substances

were carried out, respectively, by Shirley M . Vincent and Marian L.
Blanchard in connection with work that led to  the B.A. degree with
Honors in June, 1941.

and in the presence of ethyl phenylbromoacetate 
or ethyl bromopropionate analogous compounds 
may be obtained. That all of these compounds 
are true mercapto derivatives was demonstrated 
by the fact that each, like 2-ethylmercapto-3- 
phenyl-5-benzalhydantoin, was converted into 
N-3-phenyl-2-oxybenzalhydantoin when hydro­
lyzed in the presence of hydrochloric acid.

A study of ethyl N-3-phenylbenzalhy dantoin- 
N-l-acetate revealed that it reacted in a manner 
closely analogous to ethyl N-3-methylbenzalhy- 
dantoin-N-1-acetate when treated with bromine 
under certain specific conditions,14 and that two 
isomeric unsaturated monobromo derivatives 
were formed. These appear to represent geo­
metric modifications of a compound possessing 
the following structure

C2H5OOCCH2NCON(C6H5)COC=CBrC6H5
and may, therefore, be assumed to have resulted 
from the elimination of hydrogen bromide from a 
primary dibromo addition product.15

A third and somewhat more extended investiga­
tion was concerned with an effort to prepare N- 
acyl derivatives of phenylalanine-N-acetic acid, 
but in this case only a few positive results were ob­
tained. The free dimethyl ester was first used as 
a starting point and the experiments carried out 
by applying Fischer’s method of procedure16

^ C H 2C O O C H 3

2 N H  +  R C O C 1  — >

^C H  (CH2C6H5) c o o c h 3
/C H 2COOCH3

RCON< +
x CH(CH2C6H5)COOCH3

^CHaCOOCH*
HC1-NH

^ C H  ( C H 2C 6H 5) c o o c h 3 

Since the reaction takes place in an absolute ether 
solution, its progress can be followed by the 
separation of the insoluble hydrochloride. How­
ever, from among a number óf different reagents 
employed in these experiments positive reactions 
were observed only in the case of three, namely, 
acetyl chloride, benzoyl chloride and 3,5-dinitro- 
benzoyl chloride. Even then only one primary 
product, i. e.
3 ,5 -(N 0 2)2C6H3C O N ( C H 2 C O O C H 3 ) C H ( C H 2C 6H 5 ) C O O C H 8 

could be obtained in pure crystalline condition
(14) McLean and Seeger, T h is  J o u r n a l , 62, 1416 (1940).
(15) Hahn, M cLean and Murphy, ibid , , 60, 1927 (1938); a lso  cf* 

Litzinger, refs. 11, 12, p. 677.
(16) Fischer and Otto, Ber., 36, 2112 (1903); cf. K ossel, ibid., 24, 

4153 (1891).
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and in quantitative yields, all other products 
separating from their ether solution in the form of 
oils. Of these the acetyl derivative dissociated 
readily into its components since when its ether 
solution was treated with dry hydrogen chloride, 
the hydrochloride of the imino ester was precipi­
tated quantitatively. The benzoyl derivative, on 
the other hand, was sufficiently stable to admit of 
transformation into the corresponding disodium 
salt. The latter formed a well defined crystalline 
compound which was subsequently identified by 
comparison with a product resulting from the ap­
plication of the Schotten-B aumann reaction to 
phenylalanine-N-acetic acid itself. It may be 
added that although the latter method of acyla­
tion was applied in the case of other reagents, the 
only compound which was obtained in a condition 
sufficiently pure for analysis was m-nitroben- 
zoylphenylalanine-N-acetic acid, m-N02C6H4- 
CON(CH2COOH)CH(CH2C6H5)COOH-2H20.

Experimental
The phenylalanine-N-acetic acid17 and the hydrochloride 

of the corresponding dimethyl ester18 were prepared by 
methods previously reported. However, the yields of the 
latter were increased from 70% to nearly 100% by sur­
rounding the reaction flask with an ice-bath during satura­
tion with dry hydrogen chloride and then allowing the 
closed flask to remain for four days at room temperature. 
The product, when recrystallized from boiling acetone, 
melted at 144-144.5° with an evolution of gas.

Dimethyl phenylalanine-N-acetate, NH(CH2COOCH3)- 
CH (CH2C6H5) COOCH3, was prepared by treatment of 
the corresponding hydrochloride with an exact equivalent 
of aqueous sodium carbonate and extraction with ether. 
I t  boiled sharply at 182° (10 mm.).

Anal. Calcd. for C13H170 4N: C, 62.13; H, 6.82; N, 
5.58. Found: C, 62.11; H, 6.78; N, 5.73.

Dimethyl Ureidophenylalanine-N-acetate, NH2CON- 
(CH2COOCH3)CH(CH2C6H5)COOCH3, was prepared by 
adding 0.88 g. of powdered potassium cyanate to a solution 
of 2 g. of the above ester hydrochloride in 5 cc. of water. 
The product, an oil which crystallized on stirring, consisted 
of a mixture of the ureide and methyl 5-benzylhydantoin- 
N-l-acetate,19 the latter having formed by ring closure. 
Although it was impossible to effect complete separation 
of these two substances, a crystalline compound (m. p. 
125-126°) was obtained from absolute methyl alcohol.20

Anal. Calcd. for C14H18O5N2: C, 57.12; H, 6.16; N, 
9.52. Found: C, 58.80; H, 5.77; N, 9.52.

Dimethyl Phenylureidophenylalanine-N-acetate, 
C6H 5NHCON(CH2COOCH3)CH(CH2C6H5)COOCH3, was

(17) Hahn and Endicott, ref. 2, p. 1042.
(18) Hahn, M cLean and Endicott, ref. 4, p. 1089.
(19) Hahn and Endicott, ref. 2, p. 1044.
(20) This compound on hydrolysis suffered ring closure and passed

qu antitatively  into 5-benzylhydantoin-N-l-acetic acid. Cf. Hahn
and E ndicott, ref. 2, p. 1043.

obtained by adding 1.3 cc. of phenyl isocyanate, drop wise 
under cooling and stirring, to a solution of 2 g. of dimethyl 
phenylalanine-N-acetate in 200 cc. of absolute ether. 
The heavy white crystalline precipitate which began to 
form almost immediately and was complete at the end of 
two hours, weighed 1.7 g. and melted to a clear liquid at
124.5-125°. Additional amounts recovered from the fil­
trate made the yield quantitative.

Anal. Calcd. for C2oH2205N2: C, 64.85; H, 5.99; N, 
7.56. Found: C, 64.42; H, 5.78; N, 7.83.

The ureidic ester is very soluble in methyl alcohol, ace­
tone and chloroform; moderately soluble in ether, carbon 
tetrachloride and boiling water and almost insoluble in 
cold water. The corresponding acyclic dibasic acid was 
never obtained since hydrolysis of the ester in the presence 
of aqueous hydrochloric acid is accompanied simultane­
ously b-y ring closure.

CH3OOCCH2NCON(C6H6) COCHCH2C6H6, Methyl 
N -3 -phenyl-5-b enzylhy dantoin-N -1 -acetate, m. p. 97- 
97.5°, was obtained by dissolving 3 g. of dimethyl phenyl- 
ureidophenylalanine-N-acetate in absolute alcohol which 
contained one equivalent of sodium methoxide (0.19 g. of 
sodium in 12 cc.).21 The product precipitated immediately 
as fine white needles (2.21 g.) and was recrystallized from 
50% methyl alcohol (1 g. in 4.4 cc. boiling). Since addi­
tional quantities could not be separated from the filtrate, 
the latter was evaporated to dryness and the residue dis­
solved in aqueous hydrochloric acid, when 0.45 g. of the 
corresponding hydantoin acid, m. p. 159-160°, separated, 
thus bringing the total yield to 98% of the theoretical.

Anal. Calcd. for C19H18O4N2: C, 67.44; H, 5.36; N, 
8.28. Found: C, 67.50; H, 5.22; N, 8.55.

This ester is very soluble in methyl alcohol (1 g. in 0.3 cc. 
boiling and in 1.2 cc. at 20°) and in acetone (1 g. in 0.5 cc. 
boiling and in 3.5 cc. at 20 °). I t  is extremely stable in the 
presence of 10% hydrochloric acid (less than 40% being 
hydrolyzed as a result of heating an aqueous alcohol solu­
tion for eight hours) while in the presence of alkali its 
hydrolysis was accompanied by the formation of decom­
position products.22

H00CCH2NC0N(C6H6)C0CHCH2CeH5-2H20, N-3- 
Phenyl-5-benzylhydantoin-N-l-acetic acid (1c), was ob­
tained in a number of different ways. As previously 
stated, it resulted from the hydrolysis of dimethyl phenyl- 
ureidophenylalanine-N-acetate, since the corresponding 
acyclic acid, C6H5NHCON(CH2COOH)CH(CH2C6H5)- 
COOH, is unstable and suffers ring closure the moment it 
is liberated. The same hydantoin acid was also synthe­
sized from phenylalanine-N-acetic acid by dissolving the 
latter (5 g.) in aqueous sodium bicarbonate and treating the 
ice-cold solution with phenyl isocyanate (4 g.) added over 
a period of four hours under constant stirring, after which 
the mixture was allowed to stand overnight at room tem­
perature. Following the removal of a small amount of 
syw-diphenyl urea, the clear liquid was diluted to a volume 
of 500 cc. and treated with 20 cc. of concentrated hydro­
chloric acid when a heavy oil separated. The latter was 
transformed into fine white crystals (6.75 g.) by heating

(21) Cf. Bailey and Snyder, T h is  J o u r n a l , 37, 391 (1915).
(22) T hat hydrolysis was extensive is shown by the fact that a 

sodium salt of phenylalanine-N-acetic acid was isolated.
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the reaction mixture, and additional quantities obtained 
from the filtrate made the yield quantitative. The acid, 
crystallized from boiling water, separated in large trans­
parent prisms which decrepitate at 95° with an evolution 
of a gas and on exposure to the air, slowly decompose and 
become opaque. Heated at 110° they lost two molecules 
of water rapidly, passing into the anhydrous form which 
melts sharply at 159.5-160°.

Anal. Calcd. for Ci8H160 4N2*2H20 : C, 59.99; H, 5.59; 
N, 7.78; H20, 9.91. Found: C, 59.86; H, 5.69; N, 8.20; 
H20, 9.96. Calcd. for Ci8H160 4N2: C, 66.68; H, 4.97; N, 
8.64. Found: C, 66.87; H, 4.99; N, 8.80.

Since the acid is only slightly soluble in water (1 g. in 400 
cc. of boiling and in 2500 cc. at 20°) while very soluble in 
alcohol (1 g. in 0.4 cc. of boiling and in 2 cc. at 20°), it was 
conveniently recrystallized from 50% alcohol. I t is also 
very soluble in boiling methyl alcohol (1 g. in 1.8 cc.) and 
in cold acetone (1 g. in 1.5 cc.), glacial acetic acid and 
chloroform. It is readily transformed into the correspond­
ing methyl ester when dissolved in methyl alcohol and 
treated with dry hydrogen chloride.

The configuration of both N-3-pheny 1-5-benzylhydan­
toin-N-1-acetic acid and its methyl ester was finally estab­
lished by means of a separate synthesis as follows.

NHCON (C6H6) COC=CHC6H6, N-3-Phenyl-5-benzal- 
hydantoin, m. p. 252-252.5°, was prepared by condensing 
N-3-phenylhydantoin23 with benzaldehyde according to 
the method of Wheeler and Hoffman24 which consisted in 
refluxing a mixture of 75 g. of phenylhydantoin, 52 g. of 
freshly distilled benzaldehyde, 78 g. of fused sodium acetate 
and 350 cc. of glacial acetic acid for eleven hours. The re­
action mixture was then diluted with an equal volume of 
water, and the product, N-3-phenyl-5-benzalhydantoin25 
(91.78 g.), was freed from traces of the reactants by washing 
first with boiling water and then with cold alcohol.

The compound is almost insoluble in boiling water; 
slightly soluble in boiling alcohol (1 g. in 400 cc.) and very 
soluble in glacial acetic acid (1 g. in 33 cc. boiling and in 
224 cc. at 20°) from which it was recrystallized.

Anal. Calcd. for Ci6H120 2N2: C, 72.71; H, 4.57; N,
10.60. Found: C, 72.85; H, 4.40; N, 10.78.

C2H6OOCCH2NCON(C6Hs)COC=CHC6H6, Ethyl N-3- 
phenyl-5-benzalhydantoin-N-l-acetate, m. p. 88.5-89°, 
was obtained by treating a solution of N-3-phenyl-5- 
benzalhydantoin (30 g.) in 225 cc. of absolute alcohol con­
taining 3.3 g. of sodium, with freshly distilled ethyl chloro- 
acetate (19.5 g.) and refluxing for eighteen hours after 
which the precipitate (largely sodium chloride) was filtered 
and washed with boiling alcohol in which the ester is very 
soluble. Dry hydrogen chloride gas was then passed into 
the alkaline solution in order to precipitate phenylbenzal- 
hydantoin (in all 6.5 g. was recovered) from any N-l 
sodium salt that remained in solution. The hot filtrate

(23) Prepared according to  the method developed by Paal, B e r . ,  
27, 975 (1894), and M ouneyrat, ibid., 33, 2393 (1900).

(24) Wheeler and Hoffman, Am. Chem. J . ,  45, 368 (1911). This 
reaction was mentioned as practical by Johnson and Brautlecht (ref. 
9) but never described in detail.

(25) This compound, when prepared from N-3-phenyl-2-thio-5-
benzalhydantoin, was reported by Wheeler and Brautlecht (ref. 8, p.
451) to  melt between 242° and 243°. This melting point can be
raised ten degrees by repeated recrystallizations.

from this second precipitate (volume 850 cc.) when concen­
trated deposited the product in theoretical amounts, calcu­
lated on the phenylbenzalhydantoin that had reacted. 
The ester crystallized from alcohol as white transparent 
plates.

Anal. Calcd. for C20H18O4N2: C, 68.56; H, 5.17; N, 
8.00. Found: C, 68.69; H, 5.06; N, 8.22.

The product is readily soluble in alcohol (1 g. in 3 cc. 
boiling and in 100 cc. at 20°), cold acetone, ether and 
chloroform. All attempts to prepare a geometric isomer 
of this ester were fruitless although two modifications are 
theoretically possible and have been isolated in other 
cases.26

The transformation of this unsaturated ester into the 
corresponding saturated acid, which served to establish 
the configuration of the latter, was accomplished in the 
following way. The ester (20 g.), mixed with hydrogen 
iodide (54 cc., sp. g. 1.7) and red phosphorus (3.5 g.), was 
heated over a metal bath kept at a temperature of 140- 
145° until no further distillate was given off after which the 
excess hydrogen iodide was removed under reduced pres­
sure. The residue was then extracted with boiling water 
and finally the product was extracted from the red phos­
phorus with boiling alcohol. The filtrate was concentrated 
to 100 cc. and treated with an equal volume of boiling 
water. On cooling it deposited 16.8 g. of the crystalline 
hydrate additional quantities of which were recovered from 
the filtrate, indicating a quantitative reaction. This acid 
was not only identical in all respects with that obtained 
from the interaction of phenylalanine-N-acetic acid and 
phenyl isocyanate, but it formed a methyl ester which was 
the same as that obtained from dimethyl phenylureido- 
phenylalanine-N-acetate as a result of ring closure.

As stated in the introduction, two of the unsaturated 
hydantoins which were prepared during the course of the 
above investigation were made the subjects of special study. 
Of these the first, N-3-phenyl-2-thiobenzalhydantoin,8 was 
transformed into three new mercapto derivatives and the 
second, ethyl N-3-phenyl-5-benzalhydantoin-N-l-acetate,10 
into two isomeric monobromo substitution products. A 
description of the experimental work follows.

N-3-Phenyl-2-thio-5-benzalhydantoin, prepared accord­
ing to the method of Wheeler and Brautlecht,8 was first 
transformed into the corresponding 2-ethylmercapto deriva­
tive27 * as a check on subsequent experiments. I t  was 
then treated with ethyl chloroacetate, ethyl phenylbromo- 
acetate and ethyl a-bromopropionate, respectively, under 
exactly analogous conditions, i. e., 10 g. of the hydantoin, 
dissolved in 75 cc. of absolute alcohol containing 1.1 
equivalents of sodium, reacting with a slight excess of the 
reagent. In each case the transformation was either in­
stantaneous or complete after the mixture had been heated 
for thirty minutes, and on cooling the product separated in 
almost pure condition in the form of pale yellow needles 
or plates. Yields varied from 86 to 96% of the theoretical 
value depending somewhat upon the solubility of the com­
pound, which was recrystallized from alcohol. The melt­
ing points, solubilities in alcohol and analyses of the indi­
vidual products are listed below.

(26) Compare Litzinger, ref. 11, p . 673; Hahn an d  Gilman, T h is  
Jo u r n a l , 47, 2953-61 (1925).

(27) Wheeler and Brautlecht, ref. 8, p. 450.
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N=CS(CH2COOC2H5)N (C6Hc) COC=CHC6Hs, Ethyl 
N-3-phenyl-5-benzaHiydantoin-2-mercaptoacetate, m. p.
142-144°; 1 g. in 21 cc. boiling and in 325 cc. at 20°.

Anal. Calcd. for C2oH i8OsN2S: C, 66.55; H, 4.95; N,
7.65; S, 8.75. Found: C, 66.51; H, 5.31; N, 7.72; S,
8.68.

N==CS [CH(CoHs) COOCoH,-, ]N (C6H6) COC=CHC6H6, 
Ethyl N-3-phenyl-5-benzalhydantoin-2-mercaptophenyl- 
acetate, m. p. 156-156.5°; 1 g. in 40 cc. boiling and in 
400 cc. at 20°.

Anal. Calcd. for C26H220 aN2S: C, 70.57; H, 5.01; N, 
6.33; S, 7.25. Found: C, 70.14; H, 5.06; N, 6.55; S, 
7.24.

N=CS[CH(CH3)COOC2H6]N(C6H5)COÓ=CHC6Hs, 
Ethyl N-3“phenyl“5-benzalhydantoin-2-mercaptopropio- 
nate, m. p. 111-112°; 1 g. in 7 cc. of boiling and in 150 cc. 
at 20°.

Anal. Calcd. for C2iH2oOsN2S: C, 66.30; H, 5.30; N, 
7.36; S, 8.43. Found: C, 65.76; H, 5.07; N, 7.41; S, 
8.08.

All three compounds when dissolved in alcohol and boiled 
for fifteen minutes with concentrated hydrochloric acid 
passed quantitatively into N-3-phenyl-5-benzalhydantoin,9 
their behavior being analogous to that of 2-ethylmercapto- 
N-3-phenyl-5-benzalhydantoin.

C2H5OOCCH2NCON(C6He)COC=CBrC6Hfi, Ethyl N-
3-phenyl-5-a-bromobenzalhydantoin-N-l-acetate, exists in 
two isomeric modifications: a, m. p. 124-125°, and b, 
m. p. 98-100°, which were formed simultaneously when 
ethyl N-3-phenyl-5-benzalhydantoin-N-l-acetate,10 dis­
solved in glacial acetic acid, was treated with a molecular 
equivalent of bromine.28 During the process of eliminat­
ing hydrogen bromide from the reaction mixture the acetic 
acid was gradually displaced by carbon tetrachloride. On 
evaporation of the solvent, the product separated as a 
heavy oil which was partially resolved into its components 
by fractional crystallization from 60% alcohol, the ester a 
being relatively less soluble than b. Purification was 
complicated by the fact that both compounds are extremely 
soluble in all solvents and tend to form oily mixtures. 
Moreover, the substance10 from which they were obtained 
is almost equally soluble.

Anal. Calcd. for C2oH17N204Br: C, 55.44; H, 3.99; N, 
6.53; Br, 18.61. Found: a, m. p. 124-125°, C, 56.30; 
H, 3.60; N, 6.84; Br, 18.42. Found: &, m. p. 98-100°, 
C, 55.98; H, 3.92; N, 6.98; Br, 18.89.

As stated in the introduction, dimethyl phenylalanine- 
N-acetate was treated successively with a number of dif­
ferent acyl chlorides. The procedure, which was the same 
in all cases, consisted in treating a solution of 2 g. of the 
free ester in 200 cc. of ether with one-half of a molecular 
equivalent of the acid chloride. In cases where a reaction 
took place, separation of the hydrochloride of the ester 
began immediately and was complete at the end of two 
hours; in cases where no precipitate had formed at the 
end of five hours, the original ester was recovered in quanti­
tative amounts in the form of its hydrochloride by passing- 
dry hydrogen chloride into the solution.

(28) Cf. McLean and Seeger, ref. 14, p, 1418.

(N02)aC#H8CON(CH2COOCH8)CH(CH2C6H6)COOCHa, 
Dimethyl 3,5-dinitrobenzoylphenylalanine-N-acetate, m. p.
102-103°, formed in quantitative yield and crystallized 
from absolute alcohol in fine white needles growing in 
clusters.

Anal. Calcd. for C20H19O9N8: C, 53.91; H, 4.30; N, 
9.43. Found: C, 53.57; H, 4.21; N, 9.71.

Attempts to- transform this product into either the cor­
responding acid or salt were unsuccessful.

Dimethyl benzoylphenylalanine-N-acetate, C6HöCON- 
(CH2COOCH3)Cn(CH2C6H5)COOCH3, was obtained ip 
the form of a heavy oil which refused to crystallize. That 
the product consisted exclusively of an ester of the benzoyl 
derivative was shown by the fact that an ether solution of 
the oil gave no precipitate when treated with dry hydrogen 
chloride. Moreover, when warmed with two equivalents 
of sodium hydroxide dissolved in aqueous alcohol, the ester 
passed quantitatively into the corresponding disodium 
salt. The latter, recrystallized from aqueous alcohol, 
melted at 288-289° (dec.) and was identified by means of 
the following synthesis.

Disodium benzoylphenylalanine-N-acetate, C6H5CON- 
(CH2COONa)CH(CH2CeH5)COONa-2H20, m. p. 288-289° 
(dec.), was prepared by treating a solution of 5 g. of phenyl­
alanine-N-acetic acid and two equivalents (3.8 g.) of so­
dium bicarbonate in 45 cc. of water with three equivalents 
of benzoyl chloride and six equivalents of sodium bicarbon­
ate, the reagents being added alternately over a period of 
twelve hours. Concentrated hydrochloric acid was then 
added in excess, the precipitated gum taken up in ether 
and the solution extracted with the same solvent. In this 
way the benzoic acid and the benzoyl derivative of phenyl­
alanine-N-acetic acid were separated from any imino 
dibasic acid which had failed to react (1.06 g.),29 the latter 
remaining in solution as the hydrochloride. The combined 
ether extractions were then extracted with 10% sodium 
hydroxide, and the salt solution was concentrated to 10 cc. 
and treated with an equal volume of boiling absolute alco­
hol. Upon standing overnight 2.19 g. of thin, white, 
glistening plates separated and when absolute alcohol was 
added to successively concentrated filtrates, additional 
quantities (3.5 g.) of the same substance were obtained.30 
The salt was purified by treating its cold aqueous solu­
tion (1 g. in 2 cc.) with an equal volume of absolute 
alcohol.

Anal. Calcd. for Ci8H160 5NNa2-2H20 : C, 53.09; H,
4.70; N, 3.44; Na, 11.29. Found: C, 53.01; H, 4.45; 
N, 3.64; Na, 11.06.

During the process of recrystallization an isomeric salt b, 
which melted sharply at 272-273° (dec.), was isolated. 
The latter, which appeared to be much more soluble in 50% 
alcohol than the compound, m. p. 288-289°, also separated 
as white, glistening plates. The configuration of these 
salts is uncertain. I t may be noted also that neither on 
heating at 110° loses its water of crystallization, although 
the presence of two molecules is indicated from the results 
of analysis.

(29) This was identified following the hydrolysis of the hydro­
chloride; cf. Hahn and Endicott, ref. 2, p. 1041, footnote 4.

(30) In all, the yield corresponded to  86% of the theoretical as 
calculated upon the number of grams of imino acid which had re 
acted.
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Anal. b. Calcd. for Ci8H150 5NNa2-2H20 : C, 53.09; 
H, 4.70; Na, 11.29. Found: C, 53.09; H, 4.41; Na,
11.26.

m-Nitrobenzoylphenylalanine-N-acetic acid, N 02C6H4-
C0N(CH2C00H)eH(CH2C6H5)C00H-2H20, was ob­
tained in two different crystalline modifications, one of 
which (a) melts at 90-92 ° and decomposes with the evolu­
tion of a gas at 105°, while the other (b) remains unchanged 
until 105° when it decrepitates with the evolution of a gas, 
melting at 130-131 ° (dec.). Both substances were formed 
under the conditions described above except that potas­
sium hydroxide wras used in place of the sodium bicarbonate 
and it was found expedient to spread the addition of the 
w-nitrobenzoyl chloride and alkali over a period of thirty- 
six hours. Moreover, following the addition of hydro­
chloric acid, a gum was precipitated which crystallized on 
treatment with ether, yielding 3.81 g. of the product a in 
the form of thin creamy-white, glistening plates. Addi­
tional quantities obtained from the filtrate brought the 
percentage yield to approximately 65% of the theoretical 
value. The product was recrystallized from water (1 g. 
soluble in 50 cc. boiling and in 100 cc. at 20°).

The product b, isolated in small quantities during the 
process of recrystallizing a, has the same crystalline form 
but is more soluble in water.

Anal. Calcd. for Ci8H160 7N2*2H20: C, 52.91; H, 4.94; 
N, 6.88. Found: a, C, 52.71; H, 4.79; N, 7.19. 
Found: 5, C, 52.20; H, 5.02; N, 7.25.

Summary
Both dimethyl phenylureidophenylalanine-N- 

acetate and the corresponding acyclic dibasic 
acid undergo condensation, with the elimination 
of one molecule of methyl alcohol and one mole­
cule of water, respectively, to form in each case 
only one of the two isomeric cyclic compounds 
which might be expected on the basis of purely 
theoretical considerations. These results agree 
with previous observations in showing that a 
marked difference exists between the reactivities 
of the two acid complexes present in certain un­
symmetrical iminodibasic acids. Moreover, the 
configuration of the product, which has been 
definitely established in each case, indicates that 
in all instances so far reported ring closure always 
takes place in the same general sense.

New derivatives of N-3-phenyl-2-thiobenzal- 
hydantoin and of ethyl N-3-phenylbenzalhydan 
toin-N-1-acetate are described, together with 
others obtained by the action of certain acyl chlo­
rides upon phenylalanine-N-acetic acid and its 
dimethyl ester.
S o u t h  H a d l e y , M a s s . R e c e i v e d  A p r i l  7, 1942

[C o n t r i b u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m is t r y  o f  t h e  U n i v e r s it y  o f  R i c h m o n d ]

Local Anesthetics. I. /S-Monoalkylaminoethyl Esters of Alkoxybenzoic Acids1
By J. Stanton Pierce, J. M. Salsbury and J. M. Fredericksen

The majority of the synthetic local anesthetics 
are alkamine esters of the type XC6H4COC>(CH2)y- 
NR2 in which X usually is the primary amino 
group, y is 2 or 3, and R is an alkyl group. Gold­
berg and Whitmore2 have demonstrated that the 
tertiary amino group, above, can be replaced ad­
vantageously by a secondary amino group. Other 
investigators3 have shown that in the above type 
formula, X  can be an alkoxy group. This investi­
gation takes up the preparation of alkamine esters 
of the type ROC6H4COOCH2CH2NHR'.

Most of the alkoxybenzoic acids reported in this 
work have been made by previous investigators.4

(1) Acknowledgment is made to  Dr. E. Em m et Reid, Research 
Adviser to  the Chemistry Departm ent of the University of Rich­
mond, for his advice during the course of this work.

(2) Goldberg and W hitmore, T h is  J o u r n a l , 59, 2280 (1937).
(3) Wildman and Thorp, U. S. Patent 1,193,650 (1916); C. Roh- 

mann and Scheurle, Arch. Pharm., 274, 110-126 (1936).
(4) (a) J. B. Cohen and H. W. Dudley, 7 . Chem. Soc., 1732-1751

(1910); (b) A. E. Bradfield and B. Jones, ibid., 2660-2661 (1929); 
(c) B. Jones, ibid., 1874 (1935); (d) Bennett and Jones, ibid., 420 
(1939); (e) Lauer, Sanders, Leekley and Ungnade, T h is  J o urn al ,
61, 3050 (1939).

For this investigation the alkoxybenzoic acids 
not obtainable from Eastman Kodak Co. were 
made from the methyl or ethyl ester of the phe­
nolic acid, according to the method of Cohen and 
Dudley,4a by the alkylation of the ester with alkyl 
bromide and hydrolysis of the ester.

The alkoxybenzoyl chlorides were prepared 
from the alkoxybenzoic acids and phosphorus 
pentachloride in all but one case, that of p -allyl- 
oxybenzoic acid, when phosphorus trichloride was 
used.

Most of the /3-monoalkylaminoethanols were 
prepared by the reaction of an alkyl halide with 
a large excess of ethanolamine, without a solvent. 
Goldberg5 recommends the use of approximately 
equimolar quantities of alkyl bromide and ethanol­
amine, in alcohol solution. This procedure was 
not found to be satisfactory for the formation of 
/?-mono-77-butylaminoethanol, £-monq-/7-propyl- 
aminoethanol, /S-monoallylaminoethanol, and ft-

(5) S. D . Goldberg, U. S. Patent 2,139,818 (1938).
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mono-isopropylaminoethanol. /3-Mono-isopro- 
pylaminoethanol and /Tmono-w-dodecylamino- 
ethanol were produced in poor yields when no 
solvent was used, but with dioxane as solvent 
(and with n-dodecyl iodide instead of bromide6), 
fair results were obtained. Allyl bromide reacted 
so vigorously with ethanolamine that it formed 
mainly diallylaminoethanol. Ethyl bromide gave 
a poor yield of /3-monoethylaminoethanol when it 
reacted with ethanolamine. Therefore, /3-tnono- 
allylaminoethanol and /Tmonoethylaminoethanol 
were prepared by the reaction of /3-chloroethyl 
chlorocarbonate with the appropriate amine, fol­
lowed by hydrolysis of the carbamate with alco­
holic potash.7

The alkoxybenzoyl chlorides were condensed 
with hydrochlorides of /Tmonoalkylaminoetha- 
nols to form hydrochlorides of /5-monoalkylamino- 
ethyl alkoxybenzoates.

Pharmacological tests on these compounds are 
being made by Dr. H. B. Haag and Mr. I. L. 
Silverstein of the Medical College of Virginia. 
The results will be reported elsewhere.

Experimental
Alkoxybenzoic Acids.—In a typical experiment, 11.5 g. of 

sodium was dissolved in 175 ml. of absolute ethyl alcohol. 
To this alcoholate was added 0.5 mole of methyl- or ethyl- 
hydroxybenzoate and then 0.5 mole of alkyl bromide. The 
mixture was refluxed eight to twelve hours, cooled, and 
filtered from inorganic salts. About half of the alcohol was 
vacuum evaporated and the precipitated inorganic salt was 
filtered off. A solution of 1 g. of sodium hydroxide in 10 
ml. of alcohol was added and the mixture was treated with 
150 ml. of ether and 50 ml. of water. The ether layer and 
a second ether extract were combined. The ether was dis­
tilled off and the residue was vacuum distilled. The ether 
ester thus obtained was saponified by refluxing from 1.5 
to 8 hours with aqueous sodium hydroxide or alcoholic 
potash. The alkaline solution was poured into from two 
to four volumes of water and the unchanged ester was ex­
tracted with ether. The o-alkoxybenzoic acids and the 
m-w-butoxybenzoic acid Were isolated by acidification of 
the aqueous layer, ether extraction, and vacuum distilla­
tion. m-Ethoxybenzoic acid, m-w-amyloxybenzoic acid, 
and the ^-alkoxybenzoic acids were isolated by acidifica­
tion of the aqueous layer and filtration. The solid alkoxy­
benzoic acids were purified by recrystallization from ethyl 
alcohol and water.

Alkoxybenzoyl Chlorides.—In most cases, the alkoxy­
benzoyl chlorides were made by treating the corresponding

(6) A cknow ledgm ent is m ade to  D r. A lfred Burger, of th e  D epart­
m e n t of C hem istry  of th e  U niversity  of V irginia, for suggesting the  
a b o v e  change.

(7) J .  S. P ierce, T h i s  J o u r n a l ,, 50, 241 (1928). Some /3-mono-
ally lam inoethano l p repared  by  th e  senior a u th o r  fifteen years ago, as 
a  possib le  in te rm ed ia te  fo r sy n th e tic  m edicinals, h ad  decomposed 
so m ew h a t b u t, on vacuum  d istilla tion , yielded  85%  of pure product.

alkoxybenzoic acid with 1.05 equivalents of phosphorus 
pentachloride and heating for one hour on a boiling water- 
bath. The phosphorus oxychloride formed was distilled 
off and the alkoxybenzoyl chloride was vacuum distilled. 
The alkoxybenzoyl chlorides which were decomposed by 
the above method were obtained in satisfactory yields 
by the following modification. A vacuum was applied 
as soon as the phosphorus pentachloride was added. 
When the initial vigorous reaction subsided, the phos­
phorus oxychloride was vacuum distilled from the reaction 
mixture and the alkoxybenzoyl chloride was vacuum dis­
tilled.

Phosphorus pentachloride decomposed p-allyloxybenzoic 
acid, so this compound was treated with 0.67 mole of phos­
phorus trichloride and was heated for two hours on a 
water-bath. The reaction mixture was extracted with 
anhydrous ether and the ether layer was filtered. The 
ether was removed by distillation and the ̂ -allyloxybenzoyl 
chloride was vacuum distilled.

/3-Monoalkylaminoethanols.—A typical experiment is 
given to illustrate the method used to form the /3-mono- 
alkylaminoethanols.

j3-Mono-w-butylaminoethanol8 was prepared by adding 
slowly 1 mole (137 g. of 93%) butyl bromide, over a period 
of about four hours, to 160 g. (2.54 moles) of vigorously 
stirred ethanolamine, in a water-bath at 50-60°. A solu­
tion of 112 g. (2 moles) of potassium hydroxide in 100 ml. 
of water was added and the mixture was stirred with a 
mechanical stirrer from five to fifteen minutes. The pre­
cipitated inorganic salt was filtered off with suction. If 
the filtrate did not separate into two layers, a hot concen­
trated solution of potassium carbonate was added until two 
layers were formed. The upper layer was treated in a 
continuous extractor with petroleum ether (preferably 65- 
110°) for from eight to sixteen hours. The petroleum ether 
was distilled off and the residue fractionated.

/3-Mono-w-propylaminoethanol and /3-mono-isobutyl- 
aminoethanol were prepared similarly. In the case of 
/3-mono-w-heptylaminoethanol, it was found necessary to 
use several moles of ethanolamine to avoid dialkylation. 
/3-Mono-^-dodecylaminoethanol was formed by heating n- 
dodecyl iodide with an excess of ethanolamine in dioxane 
solution for sixty hours at 102° or for sixteen hours a t 140° 
in a sealed tube. Also, dioxane was used as solvent for the 
reaction of isopropyl bromide and ethanolamine. j8- 
Mono-w-amylaminoethanol and the higher homologs were 
separated readily from excess aminoethanol by ether ex­
traction.

The /3-monoalkylaminoethanols were analyzed by titra­
tion with standard hydrochloric acid with methyl red as 
indicator.

Hydrochlorides of /3-Monoalkylaminoethyl Alkoxyben­
zoates.—For the preparation of /3-monoalkylaminoethyl 
alkoxybenzoates, an excess of hydrochloric acid was added 
to the amino alcohol and the solution was evaporated to 
dryness in a vacuum. An equimolar quantity of the al­
koxybenzoyl chloride was added and the mixture was 
heated on a water-bath for about one hour under reduced 
pressure. The hydrochloride of the /3-monoalkylamino­
ethyl alkoxybenzoate was taken up in water and this solu-

(8) A fter m ost of th is  w ork was com pleted, /3-monoethylamino- 
ethanol an d  /3-m ono-w-butylam inoethanol appeared  on the  m arket.
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Table I
Alkoxybenzoic Acid D erivatives

Alkoxybenzoates Alkoxybenzoic acids A lkoxybenzoyl chlorides
B. p. range, Yield, B. p. range, M , p., °C ., Yield, B. p. range, Yield,

Substituent °C. M m . % °C . M m. uncor. % °C. M m . %
^-Methoxy 161-168* 38 93
^-Ethoxy 170-171d 35 90
£-»-Propoxy 189-191° 40 81 139-142'*"*’” 99 175-178d,/ 30 70
p-n-Butoxy 196-197.5° 31 77 145.5-147*’1’ 99 191-193/ 33 75
p-n-Amyloxy 207-208“,b 30 69 118-121**’* 94 198-200 30 86
^-«-Hexyloxy 217-218° 30 79 105-106*’’ 98 213-214 30 87
£-w-Heptyloxy 228-229° 30 8 6 90-92** 99 226-227 30 83
p-n- Dodecyloxy 290-301“ 45 59 137J 85 251-261 2 .5 95
p-iso-Propoxy 171-177“ 30 70 163-1651*’ 94 177-181/ 47 90
p-iso-Butoxy 192-198° 34 38 137-138*’’’*' 90 181-187/ 30 61
p-2-Octyloxy 226-229° 35 61 203-213*’” 2 62 224-229 40 87
p-Allyloxy 188-191° 37 72 160-1621*’* 92 186-191 45 57
o-Ethoxy 167-179c,d 47 93 216-2291* 90 63 172-184d 50 82
0-w-Propoxy 165-170c,d,e 40 64 205-2071* 40 88 182-192d 50 85
0-w-Butoxy 184-190c,e 40 63 211-221” 35 82 189-205 47 91
0-»-Dodecyloxy 211-216° 2 .5 64 234-242°’” 2 .5 57 202-212 3 92
0-ts0-Propoxy 182~190c,d 95 34 216-227'* 93 81 174-189d 47 91
0-£s0-Amyloxy 184-194c,d 40 50 239-246'* 95 68 200-213d 50 89
m-Ethoxy 171-181®’d 37 65 l S l - l S ö * 90 150-159d 30 97
m-ft-Butoxy 192-198° 38 59 59- 619 95 153-163 4 87
m-n-Amyloxy 200-206° 30 53 70- 71r 76 186-189 28 91
“ Ethyl ester. 6 This crystallized as long needles, m. p. 29-33°, without further purification. * Methyl ester. 

d Also prepared by Cohen and Dudley, J. Chem. Soc., 1732-1751 (1910). 6 Acknowledgment is made to Henry Heller 
and Henry Nakdimen for their assistance in the preparation of this compound. f  Also prepared by Rohman and Scheurle, 
Arch. Pharm., 274, 110-116 (1936). 0 Also prepared by Bradfield and Jones, J. Chem. Soc.f 2660 (1929). h Also pre­
pared by Jones, ibid., 1874 (1935). ‘ Also prepared by Lauer, Sanders, Leekley and Ungnade, This J o u r n a l , 61, 
3050 (1939). j Also prepared by Bennett and Jones, J. Chem, Soc., 420 (1939). k Also prepared by Bradfield and Jones, 
ibid., 3073-3081 (1928). 1 This product, after one recrystallization from ethanol-water, melted at 58-62°. m Calcd.
for C16H22O3: neut. eq., 250.3. Found: neut. eq., 248.4, 247.4. w Calcd. for C11H14O3: neut. eq., 194.2. Found: 
neut. eq., 190.4, 190.8. 0 This crystallized as fine needles, m. p. 43-47°, without further purification. p Calcd. for 
C19H30O3: neut. eq., 306.4. Found: neut. eq., 319.5, 317.9. Q Calcd. for CnHi40 3: neut. eq., 194.2. Found: neut. 
eq., 194.3, 194.2. r Calcd. for C12Hi60 3: neut. eq., 208.2. Found: neut. eq., 208.0, 208.8. * Also prepared by 
Rossel, Ann., 151, 31 (1869).

Table II
j8-Monoalkylaminoethanols : RNHCH2CH2OH

R
B. p. range, 
°C ., uncor.

Yield,
% F orm ula

N itrogen, %
Calcd. F o u n d

Ethyl® 164-169 35 C4H11ON 15.72 15.79
w-PropyP 178-185 38 C öH isO N 13.58 13.24
w-ButyF 195-205 53 CeHiöON 11.94 11.76
n-Amyl° 215-220 41 C7H17ON 1 0 .6 8 10.51
w-Heptyl 248-251 42 C9H21ON 8.79 8.62
«-Dodecyl 188-198 (4.5 mm.) 16 C14H31ON 6.11 6.15
Isopropyl 172-174 23 C5H13ON 13.58 13.52
Isobutyl® 185-189 43 c 6h 15o n 11.95 11.92
Allyl5 89- 94 (3.5 mm.) 49 C5H110N 13.85 13.66

a Also prepared by Goldberg and Whitmore, This Journal, 59, 2288 (1937). 6 Also prepared by Pierce, ibid., 50,241 
(1928).

tion was extracted with isopropyl ether or was filtered to 
remove acid insoluble material. The aqueous solution 
was made basic and was extracted with isopropyl ether. 
Hydrogen chloride was passed into this extract to precipi­
tate the hydrochloride of the amino ester. Most of these 
compounds were purified by recrystallization. Table III 
fists these hydrochlorides.

Some of the /3-monoalkylaminoethyl alkoxybenzoate 
hydrochlorides, on attempted recrystallization, came out 
of solution as gels. Others did not form crystalline prod­
ucts. Therefore, some of these products were not ob­
tained in a pure condition. These hydrochlorides are 
listed below. They have the formula ROCeH4COOCH2- 
CH2NHR'-HC1, where R and R ' are, respectively, £-ethyl
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T a b l e  III
/3 -M o n o a l k y l a m in o e t h y l  A l k o x y b e n z o a t e  H y d r o c h l o r i d e s : ROC6H4COOCH2CH2NHR'HCl

R R '
M . p., °C. 

uncor.
Yield

%
a

F orm ula
Chlorine, % 

Calcd. Found

^-Methyl «-Butyl6 127.5-129 36 c ,4h 22o3n c i 12.32 12.23
^-Ethyl «-Butyl6 138 -140 41 C16H2403NC1 11.75 11.61
^-«-Propyl «-Butyl6 136 -138 67 Ci6H260 3NC1 11.23 11.27
^-«-Butyl Ethyl6 135 -136 61 c 15h 24o3n c i 11.75 11.80
£-«-Butyl «-Propyl6’ 110.5-111.5 34 Ci6H260 3NC1 11.23 11.08
p-n-Butyl «-Butyl6 128 -130 61 Ci7H280 3NC1 10.75 10.56
p-«-Butyl «-Amyl6 123 -125 59 c 18h 30o3n c i 10.31 10.23
/>-«-Butyl Isopropyl6 168 -170 40 Ci6H260 3NC1 11.23 10.95
£-«-Butyl Isobutylf/ 171.5-172.5 52 c 17h 28o3n c i 10.75 10.81
^?-«-Butyl AllyP 94 -  97 44 C16H2403NC1 11.30 11.60
^-«-Amyl «-Butyl6 124 -126 26 c 18h 30o3n c i 10.31 10.18
^-«-Hexyl Ethyl6 128 -129 54 cX7h 28o3n c i 10.75 10.29 -
^-«-Hexyl «-Butyl6 120 -123 17 Ci9H320 3NC1 9.91 9.57
^-«-Heptyl «-Butyl® 129.5-130.5 62 c20h 34o3n c i 9.53 9.60
^-«-Dodecyl «-Butyl6 142 -143 50 C25H4403NCl 8.02 8.09
p-iso-Propyl «-Butyl® 118 -120 54 c 16h 26o3n c i 11.23 10.78
p-z’sö-Butyl «-Butyl6 150 -152 67 c 17h 28o3n c i 10.75 10.78
0-«-Propyl «-Butyl® 135 -138 91 Ci6H260 3NC1 11.23 11.44
0-«-Butyl «-Butyl® 85.5- 87 39 c17h 28o 3n c i 10.75 10.68
0-«-Butyl Isopropyl6 107 -109 34 c 16h 26o3n c i 11.23 11.25
0-«-Butyl Isobutyl® 76 -  77 32 c17h 28o3n c i 10.75 11.05
ö-«-Dodecyl «-Butyl6 97 -  99 13 C25H4403NC1 8.02 8.00
/«-«-Butyl «-Butyl® 109 -110 46 Ci7H280 3NC1 10.75 10.43
a Yields are based on one recrystallization. 6 Recrystallized from anhydrous acetone. ® Recrystallized from anhy-

drous acetone-petroleum ether (b. p. 65-110°). d Recrystallized from anhydrous acetone-absolute ethanol. ® Re-
crystallized from anhydrous acetone-anhydrous ether.

and «-heptyl, £-«-butyl and «-dodecyl, £-allyl and «-butyl, 
p-2-octyl and «-butyl, 0-ethyl and «-butyl,9 0-«-butyl and 
ethyl, 0-«-butyl and «-propyl, 0-«-butyl and «-dodecyl, 
0-isopropyl and «-butyl, 0-isoamyl and «-butyl, /«-ethyl 
and «-butyl, /«-«-butyl and «-propyl, /«-«-butyl and iso­
butyl, and /«-«-amyl and «-butyl.

Since some of the monoalkylamino esters of alkoxybenzo­
ates have been found to have high local anesthetic action, 
the work is being continued in this Laboratory with alkoxy- 
cinnamates and alkoxynaphthoates to see the effect of the 
variation of the aromatic nucleus on the anesthetic action.

Since Donleavy and English10 found dialkylaminoethyl 
alkylthiobenzoates to have anesthetic action and to have 
low irritation, two /3-monoalkylaminoethyl alkylthiobenzo­
ates were prepared and tested for corneal anesthesia on a 
rabbit’s eye. 0-«-Butylthiobenzoyl chloride was pre­
pared11 as described by Donleavy and English.10 This

(9) F irs t p repared  by  D avid  H . M iller.
(10) D onleavy a n d  English, T h i s  J o u r n a l , 62, 220-222 (1940).
(11) A cknow ledgm ent is m ade to  K enneth  G arrison and O. G. 

G ilbert, J r ., for assistance in  th e  p repara tion  of o-w-butylthiobenzoic 
acid.

acid chloride was condensed with the hydrochlorides of 
j8-mono-«-butylaminoethanol and /3-mono-isobutylamino- 
ethanol, as were the alkoxybenzoyl chlorides described in 
this paper. The butylaininoethyl 0-«-butylthiobenzoates 
were isolated by the usual procedure and were recrystal­
lized from anhydrous acetone.

/3~Mono-«-butylaminoethyl 0-butylthiobenzoate hydro­
chloride, m. p. 123.5-126°, was obtained in a 50% yield. 
Calcd. for C17H2802NC1S: Cl, 10.27. Found: Cl, 9.97.

/3-Mono-isobutylaminoethyl 0-butylthiobenzoate hydro­
chloride, m. p. 83-84°, was obtained in an 82% yield. 
Calcd. for Ci7H2802NC1S: Cl, 10.27. Found: Cl, 10.20.

Both of these products, in 1% aqueous solution, had a 
slight anesthetic action on a rabbit’s cornea but were irri­
tating.

Summary
The hydrochlorides of a series of 0-monoalkyl- 

aminoethyl alkoxybenzoates have been prepared 
and described.
R ic h m o n d , V i r g i n i a  R e c e i v e d  S e p t e m b e r  2, 1941
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[C o n t r i b u t io n  f r o m  t h e  C h e m is t r y  D e p a r t m e n t  o f  T e m p l e  U n i v e r s it y  ]

Substituted 2-Sulfonamido-S-aminopyridines
B y W illiam  T. Caldwell and E dmund C. K o rn feld1*’10

Sulfanilamide and its numerous derivatives are 
all obtained from N-acetylsulfanilyl chloride or p -  

nitrobenzenesulfonyl chloride. In the hope of 
securing a group of compounds suited to compara­
tive pharmacological studies and, of course, of 
obtaining products with superior therapeutic ac­
tion, it seemed to us desirable to seek a new aro­
matic and isosteric sulfonyl chloride, i. e., one 
which would serve as an intermediate for the 
preparation of a series of bactericides analogous 
to the many sulfanilamide derivatives already 
prepared.

The possible preparation of a ^-aminopyridine- 
sulfonamide, I or II, and its derivatives appeared

so 2n h 2 so 2n h 2
(I) (II)

occupies the position of somewhat anomalous 
reactivity and the amino group is in the position 
characterized by closer adherence to type, with 
5-sulfonamido-2-aminopyridine II where the sub­
stituent groups are interchanged. Anticipation 
of certain differences and even difficulties of a 
chemical nature has already proved to be not 
without foundation, as will appear from what 
follows.

S

NH2CNH2 NOz[ J / NH Na2COs 
85% kjjJs—C-HC1 95% >

n NH2
(III) (IV)

N 02|/ X '| Na2S20 4; (CH3C0)20
l^ S H  40-45% ^
(V)

CH3CONh / X| Cl2, h 2o , HC1

intriguing in view of the presence of the pyridine 
nucleus in such physiologically active substances 
as nicotinamide, vitamin B6, and sulfapyridine, 
and also because of the solubility in water of pyri­
dine itself. 2-Amino-5-sulfonamidopyridine II 
and several derivatives have been prepared and 
studied by investigators abroad.2’3'4 Our work 
therefore centered about the isomer I, which now 
has been synthesized in this Laboratory. Six 
derivatives of this product also have been pre­
pared according to the scheme shown in Fig. 1.

In this connection, it may be noted that 3- 
aminopyridine resembles aniline more closely 
than does either 2- or 4-aminopyridine; indeed, 
compounds with substituents in position 3 of the 
pyridine nucleus usually differ considerably in 
chemical behavior from isomers with these sub­
stituents in position 2 or 4.. It should, therefore, 
be a matter of interest to compare, both chemi­
cally and pharmacologically, 2-sulfonamido-5- 
aminopyridine I, in which the sulfonamido group

( la )  S ubm itted  in  p a rtia l fulfillm ent of th e  requirem ents for the  
degree of M aste r of A rts.

( lb )  P resen t address: M allinckrod t Chem ical L abora to ry  of
H a rv a rd  U niversity , C am bridge, M ass.

(2) Naegeli, K ündig  and  B randenburger, Helv. Chim. A d a , 21, 
1746 (1938).

(3) T ch itch ibab ine and V iala tou t, Bull, soc. chim., [5] 6, 736 
(1939).

(4) Rwins, Phillips and  Newbery, B ritish P a ten t 516,288 (1939).

85%

(VI)

c h 3c o n h / \  r n h 2 n h / N

\ n Jsq,ci IsNJso2n h r

(VII) (VIII)
Fig. 1

The requisite intermediate for the preparation 
of the substituted sulfonamides VIII could be 
either 5-acetaminopyridine-2-sulfonyl chloride VII 
or a compound containing a nitro group in the 5 
position. The latter possibility was abandoned 
when 2-thiol-5-nitropyridine V or 5,5'-dinitro- 
2,2'-dipyridyl disulfide could not be oxidized to 
the corresponding sulfonic acid in promising yield. 
Confirming and extending the work of Piazek,6 we 
have found that oxidation of V with nitric acid, 
chromic acid, or potassium permanganate in ace­
tone leads to the formation of 5-nitro-2-pyridone
IX.

IX, R -  OH
X, R =  NH2
XI, R =  SO3K
XII, R *  OCH3

Treatment of (V) with ammoniacal potassium  
permanganate yields 2-amino-5-nitropyridine X

(5) Piazek, Rocznicki Chem., 17, 97 (1937); Chem . Z en tr ., 1 0 8 , I I ,  
73 (1937).
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together with a little potassium-5-nitropyridine-
2-sulfonate XI, while oxidation with chlorine 
results in 2-chloro-5-nitropyridine III. Oxidation 
of 5-nitro-2-pyridylpseudothiourea hydrochloride 
IV with chlorine also failed to produce the desired 
result. Obviously the 5-nitro group activates the
2-position to a remarkable extent. Most interest­
ing of all, perhaps, is the fact that on treating 2- 
chloro-5-nitropyridine with sodium sulfite6 in 
dilute methanol, 2-methoxy-5-nitropyridine XII 
is formed and not the desired sulfonic acid.

Therefore, to obviate the labilizing influence of 
the nitro group, 2-thiol-5-nitropyridine V was re- 
ductively acetylated in order to obtain 2-thiol-5- 
acetaminopyridine VI. This step was effected 
without difficulty by use of sodium hydrosulfite 
and acetic anhydride, and it was of particular 
moment to us to discover that this compound 
could be oxidized in excellent yield to the desired 
5-acetamino-2-pyridinesulfonic acid with hydro­
gen peroxide (30%) in acetic acid. Nevertheless, 
all attempts to convert this acid to the sulfonyl 
chloride VII have been unsuccessful. In this con­
nection, it is perhaps of interest to point out that 
King and Ware7 were unable to obtain 4-pyri- 
dinesulfonyl chloride from 4-pyridinesulfonic acid.

Fortunately, however, 2-thiol-5-acetaminopy- 
ridine VI was found to be easily and directly con­
vertible by the action of chlorine into the requisite 
intermediate, 5-acetamino-2-pyridinesulfonyl 
chloride VII, by the excellent method of Johnson, 
Sprague and Douglass.8

Condensations of this sulfonyl chloride with 
various amines have been found to be entirely 
analogous to those using N-acetylsulfanilyl chlo­
ride. We are reporting at this time the prepara­
tion of seven analogs of sulfanilamide and its 
derivatives, and the work will be continued if 
these show promise as therapeutic agents.

Pharmacological tests on these compounds 
are being made by Dr. A. E. Livingston and Dr.
E. J. Fellows of the Department of Pharmacology, 
Temple University Medical School; the results 
will be published in detail elsewhere.

We wish to thank Mr. Furness Thompson of 
Smith, Kline and French, Inc., and Dr. James
M. Sprague of Sharp and Dohme, Inc., for gener­
ous samples of some of the heterocyclic amines

(6) E rd in a n  and  E rd m an , G erm an  P a te n t 65,240, prepared 2,4- 
d in itrobenzenesu lfon ic  acid from  2,4-dinitrochlorobenzene by th is 
m e th o d .

(7) K in g  and  W are, J .  Chem. Soc., 873 (1939).
(8) Johnson , Sprague and  D ouglass, T h is  J o u r n a l , 58, 1348 

(1936); 59 ,1 8 3 7 ,2 4 3 9  (1937); 60 ,1486 (1938); 61 ,176 ,2548  (1939).

used in this work, and also to express our gratitude 
to the Temple University Committee on Research 
and Publication for a grant-in-aid.

Experimental9
2-Chloro-5-nitropyridine, III.—This compound was pre­

pared by a method similar to that of Phillips,10 11 but the 
synthesis had been worked out independently in this Labo­
ratory. I t is based on the original work of Tchitchiba- 
bine.u 2-Aminopyridine (200 g., 2.13 moles) was added 
with efficient mechanical agitation to 800 ml. of coned, 
sulfuric acid while keeping the temperature below 50° by 
cooling in ice. Then 120 ml. (2.53 moles) of fuming nitric 
acid (d. 1.49) was run in below 40°. The solution was 
kept at 45° with occasional cooling in ice until the tem­
perature no longer rose spontaneously above 45°, thus 
indicating that the rearrangement of 2-nitraminopyridine 
to 2-amino-3 or 5-nitropyridine was complete (three- 
quarters of an hour). The reaction mixture was kept at 
45 ° for about one hour, allowed to stand at room tempera­
ture for several hours and was then neutralized by pouring 
cautiously into a mixture of coned, ammonia and ice. If 
it is desired to isolate 2-amino-3-nitropyridine, the .mixture 
is steam distilled until about 18 liters are collected. This 
distillate on cooling deposits about 20-21 g. of 2-amino-3- 
nitropyridine; yield, 7%. The neutralized mixture, with 
or without steam distillation, was cooled, filtered, and the 
product washed with ice water. The crude 2-amino-5- 
nitropyridine was then dissolved in 1500 ml. of water con­
taining 200 ml. of coned, sulfuric acid, decolorizing carbon 
was added, and the mixture filtered. A concentrated solu­
tion of 140 g. of sodium nitrite was then run in drop by 
drop at 10-15°. Very efficient mechanical stirring was 
essential. The thick mixture was then heated to boiling, 
cooled to 0 °, and the product, 5-nitro-2-pyridone, filtered, 
washed with water, and dried; yield, 59% based on 2- 
aminopyridine. This may be used without further purifi­
cation to prepare 2-chloro-5-nitropyridine using phosphorus 
pentachloride and phosphorus oxychloride10; yield, 90- 
95%. Recrystallization from methanol, using carbon, 
gave a product melting at 107-108°.

2-Methoxy-5-nitropyridine, XII.—To a solution of 7.9 g. 
(0.05 mole) of 2-chloro-5-nitropyridine in 200 ml. of hot 
methanol was added a solution of 10 g. (0.079 mole) of 
anhydrous sodium sulfite in 150 ml. of hot water.6 The 
mixture was then refluxed for three hours, filtered hot, and 
the filtrate cooled. White needles separated which were 
recrystallized from dilute methanol, m. p. 108-108.5°. 
A mixed melting point with a sample of 2-methoxy-5- 
nitropyridine prepared from the silver salt of 5-nitro-2- 
pyridone and methyl iodide12 was also 108-108.5°.

5-Nitro-2-pyridylpseudothiourea Hydrochloride, IV.— 
This was prepared by the method of Lindwall and Sur­
rey13; yield, 85%.

2-Thiol-5-nitropyridine,13 V.—The crude 5-nitro-2- 
pyridylpseudothiourea hydrochloride IV from 188 g. of 2-

(9) All m elting po in ts  are  corrected.
CIO) Phillips, / .  Chem. Soc., 9 (1941).
(11) Tchitchibabine, J.  Russ. Phys.-Chem. Soc., 46, 1240 (1914); 

47, 1286 (1915); 50, 471 (1918).
(12) R ath , A n n ., 484, 52 (1930).
(13) Surrey and  Lindwall, T h is  J o u r n a l , 62, 1697 (1940).
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Table I
Properties of Substituted 

5-Aminopyridine-2- 
SULFONAMIDES

R 2NH<
■N->SO2NHR1 13a

R i Solvent
M . p., °C ., 

cor.
Form ula 
R2 =  H-

A nalyses, %  
C alcd. F ound

N itrogen
Calcd. F o u n d

H- Water 184-185 c5h 7n 3o2s 24.26 23.75
c 6h 6n - Dil. EtOH 205-206° Q 0H10N4O2S 22.39 23.00*
c6h 5- Dil. EtOH 164-165 ChHiiN302S 16.86 16.91*
CH4N3- Water 220-221° C6H9N5O2S 32.54 32.36*
c3h 2n s - Dil. EtOH 226-227° c8h 8n 4o2s2 21.86 21.64*
C4H3N2- Diox. H2Oc 283-285° c9h 9n 5o2s 27.88 27.69*
C5H3NI Dil. EtOH 219-220“ CioH9N40 2IS I, 33.74 33.62

H- Water 232-233
R2 «  C H 3CO-

c7h 9n 3o3s
C arbon H ydrogen

N, 19.53 19.17
CgHgN- d 231-232° C12Hi2N403S 49.30 49.08" 4.14 4.34*
CeH6- Dil. MeOH 213-214 c13h 13n 3o3s 53.59 53.64* 4.50 4.34*
CH4N3- Water 228-229“’® CsHnNsOsS 37.35 37.58* 4.31 4.55*
C3H2NS- Dil. EtOH 234-235“ C10H10N4O3S2 40.26 40.16* 3.38 3.57*
c4h 3n 2- Dil. MeOH 231-232“ CnHnNiAS S, 10.93 10.70
c5h 3n i - Dil. EtOH 225-226“ C12HHN4O3IS I, 30.35 30.19

“ Melts with decomposition. 6 Analyses by Carl Tiedcke. ® Best purified by evaporating a solution of the compour
dilute ammonia. d Best purified by precipitation from alkaline solution by acid. ® Dried at 150°.

chloro-5-nitropyridine III was suspended in 2 liters of 
water and 68 g. of sodium carbonate added with stirring. 
Agitation was continued for fifteen minutes, and then a 
solution containing 102 g. of sodium hydroxide was added 
to dissolve the product. The red-orange solution was then 
filtered to remove a small amount of 5,5'-dinitro-2,2'- 
dipyridyl sulfide and the filtrate acidified with coned, 
hydrochloric acid. The product was cooled, filtered, 
washed with water, and dried. The yield, based on 2- 
chloro-5-nitropyridine III, was 80-83%; m. p. 188-191° 
(d.).

2-Thiol-S-acetaminopyridine, VI.—2-Thiol-5-nitropyri- 
dine V (31.2 g., 0.2 mole) was suspended in 300 ml. of 
water, and 120 g. (0.69 mole) of sodium hydrosulfite was 
added with stirring, keeping the temperature below 50°. 
The mixture turned from orange to yellow, and all solids 
went into solution. Acetic anhydride (26 ml., 0.275 mole) 
was then added below 50°. The product, 2-thiol-5-acet- 
aminopyridine, gradually separated from the warm solu­
tion. The mixture was stirred for one hour, cooled in ice, 
and the product filtered, washed with water, and dried; 
yield, 40-45% based on 2-thiol-5-nitropyridine. On re­
crystallization from water the bright yellow compound 
melted at 244-246 °.

Anal. Calcd. for C7H8N2OS: N, 16.66. Found: N, 
16.78.

5,5 '-Diacetamino-2,2 '-dipyridyldisulfide.—2-Thiol-5- 
acetaminopyridine VI (0.84 g.) was dissolved in 20 ml. of 
warm water and a few drops of 30% hydrogen peroxide 
added. The white solid which separated immediately 
from the warm solution was cooled, filtered, washed with 
water, and dried; yield, 90%. Repeated crystallization 
from dilute ethanol gave a product melting at 240-241 °.

Anal. Calcd. for C14H14N4O2S2: N, 16.76. Found:
N, 16.70.

5-Acetaminopyridine-2-sulfonic Acid.—To 37.5 g. (0.22 
mole) of 2-thiol-5-acetaminopyridine VI suspended in 250

(13a) System  based on th a t  of N orthey , Chem. Rev., 27, 85 (1940).

ml. of glacial acetic acid was added 78 ml. (0.76 mole) of 
30% hydrogen peroxide keeping the temperature below 
70° by cooling in ice. The solids dissolved, and the mix­
ture became brown. When the temperature no longer 
rose spontaneously (one hour), the reaction mixture was 
allowed to stand overnight. Crystals of the sulfonic 
acid had deposited in 24 hours or less. These were cooled 
well in ice, filtered, washed with ethanol, and dried; yield, 
82%. On recrystallization from water the acid melted at 
302-303° (d.).

Anal. Calcd. for C7H8N2O4S: N, 12.96; S, 14.83;
neut. equiv., 216.2. Found: N, 13.22; S, 14.75; neut. 
equiv., 215.3.

S-Benzylthiuronium Salt of 5-Acetaminopyridine-2- 
sulfonic Acid.—This compound was prepared by the 
method of Chambers and W att14; m. p. after recrystalliza­
tion from water, 93-95°.

Anal. Calcd. for Ci5H18N404S2-2H20 ; N, 14.35. 
Found: N, 14.37.

5-Acetamino-2-pyridone.—This was prepared to com­
pare with 5-acetaminopyridine-2-sulfonic acid. To 1.4 g. 
of 5-nitro-2-pyridone in 20 ml. of water was added 6 g. of 
sodium hydrosulfite and then 1.3 ml. of acetic anhydride. 
Needles deposited on standing overnight; m. p. 232-233° 
after recrystallization from water.

Anal. Calcd. for C7H8N2O2: N, 18.41. Found: N, 
18.14.

5-Acetamino-2-pyridinesulfonyl Chloride VIL—At­
tempts to prepare this compound from the corresponding 
sulfonic acid using chlorosulfonic acid, phosphorus penta­
chloride, thionyl chloride, sulfuryl chloride, sulfur chloride, 
or benzotrichloride15 resulted only in unchanged sulfonic 
acid or dark, non-crystalline masses, which showed no 
properties of a sulfonyl chloride. The following procedure, 
however, gave the acid chloride in 85% yield. 2-Thiol-5- 
acetaminopyridine VI (60 g.) was dissolved in 450 ml. of

(14) C ham bers and  W att, J .  Org. Chem., 6, 376 (1941).
(15) K ranzlein  and  Hopff, G erm an P a te n t 574,836.
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cold, coned, hydrochloric acid, and then 100 ml. of ice 
water was added. Chlorine was bubbled into the solution, 
keeping the temperature below 10 ° throughout by external 
cooling. The solution became dark brown at first, and 
the chlorination was complete when the temperature no 
longer rose and when the color of the solution lightened 
(two and one-half hours). The solution was then diluted 
with 1200 g. of ice and water, keeping the temperature still 
below 10°. The product which separated was filtered, 
washed with ice water, dried in vacuo over phosphorus 
pentoxide, and recrystallized the same day from ethylene 
dichloride. The sulfonyl chloride should be dried and re­
crystallized rapidly to prevent decomposition to the sul­
fonic acid. An analytical sample melted at 165-166° (d.).

Anal. Calcd. for C7H7C1N208S: N, 11.94; Cl, 15.11. 
Found: N, 11.75; Cl, 14.97.

Substituted Acetaminopyridinesulfonamides.—2-Sulfon- 
amido-5-acetaminopyridine was prepared by adding one 
part of the sulfonyl chloride to four parts of coned, am­
monia (25%), and evaporating the excess ammonia on the 
steam-bath. The product crystallized out on cooling; 
yield, 86%. The guanidine derivative was made by the 
method of Marshall, Bratton, White and Litchfield16; 
yield, 51%. The derivatives of the cyclic amines were 
prepared in 62-98% yields by adding an equivalent of 5-

(16) M arshall, B ra tto n , W hite  and  L itchfield, B u ll . Johns H opkins 
Hosp., 67, 163 (1940).

acetaminopyridine-2-sulfonyl chloride to the cyclic amine 
dissolved in dry pyridine, the weight of the latter being 
equal to that of the total solids. Solution took place with 
evolution of heat and the reactions were completed by 
warming at 60 ° for one-half to one hour. The crude deriv­
atives obtained by pouring the dark solutions into ice 
water were dissolved in one equivalent of aqueous sodium 
hydroxide, decolorized, and reprecipitated by addition of 
hydrochloric acid.

Hydrolysis of the N4-Acetyl Group.—Six of the acetyl
compounds were hydrolyzed by refluxing 0.5 to 1.0 molar 
solutions containing 2.5 equivalents of sodium hydroxide 
for two and one-half to three hours. The acetyl derivative 
of the guanidine condensation product was hydrolyzed with
6-molar hydrochloric acid by the method of Marshall, 
et al.u

Summary
1. 5-Acetaminopyridine-2-sulfonyl chloride 

has been prepared and is available as an interme­
diate for the preparation of a new series of chemo­
therapeutic agents.

2. The preparation of seven new substituted 
5-aminopyridine-2-sulfonamides and their acetyl 
derivatives is reported.
P h i l a d e l p h i a , P a . R e c e iv e d  A p r i l  27, 1942

[C o n t r i b u t i o n  f r o m  t h e  C h e m ic a l  L a b o r a t o r y  o f  T r i n i t y  C o l l e g e ]

1,8-Dimethyl and 2,7-Dimethoxybiphenylene
B y W arren

Continuing a line of investigation recently re­
ported,1 the present paper describes the prepara­
tion of two substituted biphenylenes. These new 
substances were obtained by following the pro­
cedure previously worked out for the parent sub­
stance, biphenylene, and have been assigned the 
structures

CH3 CHs

1,8-dimethylbiphenylene (I) and 2,7-dimethoxy- 
biphenylene (II).

The hydrocarbon (I) was prepared with con­
siderable difficulty and in very poor yield by the 
pyrolysis of 4,5-dimethylbiphenylene iodonium 
iodide with cuprous oxide. The over-all yield for 
the whole series of reactions starting with 100 g. 
of 2-amino-3-nitrotoluene was only 100 mg. of a 
pale yellow hydrocarbon crystallizing in plates

(1) Lothrop, T h is  J o u r n a l , 63, 1187 (1941).

C. L othrop

from methanol. It melted at 79-80° and formed 
a picrate crystallizing in long crimson needles from 
ethanol and melting at 126°. It was lower melt­
ing and less highly colored than its isomer, 2,7- 
dimethylbiphenylene,2 but otherwise similar.

For the preparation of II, a series of reactions 
previously reported3 was followed but with vari­
ations in procedure materially improving the 
yields of all steps. Acetylation of ^-anisidine 
(97%) followed by nitration with dilute nitric 
acid at room temperature (78%), and hydrolysis 
with alcoholic hydrochloric acid (95%) gave
3-nitro-^-anisidine4 III. This when coupled by 
the procedure of Atkinson, et al.,h gave 2,2'-di- 
nitro-^,£'-bianisole IV contaminated by a con-

(2) R ecrysta llization  and  careful dry ing  of th e  p ic ra te  of th is  com ­
pound gave needles (m. p. 110-111°) which were ev iden tly  free of th e  
alcohol of crystallization  previously rep o rted .1 A n a l . Calcd. for 
Ci4Hi2-C6H307N8: N , 10.27. F ound : N , 9.90, 10.43.

(3) H a ta , T a te m a tsu  and  K ubo ta , Bull. Chem. Soc. Japan , 10, 425  
(1935).

(4) Cf. R everdin , Ber., 29, 2595 (1896).
(5) A tkinson, Law ler, H eath , K im ball and Read, T h is  J o u r n a l , 

63, 730 (1941).
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NH2

‘N 02

CuOH
H N 02

NHCOC6H5

(64%)

HaCOkx k  steps H3CO^\ N02
^  x NHCOC6H5

siderable amount of orange material which was evi­
dently 4,4'-azobis-3-nitroanisole V,6 since on re­
duction and benzoylation it gave only 3,4-diben- 
zamidoanisole.

melted at 107-108° and 
represented a 24% yield of 
dinitrobitolyl.

The alcohol-insoluble ma­
terial was recrystallized from 
glacial acetic acid in bright 
orange needles weighing 1.8 
g.; 16% yield; m. p. 199°. 
Reduction of this 2,2 '-azobis-
3-nitrotoluene with zinc dust 
and boiling acetic acid and 
benzoylation of the water- 

soluble diamine by the Schotten-B aumann procedure gave
2,3-dibenzamidotoluene, m, p. 228-229°, which crystal­
lized from acetic acid in white needles. I t  was identical 
with the product obtained by reduction and benzoylation 
of 2-amino-3-nitrotoluene.

OCHs
(5.6%)

It is interesting to note that Atkinson’s coupling 
procedure applied to 2-amino-3-nitrotoluene yields 
only 24% of öjG'-dinitro-öjö'-bitolyl and 16% of 
2,2'-azobis-3-nitrotoluene, possibly due to steric 
hindrance; the identity of the latter was proved 
by its conversion to 2,3-dibenzamidotoluene and 
comparison with an authentic sample.

Conversion of IV to the diamine and then to the 
iodonium iodide, followed by the usual pyrolysis, 
gave dimethoxybiphenylene in 2% yield, as glis­
tening lemon yellow plates melting at 108° and 
forming a picrate crystallizing from alcohol in 
black needles melting at 125°. All attempts to 
convert II into dihydroxybiphenylene failed, since 
it was inert to alkaline reagents, as expected, and 
was rapidly cleaved by acids to give solutions of a 
deep purple color resembling permanganate, and 
from which only tar could be obtained. Experi­
ments conducted in an atmosphere of nitrogen 
were identical with those performed in air.

This result may not be entirely unexpected 
since 2,7-dihydroxybiphenylene is seen to be an 
isomer of 4,4'-biphenylquinone which was found 
by Willstatter and Kolb7 to be an unstable sub­
stance reacting even with warm water to give de­
composition products.

Anal. Calcd. for C2iHi802N2: C, 76.34; H, 5.49; N, 
8.48. Found: C, 76.22; H, 5.58; N, 8.22.

6,6'-Diamino-0,o'-bitolyl was prepared as previously 
described9 by reduction of the dinitro compound with 
stannous chloride and hydrochloric acid in acetic acid solu­
tion. The best yield obtainable was 55% of white plates, 
m. p. 132° after two crystallizations from alcohol.

When the above diamine was diazotized and treated 
with potassium iodide by the same procedure used for 
biphenylene iodonium iodide, a yield of 67% of crude 
6,6'-diiodo-ö,o'-bitolyl10 resulted. Since the product was 
completely soluble in dilute alcohol, it was apparent tha t 
no iodonium iodide had been formed in this case, doubtless 
due to the steric effects of the adjacent methyl groups.

1,8-Dimethylbiphenylene (I) resulted in very poor yield 
by pyrolysis of the above crude diiodide with cuprous oxide. 
I t was isolated through its picrate which separated from 
alcohol in long, crimson needles; m. p. 126°.

Anal. Calcd. for Ci4Hi2'C6H307N3: N, 10.27. Found: 
N, 10.27.

No trace of 4,5-dimethylphenazone could be found. 
This is in contrast to all other reaction series where the 
corresponding phenazone is present as an impurity.

Decomposition of the picrate with ether and ammonia 
gave a pale yellow hydrocarbon which crystallized from 
methanol in large, pearly plates, m. p. 79-80°, and had a 
slight odor reminiscent of biphenylene.

Anal. Calcd. for ChHi2: C, 93.28; H, 6.72; mol. wt., 
180. Found: C, 93.30; H, 7.04; mol. wt. (Rast micro),
182.

Experimental Part
6,6'-Dinitro-0,0'-bitolyl was prepared in the manner of 

Wittig and Stichnoth8 by the reaction of 2-iodo-3-nitro- 
toluene with copper. A11 attempt to obtain it directly 
from 2-amino-3-nitrotoluene (11 g.) by following exactly 
the procedure of Atkinson, et al.,h (called by them Method 
2) gave a mixed product which was separated by extraction 
with 40 cc. of boiling alcohol. The alcoholic solution gave 
2.4 g. of pale buff needles which after recrystallization

^-Acetamidoanisole resulted in 97% yield by treatm ent 
of a solution of ^-anisidine hydrochloride with sodium ace­
tate in the presence of acetic anhydride.11

3-Nitro-^-acetamidoanisole4 was prepared as follows: 
a sludge of 184 g. of acetaniside in 340 cc. of glacial acetic 
acid was mixed with a solution of 112 cc. of concentrated 
nitric acid in 615 cc. of water and allowed to stand a t room 
temperature for one day. During this time the reaction 
warmed up to 60 0 spontaneously and all material went into 
solution while the product crystallized out on cooling in

(6) Cf. Saunders, “ The A rom atic  D iazo-com pounds,” Edw ard 
Arnold, London, 1936, p. 148.

(7) W ills ta tte r and  K olb, Ber., 38, 1235 (1905).
(8) W ittig  an d  S tichno th , ibid., 68, 928 (1935).

(9) M eisenheim er and  H oring, ibid., 60, 1425 (1927).
(10) A ngeletti, Gazz. chim. Hal., 63, 14.5 (1933).
(11) Cf. Fieser, “ E xperim ents in  O rganic C h e m is try ,” 2 n d  ed ., 

D. C. H e a th  Co., Boston, M ass., 1941, p. 165.
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bright yellow needles; m. p. 115° (literature m. p. 117°); 
yield 183 g. or 78%.

3-Nitro-^-anisidine (III) was obtained when 243.5 g. of 
the acetyl derivative, after refluxing for six hours with 500 
cc. of alcohol and 245 cc. of concentrated hydrochloric acid, 
was neutralized with 300 cc. of concentrated ammonia and 
cooled. The product separated in deep orange-red 
needles, m. p. 122° (literature 122°), weighing 183 g. 
(94%).

2,2'-Dinitro-£,£/-bianisole (IV) was prepared from the 
diazonium solution of the above nitroanisidine by the 
action of a solution of cuprous hydroxide. When 340 g. 
of the amine was treated by the procedure described under 
Method 25 a crude product not entirely soluble in acetic 
acid resulted. The soluble material crystallized from the 
solution and weighed 141.5 g. (64%), m. p. 131° and was 
identical with material prepared by heating 4-iodo-3- 
nitroanisole with copper powder.3

The insoluble material was crystallized from nitroben­
zene in bright orange prisms, m. p. 259°, and was evidently 
4,4,-azobis-3-nitroanisole (V) since on reduction with zinc 
dust and boiling acetic acid followed by benzoylation of 
the water soluble diamine it gave 3,4-dibenzamidoanisole.12

This crystallized from acetic acid in white needles and 
gave no depression of the m. p. (250°) of an authentic 
sample.

Anal. Calcd. for C14H12O6N4 (V): N, 16,83. Found: 
N, 17.05.

2,2 '-Diamino-£,£'-bianisole.3—When 89 g. of dinitro- 
bianisole was reduced by the action of 297 g. of tin, 960 cc. 
of concentrated hydrochloric acid and 165 cc. of acetic 
acid, the diamine (m. p. 110°) crystallized from alcohol in 
pearly plates weighing 53 g. (74% yield).

2.7- Dimethoxybiphenylene iodonium iodide was ob­
tained in a crude condition in 77% yield by treatment of 
the above diamine in the usual manner,1 so that from 62.5 
g. of the diamine, 92 g. of light brown powder resulted. 
This was not purified further but was subjected to pyroly­
sis with cuprous oxide.

2.7- Dimethoxybiphenylene (II).—When the crude prod­
uct of the above pyrolysis was subjected to prolonged 
steam distillation, 6 g. of yellow crystals was isolated from 
the distillate (20 liters) by ether extraction. This was 
fractionally crystallized from alcohol yielding first of all 
1.12 g, of pure white plates, m. p. 174°, which were identi­
fied as £,£'-bianisyl13 by comparison with an authentic 
sample. From the mother liquor the desired product 
crystallized in lemon yellow plates. These were purified 
by conversion to the picrate which separated from its 
deep red alcoholic solution in thick needles of a red color 
so deep as to be almost black; m. p. 125°.

(12) M eldola and  E yre, J .  Chem . Soc., 81, 991 (1902).
(13) G illm eister, Ber., 30, 2849 (18971.

Anal. Calcd. for Ci4Hi202*C6H307N3: N, 9.52. Found: 
N, 9.78.

Decomposition of the pure picrate with ammonia and 
ether gave 1 g. of pure dimethoxybiphenylene crystalliz­
ing in large, bright yellow, striated plates from ethanol; 
m. p. 107-108°.

Anal. Calcd. for Ci4H120 2: C, 79.24; H, 5.70; mol. 
wt., 212. Found: C, 79.07, 79.51; H, 5.80, 5.95; mol. 
wt., 214 (Rast micro).

2,2'-Diiodo-£,£'-bianisyl.—The residue left from the 
above steam distillation was dissolved in hot glacial acetic 
acid, treated with norite and after filtration and cooling 
gave a deposit of pale buff prisms of unreacted diiodide 
(0.15 g.). Repeated crystallization failed to remove all 
color but the melting point stayed constant at 131 °.

Anal. Calcd. for C14H12O2I2: I, 54.45. Found: I, 
54.95.

2.7- Dimethoxyphenazone was recovered from the mother 
liquors as a gummy yellow precipitate which in acetone 
solution gave an orange picrate; m. p. 231-233°.

Anal. Calcd. for Ci4H1202N2-C6H307N3: N, 14.92.
Found: N, 15.14.

From this the pure dimethoxyphenazone was obtained 
in fine yellow needles from dilute acetic acid; m. p. 202-  
203° (literature 197°).3

2.7- Dihydroxybiphenylene.—Attempts to cleave di­
methoxybiphenylene were uniformly unsuccessful, alco­
holic alkali being without effect, while various acid re­
agents failed to give workable products. When the di­
ether was treated in acetic acid solution with 48% hydro- 
bromic acid or with concentrated hydrochloric acid, in air 
or under an atmosphere of nitrogen, a pink color appeared 
even at room temperature and rapidly turned to a deep 
purple, requiring about one minute on the steam-bath. 
From this solution a deep indigoid precipitate was ob­
tained (m. p. above 360°) which was insoluble in alkali 
and all ordinary solvents and resisted attempts at acetyla­
tion. Parallel experiments with biphenylene showed that 
these effects were due to the methoxyl groups, since the 
hydrocarbon was untouched by such treatment.

An attempted cleavage in acetic anhydride solution gave 
a deep green solution and a gummy green precipitate 
which could not be crystallized.

Summary
Using methods previously employed for the 

preparation of biphenylene, 1,8-dimethylbiphenyl- 
ene and 2,7-dimethoxybiphenylene have been pre­
pared. Attempts to cleave the latter to form
2,7-dihydroxybiphenylene were unsuccessful.
H a r t f o r d , C o n n . R e c e i v e d  M a y  6, 1942
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[C o n t r i b u t i o n  f r o m  t h e  C h e m ic a l  L a b o r a t o r y  o f  T h e  O h i o  S t a t e  U n i v e r s i t y ]

The Action of Diazomethane upon Acyclic Sugar Derivatives.1 II2
B y M. L. W olfrom , S. W. W aisbrot and R obert  L. Brow n

In continuation of our work on the products ob­
tained by the action of diazomethane upon the 
acid chlorides of fully acetylated sugar acids, we 
record the synthesis of 1-diazo-1-desoxy-tó#-^- 
fructose tetraacetate from <i-arabonyl chloride 
tetraacetate and diazomethane.
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Treatment of the previously reported2 1-diazo- 

l-desoxy-£eto-flf-glucoheptulose pentaacetate (II) 
with ethereal solutions of dry hydrogen chloride 
and dry hydrogen bromide produced 1-chloro 
(III) and l-bromo-feefo-d-glucoheptulose penta­
acetate, respectively. Similar treatment of 1- 
diazo-l-desoxy-&£fo-d-fructose tetraacetate pro­
duced 1-chloro and l-hromo-keto-d-irnctosQ tetra­
acetate. The chloro derivative III was the un­
characterized compound isolated in crude form 
from the mother liquors of our original prepara­
tions2 of the diazomethyl ketone II. When the 
reaction was carried out under nearly anhydrous 
conditions, only traces of the chloro derivative 
were obtained. The l-chloro-keto-d-ïmctose tetra­
acetate (m. p. 7 8 °, spec. rot. + 6 8 °, CHCI3) is 
isomeric with the chloro-d-fructose tetraacetate of

(1) A n incom plete p re lim inary  rep o rt of th is  work was published 
in T h is  J o u r n a l , 63, 632 (1941). T he  work herein recorded was p re­
sented before th e  D ivision of Sugar C hem istry  and  Technology a t  th e  
101st M eeting of th e  A m erican Chem ical Society, S t. Louis, M issouri, 
April 10, 1941.

(2) Previous publication  in  th is  series: M. L. W olfrom, D. I.
W eisblat, W. H . Zophy and  S. W. W aisbrot, ibid., 63, 201 (1941).

Brauns3 (m. p. 108°, spec. rot. +45°, CHC13,) to 
which the structural assignment of 6-chloro-keto- 
d-fructose has been made.4

In 1912 Wolff5 described a characteristic re­
arrangement of diazoketones in their reaction with 
water or alcoholic ammonia in the presence of 
catalytic amounts of silver oxide.

Ag20
R—CO—CHN2---- ->  N2 +  [R—CO—CH]  

HOH
[R—C H = C = 0  ] ------^  R—CH2—C02H

It has not been until relatively recent years that 
the Wolff rearrangement has received any degree 
of attention. Arndt and co-workers6 have de­
veloped the reaction as a general synthetic method 
for lengthening the carbon chain.
COOH

R

COC1

R

CHN2
I
CO
I

R

COOH

c h 2 ----
I

R
COC1

CH2 etc.

R

We have applied the Wolff rearrangement to the 
acetylated aldonic acids. Treatment of a sus­
pension of II in hot water with catalytic amounts 
of silver oxide, followed by silver ion removal with 
hydrogen sulfide and concentration, yielded 
2-desoxy-d-glucoheptono- 5-lactone tetraacetate
(IV) of specific rotation +39.5° (CHC13). Ac­
cording to Lane and Wallis,7 this rearrangement 
may take place with racemization provided that 
the terminal carbon of the migrating group R 
contains a hydrogen atom. This structural pre­
requisite is present in our compound and accord­
ingly a mixture (not necessarily equimolecular) 
of 2-desoxy-J-glucoliep tonic acid (or lactone) and 
2-desoxy-d-mannoheptonic acid (or lactone) would 
be predictable. Only one product was isolated 
(ca. 70% yield). In the absence of any evidence 
for a second product, the 2-desoxy-J-glucohepto- 
nolactone structure will be assigned provisionally 
to the substance isolated.

(3) D . H . B rauns, ibid., 42, 1846 (1920).
(4) E. Pacsu  an d  F . V. R ich, ibid., 55, 3018 (1933).
(5) L. Wolff, A n n ., 394, 23 (1912).
(6) F . A rn d t an d  B. E iste rt, Ber., 68, 200 (1935).
(7) J . F . Lane and  E. S. W allis, J .  Org. Chem., 6, 443 (1941).
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Saponification of IV with barium hydrate, fol­
lowed by removal of barium ion with sulfuric acid 
and concentration, yielded crystalline 2-desoxy- 
d-glucoheptonolactone (V) of specific rotation 
+20° (H20). The analytical data definitely 
indicate a lactone structure for IV and V. If, 
in accordance with the principles of Hudson's 
lactone rule, the rotations of these compounds 
are due almost in their entirety to the position of 
the lactone ring, then ring closure in IV and V 
must be on the right (as represented in the Fischer 
projection formula). The acceptance of such an 
hypothesis favors assignment to IV and V of a 
delta lactone structure, since carbon four in these 
structures is on the left. The delta lactones of the 
normal sugar acids are relatively unstable and ex­
hibit moderately rapid hydrolysis. Further evi­
dence for the 1,5 ring in IV, then, lies in the fact 
that it was found to be rapidly titratable to a 
stable end-point within a period of one and one- 
half minutes from the time of solution in acetone- 
water. It was found that V was too slowly soluble 
to allow rapid titration but was titratable to a 
stable end-point within four and one-half to five 
minutes. Contrary to expectation, IV exhibited no 
mutarotation in either methanol or aqueous ace­
tone. V was too slowly soluble in water for early 
polarimetric readings in that medium; however, 
no mutarotation was observed after an initial 
rotation of +20° at twenty minutes. Attempts 
were made to follow lactonization of the free acid 
by the general method of Levene and Simms.8 An 
initial reading at three minutes gave a specific 
rotation of +20°. Thereafter there was no ob­
servable mutarotation over a period of eighty 
hours.

Explanation of the apparently anomalous opti­
cal behavior of IV and V may lie in an effective 
increase in the rate of hydrolysis due to the in­
fluence of the 2-desoxy carbon. Again, the ex­
planation may lie in an extraordinary similarity 
in rotation between the lactone and its acid, in the 
event of which Hudson's lactone rule would not be 
applicable. The expectation would be that in 
V gamma lactone formation would be sufficiently 
slow to be readily observable and an appreciable 
quantity of the gamma lactone in the equilibrium 
mixture should yield a more negative value. As 
more information is obtained concerning the little 
known group of 2-desoxy sugar acids, it may well 
be that their behavior will be found to differ

(8) P . A. Levene and  H . S. S im m s,,/. Biol. Chem., 65, 31 (1925).

markedly from that of the normal sugar acids. 
Thus, an abnormally high rate of hydrolysis has 
been found9 for the glycopyranosides of the 2- 
desoxy sugars in comparison with the rate ex­
hibited by the normal sugar pyranosides.

Further extension of these reactions is in prog­
ress in this Laboratory.

Experimental
1 -Diazo-1 -desoxy-keto-d-frmtose Tetraacetate.—d-Ara- 

bonic acid tetraacetate10 (7.1 g.), prepared according to 
the excellent method of Robbins and Upson,11 was dissolved 
in 20 cc. of benzene and 3 cc. (2 moles) of thionyl chloride 
added. The solution was warmed until the evolution of 
hydrogen chloride ceased, as shown by ammonia test. 
The excess thionyl chloride was removed by solvent con­
centration under reduced pressure followed by repeated 
additions of benzene and subsequent removal in the same 
manner. The sirupy residue was dissolved in 50 cc. of 
anhydrous ether and the solution cooled to 0°. Two moles 
of diazomethane gas was then added and the solution al­
lowed to stand overnight. At the end of this period, some 
separated polymethylenes were removed by filtration and 
the filtrate was concentrated with a stream of dry air until 
crystallization occurred. The cream-colored crystals 
were removed by filtration and washed with cold ether; 
yield 5.7 g.; m. p. 88.5-89°. Pure material was obtained 
on recrystallization from methanol-ether; yield 5 g.; m. p. 
93-94°; spec. rot. - 11° (23°, c 4, abs. CHC13).12

The purified substance possessed a slight cream color. 
I t was soluble in alcohol, acetone and warm ether but was 
insoluble in petroleum ether and water. It reduced boil­
ing Fehling solution.

Anal. Calcd. for C14H19O9N2: C, 46.93; H, 5.06; N, 
7.82. Found: C, 46.93; H, 5.21; N, 7.67.

1 -Chloro-£e/o-i-fr uctose Tetraacetate.—Two grams of 
1-diazo-l-desoxy-^eto-d-frue tose tetraacetate was sus­
pended in anhydrous ether and dry hydrogen chloride 
passed into the solution until the evolution of nitrogen 
ceased. The solution was cooled and an equal amount of 
petroleum ether was then added. The crystals which 
formed were removed by filtration and washed with ether- 
petroleum ether; yield 1.5 g.; m. p. 75-77°. Pure ma­
terial was obtained on two further crystallizations from 
ether-petroleum ether; yield 1 g.; m. p. 77.5-78°; spec 
rot. +68° (22°, c 4, abs. CHC1*).

The substance reduced boiling Fehling solution but no 
precipitate formed on boiling with alcoholic silver nitrate.

Anal. Calcd. for Ci4Hi90 9C1: C, 45.85; H, 5.22; Cl,
9.66. Found: C, 45.81; H, 5.40; Cl, 9.50.

1 -Bromo-&efo-d-fructose Tetraacetate.—1-Diazo-l-des- 
oxy-fcefo-i-fructose tetraacetate (3.5 g.) was treated in the 
same manner as in the above-described synthesis of the 
corresponding 1-chloro derivative, using hydrogen bro­

(9) M. Bergm ann an d  W. B reuers, A n n ., 470, 38 (1929); P. A. 
Levene and L. A. M ikeska, J .  Biol. C h e m . ,  88, 791 (1930).

(10) C. D. H urd  an d  J . C. Sowden, T h is  J o u r n a l , 60, 235 (1938).
(11) G. R obbins an d  F . U pson, i b i d . ,  62, 1074 (1940); cf.  J . M . 

B rakenbury  and  F. Upson, i b i d . ,  55, 2512 (1933).
(12) All ro ta tions are  recorded to  th e  D-line of sodium  light, 23° 

is th e  tem peratu re , c is th e  concen tration  in g. per 100 cc. of soln.
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mide instead of hydrogen chloride. The product which 
crystallized was removed by filtration and washed with 
ether-petroleum ether; yield 3.4 g.; m. p. 67.5-68°. 
Pure material was obtained on crystallization from ether; 
yield 3 g.; m. p. 68°; spec. rot. +62.5° (26°, c 4, abs. 
CHCls).

The substance reduced boiling Fehling solution but no 
precipitate formed on boiling with alcoholic silver nitrate.

Anal. Calcd. for C^HigOgBr: Br, 19.43. Found: 
Br, 19.12.

1- Chloro-fcefo-d-glucoheptulose Pentaacetate (III).—1-
Diazo-l-desoxy-d-glucoheptulose pentaacetate2 (1.0 g.) 
was suspended in anhydrous ether (15 cc.) and dry hydro­
gen chloride gas was passed into the solution until the com­
pound was dissolved. The solution was then allowed to 
stand for two hours, after which the excess hydrogen chlo­
ride was removed by washing with aqueous sodium bicar­
bonate solution. An equal volume of petroleum ether 
was added to the dried (sodium sulfate) ethereal solution 
and the crystalline product which formed was removed by 
filtration and washed with petroleum ether; yield 0.6 g.; 
m. p. 100-101°; spec. rot. -—5.5° (22°, c 5, abs. CHCb). 
These constants were unchanged on two further crystal­
lizations from ether-petroleum ether.

The substance was soluble in the common solvents ex­
cept petroleum ether and water. I t  reduced boiling Fehl­
ing solution. . No precipitate was formed on boiling with 
alcoholic silver nitrate.

Anal. Calcd. for CnH^OuCl: C, 46.52; H, 5.28; Cl, 
8.08. Found: C, 46.52; H, 5.28; Cl, 8.05.

This substance was the uncharacterized compound iso­
lated in crude form from the mother liquors of our original 
preparations2 of 1-diazo-l-desoxy-d-glucoheptulose penta­
acetate (II). When the preparation of II was carried out 
under nearly anhydrous conditions only traces of the 
chloro compound were obtained.

1 -Bromo-&eto-d-glucoheptulose Pentaacetate.—1 - Diazo- 
1-desoxy-d-glucoheptulose pentaacetate (3.5 g.) was treated 
in the same manner as in the synthesis of the corresponding 
1-chloro derivative, using hydrogen bromide in place of 
hydrogen chloride. The product which crystallized was 
removed by filtration and washed with ether-petroleum 
ether; yield 3.3 g.; m. p. 80-82°. Pure material was ob­
tained on three recrystallizations from ether-petroleum 
ether; m. p. 86-87°; spec. rot. - 4 °  (24°, c 5, abs. CHC13).

This compound was slightly less soluble than the corre­
sponding chloro derivative. I t  reduced boiling Fehling 
solution and yielded no precipitate on boiling with alco­
holic silver nitrate.

Anal. Calcd. for Ci7H230nBr: Br, 16.54. Found:
Br, 16.72.

2- Desoxy-d-glucoheptonolactone Tetraacetate (IV).—
1-Diazo-l-desoxy-d-glucoheptulose pentaacetate (1 g.) was 
suspended in 40 cc. of water with 0.2 g. of silver oxide. 
The mixture was warmed to about 70° and 0.2 g. of silver 
oxide was added portionwise over a period of fifteen min­
utes. The mixture was then refluxed for fifteen minutes, 
after which the silver oxide was removed by filtration. 
The silver ion was removed with hydrogen sulfide, followed 
by filtration. The clear filtrate was then concentrated to 
about 15 cc. The fibrous crystals that formed were re­

moved by filtration and washed with water; yield 0.5 g. ; 
m. p. 129-130°, unchanged on further recrystallization 
from hot water; spec. rot. +40° (20°, c 4, abs. chloroform, 
no detectable mutarotation). The mother liquors on fur­
ther concentration yielded 0.1 g. of additional material.

The substance did not reduce boiling Fehling solution.
Anal. Calcd. for C7H806(CH3C0)4 (lactone tetraace­

tate): C, 50.00; H, 5.60; saponification value (five 
equivalents), 13.88 cc. 0.1 N  sodium hydroxide per 100 mg. 
Calcd. for CzHgCXCHsCO^ (acid pentaacetate): C,
48.57; H, 5.75; saponification value (six equivalents), 
14.27 cc. Found: C, 49.76; H, 5.58; saponification
value, 13.8 cc.

The analytical data indicate that in the course of the 
rearrangement one mole of acetic acid was lost, presumably 
by lactonization. In a study of the position of ring closure 
the following experiments were performed.

(a) 2-Desoxy-d-glucoheptonolactone tetraacetate 
(0.2766 g.) was dissolved in acetone (50 cc.). Boiled dis­
tilled water (100 cc.) was quickly added and the solution 
immediately titrated to a phenolphthalein end-point. 
Time elapsed from introduction of the acetone to complete 
neutralization was one minute and thirty seconds. A vol­
ume of 7.75 cc. of 0.1005 JV sodium hydroxide which, less 
a blank of 0.15 cc., gives a volume of 7.60 cc. required for 
neutralization. The neutralization equivalent calculated 
therefrom is 362.1; theory for the lactone tetraacetate, 
360.3. That the compound was instantaneously titra t­
able is evidence in support of a delta-lactone structure.

(b) In absolute methanol solution there was no observ­
able mutarotation (initial reading, four minutes) over a 
period of forty-five hours; .spec. rot. +34° (22°, c 2.5).

(c) A sample of the lactone was dissolved in dry acetone 
(8 cc.) and made up to 15.00 cc. with water. There was 
no observable mutarotation (initial reading, six minutes) 
over a period of twenty hours; spec. rot. +35° (23°, c 4).

2-Desoxy-d-glucoheptonolactone (V).—2-Desoxy-d-glu- 
coheptonolactone tetraacetate (5 g.) was treated with an 
equivalent amount of a saturated barium hydrate solution 
(10.95 g. of barium hydrate octahydrate) and allowed to 
stand at room temperature overnight. The barium ion 
was then removed with an equivalent amount of sulfuric 
acid (69.4 cc. N) and the barium sulfate removed by filtra­
tion. The clear filtrate was concentrated to about 10 cc. 
and on cooling crystallization ensued; yield 1 g.; m. p. 
170°, unchanged on further recrystallizations effected by 
solution in water and subsequent concentration; spec. rot. 
+20° (26°, c 5, H20, no mutarotation).

The compound was soluble in warm water and insoluble 
in the common organic solvents except glacial acetic acid.

Anal. Calcd. for C7H12O6 (lactone): C, 43.75; H,
6.29; sapon. equiv., 192. Calcd. for C7H14O7 (acid): C,
40.00; H, 6.71; sapon. equiv., 210. Found: C, 43.44; 
H, 6.27; sapon. equiv., 196.

The lactone was too slowly soluble in water to allow 
early initial polarimetric readings in that medium. No 
mutarotation was observed after a reading of + 20° at 
twenty minutes. Attempts were made to follow lactoniza­
tion of the free acid, according to the general procedure 
of Levene and Simms.8 The lactone (0.4717 g.) was sus­
pended in water and 4.70 cc. of 0.5008 N  sodium hydroxide 
was added. The compound went into solution slowly and
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after about four minutes the alkaline color of phenolphtha­
lein faded. Two additional drops (0.1 cc.) of base were re­
quired for complete neutralization (total 4.8 cc.). A fur­
ther 0.2 cc. of alkali was added followed by the addition of 
an equivalent volume (5.00 cc.) of 0.5007 N  hydrochloric 
acid. The solution was quickly made up to 15.00 cc. and 
the polarimetric-reading taken (initial reading, three min­
utes) ; spec. rot. +20.1 ° (23°, c 3.1). Thereafter there was 
no observable mutarotation over a period of eighty hoürs.

We acknowledge the general assistance of 
Messrs. Percy McWain (N.Y.A. Project O.S.U. 
170) and Clarence M. Clevenger.

Summary
1. 1-Diazo-l-desoxy-&0/0-d-fructose tetraace­

tate has been synthesized by the action of diazo­
methane upon d-arabonyl chloride tetraacetate.

2. The 1-chloro and the 1-bromo derivatives

of the keto-iorms of d-fructose and of d-glucohep­
tulose acetates have been synthesized by the ac­
tion of the hydrogen halides upon the correspond­
ing diazomethyl ketone acetates (II).

3. 1 - Diazo -1 - desoxy - keto -d -  glucoheptulose 
pentaacetate (II) underwent the Wolff rearrange­
ment to produce a lactone form of 2-desoxygluco- 
heptonic acid tetraacetate, from which 2-desoxy- 
glucoheptonolactone was obtained by saponifica­
tion.

4. The above 2-desoxyaldonolactone and its 
acetate exhibited anomalous properties.

5. The above reactions represent transforma­
tions from the aldose series to (a) the ketose series 
and to (b) the 2-desoxyaldonic acid series.
C o l u m b u s , O h i o  R e c e i v e d  M a y  2, 1942

[C o n t r i b u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m i s t r y , U n i v e r s i t y  o f  C a l i f o r n i a , L o s  A n g e l e s ]

Anthochlor Pigments. III. The Pigments of Cosmos Sulphureus
By T. A.

Previous studies on the sap-soluble flower pig­
ments of certain species of Compositae have shown 
that the petals of these species contain substances 
which form intensely red salts with alkalies. For 
convenience these pigments have been described 
by the term '‘anthochlor.” The tetrahydroxy- 
chalcone butein (I) has been identified as one 
member of this class of pigments and has beèn 
isolated from Dahlia variabilis1 and from two spe­
cies of Coreopsis.2

It was noted in the paper describing the studies 
on Coreopsis gigantea2h that in this flower a second 
substance accompanies butein, and it was sug­
gested on the basis of the analytical figures for its 
crystalline acetate that this substance was a 
pentahydroxychalcone hexoside. This com­
pound has now been isolated from the ray florets 
of Cosmos sulphureus (“Orange Flare”). C. 
sulphureus is a garden annual whose bright orange 
rays and yellow disk florets give the anthochlor 
reaction with alkali. Ether extraction of the 
dried, powdered rays yielded the glycoside as a 
yellow amorphous powder which separated from 
the ether during the extraction. Further treat­
ment of the ether-extracted rays by a somewhat 
more lengthy procedure yielded an additional

(1) Price, J . Chem. Soc., 1018 (1939).
(2) (a) Geissman, T h is  J o u r n a l , 63, 656 (1941); (b) 63, 2689

(1941).

G eissman

amount of the pigment. It formed a white crys­
talline acetate identical with that of the pigment 
previously isolated from Coreopsis gigantea. It is 
proposed to call this pigment “coreopsin.”

The previously reported analytical figures on 
the basis of which coreopsin was assumed to be a 
pentahydroxychalcone hexoside were somewhat 
in error since it has been found that the aglycone 
of the pigment is butein. Hydrolysis of coreopsin 
acetate (the acetate was chosen since it is readily 
crystallized while the pigment itself has been ob­
tained only in an amorphous, although apparently 
homogeneous, condition), followed by acetylation 
of the ether-extractable products, yielded the 
triacetate of butin (II), the flavanone isomeric 
with butein. The formation of butin in the hy­
drolysis is undoubtedly due to the isomerization 
of the butein first produced from the glycoside. 
The isomerization of o-hydroxychalcones to the 
corresponding flavanones under these conditions 
is a well-known reaction3 and the sample of butin 
triacetate used for purposes of comparison was 
synthesized by treating a sample of synthetic 
butein under conditions identical with those 
used for the hydrolysis of the glycoside. That 
coreopsin is a glycoside of butein and not of butin

(3) (a) Perk in  and  H um m el, J . Chem. Soc., 85, 1462 (1904); (b) 
Göschke and  T am bor, Ber., 45, 186 (1912). These describe th e  
p repara tion  of b u tin .
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is indicated by a number of considerations. The 
pigment is a bright yellow in color, while the cor­
responding flavanone and glycosides of similar 
flavanones are colorless substances; it dissolves 
instantly in cold, dilute aqueous alkali with the 
formation of a red color; it gives no color when 
reduced with magnesium and hydrochloric acid.

The aqueous solution from the hydrolysis of 
coreopsin acetate, after removal of the coloring 
matter, was found to reduce Fehling solution, 
but positive identification of the sugar has not 
yet been accomplished. On the basis of the ana­
lytical figures for coreopsin acetate it is probably a 
hexose. The position of attachment of the sugar 
has not yet been established, but it is very prob­
able that it is attached to either the 2' or 4' posi­
tion. The red color of alkaline solutions of coreop­
sin is similar to that shown by other chalcones 
hydroxylated in the 3,4-positions and is deeper 
than the colors of alkaline solutions of 4-hydroxy- 
or 4-hydroxy-3-methoxychalcones. Further, no 
naturally-occurring member of the large class of 
substances having the C^-Cr-Ca structure found 
in butein carries a sugar residue in the phenyl ring 
corresponding to the catechol nucleus of butein.

The study of the flowers of Cosmos sulphureus 
has been extended to include the remainder of the 
flower-head, consisting of the yellow disk-florets 
and the scarious involucral bracts. From this 
material there have been isolated a glycoside of 
quercetin, probably isoquercitrin, and (as the 
acetate)* luteolin (IV). Quercetin (III) was ob­
tained in calculated amount from the hydrolysis 
of a weighed amount of the glycoside and identi­
fied by conversion to its acetate and comparison 
of this with an authentic sample. Although the 
disk-florets as well as the rays show the anthochlor 
reaction when touched with alkali, no pigment of 
this class was isolated from them except as a prob­
able component of a crystalline acetate mixture 
which developed an intensely red solution when 
hydrolyzed with alcoholic alkali but which melted 
over a broad range.

It appears likely that luteolin occurs as the free 
flavone since it was extracted from the flowers 
with ether and isolated without the use of any 
hydrolytic step.

(4) Since several th o usand  flower-heads yield an  am ount of dried 
m aterial of th e  o rder of only a  hundred  grams, relatively  small 
am ounts of iso lated  substances have been available. F o r th is  reason 
it  has proved convenient and  often necessary to  work up crude pig­
m ent fractions by  ace ty la tion , followed by  purification of th e  readily  
crystallizable aceta tes. T he  p igm ents them selves are difficult to  
purify  from  th e  crude condition  w ithou t considerable loss.

A comparison of the structures of the substances 
present in the flowers of C. sulphureus (I, III, and 
IV) adds an interesting example of a biogenetically 
and chemically related group of compounds to a 
number already recorded from studies on other 
plants.

Ill

All of these compounds have the C6(a)-C3-C 6(b> 
carbon skeleton (cf. (I)) which is widespread in 
the plant kingdom and all of them contain the 
catechol nucleus as the Cb(b) part of the molecule. 
They differ in the degree of oxidation in the C6(a)“ 
C3 part of the molecule and in this respect bear to 
each other the same kind of relationship that ex­
ists between such related pairs of substances as 
pelargonidin and apigenin or pelargonidin and 
kampferol.

In view of the fact that all of the flowers so far 
known to belong to the anthochlor group, with the 
single recorded exception of the legume, Butea 
frondosaf are closely related taxonomically5 a de­
tailed study of their flower pigments should fur­
nish a basis for evaluating in terms of the results 
obtained certain of the proposals that have been 
made concerning the biogenesis of plant materials, 
particularly those of the “flavone,” (Ce-Cs-Ce) 
type.

(5) T his close re lationship is ind icated  by th e  fac t th a t  th ey  have 
som etim es been classified as a sub-tribe  Coreopsidinae of th e  trib e  
Heliantheae.
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Experimental
All melting points are uncorrected.
Cosmos sulphureus was grown from commercially avail­

able seed. The flowers were collected at intervals, the 
rays separated immediately, and the rays and disk florets 
(with the involucral bracts) air-dried, ground to a powder 
and stored in stoppered containers.

Ray Flowers: Coreopsin.—Sixty grams of the dried, 
ground rays was extracted (Soxhlet) with petroleum ether 
(30-60 °) until fresh portions of the solvent were no longer 
colored. The solution contained carotenoid pigments but 
no pigments of the anthochlor type. The powder was 
freed of petroleum ether and extracted with ether. The 
ether extract was greenish-yellow in color and contained 
a small amount of suspended solid. This was removed 
and dried. I t weighed 0.130 g. I t  was a bright yellow 
substance, insoluble in ether, soluble in hot methanol, 
slightly soluble in hot water and gave an intense crimson 
solution in cold, dilute sodium hydroxide. Upon acidifica­
tion of its alkaline solution, it separated as spherical glo­
bules of a glassy nature. The behavior of the crude ma­
terial on melting indicated that it was not crystalline: it 
sintered at about 150° and decomposed at 190-195°.

Anal Calcd. for C2iH22Q10-1.5H2O: C, 54.40; H, 5.39. 
Found: C, 54.50; H, 5.25.

From the ether solution was isolated by extraction with 
sodium carbonate solution, acidification and extraction 
with ether 40 mg. of a yellow-brown amorphous substance 
which could not be crystallized or converted into a crystal­
line acetate.

The ether-extracted petal-meal was dried and extracted 
with methanol. The filtered extract was evaporated, the 
sirupy residue dissolved in water and the solution washed 
with ether and clarified by filtration through Hyflo Super- 
cel. To the deep red filtrate saturated lead acetate solu­
tion was added until no further precipitate was formed. 
The brick-red precipitate was removed and suspended in 
methanol and hydrogen sulfide passed into the suspension. 
The precipitated lead sulfide was removed and the deep 
orange-red solution evaporated under reduced pressure. 
The red-brown tar thus obtained was acetylated with 
acetic anhydride-sodium acetate and the tarry acetylation 
product separated into ether-soluble and ether-insoluble 
fractions by dissolving it in alcohol, adding ether and 
washing the resulting solution with water. The process 
was repeated with the tar which separated during the water 
washing. The nearly colorless ether solution finally re­
sulting was evaporated and the gummy residue allowed to 
stand overnight with 20 ml. of 10% sodium hydroxide 
solution. The deep red alkaline solution resulting was 
decanted from some unchanged tarry material, washed 
with ether, acidified and the acidified solution saturated 
with ammonium sulfate. A yellow powdery solid sepa­
rated on standing. It weighed 0.280 g. and was shown to 
be coreopsin by conversion into its crystalline acetate.

Coreopsin Acetate.—A portion of the pigment was 
acetylated with sodium acetate-acetic anhydride. The 
acetate formed soft, white needles; m. p. 171-172° after 
one recrystallization from alcohol. Mixed with a sample 
of the acetate, m. p. 171-2.5°, from Coreopsis gigantea no 
depression in melting point was observed. The two ace­

tates gave identical colors when heated with alcoholic 
sodium hydroxide.

Anal. Calcd. for C35H860 17: C, 57.67; H, 4.98. Found: 
C, 57.27, 57.22; H, 4.88, 4.79.

Hydrolysis of Coreopsin Acetate.—A suspension of 
0.265 g. of coreopsin acetate (m. p. 171-172°) in a mixture 
of 50 ml. of 2% hydrochloric acid and 10 ml. of methanol 
was refluxed for four hours. The solid dissolved after 
about one hour and a pale yellow solution resulted. The 
solution was cooled and extracted with ether and the ether 
extract was dried and evaporated, leaving a red-yellow 
gum. This was acetylated by boiling it for about a minute 
with 2 ml. of acetic anhydride and 0.2 g. of sodium acetate. 
A nearly colorless solution resulted. After several hours 
ice and water and a few ml. of ether were added and upon 
standing colorless crystals (70 mg.) formed in the ether 
layer. After two recrystallizations from alcohol this ma­
terial formed shining white leaflets, m. p. 120.5-121°. It 
was found to be butin triacetate by comparison with a 
sample prepared from synthetic butein by a procedure 
identical with that described above for the hydrolysis of 
coreopsin acetate. The melting points of both products 
and of a mixture of the two were identical, as were the col­
ors produced by the magnesium and hydrochloric acid 
reduction test.

The behavior of butin triacetate when reduced with mag­
nesium and hydrochloric acid in alcohol is noteworthy. 
The color produced is an intense red-violet to blue-violet 
(depending upon the concentration), and is markedly 
bluer than the colors shown by flavanones hydroxylated in 
the 5,7-positions, such as naringenin, eriodictyol and homo- 
eriodictyol. This color test is the subject of another in­
vestigation now being carried on in this Laboratory. Butin 
triacetate has been previously reported to have a melting 
point of 123-125o3a and 123°.3b The sample from the 
hydrolysis of coreopsin acetate was analyzed.

Anal Calcd. for C2iHi808: C, 63.28; H, 4.57. Found: 
C, 63.01; H, 4.92.

The aqueous solution from which the butin had been 
removed was treated with lead carbonate and the lead 
removed with hydrogen sulfide. The solution reduced 
Fehling solution but no crystalline derivative of the 
sugar could be isolated in amount sufficient for identi­
fication.

Disk-florets and Involucral Bracts.—After a preliminary 
treatment with petroleum ether the powdered material 
was extracted with ether. The ether solution was washed 
with sodium carbonate solution and the deep red extract 
acidified and extracted with ether. The ethe.r extract was 
dried and evaporated, leaving a brown, tarry residue which 
was induced to crystallize partially by adding small 
amounts of ether and allowing evaporation to proceed 
slowly between fresh additions. There was finally ob­
tained 50 mg. of a yellow, powdery solid. An attempt to 
recrystallize this resulted in a product which did not melt 
below 250 ° but darkened from about 230 °, and was obvi­
ously still impure. I t was finally acetylated and yielded a 
white, crystalline acetate which after two recrystallizations 
from alcohol melted at 217-219°. It was similar in melt­
ing point and behavior to luteolin tetraacetate which has 
been reported by various investigators to melt at 213-
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215°,6 223-226°,7 222-224°.8 A sample of luteolin tetra­
acetate was synthesized according to the method of Kos- 
tanecki, Rozycki and Tambor,8 starting with methyl 
veratrate and trimethoxyacetophenone. The synthetic 
material melted at 221-222° and a mixture of this and 
that from the natural source melted at 219-221°. In 
a repetition of the isolation from the florets and bracts 
there was obtained a product melting at 220-222°. The 
natural and synthetic samples gave identical red-orange 
colors when to their solutions in alcohol were added a frag­
ment of magnesium and a drop of concentrated hydro­
chloric acid, and both samples dissolved in hot alcoholic 
sodium hydroxide to form yellow solutions. Unfortunately 
too little of the material from the natural source was ob­
tained for satisfactory analytical figures. Each of the 
two samples described was analyzed.

Anal. Calcd. for C23H18Oi0: C, 60.78; H, 4.00.
Found: 0,61.74,60.15,60.29; H, 4.27, 4.04, 3.80.

It is felt, however, that the information from the melting 
point and color-test observations, coupled with the ap­
proximate agreement in the analyses is sufficient to estab­
lish the identity of the compound isolated.

From the oily mother liquor from which the crude luteo­
lin separated was obtained a crystalline mixture of ace­
tates; m. p. 130-190°. It formed a deep red solution in 
hot alcoholic alkali. Too little of it was obtained to per­
mit of its separation into its components.

Isoquercitrin.—The alcohol extract of the ether-ex­
tracted meal (disk-florets and bracts) was diluted with 
water and concentrated to remove most of the alcohol. 
Saturated lead acetate was added in small portions and the 
brown precipitates which first appeared were discarded. 
The bright orange-yellow precipitate which then formed 
was removed, suspended in hot water and decomposed with

(6) Perkin, J . Chem. Soc., 69, 206 (1896).
(7) Herzig, Ber., 29, 1013 (1896).
(8) K ostanecki, Rozycki and  T am bor, ibid., 33, 3416 (1900).

hydrogen sulfide. The filtered solution was saturated 
with salt and extracted with ethyl acetate. Removal of 
the ethyl acetate left a yellow gum which on standing in 
alcohol-water solution deposited 60 mg. of a yellow pow­
der. This crystallized from dilute alcohol as lemon- 
yellow needles; m. p. 217-219° after shrinking a t about 
115° (loss of water of hydration). I t  dissolved in alkali 
to a deep yellow solution, gave a deep olive-green color 
with aqueous-alcoholic ferric chloride and a rose-red solu­
tion when reduced in alcoholic solution with magnesium- 
hydrochloric acid. These observations are in agreement 
with those recorded for isoquercitrin (quercetin-3-gluco 
side); m. p. reported as 217-219°,9 218-220°,10 219°.n

Hydrolysis of 24.0 mg. of the glycoside with 6 ml. of 1 
N  sulfuric acid yielded 14.1 mg. of quercetin; calcd. for 
isoquercitrin, 14.4 mg. The product of the hydrolysis was 
converted into its acetate, m. p. 192-193°; no depression 
on mixing with an authentic sample, m. p. 193—194°, of 
quercetin pentaacetate.

A nal. Calcd. for quercetin pentaacetate, C25H20O12: C,
58.58; H, 3.94. Found: C, 58.66; H, 3.99.

Summary

1. The flowers of Cosmos sulphureus (“Orange 
Flare”) contain coreopsin (rays), luteolin and a 
quercetin glycoside which is probably isoquerci­
trin (disk-florets and involucral bracts).

2. Coreopsin has been found to be a butein 
glycoside. The nature and position of the sugar 
residue are as yet undetermined.

(9) Perkin, J . Chem. Soc., 95, 2190 (1909).
(10) Sando and  B a rtle tt, J . Biol. Chem., 54, 640 (1922).
(11) V iehover, Chernoff and Johns, J . A gr. Research, 13, 348 

(1918).
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The Catalysis of the Thermal Decomposition of Acetaldehyde by Hydrogen Sulfide
By Walter L. Roth and G. K. Rollefson

In some previous work it has been shown that 
the acceleration of the rate of the thermal decom­
position of acetaldehyde when iodine is added is 
due to a series of reactions in which the iodine re­
acts with the aldehyde and then is regenerated by 
reactions between the products of the first reac­
tion.1 In this paper we are presenting the results 
of some investigations of the nature of the action 
of hydrogen sulfide which has also been reported 
to accelerate the decomposition of acetaldehyde.2

Fromherz reported that the rate of the decom-
(1) F au ll and  Rollefson, T h is  J o u r n a l , 59, 625 (1937).
(2) From herz, Z . physik , Chem., B25, 301 (1934).

position in the presence of hydrogen sulfide is de­
pendent only on the pressure of the catalyst. In 
accordance with this statement the rate was con­
stant throughout a considerable portion of any 
given run and the ratio of the time required for 
three-fourths completion to that required for half 
completion was approximately 1.5 as it should be 
if the rate were independent of the aldehyde pres­
sure. On the other hand, if we utilize this linear 
character of the pressure-time curves to calculate 
the initial rates, we find continuous variation of 
the rate constants calculated on the assumption of 
independence of the aldehyde according to the



1708 Walter L. Roth and G. K. Rollefson Vol. 64

law — d (CH 3CH O)/ d t  =  &'(H2S). The results 
for a series of aldehyde pressures are shown in 
Table I along with the times given by Fromherz 
for a pressure change one-half and three-fourths of 
the final value.

T a b l e  I
Temperature 510°, H2S 20 mm.

CH3CHO mm. 
initial h / 2, min. <a/4, min. V A / » k \  min.-1
58 1.44 2 .36 1.64 10.05

106.5 2 .10 3 .35 1.59 12.65
129 2 .37 3 .73 1.58 13.60
149 2 .49 3 .94 1.58 14.95
182.5 2 .60 4 .12 1.58 17.55
273 2 .73 4 .50 1.64 25.00
383 2 .77 4.61 1.66 34.60

If the reaction were truly of the zero order with 
respect to the acetaldehyde the value in the fourth 
column should be 1.5 and the value in the fifth 
column should be constant. It is apparent that 
while the values of the ratios U/Jtiyt are approxi­
mately constant the value is too large and kf 
shows a marked trend with the initial pressure of 
the aldehyde. The experiments reported in this 
paper were designed to determine the true rate 
law for this reaction and to test several hypothe­
ses concerning the mechanism of the catalysis.

Apparatus, Methods, and Materials.—The apparatus 
was of the type usually employed in the study of gaseous 
reactions in which the progress of the reaction can be fol­
lowed by pressure measurements. The volume of the sys­
tem was kept constant and the pressure measured by 
means of a click gage with the aid of a sulfuric acid manom­
eter for the low pressures and a mercury manometer for 
the higher pressures. The reaction vessel was placed in a 
cylindrical electrical furnace, wired concentrically, and 
equipped with end heaters to eliminate temperature gradi­
ents. The furnace temperature was kept constant to 1° 
by manually controlled rheostats. Temperatures were 
measured with a chromel-alumel thermocouple which had 
been calibrated at the melting points of lead, tin and zinc. 
The thermocouple was placed in a well which extended to 
the center of the reaction vessel.

On account of the extreme sensitivity of the reaction to 
traces of air, all operations were carried out in a system 
which could be evacuated to a pressure of 10"6 mm. before 
starting an experiment. The sulfuric acid manometer 
was always separated from the reaction vessel by the click 
gage.

Experiments were performed with two Pyrex and one 
quartz reaction vessel. One of the Pyrex vessels was 
packed with glass tubing to increase the surf ace/volume 
ratio in some of the experiments. The surf ace/volume 
ratios were approximately unity in the unpacked vessels 
and 12 in the packed one. The volumes of the unpacked 
vessels ranged from 219 cc. to 379 cc. with a surface/vol- 
ume ratio of ca. unity and the packed vessel had a free 
volume of 180 cc. with a surf ace/volume ratio of 12.

Acetaldehyde was purified by three different procedures. 
The only sample which was free from the effects which were 
found to be due to the presence of small amounts of air 
was one for which the entire preparation was carried out in 
a system which had been thoroughly evacuated. Merck 
paraldehyde which had been washed with sodium bicar­
bonate, dried over calcium chloride, and fractionated was 
depolymerized with a trace of concentrated sulfuric acid. 
The middle fraction was refluxed under vacuum, put in 
contact with recrystallized hydroquinone and calcium 
sulfate for twenty-four hours and fractionated, the middle 
fraction being saved for use. This sample was stored at 
0° behind a mercury cutoff and small amounts distilled 
as needed into a second reservoir where it was given an 
additional degassing at —780 before using.

Some of the experiments were performed with hydrogen 
sulfide which had been obtained from the Ohio Chemical 
Company and had been degassed by repeated evacuations 
at —180°. The final results were obtained with a sample 
made from electrolytic hydrogen and sulfur.

Electrolytic hydrogen, free from oxygen, was supplied 
by Professor Giauque of this Laboratory.

The sulfur used was a sample prepared by Eastman and 
McGavock for heat capacity investigations.3

Carbonyl sulfide was prepared from ammonium thio­
cyanate and sulfuric acid.4

Nitric oxide which had been prepared by the method of 
Johnston and Giauque5 6 was supplied by Dr. K. Atwood.

Eastman Kodak Company methyl mercaptan and Kahl- 
baum dimethyl sulfide were distilled and degassed in the 
vacuum system.

Distilled water was degassed thoroughly by boiling and 
distilling off the first half in the vacuum line.

The procedure followed in making a typical run and 
analysis was: The reaction vessel was first flushed with 
acetaldehyde, evacuated, and then hydrogen sulfide intro­
duced and the pressure measured. Next the acetaldehyde 
was admitted and an electric clock started simultaneously. 
Pressure readings were taken at regular intervals, usually 
of one-half minute, during the initial stages of the reaction. 
The initial total pressure was determined by extrapolating 
the pressure-time curve to zero time.

When the pressure change indicated that the reaction 
had proceeded as far as was desired for that experiment the 
gases were drawn from the reaction vessel by means of a 
Toepler pump. Two spiral traps immersed in liquid air 
inserted between the vessel and the pump served to freeze 
out all of the condensable gases. The non-condensable 
gases were transferred to a gas buret and samples were 
analyzed by the micromethods which have been described 
by Blacet, Leighton, MacDonald and others.® The con­
densable gases were analyzed for hydrogen sulfide by 
treating them with a solution of lead nitrate and titrating 
the liberated acid with a solution of 0.01 N  sodium hydrox­
ide. Blank experiments showed that acetaldehyde and 
lead sulfide did not interfere with this analysis.

(3) E astm an  an d  M cG avock, T h is  J o u r n a l , 59, 145 (1937).
(4) K em p an d  G iauque, ibid., 59, 79 (1937).
(5) Johnston  an d  G iauque, ibid., 51, 3194 (1929).
(6) (a) B lacet an d  Leighton , In d . Eng. Chem., A na l. Ed., 3, 766 

(1931); (b) B lacet, M acD onald  an d  Leighton, ibid., 5, 272 (1933); 
(c) B lacet and  M acD onald , ibid., 6, 334 (1934); (d) B lacet an d  Vol­
m an, ibid., 9, 44 (1937).
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Results and Discussion.—Preliminary experi­
ments showed that consistent results could not be 
obtained unless the reactants were carefully puri­
fied especially so as to eliminate oxygen. This 
observation is in agreement with that of Letort7 
who found that the thermal decomposition of acet­
aldehyde is accelerated by small amounts of oxy­
gen. Furthermore with reactants which had not 
been carefully purified the reaction was found to 
be partially heterogeneous but it was immaterial 
whether the surface was quartz or Pyrex glass. 
With carefully purified reactants the reaction was 
found to be homogeneous as is shown by the data 
in Table II. The packed vessel had a surface/ 
volume ratio twelve times that of the unpacked 
one. The remainder of this paper is concerned 
with this homogeneous reaction.

T a b l e  II
C o m p a r is o n  o f  R a t e s  i n  Q u a r t z  a n d  P a c k e d  P y r e x  

R e a c t io n  V e s s e l s  a t  713 °K.
Initial pressure, 
cm. of mercury 
H2S CHsCHO

Initial
rate/(H2S) 
cm./min. Reaction vessel

3.68 18.79 0.324 Packed Pyrex
4.04 19.77 .296 Quartz
4.04 18.62 .268 Packed Pyrex
4.03 19.19 .265 Quartz
2.12 17.36 .821 Packed Pyrex
1.98 20.72 .824 Quartz

Analysis of the reaction mixture at various de­
grees of completion showed that the only products 
present in appreciable amounts were methane and 
carbon monoxide. Within the limits of accuracy 
of the methods used, the hydrogen sulfide was 
present in its original form throughout the course 
of the reaction. Some of the analytical results 
are shown in Table III. It follows from these ob­
servations that the pressure change at any time is 
a measure of the extent of the reaction.

Some typical pressure time curves are shown in 
Fig. 1. It is apparent that the curves are practi­
cally linear for the first half of the reaction or even 
more at high pressures but at low initial pressures 
and toward the end of the reaction the deviations 
from linearity are appreciable. These observa­
tions are in accord with those of Fromherz to the 
effect that over a wide range in any given run the 
rate is independent of the acetaldehyde pressure. 
However, the markedly different slopes of the 
three curves shown in Fig. 1 show that the initial 
rates are dependent on the aldehyde pressure. 
From a large number of initial rate measurements,

(7) L e to rt, J .  Phys. Chem., 34, 355 (1937).

Fig. 1.—Pressure-time curves of the sensitized decompo­
sition of acetaldehyde: 713 °K.; H2S,4.00cm .;C H 3CHO: 
A—31.70 cm., B—10.94 cm., C—2.01 cm.

the details of which are listed in Table V, it was 
found that the initial rates could be expressed by
—d (CH3CHO) / dt = MH2SKCH3CHO) +

&2(H2S)(CH3CHO)/(l +  &3(CH3CHO))
in which the formulas in parentheses represent 
the initial pressures of aldehyde and hydrogen 
sulfide and the constants have the following values 
at 713°K.
ki = 0.0081 cm.-1min.-1 — 1.82 X 10~6mole-1liter min.-1 
&2 = 0.0833 cm.-1min.-1 = 1.88 X 10-5mole-1liter min.-1 
kz — 0.667 cm.-1 = 1.50 X 10-4mole-1liter

It was found that the decomposition products, 
methane and carbon monoxide do not affect the 
rate. Furthermore, the addition of a fresh charge 
of aldehyde at the end of a run gave the same rate 
as if the aldehyde and hydrogen sulfide had been 
mixed directly, thus showing that the catalytic 
activity of the sulfide was not reduced by use. 
In Table III the last column gives the rate as 
calculated by the above equation. The rate dur­
ing any given run could be fitted by a similar

T a b l e  III
A n a l y t ic a l  R e s u l t s

Initial pressure, 
cm. of Hg.

H2S CHaCHO
%com­

pletion
N  on-condensable 

gases, %
CH* CO

H2S
found,

%
1.94 9.61 7 50.2 49 .8 97 .2
1.95 13.40 36 50.3 49 .4 98 .7

23.99 5.00 80 49.7 50.3
55.95 0.90 100 49.3 49 .2
2 .58 7.20 100 51.0 49 .0 9 8 .7
1.94 6.13 100 49.9 49 .8 99 .4
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equation but the value of would have to be 
much larger relative to k\.

The effect of temperature on the rate is shown 
by the data in Table IV. In a simple reaction a 
corresponding change with temperature would be 
found if the activation energy were 36 kcal.

T a b l e  I V

R a t e s  a t  D i f f e r e n t  T e m p e r a t u r e s

In itia l pressure
Tem p., (cm. of m ercury) In itia l ra te

°K . HoS CHsCHO cm ./m in .

713 2 .00 20.00 0.556
728 2 .05 20.67 1.07
744 1.96 20.72 1.63
760 1.98 20.48 2.65
772 2 .00 19.98 4.13
776 2.03 21.15 4.57
786.5 2 .00 21.10 5.98

Since the analyses failed to give any indication 
of the nature of the intermediary steps in the 
catalysis a number of experiments were performed 
with various substances which might be present 
in the reaction mixture in very minute amounts or 
which on the basis of structural similarity might 
be expected to have an effect similar to that of hy­
drogen sulfide. The results obtained, all at 713°
K., were as follows:

Sulfur causes the aldehyde to decompose ap­
proximately five times as fast as in the presence of 
the corresponding amount of hydrogen sulfide. 
Within a few minutes the sulfur is converted into 
hydrogen sulfide, and the rate of decomposition 
becomes that determined by the latter substance.

If it is assumed that the hydrogen sulfide cataly­
sis involves the hydrogen sulfide-sulfur equilib­
rium the addition of hydrogen to the reaction 
mixture should decrease the rate of the reaction. 
Actually it was found that the addition of 30.91 
cm. of hydrogen decreased the rate only 14%. 
At intermediate pressures the effect was propor­
tional to this value. The dependence of the rate 
on the aldehyde and hydrogen sulfide pressures 
was not altered by the addition of hydrogen. This 
result in itself tends to exclude the hypothesis of 
the sulfide-sulfur equilibrium. Additional ground 
for excluding that idea is supplied by the fact 
that the observed rate was 28 times that calcu­
lated from the data in the literature on the 
equilibrium and our observations on the effect of 
sulfur.

The effect of carbonyl sulfide on the rate was 
found to depend on the length of time the car­
bonyl sulfide was heated before the aldehyde was

T a b l e  V

R a t e  o f  H y d r o g e n  S u l f i d e  S e n s i t i z e d  D e c o m p o s it io n  
o f  A c e t a l d e h y d e

Quartz reaction vessel, heated volume 216 cc., dead 
space 3 cc., temperature 713°K.

Initial pressure, cm. 
H2S CHaCHO

Initial 
rate, Vo 
cm./min. F0/H 2S

F0/H 2S,
calcd.

3.99 1.24 0.21 0.053 0.066
4 .05 1.40 .24 .059 .070
3.99 2.01 .29 .073 .086
4.03 2.79 .45 .112 .102
4.00 5.65 .56 .140 .144
4.02 8.75 .78 .194 .180
3.77 10.55 .79 .209 .195
4.04 10.94 .84 .208 .198
3.95 14.96 .98 .248 .234
3.97 16.96 1.02 .257 .251
4.11 20.36 1.18 .270 .281
4.01 20.65 1.15 .287 .284
3.88 20.75 1.20 .309 .285
3.89 21.63 1.11 .288 .292
3.98 22.47 1.24 .304 .299
4.03 23.67 1.33 .330 .309
3.95 31.70 . 1.47 .375 .376
3.99 35.28 1.65 .413 .405
3.98 36.59 1.67 .420 .416
3.80 42.64 1.83 .482 .465
3.92 45.55 1.90 .484 .488
3.98 47.15 2 .06 .518 .502
3.98 54.53 2 .20 .552 .563
3.84 57.13 2 .14 .558 .582
3.92 58.54 2 .40 .612 .595
3.97 61.41 2 .49 .627 .618
0.63 21.02 0 .15 .238 .286
0.75 20.59 .25 .333 .283
2.10 19.65 .66 .314 .275
2.75 20.54 .76 .276 .282
4.01 20.65 1.15 .287 .284
4.97 20.92 1.49 .300 .285
5.89 21.87 1.75 .297 .294
6.80 20.18 1.91 .281 .280
9.25 20.67 2 .23 .241 .284

11.38 22.67 3 .85 .338 .301
0.90 5.60 0 .18 .200 .143
2.02 24.47 .65 .321 .316
2.14 33.63 .85 .397 .392
2.19 16.52 .56 .255 .247
2.62 5.20 .42 .160 .139

10.80 4 .70 1.18 .109 .131
11.05 5.25 1.34 .121 .139
16.85 7.38 2 .42 .144 .164

admitted to the reaction vessel. Extrapolation 
to zero preheating time indicated that the car­
bonyl sulfide had no appreciable effect on the 
rate. The observed behavior is attributed to the 
slow decomposition of the added substance into 
sulfur and carbon monoxide.

The addition of nitric oxide to the reaction mix­
ture gave results of the type indicated in Table 
VI. It is apparent that the catalytic effect of a
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mixture of nitric oxide and hydrogen sulfide is 
greater than the sum of the effects of these gases 
taken separately.

T able VI
Effect of N itric Oxide at 713°K.

In itia l pressure , cm. of H g In itia l ra te
H2S N O CHaCHO cm ./m in .

4.00 0 20.00 1.11
3 .88 0 .14 20.70 3.27
4.03 0 .33 21.12 4.00
4.29 5 .89 17.30 4.32
0 3 .98 20.67 0.28

The effect of methyl mercaptan and dimethyl 
sulfide on the rate of decomposition of the alde­
hyde is of interest both because of the possibility 
that they are intermediates and because of their 
similarities in structure to hydrogen sulfide. The 
rates of decomposition of these substances were 
too great to study any specific effects due to them. 
It was noted, however, that the decomposition 
products catalyzed the aldehyde decomposition 
more than the corresponding amount of hydrogen 
sulfide. This may be an effect similar to that 
found with mixtures of nitric oxide and hydrogen 
sulfide or it may be due to the presence of some 
sulfur in the decomposition products of the mer­
captan and sulfide added. An analysis of the 
gaseous products obtained from the complete de­
composition of methyl mercaptan showed the 
composition in per cent, to be 29.2 methane, 7.1 
ethane, 9.4 ethylene and 54.2 hydrogen sulfide. 
The non-gaseous products were not analyzed. 
The absence of ethane and ethylene in the prod­
ucts of the hydrogen sulfide catalyzed decomposi­
tion of the aldehyde indicates that the mercaptan 
is not an important intermediate.

Water had no appreciable effect on the rate of 
decomposition of acetaldehyde at 713°K.

The possibility that the reaction was caused 
by the dissociation of the hydrogen sulfide into 
hydrogen atoms and hydrosulfide radical followed 
by the reaction of these substances with the alde­
hyde to initiate a chain reaction was considered. 
The equilibrium concentration of the products 
of such a dissociation as calculated from data in 
the literature would be sufficient to account for 
the observed rates but the observed temperature 
coefficient seems to be too low to be compatible 
with such a mechanism. None of the mechanisms 
which we have considered will account for the re­
sults quantitatively so they will not be discussed 
in detail.

Summary

A study has been made of the catalysis of the 
thermal decomposition of acetaldehyde by hydro­
gen sulfide. The reaction results in the formation 
of equivalent amounts of methane and carbon 
monoxide with no net loss of hydrogen sulfide. 
The decomposition is homogeneous and the in­
itial rates are given by — d(CH3CHO)/d/ =  ky 
(H2S)(CH3CHO) +  (H2S)(CH3CHO)/(l +  ky  
(CH3CHO)). Values for the constants are given. 
The effect of temperature on the rate has been 
studied. The effects of adding hydrogen, sulfur, 
carbonyl sulfide, methyl mercaptan, dimethyl 
sulfide, and water to the reaction mixture have 
also been studied. The results indicate that none 
of these substances are of importance as interme­
diate in the hydrogen sulfide catalyzed reaction. 
Mixtures of nitric oxide and hydrogen sulfide 
were found to have a greater catalytic effect than 
the sum of the effects of these gases taken sepa­
rately.
Berkeley, California R eceived M arch 18, 1942
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Theory of Solutions of High Polymers1
B y M aurice  L. H uggins

Introduction
In recent years it has become increasingly evi­

dent that the large deviations from “ideal” be­
havior shown by solutions of long-chain mole­
cules are due primarily to deviations from ideality 
of the entropy of mixing, rather than to any heat of 
mixing effect, such as is responsible for most de­
viations in solutions containing only small mole­
cules.

The entropy of mixing of chain molecules with 
small molecules has been discussed qualitatively 
by Meyer.2 Recently, Flory3 and the writer4 
have, independently, treated the subject in a 
quantitative manner, with results which are es­
sentially equivalent.

V2.
0 0.2 0.4 0.6

N2 X 10*.
Fig. 1.—Activity as a function of mole fraction for the 

rubber-chloroform system at 25°. Vapor pressure data by 
Stamberger5; the curves correspond to Eq. 1; V2/V1 = 
3644.

We consider a hypothetical solution consisting 
of Ni spherical molecules (Type 1) and iV2 chain 
molecules (Type 2), each of the latter consisting 
of n submolecules of the same size as each Type 1 
molecule. We assume that there is no volume 
change on mixing and that the intermolecular 
energy interactions are not such as to interfere

(1) P resen ted  before th e  D ivision of P a in t, V arn ish  and  Plastics 
C h em istry  a t  th e  M em phis M eeting  of th e  A m erican Chem ical So­
c ie ty , A pril 22, 1942.

(2) K . H . M eyer, Z. physik. Chem., B44, 383 (1939); Helv. C him . 
A cta., 23, 1063 (1940).

(3) P . J . F lo ry , J .  Chem. Phys., 9, 660 (1941); 10, 51 (1942).
(4) M . L . H uggins, ibid., 9, 440 (1941); J . Phys. Chem., 46, 151 

(1942); A n n . N . Y . Acad. Sciences, 41, 1 (1942).
(5) P . S tapiberger, J . Chem. Soc., 2318 (1929).

with the randomness which would result if the 
heat of mixing were zero. We distribute the Type 
1 molecules and Type 2 submolecules among Ni 
+  nN% sites, first adding the Type 2 molecules, 
one submolecule at a time, and then the Type 1 
molecules. We count the number of different 
ways in which each can be added and then multi­
ply these numbers together to obtain the total 
number of configurations. From the total num­
ber of different configurations possible, we pro­
ceed by well-known methods to the desired equa­
tions for the entropy of mixing and the activities 
of the components.

V2.
0 0.1 , 0.2 0.3

N2 X 104.
Fig. 2.— Activity vs. mole fraction for the rubber-ben­

zene system at 15-20°. Swelling pressure data by Posnjak.6 
y 2/ V 1 =  3307.

Equations for the Activities.—For the loga­
rithms of the activities, we obtain the equations

In ai =  In Yi +  ^ i - s )
v j 1 V i  +  wFl (1)

In a2 — In ^ t - S )
V j

1 V i  + t o V l (2)

with the empirical constants, mi and M2> related by 
the equation

/uV2 -  txNi (3)
Vi and V2 refer to the volume fractions7 and Vi 

and V2 to the partial molal volumes of the two 
components. (With negligible error for our pur­
pose we can assume the partial molal volumes to 
be equal to the actual molal volumes of the pure

(6) E . P osnjak , Kolloidchem. Beihefte, 3, 417 (1912).
(7) T he new sym bol, V, is in tro d u ced  to  replace N *, previously 

used by th e  w rite r4 fo r volum e frac tion .
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com ponents.) T h e  la s t  te rm  in  each of E qs. 1 and  
2 takes care of th e  h e a t of m ixing, deviations from 
com plete random ness of m ixing, and  o ther fac­
tors.

V%.
0 0.02 0.04 0.06 0.08

N2 X 104.
Fig. 3.—Activity vs. mole fraction for solutions of nitro­

cellulose in acetone at 20°: osmotic pressure data by 
Duclaux and Wollman8; V2/V 1 = 330.

Fig. 4.—Activity vs. mole fraction for solutions of nitro­
cellulose in acetone: osmotic pressure data on three 
samples, differing with regard to the degree of nitration, 
the average chain length, and the temperature. Dots 
represent data by Dobry9 (mi = 0.265; V2/V1 = 793; 
t = 22°). Squares represent data by Schulz10 (mi = 0.300; 
V2/V1 = 550; t =  27°). Circles represent data by 
Duclaux and Wollman8 (mi = 0.19; V2/Vi = 330; t — 
20°).

For testing the equations just given, we may 
use activities calculated from vapor pressure, os-

(8) J . D uclaux an d  E . W ollm an, Compt. rend., 152, 1580 (1911).
(9) A. D obry , J . chim. phys., 32, 50 (1935).
(10) G. V. Schulz, Z . physik. Chem., A176, 317 (1936).

V *.

2 6 10 14
N2 X 10®.

Fig. 5.—Activity vs. mole fraction for solutions of poly­
ethylene oxide in water at 27°: osmotic pressure data by 
Schulz10; V2/Vi = 1614.

V*
0 0.01 0.02 0.03

Fig. 6.—Activity vs. mole fraction for solutions of poly­
styrene in toluene at 27°: osmotic pressure data by 
Schulz10; Vt/Vi = 1667.

m otie  pressure, swelling pressure, boiling p o in t 
elevation, or o ther m easurem ents. A  tho rough  
su rvey  of th e  p e rtin en t d a ta  in  th e  lite ra tu re  shows 
th e  agreem ent to  be excellent, for b o th  short- and  
long-chain molecules.4 T h is agreem ent is exem ­
plified by  Figs. 1 to  8, in w hich th e  ac tiv ity  of th e  
so lvent is shown as a  function  of th e  m ole frac­
tio n  of th e  solute for solutions of various long- 
chain  com pounds in  sm all-m olecule solvents. 
In  each of these figures th e  s tra ig h t line rep resen ts 
R ao u lt’s law ; th e  o th er curves rep resen t E q . 1 
w ith  in equal to  zero (curves I I )  o r an  em pirical 
value (curves IV ).

O sm otic P re s su re .— T h e  osm otic p ressu re  of a 
so lu tion  is re la ted  to  th e  ac tiv ity  of th e  so lven t 
b y  th e  equa tion
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n = R T , m Ö1 
V ]

(4)

R  is the gas law constant and T  the absolute tem­
perature. Combining this with equation (1), we 
obtain

n  R T  / In Vi 
V* +  Vi \  V‘2

Since
VlIn Fi = ~  V2 -  -y

R T
V,

T7 3
Z h
3

•R T M1F2 

V,
(5)

(6)

we can write, for dilute solutions (small V2)

_n
V 2 3Vi

R T ,  R T / l  
V2 +  Vi V2 F* (7)

For concentrations in weight fractions (W2) or in 
grams of solute per cubic centimeter of solution 
(C2), the corresponding equations are

11
W2

R T d\W\ 
3 Mid\

RTdi  R T  dl n
Mz + Mi 4  \2  IM W2 (8)

and
n
Q

R T  diC'i 
ZMi dl

RT R T  di G-) (9)

where di and d2 are the densities and Mi and M% 
the molecular weights of the components.

V2.
0 0.002 0.004 0.006 0.008

Fig. 7.—-Activity vs. mole fraction for solutions of poly­
vinyl chloride in dioxane at 27°: osmotic pressure data by 
Staudinger and Schneiders11; V2/V1 = 286.

Given a set of accurate osmotic pressure values 
for different concentrations of a given solution, a 
plot of the quantity represented on the left side 
of one of these Eqs., 7, 8, or 9, against the con­
centration (V2 or W2 or C2) should yield a straight 
line. From its intercept with the axis of ordi­
nates (concentration =  0), one can obtain the mo-

( I I )  H . S taud inger and  J . Schneiders, A n n ., 541, 151 (1939).

lecular weight of the solute; from its slope one 
can compute mi.

f 2.
0 0.002 0.004 0.006

Fig. 8.—Activity vs. mole fraction for solutions of poly­
vinyl chloride in tetrahydrofuran at 27°: osmotic pressure 
data by Staudinger and Schneiders11; V2/Vi = 2264.

The second term on the left side of each of these 
equations is negligible at most concentrations at 
which osmotic pressure measurements of solutions 
of high molecular compounds are made. We thus 
have a theoretical basis for the well-known12 
rectilinear relationship between 11/ C2 and C2 
(or between n / W 2 and W2).

Since mi should be independent of the chain 
length of the solute molecules—assumed to be 
alike in other respects—the slopes of the lines ob­
tained for a series of fractions of a given type of 
polymer should all be equal. On the other hand, 
a change of either the solvent or the type of sol­
ute (e. g.t from a nitrocellulose of a certain degree 
of nitration to one with a different degree of ni­
tration) should change the slope.

These conclusions are amply borne out by the 
experimental facts, as shown by Figs. 9 to 13.

Separation of Phases. Gels.—Assuming Eq. 
1 to hold, the activity of the small-molecule 
component, in equilibrium with long-chain 
molecules having V2/V 1 equal to 100 or 00, varies 
with composition as shown in Figs. 14 and 15. 
If mi is larger than a certain critical value, the 
calculated curve for activity vs. N2 (or V2 or W2 
or C2) exhibits a minimum and a maximum, indi­
cating a separation of the system into two phases. 
The critical value of mi depends on the ratio of the 
partial molal volumes according to the equation

(12) Cf. H . M ark , "P hysical C hem istry  of H igh Polym eric 
System s," Interscience Publishers, New Y ork, N. Y ., 1940, p. 240.
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mi («it.) = ^[1 +  (V i/V 2) l/2]2 (10)

This dependence is shown graphically in Fig. 16.

the other phase is related to mi and the molal 
volume ratio according to the following equation, 
obtained by substituting Eq. 11 into Eq. 1.

C‘2, g./cm.l
Fig. 9.—Osmotic pressure dependence on concentration for solutions of certain 

nitrocellulose fractions in acetone at 27°: data by Schulz.10 The straight lines 
represent Eq. 9; mi = 0.300.

In Vi = ^  -  l j  V2 -  mVl (12)

If the concentration and 
intermolecular attractions of 
the long-chain molecule com­
ponent are such that the mo­
tion of each such molecule is 
greatly restricted by its neigh­
bors, the solution will have a 
degree of rigidity—it will have 
the properties of a gel. The 
effective molecular weight and 
molecular volume will be very 
large, relative to the values for 
the small-molecule component. 
Hence

Cz, g./cm.3.
Fig. 10.—Osmotic pressure dependence on concentration 

for polyethylene oxide fractions in water at 27°: data by 
Schulz10; mi = 0.453.

In Vi = -  F2 -  FiVl (13)

We should expect this equation to be applicable to 
gels in general, since the theoretical derivation of 
Eqs. 1 and 2 is such that they would be expected 
to hold as well for flexible network molecules as 
for chain molecules.

Figure 17 shows the solubility, as function of 
Mi, of a small-molecule compound in a gel, for ef­
fective molal volume ratios (V2/V1) of 100 (Eq. 12) 
and co (Eq. 13). It can be seen that the compo­
sition is very sensitive to the value of mu but not 
to the relative sizes of the molecules—unless mi is 
close to the critical value.

The data of Br0nsted and Volqvartz on the 
swelling of polystyrene in alkyl laurates at differ­
ent temperatures make it possible to determine 
the variation of mi with temperature for each of

For high molecular solutes, 
unless mi is very near the crit­
ical value

ö! ~  1 (11)

for both phases. One phase 
is practically pure solvent, in 
agreement with the experi­
mental findings of Brpnsted 
and Volqvartz,13 on the swell­
ing of polystyrene in laurate 
esters. The composition of

(13) J . N . B r0nsted  an d  K . V olqvartz , 
Trans . Faraday Soc., 35, 576 (1939).

Fig. 11.—Osmotic pressure dependence on concentration for polystyrene 
fractions in toluene at 27°: data by Schulz10; mi — 0.440.
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C2, g . / c r n 3.

Fig. 12.—Osmotic pressure dependence on concentration 
for polyvinyl chloride fractions in dioxane at 27°: data 
by Staudinger and Schneiders11; mi = 0.523.

C2, g./cm.3.
Fig. 13.—Osmotic pressure dependence on concentration 

for polyvinyl chloride fractions in tetrahydrofuran at 27°: 
data by Staudinger and Schneiders11; mi = 0.143.

the systems studied. As Fig. 18 shows, the rela­
tion

Mi =  « i  +  fii/T  (14)
holds, within the probable experimental error. 
The straight lines in this figure are drawn for a 
constant value ( — 0.83) for ah with values of ft

N i .

N I _____ [ i— T ------- 1-------- r* ifiT imi i N

0 0.2 0.4 0.6 0.8 1.0
N s. -

Pig 14_Activity vs. mole fraction, according to Eq. 1,
for Va/Vi = 100, with certain values of mi.

Vi.
0.9 0.7 0.5 0.3 0.1

Fig. 15.—Activity vs. volume fraction, according to 
Eq. 1, for V2/V1 = 00, with certain values of mi* The 
corresponding curves for finite values of the molal volume 
ratio are lower than those shown; for V2/V1 > 100 the 
difference is approximately the width of the lines, or less.

varying from 388 for ethyl laurate to 518 for iso­
amyl laurate. The experimental data, however, 
are insufficient to establish whether or not the a\ 
values really are accurately the same for all of 
these systems.

V2/V1.
1 10 100 1000

log V2/V1.
Fig. 16.—Dependence on the molal volume ratio of the 

critical value of mi for separation of a solution into two 
phases, according to Eq. 10.

Probably the most important of the terms con­
tributing to m  is the heat of mixing term. From 
the work of van Laar,14 Scatchard,15 and Hilde­
brand,16 this term would be expected to be ap­
proximately of the form ViAu/RT, where A 12 is a 
constant which measures the difference between 
the average cohesive energy density due to at-

(14) J. J. v an  L aar, Z . physik . Chem., A137, 421 (1928).
(15) G. Sca tchard , Chem. Rev., 8, 321 (1931).
(16) (a) J. H . H ildebrand , T h is  J o u r n a l , 57, 866 (1935); (b)

Chem. Rev., 18, 315 (1936); (c) "So lub ility  of N on-E lec tro ly tes,” 
second edition, R einhold  Publ. C orp., New Y ork, N . Y., 1936, p. 73.
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Mi-
Fig. 17.—Dependence on mi of the composition (volume 

fraction) of the polymer-rich phase in a two-phase system, 
for V2/Vi equal to 00 and 100. Except for m 1 ~  Mi (crit.), 
the curves agree with Eq. 12.

Fig. 19.—Relation between the constant /3i of Eq. 14 
and the molal volume of the small-molecule component, 
for polystyrene-alkyl laurate gels.13

traction between like molecules and that due to 
attraction between unlike molecules. The greater 
the tendency of like molecules to cluster together, 
the larger is A 12 and, in general, mi-

Fig. 18.—Variation of mi with the reciprocal of the abso­
lute temperature, for polystyrene swollen in alkyl laurates. 
The straight lines represent Eq. 14, with ai — —0.83 in 
each case and equal to 388, 431, 460, 467, 500 and 518 
for ethyl, w-propyl, . . . isoamyl laurates; data by Brpnsted 
and Volqvartz.13

Figure 19 shows that for the alkyl laurates in 
polystyrene, ft is roughly proportional to Vi (and 
so to Vi). The inexactness of this proportion­
ality is probably attributable in part to variation 
in A 12 and in part to the existence of other terms 
contributing to Mi-

Figure 20 shows the measure of agreement be­
tween the experimental polystyrene-laurate gel 
compositions and those computed from Eqs. (13) 
and (14).

T, °A.
280 300 320

Fig. 20.—Comparison of experimental13 compositions of 
polystyrene-alkyl laurate gels and the theoretical curves 
corresponding to Eqs. 12 and 14: O, isoamyl; # , isobutyl; 
€, m-butyl; □, isopropyl; Ö, w-propyl; A, ethyl.

Solubility of a Polymer in a Small-Molecule 
Liquid.—For equilibrium between a solid and 
its (saturated) solution in a liquid, the fugacity 
of the substance composing the solid must be the 
same in the two phases. Assuming the heat of 
fusion (AHf) of the solid not to vary with the 
temperature between the temperature of the 
system and the melting point (Tf), the following
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relation holds. (Compare Hildebrand’s17 treat­
ment of ideal solutions.)

AHf ( T i  -  T \
RIn Ü2 — ( T { -  T \  

\  TTt J (15)

Combining this equation with Eq. 2 and making 
the approximation that

V2 BnV2A»2 = — Ml
Vi R T (16)

where Bn is a constant independent of tempera­
ture, we obtain

In y 2 = -
AHf ( T t 
R

( T t -  T \  
V TTi J

V2 Bn Vi 
R T + ( H Vi

(17)

T, °A.
290 310 330 350

Fig. 21.-—Solubility (volume fraction) of W-C34H70 and 
w-C6oHi22 in decalin, as a function of temperature. The 
curves correspond to Eq. 17, after substitution of Eqs. 
18, 19, 20 and 21; experimental data by Meyer and van 
der Wyk18: • ,  w-C34H7o, Bu = 1.97; O, »-C6oHm, Bi2 — 
2 66 .

puting the theoretical curves for this figure, we 
have made use of the thermodynamic relation

Tt =  AHf/ASf (18)

and the following empirical expressions :19*20’21
AHf =  -1 7 5 0  +  608.5w (19)
ASf =  4.04 +  1.491» (20)

V2 =  V2 =  26.96 +  16.49n +  (29/») (21)

Here, n denotes the number of carbon atoms in the 
paraffin.

In these systems, the ratio V2/V1 is small (3.73 
and 6.44), hence it is not surprising that the em­
pirical values of Bn are slightly different (1.97 and 
2.66) for the two systems. For very long chains

(17) Ref. 16c, pp . 32-34.
(18) K . H . M eyer an d  A. v an  der W yk, Helv. Chim . Acta , 20, 1313 

(1937).
(19) W . E. G arner, K . V an B ibber an d  A. M . K ing, J . Chem. Soc., 

1533 (1931).
(20) M . L. H uggins, J . Phys. Chem., 43, 1083 (1939).
(21) M . L. H uggins, T h is  J o u r n a l , 63, 116 (1941).

which are similar in other respects, Bn would be 
expected to be independent of chain length.

For long chains in general we may make the 
approximations

AHf =  nJi2 (22)
ASf =  ns2 (23)

and
V2 =  nv 2 (24)

where h2, s2 and v2 are heats of fusion, entropies of 
fusion, and volumes per “monomeric unit” of the 
chain compound. Then

__ h2 V2B12 y\'m'
RIn y 2 = . r*2 . v2yi

V i  +W ^  -1— — (25)

This equation accounts quantitatively (Fig. 21) 
for the temperature dependence of the solubility 
óf the normal paraffins, C34H70 and C6oHi22, in 
decalin (decahydronaphthalene, Ci0Hi8). In com-

Vi R T  R T

If the polymer is not very soluble, Vi is approxi­
mately equal to unity. Then (provided the 
quantity in brackets in this equation is not close to
zero) QClIÉ-H1

nJL''
8U£JS (26)

and \-----1
<0.11sll& (27)

where
S2 V2

“ ~R +  Vi (28)

and
Jl2 . V2B12 (29)

These equations show the dependence of the solu­
bility of a slightly soluble high polymer on the 
temperature and on other factors.

Further discussion and experimental tests of 
these solubility relations, together with a treat­
ment of the solubility of polymers in mixed sol­
vents, will be given at a later time.

The writer is glad to express here his indebted­
ness to Mrs. Dorothy Owen Davis for much help 
with the calculations and figures for this paper.

Summary
1. Theoretical equations derived for the ac­

tivities of the components of a solution of chain 
molecules in a small-molecule solvent are in good 
agreement with experimental vapor pressure, 
osmotic pressure, swelling pressure and solu­
bility measurements. A single constant, fx 1, 
partly but not entirely due to the heat of mixing 
effect, must be evaluated empirically.

2. Equations deduced for osmotic pressure as 
a function of composition account for the known 
straight-line relationship obtained when the ratio 
of osmotic pressure to concentration is plotted
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against the concentration. For long chains the 
slope of this line depends on but not on the 
chain length of the solute molecules.

3. The quantitative relationships derived for 
flexible chain molecules should also be applicable 
to flexible network molecules. For values of jui 
greater than a critical value, the theoretical ac­
tivity-composition curve indicates separation into 
two phases. One consists of the nearly pure small- 
molecule component. The other is usually a gel; 
its composition depends primarily on the value of 
jui. From experimental values of equilibrium com­

positions for polystyrene-alkyl laurate gels at 
different temperatures, mi is a rectilinear function 
of V i/r, the ratio of the molal volume of the small- 
molecule component to the absolute temperature.

4. An equation for the solubility of a solid 
chain compound in a small-molecule liquid is de­
rived and found to be in agreement with measure­
ments at various temperatures of the solubilities 
of W-C34H70 and w-C6oHi22 in decalin. Simplified 
solubility equations, applicable to long-chain poly­
mers, are deduced.
R o c h e s t e r , N. Y. R e c e iv e d  A p r il  28, 1942

[C o n t r i b u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r ie s  o f  C o l u m b ia  U n i v e r s i t y ]

Studies in Dehydrogenation.1 II. Spirocyclopentane-1,1 '-tetralin
By M ey er  L evitz2 and M arston T aylor B ogert

The investigation of the rearrangement and de­
hydrogenation of spirocyclohexane-1,1 '-indane1 
over a palladium on charcoal catalyst showed the 
importance of cautious postulation of structure 
based on the products obtained by dehydrogena­
tion. Thus, a compound thought to be a hydró- 
phenanthrene must be carefully examined if the 
only proof of its structure is dehydrogenation to 
phenanthrene, especially if its synthesis can theo­
retically yield isomeric spiranes.

When passed over Pd-C at 370-375°, spiro­
cyclohexane-1,1'-indane was rearranged and de­
hydrogenated to phenanthrene while at 400-420° 
the main product was anthracene. This forma­
tion of both phenanthrene and anthracene from a 
tricyclic spirane has since been applied to the de­
tection of spiranes.3 It therefore appears impor­
tant to study the action of other spiranes under 
similar dehydrogenation conditions. The closest 
isomer to the spirane previously studied is spiro­
cyclopentane-1,1'-tetralin. This compound was 
therefore passed over the Pd-C catalyst in the 
vapor phase in a new apparatus especially de­
signed to allow this repeated exposure of the hy­
drocarbon to the catalyst without the necessity of 
removing it from one end of the apparatus and 
reintroducing it at the other.

The heating element (A) was a brass tube 16 
mm. in diameter and 75 cm. long, wound with

(1) For the first paper in this series see Levitz, Perlman, and 
Bogert, J. Org. Chem., 6, 105 (1941).

(2) Visiting Scholar, Columbia University.
(3) Marvel and Walton, J. Org. Chem., 7, 88 (1942).

nichrome wire. The closely fitting Pyrex dehy­
drogenation tube (B), inserted in the heating 
element, was closed at one end and had a stop­
cock sealed on the other end for the removal of 
samples during the dehydrogenation. The tem­
perature inside this tube was checked beforehand 
with the temperature inside the thermometer well 
(C) enclosed by the heating coil. T-Tubes 
(D and D') were sealed on the dehydrogenation 
tube 7 cm. from each end of the brass tube. 
Two 3-way stopcocks (E and E') were con­
nected to these T-tubes in such a way that either 
end of the dehydrogenation tube could be opened 
to the mercury trap (F) and a bubble counter
(G) , while the other end was opened to tube (H) 
leading to the supply of nitrogen or hydrogen. 
The palladium catalyst was prepared according 
to the method of Linstead and Thomas.4 It was 
thoroughly mixed with twice its weight of asbestos 
and packed into the dehydrogenation tube with a 
space of 8 cm. left at each end as a preheating 
zone for the compound. The catalyst was 
changed for each run.

In operation the compound was pipetted into 
the dehydrogenation tube through (D) while the 
apparatus was tilted to prevent contact with the 
catalyst. Washed and dried nitrogen was passed 
into the apparatus through (H) to displace the air 
while the temperature was raised to the desired 
point. During this time stopcock (E) was open to
(H) while stopcock (E') led to the mercury trap.

(4) Linstead and Thomas, J. Chem. Soc., 1127 (1940).
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The flow of nitrogen was then stopped and washed 
and dried hydrogen was admitted to displace the 
nitrogen. Stopcock (E) was then closed. The 
tube was tilted to allow the compound to flow 
slowly into the heated zone. After passing 
through, the compound condensed and collected 
in the cool portion. Stopcock (D') was then 
closed and stopcock (D) was opened to the mer­
cury trap. Any solid which had collected was 
melted by means of the radiant heat from an 
electric cigar lighter. The tube was tilted in the 
opposite direction and the compound was again 
passed over the catalyst. The process was re­
peated until dehydrogenation was complete.

The first run was made at 355-375° for six 
hours. The spirane was rearranged and dehy­
drogenated to phenanthrene. Another run was 
made at 420-430° to see whether anthracene 
would be produced as in the case of the spirocy- 
clohexane-ljl'-indane. Phenanthrene was the 
only aromatic compound found in the product of 
this present dehydrogenation.

Experimental
Spirocyclopentane-1,1'-tetralin was prepared according 

to the method of Perlman, Davidson and Bogert.5 Phenyl- 
propyl bromide from phenylpropyl alcohol and phosphorus 
tribromide was put through a Grignard reaction with cyclo- 
pentanone. The resulting carbinol was cyclodehydrated 
by means of 85% sulfuric acid to the hydrocarbon; yield 
32%, b. p. 135-137° (10 mm.), w25d 1.5539; previously 
reported5: yield 30%, b. p. 137-138° (10 mm.), w25d
1.5533.

Dehydrogenation at 355-375°.—The apparatus was 
charged with 8 g. of spirocyclopentane-1,1'-tetralin and 
the temperature was raised to 355°. Dehydrogenation 
started as soon as the hydrocarbon was passed over the 
catalyst, as evidenced by the rapid flow of hydrogen 
through the bubble counter. In twenty minutes all of the 
compound had passed completely over the catalyst and 
had condensed in the cool part of the tube. A considerable 
amount solidified as a low melting white solid. After 
one and one-half hours of continuous recirculation the rate 
of flow of hydrogen decreased materially. The tempera­
ture was raised to 365 ° and dehydrogenation was continued 
for three and one-half hours and finally at 375° for one 
hour, at the end of which time only solid collected. This 
was melted and removed from the apparatus. It weighed 
6.5 g. and solidified at about 60°. I t  was crystallized by 
dissolving in petroleum ether (Skellysolve B) and chilling 
in a dry-ice-acetone bath. Recrystallization from ethyl 
alcohol produced phenanthrene melting at 98-99°, not

depressed by an authentic sample. A picrate made with 
a saturated alcoholic solution of picric acid melted at 144- 
145 °, not depressed by an authentic sample. No other aro­
matic compound could be isolated.

The catalyst was thoroughly washed with hot benzene. 
The highly fluorescent solution obtained yielded 0.6 g. of 
solid material when the benzene was evaporated. Purifi­
cation produced only phenanthrene.

Dehydrogenation at 420-430°.—Six grams of spirocyclo- 
pentane-1,1'-tetralin was passed over the catalyst at 420- 
425° for ten hours. There was evidence that decomposi­
tion was taking place at this temperature. The product 
obtained showed a deep yellow-green fluorescence when 
liquid. Most of the product solidified at about 40° but 
1 g. collected in the apparatus as a liquid. The liquid and 
solid were removed separately. Refluxing the liquid frac­
tion with an alcoholic solution of picric acid yielded a pic­
rate melting at 140-141 ° after recrystallization from hot 
ethyl alcohol. The melting point was not depressed by 
an authentic sample of phenanthrene picrate.

The solid, which weighed 3.7 g., was dissolved in petro­
leum ether and chilled in an ice-salt-bath. Filtration 
yielded 1.5 g. of solid melting at 90°. Recrystallization 
from ethyl alcohol gave phenanthrene, m. p. 98-99°, not 
depressed by an authentic sample of phenanthrene. The 
petroleum ether filtrate was chilled in a dry-ice-acetone 
bath and filtered. The 0.8 g. of solid melted at 94-95 ° and 
recrystallization from ethyl alcohol raised the melting point 
to 97-98°, not depressed by an authentic sample of phenan­
threne.

The petroleum ether filtrate was still highly fluorescent. 
I t was passed through an aluminum oxide adsorption col­
umn and developed with 4:1 petroleum ether-benzene. 
The non-fluorescent fraction which came through first was 
chilled in a dry-ice-acetone bath. White crystals of m. p. 
93-94°, not depressed by an authentic sample of phenan­
threne, were obtained. The fluorescent fraction turned 
out to be quite small when the solvent was evaporated. 
Refluxing with an alcoholic solution of picric acid gave no 
picrate on chilling. Picrates made from the phenanthrenes 
obtained above melted at 143-144°, not depressed by an 
authentic sample of phenanthrene picrate.

The catalyst was thoroughly digested with hot benzene. 
Evaporation of the benzene gave only dark carbonaceous 
material (0.4 g.), evidently the result of decomposition at 
the elevated temperature.

Summary
1. Spirocyclopentane-1,1'-tetralin was rear­

ranged and dehydrogenated to phenanthrene 
when passed over palladium on charcoal at 355- 
375°.

2. Phenanthrene was the only aromatic com­
pound produced when the reaction was carried 
out at 420-430°.

(5) Perlm an, D avidson and  B ogert, J .  Org . C h e m . ,  1, 300 (1936). N e w  Y o r k , N .  Y . R e c e i v e d  A p r i l  11, 1942
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[Contribution prom the U niversity op M ichigan College op Pharmacy]

Esters of Pyridinecarboxylic Acids as Local Anesthetics
B y F. F. B licke  and E . L. J e n n e r 1»2

The nuclear amino group in dialkylaminoalkyl 
aminobenzoates (I)3 contributes in some manner 
which is not understood to the local anesthetic 
activity of these compounds. It is a matter of 
interest to know the extent to which this activity 
would be affected by a shift of the nitrogen atom 
into the ring. Some information relative to this 
point could be gained by pharmacological exami­
nation of dialkylaminoalkyl esters of pyridine- 
monocarboxylic acids (II)4

m i COO(CH2)*NR2 o COO(CH2)*NR2

V I IVJ II

„ n h 2.

It has been reported by Ingersoll and Robbins? 
that /3-diethylaminoethyl and 7-diethylamino- 
propyl nicotinate are inactive as local anesthetics. 
They stated that these esters were prepared by 
them by interaction of the required basic alcohol 
with nicotinyl chloride; the “nicotinyl chloride” 
which was employed melted at 264-265° and was 
preserved over calcium chloride and paraffin. 
It has been shown by Meyer and Graf6 that the 
true nicotinyl chloride melts at 15-16° and that 
it is so sensitive to moisture that it cannot be kept 
unchanged in a desiccator over alkali.

It seems that the material which Ingersoll and 
Robbins used as “nicotinyl chloride” was some­
what impure nicotinic acid hydrochloride; the 
latter, when pure, melts at 273-2740.7

We prepared nicotinyl chloride according to the 
procedure of Meyer and Graf and also by the 
method of Douglass and Forman.8 In one in-

(1) T h is p ap e r represen ts  p a r t  of a  d isserta tion  subm itted  to  th e  
H orace H . R ack h am  School of G rad u a te  Studies by  E . L. Jenner in 
p a rtia l fulfillm ent of th e  requ irem ents fo r th e  degree of D octor of 
Philosophy in  th e  U niversity  of M ichigan.

(2) Parke, D av is  and  C om pany Fellow.
(3) /8-D iethylam inoethyl ^-am inobenzoate is procaine. Corre­

sponding esters of o- an d  m -am inobenzoic acids exhibit local anes­
thesia  according to  l;he G erm an P a te n t 170,587 [FrdL, 8 , 1002 (1906)].

(4) In  th e  n ap h th a len e  series i t  has been found th a t  /J-diethjd- 
am inoethy l 4-am ino- 1 -naph thoate  is a  s trong local anesthetic  
[Blicke and P arke , T h is  J o u r n a l , 61, 1200 (1939); Rowe, J . A m . 
Pharm . Assoc., 29, 241 (1940); H aury , G ruber and  D rake, J.  Phar­
macol. Exp. Therap., 70, 315 (1940)]. W e have been unable  to  find 
any  reference w ith  regard  to  th e  ac tiv ity  of d ialkylam inoalkyl esters 
of quinoline-4-carboxylic acid, however, 2-alkyloxy derivatives of the  
la t te r  are p o ten t p roducts  [W ojahn, Arch. Pharm., 269, 422 (1931)].

(5) Ingersoll and  R obbins, T h is  J o u r n a l , 48, 2449 (1926).
(6) M eyer and  G raf, Ber., 61, 2202 (1928).
(7) M cE lvain , “ O rganic S yntheses,” Coll. Vol. I, p. 378.
(8) Douglass and  Form an , T h is  J o u r n a l , 66 , 1609 (1934).

stance the acid chloride was allowed to react with 
/Ldiethylaminoethanol and, in another, nicotinic 
acid was heated with /3-diethylaminoethyl chlo­
ride in isopropyl alcohol. /3-Diethylaminoethyl 
nicotinate hydrochloride was obtained in both 
cases but the properties of our ester hydrochloride 
were markedly different from those mentioned by 
Ingersoll and Robbins. When the ester salt was 
converted into the ester base, the latter was found 
to boil at a temperature which corresponds to that 
reported for this product by Knunyantz and 
KatzneFson.9

An examination of /5-diethylaminoethyl nico­
tinate by L. W. Rowe, who tested all of our prod­
ucts in the Parke, Davis and Company Labora­
tories, showed that the base, as well as the hydro­
chloride, was practically inactive when applied to 
the rabbit's cornea. Local anesthesia was pro­
duced by injection of a 1-2% solution of the hy­
drochloride but the activity by this route of ad­
ministration is greatly inferior to that of procaine 
or cocaine.

The ffjct that die thylamino ethyl nicotinate is 
soluble in about three parts of cold water, whereas 
bases of active esters are fairly insoluble, may ac­
count to some extent for its lack of action.

Although ethyl nicotinate has been known for 
some time, no statement relative to its effective­
ness as a local anesthetic could be found. We 
submitted this ester for examination and it was 
shown to be practically inactive by topical appli­
cation. Ethyl ^-aminobenzoate is the well-known 
and widely used local anesthetic anesthesin (ben- 
zocaine).

Several other esters of nicotinic acid which we 
prepared are listed in Table I. Their potency is 
very slight.

In view of the fact that 1-alkyl 2-dialkylamino- 
alkyl 3-aminophthalates,10 1-dialkylaminoalkyl 2- 
alkyl 3-aminophthalates11 and 1-alkyl 2-dialkyl- 
aminoalkyl 4-aminophthalates12 are active local 
anesthetics it seemed desirable to prepare corre-

(9) K n u n y an tz  an d  K a tzn e l’son, R ussian  P a te n t, 35,836 [C. A .  
29, 8001 (1935)]. A ccording to  th e  ab strac t, th e  ester was m ade 
from  th e  acid chloride and  th e  basic alcohol; i t  was said  to  be of 
th e rap eu tic  value b u t i t  was n o t m entioned specifically th a t  i t  exh ib its 
local anesthe tic  action.

(10) B licke and  O tsuki, T h is  J o u r n a l , 63, 1945 (1941).
(11) Blicke and O tsuki, ibid., 63, 2435 (1941).
(12) Blicke and  C astro , ibid., 63, 2437 (1941).
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sponding esters in the pyridine series. Accord­
ingly, we synthesized a series of 2-alkyl 3-dialkyl- 
aminoalkyl quinolinates (Table III) in the follow­
ing manner. 8-Hydroxyquinoline was oxidized 
to quinolinic acid (pyridine-2,3-dicarboxylic acid), 
the latter converted into quinoline anhydride 
and the anhydride heated with the required al- 
kanol. The 2-alkyl acid quinolinates13 obtained 
(Table II) were treated with a dialkylaminoalkyl 
chloride whereby the 2-alkyl 3-dialkylaminoalkyl 
esters were produced.

The local anesthetic activity of these esters, in 
comparison with those of the aminophthalic acid 
esters mentioned above, is relatively low. The 
most active product is 2-amyl 3-(y-dibutylamino- 
propyl) -quinolinate.

Bis-(/Tdiethylaminoethyl) quinolinate dihydro­
bromide was found to be inactive, even in 4% 
solution, when applied to the rabbit’s cornea.

Experimental Part
Dialkylaminoalkyl Nicotinate Hydrochlorides.—(A) To 

0.05 mole of nicotinyl chloride, dissolved in 75 cc. of dry 
benzene, there was added 0.05 mole of the dialkylamirio- 
alkanol dissolved in an equal amount of the same solvent. 
In some instances the product separated almost immedi­
ately as an oil or solid. After one to four days the precipi­
tate was isolated and recrystallized.

(B)14 A mixture of 0.05 mole of the dialkylaminoalkyl 
chloride and 0.05 mole of nicotinic acid in 50 cc. of dry iso­
propyl alcohol was refluxed on a steam-bath for twelve 
hours. After removal of the solvent under reduced pres­
sure, the residue was triturated with anhydrous ether. In 
the event that the product remained oily, it was dissolved 
in water, the cold solution treated with Norit, filtered, the 
solution extracted with ether and the base liberated from 
the aqueous layer with coned, potassium carbonate solu­
tion. The oily base was extracted with ether and the solu­
tion dried over anhydrous magnesium sulfate. The solvent 
was removed and the base treated with the calculated 
amount of concentrated hydrobromic acid necessary for 
the formation of the hydrobromide. The material be­
came crystalline when rubbed under dry ether.

Our /3-diethylaminoethyl nicotinate hydrochloride 
melted at 128-129°, after recrystallization from acetone, 
was not hygroscopic, and could be recrystallized from ethyl 
or isopropyl alcohol. The “ /3-diethylaminoethyl nicotin­
ate hydrochloride” described in the literature5 melted at 
140-160°, after recrystallization from acetone, was hygro­
scopic, and could not be recrystallized from the lower alco­
hols.

We found that the ester base is soluble in about three 
parts of cold water and precipitates upon the addition of

(13) A ccording to  K irp a l [M o n a t s h . ,  21, 957 (1900)] the  m ajor 
p ro d u c t form ed from  quinolinic anhydride  is th e  2-alkyl ester and 
n o t th e  isom eric 3-alkyl com pound.

(14) T his general procedure  was used originally  by H orenstein 
an d  Pahlicke [B er . ,  71, 1644 (1938) ] for th e  p repa ra tion  of basic alkyl 
esters of hydroxy acids.

solid potassium carbonate to the solution. It boiled at 
120-125° (2 mm.); the boiling point 155-157° (10 mm.) 
has been reported.9 The ester base produced a burning 
sensation when placed on the tip of the tongue but no anes­
thesia was experienced.

a-Phenyl-Y-diethylaminopropanol.—A solution of 24.2 
g. of phenyl diethylaminoethyl ketone hydrochloride15 in 
50 cc. of water was treated with hydrogen under an initial 
pressure of three atmospheres in the presence of Raney 
nickel catalyst.16 The calculated amount of hydrogen was 
absorbed in eight hours. The solution was filtered and the 
cold filtrate shaken with Norit, then with Filter-Cel, filtered 
again and the filtrate made strongly alkaline by addition of 
solid sodium hydroxide. After extraction of the product 
with ether the solution was dried over anhydrous magne­
sium sulfate. The product boiled at 122-124° (2 mm.).

When hydrogen chloride was passed into an ether solu­
tion of the basic alcohol, the hydrochloride precipitated as 
an oil. The latter was cooled and rubbed under dry ether 
whereupon it became crystalline; m. p. 84-86° after re­
crystallization from ethyl acetate.

Anal. Calcd. for C13H22ONCl: Cl, 14.54. Found:
Cl, 14.57.

/3-Dicyclohexylaminoethanol.—A mixture of 25.0 g. of 
ethylene bromohydrin and 72.4 g. of dicyclohexylamine17 
was heated for three days on a steam-bath, the precipitated 
dicyclohexylamine hydrobromide filtered and washed with 
toluene. From the filtrate there was obtained 28.0 g. 
(62%) of the desired ethanol; b. p. 131-134° (2 mm.).18

2-Alkyl Acidquinolinates.—The necessary quinolinic 
acid was obtained by oxidation of 8-hydroxy quinoline 
according to the procedure of Sucharda19 but the purifica­
tion of the acid was effected in the following manner. The 
residue of crude, moist quinolinic acid nitrate obtained 
from 250 g. of 8-hydroxyquinoline was pulverized, placed 
on a Jena funnel and washed thoroughly with five 20-cc. 
portions of 30% nitric acid. After recrystallization from 
500 cc. of 40% acetic acid, 212 g. of dark orange product 
was obtained. The latter was dissolved in 2 liters of 
boiling water and treated successively with Norit and 
Filter-Cel. A large portion of the material separated 
from the cold solution and a further amount was obtained 
by concentration of the mother liquor; the total yield 
of nearly colorless acid was 178 g. (62%); m. p. 185-190° 
(decomp.).20

In order to convert quinolinic acid into quinolinic an­
hydride, a mixture of 100 g. of finely powdered acid and 200 
cc. of acetic anhydride was maintained at 65° and fifteen 
1-cc. portions of coned, hydrochloric acid21 were added over 
a three hour period. The solution was poured into 2 liters 
of carbon tetrachloride and the precipitated, crystalline 
anhydride was recrystallized from 600 cc. of dry benzene; 
yield 64 g. (72%); m. p. 136-138°.22

(15) Blicke and  B urckhalter, T h is  J o u r n a l , 64, 453 (1942).
(16) “ O rganic Syn theses,” 21, 15 (1941).
(17) T he  am ine was dried  for th ree  d ays  over stick  sodium  hydrox­

ide p rio r to  use; b. p. 129-134° (121 m m .).
(18) The boiling po in t repo rted  is 135° (2 m m .) (G erm an P a ten t 

556,324). T he  m ethod of p repara tion  was no t m entioned.
(19) Sucharda, Ber., 58, 1728 (1925).
(20) S kraup  [Monatsh., 2, 148 (1881)] reported  190-195° (de­

com p.).
(21) G erm an P a te n t, 442,221; FrdL, 15, 1632 (1927).
(22) Dox [T h is  J o u r n a l , 37, 1948 (1915)] found 134°.
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Table I
D ialkylaminoalkyl N icotinate Hydrochlorides, C5H4N-COORHCl

,-------------Chlorine, %
R M . p., °C .a F orm ula Calcd. F o u n d

1 CH2CH2N (C 2H5) 2 127-1286 C12H19O2N2CI 13.71 13.77
2 CH2CH2CH2N (C 4H9) 2 104-105 Ci7H29 0 2N 2C1 10.78 10.79
3 CHïCHjNCCeHn)/ 163-165 C20H31O2N2C1 9.66 9.75
4 CH(C6H6)CH 2CH 2N (C 2H5 ) 2 145-146 C19H2502N2C1 10.16 10.20

a Compound 1 was recrystallized from isopropyl alcohol; 2 from ethyl acetate; 3 and 4 from a mixture of absolute 
alcohol and ethyl acetate. 6 The melting point 140-160° has been reported (ref. 5). c C6Hn = cyclohexyl.

2-Methyl acidquinolinate was obtained when a solution 
of 38 g. of quinolinic anhydride in 200 cc. of absolute 
methyl alcohol was refluxed for eight hours, the excess 
alcohol removed and the oily residue dissolved in 100 cc. 
of hot water. When the solution was cooled with ice, 
39.8 g. of crude, crystalline ester separated. The latter 
was recrystallized from 40 cc. of water and then from 100 
cc. of ethyl acetate; yield 19.1 g. (41%).

2-Amyl acidquinolinate was prepared by the same gen­
eral procedure.

T a b l e  II
CH

H C /^ C —COOH
2 -A l k y l  A c i d q u i n o l in a t e s  | |’[

H y C —COOR
N

N eutralization
equivalent

R M . p., °C.« Form ula Calcd. Found

1 CH.3 125-1266 C8H70 4N 181.1 180.4
2 CH2(CH2)sCH3 110-111 C12H150 4N 237.2 237.5
3 CH2(CH2)6CH3 104-105 Ci6H210 4N 279.3 279.7
4 CH2(CH2)ioCH8 106-107 Ci9H290 4N 335.4 335.2
5 CH2CH2C6H5 139-140 CjsHnAN 271.3 271.1

a Compounds 1, 3 and 4 were recrystallized from ethyl
acetate; compounds 2 and 5 from water. & Kirpal
[Monatsh., 20, 766 (1899)] reported 123°.

and the 2-alkyl acidquinolinates by general procedure B, de­
scribed under dialkylaminoalkyl nicotinate hydrochlorides.

To obtain 7-dibutylaminopropyl chloride, the hydro­
chloride23 of this compound obtained from 18.7 g. of y- 
dibutylaminopropyl alcohol was dissolved in water, the 
solution made alkaline with solid potassium carbonate, the 
liberated base extracted with ether and the extract dried 
with anhydrous magnesium sulfate. Upon distillation 
there was obtained 16.4 g. (80%) of the basic alkyl halide; 
b. p. 73-75° (2 mm.).

Bis-( /3-diethylaminoethyl) Quinolinate Dihydrobromide.
—To 20.4 g. (0.10 mole) of quinolinyl chloride,24 dissolved 
in dry benzene, there was added a benzene solution of 46.8 
g. (0.40 mole) of /3-diethylaminoethanol. The mixture re­
fluxed vigorously during the addition of the ethanol and fi- 
diethylaminoethanol hydrochloride precipitated. The 
mixture was warmed for eight hours on a steam-bath, the 
precipitate removed, the benzene solution shaken with 
water and then with a 10% sodium carbonate solution. 
The benzene solution was dried with anhydrous magnesium 
sulfate, the solvent removed and the base triturated with 
the amount of 48% hydrobromic acid required for the 
formation of the dihydrobromide. The product became 
crystalline when rubbed under anhydrous ether; m. p. 
157-159° after recrystallization from alcohol.

Anal. Calcd. for Ci9H3304N3Br2: Br, 30.31. Found: 
Br, 30.28.

T a b l e  III
CH

H C ^ C —COOR'
2-Alkyl 3-D ialkylaminoalkyl Quinolinate Salts | ||

H C ^ y C —COOR

R R ' M. p„ °C.« F orm ula
H alogen , %  

Calcd. F o u n d

1 CH3 CH2CH2N(C2Hr,)2 113-114 Ci4H2] o4n 2ci 11.19 11.25
2 C5Hu CH2CH2N(C2H5)2 98-101 Ci8H2904N2Br 19.15 19.27
3 C8Hi7 CH2CH2N(C2H5)2 59- 62?> C21H350 4N2Br 17.40 17.50
4 C12H23 CH2CH2N(C2H5')2 72- 74 C25H4304N2Br 15.50 15.60
5 CH2CH2C6H5 CH2CH2N(C2H5)s 141-142 C2iH270 4N2C1 8.71 8:74
6 C5H11 CH2CH2CH2N(C4H9)2 oil c23h 39o 4n 2ci 8.00 8.24

" Compounds 1 and 2 were recrystallized from isopropyl alcohol; 5 from ethyl alcohol; 4 from ethyl acetate; 3 from 
a mixture of acetone and petroleum ether (30-40°); 6 was washed repeatedly with dry ether. & Hygroscopic.

In the case of the 2-octyl, 2-lauryl and 2-/3-phenylethyl 
esters, the calculated amount of the required alcohol was 
refluxed with the anhydride in dry toluene (50 cc. for 0.1 
mole of anhydride). The crude esters were washed thor­
oughly with hot water before recrystallization.

2-Alkyl 3-Dialkylaminoalkyl Quinolinates.—These di­
esters were prepared from the dialkylaminoalkyl chloride

S um m ary

Dialkylaminoalkyl nicotinates, 2-alkyl acid­
quinolinates and 2-alkyl 3-dialkylaminoalkyl

(23) Blicke and  O tsuki, T h is  J o u r n a l , 63, 2435 (1941).
(24) O btained in  84%  yield by  th e  m e th o d  of S cheiber an d  

K no the  [Ber., 45, 2256 (1912)].
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quinolinates have been described. None of the anesthetic.
esters possessed marked activity as a local A n n  A r b o r , M i c h i g a n  R eceived F e b r u a r y  10 , 1942

[C o m m u n ic a t io n  N o . 853 f r o m  t h e  K o d a k  R e s e a r c h  L a b o r a t o r i e s ]

The Reaction o f /5-Isodurylaldehyde Cyanohydrin with Phenylmagnesium Bromide1
B y A. W eissberg er  and D udley  B. G lass

Benzoin and a number of substituted benzoins 
and other acyloins have been prepared by the re­
action of aryl- or alkylmagnesium halides with the 
cyanohydrins of aryl aldehydes.2’3 Omitting the 
reaction of the Grignard reagent with the active 
hydrogen of the cyanohydrin, and the acid used 
in decomposing the magnesium complex, the 
course of the reaction may be represented as 
ArCHOHCN +  R M gX ---->  ArCHOHC(=NMgX)R

(D
ArCHOHC(=NMgX)R +  H20  — >

ArCHOHC(=NH)R +  Mg(OH)X (2) 
ArCHOHC(=NH)R -f H20  — >

ArCHOHCOR +  NH3 (3)
The yields vary considerably, but no total 

failure of the reaction is reported in the literature. 
However, when /5-isodurylaldehyde cyanohydrin, 

CH3

CHOHCN , was treated with phenyl-

CH3
magnesium bromide in an attempt to prepare
2,4,6-trimethylbenzoin for a study of its oxidation 
rate, the compound expected was not obtained. 
Instead, the product of the reaction was a nitro­
gen-containing substance with the properties of an 
o'-aminoketone; the compound is a monohydric 
base, is oxidized by Fehling solution and by nitro- 
sobenzene to 2,4,6-trimethylbenzil, and autoxi- 
dizes in alkaline solution.4 The same substance 
was obtained by the following series of reactions
C6H3(CH3)3 +  C6H5CH2COCl----

C6H2(CH3)3COCH2C 6H5 +  HC1 

C 6H 2 (CH3)3COCH 2C 6H 5 +  c 4h 9n o 2 — >-
C6H2(CH3)3COC(==NOH)C6H5 +  C4H9OH 

C6n2(CH8)3COC(=N0H)C6H6 +  4H(SnCl2) —
C6H2(CH3)3COCHNH2C 6H5 +  h 2o 

I
(1) T h is  investigation  was s ta r te d  in  th e  D yson-Perrins L abora­

to ry , O xford. I wish to  express th an k s  to  Sir R . R obinson for his 
h o sp ita lity  and  to  Im peria l Chem ical Industries , L td . for financial 
a ss is tance .— A. W.

(2) G au th ier, Compt. rend., 152, 1100, 1259 (1911); Tiffeneau 
a n d  L evy , Bull. soc. chim., 37, 1247 (1925); Asahina and Terasaka, 
J .  P harm . Soc. (Japan ), 494, 219 (1923).

(3) W eissberger, S trasser, M ainz and  Schwarze, A nn., 478, 112 
(1930).

(4) C f. Jam es and  W eissberger, T h is  Jo u r n a l , 59, 2040 (1937).

This synthesis establishes the position of the oxy­
gen and nitrogen atoms in respect to the mesityl­
ene and benzene nuclei and identifies the com­
pound as 2,4,6-trimethyldesylamine (I) or its 
tautomer (II).

If one considers the work of Kohler5 and of 
Fuson,6 who have shown that in compounds of the 
types C6H2(CH3)3COCH= and C6H2(CH3)3CH- 
OHC== the mesitylene residue promotes the for­
mation and enhances the stability of the enolic 
form C6H2(CH3)3C—C < , the anomalous course of

OH
the reaction of /5-isodurylaldehyde cyanohydrin 
with phenylmagnesium bromide can be under­
stood. With the mesitylene derivative, the imino 
compound, which ordinarily undergoes acid hy­
drolysis, eq. 3, is transformed by enolization into 
the amino compound II, eq. 4, which resists hy­
drolysis. This or the tautomeric amine I sepa­
rates from the acid solution as the hydrochloride.
C6H2(CH3)3CHOHC(=NH)C6H5 — >

C6H2(CH3)3C(OH)=C(NH2)C6H5 (4)
II

The phase in the sequence of reactions in which 
the enolization occurs is indicated by the reaction 
of /5-isoduraldehyde cyanohydrin with methyl­
magnesium iodide.7 /5-Isoduraldehyde cyanohy­
drin consumes two moles of the Grignard reagent 
and evolves one mole of methane. This agrees 
with the structure of the resulting complex as that 
of the imino derivative ArCH(OMgBr)C(=N- 
MgBr)R. The tautomeric enamino compound 
ArC (OMgBr)=C (NHMgBr)—R should evolve 
another mole of methane. Hence, the amino com­
pound is not formed before the hydrolysis of the 
Grignard complex.

The explanation of the anomalous reaction of 
/5-isoduraldehyde cyanohydrin with phenylmag-

(5) K ohler an d  co-workers, ibid., 57, 2517 (1935); 58, 2166 
(1936); 5 9 ,8 8 7  (1937).

(6) Fuson an d  co-workers, ibid., 58, 1233 (1936), an d  succeeding 
papers.

(7) K ohler, S tone and  Fuson, ibid., 49, 3181 (1927); K ohler and  
R ichtm yer, ibid., 52, 3736 (1930). W e wish to  th a n k  D r. Alan Bell 
of these laboratories for the  “ G rignard  M achine” analyses.
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nesium bromide as given above is corroborated by 
the results of the hydrolysis of desylamine and of
2.4.6- trimethyldesylamine by heating with dilute 
hydrochloric acid. Under conditions that yield 
40% of benzoin from desylamine, the 2,4,6-tri­
methyldesylamine remains unchanged. Under 
more drastic conditions a quantitative yield of 
benzoin is obtained while only about 20% of the
2.4.6- trimethyldesylamine is affected. Such re­
sults would be expected if the reaction mixture of 
the desylamine contains appreciable quantities 
of the imino compound, while the reaction mix­
ture of the 2,4,6-trimethyldesylamine is com­
posed almost exclusively of the enamine and/or 
the aminoketone.

On acetylation, trimethyldesylamine gives a 
monoacetate, and under very vigorous conditions, 
a triacetate. Formulation of these compounds 
as (CH«)8C6n 2C(OH)=C(NHCOCH 3)C8n B and 
(CH3)3C6H2C(OCOCH3)=CN(COCH3)2C6H5 is in 
agreement with the solubility of the monoacetate 
in dilute and in concentrated hydrochloric acid, 
and the results of the “Grignard Machine” analy­
sis. The monoacetate dissolves in a 1:1 mixture 
of alcohol and concentrated hydrochloric acid. 
Upon addition of more concentrated hydrochloric 
acid no precipitation occurs, while upon addition 
of water the acetate precipitates. The mono­
acetate shows two active hydrogen atoms and 
does not add methylmagnesium iodide. As in 
acetanilide, the acetyl group in the monoacetate is 
too tightly bound to be eliminated under the con­
ditions of this analysis. The triacetate has no 
active hydrogen and uses up four moles of methyl­
magnesium iodide in splitting off two of the acetyl 
groups; from the reaction mixture the monoace­
tate can be recovered. The monoacetate of des­
ylamine on the other hand reacts as C6H5COCH- 
(N H COCH 3) C6Hb, showing only one active hydro­
gen, and using up one mole of methylmagnesium 
iodide, presumably in an addition to the carbonyl 
group. These results again demonstrate the 
difference between the derivative of benzene and 
of mesitylene, and the enolizing effect of the mes­
ityl group.

The oxidation of trimethyldesylamine with 
molecular oxygen at a pH of 12.8 is about ten 
times faster than that of desylamine8 under the 
same conditions. Since the reactive species of 
the a-aminoketone in this reaction is the enolate

(8) W e are  indeb ted  to  M r. D. S. T hom as of these laboratories for
the  de term ination  of th e  au tox idation  ra tes.

ion,4 this result again indicates the higher tend­
ency for enolization of the mesitylene derivative.

The reasons for this higher degree of enolization 
may be tentatively discussed. The stability of 
the enolic double bond depends on the degree of 
resonance between this double bond and the 
aromatic system. Several conditions might favor 
this resonance. A steric factor comes first to 
mind in connection with a compound of the 
marked stereochemical characteristics of mesity­
lene. For maximum degeneracy the resonating 
system must lie in one plane. I t  might, therefore, 
be suggested that the stability of the enolic 
double bond in mesitylene derivatives is increased 
because the double bond is forced into the plane 
formed by the aromatic system. However, a re­
pulsion between the two methyl groups in the 
ortho positions and a group on the a-carbon 
atom would not produce such an effect. An a t­
traction between the methyl groups and a group 
on the a-carbon atom would serve the purpose, 
but is, in itself, not likely to occur. A more prob­
able reason for the increased stability of the aro- 
matic-olefinic conjugated system in mesitylene 
derivatives lies in the high electron density in the 
mesitylene nucleus. The latter is indicated by the 
direction of the dipole moments of toluene and of 
m-xylene, and by the great reactivity of mesitylene 
with anionotropic reagents. I t  appears tha t the 
electron distribution of mesitylene, as compared 
with that of benzene, increases the degeneracy of 
the enolic-aromatic conjugation, and stabilizes the 
enolic double bond.

Experimental
jS-Isodurylaldehyde was prepared from mesitylene, zinc 

cyanide, and hydrogen chloride by the method of Hinkel, 
Ayling and Morgan.9 The yield of aldehyde was 75%. 
The aldehyde was purified by conversion to the anil, distil­
lation and crystallization of the anil and, after hydrolysis 
of the anil, redistillation of the aldehyde. The yield of 
pure aldehyde was 60%, b. p. 113-115° (11 mm.), w20d 
1.5505.

jS-Isodurylaldehyde Cyanohydrin.—A solution of 44.4 g. 
(0.3 mole) of /3-isodurylaldehyde in 240 cc. of petroleum 
ether was shaken vigorously for fifteen minutes with a solu­
tion of 52 g. (0.8 mole) of potassium cyanide and 44.4 g. 
(0.83 mole) of ammonium chloride in 135 cc. of water. 
The flask was closed tightly during the agitation. The re­
sulting crystals were removed by filtration, washed with 
water and then petroleum ether, and dried in a vacuum 
desiccator over calcium chloride. There resulted 48 g. 
(91%) of cyanohydrin which melted at 106-107° (sealed 
tube) after recrystallization from two volumes of benzene.

(9) H inkel, Ayling and  M organ, J .  C h em , S o c . ,  2793 (1932).
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Anal. Calcd. for CnHi3ON: C, 75.40; H, 7.48; N, 
7.99. Found: C, 75.30; H, 7.50; N, 8.00.

2,4><5-Trimethyldesylamine Hydrochloride from /3-Iso- 
durylaldehyde Cyanohydrin and Phenylmagnesium Bro­
mide.—To a Grignard solution prepared from one-half 
molar quantities of magnesium and bromobenzene in 375 
cc. of ether, was added with stirring a solution of 17.5 g. 
(0.1 mole) of /3-isodurylaldehyde cyanohydrin in 200 cc. of 
dry ether during a period of five minutes. The reaction 
mixture was heated under reflux on a steam-bath for fifteen 
minutes and then was poured onto a mixture of 1 kg. of ice 
and 200 cc. of concentrated hydrochloric acid. The mix­
ture was stirred for a minute, the layers were separated, 
and the aqueous layer was extracted immediately with 200 
cc. of ether and filtered. Then 200 cc. of concentrated 
hydrochloric was added. The flask was stoppered and 
allowed to stand for two days at 25 =±=5°. The precipitate 
was removed by filtration, washed with water and ether, 
and dried in air. The yield was 16 g. (55%) of hydrochlo­
ride which melted at 287-289° (sealed tube). The sub­
stance was brought to analytical purity by dissolving in 150 
cc. of 70% aqueous alcohol, filtering the solution and pre­
cipitating the hydrochloride with 300 cc. of concentrated 
hydrochloric acid. After cooling to around 15 °, the hydro­
chloride was collected on a filter and recrystallized from 
70% alcohol to which had been added 1% of hydrochloric 
acid; m. p. 290-291° (sealed tube).

Anal. Calcd. for Ci7H20ONC1: C, 70.45; H, 6.96; N, 
4.83. Found: C, 70.10; H, 6.70; N, 4.88.

2.4.6- Trimethyldesoxybenzoin was prepared from mesit­
ylene, phenylacetyl chloride and aluminum chloride in 
petroleum ether by the method of Klages.10 There was 
obtained an 88% yield of ketone which boiled at 136-137 ° 
(0.5 mm.).

Isonitroso-2,4,6-trimethyldesoxybenzoin.—The 2,4,6-
trimethyldesoxybenzoin was converted into the isonitroso 
derivative by a method similar to that used by Hartung 
and Munch11 for the preparation of isonitrosopropiophe- 
none. A solution of 88 g. (0.37 mole) of 2,4,6-trimethyl- 
desoxybenzoin and 42 g. (0.41 mole) of redistilled butyl 
nitrite (b. p. 78-79°) in 275 cc. of ether was stirred, and 
dry hydrogen chloride was introduced at the rate of four to 
five bubbles per second for two and one-half hours. At the 
end of this time the flask was stoppered and allowed to 
stand overnight. Ether (300 cc.) was added and the oxime 
was extracted from the ethereal solution with one 450-cc. 
portion of 5% sodium hydroxide solution, and three 150- 
cc. portions of 3% sodium hydroxide solution. The alka­
line extracts were combined, filtered and run into a mixture 
of ice and excess concentrated hydrochloric acid. The pre­
cipitate was removed by filtration and dried in air; yield 
75 g. (76%); m. p. 152-153.5°. A sample recrystallized 
from alcohol melted at 156-156.5°.

2.4.6- Trimethyldesylamine Hydrochloride by the Reduc­
tion of Isonitroso-2,4,6-trimethyldesoxybenzoin.—A solu­
tion of 225 g. (1.0 mole) of stannous chloride in 500 cc. of 
concentrated hydrochloric acid was added rapidly to a solu­
tion of 53.4 g. (0.2 mole) of isonitroso-2,4,6-trimethyl- 
desoxybenzoin in 500 cc. of alcohol. The reaction mixture 
was then heated under reflux on the steam-bath for one

(10) Klages, Ber., 32, 1564 (1899).
(11) Hartung and M unch, T h is  J o u r n a l , 51, 2262 (1929).

and one-half hours. After standing overnight at room tem­
perature, the precipitate was removed by filtration and 
dried in air; yield 50 g. (86%). A sample was recrystal­
lized from 60% alcohol to which had been added a little 
hydrochloric acid; m. p. 289-290° (sealed tube).

Anal. Calcd. for C17H2oONC1: N, 4.83. Found: N, 
4.74.

Acetates of 2,4,6-Trimethyldesylamine: Monoacetate.
—Ten grams of 2,4,6-trimethyldesylamine hydrochloride 
prepared by the Grignard method was added to a mixture of 
100 cc. of acetic anhydride and 20 cc. of pyridine and the 
mixture was heated on the steam-bath for ten minutes. At 
the end of this time, the reaction mixture was poured onto 
ice and stirred until the anhydride had decomposed. The 
product was removed by filtration and crystallized from 
a benzene-ligroin mixture (1:2); m. p. 174.5-175°.

Anal. Calcd. for Ci9H2i0 2N: C, 77.26; H, 7.17; N, 
4.74; mol. wt., 295. Found: C, 77.50; H,7.03; N,4.76; 
mol. wt. (in benzene), 296, 300.

The 2,4,6-trimethyldesylamine hydrochloride prepared 
by the reduction method was carried through the same pro­
cedure. It acted in all ways identically with the amine 
hydrochloride prepared by the Grignard method. The ace­
tates gave no depression in a mixed melting point test.

Triacetate.—Five grams of 2,4,6-trimethyldesylamine 
hydrochloride prepared by the Grignard method was added 
to a mixture of 50 cc. of acetic anhydride and 10 cc. of pyri­
dine and the mixture was heated for seven hours on the 
steam-bath under a reflux condenser closed by a calcium 
chloride tube. After standing overnight, the reaction 
mixture was diluted with 250 cc. of warm (ca. 50°) water 
and stirred until the anhydride had decomposed. The 
precipitate was ground in a mortar with water and then 
recrystallized from 15 cc. of alcohol; m. p. 125-126°.

Anal. Calcd. for C23H250 2N: C, 72.80; H, 6.64; N,
3.69; mol. wt., 379. Found: C, 73.01; H, 6.65; N, 3.71; 
mol. wt. (in benzene), 373, 368.

The 2,4,6-trimethyldesylamine hydrochloride prepared 
by reduction behaved identically with that prepared by the 
Grignard method. The triacetates gave no depression in a 
mixed melting point test.

Hydrolysis of Triacetate to Monoacetate.—One gram of 
triacetate was dissolved in 15 cc. of warm alcohol and 5 cc. 
of concentrated hydrochloric acid was added. The solu­
tion was boiled on the steam-bath for ten minutes, cooled 
and diluted with 50 cc. of water. The precipitate was re­
moved by filtration and recrystallized from ligroin; m. p. 
173-174°. On addition of known monoacetate, the melt­
ing point was unchanged.

Hydrolysis of Triacetate to Amine.—One gram of triace­
tate was added to a mixture of 10 cc. of alcohol and 10 cc. 
of concentrated hydrochloric acid and the solution boiled 
for five hours under reflux. The solution was cooled and 
allowed to stand in the ice box for two hours. The precipi­
tate of 2,4,6-trimethyldesylamine hydrochloride was re­
moved by filtration, washed with alcohol and dried in air; 
m. p. 283-285° (sealed tube). A small sample of the 
product was dissolved in 70% alcohol and allowed to stand 
in an unstoppered test-tube for one week. The precipitate 
was removed by filtration and dried in air; m. p. 134- 
135°. A mixed melting point with a known sample of
2,4,6-trimethylbenzil showed no depression.



July, 1942 Instability of Organo-metallic Free Radicals 1727

Acetates of Desylamine. Monoacetate.—The monoace­
tate of desylamine12 was prepared by the method used for 
the preparation of the monoacetate of 2,4,6-trimethyldesyl­
amine; m. p. 135-136°.

Anal. Calcd. for Ci6Hi50 2N: C, 75.87; H, 5.97; N, 
5.53. Found: C, 76.12; H, 5.89; N, 5.51.

Triacetate.—Five grams of desylamine hydrochloride 
was heated on a steam-bath for eight hours with 50 cc. of 
acetic anhydride and 10 cc. of dry pyridine. At the end of 
this time 200 cc. of water was added and the mixture was 
stirred until the anhydride had decomposed. The aque­
ous portion was decanted and the gummy residue was 
washed with water. The gum was dissolved in 125 cc. of 
ligroin, and the solution was treated with Norit and 
filtered. After standing for twenty hours, the precipitate 
was collected on a filter and recrystallized from four vol­
umes of methanol; m. p. 130-131°.

Anal. Calcd. for C20H19O4N: C, 71.20; H, 5.68; N,
4.15. Found: C, 71.20; H, 5.62; N, 4.05.

R e s u l t s  o f  t h e  “ G r ig n a r d  M a c h i n e ”  A n a l y s e s 7

C om pound

2.4.6- Trimethyldesyl- 
amine hydrochloride

2,4,6 -Tr imethy ldesyl- 
amine monoacetate

2.4.6- Trimethyldesyl- 
amine triacetate6

/3-Isodurylaldehyde
cyanohydrin

Desylamine monoacetate

R eaction
tim e

Active
hydrogen A ddition

10 min a 3 0

1 hr. 2 0

1 hr. 0 4

10 min. 1 1
1 hr. 1 1

0 Upon prolonged heating the value of the active hydro­
gen approached 4. b The reaction mixture yielded the 
monoacetate upon being worked up.

Hydrolysis of 2,4,6-Trimethyldesylamine and of Desyl­
amine.—(a) A mixture of 1 g. of the amine hydrochlo­
ride, 5 cc. of water, 5 cc. of concentrated hydrochloric 
acid, and 10 cc. of ethanol was heated at 95° in a sealed 
tube under nitrogen for twenty hours. Benzoin in a 
40% yield separated and was collected on the filter. 
Under the same conditions 2,4,6-trimethyldesylamine was 
unaffected.

(b) Same as (a) except heated at 130° for twenty-four 
hours. Desylamine gave a quantitative yield of benzoin.
2.4.6- Trimethyldesylamine yielded 20% of a mixture of
2.4.6- trimethylbenzoin and 2,4,6-trimethylbenzil.

Summary
1. 2,4,6-Trimethyldesylamine has been pre­

pared by the reaction of phenylmagnesium bro­
mide with /3-isodurylaldehyde cyanohydrin and 
also by the reduction of isonitroso-2,4,6-trimethyl- 
desoxybenzoin.

2. The reactions of 2,4,6-trimethyldesylamine 
and desylamine with dilute hydrochloric acid were 
compared.

3. The autoxidation rate of 2,4,6-trimethyldes­
ylamine was compared with that of desylamine.

4. The mono- and triacetate of 2,4,6-tri­
methyldesylamine were prepared and their reac­
tions with dilute hydrochloric acid and with 
methylmagnesium iodide were studied.

5. The results obtained were ascribed to the 
propensity toward enolization shown by aceto- 
mesitylene derivatives.

(12) D avidson, Weiss and  Jelling, J . Org. Chem., 2, 319 (1937). ROCHESTER, N ew YORK RECEIVED APRIL 30, 1942

[C o n t r i b u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r y  o f  N o r t h w e s t e r n  U n i v e r s i t y ]

Tri-o-tolyltin and the Instability of Organo-metallic Free Radicals
B y  H um bert  M o rris, W ard B yerly  a n d  P. W . S elw ood

Previous magnetic measurements on triphenyl- 
germanium,1 triphenyllead,2 trimethyltin3 and 
tricyclohexyllead3 have shown that all these com­
pounds exist in the diamagnetic or dimeric state. 
Molecular weight measurements by others have, 
on the contrary, consistently indicated partial or 
complete dissociation to the free radical. These 
results raise two questions: first, why do these 
compounds not exist as free radicals and, second, 
why do the magnetic measurements contradict 
the molecular weight measurements?

A possible answer to the first question is to be
(1) Selwood, T h is  J o u r n a l , 61, 3168 (1939).
(2) Preckel and  Selwood, ibid., 62, 2765 (1940).
(3) M orris and  Selwood, ibid., 63, 2509 (1941).

found in the much larger radius of the metal atoms 
as compared with carbon, as in triphenyImethy 1. 
It has been suggested3 that the increased radius 
leads to a much greater number of effective col­
lisions leading to formation of the dimer, and that 
a compound such as tri-o-tolyltin, in which steric 
effects are large, might exist as a free radical. 
This hypothesis is tested in the work reported here.

An effort to answer the second question by re­
peating ebulliometric measurements on trimethyl­
tin and on triphenyllead is also reported.

Experimental Part
Magnetic Measurements.—The magnetic susceptibili­

ties were measured on the Gouy balance previously de-
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scribed.2 Measurements were made at 25 and 80°, ben­
zene being used as the solvent. A field strength of about 
13,100 oersteds was used throughout.

Ebulliometric Measurements.—These were made by 
means of a Swietoslawski differential ebulliometer.4 5 
The temperature differences were measured with an 8- 
junction thermocouple.

Preparation of Tri-o-tolyltin.—ö-Bromotoluene was pre­
pared from o-toluidine by diazotization and the Sandmeyer 
reaction.6 Tetra-0-tolyltin was made by treating the 
Grignard reagent with stannic chloride. The Grignard 
reagent from 150 g. (0.88 mole) of o-bromotoluene and 
21.5 g. of magnesium was refluxed with 33 g. (0.14 mole) 
of stannic chloride for twelve hours in ether. Water and 
dilute hydrochloric acid were added, and the ether evapo­
rated off. The sludge was filtered dryland then refluxed 
in benzene to dissolve the tetra-o-tolyltin. The benzene 
solution was filtered and concentrated. White, powdery 
crystals were formed as the red-brown solution cooled. 
Two crops of crystals were obtained and recrystallized; 
yield, 15 g. (V30 mole); melting point 200-215°. Ac­
cording to Krause and von Grosse6 the melting point 
of tetra-ö-tolyltin is 214-215°.

Tri-o-tolyltin bromide was prepared according to the 
method of Chambers and Scherer.7 The tetra-o-tolyltin 
was dissolved in chloroform and treated with 6.5 g. of 
iodine. I t  was then shaken with 30% sodium hydroxide 
to convert it to the hydroxide and to remove di-o-tolyltin 
oxide, which is water-soluble. The water layer was sepa­
rated, and the bromide was formed by shaking with dilute 
hydrobromic acid. The (o-tolyl)3SnBr crystallizes with 
difficulty from chloroform, but it separates readily from 
petroleum ether; yield 1.5 g.; melting point 94-96°. 
The melting point is 97.5° according to Krause and von 
Grosse.6

The (o-tolyl)3SnBr does not react with molecular silver; 
0.1 g. of the halide was shaken with 0.1 g. of molecular 
silver for two hours. I t  was filtered and recrystallized 
from petroleum ether. The melting point of the product
was 89-93°.

The halide was reacted with sodium in absolute alcohol, 
according to the method of Krause and Becker.8 The 
halide in 18 cc. benzene was treated with 18 cc. of alcohol 
and 2 g. of sodium. Then it was shaken with water. 
The benzene layer was separated, washed, dried, concen­
trated, and cooled in snow. A fine white powder was ob­
tained which melted at 208-212°. After recrystallization 
from petroleum ether, the melting point was 208-210°; 
yield, 0.25 g. I t was dried in vacuum at 50°.

A molecular weight determination in freezing benzene 
gave the following results

Molality (as R6Sn2) 0.0175 0.0278
Apparent mol. wt. 664 825 ±30

The molecular weight calculated for (o-tolyl)6Sn2 is 784.
(4) Swietoslawski “ E b u llio m etry ,” Chem ical Publishing Co. of 

N ew  Y ork, Inc., N . Y ., 1937, p. 6.
(5) “ Organic Syn theses,” Collective Vol, 1, ed ited  by  Gilman, John  

W iley and  Sons, Inc ., N ew  Y ork, N . Y., 1932, p. 130.
(6) K rause and  von Grosse, “ Die Chem ie der M etall-organischer 

V erbindungen,” G ebriider B orntraeger, Berlin, 1937, p. 320.
(7) C ham bers an d  Scherer, T h is  J o u r n a l , 48, 1054 (1926).
(8) K rause and  Becker, Ber., 53B, 188 (1920).

For reasons to be discussed below not much consideration 
should be given the molecular weight determination. 

Analyses by T. S. Ma of the University of Chicago.
Calculated for 
(o-tolypeSm, % Found, %

Sn 30.4 29.73 29.95
H 5.4 5.19 5.20
C 64.4 63.27 63.16

This compound does not appear to have been previously 
reported.

Results
In order to treat the data it is necessary to know 

the diamagnetic susceptibility of hexa-0-tolyldi- 
tin. The amount of this substance available was 
too small for direct measurement. The suscepti­
bility was, therefore, calculated from Pascal’s 
constants and the known susceptibility of hexa- 
methylditin.3 The susceptibility of this com­
pound is —0.51 X 10“6 and the molar diamag­
netism is —167 X 10“6. The molar diamagne­
tism of quadricovalent tin is, therefore, nearer 
39 than the usually accepted value of 30.9

For six phenylene groups plus six methyl groups 
the constants are (6 X 49.3) +  (6 X 14.85) X 
10 6 =  384.9 X 10-6. Two quadricovalent tin 
atoms raise this to 462.9 X 10~6. This number 
divided by the molecular weight gives —0.59 X 
10“6 as the susceptibility of hexa-o-tolylditin per 
gram. Even if this value is as much as ten per 
cent in error it will not seriously affect the validity 
of the conclusions to be drawn from the work de­
scribed here.

In the following table the susceptibilities of the 
solution are calculated for zero dissociation and for 
complete dissociation. These data are compared 
with the observed susceptibilities. Methods of 
calculation are given elsewhere.2

T a b l e  I
S u s c e p t i b i l i t y  o f  a  0.25 M  S o l u t i o n  o f  T r i -0-t o l y l t in  

i n  B e n z e n e

Tem p.,
°C.

Calcd. for zero 
diss.

X • 108

Calcd. for com ­
p le te  diss.

X • IQ®
25 -0 .700  -0 .638
80 -0.701 -0 .659

Observed 
x . 106

-0.7003
-0 .705

It is clear from this table that the compound 
exists as hexa-ö-tolylditin. At 25° as little as 2%, 
and at 80° as little as 4% dissociation could have 
been detected.

This work constitutes proof that steric consid­
erations are in themselves insufficient to produce 
dissociation, although they may greatly modify

(9) Stoner, “ M agnetism  and  M a tte r ,” M ethuen  and  Co.. L td ., 
London, 1934, p. 470.
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the degree of dissociation, as has been shown for 
the hexaarylethanes.10’11 The work also increases 
the probability previously suggested3 that no 
stable organo-metallic free radical has yet been 
prepared. The metal ketyls are, of course, dis­
sociated, but the dissociation does not involve a 
metal-metal bond.

The question as to why organo-metallic free 
radicals are of such low stability remains un­
answered. It is not simply a matter of relative 
sizes of metal and carbon atoms. It is apparently 
not a matter of relative electronegativities be­
cause tetraarylhydrazines are known to disso­
ciate. 12 Whatever the underlying cause may be, it 
evidently inhibits the resonance, or other phe­
nomenon, which is a necessary adjunct to free rad­
ical formation. The recent observation of Bauer 
and Beach [This Journal, 64, 1142 (1942)] on 
the structure of hexamethylethane suggests a clue 
to the instability of organo-metallic free radicals. 
They report a probable stretching of the central 
C-C bond to 1.58 =±= 0.03 A. It is possible that in 
hexaarylethanes still more stretching occurs with 
consequent weakening of the ethane bond. But in 
the cases of the organometallic compounds such as 
hexaphenylditin, the tin atoms are so large that no 
stretching of the Sn-Sn bond is necessary. There 
is, therefore, no weakening of the bond and no 
tendency to form free radicals. The same inter­
pretation may be applied to the corresponding 
compounds of silicon, germanium and lead.

It may be worth noting that the known free 
radical forming elements are limited to carbon, 
nitrogen, oxygen, possibly sulfur, and chlorine. 
Thus paramagnetic molecules are formed by these 
elements, but the diboranes,13 hexaaryldisilanes14 
and tetraaryldiarsines (e. g., phenyl cacodyl),15 
which might be expected to dissociate, do not. 
Schönberg and Rupp16 suggest that diphenylene 
disulfide may dissociate, while nothing is known 
of the tetraaryldiphosphines.

The remaining question is: why do the mag­
netic measurements contradict the molecular 
weight determinations? In this connection it 
should be pointed out that the dielectric meas­
urements of Lewis, Oesper and Smyth17 on tri-

(10) R oy and  M arvel, T h is  J o u r n a l , 59, 2622 (1937), et seq.
(11) Preckel and  Selwood, ibid., 63, 3397 (1941).
(12) W eitz and  M üller, B e r . ,  68B, 2306 (1935).
(13) F arkas an d  Sachsse, Trans. Faraday Soc., 30, 331 (1934).
(14) Schlenk, R enning  and  R acky, Ber., 44, 1178 (1911).
(15) Schlenk, A n n .,  394, 216 (1912).
(16) Schönberg and  R upp , Naturw iss., 21, 561 (1933).
(17) Lewis, Oesper and  Sm yth , T h is J o ur n a l , 62, 3243 (1940).

phenyllead exclude the remote possibility of an 
electrolytic type of dissociation.

Ebulliometric measurements were made on 
benzene solutions of trimethyltin and triphenyl­
lead with the results given in Tables II and III.

T a b l e  II
B o i l i n g  P o i n t  E l e v a t io n  P r o d u c e d  b y  0.9418 G. o f  

(CH3)3Sn D is s o l v e d  i n  104 Cc. o f  B e n z e n e

T im e in  m inutes a fte r 
add ition  of so lu te

Boiling p o in t 
elevation , 

°C .

10 0.076
15 .045
20 .045
35 .049

125 .023
305 .026

Calcd. elevation for the dimer .089
T a b l e  III

B o i l i n g  P o i n t  E l e v a t io n  P r o d u c e d b y  1.0355 G.
(C6H5)3Pb i n  104 Cc. o f  B e n z e n e

T im e in  m inutes a fte r 
add ition  of so lute

Boiling p o in t 
elevation ,

°C .
10 0.049
25 .027
55 .024

145 .008
Calcd. elevation for the dimer .073

It is clear from these results that decomposition 
rapidly occurs, and that, even during the ten- 
minute interval necessary for the apparatus to 
come to equilibrium, considerable destruction of 
the compound must take place. In no case was 
the apparent molecular weight less than that of 
the dimer. During the test on triphenyllead a 
visible precipitate was formed during the first 30 
minutes. It is, therefore, obvious that ebullio­
metric measurements are of as little value for the 
study of organo-metallic free radicals as they are 
for hexaarylethanes.18 No attempt was made to 
determine the nature of the decomposition prod­
ucts from these compounds, but it is possible that 
they were similar to those reported by Calingaert, 
Soroos and Shapiro19 as disproportionation prod­
ucts of RePb2 compounds.

Summary
Tri-0-tolyltin has been prepared and shown by 

magnetic measurements to be dimeric. Ebullio­
metric measurements on solutions of trimethyltin 
and of triphenyllead emphasize the unreliability of 
such methods for the study of free radicals. 
E v a n s t o n , I l l i n o i s  R e c e i v e d  M a y  15, 1942

(18) Preckel and  Selwood, forthcom ing publication .
(19) C alingaert, Soroos and  Shapiro, T h is  J o u r n a l , 64, 462  

(1942).
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NOTES

The Crystal Structure of Calcium Cyanamide
B y  M. A. B r e d i g *

When the reactivity of calcium carbide as a 
function of its crystal structure was studied by 
means of X-ray diffraction methods,1 calcium 
cyanamide, product of its reaction with nitrogen, 
also was included. Very considerable discrepan­
cies were observed between the positions of the 
X-ray lines obtained and those reported in a pre­
vious attempt to determine the structure by U. 
Dehlinger.2 Recently, calcium cyanamide was 
listed among the first thousand substances of 
which X-ray data were assembled for use with the 
Hanawalt X-ray method of chemical analysis.3 
An examination of the figures given for calcium 
cyanamide indicated that the preparation used 
must have contained very little calcium cyanamide 
and that merely the X-ray interferences of calcium 
carbonate, of calcium hydroxide, and of graphite, 
major impurities and decomposition products of 
calcium cyanamide, were recorded. A Exam ina­
tion of the X-ray data of this industrially impor­
tant compound appeared desirable.

A Debye-Scherrer-Hull powder diagram of a 
commercial grade, finely pulverized calcium cyan­
amide, containing approximately 70% calcium 
cyanamide, was obtained with copper Ka radia­
tion in an X-ray camera of 57.5 mm. diameter. 
The sample was contained in a thin-walled Linde- 
mann glass tube, and was not rotated during the 
exposure. The X-ray interferences of calcium 
hydroxide, principal impurity of this sample, were 
very easily distinguished from the dotted lines of 
calcium cyanamide, due to the much coarser grains 
of the latter. They were used as reference lines 
with which the data, for calcium hydroxide, of 
Hanawalt, Rinn and Frevel, and those of Landolt- 
Börnstein, Supplement Vol. lib , were in perfect 
agreement, as the table shows. The interplanar 
distances of calcium cyanamide, as measured and 
as calculated with new rhombohedral lattice con­
stants, a =  39°55' and arh — 5.40 A., correspond­
ing to a hexagonal lattice with the constants c =

* V anadium  Corp. of America, New Y ork, N . Y.
(1) H . H. F ranck , M . A. Bredig, G. H offm ann an d  K in-H sing 

K ou, Z. anorg. allgem. Chem., 232, 61, 75 (1937).
(2) U. D ehlinger, Z. K rist., 65, 286 (1927).
(3) J . D. H anaw alt, H . W . R inn  and  L. K . F revel, Ind . Eng. 

Chem., Anal. Ed., 30, 479 (1938).

T a b l e  I
X - R a y  P o w d e r  D ia g r a m  o f  C a l c iu m  C y a n a m id e

Indices êxp. Scaled.
In tensities 

exp. calcd.

111 4.92 4.95 m 140
c 3.39 3.38 V.W.

110 2.93 (2.93) V.S. 370
Ca(OH)2 2.63 2.63 s

211 2.422 (2.422) m 80
221 2.170 2.180 m 110

Ca(OH)2 1.928 1.93 s
110 1.853 1.840 m 82

Ca(OH)2 1.786 1.79 m
322 1.753 1.760 w 62
102 1.723 1.725 w 35

Ca(OH)* 1.685 1.690 w
333 1.637 1.650 v.w. 8
332 1.593 1.606 w 14
111 1.590 3
200 1.556 1.568 w-ra 46

Ca(OH)2 1.478 1.485 m
220 1.470 17

Ca(OH)2 1.442 1.450 w
201 1.447 1.455 v.w. 5

v.s. = very strong, s = strong, m = medium, w = weak.
v.w. — very weak.

14.85 and a =  3.67 A., are in very satisfactory
agreement. The specific gravity becomes 2.29.

The rhombohedral lattice constants a — 43°50' 
and arh ~  5.11 A., and the hexagonal lattice con­
stants c =  14.1 and a =  3.91, as given by Dehlinger, 
do not agree with his own experimental data, nor 
are they even compatible with each other. Deh­
linger pointed to the agreement between the 
rhombohedral angle, calculated by him for the 
larger unit cell, containing four molecules of cal­
cium cyanamide, with a figure (74°), determined 
on single crystals under the microscope by C. H. 
Warren.4 However, two different angles were 
erroneously compared by Dehlinger, namely, the 
angle between the rhombohedral axes of the larger 
cell, calculated by him as 73°, and the cleavage 
angle of 74°, measured by Warren. Actually, 68°, 
as measured by Warren for the angle of the rhom­
bohedral axes of the cleavage rhombohedron would 
have been the figure with which to compare Deh- 
linger's figure 73°, with no agreement to be ob­
served. With Warren's figure 68°, however, the 
angle 68° 15', as calculated from the data of the 
present investigation, agrees very well, and the

(4) C. H. W arren , Am . J . Science, [5] 2, 120 (1921).
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same is true for the cleavage angle of 74° 15' (this 
paper) and 74° (Warren).

The structure of calcium cyanamide is entirely 
analogous to that of sodium azide, NaN3, deter­
mined by S. B. Hendricks and L. Pauling5 and 
confirmed recently by M. Bassière.6 The cat­
ions occupy the positions 000, the carbon atoms 
the positions and the nitrogen atoms
the positions =»= (unit). The parameter u was 
assumed by Dehlinger as 0.37. With this figure, 
the distance C-N was calculated by Dehlinger as 
1.59 A., while actually the calculation from his 
own data, 14.1 *(0.50 — 0.37), should have yielded
1.84 A., an impossibly large value, compared with
1.17 A. for the distance N-N, in sodium azide. 
A comparison of the intensities, as observed in the 
present investigation, with those calculated by 
using ionic scattering factors, as compiled by 
James and Brindley,7 yields the parameter u =
0.422 =*=■ 0.005. The distance C-N becomes 
1.16 =*= 0.08 A., and the distance Ca-N 2.49 =*=
0.04 A., which compares with 2.48 A. for Na-N  
in sodium azide.

No attempt was made to refine the discussion of 
the X-ray intensities as much as to find the 
possible asymmetry in the position of the two 
nitrogen atoms, and to thereby determine whether 
the cyanamide anion has the carbodiimide struc­
ture —N = C = N — or the true cyanamide form 
= N —G==N. The agreement between the values 
of the distances in the azide anion, in sodium 
azide, as obtained by M. Bassière6 through a dis­
cussion of the X-ray intensities, 1.10 and 1.26 A., 
and those previously determined for the azide 
radical in cyanogen azide (CN)N3 by E. Knaggs,8
1.11 and 1.26 A., and in methyl azide by Brock­
way and Pauling,9 has not been supported by the 
former with sufficiently convincing proof. The 
asymmetry in the Ns-  ion is, in fact, highly im­
probable.10 It also seems quite doubtful whether 
the accuracy of the method employed was suffi­
cient to determine, from the agreement of the X- 
ray intensities, as observed and as calculated, the

(5) S. B. H endricks and  L. Pauling , T h is  Jo ur n a l , 47, 2904 
(1925).

(6) M . Bassière, Compt. rend., 208, 659 (1939).
(7) “ In te rn a t. T abl. D eterm . C ryst. S tru c t .,” I I ,  571 (1935).
(8) E . K naggs, Proc. Roy. Soc. (L ondon), A150, 576 (1935).
(9) B rockw ay and  Pauling , Proc. N at. Acad. Sci. (W ash.), 19, 860 

(1933).
(10) T he au th o r is indeb ted  to  Professor K . Fajans, U niversity  of 

M ichigan, for th e  p riv a te  com m unication th a t  th e  polarization theory  
of chem ical b inding leads to  a  sym m etrical s truc tu re  for ions such as 
N 3— and  C N j" , while a sym m etry  is expected in the  group N 3 when 
connected by  bonds of sm all po larity  w ith  o ther atom s or radicals, 
as in HNs, (C N )N 3, or CH3N3.

asymmetry in the distances C -0 (1.13 A.) and 
C-N (1.21 A.),11 in sodium isocyanate, NaNCO, 
another compound, isomorphous with calcium 
cyanamide.

The thanks of the author are due to Professor L. 
Thomassen for the permission to use the X-ray 
equipment of the Department of Chemical and 
Metallurgical Engineering of the University of 
Michigan.

(11) M . Bassière, Compt. rend., 206, 1309 (1938).

R e c e i v e d  M a r c h  30, 1942

Photoactivation of Adsorption of Hydrogen on 
Thorium Oxide1

B y  A . L u y c k x , 2 J .  B o d a r t  a n d  G . R e n s

It is known3 that activated adsorption of hy­
drogen requires an energy of activation. The 
hydrogen so adsorbed is supposed to be dissociated 
into atoms, this dissociation occurring on the sur­
face of the catalyst during the adsorption. Con­
firmation of this assumption has been sought in 
the following experiments.

The temperature at which activated adsorption 
is observable is often several hundred degrees 
higher than the temperature of van der Waals 
adsorption, notably on oxide surfaces. We have 
sought to employ light instead of heat as the ac­
tivating agent. In earlier work it has been found4 
that adsorption of certain solutes in solution could 
be photoactivated. Also, at 230°, the reaction be­
tween nitrous oxide and hydrogen in presence of 
boron nitride phosphors indicated a slight rise in 
reaction rate when irradiated with ultraviolet 
light. Other reactions on several catalysts and at 
different temperatures gave negative results.

We have studied the photo-activation of hy­
drogen adsorption on various catalysts with posi­
tive results which we shall illustrate with thorium 
oxide, prepared by calcination of the nitrate. The 
oxide so obtained was heated and evacuated in a 
quartz vessel at 700° for several hours. Electro-

(1) T he  original version of th is  N ote  was received  from  th e  au th o rs  
on A ugust 13, 1941, and  was accepted by  the  E d ito ria l B oard  su b jec t 
to  some revisions w hich were em bodied in a revised m an u sc rip t k in d ly  
p repared  by  Professor H ugh S. T ay lor, w hich w as sen t to  th e  a u th o rs  
on N ovem ber 13, 1941, for th e ir  approval. Since i t  has p roved  im ­
possible to  ge t an y  word from  occupied Belgium  where th e  a u th o rs  
reside, i t  has seem ed wisest, in  o rder to  avoid a n y  fu r th e r  delay , to  
publish  th is  p resen t version now, in sp ite  of th e  fa c t th a t  th e  au th o rs  
have had  no opp o rtu n ity  to  express th e ir  app roval or d isapp roval of 
it .— T h e  E ditor

(2) Associé du  Fonds N a tiona l Beige de la  R écherche Scientifique.
(3) See “ C atalysis ,” by G. M . Schwab, H . S. T ay lo r and  R . Spence, 

D. Van N o stran d  Co., New Y ork, N . Y., 1937.
(4) See A. H edvall, Nature, 143, 330 (1939).
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lytic hydrogen was introduced to the cold adsorb­
ent, to give a pressure of 2 mm. During the first 
seconds following the introduction of hydrogen a 
slight fall in pressure was observed owing to van 
der Waals adsorption.

Irradiation of the system, after the pressure be­
comes constant, with the light from a mercury 
lamp produces a regular and continuous decrease 
of pressure, which could be followed by means of a 
McLeod gage, during several hours. In favorable 
cases an irradiation of ten hours results in prac­
tically complete hydrogen adsorption. Further 
additions of hydrogen are adsorbed upon irradia­
tion. Rates up to 1 cc. of hydrogen at 2.3 mm. 
pressure per minute, for 40 sq. cm. of irradiated 
surface and 18 g. of Th02, have been observed. 
In one case, more than 8 cc. of hydrogen at
N. T. P. was taken up by 100 g. of thoria. Ther­
mally activated adsorption on our thoria sample 
was observable at 420°.

Adsorption is only observable with the irradia­
tion from a cold mercury lamp, which indicates 
that resonance radiation is involved and that it is 
atomic hydrogen which is taken up by the adsorb­
ent. The formation of atomic hydrogen may occur 
in the gas phase by the Frank-Cario mechanism 
with excited mercury atoms. We can also imagine 
molecules adsorbed on the surface by van der 
Waals forces being dissociated by transference of 
energy from mercury atoms. We cannot yet de­
cide between these alternatives. Comparison with 
the rate of reduction of tungstic oxide in the 
Frank-Cario experiment suggests a diffusion of 
atomic hydrogen to the surface.

At 20-30 mm. pressure no photoactivation is 
measurable. After subsequent lowering of the 
pressure to 2 mm., photoactivation is again ob­
servable, but at one-half to one-third the normal 
rate. We interpret this as due to an adsorbed 
molecular layer of hydrogen protecting the ad­
sorption centers. Lowering the pressure does not 
uncover all such centers. Complete evacuation is 
necessary. When this is done the normal rate of 
photoactivated adsorption at 2 mm. pressure is 
found.,

After many days of alternate irradiation and 
evacuation at 700° the rate of adsorption slowly 
decreases and falls to one-tenth of its initial value. 
If after evacuation at 700° air is introduced at at­
mospheric pressure and room temperature and 
then evacuated at room temperature, introduc­
tion of hydrogen at 2 mm. pressure followed by

resonance irradiation restores the initial rate of 
hydrogen adsorption. The presence of oxygen on 
the surface of the catalyst is thus essential. This 
is confirmed by the observation that thoria sam­
ples heated in hydrogen to 700-800° and then 
evacuated at this temperature do not show hy­
drogen adsorption on irradiation unless oxygen is 
again introduced. Analysis of the gas desorbed 
after either thermal or photoactivated adsorption 
shows the presence of oxygen only.

We have found an increase in the rate of ther­
mally activated adsorption of hydrogen by chro­
mium oxide and by reduced nickel when a certain 
amount of oxygen was introduced to the adsorb­
ent.

Hedvall uses the term photoactivation of ad­
sorption when the light is absorbed by the crys­
tals and their activity is changed by the irradi­
ation. We must consider, however, the cases in 
which adsorbent and gas are both excited by ir­
radiation or the gas alone. In practice it will not 
be easy to decide between the several processes. 
We use the general term photo-activation of ad­
sorption when we can measure an adsorption of 
gas by a surface owing to light irradiation.
I n s t it u t  d ’A r e m b e r g  
U n i v e r s it y  d e  L o u v a in
L o u v a in , B e l g i u m  R e c e i v e d  M a y  2 , 1 9 4 2

On the Structure of Fucosterol
B y  H .  B . M a c P h il l a m y

Fucosterol was first isolated from the alga, 
Fucus vesiculosus, by Heilbron, Phipers and 
Wright.1 These workers showed that the sterol 
had the empirical formula C29H48O and that it 
was a bond isomer of stigmasterol. They further 
stated that both double bonds were situated in the 
nucleus, since treatment with ozone failed to give 
ethylisopropylacetaldehyde. Additional evidence 
indicated the absence of a conjugated system, 
while the ease with which stigmastanol was formed 
on hydrogenation showed the lack of any “inert” 
double bonds. Later it was proved that one of the 
ethylenic linkages occupied the 5-6 position.2 In 
view of Sobotka’s3 suggestion that the second 
double bond might be located in the 11-12 posi­
tion, which would render the sterol a suitable 
starting material for the synthesis of cortical

(1) I. M . Heilbron, R . F . Phipers and  H. R . W right, N ature , 133, 
419 (1934); J . Chem. Soc., 1572 (1934).

(2) D. H. Coffey, I. M . H eilbron and  F. S. Spring, ibid., 738 (1936).
(3) H. Sobotka, “ C hem istry  of th e  S terids,” W illiams and W ilkins 

Com pany, Baltim ore, M d., 1938, p. 240.
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hormones, the complete elucidation of its structure 
seemed desirable.

It was decided, first of all, to reinvestigate the 
ozonization reaction. The failure of Heilbron, 
et al.y1 to isolate ethylisopropylacetaldehyde can­
not be considered conclusive evidence for the lack 
of unsaturation in the side chain, since the later 
work of this author on zymosterol4 has shown that 
side chain double bonds in sterols may occupy po­
sitions other than 22-23. The result of our study 
showed that fucosterol indeed presents a similar 
case. In two separate experiments acetaldehyde 
could be isolated as the £>-nitrophenylhydrazone 
from the products of the ozonolysis. The yield of 
aldehyde was over 30% in both cases, which pre­
cludes the possibility that it may have been de­
rived from an impurity or formed in a secondary 
reaction. Since position 24-28 for the double 
bond in question is the only one which would ac­
count for the formation of acetaldehyde by ozo­
nolysis, is it suggested that the structure of fucos­
terol is best represented by the accompanying 
formula.

CHS

CHCH2CH2C-----CHCHg
II I
CH CH8 

CH3

Experimental
Isolation of Fucosterol.—The material used for this 

work was obtained from a quantity of Fucus vesiculosus 
gathered along the New Jersey coast. About 22.5 kg. of 
the dried sea weed was ground and percolated thoroughly 
with ether. After evaporation of the solvent 650 g. of 
extracted material remained. The residue was saponified 
overnight at room temperature and on purification yielded 
40 g. (0.18%) of sterol. Several recrystallizations from 
methanol gave pure fucosterol, the physical properties of 
which agreed quite closely with those given by Heilbron,1 
as shown in the following table

M acP h illam y  H eilbron
M . p., °C. [« Id M . p., °C. [« ]d

Sterol 124 -4 1 124 -3 8 .4
Acetate 118 -4 5 118-119 -4 3 .8
Benzoate 121 -1 6 120

Ozonization of Fucosterol.—A finely divided suspension 
of 1.15 g. of fucosterol in 12 cc. of glacial acetic acid was 
ozonized for one-half hour at an ozone concentration of 
about 2%, the exit gases being led through 50 cc. of water.

(4) B. H eath-B row n, I. M . H eilbron and  E. R . H . Jones, J . Chem. 
Soc., 1482 (1940).

Over-ozonization had to be avoided as it results in low if 
not negligible yields. The reaction mixture, combined 
with the wash water, was distilled through an efficient frac­
tionating column. After approximately 20 cc. of distillate 
had been collected, the receiver was removed, and a solu­
tion of 500 mg. of recrystallized />-nitrophenylhydrazine in 
20 cc. of 50% acetic acid was gradually added. The hydra­
zone crystallized out immediately. I t  was filtered, washed 
with cold water, and after drying weighed 175 mg. (33.6%); 
m. p. 124-125 °. After three recrystallizations from dilute 
alcohol the substance had a constant m. p. of 128-129°. 
The melting point of a mixture with authentic acetalde­
hyde ^-nitrophenylhydrazone showed no depression.

Anal. Calcd. for C8H9N302: C,53.63; H, 5.06; N, 
23.45. Found: C, 53.58; H, 4.89; N, 23.69.

The author wishes to thank Dr. O. Winter- 
steiner for his interest and advice during this in­
vestigation.
The Squibb Institute for M edical R esearch 
D ivision of Organic Chemistry
N ew Brunswick, N. J. R eceived M ay 20, 1942

Olefin Rearrangements. The Equilibrium of 
Olefins from Pinacolyl Alcohol1

B y R obert K insel Smith

The dehydration of saturated alcohols and the 
attendant rearrangement of olefins formed during 
the reaction have long been investigated experi­
mentally. The mechanisms of these rearrange­
ments have been studied intensively on the basis 
of experimental results. The absence of thermo­
dynamical data has in general prevented the cal­
culation of equilibrium constants for the ratios 
of different olefins obtained from a particular 
dehydration. Recently, thermal data have been 
published2-3 concerning the heats of hydrogenation 
of 2,3-dimethyl 1 -butene, 2,3-dimethyl-2-butene 
and 3,3-dimethyl-1 -butene and the relative heat 
contents of 2,2-dimethylbutane and 2,3-dimethyl- 
butane. These provide a basis for the calculation 
of the equilibrium mixture of these olefins pro­
duced in the dehydration of methyl-/-butylcar- 
binol. The equilibrium values for the ratios of 
the olefins obtained in this reaction are of im­
portance because widely variant results are ob­
tained through the use of different catalysts to 
effect the dehydration.

Meunier and Whitmore4 dehydrated methyl-/- „ 
butylcarbinol with phosphoric acid on silica gel

(1) O riginal m anuscrip t received A ugust 7, 1941.
(2) (a) D olliver, Gresham , K istiakow sky an d  V aughan , T h is

J o u r n a l , 59, 831 (1937); (b) K istiakow sky, R uhoff, S m ith  an d
V aughan, ibid., 58, 142 (1936).

(3) Rossini and  Prosen, ibid., 62, 2250 (1940).
(4) M eunier and  W hitm ore, ibid., 55, 3721( 1933).
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at 350° and obtained 90% rearrangement. The 
products formed were 1.5% of /-butylethylene (I) 
which is the normal dehydration product, 34.5% 
of 2,3-dimethyl-1-butene (II) and 64% of 2,3- 
dimethyl-2-butene (III). Whitmore, Laughlin 
and Nash5 passed (II) and (III) separately over 
the same catalyst and found 3% of (I), 31% of
(II) and 61% of (III). This indicated that ap­
proximate equilibrium had been obtained.

Cramer and Glasebrook6 dehydrated methyl- 
/-butylcarbinol over activated alumina at 350°. 
The results obtained by this procedure were 
greatly different from those obtained by Whitmore 
and co-workers with a more acidic catalyst.4’5 
Cramer and Glasebrook found alumina yielded 
64.4% of (I), 27% of (II) and 8.6% of (III). 
When the more acidic aluminum sulfate was 
used as a catalyst, the proportions were 3.5% of
(I), 34% of (II) and 62.5% of (III). These latter 
check closely with the results obtained with the 
phosphoric acid catalyst of Whitmore.4’5

Calculations.—The calculation of the equi­
librium constant requires the experimental de­
termination of the heat of reaction and the 
evaluation of the entropy change of the system.

The heats of hydrogenation and the heat of 
isomerization of the resulting saturated hydrocar­
bons as determined by the differences in their 
heat content provide a simple method for the 
evaluation of the heats of isomerization of the 
olefins. The values for the heats of hydrogena­
tion of I, II and III have been found2a,b to be 
30.341, 27.997 and 26.633 kcal./mole, respec­
tively, at 355°K. The heat contents of 2,2- 
dimethylbutane and 2,3-dimethylbutane have 
been found3 to be —2016 and —4095 cal., respec­
tively, when compared to the heat content of 
normal hexane. In the subsequent calculations, 
the heat of isomerization has been assumed to 
remain essentially constant with change in tem­
perature. This assumption is justified by the 
knowledge that the difference in the heat content 
of saturated isomeric hydrocarbons is little 
changed by temperature over the range involved 
here.

With these values, the complete calculation of 
the equilibrium constants is possible if the differ­
ence in entropy of the olefins is known. The en­
tropies of (I) and (III) have been determined7

(5) W hitm ore, L aughlin  and  N ash , T h is  J o u r n a l , 56, 1395 
(1934).

(6) C ram er and  G lasebrook, ibid., 61, 230 (1939).
(7) P arks, Shom ate and  K ennedy, ibid., 60, 1508 (1938).

through calorimetric measurements up to 298° K. 
The value for (II) was not found and thus 
estimations must be made to calculate the com­
plete equilibria conditions.

The equation for the translational and rota­
tional entropy of any molecule in the gas phase 
at a given temperature, T, and a pressure, P, may 
be expressed by
S — S /2R \n  T — R ltiP  + S/2 R ln  M  +  R /2\nA B C  —

R In +  265.35 (1)
The products of the moments of inertia were 

calculated by the method of Eidinoff and Aston.8 
The ordinary atomic distances of C-H as 1.09
A., C-C as 1.54 A., and C =C  as 1.33 A. were used 
in the calculations with the angle C-C-C taken 
as 109°28' and the C =C -C  angle as 124°20'.

The entropy due to hindered rotation and in­
ternal rotation must be separately determined 
by Pitzer's method.9 The expression which has 
been developed for the internal rotational en­
tropy is
Si r = R( -0.767 +  1/2 In T +  1/2 In Ir X KT40 -

In n) -  (St -  S) (2)
where Ir is the reduced moment of the two rotating 
groups, n is the number of potential minima and 
(Si — S) is determined by the potential barrier 
restricting rotation, the temperature, the reduced 
moment and n.

The potential barrier restricting rotation of a 
methyl group was assumed to be 3200 cal. except 
in the instances wherein a double bond was ad­
jacent to the methyl group where the hindering 
potential was taken to be 2000 cal. The rotation 
of two alkyl groups about each other was assumed 
to have a potential barrier of 8500 cal. unless one 
of the carbons in the bond about which rotation 
was being considered has a double bond in which 
the potential was assumed to be 7500 cal.

The vibrational entropy involved has not been 
determined spectroscopically. A self-consistent 
method of approximating wave lengths was used 
and the results adjusted so that the final entropy 
of the compound agreed reasonably well with 
heat capacity data for the entropy of the gas at 
the boiling point. The approximations made are 
listed in Table I with values obtained for different 
molecular properties.

The entropy change from I to III is then 3.31 
e. u. and the heat of isomerization is 
-30,341 -f 4095 -  2.016 -f- 26.633 = -1.629 kcal. (3)

(8) Eidinoff and  A ston, J . Chem. Phys., 3, 379 (1935)/
(9) Pitzer, ibid., 5, 46 (1937).



The free energy change is
AF = —1629 — 3.31 J1 (4)

K 623 == 20.1 (4a)

The corresponding changes for II to III are
—27.997 +  26.633 = —1.664 kcal. and —1.10 e. u.

July, 1942

A F = -1664 +  1.10 (5)
7̂ 623 = 1.81 (5a)

T a b l e  I

Assignm ent 
C om pound.........

W ave 
N o. no. 
...................I

W ave
N o. no.

11
W ave 

No. no.
I l l

c —c —c 6 316 8 400 4 400
c —c = c 2 160 4 180 8 180
C—C -H 4 640 4 640
C—C 4 950 4 900 4 900

A t......... . . 315°K . 345 °K.

5 v ib . 14.88 21.30
5 in t .  ro t . 5.75 5.60
5 r o t .  trans. 63.13 61.10
Total S 83.76 88.00
Obs. S a 83.92 88.00
Cv (gas)calcd. 34.7 32.3
Cv (liq)bobs. 41.8 39.2

A t.......... ......... . 673°K . 673°K . 673°K.

<Svib. 31.59 35.88 37.86
5 i n t .  rot. 4.65 5.18 4.4
*Strans. 68.58 68.22 65.92
Total S 104.87 109.28 108.18

a Observed entropies7 extrapolated to boiling point by 
continuing Co curves from 298°K. and adding 29.6 e. u.

b According to Kincaid and Eyring, J. Chem. Phys., 6, 
620 (1938) the difference between CV(liq.) and Cw(gas) is 
normally between 6 and 7 cal./mole deg. for complex ma­
terials. The differences observed here are 7.1 for I and 6.9 
for III, which is quite reasonable. G(liq.) was found by 
using the value from entropy data7 and subtracting an 
approximate factor obtained from the Landolt-Börnstein 
"Tabellen” in the following manner:

CP — Cv = TcPVIP — 3 cal./mole deg.

The constant for the same reaction at 350° as 
calculated from the data of Whitmore and co­
workers5 was 20.3 for the ratio of III to I and 1.96 
for the ratio of III to II. The results of Cramer 
and Glasebrook6 were 18 and 1.81, respectively.

Discussion.—The results obtained by these 
methods cannot be regarded as final inasmuch as 
the calculations involving the vibrational entropy 
are not exact. However, assuming that the 
internal potential barriers for rotation are those 
assigned, little change in the relative entropy 
would be observed when the vibrational fre­
quencies are consistently changed. The agree­
ment of the calculated and observed entropy and 
the reasonable approximation of the specific heat

of the perfect gas at the boiling point indicate 
that the assigned vibrations must be of the right 
order of magnitude.

Changes in the hindering potentials of the 
various groups by 500 cal. would change the 
difference in entropy by no more than 0.1 e. u. 
for I to III and even less for II to III.

The values for the vibrational frequencies were 
assigned by comparison of the molecules involved 
with similar olefins reported in Kohlrausch, “Der 
Smekal-Raman Effekt” and data in Hibben. The 
frequency assignments were made on the basis of 
similar work done on methylacetylene.10

Conclusion.—The rearrangement of these ole­
fins using acidic materials as catalysts has been 
found to proceed in agreement with estimated 
thermodynamic values. The comparison of the 
dehydrations using acidic catalysts and those 
which do not furnish hydrogen ions indicates 
that the latter catalysts act merely in the removal 
of an equivalent of a water molecule with no 
effect upon the isomerization of the compounds 
formed. On the other hand, the catalytic action 
of hydrogen ion in the isomerization of olefins 
is definitely indicated.

The author wishes to thank Dr. F. C. Whit­
more and Dr. J. G. Aston of the Pennsylvania 
State College and Dr. H. Eyring of this Labora­
tory for their assistance.

(10) B ryce Crawford, J . Chem. Phys., 7, 140, 555 (1939).

F r i c k  C h e m ic a l  L a b o r a t o r y  
P r i n c e t o n  U n i v e r s it y
P r i n c e t o n , N e w  J e r s e y  R e c e i v e d  M a r c h  16, 1942
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The Utilization of Aliphatic Nitro Compounds. 
IV. Nitrodiols (Nitroglycols) Prepared from 

Simple Aldehydes1
B y C . A u s t i n  S p r a n g 2 w i t h  E d . F. D e g e r i n g

In a recent paper3 the authors discussed the 
condensation of nitroparaffins with aldehydes to 
form nitroalcohols. In a continuation of this 
work nitromethane has been condensed with al­
dehydes to form nitrodiols. Any primary nitro- 
paraffin condenses with formaldehyde to form a 
nitrodiol,4 but only nitromethane condenses with

(1) Presen ted  before th e  D ivision of O rganic C hem istry  a t  th e  
M em phis m eeting of th e  A m erican Chem ical Society, in  A pril, 1942. 
A bstracted  from  a  thesis p resented  to  th e  F a cu lty  of th e  G ra d u a te  
School of P u rdue  U niversity  in p a rtia l fulfillm ent of th e  req u irem en ts  
for th e  degree of D octor of Philosophy, in  June, 1941.

(2) P resen t address: E m ery  Industries , Inc ., C incinnati, Ohio.
(3) .Sprang and  Degering, T h is  J o u r n a l , 64, 1063 (1942).
(4) Pauw els, Rec. trav. chim., 17, 27 (1898).
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other aldehydes to form dihydric alcohols.5 6’6 
Sodium hydroxide is a suitable catalyst for con­
densations with formaldehyde but for other con­
densations the only catalysts which have been 
used successfully have been mild alkalies7 such as 
calcium hydroxide or sodium or potassium carbon­
ates. A large excess of the aldehyde is used to 
force the reaction as nearly to completion as 
possible and this is subsequently removed by low 
temperature distillation.

Procedure

4-Nitro-3,5-heptanediol.—The flask is charged with 61 g. 
(1 mole) of nitromethane, 50 ml. of 95% ethanol, and 3 g. 
of potassium carbonate. While stirring vigorously, 130 g. 
of propanal is added dropwise. External cooling is used 
to keep the temperature between 28-35°. A small 
amount of water is added to give a homogeneous solution 
which is left for four days at room temperature. The 
potassium carbonate is neutralized and the salt and 
aqueous layer removed. The solution is then stripped 
overnight with the water pump at room temperature to 
remove volatile substances. The salt, which precipitates, 
is removed by filtration and the stripping continued at 
room temperature at 1.5 mm. The residue is chilled to 
complete crystallization and then filtered (yield, about 
50%) and finally recrystallized from a butanal-toluene 
mixture.

Unsymmetrical nitrodiols are prepared by first forming 
the nitroalcohol2»6 from nitromethane and the more 
complex of the aldehydes and then treating this product 
with the second aldehyde in the presence of potassium 
carbonate as described above.

Nitrodiols are white, crystalline substances, soluble in 
water or alcohol, but insoluble in hydrocarbon solvents. 
Some data for three nitrodiols are listed in the table.

C om pound

N i t r o d io l s

M elting
poin t, E m pirical 

°C. form ula

Carbon or 
nitrogen, % 

Calcd. Found

4 -N itr  o-3,5-hep taned io l 97 C7H 16N O 4 47.46 47.30®
3-N itro-2,4-hexanediol 94 C6H 13N O 4 8 .58 8 .4 7 &
8-N itro-7 ,9-pentadecane-

diol 66-67 C15H 31N O 4 4 .87 4 .7 4 &

a Percentage carbon by the “Wet Method,” Pollard and 
Forsee, Ind. Eng. Chem., Anal. Ed., 7, 77 (1935).

6 Percentage nitrogen by “Kjeldahl,” Harte, ibid., 7, 
432-3 (1935).

Because of the presence of three functional groups, these 
compounds are quite reactive and have unusual possibili­
ties in organic synthesis.
D e p a r t m e n t  o f  C h e m is t r y  
P u r d u e  U n i v e r s it y
L a f a y e t t e , I n d ia n a  R e c e i v e d  F e b r u a r y  17, 1942

(5) Schm idt and  W ilkendorf, Ber., 55, 316 (1922).
(6) M ousset, Rec. trav. chim., 21, 95 (19Ö2).
(7) H ass and V anderbilt, Ind . Eng. Chem., 32, 34 (1940).

The Reaction of Phenylmagnesium Bromide with 
N-Phenylisatin

B y  W a r d  C . S u m p t e r

Stollé1 obtained two products from the reac­
tion of N-phenylisatin with excess phenylmag­
nesium bromide: a colorless compound melting at 
161° and a yellow compound melting at 238°. 
Stollé described the colorless compound as 1,2,3- 
triphenylindole-oxide-2,3 (I). No formula was 
assigned to the yellow compound.

Myers and Lindwall2 found that 2,3-diphenyl-
l-methylindole-oxide-2,3 (III) is a yellow com­
pound exhibiting greenish fluorescence and that a 
second colorless compound (IV) is obtained along 
with III when N-methylisatin reacts with excess 
phenylmagnesium bromide.

'C6H5

c6h 5

In the light of these facts it seemed likely that 
Stollé’s characterization was in error and that the 
colorless compound (m. p. 161°) was compound 
II and that the yellow compound (m. p. 238°) was 
in reality compound I.

To test this conclusion the experimental work 
of Stollé has been repeated. Analyses of both 
compounds are in agreement with the formula 
C26Hi9ON. That the colorless compound (m. p. 
161°) is in reality 1,3,3-triphenyloxindole (II) was 
confirmed by its synthesis from 3,3-dichloro-l- 
phenyloxindole, benzene and aluminum chloride. 
The yellow compound exhibits green fluorescence 
in solution and is analogous in color and fluores­
cence to compound III of Myers and Lindwall. 
Accordingly it seems reasonable to assign struc­
ture I to the yellow compound (m. p. 238°).

Treatment of compound II with phosphorus 
pentachloride yields 2,2-dichloro-l,3,3-triphenyl- 
di-hydroindole (V).

(1) Stollé, H ech t an d  Becker, J . prakt. Chem., 135, 358 (1932).
(2) M yers an d  L indw all, T h is  J o u r n a l , 60, 2153 (1938).
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/ C ^_____n /
| "^CeHe

\ N/ CCl2
CgHg

V
Experimental Part

1,3,3-Triphenyloxindole (II) and 1,2,3-Triphenylindole- 
oxide-2,3 (I).—N-phenylisatin (0.025 mole) was added 
slowly, over a period of one hour, to a solution of phenyl­
magnesium bromide (0.125 mole) in 150 ml. of dry ether. 
After addition of the last portion the mixture was heated 
at the boiling temperature for one hour and then poured 
into a mixture of ice and concentrated sulfuric acid. The 
ether layer was separated, dried over anhydrous sodium 
sulfate and the ether removed under reduced pressure. 
The yellow mass which was obtained was crystallized from 
ethyl alcohol. Repeated crystallization yielded 5,75 g. of 
colorless plates; m. p. 161°, and a small yield of yellow 
crystalline powder, m. p. 238°. The yellow compound 
exhibited marked fluorescence in solution.

Anal, of compound m. p. 161° (II). Calcd. for C26Hi9- 
ON: N, 3.87. Found: N, 3.84, 3.67. Anal, of compound 
m. p. 238° (I). Calcd. for C26Hi9ON: N, 3.87. Found: 
N, 3.87.

Compound II. By the Friedel-Crafts Reaction.—Pow­
dered anhydrous aluminum chloride (0.05 mole) was 
added slowly to a solution of 3,3-dichloro-l-phenyloxindole 
(0.01 mole) in 40 ml. dry benzene and the reaction mixture 
heated for one hour at 60°. The benzene was removed 
under reduced pressure and the residue treated with ice 
and hydrochloric acid. The entire reaction mixture was 
then extracted with ether and the ether removed under re­
duced pressure after decolorizing with charcoal and drying 
over anhydrous sodium sulfate. The product was purified 
by crystallization from ethyl alcohol from which it sepa­
rated as colorless plates, m. p. 161°. Mixed melting 
points with samples of the colorless compound from 
the Grignard reaction showed no depression.

2,2-Dichloro-l ,3,3-triphenyl-di-hydroindole (V).—A
mixture of 2 g. of 1,3,3-triphenyloxindole (II) with 10 g. of 
phosphorus pentachloride was heated for four hours at 
150°, the mixture cooled and water added, the residue 
collected and crystallized from ethyl alcohol from which 
it separated as colorless prisms; m. p. 200°.

Anal. Calcd. for C26Hi9NC12: N, 3.36. Found: N, 
3.36, 3.33.

This work has been supported by a research 
grant (A.A.A.S.) received through the Ken­
tucky Academy of Science.
D e p a r t m e n t  o f  C h e m i s t r y
W e s t e r n  K e n t u c k y  S t a t e  T e a c h e r s  C o l l e g e
B o w l in g  G r e e n , K y . R e c e i v e d  M a y  11, 1942

The Preparation of m-Hydroxybenzoic Acid
B y  H. E. U n g n a d e  a n d  A. S. H e n ic k

m-Hydroxybenzoic acid has been prepared by 
fusion of m-chlorobenzoic acid with alkali,1 by

(1) D em bey, A n n ., 148, 222 (1868).

diazotization of m-aminophenol, subsequent re­
placement with the cyano group and hydrolysis,2 
by alkaline fusion of the sodium m-sulfonate of 
benzoic acid,3 and by action of nitrous acid on m- 
aminobenzoic acid, followed by hydrolysis of the 
diazonium salt.4

It has been found in this Laboratory that thé 
acid can be prepared conveniently from methyl 
m-aminobenzoate. The ester is used rather than 
the acid since methyl m-nitrobenzoate is readily 
obtained in a pure state, is easily reduced, and is 
an intermediate in the preparation of m-nitro- 
benzoic acid.5

The reduction of methyl m-nitrobenzoate may 
be carried out catalytically with Raney nickel 
either under low pressure or more rapidly under 
high pressure and at a slightly elevated tempera­
ture. The yields in the reduction are 93-95%.

Diazotization and hydrolysis of methyl m- 
aminobenzoate give m-hydroxybenzoic acid di­
rectly in yields of 80-87%.

Experimental
Methyl w-Aminobenzoate.—Methyl w-nitrobenzoate 

(20 g.)6 in ethyl acetate (100 cc.) was reduced with hydro­
gen at 50 lb. in the presence of Raney nickel (3 g.). The 
theoretical amount of hydrogen was absorbed in twelve 
hours. A 100-g. sample of the nitro compound in 100 cc. 
of methanol could be reduced at 50° in two and one-half 
hours at 2000-3000 lb. with Raney nickel (3 g.). After 
removal of catalyst and solvent the product was dried in 
ether solution. The ether was distilled off and the residual 
oil distilled under reduced pressure. The pure methyl m- 
aminobenzoate boiled at 152-153° (11 mm.); f. p. 37° 
(from the cooling curve); yield 93-95%.

Acetyl Derivative.—The acetyl derivative was obtained 
by refluxing the amine for twenty minutes with acetic 
anhydride. I t  melted at 136-137° after crystallization 
from water.

Anal. Calcd. for C10HnO3N: C, 62.17; H, 5.70.
Found: C, 62.16; H, 5.87.7

m-Hydroxybenzoic Acid.—Methyl m-aminobenzoate 
(50 g.) was dissolved in a solution of 75 cc. of concentrated 
sulfuric acid and 150 g. of ice. The solution was then 
treated with 100 g. of ice, cooled to 0° and diazotized by 
the addition of 25 g. of sodium nitrite in 60 cc. of water. 
The resulting diazonium salt solution was added all at 
once to a hot solution of 100 g. of anhydrous sodium sulfate 
and 40 cc. of concentrated sulfuric acid in 400 cc. of water. 
The mixture was refluxed for three hours. Then the re­
action mixture was boiled with norite, filtered, and allowed

(2) A hrens, Ber., 20, 2953 (1887).
(3) O fferm ann, A n n ., 280, 6 (1894); G raebe an d  K ra ft, Ber., 39, 

2512 (1906).
(4) F ischer, A n n ., 127, 148 (1863); B ryd, Roczniki Chem., 7, 436 

(1927); Chem. Abs., 22, 2372 (1928).
(5) “ Org. Syn theses,” Coll. Vol. I, 2nd ed., 392 (1941).
(6) “ Org. Syn theses,” Coll. Vol. I, 2nd ed., 372 (1941).
(7) Sem i-m icroanalysis by  E . M ilberger.
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to crystallize. The acid was filtered with suction and 
dried in vacuo; yield 37-41 g. Recrystallization from 
water gave a nearly white product melting at 199-200°.
C h e m i s t r y  D e p a r t m e n t  
U n i v e r s i t y  o f  M i s s o u r i
C o l u m b ia , M i s s o u r i  R e c e i v e d  A p r i l  15, 1942

Identification of Amides through the Mercury 
Derivatives

B y  J o n a t h a n  W. W i l l ia m s , W i l l ia m  T. R a i n e y , J r ., 
a n d  R o b e r t  S. L e o p o l d

In characterizing amides the most general pro­
cedure is hydrolysis, followed by identification of 
the two products. With unsubstituted amides, 
solid derivatives may be prepared directly by re­
action with phthalyl chloride.1 Another proced­
ure, the use of which obviates hydrolysis, is the 
preparation of the mercury derivative. This pro­
cedure is simple and gives satisfactory derivatives 
for a large number of unsubstituted amides.

The reaction represented by the equation
2R—C—NH2 +  H gO ^  (R—C—NH)2Hg +  H20

O O

In Table I are listed the melting points and mer­
cury analyses5 6"7 of the compounds successfully 
prepared. Due to low solubility in boiling eth­
anol, the purification of the mercury derivatives 
of ^-anisamide and w-chlorobenzamide must be 
accomplished by leaching.

T a b l e  I
M . p. of 

M . p., m ercury
°C. derivative, ,------ M ercury, % ------ ,

Amide (uncor.) °C . (uncor.) Calcd. Found

Acetamide 82 196-197
Propionamide 79 201 58.2 57.8 58.5
Butyramide 115 222-224 53.8 53.3 53.4
Benzamide 128 222 45.5 45.1 45.2
m-Chlorobenzamide 134 245 39.2 39.0 38.6
p- Chlorobenzamide 178 258 39.2 38.9 39.1
o-Bromobenzamide 155 242 33.5 33.5
w-Bromobenzamide 155 235 33.5 33.2 33.2
^-Bromobenzamide 191 266 33.5 33.1 33.5
ö-Toluamide 158 196 42.6 42.4 42.5
ra-Toluamide 94 200 42.6 43.1 42.3
/>-Toluamide 166 260 42.6 42.5
«-Anisamide 128 241 40.1 39.8 40.3
p- Anisamide 167 222 40.1 39.9 40.3
vSalicylamide 139 190 42.4 42.7

was first reported in 1852 by Dessaignes,2 who 
prepared the mercury derivatives of benzamide 
and acetamide. Mercury derivatives of several 
other amides have since been described.3

Two general procedures were investigated for 
the preparation of these mercury compounds. 
Procedure 1, patterned after the work of Dessaig­
nes,2 consisted of bringing a mixture of yellow 
mercuric oxide and excess amide to the melting 
point of the amide, maintaining that tempera­
ture and adding more mercuric oxide in small 
portions until no further reaction occurred, and 
then purifying the product by recrystallization 
from ethanol or by leaching with hot ethanol. 
This process is the more generally applicable one, 
and the one that must be used with aliphatic 
amides. Procedure 2, based on the process de­
scribed by Mann and Saunders,4 consisted of re­
fluxing about 0.04 mole of amide with excess 
(around 0.025 mole) yellow mercuric oxide in 50 
ml. of 95% ethanol for one hour, filtering while 
hot, cooling, removing the crystalline mercury 
derivative, and purifying by recrystallization or 
leaching.

(1) E vans  and  D ehn, T h is  J o u r n a l , 51, 3651 (1929).
(2) D essaignes, A n n ., 82, 231 (1852).
(3) F o r sum m ary  an d  com plete references, see W hitm ore, “ Or­

ganic Com pounds of M ercu ry ,” Chem ical C atalog  Com pany (R ein­
hold Publish ing  C orporation), N ew  Y ork , N . Y ., 1921, pp. 159-161.

(4) M ann  and  Saunders, “ P rac tica l O rganic C hem istry ,” Long­
m ans, G reen and  C om pany, London, 1938, p . 79.

Unsuccessful attempts were made to prepare 
the mercury derivatives of isovaleramide, stear- 
amide, ra-anisamide and benzenesulfonamide. 
In the first two cases, decomposition occurred at 
the temperature used, making isolation of the mer­
cury derivative impossible. With the latter two 
substances, reaction occurred readily, but the 
products obtained could not be rendered analyti­
cally pure.

Experimental
Procedure 1.—In a test-tube were placed 1.5 g. of the 

amide and 0.5 g. of yellow mercuric oxide. Using a small 
flame, the mixture was heated at the melting point of the 
amide until all mercuric oxide had reacted (disappearance 
of color) and the water vapor had been dispelled. More 
mercuric oxide was then added in small portions until no 
more would react. If an excess of mercuric oxide was ob­
tained, enough of the amide to react with it was added and 
the yellow color removed completely. The melt was 
cooled somewhat, then taken up in the minimum amount 
of boiling ethanol and allowed to cool. The crystals were 
filtered and washed with cold ethanol or ether. Consider­
able variations were found in the solubilities of the mercury 
derivatives in alcohol. The derivatives of aliphatic 
amides were quite soluble, even in cold ethanol. On the 
other hand, the derivatives of p-anisamide, m-chloro- 
benzamide and benzenesulfonamide were quite insoluble in

(5) Rauscher, In d . Eng. Chem., A n a l . Ed., 10, 331 (1938).
(6) Shriner, “ Q u an tita tiv e  A nalysis of Organic C om pounds,” 

Edw ards B rothers, A nn A rbor, M ich., 1938, p. 31.
(7) Shukis and  T all m an, Ind . Eng. Chem., Anal. Ed., 12, 123 

(1940).
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boiling ethanol, and were best purified by leaching out the 
unreacted amide with boiling ethanol.

Procedure 2.—This process was found to be satisfactory 
for amides whose mercury derivatives were soluble in hot 
ethanol, insoluble in cold. I t  was used successfully with 
benzamide, ^-chlorobenzamide, the bromobenzamides, 
the toluamides, o-anisamide and salicylamide. Five 
grams of yellow mercuric oxide and 4 g. of amide were 
added to 50 ml. of 95% ethanol, the mixture refluxed for 
one hour, filtered while hot through a fluted filter, chilled 
in an ice-bath, and the crystals removed by suction. Puri­
fication, where necessary, was accomplished as in Proce­
dure 1.
V e n a b l e  C h e m i c a l  L a b o r a t o r y  
U n i v e r s it y  o f  N o r t h  C a r o l i n a
C h a p e l  H i l l , N. C . R e c e i v e d  A p r i l  23, 1942

Crystalline Xylitol
By M. L. W o l f r o m  a n d  E. J. K o h n

Fischer1 and Bertrand2 prepared xylitol as a 
sirup in 1891 by the sodium amalgam reduction 
of -xylose. Xylitol has been prepared subse­
quently by other investigators but, to our knowl­
edge, no record of its crystallization has appeared 
in the literature. We wish to report that the crys­
tallization of xylitol now has been effected in this 
Laboratory. The xylitol was prepared by the 
high-pressure catalytic reduction of highly puri­
fied d-xylose and the crystalline reduction prod­
uct was characterized by elementary analysis, 
behavior with periodate and by the preparation 
of two known crystalline derivatives. The crys­
tals were anhydrous, low-melting (61°) and hy­
groscopic.

Experimental
A solution of 300 g. of highly purified d-xylose in 750 cc. 

of water containing 60 g. of a nickel catalyst supported on 
kieselguhr was reduced in a steel shaking autoclave 
(American Instrument Company) at an initial hydrogen 
pressure of 1700 lb. per sq. in. (113 atm.) at 30°. A maxi­
mum temperature of 150° at a pressure of 2400 lb. per sq. 
in. (160 atm.) was attained in one hour and maintained 
for an additional four hours. The catalyst was removed 
from the cooled solution by filtration followed by treatment 
with an excess of hydrogen sulfide and by heating at 55° 
with decolorizing charcoal. The clear sirup obtained on 
solvent removal below 50 ° under reduced pressure, crystal­
lized on standing for some weeks under absolute ethanol 
and at icebox temperature; yield 255 g. Pure material 
was obtained on recrystallization from anhydrous meth­
anol; m. p. 61-61.5° (cor.), optically inactive (H20, D line 
of sodium). The hygroscopic, crystalline product was 
very soluble in water and was fairly soluble in hot meth­
anol. It did not reduce boiling Fehling solution.

(1) E. Fischer and R . Stahel, Ber., 24, 538 (1891).
(2) G. B ertrand , Bull. soc. chim., [3] 5, 554 (1891).

Anal. Calcd. for C5Hi20 6: C, 39.47; H, 7.95. Found: 
C, 39.43; H, 7.85. Sodium periodate analysis3: moles 
periodate consumed, 4.0 (calcd., 4); moles formic acid 
formed, 2.8 (calcd., 3); moles formaldehyde formed,4 1.8 
(calcd., 2).

The crystalline substance was further characterized by 
the preparation of two previously known crystalline deriva­
tives, the pentaacetate5 (m. p. 62.5-63°, cor.) and the di- 
benzylidene derivative6 (m. p. 187.5-188°, cor.). Hockett 
and Hudson5 record 61.5-62.5° (cor.) as the melting point 
of xylitol pentaacetate. Lobry de Bruyn and Alberda van 
Ekenstein6 record 175° as the melting point of dibenzyl- 
idene-xylitol but previous experience in this Laboratory 
with sirupy xylitol preparations has indicated the higher 
melting point of 187.5-188° (cor.).

(3) R . M . H ann , W. D. M aclay  and  C. S. H udson, T h is  J o u r n a l , 
61, 2432 (1939).

(4) D eterm ined  by  th e  d im edon m ethod as pe r D . V orlander, 
Z  anal. Chem., 77, 321 (1929).

(5) R . C. H o ck ett and  C. S. H udson, T h is  J o u r n a l , 57, 1753 
(1935).

(6) C. A. L obry  de B ruyn  an d  W. A lberda van  E kenste in , Rec. 
trav. chim., 18, 151 (1899).

C h e m i c a l  L a b o r a t o r y  
T h e  O h i o  S t a t e  U n i v e r s it y
C o l u m b u s , O h i o  R e c e i v e d  A p r i l  3, 1942

N itro vinylnaphthalene
By D a v id  E. W o r r a l l  a n d  A b r a h a m  T a t il b a u m

Since ct,/Tunsaturated compounds containing a 
naphthalene group have not as yet been de­
scribed, it appeared worth while to prepare 2-(a- 
nitrovinyl)-naphthalene and some of its deriva­
tives.

2 - (a-N itro vinyl) -naphthal ene.—A condensation of 0.1 g. 
mole each of /3-naphthaldehyde and nitromethane in the 
presence of alcoholic sodium hydroxide yielded 16 g. of the 
crude product, which, when recrystallized from alcohol, 
gave yellow needles, m. p. 120.5-122°.

Anal. Calcd. for Ci2H9N 02: C, 72.4; H, 4.5. Found: 
C, 72.3; H, 4.8.

Aliphatic amines instead of alkali proved unsuitable for 
promoting the reaction because of the formation of poly­
mers. Thus, using amylamine, considerable amounts of 
an amorphous, tan-colored substance relatively insoluble 
in common solvents was obtained, which, after digestion 
with hot nitric acid, washing with alcohol and drying, 
melted indefinitely with decomposition at about 253 °.

Anal. Calcd. for (C12H9NO2L : C, 72.4; H, 4.5.
Found: C, 72.2; H, 4.6.

2-(a-Bromo-a-nitrovinyl) -naphthalene.—The dibromide 
of the original compound was prepared by the action of 
bromine on a chloroform solution of the unsaturated sub­
stance. The bromination which did not go smoothly gave 
best results on long standing at room temperature in sun­
light. Spontaneous evaporation left a crystalline residue 
which after washing with cold alcohol to remove oily im­
purities, crystallized from alcohol as white needles, m. p. 
125-126°. Warm alcoholic potassium acetate converted
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it into the vinyl derivative, yellow needles from alcohol, 
m. p. 107-108°.

Anal. Calcd. for Ci2H8BrN02: Br, 28.7. Found: 
Br, 28.8.

Attempts to prepare addition products with aniline, 
phenylhydrazine, etc., were fruitless. Using fuming 
nitric acid a yellow amorphous substance, apparently con­
taining two added nitro groups, was isolated.
P e a r s o n  M e m o r ia l  L a b o r a t o r y  
T u f t s  C o l l e g e
M edford, M assachusetts R eceived April 28, 1942

Anhydrous Tantalum Tribromide
By R a l p h  C. Y o u n g  a n d  T h o m a s  J. H a s t in g s , Jr.

If tantalum pentabromide vapor and hydrogen 
are passed through a tube at 700°, reduction of 
the compound occurs and lower bromides are 
produced prior to the formation of tantalum 
metal.1 Complete reduction to the metal occurs, 
however, if the reaction at 700° is continued for 
a long enough time.

By the employment of the St. Claire-Déville 
principle it has been found possible to obtain the 
anhydrous tribromide of tantalum by a process 
analogous to that by which the tribromide2 of 
titanium and the tribromide3 of zirconium were 
formed. A Pyrex tube 27 mm. in diameter and 
100 cm. long was used as the reaction tube and the 
middle section (33 cm. in length) was heated in 
an electric furnace at 700°. Into the forward 
end which held the tantalum pentabromide4 was 
passed pure dry hydrogen at a rate of 24 liters 
per hour. During this interval 18 g. of tantalum 
pentabromide was volatilized and carried with 
the hydrogen into the heated zone. The reduction 
product and unchanged pentabromide collected 
on the surface of an inner tube through which 
water at 0° flowed. This inner tube extended to 
within 15 cm. of the forward end of the furnace.

At the conclusion of the experiment the appara­
tus was cooled to room temperature and dry 
carbon dioxide substituted for the hydrogen. 
The apparatus was so constructed that the prod­
ucts of the reaction could be directed into an arm 
sealed to the lower side of the reaction tube about 
20 cm. from the end. After the arm had been

(1) V an H aagen, T h is  J o u r n a l , 32, 729 (1910).
(2) Y oung w ith  Schum b, ibid., 52, 4233 (1930).
(3) Y oung, ibid., 53, 2148 (1931).
(4) T a n ta lu m  pen tabrom ide was p repa red  b y  th e  action of bro­

m ine on a  m ixture of sugar charcoal (2 moles) an d  ta n ta lu m  oxide 
(0.1 m ole). T his m ix tu re  was first hea ted  in  a  silica tu b e  a t  700° 
in  a cu rren t of n itrogen to  rem ove w ater. S ubsequen tly  the  reaction 
tu b e  w as raised to  860°. T he sublim ate  was resublim ed a t 0.05 mm. 
p ressure  and  a t  a tem p era tu re  of 400°; yield 80% .

sealed off from the apparatus, the outer end which 
was provided with a stopcock was sealed directly 
to a high vacuum system and the excess tantalum 
pentabromide was removed from the reduced 
product by sublimation at 1 X 10“5 mm. pres­
sure at a temperature of 160°. The residue, which 
weighed 1 g., was a grayish-green powder which 
under a lens appeared uniform. Anal. Calcd. 
for TaBr3: Ta, 43.0; Br, 57.0. Found: Ta, 43.4, 
45.5; Br, 59.5, 58.3, 55.5.

The analyses indicate the formation of the tri­
bromide, mixed with higher and lower bromides.

The tribromide reacts with water and alkali. 
Hydrogen is evolved and in the absence of air in 
an amount that corresponds to a change of the 
tantalum from an oxidation state of 3 to 4. In 
accord with this fact a brown tetravalent oxide 
was formed, the composition of which corre­
sponded to Ta02*2H20  after it had been washed 
with water, alcohol, and ether and dried at a 
pressure of 0.05 mm. for ten minutes. The dioxide 
is slowly oxidized in the air at room temperature 
and rapidly at elevated temperatures to the white 
Ta205. The latter is quickly formed from the 
tribromide and dioxide by the action of strong 
oxidizing agents such as nitric, permanganic and 
dichromic acids.
C o n t r i b u t io n  No. 91
R e s e a r c h  L a b o r a t o r y  o f  I n o r g a n ic  C h e m is t r y  
M a s s a c h u s e t t s  I n s t i t u t e  o f  T e c h n o l o g y  
C a m b r id g e , M a s s . R e c e i v e d  M a y  11, 1942

d-Allulose and Some Methylated Derivatives
B y  F. W . Z e r b a n  a n d  L o u i s  S a t t l e r

In the industrial fermentation of cane molasses 
to produce ethyl alcohol, part of the sugar remains 
unfermented, and we have shown1 that the un- 
fermentable residue of a molasses distillery con­
tains a ketohexose whose osazone is identical with 
the osazones of d-allose and d-altrose. Conse­
quently the ketose must be d-psicose. Because of

H C = 0 H C = 0 H2COH1j
HCOH

|
h o c h

1
C = 0|

HCOH
J

HCOH
1

HCOH|
HCOH

j
HCOH

|
HCOH|

HCOH
j

HCOH
|

HCOH|
h 2c o h
d-Allose

j
h 2c o h

d-Altrose

j
h 2c o h

d-Allulose
(1) P resented  a t  th e  A tlan tic  C ity  m eeting of th e  American C hem ­

ical Society, Sept., 1941.
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the relationship of the ketose to the two aldoses, 
we prefer the name allulose proposed by Professor 
William Lloyd Evans.

From commercial distillery residues we have 
now obtained ^-allulose by way of its diacetone 
derivative. This compound when heated with 
dilute acetic acid decomposes to form the free 
sugar. The sirup thus prepared was dissolved in 
water and read in a saccharimeter.

[a ]20 D -j-0.05°S X 100 
1.2044 X 0.5 X 0.3462 = +2.9°

Steiger and Reichstein1 2 reported [a] 20d +3.1°. 
Methylation of the crude allulose concentrate followed 

by a high-vacuum distillation of the product yielded
1,3,4,6-1etramethyl (a +± (3) methyl d-alluloside which 
distilled as a thick oil from a bath temperature of 105-140° 
at a pressure of 8 X 10"5 mm.

Anal. Calcd. for ChH220 6: C, 52.77; H, 8.86; OCH3, 
62.00. Found: C, 53.00; H, 9.24; OCH3, 59.70; w21-5d  
1.4572.

When 0.3199 g. of the tetramethyl methyl alluloside was 
dissolved in 25 ml. of methyl alcohol containing four drops 
of concentrated hydrochloric acid and heated in a pressure 
bottle for two hours at 100°, the product (probably an equi­
librium mixture of tetramethyl methyl allulosides) had a 
specific rotation in sodium light of +36° at 20°.

Further work with allulose derivatives is in progress.
(2) Steiger and  R eichste in , Helv. Chim . Acta, 19, 187 (1936).

T h e  N e w  Y o r k  S u g a r  T r a d e  L a b o r a t o r y  
B r o o k l y n  C o l l e g e
B r o o k l y n , N. Y. R e c e i v e d  A p r i l  24, 1942

NEW COMPOUNDS

N,N'-Piperazinium Bis-(2-methyl-5-isopropyl“ 
benzenesulfonate)

Smith and Pollard1 have prepared a number of N,N'- 
piperazinium bis-(arylsulfonates) and found them moder­
ately soluble in cold water, and quite soluble in hot water. 
McKee and Bahner2 found that, while the benzenesulfonate 
and 2,4-dimethylbenzenesulfonate salts of ethylenediamine 
and also the 2-methyl-5-isopropylbenzenesulfonate salts of 
diethylenetriamine and triethylenetetramine are all rela­
tively soluble in water at room temperature, the 2-methyl- 
5-isopropylbenzenesulfonate salt of ethylenediamine is only 
slightly soluble. This property was used to separate ethyl­
enediamine from mixtures.

We have prepared N,N'-piperazinium bis-(2-methyl-5- 
isopropylbenzenesulfonate) and have found that, while it is 
readily soluble in hot water, it is only slightly more soluble 
at room temperature than the corresponding salt of ethyl-

(1) S m ith  and  Pollard , T h is  J o u r n a l , 63, 631 (1941).
(2) M cK ee and  B ahner, U. S. P a te n t 2,164,587, Ju ly  4 1939.

enediamine. I t  is soluble only to the extent of 1 part in 
80 of water at 30° or 1 part in 200 at 0°.

The salt was prepared by mixing aqueous solutions of re­
crystallized sodium 2-methyl-5-isopropylbenzenesulfonate 
and N,N'-piperazinium dichloride, the former being in ex­
cess at all times.8 The product, obtained in almost the 
theoretical yield, consisted of small, white leaflets which 
did not melt below 300°. After recrystallizatipn from 
water and drying at 110° it was analyzed by the Kjeldahl 
method.

Anal. Calcd. for C24H38N206S2: N, 5.45. Found: N, 
5.47, 5.58, 5.64.

(3) W e are  indeb ted  to  C arbide and  C arbon Chem icals C orpora­
tion  for p iperazine h exahydrate  and  to  Professor R a lp h  H . M cK ee 
for technical sodium  cym enesulfonate used as raw  m ateria ls  for th is  
p repara tion .

(4) P resen t address: A labam a O rdnance W orks, Sylacauga, Ala.

C h e m i s t r y  D e p a r t m e n t
C a r s o n - N e w m a n  C o l l e g e  C a r l  T .  B a h n e r
J e f f e r s o n  C i t y , T e n n e s s e e  D a n i e l  H a m il t o n 4

R e c e i v e d  M a r c h  25, 1942

N-Substituted Piperonylamides
These compounds were prepared by treating a benzene 

solution of piperonoyl chloride with slightly more than two 
equivalents of the appropriate amine in the same solvent 
and heating the solution under reflux for thirty minutes. 
The mixture was treated with water to dissolve the hydro­
chloride of the amine and the benzene was removed by 
distillation under reduced pressure with a water pump. 
The remaining aqueous solution containing the amide in 
suspension was filtered and the amide washed with water. 
This procedure was found preferable to distilling separately 
the benzene solution of the amide as some amides tended 
to separate from this solvent as an oil. The yield of crude 
amide was 90% or more in all cases. Purification of the 
amide was effected by recrystallization from dilute alcohol. 
The nitrogen determinations were made by the Kjeldahl 
method.

N am e F orm ula
M . p., °C. 

(cor.)
N itrogen , %  

Calcd. F ound
N -Phenylpiperonyl-

am ide C14H 11N O 3 146 -147 5 .81 5 .8 3
N - (o-Chlorophenyl) - 

piperonylam ide C14H 10CINO3 107 -108 5 .0 8 5 .2 7
N - (p-C hlorophenyl) - 

piperonylam ide CuHwClNOa 2 0 6 .5 -2 0 7 .5 5 .0 8 5 .1 6
N -o-T olylpiperonyl-

am ide C15H 13N O 3 1 3 7 .5 -138 .5 5 .4 9 5 .4 4
N -m -Tolylpiperonyl-

am ide C15H 13N O 3 121 -122 5 .4 9 5 .4 6
N-i?-Tolylpiperonyl- 

am ide C15H 13N O 3 149 -1 4 9 .5 5 .4 9 5 .4 6
N -(1-N ap h th y l)- 

p iperonylam ide CwHisN Os 192.5-193 4.81 4 .8 2
N -(2 -N aph thy l) - 

piperonylam ide Cl8Hl3N03 156 .5 -1 5 7 .5 4 .8 1 4 .6 0
N -B enzylp iperonyl-

am ide C16H 13N O 3 126 .5 -1 2 7 .5 5 .4 9 5 .4 6
N -Cyclohexyl-

piperonylam ide C14H 17N O 3 1 6 7 .5 -168 .5 5 .6 7 5 .61

B u r e a u  o f  E n t o m o l o g y  a n d  P l a n t  Q u a r a n t i n e
U. S . D e p t , o f  A g r i c u l t u r e  S . I. G e r t l e r
W a s h i n g t o n , D. C. H. L. H a l l e r

R e c e i v e d  M a r c h  9, 1942
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Selenium Tetracysteine
To an aqueous solution of 0.01 mole of cysteine hydro­

chloride an aqueous solution of 0.0025 mole of sodium 
selenite was added. On cooling, a white granular material 
separated. I t  was removed by filtration, washed with 
water, and recrystallized from hot water. The yield was 
80-85% of the theoretical amount. Under the microscope, 
the crystals had the form of clusters of small rods. The 
substance began to darken at 164-165° and decomposed 
at 195-196°. The analysis of the substance indicated that 
it was apparently identical with selenium tetracysteine.

C H N Se N :Se 
Found 25.41 4.38 9.87 14.00 4:1
Calcd. for

Se(SC30 2NH6)4 25.73 4.29 10.01 14.16

Selenium tetracysteine is moderately soluble in cold 
water, readily soluble in hot water. I t  is soluble in dilute 
mineral acids, but decomposes on heating the acid solution 
to yield what appears to be elementary selenium (brick-red 
in color, characteristic odor, gives intense codeine test).

It readily decomposes in cold dilute alkali yielding elemen­
tary selenium. An aqueous solution of selenium tetracys­
teine gives a negative test for free SH— with nitroprusside 
and ammonia. On treatment with sodium cyanide, the 
nitroprusside test becomes positive.

The ready reactivity of the selenite toward cysteine is 
analogous to that of arsenious acid toward cysteine to give 
arsenious tricysteine. The latter compound was prepared 
by Johnson and Voegtlin1 using arsenious trichloride. 
We found in unpublished studies that arsenious acid 
also reacts with cysteine to give the tricysteine in 90% 
yields.

The cysteine derivatives of selenium and arsenic are of 
interest in connection with the selenium poisoning in ani­
mals, and the well-known inactivation of certain enzymes 
by arsenious acid and the selenite.

(1) J. M . Johnson an d  C. V oegtlin, J . Biol. Chem., 89, 27 (1930).

V a n d e r b il t  U n i v e r s i t y  S c h o o l  o f  M e d ic in e  
D e p a r t m e n t  o f  B io c h e m i s t r y
N a s h v i l l e , T e n n e s s e e  J a k o b  A. S t e k o l

R e c e i v e d  M a y  4, 1942

C O M M U N IC A T IO N  TO T H E  E D IT O R

SOME X-RAY DIFFRACTION MEASUREMENTS ON 
BIOTIN

S ir:
About one milligram of free biotin, C10H16O3N2S, 

was made available to the writer through the 
courtesy of Dr. Vincent du Vigneaud, of the Cor­
nell Medical School. Repeated micro-recrystal­
lizations produced a few crystals large enough for 
single crystal X-ray studies.

Biotin crystallizes in long thin needles. Under 
the polarizing microscope, the extinction is 
straight, the fast vibration direction, a, being 
along the length. The needle cross-section is 
approximately a rhombus, the acute angle of 
which is about 55° . This value could not as usual 
be determined accurately by the use of optical re­
flections, as the prism faces were not perfect 
enough. The intermediate vibration direction, 
is the obtuse angle bisector, and 7 the acute. 
Optically the crystal is negative. These data 
suggested that the crystal was orthorhombic, a 
choice confirmed by the subsequent X-ray work. 
The a, b and c axes were taken to coincide with 
the corresponding principal optic directions a} 
and 7 .

Oscillation films about all three crystallographic

axes were made as well as “a” axis Weissenberg 
films of the equator, first and second layers. The 
only systematic absences found were the extinc­
tions of the odd orders of the (&00), (OkO), and 
(00/) reflections. The space group is therefore 
P2i2i2i. This space group has four general posi­
tions.

The lengths of the a, b and c axes were found to 
be 5.25, 10.35 and 21.0 A., respectively. If the 
molecules are asymmetric and identical, then 
there would be four molecules per unit cell. The 
density of the crystals as measured by immersion 
in a mixture of carbon tetrachloride and methylene 
dichloride was 1.41. The X-ray molecular weight, 
computed from these data, is 245 =*=6. The mo­
lecular weight computed from the chemical form­
ula is 244.

Some idea as to the possible character of the 
molecule may be obtained from the X-ray data 
without making a detailed analysis. The short 
“a” axis and the fact that it is parallel to the fast 
vibration direction, a, suggests a flattish molecule 
lying approximately in the be plane. The width 
would be approximately in the “5” direction and 
the length in the ‘V ’ direction. The molecules 
will almost certainly deviate somewhat from be­
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ing parallel with the crystallographic directions 
but nevertheless a molecule about 5 X 5.5 X 10.5
A. in size is indicated.

The equatorial ‘V ’ axis Weissenberg shows an 
interesting pseudo-halving-of the (0 kl) reflections;
i. e., the (0kl) reflections for k odd are generally 
weak. A possible explanation can be given in 
terms of a pseudo-symmetry of the biotin mole­
cule. A molecule which in projection is approxi­
mately symmetrical to a plane normal to the ‘V ’ 
axis could result in such an intensity distribution.

Another interesting systematic pseudo-halving 
exists which was not noticed until a Patterson 
synthesis of the (0kl) reflections was made. The 
two largest peaks (excluding of course the identity 
peak at 0,0) were found at y 2, 0 and W A - The 
first of these peaks is merely the expression of the 
first mentioned pseudo-halving. The peak at 
V4/A can be traced to the second pseudo-halving; 
(0kl) reflections, where k is even and k/2 +  l is 
odd, were generally weak. This suggests that the 
flattish molecules are packed approximately side 
by side, neighbors being related to one another by

a two-fold screw axis. In the direction of their 
lengths the packing would be imbricated. The 
one sulfur atom per molecule of biotin should be 
fairly near the central bisecting pseudo-plane of 
symmetry.

It should be emphasized that much of the fore­
going note is highly speculative; indeed only the 
great interest in biotin could warrant its publica­
tion in its present form. The actual X-ray cell 
determinations are probably accurate to within 
about 1%. The picture of the molecular size and 
shape, however, is merely a reasonably plausible 
explanation of some of the X-ray and optic data. 
A more complete study of the X-ray data is now 
under way.

Much of the experimental work was done while 
the writer was National Research Fellow in Pro­
tein Chemistry at the Massachusetts Institute 
of Technology. .
A n d e r s o n  I n s t i t u t e  f o r  B io l o g ic a l  R e s e a r c h  
R e d  W i n g , M i n n ., a n d
D e p a r t m e n t  o f  P h y s io l o g y , U n i v e r s it y  o f  M i n n e s o t a  
M i n n e a p o l i s , M i n n . I .  F a n k u c h e n

R e c e i v e d  J u n e  3, 1942

NEW BOOKS

Anhydrous Aluminum Chloride in Organic Chemistry.
By C h a r l e s  A l l e n  T h o m a s , Central Research Director, 
Monsanto Chemical Company, in collaboration with 
M a r y  B a l u k  M o s h i e r , H e r b e r t  E .  M o r r is  and Ross 
W. M o s h i e r , Thomas and Hochwalt Laboratories, 
Monsanto Chemical Company. (A. C. S. Monograph 
Series.) Reinhold Publishing Corporation, 330 West 
42nd St., New York, N. Y., 1941. xiii -f 972 pp. 
15.5 X 23.5 cm. Price, $15.00.
This is truly a monumental work, 878 pages of text, an 

author index of some 7000 names, a subject index of over 
20,000 entries and a patent index with 594 U. S. patents 
and more from other countries.

The book opens with an historical sketch of Friedel and 
Crafts. This is followed by a chapter on the physical and 
chemical properties of aluminum chloride and its many 
combinations and one on the mechanisms of the reactions 
catalyzed by it. The manufacture, handling and storage 
of this material are also cared for. The main portion óf 
the book, 656 pp., is a well-ordered, comprehensive and 
detailed presentation of the reactions of aromatics with 
alkyl halides, olefins, acyl halides, anhydrides and the like, 
with their numerous modifications. This is what every 
organic chemist knows, only a great deal more of it. 
Three chapters, 107 pages, are given to the new, tremen­
dously important applications of aluminum chloride to

aliphatic compounds. This section with its thousand 
references, largely patents, covers among other things the 
isomerization of hydrocarbons and the addition of olefins 
to paraffins to make high octane gasoline, the production of 
ethyl chloride from ethylene and hydrogen chloride, the 
polymerization of olefins to lubricants, high molecular 
weight, semi-solid products and resins and the cracking and 
refining of petroleum products.

The enormous amount of information is concisely yet 
clearly presented and should be of great service to organic 
chemists whether interested in pure chemistry or in its 
applications.

E. Emmet R eid

A Treatise on Physical Chemistry. Third Edition—In 
Five Volumes. Volume One. Atomistics and Thermo­
dynamics. Edited by H u g h  S. T a y l o r , David B. 
Jones Professor of Chemistry, Princeton University, 
and S a m u e l  G l a s s t o n e , Professor of Chemistry, The 
University of Oklahoma. D. Van Nostrand Company, 
Inc., 250 Fourth Avenue, New York, N. Y., 1942. 
vii +  679 pp. Illustrated. 15.5 X 23.5 cm. Net 
price, $7.50; $6.50 on order for set.
If Mr. Gallup were to poll the country’s middle-aged 

physical chemists for the book that had the greatest in­
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fluence on their professional training the returns would 
very likely show Nernst’s ' ‘Theoretical Chemistry” to be 
it, although the younger generation seems to be hardly 
better acquainted with this book than they are with the 
Bible! But beginning with the early ’twenties the rapidly 
expanding science demanded, and got, a whole set of work­
ing-textbook-reference books individually addressed by 
very competent authors to special fields, which in some 
cases involved a developing body of knowledge treated 
by Nernst in only a few pages or a few chapters, and which 
in other cases involved facts and approaches not even hinted 
at or dreamed of before 1920 by Nernst or anybody else.

The persistent and very proper demand for a summariz­
ing story of how we stand in certain special fields as ex­
plained to us by a few persons who are gifted with the 
power to swallow a field whole, digest it, and come up with 
a clear, logical and interesting account of it, has brought to 
American chemists a really excellent review-service and 
colloquium-service, as well as our special-field book service.

Professor Hugh Taylor and the nineteen authorities 
who collaborated with him in writing the various sum­
marizing chapters of “A Treatise on Physical Chemistry” 
(first edition—October, 1924, second edition—December 
1930) did a great service to American chemistry. All who 
have used these two volumes are much interested to know 
what the third edition, now expanded to five volumes, will 
be like. The first volume is off the press, March, 1942. 
Professor Taylor and Professor Samuel Glasstone have 
combined forces as editors of the enlarged Treatise.

Volume I, labelled Atomistics and Thermodynamics, 
contains four chapters, an appendix (Values of Physical 
Constants) and a subject index.

Its Chapter I, The Atomic Concept of Matter, by Hugh 
S. Taylor, runs 1-117 pages as compared with 1-34 pages 
in the second edition. It carries extensive revisions and 
many additions of new material including more compre­
hensive treatments of radioactivity and the mass spectro­
graph and very helpful sections on separation of isotopes, 
nuclear structure, nuclear fission, nuclear processes, and a 
most useful table of induced radioactivities. In this chap­
ter one can get a brief but excellent and well-balanced 
picture of how we stand at present with respect to the 
nucleus.

Chapter II, Quantum Theory of Atomic Spectra and 
Atomic Structure, is written by Saul Dushman in his in­
comparably fine manner of exposition. The chapter runs 
from page 119 to 436, as compared with 276 pages in the 
second edition. Dr. Dushman’s treatment runs the whole 
gamut of the quantum effects of interest to chemists, in­
cluding sections on: Quantum Phenomena, Photoelectric 
Effect, Inverse Photoelectric Effect, Compton Effect, 
Raman Effect, Quantum Theory of Radiation, Matter 
Waves, Corpuscles and Waves, The Bohr-Sommerfeld 
Theory of Electronic Orbits, The Wave Mechanics Treat­
ment of the Hydrogen Atom, Inner Quantum Number 
and Electron Spin, Effect of Magnetic and Electrostatic 
Fields on Spectral Terms, Electron Configuration in Atoms 
and Periodic System of the Elements, Quantum Numbers 
for Inner Electrons, Multiplet Levels in Optical Spectra, 
Intensities of Spectral Lines, Magnetic Properties of Atoms 
and Ions in Relation to Spectral Type, Hyperfine Structure 
of Spectral Lines, Quantum Theory of Valence.

Chapter III, First and Second Laws of Thermodynamics, 
by Hugh S. Taylor, follows along for about one-half its 
length very much the same pattern of the chapter “The 
Energetics of Chemical Change” in the second edition, with 
some changes and additions, and then treats Partial Molal 
Quantities, The Activity Function, Thermodynamics and 
Statistics. The last section gives a very nice discussion of 
partition functions.

Chapter IV, The Third Law of Thermodynamics and 
Statistical Mechanics, is a beautifully written treatment by 
John G. Aston, a professor of organic chemistry (let it be 
noted) and a new addition to the staff of contributing 
authors. Seventy-five listed topics are organized under 
section headings as follows: The Third Law of Thermo­
dynamics; Statistical Mechanics; Nuclear Spin Effects; 
Gases; The Third Law and Statistical Mechanics; Heat 
Content, Free Energy and Equilibrium Constants; Solids; 
Magnetic Cooling; and several valuable appendices. 
Throughout the chapter entropy is naturally Professor 
Aston’s most absorbing theme.

Many chemists will be looking forward with freshly 
aroused interest to the other four volumes. The authors 
of the forthcoming chapters will indeed have to exert 
themselves to rival the excellent performance of their col­
leagues in this first volume. The publishers, too, have 
done a piece of first-class book manufacture.

E d w a r d  M a c k , J r .

Advances in Enzymology and Related Subjects. Edited 
by F. F. N o r d , Fordham University, New York, N. Y., 
and C. H. W e r k m a n , Iowa State College, Ames, Iowa. 
Volume II. Interscience Publishers, Inc., 215 Fourth 
Avenue, New York, N. Y., 1942. viii +  374 pp. 23 
illustrations. 15.5 X 23.5 cm. Price, $5.50.
The second volume of “Advances in Enzymology” is 

characterized by a breadth of interest far transcending its 
chosen field of enzyme chemistry or “Enzymology” as 
the editors have so unhappily chosen to express it. In ac­
cordance with this, we find a comprehensive report “Vita­
min K, its Chemistry and Physiology,” by Henrik Dam, 
once of Copenhagen, now of Rochester. A few years ago 
the inclusion of such vitamin chemistry in a treatise on en­
zymes would seem incongruous indeed. With the strik­
ing developments in biological oxidations where riboflavin, 
thiamin and nicotinic acid, once identified as vitamins, 
have now been shown to be the prosthetic groups of many 
important enzyme systems, vitamin K appears to “be­
long.” Perhaps this foreshadows the development of a 
role for vitamin K among the enzymes of the body. Typi­
cal also of the all-inclusive nature of this volume are the 
reviews “The Adrenal Cortical Hormones” by J. J. Pfiffner 
and “Bacterial Viruses (Bacteriophages)” by Max Del- 
briick.

Dealing with the purely hydrolytic enzymes, there are 
three papers of very great value. The first of these, “The 
Kinetics of Hydrolytic Enzymes and Their Bearing on 
Methods for Measuring Enzyme Activity,” by Donald D. 
Van Slyke, should be carefully studied by any investigator 
in this field. In it the author analyzes the kinetic behavior 
of simple hydrolyses of this type, develops the mathemati­
cal treatment of such reactions and then shows how the
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experimental conditions should be chosen and interpreted 
so that valid and significant results may be obtained. Un­
doubtedly many false and misleading reports which now 
find publication could be transformed into valuable con­
tributions by strict observance of the rules as Dr. Van 
Slyke has elaborated them. There are, then, two reviews 
of proteolytic enzymes, “A Classification of Proteolytic 
Enzymes,” by Max Bergmann, and “The Enzymatic 
Properties of Peptidases,” by M. J. Johnson and J. Berger. 
These are in many ways complementary. The latter 
authors, restricting their attention to the “peptidases,” 
summarize the occurrence of these enzymes in nature, 
with emphasis on the varied nature of the same type of 
enzyme from different sources. For instance,t there are 
really many different kinds of enzymes which split leucyl 
peptides; there is no justification to consider them all a 
single enzyme, “leucyl peptidase,” and far less to label 
them “amino peptidase” or “peptidase” as some authors 
have a tendency to do. Dr. Bergmann’s attention is 
focussed on the recent work from his Laboratory at the 
Rockefeller Institute. He presents a new working classifi­
cation of the proteolytic enzymes, in which peptidases 
and proteinases, as groups, are discarded in favor of en- 
dopeptidases and exopeptidases. Again, emphasis is 
placed on the like and unlike characteristics of enzymes 
from different sources in nature. Thus, there are enzymes 
in beef spleen, beef kidney, swine kidney, cattle pancreas 
(trypsin), and the papaya which split benzoyl-Z-arginine- 
amide and benzoyl-Z-lysineamide at proportionate rates, 
but which differ strikingly in other properties such as their 
pH requirements and dependence upon activators. The 
accumulated evidence suggests that such proteolytic en­
zymes are composed of several determinant groupings of 
amino acid or other residues—one common to them all 
which controls the specificity of the family as a whole, and 
others peculiar to each member, which influence the pH 
and activation requirements. I t  is likely that when nor­
mal conditions return, striking advances will be made in 
this direction.

There is also a group of reports dealing more or less with 
carbohydrate metabolism, “Heterotrophic Assimilation of 
Carbon Dioxide” by C. H. Werkman and H. G. Wood, 
“Cellulose Decomposition by Microorganisms,” by A. G. 
Norman and W. H. Fuller, and “A Unified Hypothesis of 
the Reciprocal Integration of Carbohydrate and Fat Cata­
bolism” by E. J. Witzemann. “Diamin-Oxydase” by E. A. 
Zeller, “The Chemistry of Tea Fermentation,” by E. A. 
Houghton Roberts and a paper on the respiration and 
metabolism of Aspergillus1 by Hiroshi Tamiya complete 
the contents.

(1) "A tm ung , G arung und  die sich d a ran  beteiligenden Enzym e 
von A spergillus.”

W. F. Ross

The Spectrochemical Analysis of Metals and Alloys. By
F. T w y m a n , F.R.S., Managing Director, Adam Hilger, 
Ltd. Chemical Publishing Company, Inc., 234 King 
Street, Brooklyn, New York, 1941. vii +  355 pp. 61 
figs. 14.5 X 22 cm. Price, $8.50.
As managing director of Adam Hilger, Ltd., Mr. Twy­

man has had a great deal to do with the instrumental design

of spectrographs and accessory apparatus, and also with 
the general furtherance of spectrochemical analysis. He is 
thus in a position to write an authoritative book on the 
subject. In the preface the author states that he had 
three classes of readers in mind when writing the book, 
namely, “ (1) teachers and students of metallurgy who wish 
to acquaint themselves with the scope and nature of spec­
trochemical analysis as carried out in industrial labora­
tories; (2) metallurgists already engaged in industry to 
whom it may fall to introduce the method for routine con­
trol or research; (3) those already engaged in this field of 
analysis.” To these he might well have added directors of 
research or heads of analytical laboratories who may be 
considering the application of spectrochemical analysis to* 
their own particular problems.

Chapter I, The History of the Development of Spectro­
chemical Analysis, is based on a similar chapter in Kayser’s 
“Handbuch der Spektroskopie.” Chapter II, The Ele­
ments of Atomic Spectrum Theory, is a revised version of 
the section of the same title that A. C. Candler contributed 
to “Spectrochemical Analysis in 1938.” Chapter III  
deals with Spectrographs and Accessory Apparatus. In 
this chapter the author discusses both grating and prism 
types of instruments, with a distinct preference for the 
latter. I t  is interesting to note that two commercial 
grating instruments of American manufacture have been 
joined by the “Technal” grating spectrograph for metal­
lurgical analysis, which was put on the market by Adam 
Hilger, Ltd., in 1940. Chapter IV, The Microphotometer, 
is one of the most readable yet concise discussions the 
reviewer has seen. I t is a pity that the visual compara­
tor type of instrument was not discussed in this chapter.

Part II opens with Chapter V, Methods of Exciting 
Emission Spectra. This is a comprehensive survey of the 
various methods and the apparatus required for each. 
Chapter VI deals with the Taking of Spectrograms, 
Measuring Wavelengths, and Identifying Elements: 
Books and Tables. Chapter VII covers the Techniques of 
Spectrochemical Analysis, which the author defines as the 
proper selection of apparatus, mode of excitation of the 
spectrum, and the evaluation of the photographic plate 
applied to a particular analytical problem. In this chapter 
the logarithmic sector, the step sector and the step dia­
phragm, etc., are discussed. Chapter VIII, Types of 
Problem to,which Spectrochemical Analysis is Applicable, 
should be read by every research director who may not 
know either the advantages or disadvantages of this mode 
of analysis. From the purely practical standpoint, the 
practising spectrochemical analyst will probably get the 
most out of Chapter IX, dealing as it does with the Prac­
tice of Spectrochemical Analysis of Metals and Alloys. 
The commercial analysis of Aluminum and its Alloys, 
Cadmium, Gold, Iron, Steel and Ferrous Alloys, Lead and 
its Alloys, Magnesium and its Alloys, the Platinum 
Metals, Silver, Tin, Zinc and Zinc-base Alloys, are all 
discussed. Chapter X, The Analysis of Substances not in 
Metallic Form including Gases, concludes the text. This 
is followed by two appendices, the first on Units and 
Definitions, and the second Additional Notes on methods.

The style of the book is very simple and readable. Ref­
erences are to paragraph numbers throughout the book, 
and literature references are made by the authors’ names
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followed by the year in which the paper appeared. These 
are all listed at the end of the book under the heading 
Bibliography and Author Index. Without a doubt this 
book is the best exposition of the principles and practice of 
emission spectrum analysis that has appeared in English. 
It is a “must own” book for the library of every analyst 
who has anything to do with spectrochemical analysis.

Since the American edition was undoubtedly printed 
from the British plates (or perhaps the printed forms were 
imported into the United States) it is a pity that a better 
quality of paper was not used. The paper quality in the 
American edition is worse than that in the British. The 
American publisher did not even see fit to print the spec- 
drum plates, such as the frontispiece, on glazed paper. In 
view of these things, it is strange that the American edition 
should be priced at $8.50, which seems exorbitant in com­
parison to the British price of one guinea. After all, the 
cost of the plates would be absorbed in the British pub­
lisher’s cost, and even allowing for an import duty, the 
American cost is exorbitant.

Louis W a l d b a u e r
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Heats of Organic Reactions. XIII. Heats of Hydrolysis of Some Acid Anhydrides
By J ohn  B. C o n n , G. B. K istiakow sky , R ichard M. R oberts  and  E lg en e  A. Sm ith

For the purpose of quantitative estimation of 
the effect of substitution on the stability of cyclic 
structures, it would be of interest to compare the 
heats of hydrolysis of straight-chain acid anhy­
drides with those of cyclic acid anhydrides. It is 
necessary to obtain the heat of the reaction

Anhydride (g) +  H20  (g) = Acid (g) +  AH  (1) 
since only in the gas phase, where entropy changes 
would be very nearly the same for a series of reac­
tions of the type contemplated here, would the 
AH values be a fair measure of stability. Unfor­
tunately no cyclic anhydrides are of sufficient 
volatility, and no acid anhydrides, whether cyclic 
or straight-chain, are reactive enough with water 
to permit application of the technique of gas calo­
rimetry. Nevertheless, as the first step toward 
obtaining heats of the above reaction 1, we have 
carried out calorimetric measurements in solution 
which allow calculation of heats of the following 
type of reaction

Anhydride (s or 1) -f H20  (1) = Acid (s or 1) +  AH (2)
Some of the heats of reaction 2 which we report 

here can be computed from existing heats of com­
bustion; however, our data cover a wider range 
of compounds, and we believe that our direct 
measurements are of greater accuracy than the 
heats of hydrolysis obtainable from these older 
combustion data.

Experimental Procedure
The calorimeter used in these measurements has been de­

scribed in a previous paper of this series.1 It was used in
(1) Conn, K istiakow sky and R oberts, T h is  J o u r n a l , 62, 1895  

(1940).

this work as a single calorimeter. The chemical reaction 
was carried out in one calorimeter; the other calorimeter 
was filled with water and allowed to attain its equilibrium 
temperature due to stirring, thus serving as a reference 
bath for the main thermel.

An electrical calibration of the calorimeter preceded and 
followed each chemical run. The procedure was as fol­
lows.

The calorimeter was filled and was brought by electrical 
heating to a suitable temperature somewhat below that 
of the bath. After waiting fifteen minutes for the attain­
ment of a steady state, observations on the main thermel 
were made every five minutes for half an hour. A current 
of approximately 0.4 ampere was then passed through the 
calorimeter heater for about five minutes. The time inter­
val was measured with an error of less than 0.1% by a 
chronograph connected with the heater switch. Measure­
ments of the potential across the calorimeter heater and 
across a 0.1 ohm standard resistance in series with the 
heater were made frequently during the heating period. 
Current from the batteries was allowed to pass through a 
ballast coil of the same resistance as the calorimeter heater 
for at least half an hour before making a run, and was 
thrown directly from the ballast coil to the heater. Fol­
lowing the heating period, readings on the main thermel 
were made frequently until a steady state was reached, 
then every five minutes for half an hour. From the read­
ings of the half-hour periods before and after the heating 
period the equilibrium temperature and the cooling con­
stant of the calorimeter and contents were determined. 
The effective microvolt rise due to electrical heating was 
then calculated by logarithmic extrapolation of the two 
cooling curves to the middle of the heating period. The 
effective microvolt rise, together with the potential read­
ings across the heater and standard resistance gave the 
calibration constant of the calorimeter and contents in 
calories per microvolt. In this paper 1 cal. = 4.1833 int. 
joule. The electrical calibrations before and after the 
chemical run differed by less than 0.1%.

The method of making the chemical run will now be de­
1747
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scribed. After purification, the various compounds were 
packed in previously weighed thin-walled soft glass sample 
bulbs whose outside dimensions were about 5 X 80 mm. 
Solid compounds were introduced into the sample bulbs in 
a dry box and sealed off immediately after filling. Sample 
bulbs were filled with liquid compounds in the absence of 
air by distillation into special receivers (described below) 
holding the sample bulbs. The sample bulbs for liquids 
had capillary tips, and were quickly sealed off after filling 
and removing from the receiver. The sample bulb was 
held in place in the calorimeter by four stainless steel strips 
wired at the bottom, forming a cage for the bulb. At the 
top the strips were fastened to a stainless steel truncated 
cone ground to fit the truncated conical sample aperture 
in the top of the calorimeter.2 The cone had a threaded 
hole in its center, into which was screwed a threaded stain­
less steel rod terminating in a sharp conical tip at its lower 
end. The upper end of the threaded rod was above the 
thermostat bath, and was attached to a small reversible 
motor making it possible to screw the rod up or down. 
When a sample tube was in place, upon screwing the rod 
downward the sharp tip on the lower end of the rod drove 
into the sample bulb and shattered it, allowing the sample 
to dissolve and react with the alkali. The heat of break­
ing the sample bulb was determined and was taken into 
account in calculating the results of the chemical run.

At the beginning of the chemical run the sample bulb 
was broken, and main thermel readings were made every 
thirty seconds while the heat evolution was rapid, later at 
longer intervals, until the cooling constant resumed its 
normal value. Correction for heat loss during the reaction 
period was made by numerical computation of the area 
under a plot of cooling constant X thermal head against 
time.

Direct measurement of the heat of hydrolysis of the acid 
anhydrides in pure water was first attempted, with fair 
success in the case of acetic anhydride, but the rate of 
hydrolysis of propionic anhydride proved too slow. The 
plan was therefore revised, and the hydrolysis was carried 
out in a slight excess of alkali, so that the sum of the heat 
of hydrolysis and the heat of neutralization of the acid was 
measured. Under these conditions the reaction was com­
plete in most cases in about an hour. Heats of neutraliza­
tion of the acids were subsequently measured. To increase 
the solubility of some of the compounds studied, the re­
action was carried out in a dioxane- water mixture. Heats 
of dilution of these mixtures were determined.

Preparation of Compounds
Acetic Acid and Anhydride.—Merck Blue Label acetic 

acid was purified first by partial freezing and then carefully 
fractionated through Column B.3 In this and subsequent 
distillations, the receiver which was to contain the calori­
metric sample was specially designed so as to carry within 
it six previously weighed bulbs. At the conclusion of the 
distillation, the bulbs were filled by pumping out the re­
ceiver and then admitting dry air; as soon as they were 
full, they were removed and immediately sealed and re­
weighed. The calorimetric sample was taken in the middle

(2) See ref. 1 for a diagram of the calorimeter.
(3) Column B is described by K istiakowsky, Ruhoff, Smith and 

Vaughan, T h is  J o u r n a l , 57, 877 (1935).

of the distillation after the head thermometer had been 
registering a constant temperature for some time (usually 
an hour). The acetic acid fraction used for calorimetric 
measurement boiled at 118.03 =±=0.01 ° (770 mm.)4 Merck 
Blue Label acetic anhydride was similarly distilled; the 
fraction used boiled at 138.70 =*=0.01° (770 mm.).

Propionic Acid and Anhydride.—Eastman Kodak Co. 
best grade materials were distilled through Column B. 
The acid boiled at 141.28 =±= 0.01 ° (766 mm.). The an­
hydride boiled at 166.94 =*= 0.04° (777 mm.).

Isobutyric Acid and Anhydride.—Commercial isobutyl 
alcohol was oxidized to the acid as described by Pierre and 
Puchot.5 After preliminary purification, a precision dis­
tillation yielded a calorimetric sample boiling at 154.68 =•=
O. 02° (767 mm.). Isobutyryl chloride was made from the 
acid by distillation with benzoyl chloride;6 yield 91%; b. p. 
92.8-92.9° (765 mm.). Isobutyric anhydride, prepared 
from the above chloride and sodium isobutyrate (67% 
yield), gave a calorimetric sample boiling at 92.41 =±=0.04° 
(34.1 mm.). I t  froze at —56.37° with a drift of 0.065° to 
the point where jamming of the stirrer by solid made 
thermocouple readings unreliable.

Trimethylacetic Acid and Anhydride.—A quantity of 
trimethylacetic acid was kindly furnished us by Professor
P. D. Bartlett of these Laboratories; a further amount 
was obtained from Eastman Kodak Co. The portion re­
served for the calorimeter boiled at 164.18 =*=0.01° (763 
mm.). Conversion to the chloride as previously de­
scribed gave a 96% yield of material boiling at 104.8- 
105.0° (762 mm.). The anhydride was prepared from the 
chloride and the dry sodium salt7; yield, 78%. The calori­
metric sample boiled at 95.00 =*=0.01° (28 mm.) and froze 
at —4.24° with a drift of 0.03° to jamming of the stirrer.

Succinic Acid and Anhydride.—Mallinckrodt Analytical 
Reagent succinic acid was used for the neutralization 
measurements. The anhydride was prepared from this 
acid by phosphorus oxychloride dehydration8; yield, 92%. 
The product was recrystallized from acetyl chloride (m. p. 
119-120°), and then sublimed in vacuo at 91°. The sub- 
limator is of all-metal construction; vaporization takes 
place on a circular plate through the center of which the 
condenser tube runs. Condensation occurs below the 
plate; the solid is removed by a rotary scraper, and falls 
into a series of glass cups carried on a movable tray. The 
sublimator bell and plate are heated electrically; glass 
windows in the bell and receiver carriage permit observa­
tion of the process. The sublimate, which was in the form 
of an almost impalpable powder, was preserved in a desic­
cator over phosphorus pentoxide until transferred to the 
bulbs.

Maleic Acid and Anhydride.—Eastman Kodak Co. best 
grade maleic anhydride was recrystallized from acetyl 
chloride. The best material was sublimed in vacuo; 
f. p. 52.27° with 0.08° drift to jamming of the stirrer. 
Some of the best anhydride was hydrolyzed to the acid.

(4) This value m ay be in  e rro r in  abso lu te  m agnitude, inasm uch as 
th e  only correction applied  to  it  was for barom etric  fluctuation. T he  
deviation  includes th e  u n certa in ty  in read ing  th e  therm om eter used 
plus the  m agnitude of th e  random  fluctuations.

(5) Pierre and  P uchot, Ann. Chim ., (4) 28, 366 (1873).
(6) Brown, T h is  J o u r n a l , 60, 1325 (1938).
(7) B utlerow , Ann., 173, 374 (1874).
(8) "Organic Syntheses," Vol. X II , 1932, p, 66.
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After two recrystallizations from water, the m. p. was 
130-131 °, with some decomposition.

Methylenesuccinic (Itaconic) Acid and Anhydride.—
Mallinckrodt Analytical Reagent citric acid was converted 
to methylenesuccinic anhydride as described in “Organic 
Syntheses.” 9 The yield of crude acid anhydride mixture 
from 4400 g. of citric acid was 45%. The solid acid which 
separated on standing was systematically recrystallized 
from water until no further alteration in melting behavior 
occurred, then twice more; m. p. 162-166°, dec. Some 
of the best acid was converted to the anhydride by means 
of acetyl chloride10; yield 79%; m. p. 67-68°. I t was 
then sublimed in vacuo at 90°.11

Methylmaleic (Citraconic) Acid and Anhydride.— 
Methylmaleic anhydride was prepared by distillation of 
crude itaconic anhydride12; yield 80%; b. p. 119-120° (37 
mm.). Precise fractionation through Column B yielded a 
calorimetric sample with b. p. 110.35±0.01 ° (28.8 mm.) 
and f. p. +6.03°, drift, 0.04° to jamming of the stirrer. 
A sample of the best anhydride was hydrated with a slight 
excess of water.12 After prolonged drying in a vacuum 
desiccator over phosphorus pentoxide, the acid melted at 
91-92°.

Methylsuccinic Acid and Anhydride.—Methyl dyanosuc- 
cinic ester was prepared from purified ethyl «-bromo- 
propionate (b. p. 80.0-80.1° at 46 mm.) and ethyl cyano- 
acetate (b. p. 103.0-103.1° at 17.5 mm.).13 Condensation 
was carried out in 3.75 mole lots; yield of product boiling 
flatly at 162.7° (22 mm.), 67%. Hydrolysis of the cyano- 
succinic ester (2.5 liters of concentrated hydrochloric acid 
suffices for 1 kg. of ester) gave 84% yield of methylsuccinic 
acid; m. p. 112-112.5° after recrystallization from water 
and absolute ether. The acid was converted to the an­
hydride by means of phosphorus oxychloride; yield 67%. 
The calorimetric sample boiled at 135.78±0.02° (24 mm.). 
The anhydride crystallizes very sluggishly and will remain 
in the supercooled state almost indefinitely unless it is 
seeded or strongly cooled in dry-ice.

dl- and /3-Dimethylsuccinic Acid; trans- and
aV-«,£-Dimethylsuccinic Anhydride.—Much confusion ex­
ists in the literature as to the configuration of these two 
acids, and the impression seems to be prevalent that neither 
of them has ever been resolved,14 although the resolution 
of the low melting isomer was carried out by Werner and 
Basyrin in 1913,15 and confirmed by Ott in 1928.16 Thus 
the “anti” acid of Bischoff and Voit17 and the “cis” acid of 
Bone and W. H. Perkin, Jr.,18 and of Bone and Sprankling13 
is the dl- form and will be so described here; while the 
“para” or “trans” acid is meso-. The correctness of the

(9) “ Organic S yn theses,” Vol. X I, 1931, p. 70.
(10) A nschiitz and  P e tri, Ber., 13, 1539 (1880).
(11) T he alkaline hydrolysis of m ethylenesuccinic anhydride p u r­

sued an  abnorm al course, as was shown by the  failure of th e  calo­
rim eter to  re tu rn  to  its  norm al cooling ra te  a fte r th e  m ain reaction  
was over. T he calorim eter liquid  was also brow nish in color. T he  
abnorm ality  was n o t observed during  neu tra lization  of th e  acid, 
nor during  hydrolysis of th e  isom eric m ethylm aleic anhydride.

(12) “ O rganic Syn theses,” Vol. X I, 1931, p. 28.
(13) Bone and  S prankling , J .  Chem. Soc., 839 (1899).
(14) Cf. for instance, W hitm ore, “ O rganic C hem istry ,” D. V an 

N ostrand  Co., Inc., N ew  Y ork, N . Y ., 1937, p. 462.
(15) W erner and  B asyrin , Ber., 46, 3229 (1913).
(16) O tt, ibid., 61, 2134 (1928).
(17) Bischoff and  V oit, ibid., 22, 390 (1889).
(18) Bone an d  Perkin, Jr., J. Chem. S o c .t 69, 253 (1896).

configurations assigned is further indicated by the fact that 
the lower-melting acid gives the higher-melting anhydride, 
which would be expected in view of its greater symmetry.

Diethyl «-methyl «'-cyanosuccinate was methylated 
with purified methyl iodide13 in 2.5 mole lots. An excess of 
both sodium and methyl iodide was employed so as to in­
sure completeness of the process; this is necessary since the 
two esters boil within a few degrees of each other. The 
yield of product boiling flatly at 161.1 ° (21 mm.) was 85%. 
Hydrolysis was effected with concentrated hydrochloric 
acid (3 liters of acid for 968 g. of ester). The meso-acid, 
which crystallized on cooling, was repeatedly recrystallized 
from water with intervening treatments with cold acetyl 
chloride as recommended by Bone and Sprankling.13 The 
melting point attained the value 209° given by these 
workers only on very rapid heating, inasmuch as decom­
position to the anhydride is noticeable around 180°, and 
becomes rapid at 190 °. The mother liquor from the meso- 
acid was evaporated to dryness and extracted with boiling 
acetone, giving the racemic acid contaminated with some 
of the meso- acid (total recovery, 83%). The dry extract 
was converted to the trans-anhydride by refluxing with 
acetyl chloride and distilling (b. p. 232-233°)19; yield, 
84%. The trans-anhydride was recrystallized from ben­
zene-absolute ether mixture and then sublimed in vacuo; 
m. p. 87-88°. The corresponding cw-anhydride was pre­
pared from some of the best meso-aeid by means of acetyl 
chloride and subsequent recrystallization from this solvent; 
m. p. 42°. Owing to its lability when heated, sublimation 
was not attempted.

Hydration of the best trans-anhydride yielded a caloric 
metric sample of dl-acid, m. p. 126°, with some decomposi­
tion. The behavior of both the meso-a,@-dimethylsuccinic 
acid and the corresponding ^-anhydride in the calo­
rimeter was abnormal; a secondary reaction was indicated 
by a failure of the calorimeter to return to its normal cool­
ing rate. The only side reaction which would seem to be 
possible is that of epimerization. The following test was 
carried out: 1 g. of the best meso-acid was dissolved in
an excess of c. p . base at room temperature and allowed to 
stand for nineteen hours. At the end of this time the solu­
tion was acidified with c. p. hydrochloric acid, taken to 
dryness at room temperature in vacuo and the residue ex­
tracted with c. p . anhydrous ether in a Soxhlet apparatus. 
The dry extract melted over a wide range of temperature, 
becoming completely fluid at 184°. Epimerization would 
thus seem to be established.

«,«-Dimethylsuccinic Acid and Anhydride.—The pro­
cedure of Vogel20 was adopted; the yield of ethyl a-cyano- 
dimethacrylate boiling at 122.9-123.0° (20 mm.) was 52%. 
Treatment of this ester with sodium cyanide and subse­
quent hydrolysis with concentrated hydrochloric acid gave 
a 62% yield of «, «-dimethylsuccinic acid. After three re­
crystallizations from water the m. p. was 141-142° (dec.). 
Conversion to the anhydride with acetyl chloride gave an 
82% yield; b. p. 222-223°. A precision distillation was 
unsuccessful because the anhydride solidified in the con­
denser; likewise sublimation failed because the material 
condensed as liquid, then froze and jammed the scraper.

(19) Any c*s-anhydride present is converted to  the trans-iorm by  
this process (cf. ref. 18).

(20) Vogel, J .  Chem. Soc., 2010 (1928).
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I t was finally recrystallized from a mixture of anhydrous 
ether and ligroin.

Tetramethylsuccinic Acid and Anhydride.—As starting 
material, commercial phorone was used. Neither repeated 
fractionation through our tall columns nor partial freezing 
sufficed to obtain a flat boiling fraction.21 The best sample 
(1065 g. from 1 gallon) boiled at 103.0-104.2° (35 mm.), 
began to freeze at 23.4°, and had w20d 1.4912. Following 
the synthesis of Francis and Willson,22 the steps were: (1)
phorone to phorone tetrabromide, yield, 50%; (2) phorone 
tetrabromide to dibromophorone, yield, 67%; (3) di-
bromophorone to 2,2,3,3-tetramethyl-4-bromo-5-hydroxy- 
A4-cyclopentenone-l, yield of crude product, nearly quan­
titative; (4) oxidation to a-ketotetramethylglutaric acid, 
yield, 86%; (5) keto-acid to tetramethylsuccinic acid,
quantitative. The crude acid was dissolved in excess 
acetyl chloride and distilled. The anhydride, b. p. 218- 
220°, formed a white powder which quickly became sticky 
and reverted to a waxy mass. That this is not due to 
hydration has been shown by Auwers and Meyer.23

Successive calorimetric runs on this material showed a 
steadily diminishing heat of hydrolysis. Since this seemed 
to be due to alteration in crystal form, a portion of the 
anhydride was left for two weeks in contact with a satu­
rated ether solution of the material, the ether being allowed 
to evaporate slowly. Large waxy crystals were deposited 
which underwent no change on standing. This presum­
ably stable form of the solid was used in the calorimeter.

A portion of the best anhydride was dissolved in sodium 
hydroxide solution, and the acid recovered by acidification. 
It melted at 200-201 ° with decomposition (bath preheated 
to 190°).

Results and Discussion
The experimental results to be presented here 

are heats of three types of reaction. For the 
straight-chain anhydrides the three reactions are
1 Anhydride (1) +  H20  (dioxane-water) -j-
2NaOH (d -  w) = 2NaA (d -  w) +  2H20  (d -  w) +

AH! (3)
1HA (s or 1) +  INaOH (d — w) = INaA (d -  w) +

1H20  (d -  w) +  AH2 (4) 
1H20  (1) = 1H20  (d -  w) +  A#3 (5)

In Eqs. 3 and 4 A represents the acid radical. 
Taking (3) — (2 X (4)) +  (5), one obtains
1 Anhydride (1) +  1H20  (1) = 2HA (s or 1) +

AiJi -  2AH2 +  A Hz (6)

Equation (6) is identical with Eq. 2, in which the 
heat of hydrolysis is

AH = AHi -  2 AH2 +  AHt (7)
For the cyclic anhydrides the equation corre­
sponding to (6) is
1 Anhydride (s or 1) +  1H20  (1) = H2A (s or 1) +  
___________ AHi -  AH2 +  AHs (8)

(21) Cf. Auwers an d  E isenlohr, J .  prakt. Chem., N . F., 84, 77 
(1911).

(22) F ranc is  and  W illson, J.  Chem. Soc., 103, 2238 (1913).
(23) Auwers and  M eyer, Ber., 28, 293 (1890).

where AH2 is now the heat of neutralization of one 
mole of the dicarboxylic acid by two moles of so­
dium hydroxide.

Table I consists of the heats of hydrolysis and 
neutralization of the anhydrides. The letters A, 
B and C in the column headed “Solution” refer 
to the compositions of the solutions in which 
the reactions were carried out; these composi­
tions are given in Table III along with the heats 
of dilution. Table II contains heats of neutrali­
zation of the acids. Heats of neutralization are 
given for some acids for which the heats of hy­
drolysis and neutralization of the corresponding 
anhydrides could not be obtained, due to side 
reactions. These cases were discussed in the sec­
tion on preparation of materials. In Tables I and 
II the mean temperatures listed refer to the tem­
perature of the thermostat bath during the reac­
tion. This temperature was measured with a 
five-junction thermel, one end of which was im­
mersed in ice. This thermel was previously cali­
brated against a platinum resistance thermome­
ter. The temperature of the calorimeter during 
reaction in no case differed by more than one de­
gree from that of the bath.

T a b l e  I
H e a t s  o f  H y d r o l y s i s  a n d  N e u t r a l i z a t i o n , — A H i

A nhydride S ta te Soln.

M ean
tem p .,

— A H i, 
cal. per 

mole

— A H i, 
m ean, cal. 
per mole

Acetic 1 A 30.46 40174 40174
Propionic 1 B 30.44 38703

B 30.44 38815 38754
Isobutyric 1 A 30.44 38904

A 30.44 38931 38918
Trimethylacetic 1 A 30.45 37048

A 30.45 36924
A 30.45 37104 37025

Maleic s A 30.45 30326
A 30.45 30333
A 30.63 30310 30323

Methylmaleic 1 A 30.45 31483
'A 30.45 31430 31457

Succinic s A 30.44 30183
A 30.44 30202 30192

Methylsuccinic 1 A 31.04 34035
A 31.04 33992 34013

a, a-Dimethyl- 1 A 50.12 32442
succinic A 50.12 32456 32449

t r a n s -a ,p ~ Di- s C 50.13 29105
methylsuccinic C 50.24 29118 29112

Tetramethyl­ s A 50.12 27737
succinic A 50.12 27869 27803

It was hoped that the heat of reaction of equa­
tion 1 could be obtained by conversion of the
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T a b l e  II
H e a t s  o f  N e u t r a l i z a t i o n , — AH 2

Acid S ta te Soln.

M ean
tem p .,

-  AHi, 
cal. per 

mole

-  AHi, 
mean, cal. 
per mole

Acetic 1 A 30.46 13171 13171
Propionic 1 B 30.44 12655

B 30.44 12643 12649
Isobutyric 1 A 30.44 12229

A 30.44 12235
A 30.44 12232 12232
A 40.09 12085 12085

T rimethylacetic S A 40.03 10882
A 40.03 10864 10873

Maleic s A 30.44 22159
A 30.44 22107 22133

Methylmaleic s A 30.44 23488
A 30.44 23435 23462

Succinic s A 30.45 19143
A 30.45 19127 19135

Methyl succinic s A 30.64 21056
A 30.81 21008 21032

Methylene­ s A 30.45 19485
succinic A 30.45 19487 19486

a,a-Dimethyl- s A 50.12 18899
succinic A 50.12 18954 18927

meso-a, /3-Di- s A 30.55 22342
methylsuccinic A 30.55 22319 22330

/3-Dimethyl s C 50.12 22077
succinic C 50.12 22319 22061

c 30.70 23242
c 30.70 23234 23238

Tetramethyl­ s A 50.12 19492
succinic A 50.12 19487 19489

T a b l e  III
H e a t s  o f  D i l u t i o n , — A Hz

Solution
Com position, 

%  dioxane
Tem p.

°c. , — AH3,
cal. per mole

A 45. 5 30 136
50 117

B 30 30 58
C 0 50 1

data of Table IV to the gaseous state by deter­
mining heats of vaporization and sublimation. 
A static all-glass vapor pressure apparatus was 
constructed which permitted accurate vapor 
pressure measurements in the range 0.01 to 100 
mm. With this equipment measurements on 
many of the compounds listed in the above tables 
were made over a range of temperatures, with 
good results for liquids but with indifferent suc­
cess in the case of solids. The solid compounds 
showed extraordinary delays in the establishment 
of constant vapor pressure. Furthermore, the 
solid dicarboxylic acids were recrystallized from 
solvents, and in order to free them from traces of 
these impurities, sublimation in vacuo into the

vapor pressure apparatus was attempted. It 
was found, however, that at temperatures at which 
sublimation could be effected with reasonable 
speed, some decomposition, attended by forma­
tion of water, occurred. This work was therefore 
abandoned and the incomplete data will not be 
reported here, since no use can be made of them 
in the following discussion.24

Our failure to reduce the data to a common and 
readily interpretable standard state destroys 
much of the force of the conclusions to be drawn 
from Table IV. Nevertheless, some interesting 
qualitative points can be brought out. In this 
discussion more weight will be given to values 
obtained in this investigation than to those de­
termined from heats of combustion, also given in 
Table IV. The justifications for this choice are:
(a) carefully purified materials used by us, and
(b) formation of our data of Table IV as rather 
large differences of relatively small directly de­
termined heat values. We are unable, however, 
to explain in detail the causes of the discrepancies 
of the two sets of data of Table IV. It will be 
noted first of all that methyl substitution in ace­
tic acid has substantially no effect on the heats of 
hydrolysis of the corresponding anhydrides. The 
trimethylacetic anhydride is no exception since 
the heat of fusion of the acid is probably of the 
order of 1 to 2 kcal.,25 thus making the heat of the 
liquid to liquid reaction about 13 to 14 kcal. 
This is in marked contrast to the well-known ef­
fect of methyl groups on the acid strength, dem­
onstrated also by the series of the heats of neu­
tralization given in Table II.

In the series of cyclic anhydrides of Table IV, 
however, methyl substitution has a very marked 
and systematic effect. If one allows again 1 to 2 
kcal. for the heats of fusion and computes all re­
actions to the same state of aggregation, one sees 
that unsymmetrical methyl substitution invariably 
increases the heat of hydrolysis while symmetrical 
substitution decreases it still more markedly. 
Even the comparison of the trans-ayfi-dimethyl- 
succinic and the tetramethylsuccinic anhydrides 
bears out this conclusion. Although we are un­
able to account for these effects even semiquanti-

(24) T h e  w ork of F . H . M acD ougall on acetic  an d  p rop ion ic  acids 
[T h is  J o u r n a l , 58, 2585 (1936); 63, 3420 (1941)] ind ica tes  th a t  th e  
very  considerable association of th e  vapors of these  acids even  a t  low 
pressures seriously im pairs th e  calculation  of h ea ts  of v apo riza tion  
from  v ap o r pressures of th e  carboxylic acids.

(25) T h e  h e a t of fusion of trim eth y lace tic  acid is n o t reco rded  in 
th e  lite ra tu re . T h e  heats  of fusion of propionic an d  iso b u ty ric  acids 
a re  1.8 an d  1.2 kcal., respectively.



1752 J. B. Conn, G. B. K istiakowsky, R. M. Roberts and E. A. Smith Vol. 64

T a b l e  IV
H e a t s  o f  H y d r o l y s is , — AH
— P resen t investigation---------- ------* <------------- F rom  heats  of com bustion------- ------*
State  — AH , S ta te  - A H ,

A nhydride A nhydride Acid

Acetic 1 1
Propionic 1 1
Isobutyric 1 1
Trimethylacetic 1 s
Maleic s s
Methylmaleic 1 s
Succinic s s
Methylsuccinic 1 s
«, <x- D imethy lsuccinic" 1 s
trans-a, /3-Dimethylsuccinic" s s
Tetramethylsuccinic" s s
Reaction carried out at 50°; all others at 30 °. 6 Fr

Rec. trav. chim.y 52, 945 (1933).

kcal. per mole

13.96
13.52
14.59
15.12
8.33
8.13

A nhydride Acid kcal. per mole

11.20 S s 12.56
13.11 1 s 14.66
13.63 S s 12.16
7.06 s s 7.7*
8.43 s s 3 .16

heat of combustion at 15° given by Verkade and Hartman,

tatively, it is more than probable that interac­
tions are here involved similar to those which 
show themselves in the heats of hydrogenation of 
some five-membered carbon ring compounds26 and 
which have been interpreted as “steric hindrance” 
between hydrogen atoms on adjacent carbons. 
In line with this conclusion is also the difference 
in the heats of hydrolysis of maleic and of succinic 
anhydrides, while the conventional view would 
take maleic anhydride for the more strained of the 
two five-membered rings, the data actually indi­
cate the reverse, in line with the above-mentioned 
data on the cyclopentene-cyclopentane relation­
ship.27

Finally, the absence of methyl substitution 
effects in straight-chain anhydrides, where com­
plete freedom of orientation exists, points again 
to “steric hindrance” as the main if not the sole 
cause of the observed variations of the heats of 
hydrolysis. It may be noted in passing that these 
effects seem to bear no relation to the heats of 
ionization of the corresponding acids, for which 
Table II gives a series of relative values.

Without knowledge of the entropy changes con­
cerned, it is rather futile to discuss in detail the 
relation of the thermal data obtained to the ther­
modynamic stability of the anhydrides and acids. 
It may be noted, however, that the increased sta­
bility of cyclic, as against the straight-chain, acid 
anhydrides, can be accounted for by their gen-

(26) D olliver, G resham , K istiakow sky  an d  V aughan, T h is  J o ur­
n a l , 59, 839 (1937).

(27) Som e resonance in te rac tions  in  m aleic anhydride  are no t ex­
cluded, a lthough  th ey  are  unlikely in  view of p rev ious results on the  
heats  of hydrogenation  of th e  system  — C = C — CO— O— , cf. Dolli­
ver, G resham , K istiakow sky, Sm ith  and  V aughan , ibid., 60, 448 
(1938).

erally lower heats of hydrolysis and a probably less 
positive entropy change caused by a loss of mole 
numbers in their reaction with water. On the 
other hand, it is not at all probable that the in­
creasing stability in the series succinic to tetra­
methylsuccinic anhydrides28 can be so explained. 
Possibly some purely rate factors are here of more 
importance.

The authors wish to thank the Rockefeller 
Foundation for the grant under which this inves­
tigation was carried out.

Summary
Heats of the hydrolytic reaction: Anhydride 

(s or 1) +  H20  (1) =  Acid (s or 1) computed from 
heats of reaction in solution are reported here for 
a number of straight-chain and cyclic (five-mem­
bered ring) acid anhydrides.

Acetic, propionic, isobutyric. and trimethyl­
acetic anhydrides were found to have the same 
heat of hydrolysis, showing no effect due to methyl 
substitution.

Methyl substitution in the ring compounds 
markedly alters the heat of hydrolysis. Unsym­
metrical substitution of methyl groups in suc­
cinic anhydride increases the heat of hydrolysis, 
while symmetrical substitution decreases it. The 
presence of a double bond in the ring also de­
creases the heat of hydrolysis.

These effects are qualitatively discussed, and 
similarities to the trend of heats of hydrogenation 
of five-membered carbon ring compounds are 
pointed out.
C a m b r id g e , M a s s . R e c e i v e d  M a r c h  10, 1942

(28) V erkade, Rec. trav. chim., 40, 199 (1921).
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The Electron Diffraction Investigation of Propargyl Chloride, Bromide, and Iodide
B y  L in u s  P au l in g , W alter G ordy ,1 a n d  J o hn  H . S aylor

Aug., 1942 Electron D iffraction of Propargyl Halides

The surprising discovery that the carbon-car­
bon single-bond distance in methylacetylene2 and 
some related substances20 is less than the normal 
value suggested that the study of the propargyl 
halides would be of interest. We have carried 
out this study, and have found that the carbon- 
carbon triple-bond and single-bond distances are 
the same in these molecules as in methylacetylene, 
and that the carbon-halogen bond distances are 
somewhat larger than normal.

E x p erim en ta l Methods
The propargyl halides were prepared in these 

Laboratories by Mr. Allan Grossberg from a- 
chloroallyl alcohol (H2C=CC1CH20H) kindly 
furnished by the Shell Development Company. 
This substance was converted into propargyl 
alcohol by the method described by Henry.3 
Propargyl chloride and propargyl bromide were 
then prepared by treating the alcohol with phos­
phorus trichloride and phosphorus tribromide, 
respectively.4 Propargyl iodide was prepared 
from propargyl bromide and sodium iodide.5

The electron diffraction photographs were 
made in the usual way, with film distance 10.85 
cm. and electron wave length 0.0613 A. For each 
substance the ring diameters were measured sep­
arately by two observers on about ten photo­
graphs and the resultant values of q0bs =  40 (sin 
6/2 ) / \  were averaged. Estimates were made of 
the intensities of the apparent maxima and 
minima, and in addition curves were sketched re­
producing the appearance of the photographs.

Radial distribution curves were calculated by 
the equation

W(l) = £  C* sin i  qkl

with use of coefficients Ck obtained from the esti­
mated intensities by multiplication by the damp­
ing factor e~aQ\

(1) N ational R esearch Fellow  in  Physics.
(2) (a) G. H erzberg, F. P a ta t, and  H. Verleger, J . Phys. Chem., 41,

123 (1937); (b) R . M . B adger and  S. H . B auer, J . Chem. Phys., 5, 599 
(1937); (c) L. Pauling , H. D. Springall, and  K . J . Palm er, T h is
J o u r n a l , 61, 927 (1939).

(3) L. H enry, Ber., 5, 453, 569 (1872); 6, 729 (1873).
(4) L. H enry, ibid., 7, 761 (1874); 8, 398 (1875); A. K irsm ann, 

Bull. soc. chim. [iv], 39, 698 (1926).
(5) &L .|H en ry , Ber., 17, 1132 (1884).

The simplified theoretical intensity curves were 
calculated by the equation

I ( l )  = L S  ( M i / k i )  sin jjj g i n
i  3

The scattering powers ^ were taken proportional 
to the atomic numbers of the atoms. The values 
C3;—H = 1.06 A. and Ci—H =  1.09 A. were as­
sumed, and as the bond angle C2-Ci~X was varied 
the other five angles of Ci were kept equal in value. 
The atoms HC3C2Ci were assumed to be collinear, 
as indicated by the bonds in the model

/ H
H—C =eC—C---TI

3 2 1 \ X

All calculations were made with use of punched 
cards and International Business Machines.

Interpretation of the Data
Propargyl Chloride.—The photographs of pro­

pargyl chloride, showing about thirteen maxima 
and thirteen minima, have the appearance in­
dicated by curve Chloride Obs. in Fig. 2. The 
radial distribution curve calculated from the data 
of Table I is given in Fig. 1. The peaks of this 
curve are at 1.18, 1.48, 1.81, 2.72, and 3.72 A. 
The same values, to within 0.01 A., were found for 
the three principal peaks for other curves calcu­
lated with somewhat changed values of the co­
efficients C. These distances correspond, respec­
tively, to C3—C2. C2—Ci, C]—Cl, C2—Cl (plus 
C3—Cx), and C3—Cl.

We make the following assumptions: 1. The 
distance C3—C2 has the triple-bond value 1.20 A.
2. The carbon chain is linear. 3. The three car­
bon-chlorine distances have approximately (to 
within about 0.02 A.) the values 1.81, 2.72, and
3.72 A. given by the three principal peaks of the 
radial distribution curve.

These assumptions determine the structure 
completely, except for the uncertainty resulting 
from the possible small deviations from the radial 
distribution values. The bond angle a =  C2-  
Cy-Cl is indicated to be near 112°. If the dis­
tance C2—Ci weie equal to 1.47 or 1.48 A., as indi­
cated by the radial distribution curve and by the 
values for methylacetylene and related molecules, 
and the three carbon-chlorine distances were to
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T a b l e  I
E l e c t r o n  D i f f r a c t io n  D a t a  f o r  P r o p a r g y l  C h l o r id e

M ax. M in. 1 C Sobs SB SB/Sobs
1 - 2 -2 0 7.83 8.9 (1.14)

1 + 0 .5 +  5 10.66 11.4 (1.07)
2 - 2 .5 -2 3 13.81 13.9 1.007

2 + 7 +63 16.97 17.1 1.007
3 - 6 -5 1 20.25 20.2 0.997

3 + 7 +57 23.55 23.7 1.006
4® 0 0 28.53 29.9

4 +3 +20 32.42 33.6 (1.036)
5 0 0 35.61 35.6 1.000

5 + 6 +34 38.69 38.5 0.995
6 - 7 -3 5 42.38 42.0 0.991

6 + 7 +32 45.43 45.6 1.003
7 - 2 -  8 50.19 51.3 1.022

7 + 5 +  16 54.03 55.2 1.021
8 0 0 57.33 57.5 1.003

8 + 5 +  12 60.09 59.9 0.997
9 - 7 -1 4 63.93 63.9 1.000

9 + 7 +  12 68.50 69.7 1.017
10 + 4 .5 +  5 75.18 76.3 1.015
11 +6 +  4 81.48 82.4 1.011
12 +6 +  3 88.17 91.3 (1.023)

Average 1.006
Average deviation 0.008

* A small apparent maximum could be seen between
maxima 3 and 4.

show the minimum deviations from the above 
values, the bond angle would be 111°.

In Fig. 2 calculated intensity curves are given 
for models with a =  109° 30', 111°, and 112° 30' 
and with the above assumptions satisfied (Table 
IV). These curves, A, B, and C, agree well with 
the appearance of the photographs; the agreement 
is best for the curve with a =  111°, in particular 
with respect to the relative intensities of maxima 
7 and 8, and we accept the value of this angle as 
a  =  1 1 1  °  =*=, 2 ° .

Curves for various other models for which inter­
atomic distances differ from those for this model 
by as much as 0.03 A., such as those for models D 
and E (Fig. 2, Table IV), were found to be less 
satisfactory, and those for models with larger 
deviations were unsatisfactory.

The quantitative comparison of values of qoh 
and Scaled for model B given in Table I leads to the 
average ratio q^/q0hs =  1.006. Giving equal 
weight to this and the radial distribution values, 
we accept as the final values for propargyl chlo- 
lide the following: C3—C2 =  1.20 A. (not varied), 
C2—Ci =  1.48 =«= 0.02 A, Ci—Cl =  1.82 ±  0.02 
A, angle C2—Ci—Cl =  111 ±  2°, C2—Cl =
2.72 ± 0.03 A., C3—Cl =  3.73 =*= 0.03 A.

Propargyl Bromide.—The data for propargyl 
bromide given in Table II lead to a radial dis­

tribution curve (Fig. 1) with the two 
carbon-carbon peaks unresolved and 
with well-defined carbon-bromine 
peaks at 1.95, 2.84, and 3.85 A. The 
three intensity curves F, G, and H of 
Fig. 2 are calculated for the assumed 
values C3—C2 =  1.20 and Ci—Br =  
1.95 A., the angle a and C2—Ci dis­
tance being varied in such a way as to 
give the longer carbon-bromine dis­
tances approximately the radial dis­
tribution values. It is seen that all 
three curves are in good agreement 
with the appearance of the photo­
graphs as represented by the curve 
shown in Fig. 2; the Ci—C2 distance 
and bond angle accordingly cannot be 
determined directly. We assume that 
the Ci—C2 distance has the value 
1.47 A., the average of those found in 
methylacetylene (1.46 A.) and the 
chloride (1.48 =*= 0.02 A.); the corre­
sponding curve, G, is a little better 
than the other two, of which F makes 
the 8th maximum too weak and H 
makes the 5th too weak.

Fig. 1.—Radial distribution curves for the propargyl halides. The 
vertical lines correspond to the finally accepted structures.
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T a b l e  I I

E l e c t r o n  D i f f r a c t i o n  D a t a  f o r  P r o p a r g y l  B r o m id e

M ax. M in. I C Sobs SG «0/«ob»

1 +  1.3 +  10 10.35 11.0 (1.06)
2 -  3 -2 6 13.23 13.8 (1.04)

2 +  8 +60 16.55 16.4 0.991
3 -1 0 - 6 8 19.45 19.1 0.982

3 +  12 +75 22.45 22.8 1.015
4 -  8 - 4 8 27.20 28.0 (1.029)

4 +  6 +30 30.85 32.3 (1.046)
5 -  1.5 -  7 33.75 35.2 (1.043)

5 +  4 +  15 37.04 37.0 0.999
6 -  6.5 - 2 0 40.54 39.9 0.984

6 +  10 +25 43.19 43.3 1.003
. 7 -  6.5 -1 2 48.22 47.5 0.985

7 +  5 +  7 51.82 53.1 1.024
8 -  2 -  2 54.1 55.7 1.029

8 +  4 +  4 57.1 57.7 1.011
9 +  7 +  4 63.6 64.1 1.008

10 +  7 +  2 70.6 73.4 (1.039)
Average 1.003

Average deviation 0.003

Various other models were found to be unsatis­
factory; for example, models I and J (Fig. 2), with 
Ci—Br given the value 1.91 equal to the sum of 
the single bond radii and the C—C—Cl angle 
chosen so as to make the long C—Br distances 
close to the radial distribution values, fail to give 
the observed relative intensities of maxima 6, 7, 
and 8.

The quantitative comparison of gobs and gcaiCd 
for model G leads to the average ratio gd/Sobs =
1.003 (omitting values which seem less reliable 
than the others). We accept the following par­
ameter values: C3—C2 =  1.20 A., C2—Ci =  1.47 =*=

T a b l e  III
E l e c t r o n  D i f f r a c t io n  D a t a  f o r  P r o p a r g y l  I o d id e

M ax. M in. I C Sobs Scaled Scaled/ Sobs
1 +  3 +28 9.80 10.8 (1.10)

2 -  4 -4 0 12.47 13.6 (1.09)
2 +  2 +  16 15.83 15.9 1.004

3 -  6 -4 6 18.51 18.2 0.983
3 +  11 +77 21.49 21.5 1.000

4 -  8 -4 8 25.56 25.0 0.978
4 +  7 +35 29.60 30.7 (1.037)

5 -  6 -2 6 32.93 34.1 (1.035)
5 +  2 +  7 36.45 36.5 1.001

6 -  3 -1 0 37.85 38.0 1.003
6a +  9 +25 40.55 41.1 1.013

7 -  9 -1 8 46.29 44.5 (0.962)
7 +  9 +  14 49.07 48.3 0.984
8 +  6 +  6 54.8 56.0 1.022
9 +  6 +  3 62.4 61.4

Average
0.984
0.997

Average deviation 0.012
0 A shelf at g — 44.7 could be seen on the outer edge of 

this ring.

0 20 40 60 80
3*

Fig. 2.—Curves (marked Chloride Obs., Bromide Obs., 
Iodide Obs.) drawn to represent the appearance of electron 
diffraction photographs, and calculated intensity curves 
for the propargyl halides.

0.02 A., Cl—Br =  1.95 ±  0.02 A., angle C2—  
Ci—Br = 112° ±  2°, C2—Br = 2.85 =>= 0.03 A., 
C3—Br = 3.85 =*= 0.03 A.

Propargyl Iodide.—The photographs of pro­
pargyl iodide were not so good as those of the 
bromide, which were themselves inferior to those 
of the chloride. The radial distribution curve of 
Fig. 1, corresponding to the data in Table III, has 
well-defined maxima at 2.13 and 2.96 A., and 
poorer ones at 1.2, 1.5, and 4.1 A.
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T a b l e  IV
STANCES a n d  B o n d  A n g i .e s  f o r  P r o p a r g y l  

M o d e l s

H a l id e

M odel
X  -  Cl Cx-X C3-C2 C2-Cx Angle a C2-CI C 8-C 1

A 1.81 1.20 1.50 109°30' 2.71 3.72
B 1.81 1.20 1.47 111° 2.71 3.72
C 1.81 1.20 1.44 112°30' 2.72 3.72
D 1.81 1.20 1.50 111° 2.69 3.72
E 1.76 1.20 1.47 113°40' 2.71 3.72

X  — Br
F 1.95 1.20 1.52 110° 2.85 3.85
G 1.95 1.20 1.47 112° 2.85 3.85
H 1.95 1.20 1.42 114° 2.84 3.85
I 1.91 1.20 1.47 112° 2.81 3.82
J 1.91 1.20 1.47 115° 2.86 3.88

X  = 1
K 2.13 1.20 1.47 108° 2.95 3.90
L 2.13 1.20 1.47 110° 2.98 3.95
M 2.13 1.20 1.47 112° 3.01 4.00
N 2.13 1.20 1.47 114° 3.05 4.05
O 2.10 1.20 1.47 110°30' 2,95 3.94

There is no possibility of evaluating the carbon- 
carbon distances from the data. We assume the 
values Cr-C2 =  1.47 A. and C2-C3 =  1.20 A. 
With these, the two C-X distances 2.13 and 2.96
A. lead to the value 109° for the C—C—I bond 
angle. Curves K, L, M, and N of Fig. 2 are cal­
culated for models with C—I = 2.13 A. and with 
bond angle 108, 110, 112, and 114°, respectively 
(Table IV); of these K and N are unsatisfactory, 
especially with respect to the intensities of max­
ima 8 and 9. The best agreement is obtained for 
the curve interpolated between L and M ; because 
of the poor quality of the photographs, however, 
this cannot be given much significance. Various 
other models also give unsatisfactory curves, such 
as that for model O (with Ci-I =  2.10 A., angle 
110°30') shown in Fig. 2.

The quantitative comparison in Table III is for 
the model with angle 111°, intermediate between 
L and M. It leads to the ratio gwicd/Sobs — 0.997. 
We accept for this molecule the values C 3- C 2 =  
1.20 A., C 2- C i  =  1.47 A., C r - I  =  2.13 ±  0.03 A., 
angle C 2- C r - I  =  111° ±  3°, C 2- I  =  3.00 =*= 0.05 
A., Cs-I = 3.98 ± 0.07 A.

Discussion of the Structures
There is only one surprising feature of the struc­

tures found for these molecules; this is that the

carbon-halogen bond distances are larger than 
those usually observed. Each of the values found, 
C-Cl =  1.83 A., C-Br =  1.95 A., and C-I =  
2.13 A., exceeds the normal single-bond value 
(1.76, 1.91, and 2.10 A., respectively) by a signifi­
cant amount, the difference being largest (0.07 
A.) for the chloride and smallest for the iodide.

A plausible ad hoc explanation for this is that 
there occurs resonance between the normal struc­
ture H—CeeeC—CH2 and an ionic structure

\: X :
H—C+==C=CH2 (in addition to the usual ionic

: X• • +
structure H—C=C—CH2 which confers ionic

: X :~
character on the C-Cl bond). This explanation 
accounts for the decrease in magnitude of the 
deviation in the sequence chloride, bromide, 
iodide, for which the electronegativity of the 
halogen decreases.6

A much greater deviation, about 0.30 A., of 
nitrogen-halogen interatomic distances from the 
single-bond values was observed for nitrosyl chlo­
ride and nitrosyl bromide by Ketelaar and Pal­
mer,7 who offered a similar explanation, based on 
resonance with the ionic structure : 0+==N:

: X
We are indebted to Dr. V. Schomaker for valu­

able help in this work.

Summary

The electron diffraction investigation of the 
propargyl halides has been carried out, leading to 
the interatomic distances C=C =  1.20 A. (as- 
sumed), C-C =  1.47 ±  0.02 A., C-Cl =  1.82 ±
0.02 A., C-Br =  1.95 ±  0.02 A., and C-I =  2.13 *
0.03 A. and the angles C-C-Cl =  111 =*= 2°, 
C-C-Br =  112 ±  2 °, and C-C-I =  111 =*= 3°.
Pasadena, California R eceived M ay 1, 1942

(6) I t  was suggested by  D r. S. W instein [D issertation, California 
In s titu te  of Technology (1939)] th a t  the  large values of the  mole 
refraction of the  allyl halides could be explained as resulting  from 
large polarizabilities of th e  molecules due to  resonance of th e  type 
discussed in th e  te x t above. This would lead to large values of the  
mole refraction for the  propargy l halides also.

(7) J . A. A. K e te laa r an d  K . J. P alm er, T h is  J o u r n a l , 59, 2629 
(1937).
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Forbes and Anderson1 * 79 recently isolated cya­
nates or isocyanates, or both, of silicon, phosphorus 
and boron by the action of silver (iso)cyanate 
upon the corresponding chlorides. In the present 
report similar halogenoid derivatives have been 
prepared from POCl3, AsC13 and SbCl3, and some 
interesting transformations have been noted in 
the compounds thus obtained. Thiocyanates, 
PO(SCN)3 and As(SCN)3, have been prepared also.

Phosphoryl Isocyanate and Cyanate
Preparation.—The preparation was made in two sec­

tions, each of which gave about the same yield of product. 
A total of 300 g. of powdered silver (iso) cyanate and 200 g. 
of phosphoryl chloride in 225 ml. of pure benzene was used 
in a forty-four hour reflux, with occasional shaking. 
Filtration removed silver chloride and phosphoryl cyanate, 
PO(OCN)3, a hydrolyzable yellowish compound (from the 
thermal transformation of soluble liquid into insoluble 
solid). After removal of benzene, there remained 12.5 g. 
of a colorless liquid; an 11% yield of isocyanate. Forma­
tion of the insoluble cyanate was the chief reason for the 
low yield. Lead cyanate reacted extremely slowly with 
phosphoryl chloride under similar conditions. Vacuum 
distillation of PO(NCO)3 was necessary. Analysis of the 
purified material: a weighed sample was hydrolyzed in a
large excess of 3 N  sodium hydroxide, and then heated in 
6 N  nitric acid for an hour; ammonium phosphomolyb- 
date was precipitated from a volume of 100 ml., 2 N  in 
nitric acid. PO(NCO)3: phosphorus found 17.4, 17.7%,
average 17.6%; calculated 17.90%. The molecular 
weights were determined by the Dumas method, with de­
termination and subtraction of the weight of phosphoryl- 
cyanate, non-volatile, from thermal transformation of the 
isocyanate during the experiment. Found: 171.4,169.9,
average 170.7; calculated 173.04.

Properties.—The m. p. was 5.0 =*= 0.5°. Density meas­
urements were obtained by the delivery from a pipet; the 
index of refraction was obtained at 20 ° using an Abbé re- 
fractometer, with thermostated prism. Boiling points at 
various pressures were obtained via the dynamic method 
in an all glass apparatus, with a calibrated thermometer. 
A slight uncertainty exists, because of a non-volatile form, 
PO(OCN)3 possibly having a slight solubility; this cyanate 
is produced very slowly by heating the isocyanate above 
100° .

A summary of the data obtained: colorless compound; 
b. p. (760 mm.) 193.1 =±=2°; m. p. 5.0 =*= 0.5°; vapor pres­
sure, logio p (mm.) = 9.1682 — 2931/77 Xv = 13,410 cal.; 
Xv/ r  = 28.8 cal./deg.; density, 1.570 =*= 0.003 g./cc.; re­
fractive index 1.4804; vapor pressure at 25°, calculated 0.2 
mm. As a lachrymator it is much weaker than phos­
phoryl chloride.

(1) Forbes and  A nderson, T h is  J o u r n a l , 62, 761 (1940).

Non-volatile Form; Phosphoryl Cyanate.—This form 
was prepared from pure phosphoryl isocyanate by heating 
at 156° for five hours, and then removing unchanged 
PO(NCO)3 in a high vacuum. Analysis for phosphorus, 
17.6%; calculated 17.90%. This cyanate was a light 
yellow powder without evident crystalline structure. A 
gas was evolved when the substance was treated with acid. 
About 2% of the isocyanate was converted into an insoluble 
form iri twenty hours at 100°. This cyanate darkened 
when warmed in a high vacuum, and was non-volatile. 
I t  has been previously1 shown that phosphorus triisocya­
nate and its insoluble product are in equilibrium; one form 
can be converted into another—high temperatures favor 
the liquid form.

Phosphoryl Thiocyanate2
Preparation.—The preparation was made with benzene 

as solvent, to preclude loss of any low-boiling isothio­
cyanate. One hundred and ten grams of powdered silver 
thiocyanate, 80 g. of phosphoryl chloride, and 130 ml. of 
pure benzene were heated forty hours on a steam-bath, 
with shaking. Twenty grams of product was obtained by 
fractional distillation at diminished pressure. The middle 
fraction was redistilled and the new middle fraction taken 
for measurements.

Analysis.—A weighed sample was hydrolyzed in 6 N  
nitric acid—since the hydrolysis in water alone would 
have been very slow. PO(SCN)3 +  3H20  = H3PO4 +  
3HSCN. Nitric acid, especially hot concentrated acid, 
converts thiocyanic acid into ammonium acid sulfate and 
hydrocyanic acid. The solution was kept at 100° for a 
half hour, to ensure presence of phosphorus at its highest 
oxidation level. Ammonium phosphomolybdate was pre­
cipitated in a volume of 100 ml., 2 N  in nitric acid. Phos­
phorus found 13.9, 13.5, 14.2%, average 13.9%; calculated 
14.00%. Molecular weights were obtained from the 
freezing point lowering of benzene; found 222, 232, average 
227; calculated 221.2.

Properties.—The purest liquid when freshly prepared 
was colorless, although old samples tended to become 
orange colored. This liquid supercooled below 0° before 
freezing; m. p. 13.8 =*= 1.0°; boiling point 300.1 ± 2°; 
slight decomposition and darkening set in during vapor 
pressure determinations, especially at temperatures over 
250°. Vapor pressure equation: logio P  = 8.5330 — 
3240/F; Xv = 14.820 cal.; Xv/T  — 25.8 cal./deg.; density 
1.484 g./cc.; isomeric changes, none. Thiocyanate test on 
0.01 ml. of pure fresh liquid, with acidified ferric nitrate 
was very strong. Vapor pressure at 25°: calculated
0.005 mm.; no lachrymatory properties.

Arsenic Tricyanate
Preparation.—The analog of phosphorus tricyanate1 was 

prepared by reaction of 45 g. of silver (iso)cyanate and 17 
g. of arsenic trichloride in 100 ml. of benzene (all operations

(2) Previously prepared in solution, only; Dixon, J .  Chem. Soc.,
79, 541 (1901).
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were carried out under a hood, with special precautions to 
avoid inhalation or physical contact with poisonous arsenic 
compounds). The reaction was complete after thirty 
minutes of reflux on a steam-bath, with much shaking. 
Filtration yielded a very pale yellow solution; evaporation 
of the solution under diminished pressure resulted in a 
white solid of only moderate solubility in benzene at 30°. 
Upon warming the solid melted. Attempts to distil the 
liquid were made at various pressures: a t 1 atmosphere, 
little distillation, product isomerizing from As(NCO)3 into 
non-volatile As(OCN)s as shown later; at 150 mm., in 
an all-glass system, 10—11 g. or 60% distillation; at 73 mm. 
and 150.7°, about 80% distillation. Two products were 
obtained, volatile As(NCO)3, and non-volatile As(OCN)3; 
both liberated carbon dioxide with water or acid.

Analysis was accomplished by hydrolysis of weighed 
pellets in hydrochloric acid. As(NCO)3 -f- 3HC1 =  AsCl3 
+  3HNCO. Then 3HNCO +  3H20  +  3HC1 = 3NH4C1 
+  3C02. The solution was made alkaline, then acid, and 
finally a large excess of sodium bicarbonate was added. 
Arsenic was determined by titration with standard iodine 
solution, with addition of starch indicator near the end­
point. Found, arsenic 37.28, 37.20%, average 37.24; calcd. 
37.28%. This end-point is quite sharp at room tempera­
ture.

Properties.—Because of the poisonous nature of the 
arsenic compound and because of its instability, only 
limited observations were made. A boiling point at 760 
mm., 224.0 =*= 2°, was obtained by rapid comparison with 
that of naphthalene under similar conditions, and with the 
same thermometer; m. p. 97.1 =*= 1 °. Color was pure white; 
crystalline form, long needles. Vapor pressure equation, 
from 73 and 760 mm. points: logio P  = 8.7638 — 2924/T . 
At room temperature the vapor pressure of the solid is esti­
mated at 0.05 mm. Needles were obtained by cooling a 
saturated benzene solution. Approximately: Xv = 14,800
cal.; Xv/r = 26.9 cal./deg.

Non-volatile Form; Arsenic Cyanate.—This was pre­
pared by refluxing As(NCO)3 at about 230°, with fairly 
rapid production of the solid form; excess As(NCO)3 was 
removed in a high vacuum. Heating of the solid form, 
presumably As(OCN)3, at 0.001 mm. pressure resulted 
only in darkening, without volatilization.

Arsenic Thiocyanate
Miquel3 thought he had volatilized a few centigrams of 

this compound when he heated arsenic trichloride with 
lead thiocyanate. He may have obtained a mixture of 
arsenic trioxide with some diluent. A reaction of arsenic 
trichloride with silver thiocyanate, in benzene as solvent, 
did produce a substance containing arsenic and thiocya­
nate. This supposed arsenious thiocyanate was soluble in 
benzene, but did not crystallize from benzene. Upon 
heating in a molecular still (tested with mercury) the sub­
stance did not distil or sublime; there was no melting point, 
and the solid merely darkened. Color, yellow to orange- 
yellow, perhaps due to free thiocyanic acid.

Antimony Cyanates
Preparation.—Twenty-seven grams of distilled antimony 

trichloride was dissolved in 150 ml. of pure benzene, and 
60 g. (an excess) of powdered silver cyanate was added,

with shaking. After ten minutes on a steam-bath the 
reaction started, with extremely vigorous boiling of the 
solvent. After thirty minutes, with shaking and addition 
of more benzene, the solution was filtered hot. Some 
Sb(NCO)3 deposited as needles from the solution upon 
cooling. Three hundred ml. of hot benzene was used in 
washing the solid mixture, but the major fraction of the 
antimony isocyanate remained undissolved; the solubility 
of this isocyanate is much less than (2 g./100 ml.) of ben­
zene at 30°. Upon careful evaporation of all the benzene, 
the solid was transferred to a molecular still, and partially 
sublimed—P = 0.001 mm. approximately; tempera­
tures, upper bath —78°, lower bath 175°; distance be­
tween surfaces about 25 mm.

Analysis for antimony (cf. arsenic isocyanate): found
48.9,49.2%; calculated 49.13% Sb.

Properties.—The color was pure white; small crystals in 
sublimation; larger crystals from a benzene solution. The 
vapor pressure was roughly 0.002 mm. at 125°. At 160° 
this Sb(NCO)3 isomerizes, with considerable swelling, to 
Sb(OCN)3, even with gradual elevation of temperature. 
The calculated m. p., 196 °, is above the isomerization point.

Non-volatile Form; Antimony Cyanate.—The outstand­
ing features of the supposed Sb(OCN)3 are: its non-vola­
tility at 0.001 mm.; the swelling at 160 °, during its produc­
tion from Sb(NCO)3; lastly, evolution of gas when the 
cyanate is hydrolyzed in water.

Discussion of Results
Outside of the fifth group of the periodic table, 

the only available boiling points were Si(SCN)4, 
b. p. 314.2°/ Si(NCO)4, b. p. 185.6°/ and Si- 
(OCN)4, b. p. 247.2°.1 The cyanate and isocya­
nate isomers were obtained in a definite ratio in 
several experiments; no evidence has been ob­
tained indicating transformation of one isomer 
into the other.

In the fifth group definite trends have been ob-
slowly

served. Isomeric changes are: P(NCO)s < I >
100 °

heat
P(OCN)3.1 As shown above, PO(NCO)3 — *■ 
PO(OCN)3. As(NCO)3 As(OCN)3. Sb-

heat
(NCO)3 — >■ Sb(OCN)3. The evidence with the 
thiocyanates is not so clear-cut. Miquel3 said his 
P(SCN)3 boiled between 260 and 270° (average 
265); Dixon2 described P(SCN)3 as follows, “A 
reddish-yellow, clear, dense oil . . .  at 170° . .  . 
suddenly changed to a sticky black solid which 
presently became hard and brittle.” PO(SCN)3 
shows no marked isomeric changes. The be­
havior of As(SCN)3 seems intermediate, between 
P(SCN)3 and PO(SCN)3: upon expulsion of the 
last trace of solvent at reduced pressure, the liquid 
turned into a yellowish solid which was not vola­
tile—not even in a molecular still.

(3) M iquel, A n n .  ch im . p h y s ., [V] I I ,  343 (1877). (4) Reynolds, J .  C h e m . Soc., 89, 397 (1906).
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Regularity of Boiling Points.—A comparison 
of the boiling points of isocyanates with those of 
the corresponding chlorides shows interesting 
regularities. The difference between the boiling 
points of PC13 and P(NCO)3 divided by the num­
ber of halogenoid groups is 31.9° — (169.3 — 
73.5)/3. When PO(NCO)3, As(NCO)s, and Si- 
(NCO)4 are included, the average increment is 
31.0°. The only volatile cyanate, Si(OCN)4, 
yields a higher increment, 47.4°.

Upon comparing the thiocyanate series with the 
corresponding chlorides, the increment is also 
found identical; P(SCN)3, PO(SCN)3, and Si- 
(SCN)4 yield an average increment of 64.1°. 
All of these three thiocyanates have been shown 
to be thiocyanates, not isothiocyanates.

Further work in this field is planned. The au­
thor is much indebted to Professor George S.

Forbes, of this Laboratory, for valuable sugges­
tions during the experimental work.

Summary
1. Phosphoryl isocyanate, PO(NCO)3, arsenic 

isocyanate, As(NCO)3, and antimony isocyanate, 
Sb(NCO)3, have been prepared by the action of 
silver (iso)cyanate with the appropriate chloride.

2. Thermal transformations of these volatile 
isocyanates into the corresponding non-volatile 
cyanates have been observed.

3. Phosphoryl thiocyanate has been isolated; 
arsenic thiocyanate, provisionally reported by 
Miquel, has been found non-volatile.

4. Various physical properties have been in­
vestigated quantitatively and an apparent regu­
larity of boiling points has been observed.
C a m b r i d g e , M a s s a c h u s e t t s  R e c e i v e d  M a r c h  24, 1942

[C o n t r i b u t i o n  f r o m  t h e  C h e m ic a l  L a b o r a t o r y , U n i v e r s i t y  o f  M i c h i g a n ]

The Preparation and Properties of Potassium Oxalatostannate1
B y H obart H. W illard and  T aft  Y. T o r ib a r a2

Previous workers3 prepared and studied the 
complex oxalatostannates. Pechard3b claimed to 
have isolated a complex oxalatostannic acid, but 
he made no investigation of it. Hausmann and 
Löwenthal3a and Rosenheim and PlatschSc found 
that such an acid of constant composition could 
not be obtained.

Pechard prepared a potassium salt by dissolving 
stannic acid in potassium bioxalate solution and 
reported a formula K2Sn0(C20 4)2'7H20. Rosen­
heim and Platsch repeated Pechard’s work but 
got entirely different results and reported a for­
mula K6Sn2(C20 4)7*5H20 . They state that the 
usual qualitative reactions for stannic tin and for 
oxalic acid are completely concealed and attribute 
this to the formation of a complex.

In connection with some proposed studies on 
oxalatothiostannates, further studies were made 
on the oxalatostannates.

Experimental
Preparation of Oxalatostannates.—The previous use of 

stannic acid in preparing solutions of oxalatostannates was
(1) From  a d isserta tion  su b m itted  by  T a ft Y. T oribara  in partia l 

fulfillm ent of th e  requ irem ents for th e  degree of D octor of Philosophy 
in th e  U niversity  of M ichigan, 1942.

(2) Florence Fenw ick M em orial Fellow , 1939-1942.
(3) (a) H ausm ann  and  L öw enthal, A n n ., 89, 104 (1854); (b)

Pechard, Compt. rend., 116, 1513 (1893); (c) Rosenheim  and P latsch, 
Z. anorg. Chem., 20, 308 (1899).

tedious as well as undesirable because of the introduction 
of adsorbed impurities. For this reason a scheme was de­
vised for preparing a solution of stannic tin in excess of 
oxalic acid only. Attempts to isolate an oxalatostannic 
acid proved unsuccessful as previous workers had found. 
The potassium salt was prepared and studied.

A mixture of 25 g. of metallic tin (30-mesh) and 125 g. 
of oxalic acid in 800 ml. of distilled water was cooled in an 
ice-salt-bath to about 5°. With continuous mechanical 
stirring, 150 ml. of 30% hydrogen peroxide (superoxol) was 
gradually added, and the reaction mixture was kept cool 
until all the tin had dissolved. Such a procedure required 
six hours or more. The excess of hydrogen peroxide was 
decomposed by adding 40 mg. of finely divided platinum 
black, and the solution was kept cool in an ice-salt bath 
during this procedure to prevent hydrolysis of the tin. 
The platinum was removed by filtration and the filtrate 
was the desired solution of oxalatostannic acid in excess of 
oxalic acid.

To prepare the potassium salt, the solution was analyzed 
for total oxalate and for tin. Allowing two moles of oxa­
late per mole of tin, the excess oxalic acid was neutralized 
by adding the calculated quantity of solid potassium bicar­
bonate. The solution was cooled to 0 °, and the solid was 
filtered off. To recrystallize the salt obtained, it was dis­
solved in the smallest amount of water at 60 °, allowed to 
cool to room temperature and then cooled to 0°. This 
salt was found to be very stable, and the air-dried solid 
gave a very definite composition, K6Sn2(C204)7’4H20. 
The potassium was determined gravimetrically as the per­
chlorate after first removing the tin by dropping hydro- 
bromic acid into a boiling perchloric acid solution. The tin 
was determined gravimetrically as stannic oxide, using



1760 Hobart H. Willard and T aft Y. T oribara Vol. 64

ammonium hydroxide to precipitate the tin after the oxa­
late had been removed with concentrated sulfuric acid. 
The quantity of stannic oxide after ignition was deter­
mined by difference, using solid ammonium iodide in the 
second ignition. The amount of oxalate present was deter­
mined gravimetrically by oxidizing it to carbon dioxide 
with permanganate and absorbing the gas on ascarite.

Anal. Calcd.: K, 20.22; Sn, 20.46; C20 4, 53.11; H2t>, 
6.21. Found: K, 20.23, 20.18; Sn, 20.41, 20.46, 20.51; 
C20 4, 53.13, 53.16, 53.20; H20, 6.21, 6.21.

It will be noticed that the formula obtained is 
identical with that of Rosenheim and Platsch30 
with the exception of the water of hydration. In 
this work the water of hydration was determined 
directly by driving it off by heat and absorbing it 
on dehydrite. Previous workers determined the 
amount of water by difference. In order to make 
certain that the tetrahydrate was the solid phase 
in equilibrium with a saturated solution at 25°, a 
solution of the salt was evaporated at that tem­
perature until the solid precipitated out. This 
solid was then centrifuged and analyzed immedi­
ately for water. Analyses gave 6.27% and 6.24% 
of water as compared to 6.21% theoretical for a 
tetrahydrate.

Titration of K6Sn2(C20 4)7 by Alkali—It was 
noticed in preparing the salt that the pH  was 
low even after the calculated quantity of potas­
sium bicarbonate had been added. A water solu­
tion of the pure compound gave the same acidic 
solution. Standard potassium hydroxide was 
added, and the pH  change was followed with a 
glass electrode. The titration curve is shown in 
Fig. 1.

Fig. 1.—Titration of K6Sn2(C204)7 solution with alkali.

The pH increased uniformly with the addition 
of the base until a value of 5.2 was attained. At 
the point where the solution became turbid from

the precipitation of stannic hydroxide, the ratio 
K0H/K6Sn2(C20 4)7 was 4.0. The pH  remained 
constant until nearly all the tin had been pre­
cipitated and then increased rapidly. At the 
point where the steep rise in the curve occurs, the 
ratio K 0H /K 6Sn2(C20 4)7 is 8.0, or just enough 
potassium hydroxide to precipitate all the tin in 
the compound as stannic hydroxide. The low 
value of the pH  of a water solution of the com­
pound may be explained on the basis of the hy­
drolysis of the tin.

The System K2C20 4-Sn(C20 4)2-H 20 .—The
compound K6Sn2(C20 4)7*4H20  may be considered 
as composed of 3K2C20 4, 2Sn(C20 4)2 and 4H20 . 
Rosenheim and Platsch3c reported the composi­
tion of the barium salt as Ra2Sn(C20 4)4*8H20 . 
For these reasons it appeared as if a complex 
might result from other combinations of K2C20 4, 
Sn(C20 4)2 and H20 .

The system was studied at 25°. In order to ob­
tain true equilibrium between the solid phase and 
the saturated liquid phase, the solid was caused 
to precipitate out of the liquid phase at the tem­
perature desired by slow evaporation. This was 
accomplished by the use of an isothermal evapora­
tor constructed by attaching a number of side- 
arms just below the neck of a one-liter round- 
bottom flask. Rubber stoppers were placed on 
the side-arms so that 8-inch test-tubes containing 
the solutions could be attached. Sulfuric acid was 
placed in the flask as the desiccant, and the sys­
tem was evacuated to hasten evaporation.

The solutions were made by adding appropriate 
quantities of potassium oxalate to a properly neu­
tralized oxalatostannate solution with an oxalate 
to tin ratio of 2.9 and to a nearly saturated solu­
tion of potassium oxalatostannate. When a suffi­
cient amount of solid phase had been deposited, 
the tubes were removed from the evaporator and 
allowed to stand a few days in the thermostat to 
ensure equilibrium between the solid and liquid 
phases. Samples of the solution were measured in 
weight pipets and the wet solid in weighing bottles. 
Both solution and solid were analyzed for total 
oxalate and tin; the water was determined by 
difference. The composition of the solid in equi­
librium with the liquid was determined by the 
well-known residue method of F. A. H. Schreine- 
makers.4

The data in Table I are shown plotted on tri­
angular coordinates in Fig. 2.

(4) Sehreinem akers, Z .  p h y s ik .  C h em ., 11, 7&-109 (189S).
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T a b l e  I
T h e  S y s t e m  K ^C k-Sn^C ^h-E ^O  a t  25°

W t. in liqu id  phase W t. in  w et residue
K2C2Ó4 Sn(C204)2 K2C2Ö4 Sn(C204)2

1.90 5.54 24.06 37.84
1.80 2.14 24.91 29.32
4.11 0.79 28.31 33.04
7.44 0.72 30.99 34.79

13.64 1.41 36.53 40.19
22.37 0.79 38.57 38.81
27.25 2.81 69.94 2.82
27.80 1.25 71.20 0.29
27.21 0.54 68.16 0.47
27.12 0.00 W O b H20

The tie lines indicate that only two solid phases, 
K6Sn2(C204)7*4H20  and K2C204*H20, were found 
in the region of oxalate to tin ratio greater than
3.5, showing that tin does not form any complex 
with potassium oxalate in which the oxalate to tin 
ratio is greater than this. Since the purified 
product obtained from a neutralized oxalatostan­
nate solution with an oxalate to tin ratio less than 
3 was K6Sn2 (0204)7*41120, there is reason to be­
lieve that it is the only compound formed from a 
combination of the three components.

That point on the isotherm representing the 
solubility of pure potassium oxalatostannate in 
water, was determined from both under- and 
super-saturation; equilibrium was reached very 
slowly from the latter direction, but the results 
obtained were in close agreement, giving an aver­
age of 3.94% of the anhydrous salt as the. solu­
bility. The aqueous solubility of potassium oxa­
late at 25° here reported, 27.12% (averaged from 
6 determinations ranging between 27.09 and 
27.15), differs somewhat from previous values:
27.40,0 27.36,6 27.2,7 27.40.8 Equilibrium in this 
work was approached from both sides. The dis­
agreement may result from the difference in ana­
lytical methods: whereas previous workers used 
the permanganate titration, oxalate was here de­

ls) Foote  and  Andrew , A m .  C h e m .  J . ,  84, 153 (1905).
(6) H artley , D rugm an, V lieland and  Bourdillon, J .  C h em .  Soc . ,  

103, 1747 (1913).
(7) R iv e tt and  O ’C onner, ibid., 115, 1346 (1919).
(8) W oskressenskaja, Z .  an org . a ll g em . C h em .,  155, 115 (1926).

S n (C 20 4 )2

termined gravimetrically as already described. 
Because of the absence of interferences and be­
cause larger samples may be used, the precision 
of the gravimetric method is greater than that of 
the volumetric method, which must be carried 
out under carefully controlled conditions. The 
density 25°/4° of the potassium oxalate solution, 
1.2135, agrees with Rivett and O'Conner's value, 
1.215.

Summary
1. Tin was dissolved directly in oxalic acid, 

using hydrogen peroxide as an oxidizing agent.
2. Crystallized potassium oxalatostannate was 

shown to have the formula K6Sn2(C204)7*4H20.
3. The titration of a solution of potassium 

oxalatostannate was followed by pH measure­
ments.

4. The solubility relations in the system, 
K2C204~Sn(C204)2“-H20  at 25° were determined, 
and the only solid phases present in the region of 
oxalate to tin ratio greater than 3.5 were K6Sn2- 
(C2O4V 4H2O and K2C20 4*H20.
A n n  A r b o r , M ic h ig a n  R e c e i v e d  F e b r u a r y  12, 1942
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[C o n t r i b u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r y , U n i v e r s it y  o f  M i c h i g a n ]

A Study of Complex Dioxalatothiometastannatesla
B y H obart H . W illard and  T aft  Y. T o r ibara115

F. W. Clarkelc first noticed the unusual phe­
nomenon that hydrogen sulfide will not precipitate 
stannic tin from an oxalic acid solution. This fact 
was used as the basis of a separation of tin from 
arsenic, antimony, molybdenum, lead, bismuth, 
copper and cadmium by a number of later investi­
gators. Among them Thompson* 2 was the first 
to recognize that hydrogen sulfide was actually 
absorbed by the solution of the oxalate of tin, and 
he suggested that a sulfostannate might be formed. 
Wheeler3 found that under proper conditions one 
mole of sulfur was absorbed for every mole of tin 
present. He was interested in its application as a 
volumetric method for tin and made no attempt 
to study the complex. It was the purpose of this 
work to isolate this complex and to study its 
properties.

Experimental
Preparation of Dioxalatothiometastannates.—Tin was

dissolved in oxalic acid using hydrogen peroxide4 as the 
oxidizing agent. To the solution of oxalatostannic acid, 
an additional quantity of oxalic acid was added to increase 
the oxalate to tin ratio to a value greater than 10, following 
Wheeler’s directions, to prevent precipitation of stannic 
sulfide in the next step. Hydrogen sulfide to saturation 
was passed into the solution near the boiling temperature. 
At room temperature, continued passage of hydrogen sul­
fide caused precipitation of stannic sulfide even from these 
high oxalate ratios, before the complex apparently could be 
formed. The excess of the gas was swept out of the cooled 
solution by passing carbon dioxide or nitrogen through it. 
By cooling this solution to 0°, a large part of the free oxalic 
acid but none of the dioxalatothiometastannic acid was pre­
cipitated. Attempts to isolate this acid proved unsuccess­
ful because of its instability. Cautious evaporations to 
deposit a solid phase removed all the hydrogen sulfide along 
with the water. A number of other schemes were tried in 
an attempt to precipitate out either the desired acid or 
oxalic acid, but the properties of the two were found to be 
quite parallel.

The subsequent studies were made on the potassium 
salt, which was chosen because it was much less soluble 
than the impurity of potassium oxalate, and this made 
separation by crystallization a simple matter. The di­

( ia )  F rom  a d isserta tion  subm itted  by  T a ft Y. T o rib a ra  in partia l 
fulfillm ent of th e  requ irem ents for th e  degree of D octor of Philosophy 
in th e  U niversity  of M ichigan, 1939. T he  m ateria l in th is  paper was 
p resen ted  before th e  D ivision of Physical and  Inorganic C hem istry a t 
th e  M em phis m eeting of th e  Am erican Chem ical Society, April, 1942.

( lb )  Florence Fenw ick M em orial Fellow, 1939—1942.
( lc )  C larke, A m .  J .  S c i . ,  49, 48-51 (1870).
(2) Thom pson, J .  S o c .  C h e m .  I n d . ,  15, 179-181 (1896).
(3) W heeler, A n a l y s t ,  63, 883-4 (1938).
(4) W illard and  T oribara , T h is  J o u r n a l , 64, 1759 (1942).

potassium dioxalatothiometastannate was prepared by 
neutralizing the excess of oxalic acid in much the same 
manner as in preparing potassium oxalatostannate. Allow­
ing the one atom of sulfur and one mole of oxalate for 
each atom of tin, the excess of oxalic acid was neutralized 
with potassium bicarbonate.

At this stage it is very important that hydrogen sulfide 
be passed in long enough to give a 1:1 ratio between sulfide 
and tin. If the ratio is less than unity, part of the tin will 
be in the form of the more insoluble potassium oxalato­
stannate. I t  is also important that the pH after neutrali­
zation be high enough to convert all the excess oxalic acid 
to the neutral oxalate but still low enough to ensure that 
all the carbonate be present as undissociated carbonic acid. 
A consideration of the ionization constants of oxalic acid 
and carbonic acid shows that a pH  of 6 will give a ratio 
C2OU/HC2OU of 61, whereas the same pH will give a 
ratio H2CO3/HCO3-  of 30 . The most favorable pH is, 
therefore, somewhat under 6. In one experiment in which 
a quantity of potassium bicarbonate calculated from the 
analysis of the solution was gradually added, the pH during 
the process was followed with a glass electrode. The final 
pH obtained was 5.64, which agrees with that calculated to 
be the most favorable.

In order to obtain a good separation by fractional crystal­
lization, it is important that the impurities be more soluble 
substances. Both potassium oxalatostannate and potas­
sium bioxalate are much less soluble than the desired salt, 
but potassium oxalate is much more soluble.

An oxalatostannic acid solution was prepared as previ­
ously described,4 and an additional 100 g. of oxalic acid 
was added to the solution. After heating the solution to 
about 80°, hydrogen sulfide was passed into the hot solu­
tion for 1.5 hours. The excess of hydrogen sulfide was 
swept out at room temperature by passing nitrogen or car­
bon dioxide through the solution for forty minutes. A 
sample of the solution was taken at this point and titrated 
with iodine to determine the sulfide content in order to en­
sure the equality of the tin and sulfur present. When this 
had been established, the solution was cooled to 0° to 
freeze out most of the excess of oxalic acid. After remov­
ing this oxalic acid, the solution was allowed to warm up 
to room temperature. Solid potassium bicarbonate was 
added cautiously until a pH of 5.6 was attained. Upon 
cooling this solution to 0 °, it was found that most of the salt 
crystallized out in pure form. It was recrystallized from 
water by dissolving the solid at 50-60° and cooling to 0°. 
Prolonged standing at the higher temperature was avoided 
because of the relative instability of the salt. The solid 
was filtered off and vacuum-dried over sulfuric acid, then 
kept in a desiccator in an atmosphere of nitrogen. Of a 
theoretical quantity of 93 g., a total ot 81 g. of the recrystal­
lized salt was obtained, a yield of 87%.

It was found much more convenient to use concentrated 
solutions of oxalatostannic acid for the preparation because 
the relative losses due to solubility at 0 0 were small. Al­
though concentration of a dilute solution is not possible,
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it is still possible to obtain almost complete recovery by 
adding 3 volumes of ethyl alcohol to precipitate the solids 
in solution. Alcohol also precipitates all the potassium 
oxalate, but this can be removed by fractional crystalliza­
tion. The use of more dilute solutions necessitates an extra 
recrystallization to obtain a very pure salt.

Since the compound was dried immediately after prepa­
ration to prevent decomposition, the amount of water 
of hydration varied with the time of drying. For this 
reason the samples for the analyses of the several constitu­
ents were all weighed at one time and after a short period 
of drying to remove surface moisture. The analyses gave 
the ratio of the components in the compound.

Anal. Found (moles X 103 per gram): K, 4.532,4.528»' 
Sn, 2.265,2.270; S, 2.265, 2.267; C20 4, 4.537, 4.531; H20  
(by difference), 4.50. Indicated formula: K2SnS(C2C>4)2* 
2H20.

Hydration and Stability of Dipotassium Dioxalatothio­
metastannate.—Water was determined directly on a salt 
which had been crystallized by cooling a solution saturated 
slightly above room temperature and which had been cen­
trifuged at 1600 r. p. m. for thirty minutes. Analysis 
showed 9.11% of water, including surface moisture, or 2.25 
moles of water per mole of salt. Some of this salt was 
dried at 95° for four hours without any decomposition. 
An analysis showed 8.30% of water, or 2.03 moles of water 
of crystallization. Continued drying at 60° for two weeks 
left only 0.6 molecule of water. Continued desiccation 
over sulfuric acid in a vacuum was also found to remove 
most of the water. A drastic process of desiccation, using 
the best vacuum obtainable from a Cenco Megavac pump 
and phosphorus pentoxide as the desiccant at a tempera­
ture of 60 ° for ten days, was found to remove all the water 
of hydration. No odor of hydrogen sulfide was evident 
when the flask was opened; such was not the case when the 
compound was decomposed by strong heating. The re­
sults indicate that the dihydrate is the phase which crystal­
lized out of the solution and that it is quite stable. The 
stability of the compound to drastic drying was quite un­
expected, especially in view of its behavior when wet.

The wet compound and the compound in solution were 
found to be unstable for two reasons: because of hydroly­
sis and because of atmospheric oxidation of the sulfide. A 
saturated solution of the compound remained clear for 
several weeks; a 0.1 M  solution became tinged with yellow 
stannic sulfide within a few days; and more dilute solutions 
became tinged in even shorter periods of time. Boiling a 
solution of the compound caused separation of stannic sul­
fide, and prolonged heating at somewhat lower tempera­
tures had the same effect. For this reason the process of 
recrystallization was accomplished in the shortest time 
possible. If the wet solid were allowed to remain in con­
tact with air for any appreciable length of time, the sulfide 
was partially oxidized to free sulfur. When the compound 
had been dried, contact with air had no deleterious effects.

Reduction of the pressure above a solution of the salt at 
room temperature caused the liberation of hydrogen sulfide 
sufficient to precipitate stannic sulfide, making it impos­
sible to use a low pressure evaporation to recover the salt. 
Complete removal of the water by such a process did not 
remove all the sulfur as in the case of the dioxalatothio- 
metastannic acid.

Solubility of Dipotassium Dioxalatothiometastannate in 
Water*-—The solubility of the salt at 25° was determined 
by saturating a solution at a slightly higher temperature in 
contact with the solid and then allowing it to come to 
equilibrium in the thermostat at the  ̂desired temperature; 
The average values obtained (based ' on oxalate1, tin and 
sulfur analyses; the first two as already described4 and - 
sulfur by a titration with iodine) were: at 0 V 2.87%*:
(=*=0.015); at 25°, 10.31% (±0.01); at 50°, about 36%,- 
no exact determination being possible because of the insta­
bility of the solution.

pH of Water Solutions.—A solution 0.1 M  in dipotas­
sium dioxalatothiometastannate, kept free from oxygen, 
was prepared, and the first pH  was determined with a glass 
electrode as soon after solution as possible. I t  was found 
that the pH  of this solution did not change definitely in a 
period of one week, the readings varying in the range of 
3.38 to 3.31. After two days the solution started to take 
on a tinge of yellow from small amounts of stannic sulfide. 
The quantity of stannic sulfide formed was sufficient to 
impart a yellowish tint to the solution but was not an ap 
preciable quantity. This seems to indicate that all the 
time-change of pH must have occurred in the first few 
minutes while the solid was being dissolved.

The 0.1 AT solution was then diluted to make solutions 
approximately 0.025 M  and 0.01 M. The initial pH  for 
the 0.025 M  solution was 3.48, dropping to 2.38 in twenty- 
five minutes and returning to 3.48 as a steady value. For 
the 0.01 M  solution, the initial pH was 3.40, dropping to 
2.33 in fifteen minutes and increasing to 3.52 on long stand­
ing. Noticeable formation of colloidal stannic sulfide took 
place during these changes. I t  appears from these results 
that an equilibrium pH between 3.3 and 3.5 exists for solu­
tions of dipotassium dioxalatothiometastannate. The fact 
that the neutral salt gives an acid solution indicates 
hydrolysis of the tin. The decrease in pH  with dilution 
suggests a dissociation of the complex with further hy­
drolysis of the tin, and the subsequent rise in pH  with 
the precipitation of stannic sulfide a reversal of the 
hydrolysis.

Reactions in Solution.—Different cations were added to 
an approximately 0.1 M  solution of dipotassium dioxalato­
thiometastannate. The metals giving sulfide precipitates 
in acid solution with hydrogen sulfide gave an interesting 
set of reactions. The metals forming the more insoluble 
sulfides as silver, bivalent copper, bismuth, pentavalent 
antimony and bivalent mercury precipitated immediately 
as sulfides when added to the solution of dipotassium 
dioxalatothiometastannate. Bivalent lead and cadmium 
produced white precipitates which gave a test for sulfur, 
indicating that oxalatothiometastannate precipitates of 
those metals were formed. Zinc gave no precipitate. 
From these data a rather qualitative estimation may be 
made of the concentration of the sulfide ion. Lead and 
cadmium did not give sulfijde precipitates, but it may be 
reasoned that this might be caused by the lesser solubilities 
of their oxalatothiometastannates. In the case of zinc, 
the fact that no precipitate was formed may serve as a 
limit for the concentration of sulfide ion, for zinc can be 
completely precipitated by hydrogen sulfide from a solution 
in which the pH is between 2 and 3. Although zinc forms 
a complex in an oxalate solution, the introduction of hydro-

1763
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gen sulfide in such a solution {pH about 3) causes precipita­
tion of zinc sulfide.

The alkaline earths gave precipitates of a complex 
oxalatothiometastannate in all cases when the concentra­
tion of dipotassium dioxalatothiometastannate was made 
sufficiently large. The qualitative order of decreasing 
solubility was found to be magnesium, strontium, calcium 
and barium. In the case of magnesium, it was necessary 
to use a saturated solution of the potassium salt and allow 
it to stand for some time after solid magnesium chloride 
had been dissolved in it. The strontium and calcium pre­
cipitates formed rather slowly. Solid lithium chloride and 
solid sodium sulfate were added to saturated solutions of 
the potassium salt. The lithium salt dissolved and then 
gave a dense precipitate of an oxalatothiometastannate 
salt, but the sodium salt caused no precipitation.

E. m. f. Measurements with Silver-Silver Sulfide Elec­
trodes.—An attempt was made to determine the sulfide ion 
concentration by means of e. m. f. measurements, using a 
Ag-Ag2S electrode. The silver-silver sulfide electrodes 
were prepared according to Noyes and Freed,5 but the 
value of E  did not agree with their value. Several other 
sets of electrodes were prepared in an attempt to check their 
value, but no two identical sets of electrodes could be pre­
pared. It was found that consistent results could be ob­
tained by using the same electrodes in different solutions 
of the same strength. For this reason one set of electrodes 
was used for all the measurements.

The standard potential, jE0, of this electrode 
was determined on the cell
Ag, Ag2S, H2S (0.0685) HC1 (0.1) || satd. calomel electrode,

using the apparatus shown in Fig. 1. This cell 
gave 0.0780 v. for E  at 25°, based on the value
0.2448 v. for the calomel electrode. Calculating 
the sulfide ion activity through the usual ioniza­
tion constants for hydrogen sulfide (7.4 X 10~8 
for K i and 1.2 X 10~15 for X 2), E0 was then 
derived through the Nernst equation

E  = Eo R T , 1
2 F n as-

giving E0 =  0.7051 v.

Gas outlet

Mercury seal 
stirrer
Salt-bridge 
to calomel electrode

Gas inlet
1 mm. capillary ^

Silver-silver sulfide 
electrode

cUd -----
Fig. 1.—Electrode vessel.

Having found the value for E0f e. m. f. measure­
ments on solutions of different concentrations

(5) N oyes an d  F reed , T h is  J o u r n a l , 42, 476 (1920).

of dipotassium dioxalatothiometastannate were 
made. The solutions were made with water 
which had been freed of dissolved air by bubbling 
through it nitrogen for a sufficient length of time. 
After removing air from the apparatus, both the 
gas inlet and outlet were closed off. The results 
obtained are shown in Table I.

T a b l e  I

S u l f i d e  A c t i v i t i e s  b y  E. m . f . M e a s u r e m e n t s  a t  2 5 6
K 2SnS(C20 4)2 E , as-,

concn., M volt moles per liter
0.2458 0.0692 3.1 X 10"22

.2189 .0698 3.2 X 10~22

.0914 .1014 3.8 X 10-21

.0906® .0936 2.1 X 10~21

.1000 .0889 1.4 X 10"21

.0466® .1110 8.0 X 10~21

In the results marked a the maximum value of 
the e. m. f. was used. The e. m. f. was found to 
rise to a maximum and then to decrease. The 
solutions were examined and found to be colored 
with a yellow tinge from colloidal stannic sulfide. 
The other e. m. f. values were all steady, indicat­
ing equilibrium conditions, and the solutions were 
not colored by colloidal stannic sulfide. Equilib­
rium as evidenced by steady readings for eight 
hours or more was reached in about twelve hours.

The behavior of the solutions which showed the 
maximum e. m. f. values may be explained by 
stating that the hydrolysis of the salt proceeded 
to the point where the sulfide ion concentration 
built up sufficiently to produce a stannic sulfide 
precipitate. Since the electrode followed the con­
centration of the sulfide ion, the e. m. f. would 
rise to this point and then start to diminish as 
precipitation removed the sulfide ions. This 
point is probably the same point as that indicated 
by the minimum pH  value noticed in the study of 
the pH. of solutions of different concentrations.

The sulfide ion concentrations of the solutions 
of dipotassium dioxalatothiometastannate are in 
accord with the more qualitative observations on 
the addition of different metallic ions. In a solu­
tion of pH  2, the sulfide ion concentration in a 
saturated hydrogen sulfide solution would be ap­
proximately 6 X 10-20. This is about the lower 
limit of pH at which zinc can be precipitated. 
Comparing this value with that of an approxi­
mately 0.1 M  solution of dipotassium dioxalato­
thiometastannate as shown in Table I, it can be 
seen readily why zinc does not precipitate as a 
sulfide when added to a solution of the salt. 
Both lead and cadmium can be precipitated as
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sulfides in a solution with such a sulfide ion con- 
centration, but the complexes are precipitated in­
stead probably because of their greater insolubility.

Summary
1. Dipotassium dioxalatothiometastannate 

was isolated for the first time and proved to have 
the formula K2SnS(C2O4) 2 *2H20 .

2. The compound was stable enough to per­
mit removal of all of the water of hydration.

3. The solubilities of dipotassium dioxalato­
thiometastannate in water at 25 and 0° were de­
termined.

4. The pH  of water solutions of varying con­
centrations of dipotassium dioxalatothiometastan­
nate was studied.

5. The reactions of a water solution of dipo­
tassium dioxalatothiometastannate with various 
cations were studied.

6. E. m. f. measurements in solutions of di­
potassium dioxalatothiometastannate with a sil­
ver-silver sulfide electrode were made in an at­
tempt to determine the concentration of the sul­
fide ion.
A n n  A r b o r , M i c h i g a n  R e c e i v e d  F e b r u a r y  12, 1942

[C o n t r i b u t i o n  f r o m  t h e  N o y e s  C h e m ic a l  L a b o r a t o r y , U n i v e r s i t y  o f  I l l i n o i s ]

The Reduction of Unsaturated Hydrocarbons at the Dropping Mercury Electrode. 
I. Phenyl Substituted Olefins and Acetylenes

B y  H. A. L a it in e n  a n d  S. W aw zo nek

Isolated ethylenic and acetylenic linkages are 
not reducible at the dropping mercury electrode. 
However, double bonds which are either conju­
gated with carbonyl groups or present in hetero­
cyclic nuclei like pyridine and quinoline can be 
reduced.1 We have found that other types of 
unsaturated linkage are electroreducible. In the 
present paper the results of a polarographic 
study of phenyl substituted olefins and acetylenes 
are reported. The reduction of other types of 
unsaturated hydrocarbons will be described in 
forthcoming publications.

Experimental
Dioxane-water mixtures containing 75% dioxane were 

used as a solvent, with 0.175 M  tetrabutylammonium io­
dide as a supporting electrolyte. Since the half-wave po­
tentials were unaffected by the pH of the solution (v. i.) 
unbuffered solutions were suitable for the measurements. 
Dioxane was found to be superior to acetone, isopropanol 
or methanol as a solvent in permitting the attainment of 
very negative potentials. In 50 to 85% dioxane solutions, 
using tetrabutylammonium iodide as the supporting elec­
trolyte, the decomposition potential of the solvent was 
essentially constant at about —2.9 volts (vs. saturated 
calomel electrode), showing that the negative potential 
limit is determined by the discharge of the cation. Tetra­
butylammonium salts were found to be superior to tetra- 
methylammonium salts in having a more negative dis­
charge potential.

The dropping mercury electrode had the following char­
acteristics. At a pressure of 46.5 cm. of mercury, the drop 
time in the solvent used was 3.34 seconds (open circuit).

(1) I. M . K olthoff and  J . J . L ingane, “ P o larography ,” In te r-  
science Publishers, N ew  Y ork, N . Y ., 1941.

The value of m was 2.05 mg. sec.-1, with a calculated value 
of of 1.973 mg.2/ 3 sec.-1/2 (open circuit). Values
of w2/3/1/ 6 at various potentials are given in Table II.

The electrolysis cell had a simple cylindrical shape with 
a mercury pool anode, and was provided with side arms for 
anode connection and for admission of nitrogen for the 
removal of dissolved oxygen. The anode potential was 
measured against a saturated calomel electrode (S. C. E.) 
by using a sintered glass salt bridge of the type described 
by Laitinen.2 Its value was found to be reproducible at 
—0.452 volt in solutions of constant electrolyte concentra­
tion.

The current-voltage curves were determined with a 
Model XI Heyrovsky Polarograph having a current scale 
calibrated in microamperes. Data for the logarithmic 
analyses of the curves were obtained with a Fisher Elec- 
dropode having specially calibrated current and voltage 
scales. The average resistance of the electrolytic cell was 
determined by the conventional Wheatstone bridge method, 
and found to be 2000 ohms. The half-wave potentials 
given in Table I are corrected for iR drop. All experiments 
were carried out at 25° in a water thermostat regulated to 
± 0 . 1° .

Materials.—The tetrabutylammonium iodide was pre­
pared by a slight modification of the method used by Cox, 
Kraus and Fuoss.3 Tri-w-butylamine (200 ml.) and n- 
butyl iodide (100 ml.) were heated together on a steam- 
bath for sixty-five hours. The resulting solid was filtered, 
washed with a small amount of ethyl acetate and then dis­
solved in the least amount of cold ethanol. The resulting 
solution was mixed with an equal volume of 10% potas­
sium hydroxide in ethanol and poured into water. Re­
moval of part of the alcohol under reduced pressure gave 
a crystalline precipitate of tetrabutylammonium iodide

(2) H . A. L a itinen , In d . Eng. Chem., A nal. Ed., 13, 393 (1941).
(3) N . L. Cox, C, A. K rau s  a n d  R . M . Fuoss, T rans , Faraday Soc

31, 749 (1935).
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which, after three recrystallizations from anhydrous ethyl 
acetate, melted at 141-142°; yield 150 g.

The dioxane was purified by refluxing with sodium for 
ten hours and distilling.

Stilbene, triphenylethylene, diphenylbutadiene, hep- 
tyne-1, tf-allylanisole, and phenylacetylene were obtained 
from stock and were purified before using. The styrene 
was first treated with K2HgI4 and then freshly distilled.

1,1-Diphenylethylene,4 /3-methylstyrene5 and tetra- 
phenylethylene6 were prepared by appropriate methods 
given in the literature.

Diphenylacetylene was prepared by a modification of 
the method used by Limpricht and Schwanert.7 Stilbene 
dibromide was refluxed with 200 ml. of 30% potassium 
hydroxide in methanol for twelve hours. The potassium 
bromide formed was filtered off while hot and washed with 
ether. Water was next added to the filtrate, the methanol 
removed by distillation and the resulting solution extracted 
with ether. Removal of the ether followed by distillation 
under reduced pressure gave 14.6 g. of diphenylacetylene; 
b. p. 111-112° (1 mm.).

Results
All of the hydrocarbons investigated showed a 

single well-defined reduction wave. Tracings of 
typical polarograms are shown in Fig. 1 for styrene 
and in Fig. 2 for triphenylethylene. Only a slight 
tendency toward the appearance of maxima was 
observed. With low concentrations of hydrocar­
bons no maxima were found, whereas slight max­
ima were obtained in most cases with increasing

Potential vs. saturated calomel electrode, volts.
Fig. 1.—Polarogram of styrene in 75% dioxane, 0.175 M, 

tetrabutylammonium iodide: Curve A, residual current; 
curve B, 1.095 X 10“ 3 M styrene; curve C, 2.19 X 10“ 3 M  
styrene.

(4) C. F. H. Allen and S. Converse, "Organic Syntheses,” Collec­
tive  VöL I, 2nd ed., p. 226.

(5) J. L evy and M. Dvoleitzka-G om binska, Bull. soc. chim., 49, 
1765 (1931).

(6) j .  F. Norris, R . Thom as and B. M. Brown, Ber.t 43, 2958 
(1910).

(7) H. Limpricht and H. Schwanert, Ann̂  145, 347 (1868).

Potential, vs. saturated calomel electrode, volts.
Fig. 2.—Polarogram of triphenylethylene in 75% 

dioxane, 0.175 M  tetrabutylammonium iodide: Curve A,
residual current; curve B, 1.178 X 10“ 3 M; curve C, 
2.36 X 10“ 3 M; curve D, 3.54 X 10“ 3 M  triphenyl­
ethylene.

hydrocarbon concentration. The most prominent 
maxima are shown in Fig. 2, and never were found 
to interfere with diffusion current measurements. 
The maxima were not suppressed by methyl red. 
Hence half-wave potential measurements were 
made only on curves having no maxima.

Table I
Half-Wave Potentials and D iffusion Current Con­
stants of Various Compounds in 0.175 M  Tetrabutyl­

ammonium Iodide, 75% D ioxane

Compound

vs.
S. C. E ., 

volts

id,
micro­

amperes

c,
milli­
m oles/
liter

td/C,
micro­

am peres/
m illim ole/

liter
C6H 6C H = C H 2 (I) 2 .343 5 .6 3 1.095 5 .2 5

2 .351 11.00 2 .190 5 .0 3
C6H 6C H =C H C H 3 2 .537 5 .2 6 1.176 4 .4 8

(II) 2 .539 13 .00 2 .940 4 .4 2
(C6H6)2C = C H 2 (III) 2 .2 5 8 3 .6 2 0 .947 3 .8 2

2 .2 7 0 9 .0 3 2 .365 3 .9 8
C6H5C H =C H C 6H 5 2 .1 4 0 2 .3 8 0 .597 3 .9 9

(IV) 2 .1 3 7 4 .8 3 1.194 4 .0 5
2 .157 7 .2 0 1.790 4 .0 2
2 . 136a 4 .6 0 “ 1 .127° 4 .0 8 °

CeHs— C H = C H — 1.981 3 .1 8 0 .810 3 .9 2
C H = C H C eH5 (V) 1.978 6 .4 0 1.620 3 .8 5

(C6H6)2C =C H C 6H b 2 .1 1 8 4 .1 9 1.178 3 .5 6
(VI) 2 .113 8 .6 8 2 .3 6 3 .5 3b 12 .83 3 .5 4 3 .6 2

(C6H5)2C =C (C 6H 5)2 2.046 6 .8 7 1 .95 3 .5 2
(VII)

CbH bCheCH (VIII) 2 .370 12 .85 1.395 9 .2 0
b 2 5 .12 2 .790 9 .0 0

CeHsCEECCeHs (IX) 2 .195 12 .10 1.595 7 .5 9b 23 .8 8 3 .1 9 0 7 .4 8

a In 0.175 M  tetrabutylammonium iodide, 0.052 M  tetra­
butylammonium hydroxide; anode potential —0.440 volt 
(z/s. S. C. E.). h Slight maximum, half-wave potential not 
determined.
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Table I shows a summary of the observed half­
wave potentials and diffusion current constants.

The half-wave potential was found quite gen­
erally to be independent of the concentration of 
hydrocarbon even in unbuffered solution. Since 
the solution at the electrode surface becomes more 
alkaline at the half-wave point with increasing 
hydrocarbon concentration it may be inferred 
that the half-wave potential is independent of the 
pH of the solution. Actually it was shown (Table 
I) that stilbene has the same half-wave potential 
in alkaline solution as in neutral solution when 
proper correction for anode potential is made.

The diffusion current showed a proportionality 
with concentration in every case studied. It is 
evident that the polarographic method offers a 
possible quantitative procedure for the deter­
mination of these hydrocarbons in the absence of 
more readily reducible substances.

A comparison of the half-wave potentials of the 
series of phenyl ethylenes (I, III, IV, VI, VII in 
Table I) shows the increasing ease of electroreduc- 
tioii with increasing substitution. The compari­
son between stilbene and 1,1-diphenylethylene 
(compounds III and IV) clearly demonstrates the 
increased activation of the double bond in stil­
bene. Styrene (I) was found to be distinctly more 
readily reduced than /3-methylstyrene (II).

1,4-Diphenylbutadiene-1,3 (V) was shown to 
undergo a 1,4-reduction, because a comparison of 
its diffusion current constant with those of ethyl- 
enic hydrocarbons of similar molecular weight 
(III and IV) showed that only two electrons per 
molecule are involved in the reduction. No in­
dication of a second reduction step was found.

Phenylacetylene (VIII) and diphenylacetylene
(IX) were found to have slightly more negative 
half-wave potentials than the corresponding 
ethylenic compounds (I and IV). A complete 
reduction involving four electrons per molecule, 
giving rise to a single polarographic wave, was 
found in each case by a comparison of the observed 
diffusion current constants.

Heptyne-1 and ö-allylanisole did not give po­
larographic waves under these conditions, show­
ing that isolated double or triple bonds are not 
electroreducible.

Mechanism of the Reduction.—Logarithmic 
analyses of the reduction waves of stilbene and 
diphenylacetylene were made by plotting the 
quantity log i/(id  — i) against the potential. 
The results are shown in Fig. 3. In each case a

straight line was obtained. The slopes of the 
lines were 0.062 and 0.069 volt for stilbene and di­
phenylacetylene* respectively. These results are 
in essential agreement with the theoretical slope 
of 0.059 volt (25°) for a reversible, potential-de­
termining reaction involving one electron.

Potential (vs. saturated calomel electrode), volts.
Fig. 3.—Analysis of current-voltage curves: O, C6Hs- 

CH^=CHC6H6; • ,  CeHöC^CCeHö; in 75% dioxane, 
0.175 M  tetrabutylammonium iodide.

Considering the fact that the half-wave poten­
tial is independent of the pH, the following mecha­
nism is suggested for the electroreduction of olefins 
in neutral or alkaline solution.
R +  e~ < ^ R (reversible, potential determining) (1)
R~ -1- e ~ ---->- R= (irreversible) (2)
R“ '+  2H20 ---->  RH2 -1- 20H - (irreversible, rapid)

(3)
The first reversible reaction would yield a uni­

valent negative ion, the surface concentration of 
which would be proportional to the current, i. 
The concentration of the original hydrocarbon is 
porportional to the quantity id — i, where id 
is the diffusion current. The potential ir would 
be determined by the ratio C0R/C 0R- of the sur­
face concentrations of R and R“. Then

+ , R T ,  C°R = const -f - y  m , R T .  i& — i / a \  = +  - y  In — j—  (4)

Equation 4 is the observed current-voltage rela­
tionship, with the theoretical slope of the loga­
rithmic plot equal to 0.059 volt at 25°.
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The second step of the reduction cannot involve 
the addition of a proton to form a free radical 
RH unless the rate of the reaction R~ +  H20  
RH +  OH“ would be independent of the pH, be­
cause the surface concentration CV-, and hence 
the half-wave potential, would be a function of the 
pH. Hence the simplest assumption is made, 
namely, that the second step involves the irrevers­
ible addition of a second electron to form a diva­
lent negative ion of the type postulated as a prod­
uct of sodium addition to unsaturated hydrocar­
bons in liquid ammonia.8 The subsequent addi­
tion of two protons to the divalent ion could not 
affect the concentration of the potential-deter­
mining system; hence the reduction potential 
would not depend on the pH.

For acetylenic hydrocarbons, a similar two-step 
electron addition is postulated as the first stage. 
Since the half-wave potential of an acetylenic 
hydrocarbon is in general more negative than 
that of the corresponding ethylenic compound, 
it is readily understood that a single reduction 
wave must be obtained. The reduction poten­
tial, according to the proposed mechanism, is 
determined by the ease of addition of the first 
electron. The corresponding ethylenic com­
pound at this potential would be rapidly reduced 
completely to the substituted ethane.

Diffusion Coefficients.—A knowledge of the 
relative diffusion coefficients of organic com­
pounds as a function of the molecular weight is 
helpful in determining the number of electrons 
involved per molecule in the electrode reaction. 
For an accurate calculation it is necessary to cor­
rect the observed values of the diffusion current 
constants for the change of drop time with poten­
tial, particularly at extremely negative values of 
the potential.9 At potentials more negative than 
— 2 volts (vs. S. C. E.) the drop time becomes so 
small that a direct measurement no longer is 
convenient. Hence the relative value of 
as a function of potential was measured by deter­
mining the diffusion current of nitrobenzene over 
a wide range of potentials ( — 1.4 to —2.8 volts). 
From the relative values, the absolute values of 
w 2/V /e were easily calulated.

Table II gives the values of at the po­
tentials, 7rd, at which the diffusion currents were 
measured, together with the relative values of the

(8) W. C. Fernelius an d  G. W . W a tt, Chem. Rev., 20, 216 (1937).
(9) I. M . K olthoff a n d  E . F . O rlem ann, T h i s  J o u r n a l , 63, 2085 

(1941).

diffusion coefficient taking that of styrene as 
unity. The absolute values in the last column 
were calculated from the Ilkovic equation,1’10 
using average values of the diffusion current con­
stants from Table I . The decrease in the diffusion 
coefficients with increasing molecular weight is 
evident. Although there may be some question 
as to the accuracy of the Ilkovic equation at very 
negative potentials because of the rapid drop rate, 
the results given are certainly sufficiently exact 
to be useful in interpreting diffusion current data 
in 75% dioxane in unknown cases.

T a b l e  IT

C o m p a r is o n  o p  D i f f u s i o n  C o e f f i c i e n t s  o f  H y d r o  
c a r b o n s  i n  75% D io x a n e

Com­ M2/  H1/ 6, D,
Di

cm .2 sec.
pound m g.2/  3sec.-V2 rel. X 105

I 2.51 1.792 1.000 0.562
II 2.75 1.702 0.832 .468

III 2.45 1.800 .579 .325
IV 2.31 1.828 .593 .333
V 2.15 1.869 .526 .296

VI 2.28 1.836 .461 .260
VII 2.21 1.852 .440 .248

VIII 2.55 1.782 .793 .440
IX 2.35 1.820 .521 .293

Summary
The polarographic reduction of a series of 

phenyl substituted olefins and acetylenes has been 
studied. The most suitable solvent medium was 
found to be a dioxane-water mixture containing 
75% dioxane, with tetrabutylammonium iodide 
as a supporting electrolyte.

Each compound was found to give a single re­
duction wave in neutral or alkaline medium with a 
half-wave potential which is independent of the 
pH. The diffusion current was found to be pro­
portional to the hydrocarbon concentration. The 
polarographic method has been shown to be useful 
in the detection and determination of olefins and 
acetylenes with activated double or triple bonds.

The half-wave potential is suggested as a meas­
ure of the relative activation of ethylenic and 
acetylenic linkages by substituent groups.

The equations of the rising portions of the waves 
have been determined for an olefin and an acety­
lenic hydrocarbon, and a reduction mechanism is 
suggested.

The diffusion coefficients of the hydrocarbons 
have been calculated from diffusion current data. 
U r b a n a , III. R e c e i v e d  M a y  13, 1942

(10) D. Ilkovic, Coll. Czech. Chem . Contmun., 6 , 498 (1934).
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High-temperature Heat Content of Mn30 4, M nSi03 and Mi^C1
B y  J. C. S o uthard2 and  G. E . M o ore*

Aug., 1942 H igh-temperature Heat Content of M 1 1 3 O4 , MnSi03 and Mn3C

This paper is a report of part of a program of 
study of the thermodynamic properties of man­
ganese compounds tha t is being conducted at the 
Pacific Experiment Station of the Bureau of 
Mines, U. S. Department of the Interior. Entro­
pies of M 113O4 ,4 M nSi035 and M n3C6 have been 
determined previously. Heats of formation of 
these substances are given in standard reference 
tables, so that high-temperature heat contents are 
the only additional quantities required for the 
calculation of their free energies a t high tempera­
tures. These calculations will not be presented 
here, however, because present values of the heats 
of formation are not considered satisfactorily ac­
curate and a redetermination of them is in prog­
ress.

Apparatus and Materials
The high-temperature heat contents were de­

termined in an apparatus previously described.7 
The apparatus was calibrated electrically, using 
the relation 1 calorie =  4.1833 Int. Joules. During 
the measurements Mn30 4 was contained in an un­
sealed platinum-alloy capsule, M nSi03 in a sealed 
platinum-alloy capsule, and Mn3C in an evacu­
ated and sealed silica-glass capsule.

Mn30 4 was prepared by roasting a high-purity 
sample of MnSCh in air at about 1000°. Analysis 
for active oxygen by titration with ferrous sulfate 
and potassium permangate gave 7.01 and 7.03% 
before the measurements and 6.96% afterward 
(calcd. 6.99%). Manganese was determined to be 
71.89 and 71.92% (calcd. 72.02%). The sample 
was sintered at 1200° before use. Description of 
the preparation and analysis of the MnSi03 
sample has been given by Kelley.5 Mn3C was 
prepared by F. S. Boericke from ground electro­
lytic manganese and high-purity, degassed carbon 
black by heating three days at 850°. Analysis 
showed that the sample contained about 98.8%

(1) Published  by  perm ission of th e  D irector, B ureau of Mines* 
U. vS. D epartm en t of th e  In te rio r. N o t sub ject to  copyright.

(2) F o rm e rly  C hem ist, M etallurg ical D ivision, B ureau  of M ines; 
p re s e n t ad d ress , T i ta n iu m  A lloy  M fg. Co., N iagara Falls, N . Y.

(3) Associate Physical C hem ist, M etallurg ical Division, B ureau 
of M ines.

(4) R . W . M illar, T h is  J o u r n a l , 50, 1875 (1928).
(5) K . K . K elley, ib id ., 63, 2750 (1941).
(6) K . K . K elley an d  G. E . M oore, unpublished.
(7) J . C. S ou thard , T h is  J o u r n a l , 63, 3142 (1941).

Mn3C and 1.2% free manganese. No correction 
will be made for this impurity, since it would be of 
the order of 0.1%.

Results
The experimentally determined heat contents 

above 298.1° K. of Mn30 4, MnSi03 and Mn3C are 
given in Tables I, II, and HI in the order in which 
they were taken. Graphs of the data show transi­
tions in Mn304 at 1445 =±= 40° K. amounting to 
4500 cal./g. f. w., and in Mn3C at 1310 ±  2° K. 
amounting to 3140 cal./g. f. w. The heat-content 
curve of MnSi03 shows no discontinuities. No 
previous high-temperature heat-content data for 
these substances appear in the literature.

T a b l e  I 666.1 9,290
H i g h - T e m p e r a t u r e  H e a t 664.9 9,240

C o n t e n t  o f  Mn30 4 1245.0 26,190
(g. f- w. *  228.79) 1245.7 26,270

Tem p., #  T — # 298 . 1 488.5 4,470
°K . c a l ./g . f. w. 502.5 4,880

1290.9 42,180 1365.6 30,050
1429.9 49,680 1451.8 32,710
1421.1 49,050 1508.7 34,550
985.6 28,020
984.3 27,890 T a b l e  III

1510.2 57,840 H i g h - T e m p e r a t u r e  H e a t

1476.0 56,520 C o n t e n t  o f  Mn3C
1547.5 60,040 (g. f. W. = 176.80)
1448.6 55,110 Tem p., #  T ~ # 298.1

1431.4 49,870 °K . ca l./g . f . w.

1441.4 50,370 871.0 15,370
763.0 18,480 872.3 15,390
760.2 18,340 668.3 9,640
498.9 7,560 670.8 9,660
498,3 7,520 470.7 4,250

1188.6 37,110 1071.6 21,500
1768.8 71,200 1069.9 21,420
1761.1 70,830 1176.3 24,840

1321.0 33,050
T a b l e  II 1252.8 27,410

1292.0 28,810
H i g h - T e m p e r a t u r e  H e a t 1371.1 34,940

C o n t e n t  o f  MnSiOs
(g. f. w. = 130.99) 2d series

Tem p., # T  “ # 2 9 8 .1 1268.5 28,070
°K . cal./g. f. w. 1393.3 35,690

1058.0 20,670 1309.1 30,360
1060.1 20,640 1307.9 29,950
845.6 14,400 1295.3 29,350
844.4 14,320 1420.4 36,830

Table IV is a summary at even 100° intervals of
their heat contents and entropies above 298.1 ° K.



1770 J. C. Southard and C. Howard Shomate Vol. 64

T a b l e  I V

H e a t C o n t e n t s AND E n t r o p i e s  a b o v e 298.1° K . IN
C a l . / g . f . w . a t  100° I n t e r v a l s

-̂-----M 113O4------ ' ,-------M nsC ------ ' ,------MnSiO.1------»
T em p., #  T — £ t  — H  t  — S t  - H  t  - £ t  -

°K . # 2 9 8 . 1 £ 298.1 # 2 9 8 . 1 £ 298.1 # 2 9 8 . 1 £ 2 9 8 . 1

400 3,700 10 .60 2,450 7 .0 7 2,320 6 .6 6
500 7,590 19 .26 5,020 12.79 4,800 12.19
600 11,590 2 6 .5 4 7,700 17.67 7,430 16.98
700 15,760 3 2 .96 10,490 2 1 .96 10,200 21 .24
800 19,980 38 .59 13,350 2 5 .78 13,080 25 .09
900 24,230 4 3 .5 9 16,300 2 9 .25 15,980 28 .50

1000 28,620 4 8 .22 19,300 32.41 18,890 31 .56
1100 33,130 52 .52 22,400 35 .36 21,830 34.37
1200 37,740 56 .53 25,650 38 .19 24,900 37 .04
1300 42,620 60 .43 29,200 4 1 .03 27,950 39 .45
1310 «29,550 4 1 .30
1310 032,690 4 3 .7 0
1400 47,960 64 .39 36,040 4 6 .17 31,090 41.77
1445 «50.460 6 6 .1 5
1445 |854,960 6 9 .26
1500 57,700 71 .1 2 39,840 48 .79 34,300 43 .99
1600 62,700 7 4 .3 8
1700 67,740 7 7 .4 0
1800 72,820 80 .31

This table, in combination with similar tables 
for oxygen, carbon, and silicon, permits ready 
calculation of free energies at these temperatures 
from whatever values of the heat of formation 
an investigator may select.

Summary
The heat contents of M113O4, MnSi03 and Mn3C  

from room temperature to temperatures between 
1140 and 1500° have been determined. These 
determinations have disclosed transitions of 
Mn30 4 at 1172° and Mn3C at 1037°.

A table summarizing the increments in the heat 
contents and entropies of these substances above 
room temperature at 100° intervals has been 
prepared from these data and others in the litera­
ture.
N ia g a r a  F a l l s , N .  Y. R e c e i v e d  A p r i l  6 , 1942

[C o n t r i b u t io n  f r o m  t h e  M e t a l l u r g ic a l  F u n d a m e n t a l s  S e c t i o n , M e t a l l u r g ic a l  D i v i s i o n , B u r e a u  o f  M i n e s ,
U n i t e d  S t a t e s  D e p a r t m e n t  o f  t h e  I n t e r i o r ]

Heat of Formation and High-temperature Heat Content of Manganous Oxide and 
Manganous Sulfate. High-temperature Heat Content of Manganese1

By J. C. Southard2 and C. H oward Shom ate3

The free energy of formation of manganous 
oxide at high temperatures has been uncertain 
because of the lack of satisfactory high-tempera­
ture heat content data. Further, the heat of 
formation of manganous oxide has been based al­
most entirely on heats of combustion. The com­
bustion of manganese metal with oxygen in the 
bomb calorimeter does not proceed according to 
any definite reaction but yields a mixture of oxides 
assumed to be manganous oxide and mangano- 
manganic oxide.4'5 The mixture consists of 10 to 
50 per cent, manganous oxide. The heat of for­
mation of manganous oxide therefore has de­
pended on the combustion of manganous oxide to 
manganomanganic oxide. This requires the use of 
paraffin oil and also yields a product of varying 
composition. Under these conditions the heat of 
reaction is only 5 per cent, of the total heat meas­
ured.5 The heat of reaction also seemed to de-

(1) Published  b y  perm ission of th e  D irecto r, B ureau  of M ines, 
U. S. D ep artm en t of th e  In te rio r. N o t sub jec t to  copyright.

(2) Form erly  C hem ist, M etallurg ical D ivision, B ureau  of M ines; 
present address, T itan iu m  Alloy M fg. Co., N iagara  Falls, N . Y.

(3) A ssistan t C hem ist, M etallurg ical D ivision, B ureau  of M ines.
(4) W . A. R o th , Z. angew. Chem., 42, 981 (1929).
(5) H . Siemonsen, Z . Elektrochem., 45, 637 (1939).

pend on whether the fraction converted to man­
ganomanganic oxide was determined by increase 
in weight or by actual analysis.4 Determination 
of the heat of formation of manganous oxide by a 
completely independent, more direct, method 
appears advantageous.

The thermodynamic properties of manganese 
sulfate have been studied and entropies of the 
substances involved already have been determined, 
as well as the high-temperature heat-content data, 
with the exception of manganous sulfate. The 
heat of formation of manganous sulfate has not 
been determined since the days of Thomsen and 
Berthelot, at which time pure manganese was not 
available.

Methods and Materials
The high-temperature heat contents were determined in 

an apparatus previously described.6 The apparatus was 
calibrated electrically, using the relation 1 calorie = 
4.1833 ïnt. joules. During the measurements mangan­
ous oxide and manganous sulfate were contained in a 
sealed platinum-alloy capsule and manganese metal in an 
evacuated and sealed silica-glass capsule. The heats of 
formation of manganous oxide and manganous sulfate

(6) J . C. S o u tha rd , T h i s  J o u r n a l , 63, 3142 (1941).
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T a b l e  I
H e a t  o f  S o l u t i o n  o f  M a n g a n e s e , M a n g a n o u s  O x i d e  a n d  M a n g a n o u s  S u l f a t e  i n  1.006 N  S u l f u r i c  A c id

1 G. F. w . i n  100.27 k g . A c id  a t  298.1° K.
M anganese 
sam ple A, 

c al./g . f. w.
M nO,

cal./g . f. w.
M n S 0 4, 

ca l./g . f. w.

M anganese “ quenched, 
sam ple  B, 

c a l./g . f. w.

-54,023 -30,607 -11,621 -54,081
-54,041 -30,643 -11,644 -54,111
-54,008 -30,653 -11,623 -54,089

-54,075

Mean -54,024 ±11 -30,634 ±18 -11,629 ±10 -54,089 ±11
Corrn. for evap. of water 
Corrn. for diln. by water

-332
2

-332

Corrected mean -54,356 -30,632 -11,629 -54,421

were determined by the solution of manganese, manganous 
oxide and manganous sulfate in 1.006 N  sulfuric acid solu­
tion in a calorimeter also described previously.7 The 
time of solution was about twelve minutes for manganese 
and manganous sulfate and about twenty to thirty minutes 
for manganous oxide.

The manganese metal was an electrolytic product at 
least 99.9 per cent. pure. I t was degassed by heating to 
850° in a vacuum corresponding to 10~5 mm, and allowed 
to cool slowly (sample A). A portion of this sample was 
quenched from 800° in the high-temperature calorimeter 
(sample B) for use in certain heat-of-solution measure­
ments. The metal was sized by passing through a 20- 
onto a 28-mesh screen. The manganous oxide was pre­
pared by Millar8 by reduction of higher oxides with 
hydrogen at 1100°. I t  was further purified for this work 
by removing visible particles of silica by flotation with 
tetrabromomethane, followed by drying in a high vacuum 
up to 250°. Analysis showed that it contained less than 
0.04% silica and 77.42, 77.45% Mn (calcd. 77.44%). 
Manganese sulfate was prepared from a hydrated “c. p.” 
preparation. I t  was found to contain 36.33% Mn by 
analysis (calcd. 36.38%). It was dried to constant weight 
in the capsule and bulbs at 400° before being weighed and 
sealed.

Results
Heat of Formation.—The heats of solution of 

manganese, manganous oxide, and manganous 
sulfate are summarized in Table I. Determina­
tions were made at the dilution of 1 gram-atom of 
manganese to 100.27 kg. of acid solution. Correc­
tion for the vaporization of water by evolved hy­
drogen was made on the assumption that none of 
the hydrogen remained in solution by the time 
equilibrium was attained, and that it was satu­
rated with water vapor when it left the solution. 
The partial pressure of water vapor over the acid 
solution was taken to be 23.34 mm. at 25° with a 
temperature coefficient of 0.14 mm. per degree. 
The heat of vaporization of water from 1 N  sul­
furic acid was taken to be 10,501 cal./g. f. w. at

(7) J . C. S ou thard , In d . E ng . Chem., 32, 442 (1940).
(8) R . W . M illar, T h is  J o u r n a l , 50, 1875 (1928).

25°. The final temperature lay between 25.0 and
25.2 ° in every case.

The heat of formation of manganous oxide, 
according to Eq. 5, is calculated from the heats of 
the following reactions, all at 298.1° K.
Mile +  49.05 H2SOr5299 H20(soln.) — >■

MnSO4-48.05 H2S04-5299 H20(soln.) +  H2(g) (1)
MnO(s) +  49.05 H2S04-5299 H20(soln.)----^

MnS04*48.05 H2S04*5300 H20(soln.) (2)
MnSO4-48.05 H2S04-5299 H20(soln.) +  H*0(1)----3-

MnSO4-48.05 H2S04-5300 H20(soln.) (3)
H2(g) +  VaOa(g) H20(1) (4)
Mna +  V20 2(g ) MnO(s) (5)

Ai75 = Alh  -f- AU4 — AHz +  AHZ

The heats of reactions (1), (2) and (3) are given 
in Table I. The heat of reaction (4) was deter­
mined by Rossini9 as —68,318 =*= 9 cal./g. f. w. 
The heat of formation of manganous oxide from 
the elements at 298.1° K. is thus computed to be 
— 92,040 =*= 110 cal./g. f. w. The limits of error 
are estimated as the sum of the average deviations 
from the mean of the heats of solution of manga­
nese and manganous oxide, plus 0.05% of the total 
energy measured, plus 10% of the correction for 
vaporization of water plus 9 calories uncertainty 
in the heat of formation of water. The value 
computed here allows the maximum correction for 
vaporization of water by the evolved hydrogen. 
Any other assumption would decrease the magni­
tude of the heat of formation. A comparison of 
the present value of the heat of formation of man­
ganous oxide with those previously determined 
is given in Table II. Virtually all previous data 
were obtained by combustion methods from 
Le Chatelier’s day on.

The value determined here by solution methods 
is believed to be more trustworthy than that ob­
tained by combustion methods, for two reasons.
(1) The combustion process does not proceed ac-

(9) F . D. Rossini, Bur. Standards J .  Res., 22, 407 (1939).



1772 J. C. Southard and C. Howard Shomate Vol. 64

T a b l e  II
H e a t  o f  F o r m a t io n  o f  M a n g a n o u s  O x i d e

A JÏ298.1
Y ear M ethod cal./g . f. w.

Le C hatelie r10 1896 C om bustion  with 
an d  charcoal

oyxgen -9 0 ,9 0 0

G u n tz 11 1896 N o t s ta ted -9 8 ,2 0 0
R o th 4 1929 C om bustion  w ith 

and  oil
oxygen -9 6 ,2 0 0

Siem onsen3 1939 C om bustion  w ith  
and  oil

oxygen -9 3 ,1 0 0

T his work 1942 Solution  in  1 N  
acid

sulfuric -9 2 ,0 4 0  =fc 110

cording to any definite reaction, while the initial 
and final states in the solution method are well- 
defined. (2) The total amount of heat per g. f. w. 
of manganous oxide measured in the combustion 
method is 5 to 7 times that measured by the solu­
tion method. The agreement between the pres­
ent work and that of Siemonsen is evidence of 
extremely careful calorimetry on his part. The 
result of Roth and Müller is higher because they 
used a sample contaminated by silicon and alumi­
num and probably because it contained hydrogen.

The heat of formation of manganous sulfate 
from the elements (Eq. 8) is calculated from Eq. (1) 
above, in combination with the following reactions, 
all at 298.1°K .
H2.+ S(rh) +  202 +  MnSOr48.05 H2S04-5299 H20(soln.) 

— > MnSO4-49.05 H2S04-5299 H20  (soln.) (6)
MnvS04(s) 4- 49.05 H2S04-5299 H20(soln.) ----

MnSO4-49.05 H2S04-5299 H20(soln.) (7)
Mn« +  S(rh) +  202(g )----> MnS04(s) (8)

AH% =  AH i T  AH q —  AHj

The heat of reaction (7) is given in Table I. AHq 
is calculated from the heats of the reactions

H2(g) +  S(rh) +  202(g) — > H2S04(1) (9)
H2S04(1) +  49.05 H2S04-5299 H20(soln.)  ►

50.05 H2S04*5299 H20(soln.) (10) 
Ha(g) T  S(rli) 4- 202(g) 4- 49.05 H2S04-5299 H20(soln.)

— > 50.05 H2S04-5299 H20(soln.) (11) 
AHn  =  AH q - h  AHio

The heat of reaction 9 was calculated to be 
—194,100 =±= 100 cal./g. f. w. from the heat of for­
mation of sulfur dioxide of Eckmann and Rossini12 
and the heat of oxidation of sulfur dioxide and 
heats of solution of sulfur dioxide, sulfur trioxide 
and sulfuric acid obtained by Roth, Grau and 
Meiehsner.13 It was necessary to correct some of 
the data to 25°. The limits of error are those set 
by Roth. The heat of reaction (10) has been cal­
culated from the data of Grau and Roth14 at about

(10) H . Le C hatelier, Compt . rend., 122, 80 (1896).
(11) G untz, ibid., 122, 465 (1896).
(12) J . D . E ckm ann  an d  F . D. Rossini, B ur. Standards J .  Res., 3, 

597 (1929).
(13) W . A. R o th , R . G rau  an d  A. M eiehsner, Z . anorg. Chem., 193, 

169 (1930).
(14) R . G rau  an d  W . A. R o th , ib id ., 188, 195 (1930).

290° K. as —17,350 calories. No correction was 
made to 298.1° K., and the error is estimated at 
=*=50 cal. The heat of reaction (11) must neces­
sarily be assumed the same as that of reaction (6) 
but little error can arise from this source because 
the ionic strengths of the solutions are the same. 
The heat of formation of manganous sulfate from 
the elements is thus calculated to be —254,180 =*= 
250 cal./g. f. w. at 298.1 ° K. The limits of error 
are estimated as the sum of the average deviations 
from the mean of the heats of solution of manga­
nese and manganous sulfate, plus 0.05% of the 
total energy measured, plus 10% of the correction 
for vaporization of water by the hydrogen in Eq. 1, 
plus 100 calories in the heat of formation of sul­
furic acid plus 50 calories for the hèat of reac­
tion (10).

Previous determinations of the heat of forma­
tion of manganous sulfate at room temperature by 
Thomsen (AH  —■ —249,730) and Berthelot (AH  
— —249,400) are discussed by Kelley.15 Maier16 
has calculated a value of =  —250,700
from the dissociation pressure measurements of 
Marchal.17 This value is not changed much by 
using the present high-temperature heat-content 
data, but may be changed by the proposed in­
vestigation of the heat of formation of mangano- 
manganic oxide. However, Marchal’s data lead 
to an abnormally high entropy of manganous sul­
fate so that not much weight can be given to 
values of the heat of formation calculated from 
them.

The difference in the heats of solution of an­
nealed and “quenched” manganese is computed 
from Table I to be 65 calories per g. f. w. This 
heat is required for the calculation of heat contents 
of manganese above the transition at 1012° K.

High-temperature Heat Contents.—The meas­
urements of the heat content at T° K., minus the 
heat content at 298.1° K. for manganese, manga­
nous oxide, and manganese sulfate, are given in 
Tables III, IV and V. Manganous oxide and 
manganous sulfate show no transitions. Man­
ganese metal shows a transition at 1012° K. 
Known transitions at higher temperatures could 
not be investigated in this work because of devit­
rification of the silica-glass capsule and reaction 
of the manganese with it. The correction of 65 
cal./g. f. w. must be applied to the data of Table 
III above 1012° K. because the manganese did

(15) K . K . K elley, B ur. M ines B ull., 406, 101 (1937).
(16) C. G. M aier, B ur. M ines In f .  Circ. 6769, 68 (1934)
(17) G . M archal, J .  chim . phys., 22, 559 (1925).
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not come to the same final state in the calorimeter 
when dropped from temperatures above this as 
when dropped from temperatures below it. It is 
not supposed that this quantity represents the 
difference in heat content between a and ($ man­
ganese at 298.1° K. but merely that it is a correc­
tion that must be applied to the calorimetric heat 
obtained when the capsule was dropped from the 
temperature range in which £ manganese is stable.

T a b l e  III T a b l e  IV
H i g h -t e m p e r a t u t e  H e a t  H i g h -t e m p e r a t u r e  H e a t

Content of M anganese Content of M anganous

(g. f. w. =  54.93) Oxide

H T ~  H 299.1 (g . f- w. =  70.93)
T , ° K. cal./g . f. w. H  T “  #298 1
963.8 5030 T , ° K. cal./g . f. w.

962.8 4987 1268.6 12,050
925.6 4686 1270.1 12,080
669.0 2622 1041.6 8,980
669.3 2626 1043.5 8,980
486.4 1264 774.6 5,600
481.7 1206 774.6 5,572
880.7 4307 519.8 2,517
879.2 4298 518.9 2,503
962.5 5016 1519.0 15,490

1003.9 5361 1511.0 15,310
977.6 5134 1153.8 10,440

1027.1 6103 1258.5 11,850
1071.8 6395 1773.4 18,980
1075.4 6431
1013.0 5988 Table V

H igh-temperature Heat
z a  series Content of M anganese

855.5 4116 Sulfate
1153.0 7221 (g. f- w. *  150.99)
1161.6 7331 H  T — H  299.1
1260.1 8246 T , ° K . cal./g . f. w.

1264.5 8276 870.3 18,180
1307.3 8666 873.5 18,250
1307.3 8640 681.5 11,620
1105.8 6737 679.9 11,480
1379.1 9505 497.0 5,520

483.3 5,070
1083.6 26,140
1082.3 26,060

The heat of transition a —* f$ manganese is cal­
culated from the heat-content data to be 615 cal­
ories per g. f. w. at 1012° K. This includes the 
above-mentioned 65 calories. Gaylor18 reported 
the transition as occurring at 1013 =*= 2° K., with 
distilled manganese. Umino19 observed that this 
transition occurred at 1108° K., accompanied by a 
heat effect of but 68 calories per g. f. w. Other in­
vestigators of the high-temperature heat content 
observed none at all. There was no evidence in

(18) M . L. V. G aylor, J .  Iron  Steel In s t., 115, N o. 1, 393 (1927).
(19) S. XJmitia, Sci. Repls. Tdhoku Im p . Unii),, 16, 775 (1927).

the present work of a transition reported by Gay­
lor at 943° K.

Previous measurements on the high-tempera­
ture heat content of manganese have been sur­
veyed by Kelley.20 The present work lies be­
tween that of Umino and that of Wiist, Meuthen 
and Durrer21 and not far from that of Laemmel.22 
The present work is believed to be more reliable 
because it was done with a higher-purity sample 
of manganese, completely protected from oxida­
tion, and with a higher-precision calorimeter than 
was previous work.

No previous determinations have been reported 
on the heat content of manganous oxide and 
manganous sulfate at high temperatures.

Table VI is a summary at 100° intervals of the 
heat content and entropy above 298.1° K. of 
manganese, manganous oxide and manganous sul­
fate. The 65-cal. correction to the heat content of 
manganese in the fi range has been applied. Table 
VI also includes values of the free energy of forma­
tion of manganous oxide from gaseous oxygen and 
the form of manganese stable at the stated tem­
perature. The present value of —92,040 cal./ 
g. f. w. for the heat of formation of manganous ox­
ide is used in conjunction with the values 7.61, 
24.52 and 14.4 for the entropies of manganese, 
y 2 oxygen and manganous oxide, respectively,23 to 
calculate a free energy of formation of manganous 
oxide of —86,760 cal./g. f. w. at 298.1° K. Values 
at higher temperatures were calculated with the 
aid of the present high-temperature heat-content 
data on manganese and manganous oxide and the 
tables of free energy of oxygen given by Johnston 
and Walker.24 Comparison may be made with 
the experimental data of Aoyama and Oka25 for 
the reaction Mn +  H20(g) MnO +  H2(g). 
They made five determinations in the tempera­
ture range 1,048 to 1,460° K. Their data were 
recalculated to the reaction Mn +  1/ 20 2 —» MnO 
by adding the free energy of formation of water 
vapor, which was calculated from the tables of 
A. R. Gordon26 and W. F. Giauque,27 and the free 
energy of formation of water vapor at 298.1° K.

(20) K . K . K elley, U. S . Bur. M ines B ull., N o. 371, p. 34 (1934).
(21) F . W iist, A. M eu then  an d  R . D urrer, Forsch. A rb . Ver. deut. 

Ing ., N o. 204 (1918).
(22) R . L aem m el, A n n . P hysik , 16, 551 (1905).
(23) K . K . K elley , Bur. M ines Bull. 434, 115 (1941).
(24) H . L. Jo h n sto n  an d  M . K . W alker, T h is  J o u r n a l , 55, 183 

(1933).
(25) S. A oyam a an d  Y . O ka, S c i . Repts. Tdhoku Im p . U niv., 22, 

824 (1933).
(26) A. R . G ordon, J .  Chem. Phys., 2, 65 (1934).
(27) W . F . G iauque, T h is  J o u r n a l * 52, 4816  (1930 ).
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T a b l e  VI
H e a t  C o n t e n t s  a n d  E n t r o p i e s  o f  M a n g a n e s e  a n d  M a n g a n o u s  O x i d e  a b o v e  298.1° K . a n d  t h e  F r e e  E n e r g y  o f

F o r m a t io n  o f  M a n g a n o u s  O x i d e  a t  100° I n t e r v a l s

' ,------------------- M n -
.S t  ~ 1S 298.1 ,

M nO
S t  -  *5298-1, AF  of for­

Mn£504-------------->
5 T  -  *S298.1,

H  T “  H 298. 1 , cal./deg . # T  -  # 2 9 8 .1 , cal./deg . m ation , #  T — # 2 9 8 .1 , cal./deg .
T, ° K . ca l./g . f. w. g. f. w. cal./g . f. w. g. f- w. ca l./g . f. w. ca l./g . f. w. g. f- w.

298.1 -86,760
400 660 1.89 1130 3.26 -84,970 2680 7.70
500 1364 3.46 2280 5.82 -83,240 5630 14.28
600 2100 4.80 3470 7.99 -81,520 8850 20.14
700 2874 5.99 4680 9.85 -79,820 12210 25.32
800 3668 7.05 5900 11.48 -78,120 15710 29.99
900 4480 8.00 7150 12.95 -76,430 19280 34.18

1000 5328 8.90 8430 14.30 -74,730 22970 38.07
1012a 5438 9.01
10120 6053 9.62
1100 6750 10.26 9750 15.56 -73,000 26730 41.65
1200 7734 11.11 11100 16.73 -71,260
1300 8672 11.86 12470 17.82 -69,500
13400 9040 12.14
1340t ( 9220) (12.28)
1400 ( 9770) (12.69) 13840 18.84 -67,740
1500 (10690) (13.33) 15210 19.79 -65,980

given by Rossini.9 The three lowest of Aoyama 
and Oka’s points lie within a few hundred calories 
of values interpolated from Table VI, which may 
be said to be in good agreement. In general, 
however, their data give a larger AH and AS for 
the reaction than may be calculated from the 
third law.

S um m ary
The heat of formation of manganous.oxide has 

been determined to be —92,040 =*= 110 calories

—254,180 =*= 250 calories per g. f. w. at 25°.
The heat contents of manganese, manganous 

oxide, and manganous sulfate from room tem­
perature to temperatures between 811 and 1500° 
have been determined. These observations have 
disclosed a transition in manganese at 739°.

A table summarizing increments of heat con­
tents, entropies and free energies at 100° intervals 
has been prepared from these data and others in 
the literature.

per g. f. w, and of manganous sulfate to be N iagara Falls, N. Y. R e c e i v e d  A p r i l  6, 1942

[C o n t r i b u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r y  o f  t h e  U n i v e r s i t y  o f  C a l i f o r n i a ]

Isomers of Crystal Violet Ion. Their Absorption and Re-emission of Light
B y G il b e r t  N. L e w is , T heodore T . M agel and D avid L ip k in

The possibility of a new type of isomerism in 
such substances as triphenylmethyl and its ions 
was pointed out recently.1 An extensive investi­
gation of the light absorption of the free radicals 
has not given us positive evidence of such isom­
erism.2 On the other hand, in the derivatives

(1) Lewis and  C alvin, Chem. Rev., 25, 273 (1939).
(2) T h e  tw o absorp tion  bands of trip h en y lm eth y l in the  visible 

w hich were obtained  by  M eyer and  W ieland [Ber., 44, 2557 (1911)] 
an d  which were resolved in to  th ree  bands by  Anderson [T h is J o ur­
n a l , 57, 1673 (1935)] were shown by  D r. O. G oldschm id [Ph.D . 
T hesis, U niversity  of C alifornia (1939)] to  be v ib ra tiona l bands be­
longing  to  a single electronic band. T h is  was shown by  comparison 
of th e  absorp tion  an d  fluorescence spec tra  of tripheny lm ethy l. We 
have  fu rth e r confirm ed his results, b u t w ith  a  very  high resolution 
we have found a m uch m ore in tr ica te  s tru c tu re . This will be dis­
cussed in ano ther place.

of triphenylmethyl ion we have sought, and be­
lieve to have found, these isomers.

It is often observed that the absorption curve 
of what is apparently a single substance, such as 
the ion of crystal violet (tris- (dimethyl-^-amino- 
phenyl)-methyl ion, Fig. 6) as it exists in neutral 
or alkaline solution, has a shoulder as seen in Fig.
1. This shoulder suggests the superposition of 
two neighboring bands, which might result from
(1) a partial resolution of the vibrational struc­
ture belonging to a single electronic level, which, 
according to the work of Dr. Goldschmid,2 seems to 
be the explanation of a similar shoulder in the ad­
sorption curve of methylene blue, or (2) two neigh­
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boring electronic levels, or finally (3) two isomers 
in rapid equilibrium with one another. We shall 
find that it is the last of these theories which ac­
counts for the crystal violet spectrum. In the ex­
perimental work that has led to this conclusion 
several perplexing phenomena have appeared 
which will be dealt with in their turn, and about 
200 absorption curves have been obtained, of 
which only a few can be shown.

When we study the light absorption of crystal 
violet in a variety of solvents the curves fall 
roughly into three classes, exemplified by the 
solid curves in Figs. 1, 2 and 3. In each curve 
the ordinates (a) are proportional to the molar 
extinction coefficient, e, the proportionality factor

Fig. 1.—Relative extinction coefficient of 10"6 M  crystal 
violet (chloride) in absolute ethanol at 293°K. (solid 
curve). Curve A (dashed line) is the curve of malachite 
green in ethanol, displaced horizontally to coincide with 
solid curve at maximum. This is also assumed to be the 
A band of crystal violet. Curve B (dotted) obtained from 
the two other curves by subtraction.

Fig. 2.—-Relative extinction coefficient of 5 X 10~7 M  
crystal violet (chloride) in chloroform at 293°K. Curve A, 
malachite green curve in chloroform, displaced. Curve B
obtained as in Fig. 1.

Wave length, A.
Fig. 3.—Relative extinction coefficient of 10“ 6 M  crystal 

violet (chloride) in toluene containing 0.1% /3-naphthol at 
293 °K. Curve A is malachite green curve in same solvent, 
displaced. Curve B obtained as in Fig. 1. In this case 
the actual experimental points are shown.

being so chosen that in each case amax. is unity.3
In order to show that in all three cases the ab­

sorption curve is a summation of two bands which 
differ in position and relative height, we may use 
a crude but apparently effective mode of analysis. 
We have noticed that the absorption curve of 
malachite green, which shows no pronounced 
shoulder, if displaced horizontally to bring the 
maximum into coincidence with that of the crys­
tal violet curve, coincides with the latter in the 
whole left-hand portion. This is shown in Fig. 3 
where the open circles represent experimental 
points for malachite green and the black circles 
those for crystal violet. If we assume now that 
this coincidence would continue all the way for 
the first (A) band of crystal violet, then we may 
construct the other (B) band by subtracting the 
dashed from the solid curve. When this is done we 
obtain the dotted curve which is marked B. 
Similarly, using the malachite green curve for the 
corresponding solvent we have obtained the A 
and B bands in Figs. 1 and 2.

It seems that in spite of the different appear­
ance of the three solid curves of Figs. 1-3, they 
differ chiefly in the positions and the relative 
intensities of the A and B bands.

All of the solvents which we have studied can 
be classified roughly according to the resemblance 
of the absorption curves of crystal violet in the 
several solvents to the curves of Figs. 1, 2 and 3.

(3) W e have  chosen th is  m ethod  of rep resen ta tion  b est to  d isp lay  
th e  shapes of th e  several curves. F urtherm ore , ou r de te rm ina tions  
of re la tive  ex tinction  are  fa r m ore accura te  th a n  our abso lu te  values. 
T he values of €max. th a t  we ac tu a lly  obtained  fo r these  th re e  curves 
were 8.1 X 104 in  abso lu te  e thano l, 8.5 X 104 in chloroform  an d  a b o u t 
7 X 104 in to luene.
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Class I comprises all the solvents that we have 
examined of high, or moderately high, dielectric 
constant: namely, ethanol, methanol, 2-butanol, 
water, glycol, glycerol, glucose (supercooled), 
ethylene chlorohydrin, methyl cyanide, acetone, 
acetaldehyde, glacial acetic acid, pyridine, and 
aniline. In all of these Amax. (A) lies between 
5830 and 5940 A., except that aniline gave 5990 A.

Class II comprises chloroform,4 2ra?w-dichloro- 
ethylene, methyl iodide, chlorobenzene and a 
saturated solution of chloral hydrate in water. 
For all of these Amax. (A) lies between 5780 and 
5800 A., except for chlorobenzene, 5940 A. It will 
be noted that all of these solvents of Group II 
contain halogen and therefore have, if not for the 
molecule as a whole, at least for some part of it, a 
considerable dipole moment.

On the other hand, the tetrahedrally symmet­
rical carbon tetrachloride and the linearly sym­
metrical carbon bisulfide, both with high bond 
moments, fall into our third class, which also con­
tains toluene, hexane, dioxane, isopentane, ether, 
methylal, carbon tetrachloride and carbon bisul­
fide. Here Xmax. (A) varies widely from 5930 A. 
for methylal to 6140 A. for carbon bisulfide. In 
all of these solvents small amounts of phenol, 
/3-naphthol or ethanol were added to make the 
crystal violet chloride soluble. It seems to make 
no difference in the absorption curve which is 
used or at what concentration, provided that it 
does not exceed 1 or 2% .

The observation by Lewis and Seaborg5 that 
crystal violet can be made to dissolve freely in 
toluene by the addition of a small amount of a 
substance with labile hydrogen seemed to show 
“that crystal violet in toluene forms complexes 
with alcohols and acids, and the stability of these 
compounds reaches a maximum in the case of 
phenol/’ At first it seemed likely that such com­
plexes, formed by hydrogen bonds at the nitrogen 
atoms, might account for the peculiarities in the 
absorption curve of Fig. 3. However, it was later 
found that other salts of crystal violet (perchlorate, 
iodide, acetate) are of themselves soluble in toluene, 
and in one experiment pure, dry crystal violet ace­
tate was dissolved in very dry toluene. The ab­
sorption curve was identical with that of Fig. 3.

(4) M r. J . Biegeleisen, to  w hom  we are  indeb ted  for several of our 
ab so rp tion  curves, has m easured  th e  abso rp tio n  of crystal violet in 
m ixtures of chloroform  an d  ethano l. T h e  curves change con tinu­
ously from  one pure  so lven t to  th e  o th e r, th e  m ain  difference being 
in  th e  heigh t of th e  B b an d  which, re la tiv e  to  th a t  of the  A band, 
is 0.22, 0.35, 0.38, 0.40 an d  0.40 w ith  0, 25, 50, 75, an d  100% ethanol.

(5) Lewis and Seaborg, T h is  J o u r n a l , 61, 1894 (1939).

Absorption Spectra in Alcohol and Other Sol­
vents of Class I.—Solutions in solvents of Class I 
are the only ones, as we shall see, in which we have 
the isolated ion of crystal violet. In these solvents 
the absorption curve proves extremely insensitive 
to any isothermal change.6 In alcohol identical 
curves were obtained at 10 “4 and 10 6 M , and in 
less exact measurements over a still wider range. 
Moreover, the curve was in no way affected by the 
nature of the anion (chloride, bromide, acetate or 
perchlorate). Even when large amounts of sodium 
chloride or bromide were added (10~2 M) the ab­
sorption curve was not altered.

Even the change from one to another solvent of 
Class I has, as we have seen, very little effect upon 
the absorption spectrum. The formation of com­
plexes through hydrogen bonds,7 which we have 
just shown to have no effect upon the spectrum in 
toluene, appears also to have very little effect in 
solvents of Class I. From cases where these com­
plexes should be prominent, such as glacial acetic 
acid and ethanol containing considerable amounts 
of phenol, to cases such as acetone and pyridine, 
where such complexes must be absent, there is an 
increase in Amax. of onfy about 50 A.

When the temperature of the alcoholic solution 
is lowered, beginning at room temperature, there 
is a gradual but readily noticeable change in the 
character of the absorption curve. The shoulder 
(B band) becomes less marked and nearly disap­
pears as we approach the temperature of liquid 
air. This phenomenon occurs in methanol and 
ethanol. We have studied most carefully ethanol 
containing 5% water,8 the curves being shown in 
Fig. 4. Here again we have made amax. =  1 
for each curve. As we go to lower temperatures 
there is the usual slight steepening of the curve 
at the left. The value of €max, allowance having

(6) I t  is tru e  th a t  in w ater a t  very high concen tration  (2 X 10 ~3 M ) 
a new absorp tion  band  a t  a b o u t 5400 A. was found  by Holm es [Ind. 
Eng. Chem., 16, 35 (1924)] w hich p robab ly  is due to  a dim eric ion 
such as has recen tly  been stu d ied  experim entally  and  theoretically  in 
th e  case of th e  th ion ine dyes by  R abinow itch  and  E pste in  [T h is  
J o u r n a l , 63, 69 (1941)].

(7) I t  was no ted  by  Lewis and  Seaborg5 th a t  th e  trin itro trip h en y l- 
m ethide ion seem s to  form  complexes w ith  substances like alcohol, 
phenol or acetic acid by  a tta ch m e n t th ro u g h  hydrogen to  th e  n itro  
groups, w ithou t causing an y  m arked  change in  color. However, 
when hydrogen ion was sim ilarly  a tta ch ed  to  a n itro  group the  color 
changed from  blue to  orange. In  our p resen t case the  p roduction  of 
various solvates m ay be considered to  produce sligh t shifts in the  ab ­
sorption b and  while th e  add ition  of hydrogen ion or o ther strong 
acid, such as s tann ic  chloride [LewiSj J . Franklin  Institu te, 226, 293 
(1938)], produces an  a ltoge ther new  absorp tion  band. E v iden tly  
w hat has becom e know n as th e  hydrogen bond differs n o t only in 
degree b u t in  k ind  from  a  tru e  chem ical bond.

(8) I t  has been shown by  P rietzschk [Z . P hysik, 117, 482 (1941) ] 
th a t  a  sm all am oun t of w ater g rea tly  inhib its th e  c rystallization  óf 
alcohol at low tem pera tu res.
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Fig. 4.—Relative extinction coefficient of 10 6 M  crystal 
violet (chloride) in 95% ethanol at (1) 114°, (2) 162°, (3) 
193°, (4) 240° and (5) 294°K.

been made for thermal contraction, increases 16 
per cent, in going from 294° to 114°K. Some 
such increase is to be expected if we assume that 
much of the B isomer existing at room tempera­
ture has gone over to the A isomer at low tempera­
ture.

That the two bands are actually to be ascribed 
to two isomers is made nearly certain by a simple 
analysis of the absorption curves.9 If we subtract 
from the other curves of Fig. 4 the one obtained 
at 114°K. we obtain a set of curves given in Fig. 5 
(the scale is twice that of Fig. 4). Although in this 
subtraction of curves the errors are exaggerated,

Fig. 5.—Curves obtained by subtracting successively 
Curve 1 from each of the other curves of Fig. 4. Since in 
this subtraction the experimental errors are greatly magni­
fied the actual experimental data are shown.

(9) A previous detection  of isom ers by  spectrophotom etric  m eth ­
ods occurred in  th e  s tu d y  of th e  in frared  v ib rational spectrum  of o- 
chlorophenol. Tw o neighboring v ib ra tiona l bands were found by 
W ulf and  Liddel [T h is  J o u r n a l , 57, 1464 (1935)] and  a ttr ib u te d  by 
Pauling [ibid., 58, 94 (1936) ] to  cis and  trans forms. This in te rp re ta ­
tion  has been confirm ed by  D avies [Trans. Faraday Soc., 34, 1427 
(1938)] and  m ore q u an tita tiv e ly  by  Zum w alt and Badger [T h is 
J o u r n a l , 62, 305 (1940)].

it is evident that the experimental points fall on 
curves which are essentially the same except for 
height. Even at 114°K. there must be some of 
the B isomer. Assuming the correctness of our 
calculation of the height of the B band at room 
temperature in Fig. 1, namely, o?max. (B) == 0.36, we 
obtain the following values for amax. (B) at the sev­
eral temperatures by adding 0.08 to the maximum 
values at the several temperatures shown in Fig. 5.

T, °K. 114 162 193 240 294
«max. (B) 0.08 0.17 0.26 0.30 0.36

These values should be proportional to the ratio 
of the amount of B isomer to the amount of A 
isomer at each temperature. If we plot the loga­
rithms of these values against 1 /T , all but the point 
at 193 °K. lie on a straight line, from which we may 
conclude that we are dealing with an equilibrium 
between two substances. From the slope of the 
line we find that the B isomer has the greater 
energy by about 580 cal., while a similar but less 
exact set of measurements in pure ethanol gave 
500 cal. On the other hand, the two isomers in 
their electronically excited states differ much more 
in energy. From Amax. (A) and Amax. (B) we find 
that the difference in energy is increased by 3300 
cal.

The Nature of the A and B Isomers
We shall attempt to visualize the two isomers 

A and B with the aid of Fig. 6, which shows ap­
proximately the atomic distances in the crystal 
violet ion. Of the hydrogen atoms only the six 
in the ortho positions of the rings are shown. If 
the rings and the six ortho hydrogens were all to 
be in a plane, two adjacent hydrogens such as 2 
and 6" would be only about 0.5 A. apart. Al­
though the amount of repulsion of two such atoms 
is unknown, it must be considerable. The re-

Fig. 6.—Representation of the crystal violet ion, the 
atomic distances being approximately to scale.
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suiting strain can best be relieved by a small ro­
tation of the benzene rings around their axes (the 
lines connecting the central carbon atom with an 
atom para to it). Such a rotation at the beginning 
meets no restoring forces, but these forces of 
restoration become large as the amount of rota­
tion increases. The nature of these forces of 
restoration will best be understood if we ascribe 
to each bond from the central carbon atom one- 
third double bond character.

As a result of these rotations, we visualize the 
actual structure of the crystal violet ion as a non- 
planar one in which two adjacent ortho hydrogens 
have moved far enough from each other so that 
the force of repulsion is balanced by the force that 
opposes free rotation. If in the figure the atoms 
2, 2' and 2" lie above the plane of the diagram and 
6, 6' and 6" lie below, we have a model analogous 
to a windmill or propeller of three blades. It has 
complete screw or helical symmetry.10 If in this 
model one pair of adjacent hydrogens such as 
2 and 6" are forced by each other, or if one of the 
rings rotates through nearly 180°, we obtain a 
form like a propeller of three blades in which one 
blade is turned in the opposite sense from the 
other two. This distorted helical structure would 
presumably have more energy than the symmet­
rical one. Also, since the kind of resonance that 
favors light absorption would presumably be more 
inhibited, we should expect for it a lower value of 
Amax.- On both these grounds we believe that our

Fig. 7.—Extinction of the same sample of malachite 
green in 95% ethanol» corrected for temperature expansion. 
(1) 114°K. and (2) 294°K.

(10) T he te rm  sy m m etry  is n o t used in  th e  sam e sense as in discuss­
ing optical isom erism . Indeed , each of th e  tw o  isomers here dis­
cussed m ust rep resen t a p a ir of optical isom ers, w hich m ay u ltim ately  
be resolved.

isomer A is of the symmetrical helical type and 
isomer B is of the distorted helical type. The 
transition from one isomer to the other is appar­
ently rapid in alcohol even at 114°K., so that pre­
sumably the heat of activation for isomerization 
is not more than 2 or 3 kcal. We cannot judge 
whether the actual process takes place chiefly 
through the rotation of one ring or the slipping by 
each other of two adjacent hydrogen atoms, The 
latter may occur only when the rings are momen­
tarily separated by the vibrations of the molecule.

We have observed that the shoulder on the ab­
sorption band, indicating two isomers, is nearly 
always found in dyes of the triaminotriphenyl- 
methyl group. On the other hand, we know of 
no case in which it has been reported in the diami- 
notriphenylmethyl dyes such as malachite green 
(phenyl - bis - (dimethyl- p - aminophenyl) - methyl 
chloride). In these dyes the unsubstituted phenyl 
group does not participate in the main resonance 
of the molecule. It should, therefore, be nearly 
free to occupy various positions of rotation about 
its axis. We should expect, however, two posi­
tions to be of somewhat lower energy than the 
rest, corresponding to the A and B forms of crys­
tal violet. In fact, we have found that at low 
temperatures the absorption curve of malachite 
green is resolved into two narrower bands A and 
B as shown in Fig. 7. The great increase in amax. 
of 35% (correction having been made for temper­
ature contraction of the solvent) and the appear­
ance of the two narrow bands indicate pretty 
clearly that the molecules with varying positions 
of rotation that exist at room temperature, and 
each of which has a different Amax., have at the low 
temperature been largely converted into the 
A and B forms. Our experiments at several low 
temperatures show that the difference in energy 
between these two forms is too small to measure.

Absorption Spectra in Solvents of Classes II 
and III.—In solvents of low dielectric constant 
it has been shown by the work of Kraus and his 
associates11 that the number of free ions is ex­
tremely small. While we have reason to believe 
that the number of free ions is greater in our case 
than in theirs, most of the dissolved salt must be 
present as ion pairs and larger ion clusters. It is 
the absorption spectra of such aggregates that we 
obtain in Figs. 2 and 3 and it is surprising, there­
fore, that these curves show as little difference as

(11) F o r exam p le , Fuoss an d  K raus, T h is  J o u r n a l , 55, 3614
(1933), and  B atson  and  K raus, ibid., 56, 2017 (1934).
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they do from the absorption curve of the free ion. 
Even this difference can be made to disappear in 
part.

The absorption curve in chloroform at 5 X 
10“7 M  is given again as Curve 1 of Fig. 8. As 
the concentration of the crystal violet is increased, 
at first there is little change in the curve except a 
slight broadening, but by the time we reach 1 X 
10“4 M  (Fig. 8, Curve 3) a shoulder appears at the 
position of the B band. This phenomenon, which 
looks at first like an ordinary case of polymeriza­
tion, proves to be a real enhancement of the B 
band through a salt effect. Identical results may 
be obtained by adding foreign salts to the very 
dilute solution. Thus, Fig. 8, Curve 2 shows the 
absorption of 5 X 10-7 crystal violet in the pres­
ence of 10“2 M  tetra-w-butylammonium iodide, 
and in this solution the absorption curve is inde­
pendent of the crystal violet concentration. While 
the addition of the tetra-^-butylammonium iodide 
produces the same result as an increase in the 
concentration of the crystal violet chloride, its 
effectiveness is far less. When the solution con­
tains only 10“4 M  tetra-w-butylammonium iodide 
the absorption curve hardly differs from Curve l .12

The salt effect is much less noticeable in sol­
vents of Class III than in those of Class II, but a 
careful examination of many absorption curves

(12) W e are th u s  led, m erely by  a careful inspection of absorption  
curves, to  suspect th e  existence of a sa lt effect, in electrolytes such as 
c rystal violet chloride, a t  concen trations fa r below those in which 
sim ilar effects have been ob ta ined  w ith  o ther electrolytes. Prelim i­
nary  experim ents fully  ju s tify  th is  suspicion. W hile Vernon, Luder 
and Giella [T h is  J o u r n a l , 63, 862 (1941)] found th a t  the  solubility  
of te trab u ty lam m o n iu m  iodide in benzene is abou t doubled in the  
presence of te trab u ty lam m o n iu m  picrate  or n itra te  a t  10 ”3 M , we 
find sim ilar and indeed g rea te r effects w ith  salts of crystal violet a t 
concen trations as low as 10 ~6 M .

Vernon, L uder and G iella postponed a theoretical consideration b u t 
s ta te  th a t  “ it seems likely th a t  association is the  prim ary  fac to r,” and 
th is  is certain ly  correct. W hen a very  d ilu te  solution of a sa lt con­
sists chiefly of th e  species X  +Y~, X 2 +V 2_, Xs +Y s“, . . and  we add 
a second sa lt which consists chiefly of the  species X +Z “ , X 2 +Z2- , 
Xs +Zs ~, . . . .  th e  species of one set will n o t sensibly affect th e  activ i­
ties of th e  o ther species as such. H ow ever, new species are now pos­
sible, since we have w hat m ay form ally be w ritten  as the  tw o new 
species X 2 +Y  "Z “ and  X 2 +Z “ Y ” for the  quad rup le t and  X a+Y 2~Z~, 
X 3+Z ~Yi~, X 8+ Y ~Z 2“ and  Xs +Z2~Y “ for the  sextuplet. In  the  
special case th a t  Y ~  an d  Z "  are  sufficiently sim ilar so th a t  their 
in terchange in th e  clusters produces little  change in energy or en tropy, 
b u t n o t sim ilar enough so th a t  th e  solid salts form solid solutions, the  
m u tua l so lubility  effect, when th e  equilibrium  betw een species of 
each set is know n, could be calculated  from  p robab ility  considera­
tions alone.

In  th e  c ry sta l v iolet ion th e  positive charge m ay  be considered to  
be shared  equally  by th e  th ree  am ino groups, and  when a negative 
ion comes as close as possible to  one of these groups, even allowing 
fo r induction , th e  resu lting  dipole m om ent m ust be a t  least 50%  
grea te r th an  in any  of th e  ion pairs s tudied  by K raus. T he ion pair 
should therefore be fa r less stab le  in our case, b u t on the  o ther hand 
th e  higher m ultip lets , especially th e  sex tup let, should be extrem ely 
stab le  even a t  d ilu tions w here o th e r ty p es  of salts  would show no 
appreciable association.

Wave length, A.
Fig. 8.—Relative extinction coefficient of crystal violet 

(chloride) in chloroform at 293°K .: (1) dye at 5 X 10“ 7 M ;  
(2) dye at 5  X  10“7 M t but 10“2 M  in tetra-#-butylam- 
monium iodide; (3) dye at 1 X 10“4 M .

shows that the effect exists and, in this case also, 
increasing salt concentration brings the curve 
nearer to the curve in alcohol. In the solutions 
in toluene (plus /3-naphthol) in going from 5 X 
10~6 to 2 X 10_4M, Xmax. (A) remains unchanged 
but Xmax. (B) becomes about 50 A. greater and the 
B band appears to be a little broader. These 
changes in the B band may be reproduced and en­
hanced in the very dilute solutions in benzene or 
toluene by the addition of tetra-^-butylammonium 
iodide or silver perchlorate.12

For the difference between the absorption 
curves of Classes II and III we have no definite 
explanation. It appears not to be due to differ­
ences in dielectric constant and we may surmise 
that it depends upon the extent and the manner 
in which the solvent itself goes into the polyionic 
clusters, as it sometimes enters into crystals as 
‘ ‘solvent of crystallization. ’ ’

The Phosphorescent States of Crystal Violet. 
—In studying the absorption curve of crystal 
violet in glycerol, we encountered a phenomenon 
so strange that it was not understood until we had 
turned aside to make a thorough study of the 
phosphorescent state.18 The phenomenon is il­
lustrated in Fig. 9 where Curves 1 and 2 show 
the measured extinction of a given sample of crys­
tal violet in glycerol at 228° and 178°K., respec­
tively. As we cool the solution from room tem­
perature, there is a gradual increase in the ab-

(13) Lewis, Lipkin  and Magel, T his J o u r n a l , 6 3 , 3005 (1941).
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Wave length, A.
Fig. 9.—Extinction of a single sample of crystal violet 

(chloride) in glycerol: (1) at 233°K., with or without 
illumination by mercury arc; (2) a t 178°K., no illumination 
except that used in measurements; and (3) at 178°K.f 
illuminated also by mercury arc.

sorption corresponding to the contraction of the 
medium. However, at about 200 °K. the appar­
ent absorption begins to diminish rapidly and the 
absorption curve becomes broader. The whole 
phenomenon occurs in the same range of tempera­
ture where Gibson and Giauque14 found the spe­
cific heat of glycerol to diminish about one-half. 
It is in this range that glycerol changes from a very 
viscous liquid to a rigid glass, and it is in this same 
region that the solution of crystal violet in 
glycerol begins to phosphoresce. A similar dimi­
nution in the apparent absorption coefficient of 
crystal violet in alcohol appears when the tem­
perature is so low that the alcohol is rigid.

We have shown that when fluorescein in a 
rigid solvent is exposed to intense illumination, 
the greater part of the molecules go over into the 
isomer that is characteristic of the phosphorescent 
state. In that case the phosphorescent molecules 
had an absorption in a different part of the spec­
trum from that in which the normal molecules 
absorbed. Unfortunately in the case of crystal 
violet the molecules in the phosphorescent state 
have an absorption of smaller intensity and lying 
in the same region as the normal absorption. I t  
has not been possible, therefore, to obtain the pure 
spectrum of the isomeric phosphorescent state, 
but it probably is not far different from that shown 
in Curve 3 of Fig. 9, which is obtained when the 
sample is exposed to illumination of high intensity 
from a high-pressure mercury arc. The difference 
between Curves 1 and 2 was found to be due to 
illumination by the light used in the measure­
ments. At 228 °K., where there is no phosphor­
escence, Curve 1 was obtained regardless of the

(14) Gibson and Giauque, T h is  J o u r n a l , 45, 93 (1923).

intensity of the light to which the sample was ex­
posed. At 178 °K. the extinction at 5960 A. fell 
off with increasing intensity of illumination in a 
way entirely parallel to that shown for fluorescein 
in Curve 2, Fig. 8, of our preceding paper.13 The 
resemblance between Curves 2 and 3, the former 
being obtained wTith light containing almost no 
ultraviolet, indicates that the phenomenon is not 
connected with the green phosphorescence to be 
described later.

The Fluorescence and Phosphorescence Spec­
tra.—We have already13 mentioned and dis­
cussed the fact that crystal violet shows appreci­
able fluorescence only when the solvent is nearly 
in a rigid state; as in alcohol a little above the 
temperature of liquid air, in glycerol at about 
215 °K., and in supercooled glucose at room tem­
perature. At these or slightly lower temperatures 
phosphorescence also appears.

When a solution of crystal violet, for example 
in glycerol, is illuminated at various temperatures 
with a mercury arc, and the phosphorescence ob­
served, an apparently anomalous result is ob­
tained. At 160 °K. a bright red phosphorescence 
is seen, but at 90 °K. the phosphorescence is green. 
It was found, however, that the green phosphor­
escence is due to an entirely distinct phosphores­
cent state which is excited only at wave lengths 
less than 4000 A. When excited by visible light 
there is a strong red phosphorescence at the higher 
temperature (sufficiently intense to mask the green 
in the preceding experiment) which nearly dis­
appears at the lower temperature. The visible 
red phosphorescence is nearly all due to an alpha 
band, the intensity of which diminishes as the 
temperature is lowered, but there is also a beta 
band that lies chiefly below the visible.

We have studied photographically the phos­
phorescence and fluorescence of crystal violet in 
glycerol at 178 °K. From the spectrograms, to­
gether with suitable calibrations described later, 
we have obtained the Curves 1 and 2 of Fig. 10. 
The ordinates of each curve are proportional to 
the absolute emission at each wave length, but 
the ordinates of one curve are not comparable 
with those of the other. Curve 2 shows the spec­
trum of fluorescence accompanied by a small 
amount of phosphorescence. Curve 1 shows the 
pure phosphorescence spectrum as excited by 
visible light. For reference we give also Curve 3, 
the absorption spectrum, (Curve 1 of Fig. 9), as 
well as Curve 4, which is a rough determination of
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the spectrum of the green phosphorescence. In 
both curves the ordinates involve an arbitrary 
factor. It will be seen that as in other cases the 
alpha band is identical with the band of fluores­
cence. This band diminishes as the temperature 
is lowered and nearly dis­
appears at the tempera­
ture of liquid air.

The lifetime of the phos­
phorescent state is much 
less than that of fluores­
cein, being of the order of 
10 “1 second for the green 
phosphorescence and 10~2 
second for the red and 
infrared phosphorescence.
We have not, therefore, 
measured the heat of ac­
tivation corresponding to 
the alpha process, but we 
may obtain it by the prin­
ciple of Jablonski.15 From 
the positions of the emis­
sion maxima of Fig. 9 we 
find that the fluorescent 
state is 43.8 kcal. and the 
phosphorescent state 38.0 
kcal. above the ground 
state. The difference, 
which represents the heat 
of activation from the phosphorescent to the 
fluorescent state, is 5.8 kcal. When we compare 
this with the 9 kcal. similarly obtained for fluores­
cein in boric acid we understand why the alpha 
band of fluorescein disappears at only a little 
below room temperature, while the alpha band of 
crystal violet is still prominent at 178°K.

We believe that all of the observed fluorescence 
and phosphorescence of crystal violet are due to 
the A isomer alone. If we correct Curve 2 for the 
small contribution of phosphorescence (say 10% 
of Curve 1 as drawn) the fluorescence spectrum 
looks very like a mirror image of one of our A 
bands of absorption. If there were any contribu­
tion of isomer B to the fluorescence we should have 
an emission band to the right of Curve 2, and such 
a band is certainly missing. The situation seems 
to be analogous to that of cis- and trans-stilbene 
where we have shown16 that trans-stilbene fluo­
resces strongly while m-stilbene, the isomer of

(15) Jablonski, Z. P h ys ik , 94, 38 (1935).
(16) Lewis. M agel and  L ipkin, T h is  J o u r n a l , 62, 2973 (1940).

greater steric strain, gives no observable fluores­
cence.

The green phosphorescence of crystal violet17 
which is stimulated by ultraviolet shows that 
the molecule is capable of existence in a second

phosphorescent state. That this green phos­
phorescence is due to a beta process is certain, 
since we have observed it down to 20 °K. From 
the frequency of the emission maximum we find 
that the energy of the corresponding phosphores­
cent state is 60 kcal. above the ground state, while 
the phosphorescent state corresponding to the in­
frared beta emission we have seen to be 38 kcal. 
above the normal state. It would be interesting 
to find whether any dye has a still greater number 
of phosphorescent states. Such observations 
might clarify our ideas as to the exact nature of 
the phosphorescent state itself.

Evidence for Another Isomeric State.—In ad­
dition to the two stereoisomers A and B, and the 
two fleeting isomers or electromers produced from 
the former when it goes into its phosphorescent 
states, we have found some evidence of still an­
other isomeric condition of the crystal violet ion 
in rigid media. When a colorless compound of

(17) N early  half a  cen tu ry  ago in a sim ilar dye, m ethy l vio let, a 
green phosphorescence was observed by  Schm idt [Ann. P hysik , 58,  
103 (1896)].

Fig. 10.—Curve 1: absolute intensity (except for an arbitrary constant) of the 
phosphorescent emission of crystal violet in glycerol at 178°K., showing the alpha and 
beta bands. Curve 2: similar absolute intensity of fluorescent emission (plus 
5-10% phosphorescence), at 178°K. Curve 3: for reference, the absorption spectrum. 
Curve 4: intensity of green phosphorescence band (not corrected for plate characteristics).



1782 Gilbert N. Lewis, Theodore T. M agel and D avid Lipkin Vol. 64

crystal violet ion with a strongly basic anion such 
as cyanide, borate or sulfide is ionized, the crystal 
violet ion would initially have a pyramidal struc­
ture and in a rigid solvent might have difficulty 
in going over to one of the nearly planar forms 
which are strongly colored. In fact, we sometimes 
find that, when one of these compounds, in a rigid 
solvent at liquid air temperature, is illuminated 
by ultraviolet light, the solution remains colorless 
or nearly so, but after the illumination has ceased 
and the solution is slowly warmed the character­
istic absorption of crystal violet appears, although 
the color may disappear at a still higher tempera­
ture. This phenomenon is being further investi­
gated.

Experimental
Many of our experiments were made with com­

mercial crystal violet but for all crucial cases the 
dye was purified as follows. To a large volume of 
nearly saturated crystal violet chloride in water a 
small amount of sodium hydroxide was added. 
After the lapse of sufficient time for the formation 
of the carbinol, the latter was extracted by shaking 
several times with benzene and discarded. To the 
remaining aqueous solution a larger amount of 
sodium hydroxide was added to convert about 
one-half of the chloride into carbinol. This was 
shaken into benzene and kept. This last solution 
was shaken several times with water containing 
a little hydrochloric acid, and finally with water 
containing hydrochloric acid equivalent to one- 
half the remaining carbinol. From the aqueous 
solution thus obtained, after washing with ben­
zene, the final product was obtained by crystalliza­
tion. Other salts of crystal violet were obtained 
in a similar way.

The absorption and emission of light were 
measured by methods which we have already 
described.13 In the present case the fluorescence 
and phosphorescence spectra shown in Fig. 10 
were obtained as absolute values, except for a 
constant factor attending each curve, in the fol­
lowing way. On the same plates as the emission 
spectrograms, photographs were taken, through 
wire screens of varying transparency, of the light 
from a tungsten lamp operating at a color tem­
perature of 2430 °K. From the photometric trac­
ings of all the plates, and from the known spectral 
distribution of the lamp, the absolute emission 
spectra were obtained by familiar methods.

Summary
The absorption of light by crystal violet has 

been studied under varying conditions and in 
numerous solvents. With respect to the appear­
ance of the absorption curves solvents may be 
roughly placed in three classes, of which the first 
is typified by ethanol, the second by chloroform, 
and the third by toluene. All three types of curves 
show on analysis two absorption bands called A 
and B. The curve in ethanol is entirely independ­
ent of every isothermal change. With diminishing 
temperature the relative height of the B band in 
alcohol decreases and the two bands are thus 
shown to belong to two isomers of crystal violet 
ion, A and B, of which B has the higher energy by 
580 cal. A theory as to the nature of these stereo­
isomers is given and is supported by experiments 
on the absorption curve of malachite green at low 
temperatures.

In solvents of Classes II and III (all of low di­
electric constant) there is no appreciable number 
of free ions, but rather ion clusters of the sort de­
scribed by Fuoss and Kraus. Small changes in 
the curves of Class III and a remarkable change 
in the chloroform curve, with increasing concen­
tration of dye, are shown to be due to a salt effect 
and can be duplicated by adding other salts. 
That such salt effects exist, and in much higher 
degree than in any other known cases, is shown 
by other experiments.

The fluorescent and phosphorescent emission 
from crystal violet has been studied quantita­
tively. As in the previously described case of 
fluorescein, visible light of high intensity con­
verts most of the dye into the phosphorescent 
state, so as to change greatly the absorption spec­
trum. The phosphorescent state gives rise to 
alpha and beta bands in the red and infrared, 
respectively. In this case the heat of activation 
from the phosphorescent to the fluorescent state 
is only 5.8 kcal. With ultraviolet light a new 
phosphorescent state is produced giving a green 
emission band. All the phosphorescence and 
fluorescence are attributed to isomer A.

There is evidence of still another isomeric con­
dition of crystal violet ion, when produced from 
a leuco compound by illumination in a rigid sol­
vent. This condition persists in the dark until 
the solvent is melted.
B erkeley, Calif. R eceived M arch 23. 1942
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[C o n t r i b u t io n  f r o m  t h e  S c h o o l  o f  C h e m i s t r y  a n d  P h y s i c s  o f  T h e  P e n n s y l v a n ia  S t a t e  C o l l e g e ]

The Formation of Cyclopropanes from Monohalides. III.1 Action of Sodium Alkyls 
on Aliphatic Chlorides. Relation to the Wurtz Reaction

B y  F r a n k  C. W hitmore a n d  H arry  D . Zook2

The formation of benzene and ethylene in addi­
tion to ethylbenzene from the reaction of sodium 
phenyl and ethyl bromide has been explained by 
Schlubach and Goes3 on the basis of a dispropor­
tionation between two free radicals. Since the 
postulation of sodium alkyls as intermediates in 
the Wurtz reaction,4 Morton has studied the re­
action of sodium amyl, prepared from amyl chlo­
ride and sodium, with various alkyl halides.5 
Low yields of the coupling products were obtained. 
Little attention has been given, however, to the 
“disproportionation products” from such reac­
tions.

It appeared to us that, since sodium alkyls are 
strong hydrocarbo bases, the so-called dispropor­
tionation products may not arise by a free radical 
mechanism, but may be formed by the action of 
the hydrocarbo base on the halide.6 Such a mech­
anism would give the saturated hydrocarbon cor­
responding to the sodium alkyl and the olefin cor­
responding to the halide in each case, rather than 
two saturated and two unsaturated hydrocarbons.

We have prepared sodium ethyl and sodium 
propyl from the corresponding mercury com­
pounds and have treated these sodium alkyls with 
alkyl halides.

The reaction of sodium with excess mercury di­
ethyl in ^-pentane solution at 25° gave an 80% 
yield of sodium ethyl, the other product being a 
5.8% sodium amalgam. This reaction mixture, 
when treated with w-hexyl chloride at —10° to 
0°, gave a 40% yield of ^-octane, a 46% yield of 1- 
hexene, and a 52% yield of ethane along with a 
small amount (2%) of ethylene.
C2H5Na -h C6H13C1— >  C4H9CH==CH2 +  C2H6 +  NaCl 

n-C8His 4- NaCl

To see what would happen when a halide having 
no alpha hydrogen atoms was treated with an 
alkylsodium compound, we have investigated the 
reaction of sodium ^-propyl and neopentyl chlo­
ride. This sodium alkyl was prepared in 88%

(1) W hitm ore and  C arney, T h is  J o u r n a l , 63, 2633 (1941).
(2) Allied Chem ical and  D ye C orporation  Fellow, 1941-1942.
(3) Schlubach an d  Goes, Ber., 55B, 2889 (1922).
(4) Cf. W ooster, Chem. Rev., 11, 1 (1932).
(6) M orton  and  Fallw ell, T h is  J o u r n a l , 59, 2387 (1937).
(6) C f. W hitm ore an d  T hurm an , ibid., 51, 1491 (1929).

yield from sodium and excess mercury di-w-propyl 
in w-octane solution. No appreciable reaction 
took place between the sodium propyl and neo­
pentyl chloride at temperatures below 50°, in 
contrast to the action of sodium ethyl and w-hexyl 
chloride. However, reaction proceeded smoothly 
at 50-60° to give a 75% yield of 1,1-dimethylcy- 
clopropane and a 4% yield of the coupled prod­
uct, 2,2-dimethylhexane. The other products 
were propane (70%) and propene (5%), the latter 
compound probably coming from the decomposi­
tion of part of the propyl sodium at the temperature 
used. No neopentane was formed. It was found 
that neopentyl chloride would not react with a 
6% sodium amalgam such as was present in this 
case from the preparation of the sodium propyl.

The hydrocarbo base has caused cyclization by 
the removal of a beta hydrogen atom as hydrogen 
halide.

CH3

CH3— C>—CH2C1 +  C3H7N a  >

CH3 c h 3

CH3—C—CH2 +  C3H8 -f- NaCl
1 /
c h 2

Although 3-ring closure has been accomplished 
many times by the removal of hydrogen halide 
with an aquo or alcoholo base, the hydrogen re­
moved has usually been activated by an adjacent 
carboxyl or other strongly negative group.7 The 
first step in our reaction may be the removal of 
one of the nine beta hydrogens by the sodium 
propyl to give propane.8 Some indication of the 
base strength of the sodium alkyl may be seen from 
the fact that neopentyl chloride is inert to alco­
holic potassium hydroxide in a sealed tube for 
twenty hours at 100°.9 The reaction of sodium 
alkyls as well as other bases on halides of this type 
is being investigated further.

Yields of sodium alkyls from the mercury com­
pounds were obtained indirectly in three ways: 
from the mercury recovered from the hydrolysis

(7) See, for exam ple, F uson  in G ilm an “ O rganic C h em istry ,” 
Jo h n  W iley an d  Sons, N ew  Y ork, N . Y., 1938, p. 21.

(8) Cf. H auser, T h is  J o u r n a l , 62, 933 (1940).
(9) W hitm ore and  Flem ing, ibid., 55, 4161 (1933).
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of the amalgam, from the sodium hydroxide thus 
obtained, and from the sodium chloride formed in 
the main reaction. The yields of sodium ethyl 
calculated by these three methods were 80 =*= 1%. 
Quantitative sodium and chlorine material bal­
ances were obtained in each case. Solvents were 
recovered in better than 90% yields, showing that 
metalation of the normal paraffin hydrocarbons is 
not appreciable under the conditions used.

Mechanism of the Wurtz Reaction
Sodium alkyls4 and free radicals10 have been 

postulated by many workers as intermediates in 
the Wurtz reaction.

It has been shown that the Wurtz reaction may 
be carried out in such a manner that sodium alkyls 
play a major part in the mechanism.11 Morton 
and Richardson found that by increasing the so­
dium surface per mole of amyl chloride the yields 
of acids formed by carbonation of the intermedi­
ate sodium compounds may go as high as 95% as 
the decane formed approaches zero.11

Part of the evidence for the free radical theory 
is based on the formation of disproportionation 
products such as ethane and ethylene in equimo­
lar amounts from the reaction of ethyl iodide and 
sodium.10*5 Our work indicates that in cases 
where sodium alkyls play a major part in the re­
action, the by-product saturated and unsaturated 
hydrocarbons obtained do not arise from the dis­
proportionation of free radicals but from the ac­
tion of the sodium alkyl as a hydrocarbo base with 
the alkyl halide.

Thus n-hexyl chloride and sodium ethyl give 
40% ^-octane by coupling and about 50% each 
of 1-hexene and ethane. The coupling product 
may be formed by a Walden inversion type of re­
action. This is similar to the action of w-hexyl 
chloride with alcoholic bases to give mainly n- 
hexyl ethyl ether and a little 1-hexene.12 The 
failure of neopentyl chloride and sodium propyl 
to give more than a few per cent, of coupling prod­
uct is probably connected with the sluggishness 
of this halide in metathetical reactions of the 
Walden type.13 In this case the by-product hy­
drocarbons become the main product and the 
“unsaturated” one appears as 1,1-dimethylcyclo-

(10) (a) Cf. ref. 1, and W hitmore and co-workers, T h is J o u r n a l , 
63, 124 (1941); (b) Richards, Trans. Faraday Soc., 36, 956 (1940); 
(c) Bachmann and Clarke, T h is  J o u r n a l , 49, 2089 (1927).

(11) Morton and Richardson, ibid., 62, 123 (1940).
(12) Unpublished results by A. H. Popkin of this Laboratory.
(13) Ref. 9: also cf. Bartlett and Rosen, T h is  J o u r n a l , 64, 543 

(1942).

propane. It would thus seem that the earlier work 
from this Laboratory on the action of sodium with 
neopentyl chloride10a and neohexyl chloride1 may 
go through sodium alkyls formed from free radi­
cals. These would react with the halides as does 
sodium propyl in the present study.

Experimental
The Reaction of Sodium Ethyl and «-Hexyl Chloride.—

The apparatus consisted of a three-necked flask equipped 
with a reflux condenser, thermometer, dropping funnel, 
and mercury sealed stirrer. Gases were led from the reflux 
condenser through two dry-ice-acetone traps and collected 
over saturated sodium chloride solution. The air from the 
entire apparatus was swept out by a stream of nitrogen.

Exactly 23.1 g. of freshly cut sodium was weighed out in 
a glass-stoppered bottle under pentane. The sodium was 
then cut into very thin slices under pentane, the pentane 
decanted, and the sodium dried with a stream of nitrogen. 
The dry sodium was transferred in an atmosphere of nitro­
gen to the reaction flask and covered with 122.5 g. of olefin- 
free «-pentane; b. p. 36° (737 mm.), « 20d  1.3580. The 
addition of 200 g. of mercury diethyl, b. p. 67.5° (30 mm.), 
required thirty minutes during which time the flask was 
held at 25° by adding small pieces of dry-ice to an acetone- 
bath in which it was immersed. Reaction was rapid giving 
a fine suspension of sodium ethyl and sodium amalgam. 
No gas was formed. The mixture was allowed to stir for 
an hour, after which the flask was cooled to —10°.

The addition of 121.5 g. of «-hexyl chloride, b. p. 134° 
(738 mm.) and « 20d  1.4200, took place over a period of two 
and one-half hours. Gas was evolved at the rate of a liter 
an hour for twelve hours at temperatures between —10° 
and 0°. The reaction mixture was charged directly to a 
13-plate column and 118 g. (96%) of the pentane solvent 
was removed; b. p. 35.5-37° (734 mm.); «20d 1.3580- 
1.3592.

The clear liquid portion of the residue was decanted. 
The solid amalgam and sodium chloride were washed with 
small portions of pentane and filtered. The amalgam was 
decomposed with 500 cc. of water and 250 cc. of 0.927 N  
sulfuric acid. Back-titration with 23.7 cc. of standard 
sodium hydroxide (1 cc. base = 1.08 cc. of acid) indicated 
the presence of 4.76 g. of sodium in the amalgam. The 
mercury, after washing well with water, acetone, and dry 
ether, weighed 78.5 g. Analysis of the neutralized aqueous 
solution showed the presence of 47.1 g. of sodium chloride.

The yields of sodium ethyl in the first step of the reaction 
calculated from the mercury formed, from the sodium 
present in the amalgam, and from the sodium chloride 
formed by the reaction are 40.8, 41.4 and 41.8 g., respec­
tively.

The liquid organic products from the reaction were 
fractionated at 733 mm. through a 13-plate column. Frac­
tions: 3-9, 10.9 g., b. p. 44-62°, « 20d  1.3605-1.3872; 
10-18, 23.7 g., 62-65°, 1.3880-1.3881; 19-21, 6.3 g., 75- 
123°, 1.3898-1.4000; 22-27, 29.9 g., 123°, 1.4020-1.4032; 
28-31, 19.1 g., 124° (733 mm.) to 60° (40 mm.). The 
yields of 1-hexene and «-octane, taken from boiling point 
and refractive index curves, were 30.7 g. and 36.1 g., re­
spectively.
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The gas from the reaction was analyzed in a modified 
Orsat apparatus using a solution saturated with bromine 
and sodium chloride to remove the ethylene.14 The gas 
evolved consisted of 0.50 g. of ethylene and 12.6 g. of 
ethane.

Identification of 1-Hexene.—Fractions 9-18 (24 g.) 
from the products of the reaction of sodium ethyl and n- 
hexyl chloride were diluted with 200 cc. of olefin-free pen­
tane, and a stream of oxygen containing 3% ozone passed 
through at an average rate of 251. per hour for seven hours. 
The ozonide was decomposed according to the method of 
Whitmore and Church.15 Formaldehyde was found in the 
water layer from the decomposition, and was identified 
by its dimethylcyclohexanedione derivative; m. p. 190.5- 
191.5°. Fractionation of the oil layer gave 8.2 g. of 
valeraldehyde; b. p. 95-99° (715 mm.); identified by its
2,4-dinitrophenylhydrazone, m. p. 107-108° and mixed 
m. p. with an authentic sample 107.5-108.59.

Reaction of Sodium w-Propyl and Neopentyl Chloride.— 
The same apparatus and technique were used as for the 
reaction of sodium ethyl and w-hexyl chloride. The two 
cold traps were held at —40° in order to retain 1,1-di- 
methylcyclopropane but not propane. ^-Octane, 232 g., 
b. p. 124.5° (729 mm.) and n2Qd 1.3982, was used as the 
dispersing medium. The propyl sodium was prepared 
from 23.0 g. of sodium and 202.5 g. of mercury di-n- 
propyl; b. p. 86.5° (25 mm.). No gas was evolved while 
stirring for an hour at room temperature. The reaction 
mixture was cooled to 0° for the addition of 89.5 g. of neo­
pentyl chloride; b. p. 82-84° (740 mm.) and w20d  1.4048. 
After about a third of the chloride was added the mixture 
was slowly warmed to 50° at which temperature a slow 
evolution of gas began. The remainder of the chloride 
was added over a period of three hours. Gas was evolved 
at the rate of 500 cc. per hour for a period of about eight 
hours. At this point the stirrer was replaced by a 10- 
plate column to which was attached a series of traps held 
at —15, —80 and —80°, respectively. Ice water was cir­
culated through the head and jacket of the column as 
the flask was gradually heated to 107° over a period of fif­
teen hours in order to complete the reaction and drive off 
all low boiling products. The residue was decomposed 
with water and standard acid as previously described. 
There was obtained 87.7 g. of mercury representing an 
88% yield of sodium propyl. The amount of sodium in 
the amalgam (4.56 g.) and the sodium chloride from the 
reaction (46.1 g.) correspond to a 79% yield of sodium 
propyl. (Some sodium propyl decomposed, however, to 
give propylene.)

Material collected in the traps held at —80° was dis­
tilled through a low temperature micro column to give 
22.0 g. boiling below —38° and a residue which, together 
with material collected in the traps held at —40°, was frac­
tionated at 730 mm. through a 40-plate low temperature 
column. Obtained were fractions: 1-4, 2.3 g., b. p.

(14) Lang, Ind. Eng. Chem., Anal. Ed., 7, 150 (1935).
(15) Whitmore and Church, T h is  J o u r n a l , 54, 3710 (1932),

-1 5  to 17°; 5-6, 7.7 g., 18-19.8°; 7-11, 31.0 g., 20.2- 
20.8°, w20d 1.3660-1.3675. The material from fractions
7-11 would not react with bromine in carbon tetrachloride. 
The residue from this distillation was combined with the 
other liquid organic products from the reaction and frac­
tionated through a 40-plate column. From a complete 
distillation curve of both fractionations there was calcu­
lated to be 41.3 g. (75%) of 1,1-dimethylcyclopropane; 
3.0 g. of recovered neopentyl chloride; 4.0 g. (4%) of 
impure 2,2-dimethylhexane, b. p. 104-111° (722 mm.), 
n20d 1.3998-1.4001; 214 g. (92.5%) of recovered octane 
solvent, b. p. 120° (722 mm.) to 70° (40 mm.), w20d 1.3982- 
1.3986; and 74 g. of recovered mercury dipropyl, b. p. 
95-97° (40 mm.).

The material collected below —38° was vaporized, and 
the gas collected over saturated sodium chloride solution. 
Analysis of all the gaseous products indicated that there 
was present 1.85 g. (5%) of propene and 27.5 g. (71%) of 
propane. Again, a solution saturated with sodium chlo­
ride and bromine was used to absorb the olefin.

Attempted Reaction of Neopentyl Chloride with Sodium 
Amalgam.—Into a 500-cc. flask was placed 59 g. of neo­
pentyl chloride, b. p. 82-84° (740 mm.), n20d 1.4048 and 
209 g. of freshly prepared 6% sodium amalgam. The 
flask was attached to a 20-plate column and the neopentyl 
chloride refluxed for six hours. Fractionation then gave 
6 fractions, 56.3 g., b. p. 83° (745 mm.), w20d  1.4048 along 
with 1.8 g.; w20d  1.4060 driven from the column when the 
jacket was heated to 160°. No low boiling products were 
collected in a dry-ice trap connected to the column. The 
recovery of neopentyl chloride was 98%.

Summary
1. Sodium ethyl and sodium propyl were pre­

pared from sodium and the corresponding mer­
cury compounds in yields of 80 and 88%, respec­
tively. No appreciable reaction took place be­
tween the alkylsodium compounds and ^-paraffin 
hydrocarbon solvents.

2. Sodium ethyl reacts with n-hexyl chloride 
to give octane (40%), ethane (52%), 1-hexene 
(46%), and a trace of ethylene.

3. The products of the reaction of sodium 
propyl and neopentyl chloride were 1,1-dimethyl­
cyclopropane (75%), propane (70%), propene 
(5%), and the coupled product, 2,2-dimethyl- 
hexane (4%).

4. The major reaction is one of a hydrocarbo 
base splitting out hydrogen chloride from an alkyl 
chloride.

5. The possible relationship of these results to 
the mechanism of the Wurtz reaction is discussed. 
S t a t e  C o l l e g e , P e n n s y l v a n i a

R e c e iv e d  A p r i l  27, 1942
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Restricted Rotation in Aryl Olefins. IV, Preparation and Resolution of /5-Chloro- 
/5-(2-methoxy-4?6“dimethyl“5-chlorophenyl)-a:--methylacrylic and the Corresponding

Acrylic Acid
By Roger Adams and W. J. Gross1

The molecules shown by formulas I, II, III and 
IV and a few of their derivatives have been re­
solved and the active forms shown to be very re­
sistant to racemization. The half-life periods in 
boiling w-butanol are for I, no racemization; for 
II, two hundred minutes; for III, seventy hours; 
for IV, seventy minutes. These values show semi-

rTT Cl CH3
V 3 I I 
ns—C = C —COOH

Cl CH3
i I
C—C—COOH

CH, | |
—C =C —COOH

CH3
Br
II

Cl H
I I
C =C —COOH

III
c o *

IV

quantitatively the relative interference effects of 
the hydrogen and methyl on the a-carbon to the 
carboxyl (compare I and II; also III and IV) and 
of the ortho methyl and —C H =  group in the aro­
matic nucleus (compare I and III; also II and 
IV).

Analogous derivatives to compounds I and II 
have now been synthesized and resolved in which 
an ortho methyl group in the benzene ring has been 
substituted by the smaller methoxyl group (V 
and VI).

ppr Cl CH3
1 I

CTr Cl H
1 I

Cljj x|—C = C —COOH
CII

j Nj—C—C—COOH

c h J J o c h 3 c h Jl^O C H a
V VI

The active forms of these molecules racemized so 
rapidly in boiling ^-butanol that quantitative 
racemization measurements were impossible under 
these conditions. The active form of compound 
V was consequently racemized in ^-butanol at 44° 
and the half-life determined as one hundred and 
seventy-three minutes; the active form of com­

(1) F o r previous papers  see (a) A dam s and  M iller, T h is  J o u r n a l ,
62, 53 (1940); (b) A dam s, A nderson an d  M iller, ibid., 63, 1589
(1941); (c) A dam s an d  B inder, ibid., 63, 2773 (1941).

pound VI had a half-life period of about nine 
minutes in ^-butanol at 20°. Although the race­
mization values of compounds I, II, III and IV 
taken in boiling w-butanol cannot be compared 
quantitatively with those of compounds V and VI 
taken at other temperatures, the relative ease of 
racemization of the latter two is striking. It 
demonstrates forcibly the enormous difference in 
the interference effects of the methoxyl and 
methyl groups in the ring and again of the methyl 
and hydrogen on the a-carbon to the carboxyl. 
The alkaloidal salts of acids V and VI were ob­
tained in only one form though mutarotation was 
not observed at room temperature.

No attempt has been made to determine 
whether compounds V and VI have the carboxyl 
cis or trans to the side-chain chlorine. From con­
siderations presented in the previous papers,la> lb 
the assumption is that the carboxyl is trans. A 
study of a model of compound VI indicates that 
only if the carboxyl is trans to the side-chain chlo­
rine is interference possible.

The synthesis of compound V was effected in 
two ways. l-Methoxy-3,5-dimethylbenzene was 
converted to 1 -methoxy-3,5-dimethy 1-2-propio- 
phenone (VII) by means of propionic anhydride 
and aluminum chloride. EthyImagnesium bro­
mide followed by carbon dioxide gave a-methyl- 
(2-methoxy-4,6-dimethylbenzoyl)-acetic acid
(VIII). The yield was only 40% and an unidenti­
fied by-product was obtained which probably 
originated from the action of the Grignard reagent 
on the keto form of the propiophenone. Since 
completely hindered ketones usually react en­
tirely in the enol form with the Grignard reagent, 
the large by-product may be indicative of the de­
creased interference present as compared with 
that in the mesitylene analogs.

The usual procedure for obtaining the desired j3~ 
chloro-acrylic acid from the keto acid is by the use 
of phosphorus pentachloride in phosphorus oxy­
chloride. In this instance, however, chlorination 
of the ring took place at the same time giving a 
mixture from which two compounds were iso­
lated, one postulated as having structure V and
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CH,

0—COCH,CH, 
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CH, CH,
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^O CH ,
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C l /  1 'C=C—1C ° ° H
CH,l|JoCH,

V

t
CHsCHS (
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the other with no chlorine in the ring. The posi­
tion of the chlorine in the ring in V was deter­
mined by preparing l-methoxy-3,5-dimethy 1-4- 
chlorobenzene (IX) and converting it to the 1- 
methoxy-3,5-dimethyl-4-chloro-2-propiophenone
(X). By following the same series of reactions 
through the keto acid (XI) as previously de­
scribed, compound V was obtained. This latter 
method of preparation of V was distinctly superior 
to the former since the use of 1-methoxy-3,5- 
dimethyl-4-chlorobenzene as a raw material in 
place of 1 -methoxy-3,5-dimethylbenzene served 
not only to prove the position of the chlorine in 
the ring but also permitted the formation of only 
one product in the final chlorination reaction.

The corresponding /3-chloroacrylic acid (VI) 
was synthesized from 1 -methoxy-3,5-dimethy 1-4- 
chlorobenzene in a similar manner.

By starting with 1-ethoxy-3,5-dimethyl-4-chlo- 
robenzene the 2-ethoxy derivatives corresponding 
to compounds V and VI were formed but no salts 
were found with suitable characteristics to make 
resolution studies possible.

Experimental
l-Methoxy-3,5-dimethyl-2--propiophenone.—To a me­

chanically stirred mixture of 300 g. of carbon disulfide, 
136 g. of 1-methoxy-3,5-dimethy lbenzene2 and 130 g. of 
propionic anhydride, was added 267 g. of anhydrous alumi­
num chloride at such a rate that the solvent refluxed gently. 
Upon completion of the addition a plastic mass formed 
making further stirring impossible. After the reaction 
mixture had stood for twelve hours the solvent was de­
canted and the residue decomposed using iced hydrochloric 
acid. The oil which separated was extracted with ether, 
washed with aqueous sodium hydroxide and finally with 
dilute hydrochloric acid. Distillation gave a water- 
white liquid; b. p. 120-122° (2 mm.), nuD 1.5160; yield 
144 g. (75%).

Anal. Calcd. for Ci2H i602: C, 75.00; H, 8.40. Found: 
C, 75.46; H, 8.44.

Demethylation, observed in every experiment, increased
(2) Rowe, B annister, S e th  and  S torey , J . Chem. In d ., 46T, 469 

(1930).

as the excess of aluminum chloride was increased. The 
yield reported is that obtained when minimum demethyla­
tion occurred.

1-Hydroxy-3,5-dimethyl-2-propiophenone.—Acidifica­
tion of the sodium hydroxide washings obtained in the 
preparation of 1-methoxy-3,5-dimethyl-2-propiophenone 
gave l-hydroxy-3,5-dimethy 1-2-propiophenone. The crude 
product was recrystallized from a small amount of meth­
anol, white crystals, m. p. 78° (cor.).

Anal. Calcd. for CnHi40 2: C, 74.11; H, 7.92. Found: 
C, 73.93; H, 7.98.

This substance was remethylated readily by dissolving it 
in the appropriate amount of aqueous sodium hydroxide 
and adding dropwise, with stirring, an excess of dimethyl 
sulfate. After heating the reaction mixture at 100° for 
one hour, it was cooled and extracted with ether. The 
ether extract was dried over anhydrous magnesium sulfate 
and then distilled to give l-methoxy-3,5-dimethyl-2- 
propiophenone.

or-Methyl-(2-methoxy-4,6-dimethylbenzoyl)-acetic Acid. 
—A solution of 20 g. of 1 -methoxy-3,5-dimethy 1-2-propio- 
phenone in 25 cc. of dry ether was added to 100 cc. of an 
ether solution containing slightly more than one mole 
equivalent of ethylmagnesium bromide. The mixture 
was refluxed for thirty minutes, then transferred to a cata­
lytic hydrogenation apparatus, cooled in an ice-bath, and 
carbon dioxide3 passed in at a pressure of 2-3 atm. After 
forty-five minutes the temperature was allowed to rise to 
that of the room and the addition of carbon dioxide con­
tinued for six hours.

The reaction mixture was then chilled in an ice-bath, and 
poured slowly into iced hydrochloric acid. The ether 
layer was extracted with aqueous sodium hydroxide and 
the aqueous extract immediately acidified with iced hydro­
chloric acid. The product was purified by dissolving it 
in an excess of petroleum ether (b. p. 60-110°) and con­
centrating by means of an air stream; white crystalline 
powder, m. p. 88-89° (cor.); yield 8 g. (30%). When pure 
the material is stable for several weeks.

Anal. Calcd. for C13H16O4: C, 66.07; H, 6.82. Found: 
C, 66.57; H, 7.18.

Evaporation of the ether solution after extraction with 
aqueous sodium carbonate did not give the expected unre­
acted ketone but rather a substance of lower boiling point. 
This liquid, postulated as being a mixture of the tertiary 
alcohol and the corresponding dehydration product arising

(3) K ohler an d  B altzly , T h i s  J o u r n a l , 54, 4015 (1932); F uson , 
F u g a te  an d  F isher, ibid., 61, 2362 (1939),
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from the normal Grignard addition reaction, was treated 
with acetic anhydride to effect complete dehydration. 
The purified product did not give the proper analysis, how­
ever, and no further investigation was attempted.

/3- Chloro- (3-(2-me thoxy-4,6-dimethylphenyl)- a-methyl- 
acrylic Acid,—To a solution of 10 g. of a'-methyl-(2-meth- 
oxy-4,6-dimethylbenzoyl)-acetic acid in 50 cc. of ice cold 
phosphorus oxychloride, was added 25 g. of phosphorus 
pentachloride. After heating at 70° for one hour, the 
solution was poured onto 300 g. of ice. The product 
separated as an oil which solidified on standing. The crude 
material, after many careful fractional crystallizations 
from benzene, was shown to be a mixture of j8-chloro-/3- 
(2-methoxy-4,6-dimethylphenyl)-a-methylacrylic acid and 
$ - chloro - j(3 - (2 - methoxy - 4,6 - dimethyl - 5 - chloro- 
phenyl)-a-methylacrylic acid. Each was separated in a 
pure state but only in small amounts. /3-Chloro-/T(2- 
methoxy-4,6-dimethylphenyl)-o:-methylacrylic acid was 
obtained from benzene as white crystals, m. p. 163-164° 
(cor.).

Anal. Calcd. for CiSH150 3C1: C, 61.29; H, 5.89. 
Found: C. 61.15; H, 6.03.

jS-Chloro- /?- ( 2-methoxy~4,6-dimethyl- 5-chlorophenyl)-a- 
methylacrylic acid was obtained from benzene as white 
crystals, m. p. 178-179° (cor.).

Anal Calcd. for C13HuChCh: C, 54.00; H, 4.88; 
neut. equiv., 289. Found: C, 54.43; H, 5.05; neut. 
equiv., 287.

l-Methoxy-3,5-dimeihyl-4-chlorohenzene (IX).—A so­
lution of 313 g. of 1-hydroxy-3,5-dime thyl-4-chloroben- 
zene4 in 85 g. of sodium hydroxide dissolved in a small 
amount of water was stirred and to it was added dropwise 
an excess of dimethyl sulfate. After refluxing for two 
hours, the resulting oil was removed and the water layer 
extracted with ether. The oil and ether extracts were 
combined and dried by means of anhydrous magnesium 
sulfate, the ether was then removed and the residue dis­
tilled; b. p. 94-96° (6 mm.), n2QD 1.5365; yield 273 g. 
(80%).

Anal Calcd. for C9HnOCl: C, 63.31; H, 5.91.
Found: C, 64.09; H, 6.75.

1 -Methoxy-3,5-dimQthyl-4-chloro-2-propiophenone (X). 
—This product was prepared in a similar manner to 1- 
methoxy-3,5-dimethyl-2-propiophenone using 1-methoxy-
3,5-dimethyl-4-chlorobenzene in place of 1-methoxy-3,5- 
dimethylbenzene. I t  was a white, crystalline solid, 
readily purified from petroleum ether (b. p. 60-110°), 
m. p. 66.5-67.5° (cor.); yield 125 g. (55%).

Anal. Calcd. for CisHisC^Cl: C, 63.54; H, 6.66,
Found: C, 64.01; H, 6.70.

Acidification of the sodium hydroxide washings gave 1- 
hydroxy-3,5-dimethyl-4-chloro-2-propiophenone, a white 
crystalline solid. This substance was not purified but 
was remethylated as described for the corresponding 
unchlorinated compound, 1-hydroxy-3,5-dimethyl-4-pro- 
piophenone.

Demethylation, observed in every experiment, in­
creased as the excess of aluminum chloride was increased. 
The yield reported was that obtained when minimum 
demethylation occurred.

(4) Lesser an d  G ad, Ber., 56B, 974 (1923).

a'-Methyl-(2-methoxy-4,6-dimethyl-5-chlorobenzoyl)- 
acetic Acid (XI).—A solution of 20 g. of 1-methoxy-3,5- 
dimethyl-4-chloro-2-propiophenone in 25 cc. of dry ether 
was added to 100 cc. of an ether solution containing slightly 
more than one mole equivalent of ethylmagnesium bro­
mide. The mixture was refluxed for thirty minutes and 
carbonated as described for the corresponding unchlori­
nated propiophenone. The product was purified by crys­
tallization from petroleum ether (b. p. 60-110°) and finally 
from benzene by dissolving it in an excess of the solvent and 
then concentrating; white crystalline powder, m. p. 118° 
(cor.); yield 12 g. (50%). When pure, the material was 
stable for several weeks. The crude product was satis­
factory for conversion to /3-chloro- j3-(2-methoxy-4,6- 
dimethyl-5-chlorophenyl)-a5-methylacrylic acid.

Anal. Calcd. for Ci3H150 4C1: C, 57.76; H, 5.58.
Found: C, 57.65; H, 5.61.

Evaporation of the ether solution after extraction with 
sodium carbonate yielded a liquid which was probably a 
mixture of the tertiary alcohol and the corresponding de­
hydration product, arising from the normal Grignard addi­
tion reaction to the keto form of the propiophenone.

/?-Chloro-/3-(2-methoxy-4,6-dimethyl-5-chlorophenyl)- 
a-methylacrylic Acid (V).—A sample of 10 g. of a-methyl- 
(2-methoxy-4,6-dimethyl-5-chlorobenzoyl)-acetic acid was 
converted to the chloroacrylic acid derivatives by the pro­
cedure described for the corresponding unchlorinated 
phenyl derivative. I t  was purified by recrystallization 
first from petroleum ether (b. p. 60-110°) and then several 
times from benzene; white crystals, m. p. 178-179° (cor.); 
yield 5.5 g. (50%).

Anal. Calcd. for Ci3Hi40 3C12: C, 54.00; H, 4.88;
neut. equiv., 289. Found: C, 54.00; H, 5.02; neut. 
equiv., 287.

Resolution of /3~Chloro-/3-(2-methoxy~4,6-dimethyl-5- 
chlorophenyl)-a-methylacrylic Acid (V).—A solution of 2.7 
g. of /3-chloro-/5-(2-methoxy-4,6-dimethyl-5-chlorophenyl)- 
a'-methylacrylic acid in 40 cc. of warm acetone was added 
to a solution of 2.9 g. of quinine in 40 cc. of warm acetone. 
After filtration the solution was allowed to stand for five 
days after which fraction A (2.5 g.) was removed. This 
was unchanged in rotation after recrystallization from 
acetone. The filtrate was then evaporated to 60 cc. and 
after standing two days fraction B (0.55 g.) was collected. 
Evaporation of the filtrate to 25 cc. yielded fraction C 
(1.2 g.) after standing four days. Evaporation to dryness 
gave fraction D. The rotations of fractions B and C 
were essentially identical with those of fraction A from 
which it was deduced that only one salt was obtained. No 
mutarotation was observed over a short period of time at 
room temperature.

Anal. Calcd. for C33H380 5Cl2N2: C, 64.57; II, 6.24. 
Found: C, 64.68; H, 6.46. Rotation. (/BriA) 0.050 g. 
made up to 25 cc. with benzene at 20° gave aD —0.12°; 
1, 2; [a]20d —30.0°.

^-/3*Chloro-/?-(2-methoxy-4,6-dimethyl-5-chlorophenyl)- 
o'-methylaerylic Acid.—To a suspension of 2 g. of salt 
(fraction A) in 30 cc. of water was added 5 cc. of concen­
trated hydrochloric acid. After stirring at 5° for thirty 
minutes the product was filtered, washed with 5% hydro­
chloric acid and finally with water. The above was re­
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peated until the product was quinine free; m. p. 177°
(cor.).

Rotation. (J-acid) 0.100 g. made up to 25 cc. with n- 
butanol at 20° gave aD +0.18; l, 2; [a]20D +22.5°.

Racemization of d-/3-Chloro-j3-(2-methoxy-4,6-dimethyl- 
5-chlorophenyl)-«-methylacrylic Acid (V).—A solution of 
0.1 g. of the above d-acid in 25 cc. of w-butanol was placed 
in a polarimeter tube equipped with a water jacket through 
which was passed water at 44° from a constant tempera­
ture bath. The following aD values were obtained: at the 
start +0.18; after thirty minutes +0.16; after one hour 
+0.15; after one and a half hours +0.13; after two 
hours + 0.11 ; after two and a half hours +0.09; after 
three and a half hours +0.07; after four and a half hours 
+0.06; after seven and a half hours +0.02. Calculated 
for a reversible unimolecular reaction, the half-life period 
is 173 minutes.

1- Methoxy-3,5-dimethyl-4-chloro-2-acetophenone.—To
300 g. of carbon disulfide, 171.5 g. of l-methoxy-3,5- 
dimethyl-4-chlorobenzene and 102 g. of acetic anhydride, 
was added 267 g. of anhydrous aluminum chloride using 
exactly the same procedure employed to produce 1- 
methoxy-3,5-dimethyl-4-chloro-2-propiophenone. Distil­
lation gave a white crystalline solid; b. p. 134-136° (3 
mm.). It was purified by crystallization from dry ether, 
m. p. 76-77° (cor.); yield 127 g. (50%).

Anal. Calcd. for CnH130 2Cl: C, 62.09; H, 6.16.
Found: C, 61.92; H, 6.23.

As in the preparation of l-methoxy-3,5-dimethyl-4- 
chloro-2-propiophenone, demethylation occurred. The 
product could be remethylated and purified readily, how­
ever, in exactly the same manner as the l-hydroxy-3,5- 
dimethyl-4-chloro-2-propiophenone previously described.

2- Methoxy-4,6-dimethyl-5-chlorobenzoyl Acetic Acid.— 
A solution of 20 g. of 1-methoxy-3,5-dimethy 1-4-chlor0-2- 
acetophenone in 25 cc. of dry ether was added to 100 cc. of 
an ether solution containing slightly more than one mole 
equivalent of ethylmagnesium bromide. The bromo­
magnesium enolate precipitated and was carbonated in the 
same manner as l-methoxy-3,5-dimethyl-4-chloro-2-pro- 
piophenone. Recrystallization of the crude product gave 
a white crystalline powder, m. p. 113° (cor.); yield 11 g. 
(45%).

Anal. Calcd. for Ci2H130 4C1: C, 56.11; H, 5.11.
Found: C, 55.73; H, 5.24.

As in the case of a-methyl-(2-methoxy-4,6-dimethyl-5- 
chlorobenzoyl)-acetic acid (XI), normal addition of the 
Grignard reagent apparently took place, for the main con­
stituent of the residue was a liquid which was presumably 
the dehydrated tertiary alcohol.

0-Chloro-/3-(2-methoxy-4, ó-dimethyl-5-chloroph enyl)- 
acrylic Acid (VI).—To a solution of 10 g. of 2-methoxy-4,6- 
dimethyl-5-chlorobenzoyl acetic acid in 50 cc. of ice-cold 
phosphorus oxychloride was added 25 g. of phosphorus 
pentachloride. The mixture was heated in a water-bath 
at 70° for one hour, then poiired onto 300 g. of ice. A 
solid separated and was purified by crystallization from 
petroleum ether (b. p. 60-110°) and finally from benzene; 
white crystals, m. p. 181-182° (cor.); yield 5.2 g. (48%).

Anal. Calcd. for C12H12O3CI2: C, 52.34; H, 4.34.
Found: C, 52.18; H, 4.49.

Resolution of /3-Chloro-/3-(2-methoxy-4,6-dimethyl-5- 
chlorophenyl)-acrylic Acid (VI).—A solution of 6.3 g. of 
£ - chloro - jö - (2 - methoxy - 4,6 - dimethyl - 5 - chloro- 
phenyl)-acrylic acid in 50 cc. of ethyl acetate was added to 
a solution of 7.5 g. of quinine in 70 cc. of ethyl acetate. 
After filtration the solution was evaporated to 40 cc. and 
at two-day intervals the crystals were filtered and 5 cc. of 
solvent was removed. The rotations of the various frac­
tions thus obtained were essentially the same and the same 
d-acid was obtained from all fractions, indicating the for­
mation of only one salt. The various fractions were un­
changed in rotation after recrystallization from ethyl acet­
ate. No mutarotation was observed over a short period 
of time at room temperature.

Anal. Calcd. for C^HgeQóNsCh: C, 64.05; H, 6.05. 
Found: C, 64.15; H, 6.22. Rotation. (IBdA) 0.050 
g. made up to 25 cc. with benzene at 20° gave aD —0.10°; 
l, 2; [a]20D —25.00°.

d-/3-Chloro-/3-(2-methoxy-4,6-dimethyl-5-chlorophenyl)- 
acrylic Acid.—To a suspension of 2 g. of salt in 30 cc. of 
water was added 5 cc. of concentrated hydrochloric acid. 
After stirring at 5° for thirty minutes the product was 
filtered and washed with 5% hydrochloric acid and finally 
with water. The above was repeated until the product 
was quinine free; m. p. 180° (cor.).

Rotation, (d-acid) 0.100 g. made up to 25 cc. with n- 
butanol at 20° gave aD 0.10°; 1,2; [a]20D +12.5°.

Racemization of d-/3-Chloro-|3-(2-methoxy-4,6-dimethyl- 
5-chlorophenyl)-acrylic Acid (VI).—A solution of 0.100 g. 
of the d-acid made up to 25 cc. with w-butanol at 20° gave 
the following values: at the start + 0.10; after five min­
utes +0.08; after eight minutes +0.06; after fifteen 
minutes +0.04; after twenty minutes +0.02; after 
twenty-five minutes 0.00. Calculated for a reversible 
unimolecular reaction, the half-life period is approximately 
nine minutes.

1 -Ethoxy-3,5-dimethyl-4-chlorobenzene.—This com­
pound was prepared from l-hydroxy-3,5-dimethyl-4- 
chlorobenzene in exactly the same manner as 1-methoxy-
3.5- dimethyl-4-chlorobenzene was obtained from 1- 
hydroxy-3,5-dimethyl-4-chlorobenzene except that di­
ethyl sulfate was used in place of dimethyl sulfate. The 
yield was 85%.

Anal. Calcd. for Ci0Hi3OC1: C, 65.00; H, 7.09.
Found: C, 65.31; H, 7.15.

l-Ethoxy-3,5-dimethyl-4-chloro-2-propiophenone.—To
300 g. of carbon disulfide, 185 g. of l-ethoxy-3,5-dimethyl-
4-chlorobenzene and 130 g. of propionic anhydride was 
added 267 g. of anhydrous aluminum chloride using ex­
actly the same procedure employed to produce 1-methoxy-
3.5- dimethyl-4-ch!oro-2-propiophenone. I t  had a b. p. of 
155-156° (7 mm.) and solidified to a crystalline mass 
which was "purified from petroleum ether (b. p. 60-110°); 
white crystals, m. p. 53-54° (cor.); yield 123 g. (62%).

Anal. Calcd. for C13H17O2CI: C, 64.83; H, 7.10. 
Found: C, 64.77; H, 7.21.

As in the preparation of 1-methoxy-3,5-dimethyl-4- 
chloro-2-propiophenone deëthylation occurred. However, 
the product could be reëthylated and purified readily. 
The yield reported was that obtained when minimum de­
ethylation occurred.



1790 Roger Adams and W. J. Gross Vol. 64

ar-Methyl-(2-ethoxy-4,6-dimethyl-5-chlorobenzoyl)- 
acetic Acid.—A solution of 20 g. of 1-ethoxy-3,5-dimethyl-
4-chloro-2-propiophenone was added to 100 cc. of an ether 
solution containing slightly more than one mole equivalent 
of ethylmagnesium bromide. The bromomagnesium eno­
late was insoluble and was carbonated in the same manner 
as the previously described bromomagnesium enolate 
of 1-methoxy-3,5-dimethyl-4-chloro-2-propiophenone. The 
crude product was recrystallized from dry ether; white 
crystalline powder turning yellow upon standing for 
twenty-four hours, m. p. 115.5-116.5° (cor.); yield 10 g. 
(41%).

Anal. Calcd. for Ci4H170 4C1: C, 59.02; H, 6.01.
Found: C, 58.75; H, 5.95.

As in the preparation of a-methyl- (2-methoxy-4,6- 
dimethyl-5-chlorobenzoyl)-acetic acid (XI), normal addi­
tion of the Grignard reagent to the keto form was observed. 
The main component of the residue was a liquid which 
boiled lower than the original ketone and was postulated 
as the corresponding dehydrated tertiary alcohol.

/3-Chloro-j3-(2-ethoxy-4,6-dimethyl-5--chlorophenyl)-Q!“ 
methylacrylic Acid.—This compound was prepared in 
exactly the same manner as /?-chloro-/3-(2-methoxy-4,6- 
dimethyl-5-chlorophenyl)-a-niethylacrylic acid using a- 
methyl - (2 - ethoxy - 4,6 - dimethyl - 5 - chlorobenzoyl)- 
acetic acid as starting material. I t formed faintly pink 
crystals from benzene, m. p. 141-142° (cor.); yield 6 g. 
(56%).

Anal. Calcd. for CuB.uOBCh: C, 55.42; H, 5.31.
Found: C, 55.41; H, 5.22.

1-Ethoxy-3,5-dimethyl-4-chloro-2-acetophenone.—To 
300 g. of carbon disulfide, 185 g. of 1 -ethoxy-3,5-dimethy 1-
4-chlorobenzene and 102 g. of acetic anhydride was added 
267 g. of anhydrous aluminum chloride using the same pro­
cedure employed to produce l-methoxy-3,5-dimethyl-4- 
chloro-2-propiophenone. I t  had a boiling point of 145- 
147° (7 mm.) and solidified on cooling to a crystalline mass 
which was purified by crystallization from petroleum 
ether (b. p. 60-110°); white crystals, m. p. 74° (cor.); 
yield 136 g. (60%).

Anal. Calcd. for Ci2H i60 2C1: C, 63.54; H, 6.66.
Found: C, 63.36; H, 6.73.

Deethylation occurred to a certain extent. However, 
the product from the aqueous sodium hydroxide extract 
could be reëthylated.

The yield reported was that obtained when minimum 
deëthylation occurred.

2-Ethoxy-4,6-dimethyl-5-chlorobenzoylacetic Acid.—A
solution of 20 g. of 1-ethoxy-3,5-dimethyl-4-chloro-2-

acetophenone in 25 cc. of dry ether was added to 100 cc. of 
an ether solution containing slightly more than one mole 
equivalent of ethylmagnesium bromide. The bromomag­
nesium enolate precipitated and was carbonated in the same 
manner as 1-methoxy-3,5-dimethyl-4-chloro-2-propiophe- 
none. Recrystallization of the crude product from dry 
ether gave a white crystalline powder, m. p. 103-104° 
(cor.); yield 13 g. (55%).

Anal. Calcd. for C,3H i50 4C1: C, 57.65; H, 5.88.
Found: C, 57.65; H, 5.56.

The usual liquid by-product was observed, similar to that 
obtained in the carbonation experiments previously de­
scribed.

#-Chloro-/3-(2-ethoxy-4,6-dimethyl-5-chlorophenyl)- 
acrylic Acid.—This compound was prepared in exactly 
the same manner as /3-chloro-0-(2-methoxy-4,6-dimethyl-5- 
chloropheny 1) -ce-methylacrylie acid using 2-ethoxy-4,6- 
dimethyl-5-chlorobenzoylacetic acid as starting material. 
It formed faintly pink crystals from benzene, m. p. 176- 
177° (cor.); yield 5.5 g. (51%).

Anal. Calcd. for C13H14O3CI2: C, 53.96; H, 5.40.
Found: C, 54.05; H, 5.01.

Summary
1. /5 - Chloro - (3 - (2 - methoxy - 4,6 - dimethyl- 

5-chlorophenyl)-acrylic acid, 0-chloro-/?- (2- 
methoxy - 4,6 - dimethyl - 5 - chlorophenyl) - a - 
methylacrylic acid, j8-chloro-/3-(2-ethoxy-4,6- 
dimethyl-5-chlorophenyl) -acrylic acid, and 0- 
chloro-j3-(2-ethoxy-4,6-dimethyl-5-chlorophenyl)- 
o'-methylacrylic acid have been synthesized. The 
first two were resolved. The last two did not 
form salts suitable for resolution.

2. The active forms of the first two compounds 
had half-life periods, respectively, of nine minutes 
in ^-butanol at 20 0 and one hundred and seventy- 
three minutes in n-butanol at 44°. This demon­
strates the large increase in interference effected by 
substitution of the a-hydrogen by an a-methyl 
group. By comparison of these half-life periods 
with those of the previously described analogous 
mesitylene derivatives, the increased interference 
effect produced by an ortho methyl over an ortho 
methoxyl is exemplified once again.
Urbana, Illinois R eceived April 21, 1942
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Restricted Rotation in Aryl Olefins. V. /3-Bromo-/3- (2-alkoxynaphthyl) -«-alkyl-
acrylic Acids1

B y R oger  A dams, L. O. B in d e r 2 and F . C. M cG r ew

The half-life periods of the active forms of the 
molecules of the substituted /3-arylacrylic acid 
type shown in I, II and III have been described in 
previous papers.3

Cl CHS(H)
I I
C ~ C —COOH 
\ C H S

CH8(H) 

h —COOH

II
ptT W CHs(H)

i i
%—C = C —COOH

The remarkable stability of types I and II as 
contrasted to that of type III demonstrated the 
relatively greater steric effect of the 
methyl than the methoxyl when ortho to 
the acrylic acid side chain. The effect 
of the —C H =  group of the aromatic 
nucleus in II is much smaller than that 
of an ortho methyl group in type I. An 
investigation of certain analogous de­
rivatives from /3-methoxynaphthalene 
was carried on simultaneously with the 
study of the xylenol derivatives (III).
The synthesis of /3-bromo-/3- (2-meth- 
oxy-1 -naphthyl) - a-methylacrylic acid 
was accomplished and both geometric 
forms were obtained (VI and X). The 
series of reactions employed is shown in 
formulas IV-X.

By a Perkin synthesis with propionic 
anhydride and sodium propionate, /3- 
methoxynaphthaldehyde (IV) was con­
verted to the /3- (2-methoxy- 1-naphthy 1) - 
«-methylacrylic acid (V, «-form). A 
single geometric isomer was always obtained. 
Upon bromination of compound V two atoms of

(1) F o r previous paper, see A dam s an d  Gross, T h is  J o ur n a l , 64, 
1786 (1942).

(2) An a b s trac t of a  thesis  su b m itted  in pa rtia l fulfillm ent of the  
requirem ents for th e  degree of D octor of Philosophy in C hem istry.

(3) A dam s and  M iller, ibid,, 62, 53 (1940); Adam s, Anderson and  
M iller, ibid., 63, 1589 (1941); A dam s and  B inder, ibid., 63, 2773 
(1941).

bromine added to the double bond and hydrogen 
bromide was eliminated to give /3-bromo-/3-(2- 
methoxy -1 -naphthyl) - «-methylacrylic acid (VI, 
«-form). The position of the bromine in the side 
chain was established by oxidation of VI to /3- 
methoxynaphthoic acid. By means of hydro- 
bromic acid compound VI was demethylated after 
which rearrangement and ring closure took place 
with formation of 2-methyl-3-bromo-4,3-/3-naph- 
thopyrone (IX). This pyrone, on hydrolysis and 
methylation, gave the 0-bromo-/3-(2-methoxy-1 - 
naphthyl) - «-methylacrylic acid (X, /3-form) iso­
meric with compound VI. From the procedure 
used for synthesis it is reasonable to conclude 
that compound X  has the carboxyl cis to the 
methoxyl while in its isomer VI the carboxyl 
group is trans to the methoxyl.

/3-Hydroxynaphthaldehyde (VII) by a similar
Br COOH

CH =C—CHs
\  V = o  V o /

CHS
I

CH =C —COOH 
\o C H s

Br CHs
I IC=C—COOH 
\oCHs

X

Perkin synthesis led to the 2-methyl-4,3-/3-naph- 
thopyrone (VIII). Upon hydrolysis and methyla­
tion this pyrone was converted either to the acrylic 
acid (V) or to its geometric isomer (XI, /3-form). 
The exact conditions for controlling the direction 
of this synthesis were not found. In two experi­
ments the expected isomer (XI) resulted but in
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COOH

most trials rearrangement occurred and only com­
pound V was isolated.

The assignment of the structure with the car­
boxyl trans to the methoxyl to isomer V, obtained 
directly from /3-methoxynaphthaldeliyde is based 
on the results (1) of similar reactions in the ben­
zene series in which the methyl ether of salicyl- 
aldehyde gives /rans-0-methoxycinnamic acid 
whereas the cis form is produced by hydrolysis of 
coumarin followed by methylation and (2) of 
the condensation of /3-methoxynaphthaldehyde 
and j8-hydroxynaphthaldehyde 
with ^-butyric anhydride 
which is to be discussed later.
If the formulas proposed for 
the brominated acids (VI and 
X) are correct, it must be con­
cluded that no rearrangement 
occurs during bromination of 
compound V to form the bromo 
derivative (VI). The isomeric 
acid (XI) with the carboxyl 
cis to the methoxyl did not 
undergo smooth bromination.
From the reaction was isolated 
a small amount of compound VI along with non- 
acidic material which was not identified. The py­
rone (VIII) brominated only with difficulty and 
no pure substance was isolated from the product.

iS-Ethoxynaphthaldehyde, in a similar Perkin 
synthesis, gave a single product, 0-(2-ethoxy-1- 
naphthyl) - a-methylacrylie acid, assigned the con­
figuration XII. It brominated to /3-broxno-0-(2- 
ethoxy-1 -naphthyl)-a-methylacrylic acid (XIII).

always one product resulted which was isomeric 
with that from the direct condensation of the /3- 
methoxynaphthaldehyde. Both acids (XIV and 
XVI) upon bromination yielded the same com­
pound, 2-ethyl-3-bromo-4,3-/5-naphthopyrone 
(XVII), even when the precaution was taken to 
have present an alkaline reagent to react with the 
hydrogen bromide liberated. The bromopyrone 
(XVII) was hydrolyzed and methylated to the 
P - bromo - - (2 - methoxy - 1 - naphthyl) - a -
ethylacrylic acid (XVIII).

C2H6

CH==C—COOH 
\ o c h 3

CH==C—C2H5 
^C O

XV

Br C2H5 

C===C—COOH

o r

COOH
I

CH =C—CH8 
%OC2H6

Br COOH
I 1c=c—c h 3 

V % o c *Hs

v v
X II

w
X III

/3-Methoxynaphthaldehyde in a Perkin synthe­
sis with ^-butyric anhydride and sodium ^-butyr­
ate gave a single product, 0- (2-methoxy-l-naph- 
thyl)-a-ethylacrylic acid postulated as the trans 
isomer (XIV); /3-hydroxynaphthaldehyde in a 
similar reaction yielded 2-ethy 1-4,3-/3-naphthopy - 
rone (XV) which was hydrolyzed and methylated 
to XVI, the geometric isomer of XIV. Unlike 
the experience in the hydrolysis of the 2-methyl-
4,3 - /3-naphthopyrone which yielded sometimes 
one and sometimes the other geometric isomer,

XVIII

From these experiments, it may be concluded,
(1) that, in general, when no pyrone formation is 
possible the geometric isomer formed from the 
aldehyde has the carboxyl group trans to the al- 
koxyl, and (2) that the hydrolysis and methylation 
of a pyrone leads to an isomeric acid with the car­
boxyl cis to the alkoxyl.

Attempts to resolve acids VI, X, XIII and 
XVIII failed. The acids formed well-crystallized 
salts but only single salts which did not mu taro - 
tate were obtained and decomposition of each 
salt resulted in an inactive acid.

Although deductions from negative experiments 
on resolution are hazardous, the physical proper­
ties of these salts were so favorable that it is be­
lieved these acids cannot be resolved. If these 
conclusions are correct the relatively minor 
change in the molecule III (half-life, 173 minutes 
in ^-butanol at 44°), consisting of replacement of 
the ortho methyl by a —C H =  of a fused ring, 
serves to eliminate restricted rotation. Even the 
replacement of the ^-methoxyl by /3-ethoxyl or 
the oj-methyl by an a-ethyl was not sufficient to 
render resolution possible. The bromine and 
chlorine atoms have been shown in the biphenyl 
series to have essentially the same effect, so that 
this modification should not alter the results.
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Experimental
2-Methoxy-l-naphthaldehyde.—This was prepared 

either by the method of Adams and Montgomery4 or 
according to the directions in “ Organic Syntheses” for
2-ethoxy-1-naphthaldehyde,5 using 2-methoxynaphthalene 
in place of 2-ethoxynaphthalene. Material prepared by 
the latter method was more easily purified.

j3-(2-Methoxy-1 -naphthyl)- a-methylacrylic Acid (V, a- 
Form).—A mixture of 9 g. of 2-methoxy-1-naphthaldehyde, 
9 g. of fused sodium propionate, and 36 g. of propionic 
anhydride was refluxed for twenty-four hours at 170°. 
The mixture was poured into iced dilute aqueous sodium 
hydroxide, and the alkaline solution extracted with ether 
to remove colored impurities. Upon acidification of the 
aqueous solution, the product separated as a gummy mass 
which crystallized on rubbing. I t  was recrystallized from 
water-acetic acid mixture and then from ethanol; colorless 
needles, m. p. 155-156° (cor.); yield, 7.9 g. (62%).

Anal. Calcd. for C10H14O3: C, 74.35; H, 5.83. Found: 
C, 74.21; H, 5.87.

/3-Bromo-/3-( 2-methoxy-1 -naphthyl )-a-methylacrylic 
Acid. (VI, a-Form).—To 4.6 g. of 0-( 2-methoxy-1- 
naphthyl) - a-methylacrylic acid in 30 cc. of chloroform was 
added 3.1 g. of bromine in 15 cc. of chloroform. The solu­
tion was set aside in the dark for sixty hours. After 
evaporating the chloroform by means of an air stream, the 
solid residue was taken up in dilute aqueous potassium 
hydroxide, and the alkaline solution was extracted with 
ether to remove colored impurities. The solution was 
then treated with decolorizing charcoal at 90° and filtered. 
Upon acidification of the filtrate, the product appeared as 
an oil which solidified on rubbing. The material was re­
crystallized from water-acetic acid mixture and from 
ethanol giving nearly white needles, m. p. 208° (cor.); 
yield, 2.3 g. (38%).

Anal. Calcd. for Ci5Hi30 3Br: C, 56.07; H, 4.08.
Found: C, 55.62; H, 4.03.

The bromine was shown to be in the side chain by oxi­
dation to 2-methoxy-1-naphthoic acid. A mixture of 0.1 
g. of /3-bromo-/3-(2-methoxy-1-naphthyl)-a-methylacrylic 
acid and 0.5 g. of potassium permanganate in 25 cc. of 
water was refluxed for six hours. The manganese di­
oxide was removed by filtration and the filtrate acidified. 
The fine needles which formed were filtered and recrystal­
lized from ethanol; colorless needles, m. p. 176°. The 
value found in the literature for 2-methoxy-1-naphthoic 
acid is 176°.5a

2-Methyl-4,3-jS-naphthopyrone (VIII).—A mixture of 
5 g. of 2-hydroxy-1-naphthaldehyde,6 5 g. of sodium pro­
pionate, and 20 g. of propionic anhydride was refluxed at 
1700 for twenty-four hours. The mixture was decomposed 
with aqueous sodium bicarbonate solution, and the ma­
terial remaining undissolved was washed thoroughly on a 
filter and then recrystallized from ethanol; fine white 
needles, m. p. 156° (cor.); yield, 4.1 g. (60%).

Anal. Calcd. for C14H10O2: C, 79.97; H, 4.80. Found: 
C, 80.22; H, 4.63.

(4) Adams and M ontgom ery, T h i s  J o u r n a l , 46, 1520 (1924).
(5) “ Organic Syntheses,” Vol. 20, 1940, p. 11.
(5a) Bretscher, Rule and Spence, J .  C h e m . S o c ., 1493 (1928).
(6) Adams and Levine, T h i s  J o u r n a l , 45, 2373 (1923).

/3-(2-Methoxy-l-naphthyl)-a-methylacrylic Acid. (XI, 
/5-Form).—By heating to 90 0 for one hour, 4 g. of 2-methyl-
4,3-/3-naphthopyrone was dissolved in a solution of 2.48 g. 
of potassium hydroxide in 120 cc. of water. After cooling,
5.6 g. of dimethyl sulfate was added slowly with vigorous 
stirring. The precipitate which formed was dissolved by 
making the solution strongly alkaline and warming. 
Acidification of the resulting clear solution caused the 
product to separate as an oil which solidified on cooling. 
Several crystallizations from a water-acetic acid mixture 
and then four or five times from benzene resulted in the 
formation of thick yellow rhombs, m. p. 167° (cor.); 
yield, 1 g. (23%).

Anal. Calcd. for Ci6Hh0 3: C, 74.35; H, 5.83. Found: 
C, 74.69; H, 5.95.

Various attempts to repeat this experiment resulted 
sometimes in obtaining the same product and sometimes 
in formation of the a-form. The critical conditions for 
each were not found.

/3-(2-Ethoxy-1 -naphthyl)-a-methylacrylic Acid (XII).— 
From 2-ethoxy-1-naphthaldehyde,2 by the same method 
used for the preparation of /3-(2-methoxy-l-naphthyl)-a- 
methylacrylic acid, (3- (2-ethoxy-l-naphthyl) -a-methyl­
acrylic acid was obtained; white needles from water- 
acetic acid mixture, then from ethanol, m. p. 130° (cor.); 
yield 8 g. (43%).

Anal. Calcd. for Ci6Hi603: C, 74.97; H, 6.30. Found: 
C, 74.51; H, 6.32.

/3-Br omo- /?-(2-ethoxy-1 -naphthyl) - a-methylacrylic Acid 
(XIII).—By bromination of 8 g. of /3-(2-ethoxy-l-naph- 
thyl)-a-methylacrylic acid in the manner described for the 
formation of /3-bromo-(2-methoxy-1-naphthyl)-a-methyl­
acrylic acid the bromo ethoxy derivative was obtained; 
white needles, m. p. 172° (cor.); yield, 3 g. (29%).

Anal. Calcd. for Ci6Hi50 3Br: C, 57.31; H, 4.51.
Found: C, 57.03; H, 4.51.

2-Methyl-3-bromo-4,3-0-naphthopyrone (IX).—A mix­
ture of 5 g. of /3-bromo-/5~ (2-methoxy-1 -naphthyl) -a- 
methylacrylic acid (VI), 15 cc. of 48% hydrobromic acid 
and 45 cc. of glacial acetic acid was refluxed for four hours 
and then poured into 400 cc. of water. The crude product 
which separated was filtered, taken up in chloroform and 
treated with decolorizing charcoal. The solvent was re­
moved by evaporation and the residue recrystallized from 
ethanol; long, nearly white needles, m. p. 186° (cor.); 
yield, 2.5 g. (56%).

Anal. Calcd. for Ci4H80 2Br: C, 58.13; H, 3.14.
Found: C, 58.46; H, 3.42.

/3-Bromo-j8-(2-methoxy-l-naphthyl)-a-methylacrylic 
Acid (X, /3-Form).—A solution of 2.5 g. of 2-methyl-3- 
bromo-4,3-/3-naphthopyrone in 50 cc. of absolute ethanol 
containing 1 g. of potassium hydroxide was refluxed for 
ten minutes. The solvent was removed under diminished 
pressure on a steam cone and the residue taken up in 75 
cc. of water. An additional 1 g. of potassium hydroxide 
was added to the solution, and then 2 g. of dimethyl sul­
fate, over a period of thirty minutes, with stirring. The 
mixture was stirred for three hours and then acidified 
with hydrochloric acid and extracted with ether. The 
ether solution was extracted with two 30-cc. portions of 
5% aqueous sodium hydroxide. On acidification of the
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alkaline extract the product separated as a solid which was 
recrystallized from ethanol: slightly yellow rhombs, m. p. 
187° (cor.).

Anal. Calcd. for Ci5Hi80 3Br: C, 56.07; H, 4.08.
Found: C, 56.27; H, 4.23.

Evaporation of the ether solution resulted in the recov­
ery of 1.5 g. of unchanged pyrone.

Bromination of /3-(2-Methoxy-l-naphthyl)-a:-methyl- 
acrylic Acid (XI, /3-Form).—To 1 g. of j8-(2-methoxy-
1- naphthyl) - a-methylacrylic acid (XI) dissolved in 15 cc. 
of chloroform was added 0.75 g. of bromine, and the solu­
tion was set aside in the dark for twenty-four hours. The 
solvent was then removed by evaporation without re­
moving the precipitate which had formed, and the residue 
was taken up in 150 cc. of chloroform. The chloroform 
solution was extracted with two 30-cc. portions of 5% 
aqueous sodium hydroxide. Acidification of the alkaline 
extract precipitated the product, which was recrystallized 
from glacial acetic acid. The material melted at 208° 
(cor.), and gave no depression of the melting point when 
mixed with /3-bromo-/3-(2-methoxy-l-naphthyl)-a'-methyl- 
acrylic acid (VI, a-form).

Evaporation of the chloroform solution yielded an alkali- 
insoluble material which crystallized from glacial acetic 
acid in fine needles; m. p. 93° (cor.); this was not investi­
gated.

£-(2-Methoxy- l-naphthyl)-«-ethylacrylic Acid (XIV, a-
Form).—The product was obtained from 20 g. of 2-meth­
oxy-1-naphthaldehyde, 20 g. of fused potassium butyrate 
and 80 g. of butyric anhydride; crystallized from water- 
acetic acid mixture, it formed nearly colorless needles, 
m. p. 110° (cor.); yield, 11 g. (40%).

Anal. Calcd. for Ci6Hi608: C, 74.97; H, 6.30. Found: 
C, 75.15; H, 6.73.

Bromination of /3-(2-Methoxy-l-naphthyl)-«-ethylacry- 
lic Acid (XIV. a-Form).—Treatment of 10 g. of /3-(2- 
methoxy-1-naphthyl)-a-ethylacrylie acid (XIV) with bro­
mine in the usual fashion yielded no alkali-soluble material. 
The dark solid was extracted thoroughly with petroleum 
ether (b. p. 60-110°). The extract was evaporated to 
dryness and the solid residue crystallized repeatedly from 
carbon tetrachloride and finally from water-acetic acid 
mixture. I t  proved to be 2-ethyl-3-bromo-4,3-/3-naphtho- 
pyrone (XVII); light brown needles, m. p. 137° (cor.); 
yield, 3 g. (25%).

Anal. Calcd. for Ci6Hu0 2Br: C, 59.41; H, 3.66.
Found: C, 59.98; H, 3.81.

2-Ethyl-4,3-j8-naphthopyrone (XV).—From 20 g. of
2- hydroxy-l-naphthaldehyde, 20 g. of fused potassium 
butyrate, and 80 g. of butyric anhydride by the method 
used for the preparation of 2-methyl-4,3-/3-naphthopyrone, 
2-ethyl-4,3-/3-naphthopyrone was obtained; white needles, 
m. p. 111° (cor.) ; yield, 13 g. (51%).

Anal. Calcd. for C15H12O2: C, 80.32; H, 5.40. Found: 
C, 80.49; H, 5.36.

/3-(2-Methoxy-l-naphthyl)-cK-ethylacrylic Acid (XVI, /3- 
Forrn).—A solution of 10 g. of 2-ethyl-4,3~/3-naphtho- 
pyrone (XV) and 6 g. of solid potassium hydroxide in 100 
ec. of absolute ethanol was refluxed for ten minutes. On 
cooling the potassium salt separated. This was filtered 
and dissolved in 150 cc. of water containing 6 g. of potas­

sium hydroxide. To this solution was added 6 g. of di­
methyl sulfate over a period of thirty minutes with stirring, 
and the mixture was then stirred for three hours. The 
solution was acidified and extracted with ether and the 
ether solution extracted with 5% aqueous sodium hy­
droxide. Acidification of the alkaline extract precipitated 
the product. I t  was recrystallized from ethanol to which 
was added water at the boiling point of the solution until 
incipient turbidity; white crystals, m. p. 120° (cor.); 
yield, 3.5 g. (30%).

Anal. Calcd. for CieHieOs: C, 74.97; H, 6.30. Found: 
C, 75.13; H, 6.36.

About 3.5 g. of unchanged pyrone was recovered.
/3-Bromo-/3-(2-methoxy-l-naphthyl)-ai-ethyiacrylic Acid 

(XVIII).—A solution of 2 g. of 2-ethyl-3-bromo-4,3-/3- 
naphthopyrone (XVII) in 50 cc. of absolute ethanol con­
taining 1 g. of potassium hydroxide was refluxed for ten 
minutes. The solvent was then removed under reduced 
pressure, and the residue dissolved in 75 cc. of water to 
which was added 1.5 g. of solid potassium hydroxide. 
With stirring, 2.5 g. of dimethyl sulfate was added over a 
period of thirty minutes and stirring continued for three 
hours. The solution was then acidified, extracted with 
chloroform, and the chloroform solution extracted with 5% 
aqueous sodium hydroxide. Upon acidification of the 
alkaline extract the product appeared as an oil which solidi­
fied on standing. The material was recrystallized from 
an ethanol-water mixture; fine white needles, m. p. 138° 
(cor.).

Anal. Calcd. for C16H150<,Br: C, 57.31; H. 4.51.
Found: C, 57.27; H, 4.52.

From the chloroform solution 1.5 g. of unchanged pyrone 
was recovered.

Bromination of /3-(2-M ethoxy-l-naphthyl)-o:-ethylacry- 
lic acid (XVI, /3-Form).—To 2 g. of /?-(2-methoxy-1- 
n aphthy 1) - ce-ethylacrylic acid in 16 cc. of chloroform was 
added 1.5 g. of bromine, and the solution was set aside 
in the dark for twenty-four hours. The solvent was then 
removed, the residue taken up in chloroform and the 
chloroform solution extracted with 5% aqueous sodium 
hydroxide. Acidification of the alkaline extract gave no 
product. The chloroform was evaporated and the residue 
recrystallized from ethanol-water mixture; light yellow 
needles, m. p. 137° (cor.); yield 1.5 g. (57%). This 
material gave no depression when melted with 2-ethyl-3- 
bromo-4,3-/3-naphthopyrone obtained by bromination of 
the a-form of the acid.

Summary
1. The synthesis of the two geometric forms 

of /3-bromo-/?- (2-methoxy-1 -naphthyl) - a-methyl­
acrylic acids, one geometric form of /3-bromo-fi- 
(2-ethoxy-1 -naphthyl) - a-methylacrylic acid and 
one geometric form of /3-bromo-(2-methoxy-1 - 
naphthyl)-a-ethylacrylie acid has been effected.

2. None of these molecules could be resolved. 
This is probably due primarily to the decreased 
steric effect of the —C H =  group of the benzene 
nucleus as compared to a methyl group.
Urbana, Illinois Received April 21, 1942
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Restricted Rotation in Aryl Olefins. VI. Substituted jS-(2,7-Dimethoxy-l-naph­
thyl)-a-methylacrylic Acids1

B y R oger  A dams, M. W. M il l e r , F. C. M cG r e w  and  A. W. A nderson

Failure to resolve the aryl olefins II, III, IV and 
V was reported in the preceding paper.1 Com­
pound I, on the other hand, was resolved2 and an 
active form had a half-life period of 173 minutes in 
^-butanol at 44°. The difference between I and

Cl CH3L±l3 j I
Clrj^^i—C = C —COOH

c h J J o c h 3
I

Br COOH 

<L=C— CHs

Br CHS

C—COOH

III

the other molecules lies primarily in the replace­
ment of the methyl group in the 2-position of the 
benzene nucleus by the —C H =  of an aromatic 
residue, thus allowing free rotation and resulting in 
non-resolvability of the molecules. The present 
investigation was undertaken to obtain molecules 
of the type shown in VI which resemble II, III, 
IV and V in all respects except for the additional 
group in the 8-position. Such a group should in­
crease the interference and might result in a steric 
effect sufficient to allow resolution.

Br CHs

X C = i —COOH

(XT'
VI

The synthetic problem of preparing such mole­
cules was not simple. The approach selected was 
that involving the preparation of a compound
(VII) by the general procedure used in the pre­
vious paper.1 It contains a methoxyl group in the
7-position which should activate substitution in 
the 8-position and thus allow the formation of a 
molecule of the desired type (VI) after the sub-

( 1 )  F o r previous paper, see A dam s, B inder and  M cGrew, T h i s  

J o u r n a l , 64, 1791 (1942).
(2) A dam s an d  B inder, ibid.> 63, 2773 (1941).

Br CH3

C =C —COOH 
CHsO Y % O C H 3

VII

stituent groups in the 1- and 2-positions have been 
introduced. Unfortunately, complications pre­
vented the attainment of the proposed objective. 
The compounds actually obtained and studied 
are shown in formulas XVII, XXI and XXII. 
The syntheses of these compounds and the fac­
tors which interfered with the preparation of the 
substances particularly desired are described be­
low.

Br CH =C—COOH 
CH3O j^ \|^ |O C H 3

XVII

CHa COOH

Br CH—C—CH3 
CH3Oĵ | ^ O C H 3

XXI 
COOH

n o 2 c h = c—c h 3
CH30  ^ r ^ O C H a

V
XXII

2,7-Dihydroxynaphthaldehyde (VIII) was 
methylated to 7-methoxy-2-hydroxynaphthalde- 
hyde (IX) which by means of the Perkin synthe­
sis, using propionic anhydride and potassium pro­
pionate, was converted to 2-methyl-9-methoxy-
4,3-/3-naphthopyrone (X). This last product was 
formed also by another route; treatment of the
2,7-dihydroxynaphthaldehyde with propionic an­
hydride and potassium propionate led to the 2- 
methyl-9-propionoxy-4,3-/3-naphthopyrone (XI) 
which was saponified readily to 2-methyl-9-hy- 
droxy-4,3-/3-naph thopyrone (XII), and then 
methylated to give compound X.

Upon nitration, the 2-methyl-9-methoxy-4,3-/3- 
naphthopyrone (X) gave a mononitro product, 2- 
methyl -10 - nitro - 9 - methoxy - 4,3 - (5 - naphtho- 
pyrone (XIII), and upon bromination, 2-methyl- 
10-bromo-9-methoxy-4,3-/3-naphthopyrone (XIV). 
The position of the bromine atom was established 
as in the ring by direct bromination of 7-methoxy-
2-hydroxynaphthaldehyde to 7-methoxy-8-bromo-
2-hydroxynaphthaldehyde (XV) and conversion 
of this product by a Perkin synthesis to compound 
XIV.

The 2-methyl-9-methoxy-4,3-/3~naphthopyrone
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(X) was hydrolyzed and methylated to /3-(2,7- 
dimethoxynaphthyl) - a-methylacrylic acid (XVI). 
Upon attempted bromination of compound XVI, 
however, compound XIV was produced, demeth­
ylation and pyrone formation taking place simul­
taneously. On the other hand, the bromination 
product, p- (2,7-dimethoxy-8-bromonaphthy 1) - a- 
methylacrylic acid (XVII) resulted upon hydroly­
sis and methylation of the corresponding pyrone 
(XIV).

Chart I 
CH3

C2H5COOr

CH3

CH8
I

H C ^ ^ C O

C RzO f CHaCT

CH3
I

N 02|

Br CHO 
CH3O ^ | 0 jOH

XV

2,7-Dihydroxynaphthalene was methylated to
2,7-dimethoxynaphthalene (XVIII) into which an 
aldehyde group was introduced to give 2,7-di- 
methoxynaphthaldehyde (XIX). A Perkin syn­
thesis with potassium propionate and propionic 
anhydride converted this aldehyde to /3-(2,7-di- 
methoxynaphthyl) - a-methylacrylic acid (XX). 
In contrast to compound XVI, this isomer (XX) 
brominates without demethylation and is con­
verted to 13- (2,'7-dimethoxy- jö-bromonaphthyl) - 
a-methylacrylic acid (XXI). Similarly, nitra­

tion gives the analogous nitro compound, £-(2,7- 
dimethoxy-8-nitronaphthyl)-a-methylacrylic acid 
(XXII).

The position of the aldehyde group in 2,7-di- 
methoxynaphthaldehyde (XIX) was established 
by oxidation of the molecule to 2,7-dimethoxy- 
naphthoic acid (XXIII). This same acid was ob­
tained by bromination of 2,7-dimethoxynaphtha­
lene (XVIII) to 2,7-dimethoxybromonaphthalene 
(XXIV) and replacement of the halogen by a car­

boxyl group through the 
corresponding lithium de­
rivative and carbonation. 
Nitration of 2,7-dimethoxy­
naphthalene gave 2,7-di- 
methoxy - 8 - nitronaphthalene 
(XXV), into which an alde­
hyde group was introduced 
to form 2,7-dimethoxy-8-ni- 
tronaphthaldehyde (XXVI). 
This latter product was pre­
pared also by direct nitration 
of 2,7-dimethoxynaphthalde- 
hyde.

The 2,7-dimethoxynaph th- 
aldehyde (XIX) formed 
an oxime (XXVII) which 
dehydrated to the nitrile 
(XXVIII). This nitrile 
proved very resistant to 
hydrolysis.

The configuration of com­
pound XVI is assigned on the 
basis of its formation from 
the pyrone; the brominated 
product (XVII) probably 
has a similar structure. The 
carboxyl is cis to the 2-meth­
oxy 1 group. The compounds 
X X  and XXI are stereoiso- 
meric with XVI and XVII 

prepared from 2,7-dimethoxynaphthaldehyde and 
consequently are written with the carboxyl group 
trans to the 2-methoxy 1 group. This conforms to 
the results previously reported on analogous com­
pounds derived from /3-methoxynaphthaldehyde.1 
Compounds X X  and XXI are more soluble in or­
ganic solvents than their geometric isomers 
(XVI and XVII). By ultraviolet irradiation com­
pound XVI is converted to its isomer (XX).

The position taken by the bromine atom in the 
bromination of compound X  was shown to be in

COOH
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the naphthalene nucleus. Similarly, the bromine 
probably entered the 8-position in bromination of 
compound XX, although this was not proved. 
Compound XXI could not be brominated further 
which confirms the probability that the 8-posi­
tion is substituted and indicates the steric in­
fluence of an 8-substituent upon the reactivity of 
the aliphatic double bond. Compound XVII, in 
which the position of the bromine atom is estab­
lished, also could not be brominated. In an at­
tempt to prove the nitro group to be in the 8- 
position in compound XXII, an effort was made 
to synthesize structure XXII by conversion of the 
nitroaldehyde (XXVI) to the acrylic acid; the 
Perkin condensation did not take place under the 
conditions usually used for effecting such a syn­
thesis.

The acids XVII, XXI, and XXII were con­
verted into alkaloidal salts and resolution at­
tempted. Only a single salt was obtained in each 
instance and decomposition resulted in inactive 
acids. A study of Stuart models of these acids 
leads to the prediction that restricted rotation 
should exist in these molecules in spite of the 
presence of a hydrogen atom on the carbon atom 
attached to the ring, a condition which previously 
has been shown always to result in molecules with 
no restricted rotation.3 The unreliability of ac­
curate deductions from Stuart models is illustrated 
again.

(3) M axwell an d  A dam s, T h i s  J o u r n a l , 52, 2959 (1930).

Experimental
2,7-Dihydroxynaphthaldehyde (VIII).—A mixture of 20 

g. of 2,7-dihydroxynaphthalene, 22 g. of anhydrous zinc 
cyanide and 200 cc. of dry ether was cooled with ice. 
Agitation was started and a brisk stream of dry hydrogen 
chloride was bubbled through until the yellow aldimine 
hydrochloride was precipitated completely. This usually 
took about an hour. The yellow precipitate was dissolved 
in 500 cc. of 30% ethanol and heated on a steam cone. 
During the hydrolysis, the excess ether distilled and the re­
maining solution was treated with Norite and filtered. 
On cooling the filtrate, it became semi-solid with greenish 
yellow crystals of the aldehyde ; yield, 18 g. This product 
was pure enough for subsequent use. It can be recrystal­
lized from 30% ethanol; yellow crystals; m. p. 159- 
160° (cor.). Morgan and Vining4 report m. p. 159.5- 
160.5° when crystallized from benzene.

7-M ethoxy-2-hydroxynaphthaldehyde (IX).—A solution 
of 10 g. of 2,7-dihydroxynaphthaldehyde in 100 cc. of water 
containing 6 g. of potassium hydroxide was stirred and 10 
g. of dimethyl sulfate added over a period of two hours. 
The reaction mixture was filtered and the filtrate acidified 
with dilute sulfuric acid. The precipitate thus obtained 
was purified by crystallization from ethanol; white crys­
tals, m. p. 128-129° (cor.); yield 6.2 g. (60%).

Anal. Calcd. for Ci2H10O3: C, 71.29; H, 4.95. Found: 
C, 71.30; H, 5.30.

2-Methyl-9-methoxy-4,3-0~naphthopyrone (X).—A mix­
ture of 2 g. of 7-methoxy-2-hydroxynaphthaldehyde, 2 g. of 
fused potassium propionate and 10 cc. of propionic an­
hydride was refluxed for six hours at 175-180°. After 
cooling, the excess anhydride was decomposed with 10% 
aqueous potassium hydroxide, the solid filtered by suction 
and recrystallized from ethanol; long silky needles, m. p.

(4) M organ  an d  Vining, J .  Chem. Soc., 119, 177 (1921).
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186.5-187.5°. The substance showed a blue fluorescence 
in ethanol solution.

Anal. Calcd. for Ci5Hi20 3: C, 75.00; H, 5.04. Found: 
C, 74.94; H, 4.93.

2-M ethyl-9-propionoxy-4,3-/3-naphthopyrone (XI).—A 
mixture of 10 g. of 2,7-dihydroxynaphthaldehyde, 10 g. of 
freshly fused potassium propionate and 20 g. of propionic 
anhydride was refluxed for twenty-four hours. After 
cooling, the excess of propionic anhydride was decomposed 
with 10% aqueous sodium hydroxide and the pink precipi­
tate filtered, washed well with water and dried. I t was 
purified by crystallization from ethanol; slightly pinkish 
crystals, m. p. 161-162° (cor.); yield, 8.5-9 g. (60%).

Anal. Calcd. for C17H14O4: C, 72.35; H, 5.02. Found: 
C, 72.32; H, 5.12.

2-Methyl-9-hydroxy-4,3-j8-naphthopyrone (XII).—A 
mixture of 25 g. of 2-methyl-9-propionoxy-4,3-/3-naphtho- 
pyrone and 200 cc. of 25% aqueous potassium hydroxide 
was refluxed for three hours. The solution was filtered 
while still hot and the filtrate upon cooling deposited a 
yellow precipitate of the potassium salt. The salt was 
not isolated but the mixture was acidified with 50% sul­
furic acid and a purplish, gelatinous precipitate formed. 
I t  was purified by a crystallization from ethanol followed 
by solution in aqueous potassium hydroxide, refluxing the 
solution with Norite, precipitation with acid and finally 
crystallization again from ethanol; white needles, m. p. 
263-266° (bloc Maquenne); yield, 18 g. (80%).

Anal. Calcd. for Ci4H10O3: C, 74.34; H, 4.47. Found: 
C, 74.22; H, 4.62.

2-Methyl-9-methoxy-4,3-/3-naphthopyrone (X).—To a 
mixture of 20 g. of 2-methyl-9-hydroxy-4,3-/3-naphtho- 
pyrone and 100 cc. of dioxane, which was mechanically 
stirred until complete solution had taken place, was added 
24 g. of pure dimethyl sulfate. Over a period of five to 
six hours, 150 cc. of 1% aqueous potassium hydroxide was 
allowed to run in. Colorless platelets of the product sepa­
rated as the reaction proceeded. The compound was puri­
fied by recrystallization from ethanol; long silky needles, 
identical with the product prepared directly from 7-meth- 
oxy-2-hydroxynaphthaldehyde.

A third procedure was by direct conversion of the pro- 
pionoxy compound to the methyl ether by the general 
method of Nierenstein.6

A solution of 0.5 g. of 2-methyl-9-propionoxy-4,3-/3- 
naphthopyrone and 1 cc. of piperidine in 20 cc. of dioxane 
was treated with an ether solution of diazomethane and 
the mixture allowed to stand at room temperature for 
about three weeks. Upon evaporation nearly to dryness 
and addition of water a solid precipitated. This was puri­
fied by crystallization from ethanol. Unchanged material 
was first recovered. The more soluble portion proved to 
be the 9-methoxy derivative; yield, 0.1 g. The balance 
of the pyrone was recovered.

2-M ethyl-10-nitro-9-methoxy-4,3- /3-naphthopyrone 
(XIII) .—To a suspension of 0.5 g. of 2-methy 1-9-methoxy-
4,3-/3-naphthopyrone' in 8 cc. of glacial acetic acid was 
added 1 cc. of nitric acid (sp. gr. 1.42). After shaking 
thoroughly, the reaction mixture was allowed to stand for 
one hour. The colorless crystals of the pyrone dissolved 5

(5) N ierenstein , T h i s  J o u r n a l , 52, 4012 (1930).

and yellow crystals separated. They were purified from 
ethanol, m. p. 276-278° (cor.); yield, 0.3 g. (50%).

Anal. Calcd. for Ci5Hu0 6N: N, 4.90. Found: N, 
4.74.

2-M ethyl-10-bromo-9-methoxy~4,3-/3-naphthopyrone 
(XIV).—To a solution of 10 g. of 2-methyl-9-methoxy-4,3- 
/3-naphthopyrone in 150 cc. of chloroform was added 6.66 
g. of bromine in 50 cc. of chloroform. The mixture was 
then placed in an icebox overnight. The hydrogen bro­
mide was removed by a stream of air bubbled through the 
solution, then the chloroform was distilled. The red solid 
residue was washed with ethanol, then with dilute aqueous 
potassium hydroxide, and finally with water. I t was 
purified by recrystallization from ethanol; white needles 
m. p. 218-219° (cor.); yield, 12 g. (91%).

Anal. Calcd. for Ci5H n03Br: C, 56.50; H, 3.45.
Found: C, 56.11; H, 3.49.

The same product was made from 8-bromo-7-methoxy-2- 
hydroxynaphthaldehyde (XV) described below. A mix­
ture of 0.25 g. of the bromoaldehyde, 0.25 g. of potassium 
propionate and 2 g. of propionic anhydride was allowed to 
react according to the procedure used for similar com­
pounds previously described. I t  proved to be identical 
with the compound prepared by bromination of the bro­
mine-free pyrone.

A third method for synthesis of this compound was also 
found. To a solution of 0.25 g. of the less-soluble /?-(2,7- 
dimethoxynaphthyl)-a-methylacrylic acid (XVI), de­
scribed below, in 25 cc. of carbon tetrachloride was added 
0.117 g. of bromine dissolved in 5 cc. of carbon tetrachlo­
ride. The residue after evaporation of the solvent was 
alkali-insoluble and crystallized as colorless needles from 
ethanol, m. p. 218-219° (cor.).

7-M ethoxy-8-bromo-2-hydroxynaphthaldehyde (XV).— 
To a solution of 5 g. of 7-methoxy-2-hydroxynaphthalde- 
hyde in 200 cc. of carbon tetrachloride was dropped in 
slowly with stirring 4.25 g. of bromine in 25 cc. of carbon 
tetrachloride. After stirring for one hour the solution 
was washed with aqueous sodium bisulfite. The carbon 
tetrachloride was distilled until the solution was clear and 
then evaporated completely with a stream of air. The 
product was recrystallized from methanol; flaky yellow 
crystals, m. p. 97-99° (cor.); yield 4 g. (57%).

Anal. Calcd. for C12H90 3Br: C, 51.27; H, 3.23
Found: C, 50.63; H, 3.18.

Less-soluble /3-( 2,7-Dimethoxynaphthyl )-a-methylacry- 
lic Acid (XVI).—A mixture of 5 g. of 2-methyl-9-methoxy-
4,3-0-naphthopyrone (X) and 5 g. of potassium hydroxide 
dissolved in 75 cc. of absolute ethanol was heated for about 
twenty minutes until complete solution had taken place. 
On cooling, long yellow needles of the potassium salt 
crystallized and were filtered. The potassium salt thus 
obtained was dissolved in 200 cc. of 5% aqueous potassium 
hydroxide. Over a period of four days with constant 
stirring at room temperature, 25 g. of dimethyl sulfate 
was added. If the dimethyl sulfate was added too 
rapidly, the unmethylated lactone precipitated. After 
complete addition, the red solution containing a small 
amount of precipitate was made acid to congo red with 
dilute sulfuric acid, then basic with 20% aqueous potassium 
hydroxide..
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The precipitate (about 2.3 g.) of unchanged lactone and 
methyl ether methyl ester separated and was filtered. The 
filtrate was acidified with dilute sulfuric acid whereupon 
there formed a gummy precipitate of the compound with 
only the phenolic group methylated. The mixture of 
lactone and methyl ether methyl ester was refluxed for 
one hour with 50 cc. of 20% aqueous potassium hydroxide, 
acidified and finally again made alkaline. This procedure 
served to give a precipitate of pyrone, the filtrate contain­
ing the potassium salt of the ether acid. Upon acidifica­
tion of the filtrate, the ether acid was obtained and com­
bined with the same material obtained in the earlier part 
of the procedure. I t  was purified by crystallization from 
ethanol; white needles, m. p. 158-159° (cor.); yield, 2.5 g. 
(44%).

Anal. Calcd. for CieHie04: C, 70.59; H, 5.88; neut. 
equiv., 272. Found: C, 70.64; H, 6.08; neut. equiv., 272.

Less-soluble ,3-(2,7-Dimethoxy-8-bromonaphthyl)-a- 
methylacrylic Acid (XVII).—The same procedure as used 
in other hydrolyses and methylations was employed with 2- 
methyl - 10 - bromo - 9 - methoxy - 4,3 - /3 - naphthopyrone 
(XIV). From 14.5 g. of bromopyrone was obtained 12 g. 
of crude product which after several recrystallizations from 
ethanol followed by crystallization from a mixture of 
chloroform and petroleum ether (b. p. 60-110°) was pure; 
white crystals, m. p. 166° (cor.) with decomposition; 
yield, 7.5 g. (47.5%).

Anal. Calcd. for Ci6Hi50 4Br: C, 54.69; H, 4.27.
Found: C, 54.67; H, 4.49.

Attempted Resolution of Compound XVII.—From 7 g. of 
j3 - (2,7 - dimethoxy - 8 - bromonaphthyl) - a  - methylacry­
lic acid and 6.5 g. of quinine in 200 cc. of ethyl acetate was 
deposited 7.3 g. of salt on cooling. This and subsequent 
fractions and also the recrystallized salts all had the same 
rotation. No mutarotation was observed in the salt solu­
tions and decomposition of the salts resulted in an inactive 
acid; m. p. of salt, 98-99° (cor.).

Anal. Calcd. for Ci6Hi504Br*C2oH2402N2: C, 64.00;
H, 5.81. Found: C, 63.78; H, 5.99. Rotation. 0.0501 
g. made up to 25 cc. with ethyl acetate at 28° gave aD 
-0.26°; /, 2; [a ]28D -64.8°.

2,7-Dimethoxynaphthaldehyde (XIX).—To a solution of 
10 g. of 2,7-dihydroxynaphthaldehyde (VIII) in 100 cc. 
of 10% aqueous potassium hydroxide was added slowly, 
with stirring, 10 cc. of dimethyl sulfate. The greenish 
gummy precipitate that formed was redissolved by addition 
to the reaction mixture of 25 cc. of 30% aqueous potassium 
hydroxide. This was followed by a slow addition of di­
methyl sulfate until the solution was acid. The solid was 
filtered and washed with dilute aqueous sodium hydroxide, 
then purified by crystallization from methanol; colorless 
needles, m. p. 99-100° (cor.); yield, 8 g. (69%). Acidi­
fication of the alkaline wash waters gave 1 g. of crude 7- 
methoxy-2-hydroxynaphthaldehyde.

Anal. Calcd. for Ci3Hi20 3: C, 72.19; H, 5.60. Found: 
C, 71.84; H, 5.45.

The product was made also by dissolving the 2,7-di­
hydroxynaphthaldehyde in toluene, adding solid potas­
sium carbonate and then dimethyl sulfate, or by the zinc 
cyanide-hydrogen chloride method for 2,7-dimethoxy- 
naphthalene (XVIII).

The semicarbazone, prepared in ethanol, formed color­
less needles from cellosolve; m. p. 247° (bloc Maquenne).

Anal. Calcd. for C 1 4 H 1 5 O 3 N 3 :  C, 61.51; H, 5.54; N, 
15.38. Found: C, 61.13; H, 5.39; N, 15.18.

More-soluble /?-(2,7-Dimethoxynaphthyl )-a-methyl-
acrylic Acid (XX).—A mixture of 20 g. of dry crude 2,7- 
dimethoxynaphthaldehyde, 20 g, of fused potassium pro­
pionate and 80 cc. of propionic anhydride was refluxed at 
170° for ten hours. Then a solution of 62 g. of potassium 
hydroxide in 200 cc. of water was added and the mixture 
heated until all but a small amount of tar dissolved. 
It was treated with Norite then acidified to congo red. 
The product was purified by crystallization from ethanol; 
colorless needles, m. p. 153° (cor.); yield, 12 g. (48%).

Anal. Calcd. for Ci6H160 4: C, 70.59; H, 5.88. Found: 
C, 70.65; H, 6.00.

A mixed melting point of this isomer with the less- 
soluble gave a depression. This more-soluble geometric 
isomer was also formed by irradiation of the less-soluble 
acid (IX) with ultraviolet light.

In a 50-cc. quartz flask was placed a solution of 0.4 g. of 
the acrylic acid (XVI) in 40 cc. of ethanol. This solution 
was irradiated with ultraviolet light for sixty hours, then 
evaporated to dryness. * The solid obtained was dissolved 
in dilute alkali, filtered and recovered by acidification. 
The compound was purified by several crystallizations 
from dilute ethanol; white, feathery needles; m. p. 152- 
153° (cor.). A mixed melting point with the parent 
compound was depressed to 127-129° while a mixed melt­
ing point with the more-soluble acid prepared from 2,7- 
dimethoxynaphthaldehyde gave no depression.

More-soluble (3-( 2,7-Dimethoxy-8-bromonaphthyl)-a-
methylacrylic Acid (XXI).—A mixture of 8.6 g. of £-(2,7- 
dimethoxynaphthyl) - a-methylacrylic acid (XX) in 150 
cc. of chloroform and 20.6 cc. of solution of 25 g. of bromine 
in 100 cc. of chloroform was allowed to stand in the dark 
for sixty-five hours. The chloroform was evaporated 
with a stream of air and the residue purified from ethanol 
using Norite, then from acetic acid; colorless needles, 
m. p. 190° (cor.); yield, 5 g. (45%).

Anal. Calcd. for Ci6Hi50 4Br: C, 54.69; H, 4.27; Br, 
22.82. Found: C, 54.80; H, 4.34; Br, 23.28.

Attempted Resolution of Compound XXI.—From 5.4 g. 
of 0- (2,7-dimethoxy-8-br omonaphthyl) - a-methy lacrylic
acid and 5.1 g. of quinine, dissolved in 200 cc; of ethanol, 
was obtained upon cooling 4.35 g. of salt. More salt was 
obtained by concentrating the solution, but the rotations 
on each fraction and also on the salts obtained by re­
crystallization of these fractions were essentially the same. 
No mutarotation was observed in the salt and decomposi­
tion of the salt resulted in an inactive acid; m. p. of salt 
183-184° (cor.).

Anal. Calcd. for Ci6Hi504Br• C20H24O2N2: C, 64.00;
H, 5.81. Found: C, 63.51; H, 5.96. Rotation. 0.0501 
g. made up to 25 cc. with ethanol at 28° gave aD —0.31°; 
l, 2; [a ]28D -77.4°.

From 62 g. of acid and 8.3 g. of brucine in 100 cc. of 
ethyl acetate was deposited 7.0 g. of salt on cooling. Sub­
sequent fractions and all the salts obtained by recrystalli- 
zation had identical rotations. No mutarotation was 
observed in the salt and decomposition of it resulted in an



1800 R oger Adams, M. W. Miller, F. C. M cGrew and A. W. Anderson Vol. 64

inactive acid; m. p. of salt, 208-210° (cor.) with decompo­
sition.

Anal. Calcd. for C ieH ^B r-C aH w O ^: C, 62.81;
H, 5.54. Found: C, 62.49; H, 5.42. Rotation. 0.0500 g. 
made up to 25 cc. with ethyl acetate at 28° gave at> 
-0.21°; 1,2; [a ]2*d  -52.5°.

j3-C 2,7-Dimethoxy-8-mtronaphthyl)-a-methylacrylic Acid 
(XXII).—A suspension of 2 g. of more-soluble /3-(2,7- 
dimethoxynaphthyl)-a-methylacrylic acid (XX) in 20 cc. 
of glacial acetic acid was stirred rapidly and 2 cc. of con­
centrated nitric acid (sp. gr. 1.42) was dropped in slowly. 
After twenty minutes the starting material had been re­
placed by orange crystals. The mixture was cooled to 
15° and filtered. The product was washed with water, 
extracted with boiling ethanol to remove color and then 
crystallized from acetic acid; yellow microcrystals; m. p. 
197-198°; yield, 1.2 g. (50%).

Anal. Calcd. for Ci6Hi50 6N: N, 4.42. Found: N, 
4.86.

Attempted Resolution of Compound XXII.—This com­
pound was converted to its quinine salt by mixing equiva­
lent amounts of acid and base in an equal mixture of di­
oxane and ethanol. Five fractions were isolated by evapo­
ration of the solvent and filtration at intervals. All five 
fractions gave essentially the same melting point and rota­
tion and upon decomposition at 0° with 2 N  hydrochloric 
acid only an optically inactive product was isolated; white 
crystals; m. p. 156°.

Anal. Calcd. for C36H39O8N3: N, 6.55. Found: N,
6.26. Rotation. 0.1482 g. made up to 10 cc. with pyridine 
at 0° gave aD -0.508°; l, 1; [a]°D -34.3°.

2.7- Dimethoxynaphthoic Acid (XXIII).—A mixture of 
5 g. of 2,7-dimethoxynaphthaldehyde and a solution of 2.5 
g. of potassium permanganate and 0.5 g. of sodium car­
bonate in 100 cc. of water was stirred for one hour at room 
temperature until the permanganate decolorized. The 
manganese dioxide was filtered and the alkaline filtrate 
on acidification gave the product. I t was purified by 
crystallization from dilute ethanol; colorless needles, 
m. p. 112-113° (cor.); yield, poor.

Anal. Calcd. for C13H12O9: C, 67.30; H, 5.18; neut. 
equiv., 232. Found: C, 67.50; H, 5.39; neut. equiv., 230.

The same compound was prepared from 2,7-dimethoxy- 
bromonaphthalene described below. To 0.200 g. of lith­
ium in 50 cc. of dry ether was added 2.8 g. of butyl chlo­
ride and the reaction was stirred for one hour. A solution 
of 5 g. of 2,7-dimethoxybromonaphthalene in 40 cc. of 
dry ether was then added and the stirring continued for 
thirty minutes. The ether solution was cooled to 0° 
and carbonated with dry-ice chips. After warming to 
room temperature the addition compound was decomposed 
with iced hydrochloric acid and extracted several times 
with ether. The ether layer was extracted with dilute 
sodium hydroxide, the alkaline layer then acidified and 
the product filtered. I t was purified by recrystallization 
from dilute ethanol; white needles, m. p. 112-113° 
(cor.); yield, 2.9 g. (68%). A mixed melting point of 
this compound with that obtained by the oxidation gave no 
depression.

2.7- Dimethoxybromonaphthalene (XXIV).—A solution
of 10 g. of 2,7-dimethoxynaphthalene in 50 cc. of chloro­

form was brominated by slowly dropping in a solution of 8.5 
g. of bromine in 20 cc. of chloroform. The reaction mix­
ture was washed with water and evaporated to dryness. 
The pinkish residue was recrystallized from methanol- 
colorless crystals, m. p. 88-89° (cor.); yield, 13 g. (91%).

Anal. Calcd. for C12Hn0 2Br: C, 53.92; H, 4.12; Br,
29.97. Found: C, 53.82; H, 4.07; Br, 30.29.

2.7- Dimethoxy-8-nitronaphthaldehyde (XXVI).—Into a 
suspension of 1 g. of 2,7-dimethoxynaphthaldehyde in 10 
cc. of glacial acetic acid was dropped slowly with vigorous 
stirring 0.5 cc. of nitric acid (sp. gr. 1.42). After two hours 
the solution was poured into water. The. precipitate was 
purified from acetic acid; yellowish crystals, m. p. 190° 
(cor.); yield, 0.8 g. (65%).

Anal. Calcd. for C13H n05N: C, 59.75; H, 4.25; N, 
5.36. Found: C, 59.55; H, 4.17; N, 5.49.

A second method6 involved the introduction of an alde­
hyde group into the 2,7-dimethoxy-8~nitronaphthalene 
(XXV). Into a mixture of 16.8 g. of 2,7-dimethoxy-8- 
nitronaphthalene (XXV), 29.5 g. of zinc cyanide and 84 g. 
of benzene, dry hydrogen chloride was passed for one hour. 
Then 25 g. of powdered anhydrous aluminum chloride was 
added and hydrogen chloride passed in for six hours. The 
mixture was decomposed by refluxing with dilute hydro­
chloric acid, cooled and filtered. The product was dried 
and extracted with boiling toluene to remove the product 
from tar. From the toluene crystals formed. They were 
further purified from ethanol; tan needles, m. p. 190° 
(cor.); yield, 4.7 g. (25%).

This product could not be made to condense in the 
Perkin reaction with potassium propionate and propionic 
anhydride.

2.7- Dimethoxynaphthaldoxime (XXVII).—A mixture of 
0.5 g. of hydroxylamine hydrochloride in 3 cc. of water,
1.5 g. of 2,7-dimethoxynaphthaldehyde in 15 cc. of di­
oxane and 5 cc. of water, and 0.6 g. of sodium acetate was 
heated for twenty minutes on a steam-bath. After cool­
ing, a precipitate formed. I t was purified from ethanol; 
colorless prisms, m. p. 181-182° (cor.); yield, 1.5 g. 
(93%). The product was insoluble in aqueous alkali.

Anal. Calcd. for C13H13O3N: N, 6.06. Found: N, 6.21.
2.7- Dimethoxynaphthonitrile (XXVIII).—A mixture of 

1 g. of 2,7-dimethoxynaphthaldoxime and 5 cc. of acetic 
anhydride was refluxed for one hour. After addition of 
about 30 cc. of water, crystals appeared. These were puri­
fied from ethanol; colorless needles, m. p. 129° (cor.); 
yield, 0.9 g. (98%).

Anal. Calcd. for Ci3Hn02N: N, 6.57. Found: N, 6.51-
No method was found for hydrolysis of the nitrile to the 

corresponding acid.

Summary
1. The following a-naphthylacrylic acids have 

been prepared: j3-(2,7-dimethoxy-8-bromonaph- 
thy 1) - ce-methylacrylic acids (both geometric iso­
mers), and /?- (2,7-dimethoxy-8-nitronaphthy 1) - a- 
methylacrylic acid. None of these three com­
pounds could be resolved.

(6) Weber, Ber., 14, 2206 (1881).
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2. 7~Methoxy-2-hydroxynaphthaldehyde is 
converted by a Perkin synthesis to 2-methyl-9- 
methoxy-4,3-/3-naphthopyrone. This compound 
brominates or nitrates in the 10-position. The 
resulting bromopyrone is hydrolyzed and methyl­
ated to p- (2,7-dimethoxy-8-bromonaphthy 1) - a- 
methylacrylic acid. The unbrominated pyrone is 
also hydrolyzed and methylated and yields 0- 
(2,7-dimethoxynaphthyl) - a-methylacrylic acid.
Upon bromination of this acid, the halogen enters 
the 10-position, simultaneous hydrolysis of the 
methoxyl group occurs and pyrone formation re­

sults. The mode of preparation of the acrylic 
acid and the bromoacrylic acid leads to the con­
clusion that the carboxyl is cis to the 2-methoxyl 
group of the naphthalene nucleus.

3. These acids are both less soluble than the 
corresponding geometric isomers made directly by 
the appropriate Perkin reaction on 2,7-dimethoxy­
naphthaldehyde and bromination. No tendency 
to pyrone formation appears in this last reaction. 
The less-soluble acrylic acid is converted to the 
more soluble by irradiation with ultraviolet light. 
U r b a n a , I l l i n o i s  R e c e i v e d  A p r i l  21, 1942

[C o n t r i b u t io n  f r o m  t h e  S c h o o l  o f  C h e m i s t r y  a n d  P h y s i c s  o f  t h e  P e n n s y l v a n ia  S t a t e  C o l l e g e  ]

Higher Hydrocarbons.1 II. Five 11-Substituted Heneicosanes
B y  F . C . W h itm o re , J . N . C osby, W. S. Sloatman and D . G. C larke

In the first paper2 of this series the methods of 
preparation and the properties for seven alkyl 
substituted docosanes were given. A brief survey 
was made of the literature relating to the prepara­
tion of hydrocarbons containing more than twenty 
carbon atoms.

Whereas the first paper covered only isoparaf­
fins, this paper reports on a variety of mixed type 
compounds. In this group of compounds the 
paraffin chain remains constant, but different type 
substituents are located in the 11-position. 
Changes of this type have considerably greater 
influence on the properties than moving a side 
chain or varying the molecular weight.2

Lubricating oil fractions in a given molecular 
weight range show large variations in properties. 
From the extensive studies3 of Research Project 
No. 6 of the American Petroleum Institute these 
differences in the properties of the various lubri­
cant fractions can only be due to differences in 
the hydrocarbon type. Therefore, this and future 
papers will describe series of hydrocarbons in 
which there are variations in hydrocarbon type. 
Generalizations on the properties and comparison 
with those in the literature will be published later.

Special emphasis has been placed on obtaining 
pure compounds. The requirements of purity and 
the methods of obtaining and determining the 
purity have been discussed in the earlier paper.2

(1) A m erican P e tro leum  In s titu te  R esearch  P ro jec t No. 42.
(2) W hitm ore, S u th e rlan d  and  Cosby, T h i s  J o u r n a l , 64, 1360 

(1942).
(3) M air, W illingham  an d  Streiff, Ind . Eng. Chem., 30, 1256 

(1938).

The synthesis of these compounds involved the 
addition of an excess of w-decylmagnesium bro­
mide to the following esters: ethyl caproate, 
methyl 2-ethylbutyrate, ethyl cyclopentanecar- 
boxylate, and methyl benzoate. The resulting 
tertiary carbinols were dehydrated over copper 
sulfate in an atmosphere of nitrogen. The puri­
fied olefins were hydrogenated in a high pressure 
bomb over various nickel catalysts.

Only one intermediate, ethyl cyclopentane- 
carboxylate, presented any serious problem. 
Methods for its preparation in the literature did 
not seem promising. The method used in this 
work was the little used reaction4 involving the 
addition of cyclopentylmagnesium bromide to an 
excess of ethyl carbonate.

With 11-phenyl-11-heneicosanol only one ole­
fin can be obtained on dehydration. Therefore 
this was isolated and purified as usual. However 
it is probably an inseparable mixture of the cis- 
and trans-i somers.

The selective hydrogenation of the olefinic 
double bond in the presence of the phenyl group 
as in the case of 11-phenylheneicosane required 
special study. It was found possible to carry out 
this hydrogenation if the olefin was first very care­
fully purified by distillation and passage through 
silica gel. The hydrogenation was then carried 
out at room temperature over very active Raney 
nickel at a pressure of 1500 to 1800 lb. per sq. in.

Table I is a summary of the important proper­
ties of these hydrocarbons. The methods used

(4) L oder and  W hitm ore, T h i s  J o u r n a l , 57, 2727 (1935).
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T a b l e  I
T h e  P r o p e r t i e s  o f  t h e  S u b s t it u t e d  H e n e i c o s a n e s  a n d  o f  1 1 -P h b n y l -1 0 -h e n e i c o s e n e

H

(CioHsi)— (CioH21) and (Ci0H20)= C —(C10H2i)

R F orm ula

B. p .,
M . p., °C .

°C . (1.0 m m .) tt20D d*>4

M olecular 
refraction  

F ound  Calcd.

V iscosity 
20 °C . 

(centip .)
Moles® 
in  ru n

P u r ity  ,c 
Y ield,& mole 

%  %

Analyses, %  
Calcd. F ound  

C - H  C - H
w-Amyl C 2«H64 - 9 . 1 192 1.4497 0.8038 122.3 122.3 14.89 1 .0 7 60 9 5 .5 85 .1  14 .9 8 4 .5  14 .7
(3 -P en ty l)- C 26H 64 form s glass 187 1.4517 .8092 121.9 122.3 15.58 2 .2 5 36 95-7 85 .1  14 .9 8 5 .5  14 .9
C yclopen ty l- C26ÏÏB2 - 1 2 . 7 186 1.4610 .8329 1 2 0 . 1 1 2 0 .0 20 .28 1 .89 42 97 .1 8 5 .6  14 .4 8 5 .7  14 .4
Phenyl-10- C 27H 46 form s glass 203 1.4922 .8636 124.4 1 2 2 .8 20 .8 0 3 .0 75 97-8 8 7 .7  12.3 8 7 .5  12 .0
P heny l- C 27H 48 2 0 .8 204 1 .4788 .8531 123.6 123.3 26 .41 1 .5 95 9 7 .6 8 7 .0  13 .0 8 6 .7  12 .5
C yclohexyl- C u H u - 7 . 2 209 1.4639 .8373 124.5 124.7 30 .23 1 .2 95 9 6 .1 8 5 .6  14 .0 8 5 .4  14 .7

a In the first four cases based on the ester, in the last two on olefin used. 6 Based on pure hydrocarbon obtained.
c The purity of the compounds was calculated from time-temperature melting curves. With compounds 2 and 4 glasses 
were formed on cooling which made the use of melting curves impossible. d Analyses of three of the compounds were 
carried out by the Esso Laboratories through the courtesy of Dr. L. A. Mikeska.

in the measurements and the designations are the 
same as those given for the earlier series of hydro­
carbons.2 None of these compounds has been re­
ported before.

Experimental
Intermediates.—The greatest of care has been taken to 

obtain pure intermediates. Fractional distillation col­
umns5 with efficiencies of 25 to 35 theoretical plates have 
been used on all preparations. The thermometer readings 
on the boiling points of the intermediates are uncorrected. 
The constants given are those of the constant boiling point, 
constant index refraction fractions. Only this material 
was used as intermediates.

(a) Decyl Bromide.—Technical w-decanol was refluxed 
with the hydrobromic and sulfuric acids mixture resulting 
from the reduction of bromine with sulfur dioxide. This 
was described in detail in an earlier paper,2’6 b. p. 124° 
(20 mm.); n20D 1.4558; yield 73%.

(b) Cyclopentyl Bromide.—This was prepared by pass­
ing hydrogen bromide into pure cyclopentanol at 100°. 
This was washed with one-half its volume of cold 95% sul­
furic acid and then twice with an equal volume of water. 
After drying for twenty hours over anhydrous potassium 
carbonate, the product was distilled through an all-glass 
25-plate column. The yield of pure bromide was 70%; 
b. p. 137° (737 mm.); w20d  1.4890.

(c) Ethyl Caproate.—Eastman Kodak Co. technical 
ethyl caproate was carefully fractionated: b. p. 165° (730 
mm.); n20D 1.4078.

(d) Methyl 2-Ethylbutyrate,—Technical 2-ethylbuty- 
ric acid obtained from Carbide and Carbon Chemicals 
Corp. was dried over calcium chloride for several days. 
Of this, 812 g. (7.0 moles) was added to 2.0 1. of anhydrous 
methanol and 100 cc. of concentrated sulfuric acid. A 
heavy precipitate of calcium sulfate formed. This was 
filtered off, and the clear solution refluxed for four days. 
Part of the excess methanol was distilled off, and the reac­

(5) D escribed in  a  sep a ra te  pub lication  to  be subm itted  to  the  
A nalytica l Edition o f Industria l and Engineering Chemistry.

(6) R ecen tly  we have found th a t  these h igher a lky l brom ides m ay
be p repa red  in m uch b e tte r yields w ith  less troub le  b y  passing hydro­
gen brom ide from  th e  d irec t com bustion  of brom ine and  hydrogen 
in to  th e  alcohol a t  110°.

tion mixture then diluted with twice its volume of water. 
The ester layer was separated, and the water layer ex­
tracted with ether. This after drying over anhydrous 
sodium sulfate was fractionally distilled. The yield of 
pure ester was 75%, b. p .  134° (728 mm.); w20d  1.4018.

(e) Ethyl Cyclopentanecarboxylate.—Cyclopentylmag- 
nesium bromide was prepared from 62 g. (2.5 moles) of 
magnesium, 363 g. (2.4 moles) of cyclopentyl bromide, and 
500 cc. of anhydrous ether. After standing overnight the 
Grignard solution was removed from the reaction flask 
under an atmosphere of nitrogen, and filtered. The Gri­
gnard solution was added to 590 g. of distilled diethyl car­
bonate in 500 cc. of anhydrous ether over a period of five 
hours, with stirring, while the mixture was cooled in an 
ice-bath. After standing overnight the mixture was de­
composed by pouring over crushed ice containing 35 cc. 
of concentrated sulfuric acid. Two such runs were made, 
and the combined products distilled through a 25-plate 
column; yield275 g., 48.5%; b. p. 171.9° (737 mm.), 89.3° 
(45 mm.) (both Cottrell); d2\  0.9523; n20D 1.4360. 
Faworski and Boshowski7 report a boiling point of 172- 
174° (752 mm.).

(f) Methyl Benzoate.—Methyl benzoate prepared by 
students in a preparation course was carefully fractionated; 
b.p. 95° (25 mm.); n20n 1.5170.

1 1-w-Amylheneicosane.—A Grignard solution was pre­
pared from 660 g. (3.0 moles) of w-decyl bromide and 73 g. 
(3.0 moles) of magnesium in the usual manner. Titration 
of a sample of the Grignard solution indicated a yield of 
95%. To this was added 154 g. (1.07 moles) of ethyl cap­
roate. After stirring for several hours and allowing to 
stand overnight, the reaction products were poured on 1700 
g. of ice and 150 cc. of concentrated sulfuric acid. After 
standing overnight the ether layer was separated and the 
water layer was extracted with ether. These ether solu­
tions were combined and the ether removed by distillation 
through an indented column. In this preparation the 
tertiary alcohol was isolated. Distillation of the crude 
products indicated 80 g. of decane, 40 g. of 7-hexadecanone, 
and 345 g. of di-w-decylamylcarbinol; b. p. 225-229° (1 
mm.); n20D 1.4580).

The tertiary alcohol was then dehydrated over anhy­
(7) Faw orski and  Boshowski, J . Russ . Phys . - Chem . Soc., 50, 587

(1920).
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drous copper sulfate in an atmosphere of nitrogen at 160- 
180 The olefins were passed through a 50 X 15 cm. tube 
of silica gel. This step gave a water-white product, 310 g., 
which was then hydrogenated over 20 g. of U. O. P. nickel 
catalyst8 at 120° and 1100 lb. per sq. in. pressure. At least 
95% of the required hydrogen was absorbed in ten min­
utes. Hydrogenation conditions were continued for three 
hours to ensure completion. The nickel was removed by 
filtration and the product distilled slowly through the high 
vacuum column.5 The fractions having constant refrac­
tive indices were combined and passed through a column 
of silica gel. The product, 1 l-«-amylheneicosane, was 
water-white and odorless. Table I gives the percentage 
yields and the analyses.

1 l-(3~Pentyl)-heneicosane and 11-Cyclopentylheneico- 
sane.—These were prepared from the appropriate esters 
in the same manner as the 1l-«-amylheneicosane. In each 
case approximately 2 moles of the ester was used. The 
tertiary alcohol was not isolated.

11-Phenyl-10-heneicosene.—In the usual manner a 7- 
mole Grignard solution was prepared from pure «-decyl 
bromide. To this was added 408 g. (3.0 moles) of methyl 
benzoate dissolved in an equal volume of ether. After 
stirring for a total of ten hours and allowing to stand over­
night, the product was poured on ice and 200 cc. of concen­
trated sulfuric acid. The ether-product layer was sepa­
rated and the water layer extracted once with 800 cc. of 
ether. These were combined, the ether removed, and most 
of the low boiling by-products («-decane), etc., removed by 
distillation from a modified Claisen flask at 20 mm. pres­
sure. The crude tertiary alcohol was then dehydrated 
over anhydrous copper sulfate at 160 ° in an atmosphere of 
nitrogen. This was then filtered through a column of 
silica gel to give an almost water-white product. Following 
this step the crude olefin was distilled through the vacuum 
column at a pressure of 0.95 mm. Ninety per cent, of the 
distillate had a constant index of refraction. These con­
stant fractions were combined and passed through silica 
gel again to give a water-white, odorless finished product.

11-Phenylheneicosane.—The obtaining of this com­
pound by the selective hydrogenation of the related olefin,

(8) Supplied by the Universal Oil Products Co., Chicago, 111.

1 l-phenyl-10-heneicosene, required special study. The 
first two attempts failed. In the first, complete hydrogena­
tion of the olefinic double bond was not obtained and in the 
second, hydrogenation of the phenyl group took place to the 
extent of about 5%. This was shown by the melting point 
curves, systematic solvent extraction9 using acetone as a 
solvent, and chemical test.

I t  was found that if the olefin was purified (see the 
preparation of 11-phenyl-10-heneicosene) to the greatest 
possible extent, hydrogenation of 560 g., 1.5 moles, of the 
olefin proceeded smoothly and completely in a period of six 
hours over 30 g. of very active Raney nickel a t room tem­
perature and 1800 lb./sq. in. pressure of hydrogen. The 
product was then filtered through silica gel to remove the 
nickel and any remaining olefin. Distillation of the prod­
uct through the vacuum column gave no evidence of other 
substances being present. All fractions had exactly the 
same index of refraction. This was not found in the other 
two attempts to prepare the compound. Some indication 
of separation was found if the compound was under or over 
hydrogenated.

11-Cyclohexylheneicosane.—The combined fractions, 
445 g., 1.2 moles, from the distillations of the attempted 
preparations of 11-phenylheneicosane were combined and 
completely hydrogenated over 25 g. of U. O. P.8 nickel at 
150° and 1500 to 1800 lb./sq. in. pressure of hydrogen in a 
time of ten hours. The product was filtered through a 
tube of silica gel to remove the nickel and any remaining 
aromatic compounds. This product was then distilled 
through the vacuum column at 0.5 mm. Ninety-five per 
cent, of the distillate had a constant index of refraction. 
These constant fractions were combined and passed 
through a tube of silica gel a second time. This gave a 
water-white, odorless product.

S u m m ary
The methods of preparation and six important 

properties of six new high molecular weight hy­
drocarbons are given.
S t a t e  C o l l e g e , P e n n a . R e c e i v e d  A p r i l  16, 1942

(9) By Dr. K. A. Varteressian of this Laboratory.
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[C o n t r i b u t io n  f r o m  t h e  D e p a r t m e n t  o f  A n im a l  a n d  P l a n t  P a t h o l o g y  o f  T h e  R o c k e f e l l e r  I n s t i t u t e  f o r
M e d ic a l  R e s e a r c h ]

The Concentration and Purification of Tobacco Mosaic Virus by Means of the
Sharpies Super-centrifuge

By W. M . Stanley

When the infectious juice pressed from frozen 
macerated mosaic-diseased Turkish tobacco plants 
is clarified and centrifuged at a sufficiently high 
speed, there may be recovered from the solid 
jelly-like sediment about 3 mg. of tobacco mosaic 
virus per cc. of juice.1 Three or four successive 
sedimentations at high centrifugal force, each 
followed by clarification at low centrifugal force 
are required to yield a virus preparation suffi­
ciently pure for most chemical work. The 
method is especially suitable for plant viruses, 
since in most cases practically all material of high 
molecular weight except the viruses is rendered in­
soluble by the freezing process.2 The method 
should also be suitable for any virus that can be 
produced in a medium free of material possessing 
a sedimentation constant comparable to that of 
the virus. During the past five years, air-driven 
vacuum centrifuges of the type described by 
Bauer and Pickels3 and by Biscoe, Pickels and 
Wyckoff4 have been used to provide the high cen­
trifugal force necessary to sediment medium and 
small sized viruses. In this laboratory duralu­
minum or magnesium-aluminum alloy heads from 
6 to 8 inches in diameter and carrying from 6 to 
14 Lusteroid tubes 0.75 X 3 inches in size have 
been spun at speeds from 24,000 to 36,000 r. p. m. 
to yield a centrifugal force of about 50,000 times 
gravity at the centers of the Lusteroid tubes. 
Since acceleration and deceleration each requires 
eight to ten minutes and the tobacco mosaic virus 
must be spun about an hour in order to secure 
complete sedimentation, about two working days 
with 2 centrifuges having a combined capacity 
of 350 cc. are required to prepare about 4 g. of 
purified tobacco mosaic virus. The equipment is 
admirably suited for the centrifugation of solu­
tions up to a liter or so in volume and for work 
with unstable viruses, since the virus solution may 
be centrifuged near its freezing point.5 However, 
for certain types of work amounts of tobacco

(1) W . M . S tan ley , J . B iol. Chem ., 121, 205 (1937).
(2) W . M . S tan ley , A n n . Rev. Biochem., 9, 548 (1940).
(3) J . H . B auer an d  E . G. Pickels, J . B a d ., 31, 53 (1936); J . E xp. 

M ed., 64, 503 (1936).
(4) J . Biscoe, E . G. Pickels and  R . W . G. W yckoff, Rev. Scient. 

Instrum ents, 7; 246 (1936); J .  E xp . M ed., 64, 39 (1936).
(5) W . M . S tan ley  an d  R . W . G. W yckoff, Science, 85, 181 (1937).

mosaic virus of 100 g. or more are needed, and it is 
obvious that the centrifugation of the necessary 
30 liters or so of infectious juice not only requires 
much time and effort, but also places a severe 
strain on the physical equipment. Consequently, 
during the past year other means for the centrifu­
gation of large volumes of virus solutions have 
been sought.

In 1927 McKinney6 attempted to use the com­
mercially available Sharpies Laboratory Super­
centrifuge for the concentration of tobacco mo­
saic virus, but, because of the large volumes of 
liquid required, soon discarded it in favor of a 
small, specially constructed centrifuge with a 
closed bowl holding about 10 cc. of solution. 
However, by means of this centrifuge, which 
yielded a centrifugal force of about 50,000 times 
gravity, McKinney was able to demonstrate that 
tobacco mosaic virus could be concentrated by 
centrifugation. In 1933 Schlesinger7 showed that 
a coli-bacteriophage could be concentrated and 
purified by means of a similar, specially con­
structed centrifuge having a closed hollow cylin­
der. The first real test with viruses of the Sharpies 
Super-centrifuge equipped with a bowl for con­
tinuous flow, and hence useful for large volumes 
of fluid, appears to have been made by McIntosh 
and Selbie8 in 1940. Using a considerably modi­
fied centrifuge, these workers demonstrated that 
the infectivity of large volumes of fluids contain­
ing bacteria, vaccine virus or either of two bac­
teriophages could be reduced at least 100 times by 
passage through the centrifuge. The infective 
particles that were removed from the effluent 
liquid were recovered in the sediment. In view of 
these results, it appeared desirable to make a 
thorough study of the usefulness of the Sharpies 
Laboratory Super-centrifuge for the concentra­
tion and purification of tobacco mosaic virus.

Experimental
A regular model Sharpies Laboratory Super-centrifuge 

with a compressed-air turbine drive and a monel metal
(6) H . H . M cK inney, J . Agr. Res., 35, 13 (1927).
(7) M . Schlesinger, Biochem. Z ., 264, 6 (1933).
(8) J . M cIn tosh  an d  F . R . Selbie, B rit. J .  E xp . Path., 21, 153 

(1940).
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clarifier bowl was used. This model develops 62,000 times 
the force of gravity at the speed of 50,000 r. p. m. which 
was used in this work. A sheet of celluloid or of cellulose 
acetate, 14.5 X 19.8 cm. and about 0.4 mm. thick, was 
used as a liner for the bowl, and inside this was placed a 
second liner of filter paper. A cooling coil mounted be­
tween the rotating bowl and the outer shell of the centri­
fuge and composed of about 14 feet of 0.25-inch copper 
tubing, through which ice water was passed by means of a 
small electric centrifugal pump, was used to absorb heat 
generated by the rotating bowl. In preliminary experi­
ments the smallest delivery jet supplied with the centrifuge 
was used with the infectious juice from mosaic-diseased 
Turkish tobacco plants or with purified preparations of 
tobacco mosaic virus in 0.1 M  phosphate buffer to deter­
mine the effect of factors such as rate óf flow, temperature, 
and pH of ingoing liquid on the yield of virus. Centrifu­
gation at pH 5, 6, or 7 appeared to have no significant 
effect on the yield of virus. The temperature of the in­
going liquid also appeared to be of little importance for, 
regardless of this temperature, that of the bowl contents 
was usually 20-25° and that of the effluent liquid was 
usually about 17°. The temperature of the effluent liquid 
appeared to be governed by the evaporation caused by the 
rapid flow of air through the centrifuge. The evaporation 
was usually sufficient to reduce the volume of the effluent 
liquid by about 20%. The concentration of the effluent 
liquid caused by evaporation was neglected in the calcula­
tions of the yields of virus. The factor having the greatest 
influence on the yield of virus was found to be the rate of 
flow of the preparation. Flow rates of 30 cc. per minute 
or greater resulted in yields of 50% or less, whereas flow 
rates between 20 and 25 cc. per minute gave yields of 60 
to 75%. In order to secure a uniform slow rate of flow, a 
short length of tubing from a No. 22 hypodermic needle 
was soldered into the original delivery jet. This gave a 
rate of flow of about 15 cc. per minute, which, as may be

T a b l e  I

R e p r e s e n t a t i v e  D a t a  f o r  S u p e r - c e n t r i f u g e  R u n s  i n  
w h i c h  a  S a t is f a c t o r y  R e c o v e r y  o f  T o b a c c o  M o s a ic  

V i r u s  w a s  A c h i e v e d

Volume,
cc.

S ta rtin g  m ateria l
P ro tein , R a te  of flow, 
m g./cc . cc./m in .

Effluent
protein ,
m g./cc.

Y ield of 
virus, m g./cc. 

of juice

Infectious juice
5000 9.0 14 5.37 3.4
3560 9.0 13.4 4.37 3.9
5000 10.0 13.2 6.65 3.7
2400 10.0 13.0 6.55 4.1
5000 8.75 13.2 5.63 3.2
4000 8.75 12.0 3.0
5000 9.1 14.0 6.0 2.7
5000 9.1 13.0 5.0 3.4

Purified virus 0.1 M  P 0 4 pH 7
%

995 3.1 15 0.34 89
5600 3.0 16.5 .75 75
4100 3.0 15.3 .69 77
1000 10.4 12.3 .69 93
1400 10.4 15 .94 91
1200 10.4 14 1.69 84
3000 9.3 15 0.69 93

seen from the data presented in Table I, resulted in yields 
of 3 to 4 mg. of virus per cc. in the case of infectious juices 
and of 75 to 93% in the case of purified virus preparations.

In one experiment the virus in 200 cc. of infectious juice 
containing 9.0 mg. of protein per cc. was purified by 3 
successive sedimentations in the vacuum centrifuge and 
the virus in 5 liters of the same juice was purified by means 
of the Sharpies Super-centrifuge. The supernatant fluid 
from the first centrifugation in the vacuum centrifuge 
contained 2.4 mg. of protein per cc., and the yield of virus 
following 3 sedimentations was 733 mg., equivalent to 3.66 
mg. per cc. of juice. The effluent from the Sharpies Super­
centrifuge, on the other hand, contained 5.37 mg. of protein 
per cc. In order to remove the last portions of the juice 
from the bowl, there was introduced, immediately follow­
ing the juice and without stopping the centrifuge, 500 cc. of 
0.4 M  phosphate buffer at pH  7. This buffer had the same 
density as that of the juice. On stopping the centrifuge, 
the material on the liner was dissolved in the bowl contents 
consisting of about 250 cc. of the buffer. The celluloid 
and filter paper liners were well washed with sufficient 
water, which, when added to the bowl contents, gave a 
final solution containing 0.1 M  phosphate buffer. This 
solution, which was found to contain 16.9 g. of protein, 
was diluted with 0.1 M  phosphate buffer at pH  7, so that 
the final protein concentration was 3 mg. per cc. This 
solution was passed through the Sharpies Super-centrifuge 
under the same conditions described above, and the efflu­
ent was found to contain 0.75 mg. of protein per cc. The 
liner and bowl contents which contained 12.4 g. of protein 
were diluted to a protein concentration of 3 mg. per cc. 
and again passed through the centrifuge. The effluent 
was found to contain 0.69 mg. of protein per cc. and the 
liner and bowl contained 9.6 g. of virus. Under the con­
ditions of the experiment, the yield of virus was 52.5% 
of that obtainable by means of the vacuum centrifuge.

However, the two final sedimentations with the vacuum 
centrifuge were carried out at a protein concentration of 
about 10 mg. per cc., as is customary in our laboratory, 
whereas in the case of the Sharpies Super-centrifuge the 2 
final sedimentations were made at a protein concentration 
of only 3 mg. per cc. I t  seemed possible th a t this might 
account in part for the difference in yields; hence, a test 
run was made by passing a liter of a solution containing 
10.4 mg. of virus per cc. in 0.1 M  phosphate buffer at 
pH 7 through the Sharpies Super-centrifuge. Although the 
same delivery jet was used, the rate of flow of this solution 
was reduced to 12.3 cc. per minute, presumably due to the 
increased viscosity. The effluent was found to contain 
but 0.69 mg. of protein per cc.; hence, 93% of the virus 
was removed. As may be seen from the data presented in 
the second part of Table I, yields of the same order of mag­
nitude were obtained in several experiments in which puri­
fied virus at a concentration of about 10 mg. per cc. was 
used. The fact that the protein concentration of the in­
going liquid could be increased from 3 to 10 mg. per cc. 
without appreciably affecting the concentration of protein 
in the effluent demonstrates that a more efficient recovery 
of virus may be accomplished at the higher virus concentra­
tion. When protein concentrations of about 10 mg. per cc. 
were used for all runs after the original juice was sedimented, 
the over-all yield of virus was increased to about 65%.
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Discussion
The need for easily available and relatively in­

expensive equipment by means of which purified 
tobacco mosaic virus may be prepared readily in 
quantity is met by the Sharpies Super-centrifuge 
equipped with a cooling coil. It is necessary only 
to solder a short piece of tubing from a No. 22 
hypodermic needle into the original delivery jet 
and to use a double liner of celluloid and filter 
paper in the rotating clarifier bowl. It is possible 
during the course of ten hours to prepare 10 to 15 
g. of tobacco mosaic virus, purified by 4 sedimen­
tations by using a flow rate of about 15 cc. per 
minute for the infectious juice used as starting 
material, and a flow rate of 12-15 cc. per minute 
for the final 3 sedimentations of the virus at a 
concentration of about 10 mg. per cc. The fact 
that the over-all recovery of virus from the start­
ing material is somewhat less than that obtain­
able with the vacuum type centrifuge is more than 
offset by the fact that during a given period of time 
the amount of purified virus obtainable with the 
Sharpies Super-centrifuge is over ten times that 
obtainable with a vacuum type centrifuge.

The amount of virus directly isolable from the 
infectious juice may be increased somewhat if the 
effluent juice is immediately passed through the 
centrifuge a second time. Although this expedient 
is hardly worth while in the case of tobacco mo­
saic virus, due to the relatively high virus con­
centration and the ease with which large amounts 
of infectious juice may be obtained, Dr. Knight 
of this laboratory has found the second passage of 
effluent juice to be quite advantageous in the case 
of cucumber virus 4. The concentration of this 
virus in the infectious juice from cucumber plants

is only a few tenths of a mg. per cc.,9 and it is 
somewhat more difficult to obtain large quanti­
ties of the infectious juice. After an initial con­
centration of this virus to about 10 mg. per cc., 
the recovery on sedimentation should be equiva­
lent to that obtainable with a similar concentra­
tion of tobacco mosaic virus, since the two viruses 
have approximately the same sedimentation con­
stant. It seems likely that, in general, a second 
passage of infectious juice will be advantageous 
in those cases where the concentration of the 
virus is less than about 1 mg. per cc. and in those 
cases where the sedimentation constant of the 
virus is appreciably less than that of tobacco 
mosaic virus.

The experiments described were conducted 
with the assistance of Mr. Marshall Barbour.

Summary
The concentration and purification of tobacco 

mosaic virus have been accomplished efficiently 
by means of a Sharpies Laboratory Super-centri­
fuge, equipped with a regular clarifier bowl oper­
ated at a speed of 50,000 r. p. m. by means of com­
pressed air. It was found advantageous to use 
a cooling coil, a celluloid and a filter paper liner 
in the bowl, and a modified delivery jet con­
structed from a small hypodermic needle. Using 
the clarified juice from mosaic-diseased Turkish 
tobacco plants as starting material, it was possible 
to prepare 10 to 15 g. of tobacco mosaic virus, 
sufficiently pure for most purposes, during the 
course of ten hours by means of such equipment
P r i n c e t o n , N e w  J e r s e y  R e c e i v e d  A p r i l  15, 1942

(9) C. A. K n ig h t and  W. M . S tan ley , J .  B iol. Chem., 141, 29 
(1941).
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[C o n t r i b u t i o n  f r o m  t h e  D e p a r t m e n t  o f  C h e m i s t r y , U n i v e r s it y  o f  F l o r i d a ]

Reactions of 0-Pinene. II. With Selenium Dioxide in Acetic Acid* 1
B y  W. D avid Stallcup* and J. E r sk in e  H a w kins

In the first paper of this series2 it was pointed 
out that pinocarvone (IV) and carvopinone (III) 
are the steam-volatile products of the reaction of 
one mole of /3-pinene (I) with one mole of selenium 
dioxide. Joshel and Palkin3 have shown that pino-

HC:

H2C.

h 2c .

c h 2

c h 2

HC:
Se02 ------ >

h 2c .

c=o

c h 2

+

HC:

H2C.

CHOH

CH2

c=o

CH2

carveol (II) is the predominant steam volatile 
product if slightly less than one-half mole of selen­
ium dioxide is used per mole of /3-pinene.

In order to more completely study the formation 
of these compounds, the reaction has been carried 
out in acetic acid and acetic anhydride using both 
molar and half molar amounts of selenium dioxide 
per mole of /3-pinene.

Experimental
j8-Pinene was prepared by fractionating commercial 

material4 through an efficient spiral screen column5»6 and 
had a b. p. 59.2° (20 mm.), 1.4768; H 30d -21.4°.

Selenium dioxide was prepared by nitric acid oxidation 
of selenium, washing, crystallizing and drying the product.

Oxidation of 0-Pinene by Selenium Dioxide.—Selenium 
dioxide was added with stirring to 0-pinene and 200 cc. of

* P resent address, A m erican C yanam id  Co., S tam ford , Conn.
(1) T his m ateria l has been  a b strac ted  from  a  thesis subm itted  to  

th e  G raduate  C ouncil of th e  U n ivers ity  of F lorida  by  W. D avid  
S tallcup  in p a rtia l fu lfillm ent of th e  requirem ents for th e  degree of 
D octor of Philosophy.

(2) S ta llcup  and  H aw kins, T h i s  J o u r n a l , 63, 3339 (1941).
(3) Joshel an d  P alk in , th ro u g h  th e  courtesy  of a p riva te  com m uni­

cation th e  con ten ts  of w hich now ap p ear in  T h i s  J o u r n a l , 64, 
1008 (1942).

(4) Furn ished  th ro u g h  th e  courtesy  of th e  Southern  P ine D ivision 
of T he G lidden C om pany, Jacksonville , F lorida.

(5) Lecky an d  Ew ell, In d . Eng. Chem., A nal. Ed., 12, 544 (1940).
(6) Stallcup , F u g u itt  an d  H aw kins, ibid., 14, 503 (1942).

solvent in the amounts shown in Table I, the rate of 
addition being such that the temperature of the reaction 
mixture did not rise above 70°. When addition was com­
plete the mixture was refluxed for four hours. I t was then 
filtered to remove selenium and the filtrate was steam dis­
tilled. The distillate was treated with sodium bicarbon­

ate and the ether extract distilled at 2-3 mm. pressure.
Separation of the Steam Volatile Oil 

For Pinocarveol.—The oil was added to an equal vol­
ume of ethyl borate and heated for one hour at 125°. 
The non-alcoholic materials7 were then removed by 
lowering the pressure and raising the temperature to 
150°. The tarry residue was impure pinocarvyl borate. 
This was then hydrolyzed and simultaneously steam 
distilled from a sodium carbonate solution. The ether 
extract of the distillate was quite pure pinocarveol.

For Pinocarvyl Acetate.—The non-alcoholic oil from 
the borate treatment was extracted with twice its vol­
ume of sodium bisulfite as previously described.2 When 
the ketonic materials were absorbed, the bisulfite was 
twice extracted with ether. Distillation of the ether 
extract at 2-3 mm. gave nearly pure pinocarvyl acetate.

For Carvopinone and Pinocarvone.—The bisulfite 
solution above was then selectively decomposed by the 
method previously developed.2

Essentially the same results as above were obtained 
when the oxidation mixture was first extracted with bi­
sulfite and then treated with ethyl borate.

T a b l e  I
All oxidations listed were between 1 mole of |3-pinene and

0.5 mole of selenium dioxide except the first reaction, which 
was between 1 mole of 0-pinene and 1 mole of selenium di­
oxide and the second reaction which was between 0.5 mole 
of /3-pinene and 0.5 mole of selenium dioxide.

Sol­
v e n t

Se
recov.,

g-

Steam  
volatile  
oil, g.

P in o ­
carveol

P ino ­
carvy l C arvo- 

ace ta te  p inone
P in o ­

carvone
Ac20 49 68 0 .6 65 1 3 .7
AcO H 20 14 .5 20
AcX) 5 53 N one 66 1 2
A cO H N one 41 3 .7 22 20 2
A cO H - 6 27 13 44 2 8 .5

a C2o

Pinocarveol obtained by the above procedure was 
identical with that prepared from /3-pinene and selenious 
acid in absolute ethanol by the method described by Joshel 
and Palkin.3 I t had the constants: b. p. 78-80° (3-4 
mm.); w25d  1.4980; [a]25o +65.5; d2h 0.976; Mu
calcd. 45.52,8 found 45.72. This pinocarveol solidified at 
about 5°. Schmidt9 reports a thaw point of 7° for pinocar­
veol purified through the phenylurethan. The phenylure-

(7) S epara te  experim ents proved  p inocarvyl a ce ta te  to  be  s tab le  
in  th e  presence of e thyl bo ra te  under th e  conditions used.

(8) B ased on values of Auwers and  Eisenlohr, and  0.48 For cyclo­
b u ta n e  ring. N o  value assigned for m ethylene g roup  a tta c h e d  to  
ring .

(9) Schm idt, Ber., 63, 1129 (1930).
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than was prepared as described by Schmidt.9 If the pino­
carveol is not carefully purified, the urethan will crystal­
lize only with great difficulty, if at all. The m. p. was 
82-84°. Joshel and Palkin3 report 84-86°. Schmidt9 
reports 84-85° and 88-90° for recrystallized products.

Pinocarvyl Acetate.—When prepared from /3-pinene as 
described above it had the constants: b. p. 88-90° (2-3 
mm.), 225° (cor.) (760 mm.); w25d 1.475Ö; d264 0.991, 
[ a ] 25D —38°; saponification number calcd. 194.26, found 
195 (or 100.3%). Schmidt9 reports b. p. 227-8°; d20 
0.997; aD +15.8° for the d-isomer.

When prepared by the esterification of pinocarveol with 
acetic anhydride in the presence of sodium acetate9 the 
constants are: b. p. 88-90° (2-3 mm.); n2bd 1.4760;

0.993; [a ]25D —20°. Saponification number calcd.
194.26, found 194 (or 100%). No explanation is offered 
for the variations in the values of the rotations of the esters 
when prepared by different methods.

Pinocarveol, like most secondary and tertiary terpene 
alcohols, will not readily esterify with acetic anhydride 
unless sodium acetate is present. I t will not react to any 
observable extent with acetic acid even when refluxed in 
the presence of sodium acetate for two hours.

Pinocarvone.—When prepared as described above it 
had almost the same constants as previously given2; 
b. p. 83-84° (3-4 mm.); ri20d 1.5039; semicarbazone, m. p. 
210-212° recrystallized.

Carvopinone.—The constants of this compound, ob­
tained as described above, were also similar to those 
previously reported2; b. p. 84-85° (3-4 mm.) ; ri25d 1.4924. 
Its semicarbazone did not melt below 300°.

The Action of Selenium Dioxide on Pinocarveol
Twenty-five grams of pinocarveol was dissolved in 75 

cc. of ethanol in a flask equipped with a reflux condenser 
and mechanical stirrer. Ten grams of selenium dioxide 
was slowly added. Upon heating, the solution first 
turned yellow, then red and finally brown. After refluxing 
for five hours, three and one-half grams of selenium was ob­
tained and the liquid portion was steam distilled. This 
gave 15 g. of an oil; b. p. 84-85° (3-4 mm.); n25d 1.4931; 
d254 0.982; aD +60.5° (10-cm. tube). This was largely 
impure carvopinone which was purified through the 
bisulfite compound to give 6.1 g. of carvopinone; b. p. 
84-85° (3-4 mm.); n2*D 1.4935; d2\  0.981; [a ]25D -f 62.7°. 
About 0.3 g. of pinocarvone was isolated, this had m25d

l .  5010. Approximately one-half gram of oil was not ex­
tracted by the bisulfite. Judging by its refractive index 
and its action to heat, it was impure carvopinone.

Reduction Experiments
d-cis-Pinocampheol is formed in nearly theoretical yield 

by the catalytic hydrogenation of pinocarveol in cyclo­
hexane using a 10% palladium on charcoal catalyst and 
heating the mixture to 100° under a hydrogen pressure of 
1200 lb. for two hours in a bomb. The catalyst was 
removed by filtration and the pinocampheol purified by 
distillation at reduced pressure. The constants were:
m . p. 55.5-56.0°; n2hd  1.4830 (super-cooled); [a ]26D 
+39° (10.5% in ether). When recrystallized from pet. 
ether (boiling range 35-65°) the a-naphthylurethan had a 
m. p 87.5-88.0° (cor.) which is the same as that reported

by Kuwata10 and Schmidt and Schultz11 for d-cis-pino­
campheol.

d-cf5-Pinocamphyl acetate may be obtained quite pure 
by the catalytic reduction of pinocarvyl acetate under the 
conditions described above. The reduction product is 
purified from the solvent by distillation at reduced pres­
sure. I t had the constants: b. p. 80-82° (2-3 mm.), 
227-8° (cor.) (760 mm.); n21D 1.4641; d2\  0.979; [a ]26D 
+23°. Saponification number, calcd. 196.28, found 
197 (or 100.3%). Upon saponification this ester produced 
<2-m-pinocampheol whose constants were in close agree­
ment with those above. Kuwata10 reports for l-cis- 
pinocamphyl acetate: b. p. 82-84° (3 mm.); d204 0.9781; 
n™d  1.4638.

/-/raws -Pinocamphone is obtained by the catalytic hy­
drogenation of carvopinone by the procedure described 
above. The product was purified by washing with 
neutral bisulfite and distilling the unextracted oil at 
2-3 mm. (b. p. about 70°); b. p. 212° (cor.) (760 mm.); 
» « d . 1.4735; d2h 0.964; [a ]25D -13.5°. Its semi­
carbazone recrystallized as very fine white needles from 
dilute methanol, m. p. 227.5-228.0° (cor). Schmidt and 
Schultz11 report for the semicarbazone of l-trans-pinocam- 
phone m. p. 227° and for the semicarbazone of l-cis- 
pinocamphone, 219°.

Another pinocamphone was obtained upon the reduction 
of pinocarvone under the same conditions. I t had the 
constants: b. p. 75° (2-3 mm.); w29d 1.4772; aD —29° 
(10-cm. tube). I t  forms a semicarbazone melting at 
185°. This is apparently the /3-form of the semicarba­
zone described by Gildemeister and Kohler.12 The a-form 
described by these authors has a m. p. of 218-219° which 
corresponds to the semicarbazone of cis pinocamphone of 
Schmidt and Schultz.11

Discussion
The effect of the selenium dioxide /3-pinene ratio 

in these solvents was not nearly as pronounced as 
it was for ethanol.2*3

It may be seen from Table I that the major 
portion of the steam volatile oil is pinocarvyl 
acetate. This finding is in accord with the mech­
anism proposed by Guillemonat13 for the oxida­
tion of ethylenic hydrocarbons in which a selenium 
complex is formed with the hydrocarbons. This, 
in turn, is decomposed by the solvent. In this case 
it results in the formation of pinocarvyl acetate.

Water is a product of the reaction in which the 
selenium complex is formed. A reaction between 
the complex and the water thus formed would ac­
count for the formation of pinocarveol. As al­
ready pointed out, pinocarveol is not esterified 
by acetic acid and the alcohol therefore becomes 
subject to oxidation by selenium dioxide. This 
would account for the formation of the ketones.

(10) K uw ata , T h is  J o u r n a l , 59, 2509 (1937).
(11) Schm idt and  Schultz, Ber. Schimmel, 91 (1934).
(12) G ildem eister an d  K ohler, Chem. Centr., 80, II, 2158 (1909).
(13) G uillem onat, A n n . chim., 11, 143 (1939).
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It is believed that this latter oxidation also 
takes place through the medium of a selenium 
complex. This is supported by the fact that the 
reaction mixture becomes yellow, then red and 
finally deposits selenium, and upon steam distilla­
tion leaves a non-volatile selenium compound.

Since carvopinone yields trans-pinocamphone 
upon reduction it may be seen, by setting up a 
model, that the carbonyl group of carvopinone is 
close to the gem-dimethyl group. This proximity 
would tend to hinder the rate of reaction of the 
carbonyl group with large molecules. The slow­
ness of the reactivity of the carbonyl group was 
pointed out in the previous paper1 2 in respect to 
the formation of the semicarbazone. This steric 
relation may also be the cause of the relative ease 
of the rupture of the cyclobutane ring to form 
carvone.

The pinocarveol formed by the action of sele­

nium dioxide on 0-pinene is probably the trans 
form with respect to the hydroxyl group and the 
gem-dimethyl group. It is believed that the 
method of formation and purification would tend 
to give rise to the more stable form, which is 
trans.

S um m ary
1. The oxidation of /3-pinene with selenium 

dioxide in acetic acid and acetic anhydride gave 
pinocarvyl acetate, pinocarveol, pinocarvone and 
carvopinone as steam volatile products. The 
main product was the acetate.

2. The oxidation product of pinocarveol by 
selenium dioxide is largely carvopinone.

3. The catalytic reduction of carvopinone 
yields l-Zra/zs-pinocamphone.

4. The method of formation and the structure
of some of these compounds have been proposed. 
G a i n e s v i l l e , F l o r id a  R e c e i v e d  A p r i l  10, 1942

[C o n t r i b u t io n  f r o m  t h e  G e o c h e m ic a l  S e c t io n  o f  t h e  I l l i n o i s  S t a t e  G e o l o g ic a l  S u r v e y ]

The Oxidizing Power of Illinois Coal. II. The Effects of Extended Time1
B y G. R. Y o h e2 and M yron  H . W il t 2

Previous work3 has shown that Illinois coals 
take on the ability to act as oxidizing agents to­
ward titanous chloride upon exposure to air or 
oxygen, even for very short periods of time. In 
the present work, a similar study has been applied 
to another group of coals with emphasis upon the 
changes in oxidizing power over longer times of ex­
posure to air.

Preparation of Samples.—The coal samples were ob­
tained in the form of large fresh blocks at the mines, 
brought to the laboratory as soon as possible, and ground 
to pass a 100-mesh sieve. No precautions were taken to 
prevent atmospheric oxidation during the preparation of 
the samples. After grinding, portions were taken for 
analyses, and the remaining stocks were placed in 2-quart 
mason jars and deliberately exposed to air by leaving the 
covers loose and by occasionally mixing the contents of 
each jar. The time of exposure to air was measured in 
days from the date of grinding.

Determination of Oxidizing Power.—The determina­
tions of oxidizing power were made by the titanous 
chloride-ferric chloride method previously described.3 
Parallel determinations of soluble ferric iron extractable

(1) P resen ted  before the  D ivision of Gas and  Fuel C hem istry a t  
th e  M em phis m eeting of th e  A m erican Chem ical Society, April 22, 
1942. Published  w ith perm ission of th e  Chief, Illinois S ta t#  Geo­
logical Survey.

(2) A ssociate C hem ist and  R esearch  Assistant,., respectively.
(2) Y ohe and  H arm an , T h i s  J o u r n a l , 03, 55S (1941).

from the coals under similar conditions were made, and the 
oxidizing power data reported here are corrected for soluble 
ferric iron. As a rule, the soluble ferric iron values were 
low compared to total oxidizing power. The results ob­
tained with five whole coal samples are shown in Fig. 1 
expressed in milliequivalents per gram of coal dried in con­
tact with laboratory air, but not calculated to a moisture- 
and ash-free basis. Analytical data for the coals are given 
in Table I.

Measurement of Specific Surface.—In order to deter­
mine whether the variations in magnitude of oxidizing 
power were due entirely to differences in surface exposed, 
specific surface measurements were made. The procedure 
used is an adaptation of the air-permeability method of 
Lea and Nurse4 with apparatus constructed according to 
specifications obtained from Battelle Memorial Institute.5 
Table II gives the results obtained and a comparison of the 
maximum oxidizing power values per unit surface.

D iscussion

The mechanism of the reaction of oxygen with 
coal is obscure and will doubtless remain so until 
the chemical nature of coal is more clearly re­
vealed. A number of workers in this field have 
considered that the initial step is the formation 
of a “coal-oxygen complex” or an unstable surface

(4) L ea an d  N urse, / .  Soc. Chem. In d ., §8, 277-83 (1939).
(5) P r iv a te  com m unication  from  R . A. Sherm an to  O. W . Rees.
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T a b l e  I
A n a l y t ic a l  D a t a , I l l i n o i s  C o a l s

L abora to ry
num ber C oun ty Seam

“ As received" basis 
M oistu re  Ash C

—Ash- an d  m oisture-free basis----
H  N  O S

Calorific 
value, cal. 

per g.«

B itum inous 
coal rank  
(A. S. T. 
M .), high 
volatile

C-2413 LaSalle 6 10.2 9.2 78.38 5.62 1.22 9.25 5.53 7182 c
C-2414 Fulton 5 11.7 7.4 79.93 5.57 1.47 10.43 2.60 7003 c
C-2415 Sangamon 5 11.3 6.8 78.02 5.49 1.48 9.70 5.31 7040 c
C-2422 Vermilion 6 13.1 3.2 81.05 5.65 1.76 10.05 1.49 70356 c
C-2423 Gallatin 5 2.6 10.4 81.36 5.78 1.80 7.78 3.28 7832'= A
° Moist mineral-matter-free basis. Multiply by 1.8 to obtain the B. t. u. per lb. values used in A. S. T. M. classifica­

tion by rank. h Calculated from ultimate analysis. c Value obtained on another sample (C-2416) from the same 
source.

T a b l e  II
S p e c i f i c  S u r f a c e  D a t a

Coal num ber
Specific surface M axim um  O. P . X 10s 
sq. c m ./g ram  Specific surface

C-2413 3270 5.84 
C-2414 5450 2.86 
C-2415 3510 4.37 
C-2422 3410 3.30 
C-2423 3850 1.96

combination.6-9 Although some assume this to be 
adsorbed oxygen,7 others believe it to be chemi­

cally combined, since evacuation does not lead to 
oxygen recovery in the way such treatment of an 
adsorption complex should do.10 This ‘‘complex'* 
has been referred to as “peroxide," 8>ll>12 yet little 
is known of its nature or properties.13 Neverthe­
less, this loosely bound oxygen is commonly men­
tioned as an intermediate stage in the atmospheric 
oxidation of coal.6,7»8 9

In general form, the curves of Fig. 1 are sugges­
tive of the existence of an intermediate such as B 
in consecutive reactions of the type

0 20 40 60 80 100
Days.

Fig. 1.—Change in oxidizing power with time of exposure 
to air.

(6) W heeler, J .  Chem. Soc., 113, 945-55 (1918).
(7) P a rr and M ilner, Ind . Eng. Chem., 17, 117 (1925).
(8) D avis and B yrne, ibid., 17, 125 (1925).
(9) P o rte r an d  R alsto n , U. S . Bur. M in es  Tech. Paper, 03, 21-6

A ---->  B — >  C14

Although the atmospheric oxidation of coal is un­
doubtedly a complex process, the data presented 
herein may be considered as evidence supporting 
the hypothesis that loosely held oxygen (perhaps 
of a peroxide type) constitutes an intermediate 
stage in a part, at least, of the total change oc­
curring in the oxidative degradation of these 
coals. It is of interest to note that data for the 
change in peroxide number of glyceryl trilinolen-

(10) W inm ill, Trans. In s t. M in in g  Engrs. (L ondon), 48, 503-7 
(1914-15).

(11) B unte  an d  B rückner, Angew. Chem., 47, 84-6  (1934).
(12) F . F ischer, Ges. Abhandl. K enntn is  Kohle, 4, 454-5 (1920).
(13) A ttem p ts  to  dem o n stra te  th e  presence of peroxides in coal in  

th is  L ab o ra to ry  have  given inconclusive results. T he  com m on 
potassium  iodide te s t  is rendered  valueless because of th e  av id ity  w ith 
which coal com bines w ith  iodine. T h e  chem ilum inescent oxidation  
of m agnesium  ph tha locyan ine  [Cook, J .  Chem. Soc., 1845 (1938); 
H elberger and  H ever, Ber., 72B, 11-15 (1939)1 was tried  w ith m ag­
nesium  ph thalocyan ine  k ind ly  provided b y  D r. R . P . L instead  of 
H arv a rd  U niversity . T h is  reaction  is ap p aren tly  inh ib ited  by coal; 
a  chlorobenzene so lu tion  of te tra lin  which p roduced red  lum inescence 
ceased to  do so w hen a  sm all am o u n t of pow dered coal was added. 
T he  use of pow dered coals as cata ly s ts  in th e  peroxide-catalyzed side 
chain ch lorination  of to luene and  th e  ad d itio n  of chlorine to  th e  
e thylenic double bond  [K harasch  and  Brow n, T h i s  J o u r n a l , 61, 
2142-60, 3432 (1939)] gave resu lts  w hich could be explained w ithout 
assum ing th e  presence of peroxides. A m odification of th e  Y u le - 
W ilson ferrous su lfa te  te s t  [Yule an d  W ilson, In d . Eng. Chem., 23, 
1254-9 (1931)] gave positive  resu lts essentially  like those obtained  
w ith  th e  titan o u s  chloride m ethod. A lthough proof of th e  presence 
of peroxide s tru c tu res  is lacking, such  groups m u st still be considered 
as possible causes of th e  oxidizing pow er observed.

(14) G etm an  and  D aniels, “ O utlines of T heoretical C hem istry ,"  
6th  E d ition , Jo h n  W iley an d  Sons, N ew  Y ork , N . Y ., 1937, pp . 329- 
31.
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ate15 and of a soybean oil16 give curves similar to 
those shown in Fig. 1.

There is no apparent correlation between the 
magnitude of the oxidizing power and properties 
within the group of coals having high-volatile C 
bituminous rank. It will be seen, however, that 
the one coal of higher rank (C-2423) exhibits a 
definitely lower oxidizing power per unit surface. 
It seems obvious from Table II that the magnitude 
of oxidizing power attained is not simply a func­
tion of the extent of the surface, but that the na­
ture of the surface (which undoubtedly varies with 
the rank and source of the coal) is of utmost im­
portance in this respeèt. It is hoped that this in­
vestigation may be extended to cover a series of 
coals of Widely differing ranks.

It is possible that the different petrographic or 
“banded” ingredients of the coal may differ in

(15) Elm , Ind . Eng. Chem., 23, 882 (1931).
(16) C lark and  R ugg, In d . Eng. Chem., A na l. Ed., 13, 243 (1941).

their ability to take on oxidizing power. Such 
differences, as well as errors in sampling, might 
contribute to the irregularities in the curves. 
The present study is being continued with samples 
of separated banded ingredients of an Illinois coal.

Acknowledgment.—The authors wish to ex­
tend their thanks to Drs. F. H, Reed and O. W. 
Rees for valuable suggestions; to Mr. C. C. 
Boley for assistance in collecting samples and to 
Mr. K. F. Bursack and Mr. W. F. Wagner who 
made the coal analyses and specific surface meas­
urements under the direction of Dr. Rees.

Summary
The oxidizing power exhibited by five Illinois 

coals has been shown to reach a maximum value 
and then decrease, suggesting that this “reactive 
oxygen” may play the role of an intermediate in 
the oxidative degradation of these coals.
U r b a n a , I l l i n o i s  R e c e i v e d  M a y  1, 1942

[C o n t r i b u t io n  f r o m  t h e  M o r l e y  C h e m ic a l  L a b o r a t o r y  o f  W e s t e r n  R e s e r v e  U n i v e r s i t y ]

The Oxidation of n-Butylboron Oxide1
B y Oliv er

The reported2 auto-oxidation of zz-butane- 
boronic acid (zz-BuB (OH)2) to the mono-zz-butyl 
ester of boric acid (zz-BuO-B(OH)2) suggested a 
parallel study of the auto-oxidation of zz-butyl- 
boron oxide, (zz-BuBO)s, which is the trimeric 
anhydride of the boronic acid. This oxidation, 
because of the six-electron configuration of the 
boron atom, offered the possibility of proceeding 
through the intermediate formation of an oxygen 
coordination compound (or peroxide) comparable 
to those postulated for many oxidation processes.3

Preliminary measurements4 on several alkyl- 
boron oxides showed that oxidation occurred 
readily but at widely different rates depending 
upon the nature of the alkyl group (Table I).

Apparently the ease of oxidation decreases with 
an increasing chain length of the alkyl group and 
increases sharply in the order primary, secondary,

(1) Presented  before the  D ivision of Organic C hem istry a t  the  
D etro it m eeting of th e  A m erican Chem ical Society, Septem ber 12, 
1940.

(2) Snyder, K uck  and Johnson, T h is  J o u r n a l , 60, 105 (1938).
(3) Bailey, “ R e ta rd a tio n  of Chem ical R eactions,” Longm ans, 

Green and Co., N ew  Y ork, 1937.
(4) The au th o r wishes to  th a n k  Professor J . R . Johnson for his 

permission to  use these  d a ta  which were obtained  during  a du P on t 
P ost-D octora te  Fellowship a t C ornell U niversity , 1936-1938, and  
for his suggestions on  th is  problem .

Grum m itt

T a b l e  I
T im e requ ired  for th e  consum ption

R  of R -B O » of 2.0 cc. oxygen, 25°, m in.

Et 33
n-Pr 36
w-Bu 71
s-Bu 3
Z-Bu 2
w-Hex 105

and tertiary. The relative stability of the corre-
sponding boronic acids in air is also of this order.2’5 

Experimental Procedure
Apparatus.—The reaction flask is shown in Fig. 1. The 

total volume of this two-bulb flask is approximately 125 
cc. and since none of the dimensions is of critical impor­
tance, they are not shown. Connected to the side arm of 
the flask are two mercury-filled gas burets in series. The 
first of these burets was made of a 10-cc. delivery pipet 
calibrated in divisions of 0.05 cc. and a three-way stop­
cock and was used to measure the consumption of oxygen 
during the earlier stages of the reaction. The second buret 
was the orthodox 100-cc. type with 0.2-cc. divisions. 
Each gas buret was fitted with a leveling bulb and a 
jacket through which thermostated water could be cir­
culated. The use of two burets permitted accurate read­
ings at the start of the auto-oxidation when an induction 5

(5) Johnson, V an C am pen and  G ru m m itt, T h i s  J o u r n a l , 60, 111 
(1938); an d  unpublished  w ork of Johnson  an d  G ru m m itt.
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period might be present and also allowed total volumes 
of oxygen up to about 100 cc. to react and be measured

with fair accuracy.
A small sample of the 

alkylboron oxide contained 
in a sealed ampoule made 
in the shape of a bulb with 
a fine capillary stem was 
placed stem-down in the 
bottom bulb of the reaction 
flask. A similar ampoule, 
tared and empty, was 
placed stem-down in the 
side bulb. The reaction 
flask and burets were very 
carefully dried and filled 
with dry oxygen so that the 
small buret contained about

Fig. 1.—Reaction flask. 7~8 cc- of Sas> the larSe ba-
ret about 70 cc. of gas. The 

gas buret stopcocks were open to the flask and the leveling 
bulbs were adjusted so that atmospheric pressure existed 
in the whole system. The temperature of the system was 
maintained at 25 ° by circulating water from a thermostat 
through the buret jackets and through a container sur­
rounding the flask. When the buret readings no longer 
changed over a ten-minute period showing that the en­
closed gas had reached constant temperature, the stopcock 
on the large buret was shut off from the reaction flask. 
The bent rod in the reaction flask was twisted so as to 
smash the ampoule against the wall of the flask and the 
time was noted. Frequent adjustments of the leveling 
bulb on the small buret were made in order to maintain 
atmospheric pressure and readings were taken at the same 
time. When 2-5 cc. of oxygen had been consumed, the 
small buret was shut off and the large buret, by means of 
its stopcock, was opened to the reaction flask and occa­
sional time-volume readings were made.

When the sample was completely oxidized as shown by a 
constant volume reading after a period of one-half hour, 
the stopcock at the connection between the flask and the 
first buret was closed and the rubber connection removed 
from the buret. The flask was connected to a vacuum 
pump through an arrangement of stopcocks which per­
mitted the flask to be evacuated and then filled with dry, 
oxygen-free nitrogen without opening the flask to the 
atmosphere. The flask was thoroughly evacuated and 
rinsed with nitrogen four times while clamped in a vertical 
position. It was then tilted so that the product drained 
into the side-bulb, re-evacuated, and again filled with 
nitrogen. As the pressure approached atmospheric the 
liquid product filled the empty, tared ampoule. This was 
then removed, sealed by touching the tip in a flame, and, 
after weighing, was ready for analysis, molecular weight 
determination, etc.

The flask shown in Fig. 1 may be useful for other reac­
tions where the reactants are gases and liquids which 
cannot be exposed to the atmosphere and where the prod­
uct is also a liquid which cannot be exposed. A somewhat 
similar device described by Stock and Zeidler6 does not per­
mit the product to be removed in an ampoule.

Relative Oxidation Rates.—Samples of the various alkyl 
boron oxides listed in Table I were prepared by dehydra­
tion of the corresponding boronic acids with thionyl 
chloride.2 A 0.2-0.3 g. (about 3.0 millimoles) sample was 
oxidized in the apparatus described above and the time 
noted for the consumption of 2.0 cc. of oxygen at 25°. 
Duplicate determinations were made. In each case there 
was practically no induction period so the data show in an 
approximate way the relative reactivity of the various 
compounds with respect to oxygen.

Oxidation of w-Butylboron Oxide.—A 0.2060-g. (2.46 
millimoles) sample of n-butylboron oxide was quantita­
tively oxidized in the apparatus previously described. 
Volume readings were taken at two-minute intervals for 
the first eighteen minutes, at three-minute intervals for 
the next thirty-five minutes, and then at longer intervals 
until no more oxygen was consumed. These data are 
plotted in Fig. 2. As the curve shows there is no induc­
tion period. At the end of 800 minutes 31.5 cc. of oxygen 
had been consumed as compared to a theoretical consump­
tion of 31.6 cc. (at 25° and 735 mm. pressure) based on the 
oxidation of n-butyl boron oxide to w-butyl metaborate 
(Eq. 1).

150 450 750
t, min.

Fig. 2.—Oxidation of w-butylboron oxide.

The product from the oxidation of 0.6 g. of w-butylboron 
oxide was distributed into tared ampoules. The saponi­
fication equivalent of one of these samples was found to 
be 98.6; calculated for 7Z-C4H9OBO, 99.9. A molecular 
weight determination by freezing point depression in 
benzene gave 97.6. This determination was very diffi­
cult because of the great ease of hydrolysis of the sample; 
not only must the apparatus and benzene be absolutely 
dry, but it must be so maintained by slowly passing dry 
nitrogen into one sidearm of the freezing point tube so as 
to prevent any air from entering while stirring.

One sample of the ester was hydrolyzed by the dropwise 
addition of water; some heat was generated and the odor(6) Stock and  Zeidler, Ber., §4, 583 (1921).
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of w-butyl alcohol was apparent. A neutralization equi­
valent of the boric acid formed was determined by adding 
mannitol and titrating with standard sodium hydroxide 
in the presence of phenolphthalein; found 61.5, calculated 
61.8. Another sample was hydrolyzed with a slight excess 
of water, distilled, and the w-butyl alcohol identified as the
3,5-dinitrobenzoate derivative, m. p. 63-64°, no depres­
sion in a mixed m. p. with an authentic sample.

Anal.2 Galcd. for C4H9BO2: B, 10.83. Found: B,
11.05.

Peroxide Tests.—Partially oxidized samples of ^-butyl- 
boron oxide instantly liberated iodine from a slightly acidi­
fied solution of 5% potassium iodide in absolute ethanol. 
Further evidence that peroxides or peroxide-like com­
pounds may be present was obtained by heating three 10- 
cc. portions of vinyl acetate on the water-bath at 70°; 
the first sample contained no catalyst, the second contained 
about 0.1 g. of partially oxidized w-butylboron oxide, and 
the third contained 0.1 g. of benzoyl peroxide. At the 
end of one-half hour the increase in viscosity, interpreted 
roughly as a measure of polymerization, was small for the 
blank, appreciable for the second, and very considerable 
for the third. I t is possible of course that the partially 
oxidized butylboron oxide furnished other catalytic agents 
besides peroxides.

Catalytic Oxidation of w-Butylboron Oxide.—Samples 
containing approximately 0.1% of the catalyst were made 
by distilling w-butylboron oxide at reduced pressure into 
receivers containing inverted tared ampoules and a weighed 
portion of the catalyst. Before letting nitrogen into the 
system the receivers were gently warmed to dissolve the 
catalyst. Both hydroquinone and phenyl-0-naphthyl- 
amine dissolved readily, but cobalt linoleate and am­
monium vanadate were only partially soluble. Nitrogen 
was admitted and the ampoules sealed and weighed in the 
usual way. These samples were then oxidized according 
to the procedure described before. The samples contain­
ing hydroquinone, cobalt linoleate, and ammonium vana­
date gave time-oxygen consumed curves which substanti­
ally duplicated that shown in Fig. 2, but phenyl-j8-naph- 
thylamine inhibited the oxidation; for example, in 200 
minutes only 1.2 cc. of oxygen had been consumed com­
pared to 15.0 cc. in the absence of the catalyst and at the 
end of 13.5 hours where the oxidation normally would be 
completed only 10% of the theoretical amount of oxygen 
had been consumed.

Results and Discussion
Oxidation of ^-butylboron oxide was found to 

proceed quantitatively according to the equation 
(w-BuBO)3 -f 1 VaOj — > 3BuO-BO (1)

the product being the n-butyl ester of metaboric 
acid. This substance is an oily liquid with a faint 
ester odor. Like esters of boric acid it hydrolyzes 
immediately on contact with the atmosphere 
forming w-butyl alcohol and a mixture of meta­
boric and boric acids.7

(7) Schiff, A n n ., S u pp ., 5, 185 (1867), rep o rted  sim ilar properties 
for m ethyl and  e thy l m etabo ra tes which were p repared  by the  action 
of boric acid on th e  alkyl b o ra te  or alcohol.

Since w-butyl metaborate is monomeric,8 the 
oxidation process has been accompanied by a 
depolymerization reaction. The failure of w-butyl 
metaborate to retain the trimeric structure of 
77-butylboron oxide is probably due in part to the 
contribution of resonating forms such as I9 in 
which the boron atom can no longer function as 
an acceptor center.

w-Bu:0::B::0
I

This function is necessary in order that the boron 
atom coordinate with oxygen to form the trimeric 
butylboron oxide2’10’11

Bu
- /B

0+ OT

B-

Bu

-B-Bu

O
The course of the oxidation of w-butylboron 

oxide is shown in Fig. 2, in which the volume of 
oxygen consumed is plotted against time. The 
shape of this curve differs from typical S-shaped 
auto-oxidation curves for benzaldehyde, linseed 
oil, etc.,3 in that the induction period12 is absent. 
This probably means that the concentration of 
peroxidic intermediate necessary for an appre­
ciable rate of oxidation is established very rapidly. 
This intermediate could arise through the attack 
of a boron atom by oxygen with subsequent 
cleavage of the ring (2); the peroxide could then 

Bu

^ —  0 2
X  %O O — >  Bu-BO(0 2) +  2Bu-B013 (2)
II I
B B

B u / % ^  N bu

(8) M etaboric  acid itself has been reported  to  be m onom eric; 
M ellor, “ C om prehensive T rea tise  of Inorganic C hem istry ,” L ong­
mans, Green, and  Co., N ew  Y ork, N . Y ., 1924, Vol. 5, p. 48.

(9) O ther resonating  form s include W~Bu:0:B::0,
W-Bu:0::B:0:“ , and  W-Bu:Ö:B:::Ö+. In  th e  absence of bond
length d a ta  th e  principal form  canno t be selected, a lth o u g h  o r­
d inary valence considerations favor th e  first of these.

(10) K inney and  Pontz , T h is  J o u r n a l , 58, 197 (1936), found th a t  
certain  arylboric oxides are trim eric.

(11) Burg, ibid., 62, 2228 (1940), found th a t  m ethy lboric  oxide is 
trim eric.

(12) T he in itia l period of tim e in  w hich th e  ra te  of oxygen ab so rp ­
tion is zero or very  low.

(13) An a lte rn a tiv e  in itia l s tep  could involve peroxide fo rm ation
from th e  action  of oxygen d irectly  on m onom eric bu ty lb o ro n  oxide if 
one assum es an  equilibrium : (Bu-BO)3 3Bu-BO. T here  is n o
evidence, however, for th is  dissociation.
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oxidize monomeric butylboron oxide to form the 
metaborate in a reaction analogous to the inter­
action of benzoyl hydrogen peroxide with benzal­
dehyde to give two molecules of benzoic acid (3).

Bu-B0 (0 2) +  Bu-BO---->  2BuO-BO (3)
Some evidence in support of the intermediate 

peroxide is gained from experiments with par­
tially oxidized butylboron oxide which show that 
it liberates iodine from alcoholic potassium iodide 
and catalyzes the polymerization of vinyl acetate 
as do other peroxides.

Efforts to establish a reaction mechanism on the 
basis of kinetic measurements were unsuccessful. 
When a sample of w-butylboron oxide was ex­
posed to oxygen without agitation, the rate of 
oxygen absorption followed the unimolecular law 
as shown by the straight line in Fig. 2 obtained 
by plotting the logarithm of the concentration of 
w-butylboron oxide against time. The concen­
tration of w-butylboron oxide was determined on 
the basis of the oxygen consumed in accordance 
with equation (1). This agreement with the uni­
molecular law is superficial, however, because 
mechanical agitation of the reaction mixture in 
other experiments not only increased the rate 
of oxidation but gave data which could not be 
interpreted kinetically. Apparently the rate of 
diffusion of unoxidized material to the surface 
of the reaction mixture is the rate-determining 
step in the absence of agitation.

The effect of catalysts on the rate of oxidation 
was observed in experiments with cobalt linoleate 
and ammonium vanadate as positive catalysts, 
and hydroquinone and phenyl-/3-naphthylamine 
as typical anti-oxidants. The only one of these 
catalysts which had an appreciable effect on the 
rate of oxidation was phenyl-/?-naphthylamine, 
which inhibited the reaction almost completely. 
It is interesting to note that aromatic amines are 
more effective anti-oxidants than phenols for ali­
phatic aldehydes.14 This is a further point of 
resemblance between the alkylboron oxides (or 
boronic acids) and aliphatic aldehydes, Johnson, 
et al.,2 having already pointed out that both types 
of compounds combine with oxygen, reduce am- 
moniacal silver oxide, and form cyclic trimers.

Summary
^-Butylboron oxide undergoes quantitative 

oxidation and depolymerization in the presence 
of dry oxygen to form monomeric n-butyl meta­
borate. There is evidence for the intermediate 
formation of a peroxidic substance. A possible 
reaction mechanism has been suggested, but 
could not be confirmed by rate measurements 
because the kinetics were complex. Phenyl-jö- 
naphthylamine retards the oxidation but hydro­
quinone does not.

(14) B a iley , Proc. Royal Ir ish  Acad., 45B , 373 (1939). 

C l e v e l a n d , O h i o  R e c e i v e d  M a r c h  23, 1942

[C o n t r i b u t io n  f r o m  t h e  D e p a r t m e n t  o f  S o i l s , U n i v e r s i t y  o f  M i s s o u r i ]

The Electrochemical Properties of Mineral Membranes. V. Beidellite Membranes
and the Determination of Sodium1

B y C. E. M arshall2 and C. A. K r in b il l2

Introduction
Previous papers in this series3 have dealt with 

the use of preheated montmorillonite membranes 
in the potentiometric determination of potassium 
and ammonium and with the application of this 
method to the electrochemical study of colloidal 
systems as typified by the clays. The hydrogen

(1) C ontribution  from  the  D epartm en t of Soils, M issouri Agricul­
tu ra l Experim ent S ta tion , Journa l Series No. 820. Read before the  
Colloid C hem istry Division a t  the  103rd m eeting of the A m erican 
Chem ical Society in M em phis on April 23, 1942.

(2) Associate Professor and  R esearch  A ssistant in  Soils, respec­
tively .

(3) M arshall and B ergm an, T h is  J o u r n a l , 63, 1911 (1941);  
J .  Phys. Chem., 46, 52 (1942 ); 46, 325 (1942 ).

montmorillonite membranes used were preheated 
to 490°. This treatment conferred remarkable 
properties of stability and selectivity. The 
membranes were of high resistance (1-10 meg­
ohms), yet showed excellent reproducibility 
toward potassium and ammonium ions. Acids 
attacked them chemically and highly reproduc­
ible values could only be obtained at pH  values 
above 4. Sodium salts alone gave poor repro­
ducibility and asymmetry potentials were trouble­
some. However, mixtures of sodium and potas­
sium salts measured against potassium chloride 
as standard gave values which suggested that the
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membrane was definitely sensitive to sodium ions 
and that both the mobility and the activity of the 
sodium were concerned in the establishment of 
the potential difference. These membranes pos­
sessed also the remarkable property of being in­
sensitive to divalent and trivalent cations.

In an attempt to improve the conditions for the 
potentiometric estimation of sodium, W. E. Berg­
man in this Laboratory prepared hydrogen mont­
morillonite membranes (Wyoming bentonite, elec- 
trodialyzed fraction <  0.2 y) preheated to 350°. 
These were found to lose their asymmetry po­
tentials readily on soaking in N  sodium chloride 
solution and then in 0.1 N  solution. They gave 
potentials, for concentrations below 0.1 N, which 
agreed well with those calculated from the Nernst 
equation.

It was later found that these 350° membranes 
have quite different properties of ionic selectivity 
than those heated to 490°. They have a much 
lower resistance when wet, 5-20,000 ohms as 
against 1-10 megohms for the latter. They are 
sensitive to divalent cations as well as to mono­
valent. Hence their ionic behavior is qualita­
tively similar to that of chabazite and apophyllite 
membranes.4 They have the advantages over 
the latter of easier preparation, of greater repro­
ducibility and of lower resistance. However, a 
distinctly selective character is still present. 
Unlike the beidellite membranes described below, 
they are not sensitive to trivalent cations such as 
cerium.

In an attempt to secure even greater repro­
ducibility toward sodium, membranes were pre­
pared from another clay mineral, colloidal beidel­
lite.5 These membranes, whose preparation and 
properties are herein described, act as general 
cationic membranes. By their use we can look 
forward to the estimation of monovalent, divalent 
and possibly trivalent cations in pure solution. 
The present contribution is concerned chiefly with 
sodium. The application to calcium and other 
polyvalent cations will be considered in a later 
communication.»

Experimental
Preparation of Membranes.—The beidellite membranes 

were prepared using essentially the same procedure as has 
been described for those of montmorillonite. The start­
ing point was the heavy subsoil or B horizon of the Put­

(4) M arshall, J .  Phys. Chem., 43, 1155 (1939).
(5) The p repara tion  and  properties of clay films were first de­

scribed by H auser an d  le B eau [ibid., 42, 961 (1938)], who used ben­
ton ite  clay.

nam silt loam soil taken from an experimental field at 
Moberly, Missouri. This is a calcium-hydrogen soil con­
taining little organic matter. After treatment with hydro­
gen peroxide to remove the organic matter, the soil sus­
pension in water was dispersed by adding sodium hydrox­
ide to a pH  of 7. The clay fraction was decanted after 
standing for twenty-four hours or more, and was then 
passed through a Sharpies supercentrifuge running at 30,- 
00O r. p. m., at such a rate of flow that all particles larger 
than 0.2 y  in equivalent spherical diameter were retained. 
The suspension of <  0.2 y  clay which passed on was then 
concentrated by electrodialysis, the process being con­
tinued until all sodium and calcium were removed. The 
electrodialyzed clay was then diluted to 1-2% concentra­
tion. I t  was dispersed by being mechanically stirred for 
fifteen minutes at high speed and was then boiled to re­
move dissolved air. The hot suspension was poured into 
a shallow copper tray which had previously been rubbed 
over with a cloth saturated with neutral mineral oil. 
Evaporation was effected at about 80° by heating from 
above with an electric radiator. In this way a layer of 
suspension 1-2 cm. in depth evaporates to dryness and 
leaves a clay film 0.2-0.3 mm. in thickness which readily 
can be removed. This film consists of the mineral beidel­
lite,6 a clay of the montmorillonite group, but having a 
somewhat lower base exchange capacity than montmoril­
lonite itself.

The beidellite film is less flexible than that of montmoril­
lonite and, instead of using a cork borer, the membrane 
disks are prepared by breaking off corners from irregular 
fragments. They show some tendency to split or cleave 
parallel to the surface. They were mounted on the ground 
ends of 8-mm. Pyrex tubing with hard de Khotinsky ce­
ment or pliocene. Once mounted they showed remarkable 
stability and on soaking for only a few hours in salt solu­
tions the asymmetry potentials disappeared. Over 93% 
of the membranes thus prepared gave reproducible poten­
tials close to the anticipated values. Deviations of 1 milli­
volt were rarely found. Differences between individual 
membranes were most marked in the more concentrated 
and in the very dilute solutions.

The potentials were determined using saturated calomel 
electrodes with agar bridges on each side of the membrane. 
A known solution was placed inside the tube as standard. 
In some cases a silver chloride electrode was used with a 
standard chloride solution inside the membrane tube and a 
saturated calomel cell in the outer solution.

Special care was taken to make the liquid junction 
potentials as small and reproducible as possible. It was 
found, for instance, that a liquid junction potential of 
several millivolts could arise when a saturated calomel 
electrode with upturned agar tip was transferred from one 
solution of a sodium salt to another of different concentra­
tion. The reason for this was that in the first solution 
some potassium chloride was lost by diffusion and replaced 
by a more dilute mixture of potassium and sodium salts. 
This gave a junction potential against a second sodium salt 
solution; it diminished with time as more potassium chlo­
ride diffused toward the tip.

In making the final measurements, therefore, a calomel

(6) M arsha ll, Zeiischr. K ryst., A90, 8 (1935); A91, 433 (1935); 
M arsha ll, J .  P hys. Chem., 41, 935 (1937).
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cell was always used whose tip had been for some time in 
contact with saturated potassium chloride solution. A 
Leeds and Northrup thermionic amplifier was used in con­
junction with a calibrated ' ‘student” type potentiometer 
and individual measurements were made to 0.1 millivolt. 
The amplifier could be dispensed with where the total 
resistance was less than 20,000 ohms. The resistances 
were determined approximately by applying a known 
voltage and measuring the current.

Comparison of Membranes.—The qualitative 
characteristics of membranes prepared in differ­
ent ways are given in Table I.

It is evident that the effect of heat on the 
membrane characteristics is quite different for the 
two minerals. Further work will be needed to 
establish the exact causes of these differences in 
sensitivity to different cations.

In making quantitative comparisons of differ­
ent membranes it is necessary to use a single salt 
such as potassium chloride. For details of the 
graphical method employed see ref. 3.

0 1.0 2.0 3.0
Log l /a 2-

Fig. 1.—Experimental curves obtained with electro- 
dialyzed beidellite membranes dried to various tempera­
tures using potassium chloride solutions with an activity 
ratio a,i/ci2 = 3. The broken line is the theoretical curve 
for Uc/U a ~  1 and A — 1, A being the effective charge 
per unit volume of the membrane.

It will be seen from Fig. 1 that the beidellite 
membranes give curves lying farther to the right 
than those previously obtained with 490° mont­
morillonite.3 This indicates a smaller ionic charge

T a b l e  I

C h a r a c t e r i s t i c s  o f  C l a y  M e m b r a n e s  P r e p a r e d  i n  
V a r i o u s  W a y s

Ex­
change­

able
cation

T em p, of 
p re­

tre a tm e n t, 
°C.

A pproxim ate  
resistance 
(megohms) 

W et Dry®

Cations 
to  which 
sensitive

Montmorillonite
H 350 0.005-011 200 Mono-, divalent
H 490 1-10 400 Monovalent
H 550 Very low None

Beidellite
H 110 0.005 3 ! Mono-, di-, 

j trivalentH 600 0.012 \  15-45
H 750 0 .0 1 5 /
H 900 >1000 >1000

a Dry indicates an atmosphere of 50% relative humidity.

per unit volum e, approxim ately  0.5 for th e 550°
beidellite whereas the 490° montmorillonite was
1.0. This is probably to be accounted for by the 
lower exchange capacity of the beidellite. In 
consequence, agreement within 1 millivolt with 
the Nernst equation can only be expected for 
solutions less concentrated than N/30. Even 
with this limitation the beidellite membranes are 
to be preferred over the 350 or 490° montmoril­
lonite membranes where both can be used for the 
same ion. The beidellite membranes come to 
equilibrium with fresh solutions much more rap­
idly (within a few minutes, instead of after several 
hours), the initial asymmetry potentials disap­
pear more rapidly on soaking, and the individual 
differences between membranes are smaller. 
This last point can perhaps best be seen by a com­
parison of typical numerical results for montmoril­
lonite and beidellite membranes (Table II).

T a b l e  II
C o m p a r is o n  o f  I n d i v i d u a l  P o t e n t ia l s  f o r  350° M o n t ­
m o r il l o n it e  a n d  550° B e i d e l l i t e  M e m b r a n e s  i n  
S o d iu m  C h l o r i d e  S o l u t i o n s  a t  25°. T h e o r e t ic a l  

N e r n s t  P o t e n t ia l  i s  28.2 M i l l iv o l t s

A ctiv ity  ra tio 350° M ontm orilloniteai/d2 1 2 3 4 5

0.7101/0.2367 16.2 15.3 18.1 17.1 16.4
.2367/ .0789 23.0 20.5 24.2 22.9 22.0
.0789/ .0263 27.1 26.5 27.0 27.7 27.0
.0263/ .0088 29.0 28.1 28.4 29.2 28.9
.0088/ .0029 26.5 26.5 27.3 27.1 26.7
.0029/ .0010 27.6 27.2 27.1 27.6 27.3

550° Beidellite
0.7107/0.2367 16.3 16.0 15.8 16.7 16.6

.2367/ .0789 23.4 23.9 24.8 25.5 25.6

.0789/ .0263 27.5 27.2 27.6 27.6 27.5

.0263/ .0088 28.3 28.2 28.8 28.6 28.5

.0088/ .0029 28.4 28.3 28.4 28.3 28.3

.0029/ .0010 27,9 27,7 28.5 28,0 28,4
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In Fig. 2 the results for sodium chloride solu­
tions are presented, using the same 1:3 ratio of 
cationic activities as for potassium chloride in 
Fig. 1. It can be seen that the 550° beidellite 
membranes are superior both to the 750° beidel­
lite and the 350° montmorillonite membranes.

Comparison of Different Sodium Salts.— 
Table III gives the mean potentials obtained for 
beidellite membranes with sodium salts. At 
least six membranes were used in each case. 
The standard solution used throughout was 0.1 A" 
sodium chloride which gives an activity a,\ of
0.0789.

T a b l e  III
M e a n  P o t e n t ia l s  O b t a i n e d  w i t h  B e i d e l l i t e  M e m ­
b r a n e s  i n  S o d iu m  S a l t  S o l u t i o n s  (ai — 0.0789 Na+)

Tem p, of 
p re trea t­
m ent, °C. S a lt

A ctiv ity
of

N a + in  a,2

Observed
potential,

mv.

Calcd.
po ten tia l,

mv.

550 NaCl 0.0266 27.5 27.9
NaCl .00864 56.8 56.8
NaCl .00292 83.7 84.7
NaCl .00091 111.4 113.0

630 NaCl .0263 27.5 28.2
NaCl .00877 56.1 56.4
NaCl .00292 83.7 84.7
NaCl .00097 1 1 1 .2 112.9

550 Na2S 04 .0386 18.8 18.4
Na2S04 .00915 55.5 55.4
Na2S04 .00458 72.9 73.2

630 Na2S 04 .0386 18.5 18.4
Na2S 04 .00915 55.2 55.4
Na2S 04 .00458 72.9 73.2

550 Na citrate .0395 2 1 .2 17.8
Na citrate .00875 58.3 56.5
Na citrate .00452 75.4 73.5

630 Na citrate .0395 2 1 .0 17.8
Na citrate .00875 57.6 56.5
Na citrate .00452 74.6 73.5

610 Na4Fe(CN)6 .0410 16.8 16.8
Na4Fe(CN)6 .00916 55.1 55.9
Na4Fe(CN)8 .00475 71.2 72.1

Excellent agreement is found except in the case 
of the more concentrated solutions of sodium cit­
rate where the experimental values are consist­
ently high. It does not appear that this can be 
due to the high valence of the anion, since ferro- 
cyanide gives almost perfect values. However, 
it has been shown7 that sodium citrate solutions 
give low osmotic pressures at concentrations above 
25 millimoles per liter. It seems logical, there­
fore, to assume that the activity of part of the 
sodium is reduced by some kind of complex forma­
tion.

(7) Adie, J .  Chem. Soc., 69, 344 (1891).

1.0 2.0 3.0
Log l / a 2.

Fig. 2.—Experimental curves obtained with different 
membranes using sodium chloride solutions with an 
activity ratio a\/a2 =  3.

The Behavior of Cationic Mixtures.—In Part 
I3 it was pointed out that the potentials estab­
lished when a potassium salt is present on one 
side of the membrane and a sodium salt on the 
other may depend on the relative mobilities of the 
cations as well as on their activities. The exact 
relationship may be derived in two ways.

(1) In the range over which the membrane gives 
Nernst potentials for single salts, we can start 
out from the general Henderson equation for a 
liquid junction potential and incorporate the sim­
plifying assumption that the mobility of the an­
ions is negligible compared with that of the cat­
ions. For instance, with potassium chloride on 
one side of the membrane and a mixture of po­
tassium and sodium chlorides on the other, the 
potential is given by the equation

p  «  E l l r ,  u *a 'K
F m UKa"k +  UNaa"Na (1)

If sodium chloride alone is present on one side of 
the membrane this reduces to the form

E  = R T  UKafK 
F m IW 'N a (2)

Here the mobilities, represented by UK and Z7Na 
are those of the respective cations within the 
membrane. These values are not necessarily 
those of the cations in pure water.

Using the Henderson equation as the starting 
point, more' general cases can be dealt with. If 
the cation x accompanying potassium on the one 
side of the membrane has a valence n, then the 
equation becomes
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F _ R T  UKa"k +  Uxa \  -  VKa'K 
F UKa ,fK +  nUxa”x -  O W k

U k c l ' k  /0x

t W 'K +  W
and when there is only the polyvalent cation x 
on one side and potassium on the other, this re­
duces to

R T  Uxa"x — Uk^ 'k . Ukci'k 
^  ~  F nUxa"x -  UKa'K nUxa \  W

(2) An expression covering also the higher con­
centrations for which Nernst potential is not at­
tained has been derived for binary salts by Meyer 
and Sievers.8 In this equation the effective 
charge A of the membrane and the solubilities of 
the two salts in the membrane are additional 
variables. For those cases in which A is large 
compared with the cationic activities and in ab­
sence of solubility changes this equation reduces 
to the same form as (2) above.

These equations lend themselves readily to 
experimental verification and by their use the 
ratios of the mobilities of the cations within the 
membrane may be determined. For monovalent 
ions the most accurate procedure is to determine 
the mobility ratio under the conditions of Eq. 2 
with one electrolyte on each side of the mem­
brane. The validity of Eq. 1 may then be tested 
with mixtures using the determined value of the 
mobility ratio. It will be seen from Eq. 4 that 
for polyvalent cations the conditions are less 
favorable. However, if the activity of the mono­
valent ion is small compared with that of the poly­
valent ion a satisfactory value of the mobility 
ratio should be obtained.

In Table IV, several determinations with 
monovalent cations are assembled. From the 
potentials the mobility ratios were calculated and

T a b l e  IV
D e t e r m i n a t io n  o f  C a t io n i c  M o b i l it y  R a t io s  w i t h i n  

t h e  M e m b r a n e s
M em ­
brane
tem p ..

°C .
C ations an d  activ ities  

In side  ai  O utside 02

P o ten ­
tia l,
m v.

M obility
ratio

U 2/ U 1

B eidellite
600 K  + 0 .0270 N a  + 0 .0263 2 6 .0 0 .373
550 K  + .0270 N a  + .0263 26 .1 .371
630 K + .0270 N a  + .0263 2 4 .5 .396
600 K  + .0270 N a  + .00877 53 .7 .372
600 K  + .0270 N a  + .00292 7 8 .2 .430
600 K  + .0090 N a  + .00877 2 5 .4 .395
600 K  + .0090 N a  + .00292 5 1 .5 .409

M ean  value V N a /^ K = .392
610 N a  + .00877 H  + .000068 7 2 .4 .130
610 N a  + .00877 H  + .000135 5 5 .4 .134
610 N a  + .00877 H  + .000851 5 .0 .119

M ean  value C^Na/C^H = .128

(8) M eyer an d  Sievers, H e lv . C h im . A d a ,  19* 649 (1936)*

these display reasonable constancy. Some varia­
tion of the mobility ratio with concentration 
might be expected. However, in Table IV the 
range covered runs only from about N / 30 down­
ward and the figures show no definite trend. In 
pure aqueous solutions also the variation in trans­
port number is small for concentrations below 
N /  20.

Values of the mobility ratios obtained are used 
in Table V in order to compare the experimental 
with the theoretical potentials.

The use of the mean mobility ratios 
and UNa/ Uh lead to excellent agreement between 
the observed and calculated potentials when 
measurements are made with a pure salt solution 
on one side of the membrane and a mixture on the 
other.

T a b l e  V
P o t e n t ia l s  O b t a i n e d  w i t h  M i x t u r e s  o f  C h l o r i d e s  o f

M o n o v a l e n t  C a t io n s , B e i d e l l i t e  M e m b r a n e s

M em - Po ten tia l,
brane mv.

tem p., C ations an d  activ ities  Ob-
°C. Inside O utside served Calcd.
600 0 .0270 K  + 0.00095 N a  + 0.00095 76 .9 77 .3
550 K  + .0270 K  + .00095 N a  + .00095 7 7 .0 77 .3
630 K + .0270 K  + .00095 N a  + .00095 7 6 .6 7 7 .3
630 K  + .0270 K  + .00884 N a  + .00443 2 3 .4 2 4 .0
630 K  + .0270 K  + .00442 N a  + .00877 3 1 .5 3 1 .5
610 N a  + .00877 N a  + .00097 H  + .000068 4 6 .9 4 5 .3
610 N a  + .0877 N a  + .00097 H  + .000891 3 .5 2 .8

It is evident from the foregoing that the simple 
type of Nernst formula used in calculating the 
clay titration curves in Parts II and IV is inade­
quate. However, the difference in actual result 
between it and the correct expression involving 
the mobility ratio is negligible, except for those 
first additions of potassium or ammonium hy­
droxide which bring the clay to a pH below 4.5.

Acknowledgment.—The authors are indebted 
to the Research Council of the University of 
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Summary
1. Clay membranes have been prepared which 

are sensitive only to monovalent cations (H- 
montmorillonite 490°); to monovalent and di­
valent cations (H-montmorillonite 350°); and to 
mono, di and trivalent cations (H-beidellite 600°).

2. For sodium estimations, beidellite mem­
branes gave excellent reproducibility. The po­
tentials obtained with solutions less concentrated 
than 0.03 N  were within 1 millivolt of those cal­
culated using the Nernst equation.
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3. Sodium chloride, sulfate and ferroeyanide 
gave practically the theoretical potentials whereas 
low values were obtained with sodium citrate. 
This is ascribed to complex formation.

4. The behavior of mixtures of cations can be 
predicted and the mobility ratios of the cations

wTithin the clay membranes have been determined 
experimentally in certain cases. Using these 
values, the experimental and theoretical poten­
tials for mixtures of cations are found to be in good 
agreement.
C o l u m b ia , M i s s o u r i  R e c e i v e d  M a y  4, 1942

[C o n t r i b u t io n  f r o m  t h e  S c h o o l  o f  C h e m is t r y  o f  t h e  I n s t i t u t e  o f  T e c h n o l o g y  o f  t h e  U n i v e r s i t y  o f  M i n n e s o t a ]

Crystal-Chemical Studies of the Alums. IV. Coefficients of Linear Thermal
Expansion1

B y H arold P . K lug and L eroy  A lex a n d er

In the systematic study of the crystal chemis­
try of the alums now in progress in this Labora­
tory, as many as possible of the physical and 
chemical properties of their crystals are being in­
vestigated. The only thermal expatision data on 
the commoner alums seem to be the somewhat 
uncertain results of Spring,2-4 who determined 
the change in density with temperature for several 
alums, and calculated the volume changes there­
from. Spring concluded that his earlier values2'3 
were vitiated by partial dehydration of the alums 
and repeated the measurements.4 He was un­
willing, however, to claim that his final results 
solely expressed the volume change brought 
about by thermal expansion because of the pos­
sibility of some dissociation of the hydrates with 
increasing temperature.

In view of the uncertainty of these results, and 
of the ease with wThich such measurements can be 
made by means of X-ray diffraction, it seemed de­
sirable to determine the coefficients of expansion 
of a few alums by the X-ray technique. Since 
the characteristic powder diffraction pattern of 
the alums is particularly sensitive to the effects of 
dehydration,1 the X-ray method presents an im­
portant advantage over the pyknometric and dila- 
tometric methods. This communication presents 
the results of such measurements, for the approxi­
mate temperature range 20 to 50°, on the following 
alums: KA1(S04)2-12H20, NH4A1(S04)2-12H20,
T1A1(S04)2-12H20  and NH4Cr(S04)2*12H20.

Experimental
The potassium and ammonium alums used were 

from lots prepared for a previous study.5 The
(1) Paper III , T his  J o u r n a l , 62, 2993 (1940).
(2) Spring, Bull, classe sci. acad. roy. belg., [3J 3, 331 (1882).
(3) Spring, Ber., 16, 1254 (1882).
(4) Spring, ibid., 17, 408 (1884).
(5) K lug and  A lexander, T in s  J o u r n a l , 62, 1492 (1940).

thallium alum was a sample prepared by Dr. N. O. 
Smith,6 and presented by Professor J. E. Ricci for 
an earlier study.1 The ammonium chrome alum 
was the reagent grade salt used without further 
purification.

The experimental technique followed was that 
of Straumanis and co-workers,7 which involves 
precision determination of the lattice constants 
at two different temperatures by thermostating 
the camera. Details of the thermostat and X-ray 
technique have been described previously.6*7 
FeK radiation was used throughout the study ex­
cept in the case of the chrome alum where CrK 
radiation was used.

Results
The mean coefficient of linear thermal expan­

sion ce, the average increase per unit length per 
degree centigrade, can be obtained from the ex­
pression

_ dti Qt\
(Lti(h ■“ t\)

where at is the lattice constant at the correspond­
ing temperature t .

The results of the study are tabulated in Table
I. For each alum the temperatures and corre­
sponding lattice constants of the separate deter­
minations are listed together with the mean value 
of a TO6 obtained by using all possible combina­
tions of lattice constants separated by at least a 
25° interval. The error is expressed as the prob­
able error of the mean.

Spring gives no data which can be compared di­
rectly with the values of a in Table I. When his 
best data4 are recalculated, they lead to the follow­

er)) H ill, Sm ith and Ricci, ibid.,  62, 858 (1940).
(7) S traum anis, lev ins and  K arlsons, Z .  anorg. allgem. Chem.,  238, 

175 (1938).
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T a b l e  I
Lattice Constants and Coefficients of Expansion of the Alums between 20-50 °

K A 1(S04)2-12H 20 N H 4AI (SO4) 2’ I2H2O Tl Al (SO4) 2* 12H2O N  HUCr (SO4) s* 12H2O
T em p., °C. a, A. T em p., °C. a, A. Tem p., °C. a, A. T em p., °C. fl, A.

19.3 12.1333 19.2 12.2141 18.8 12.2047 22.1 12.2501
19.9 12.1335 19.4 12.2142 19.0 12.2045 25.0  12.2510
25 .0 12.1336 19.5 12.2148 19.1 12.2040 50.5  12.2539
50 .5 12.1372 50.4 12.2180 25.0 12.2050 51.1 12.2543
51.1 12.1378 50 .8 12.2181 50.6 12.2095
52 .2 12.1373 51.4 12.2179 51.1 12.2093
arlO6 = 11.0 =b 0.3 o r l  06 = 9.5 0.2 « •  106 = 13.1 ±  0.3 oulO6 =  10.6 *  0.4

ing values of a  ;106 for the first three alums listed 
above: 3.3, 6.8 and 18.3, respectively. These 
values are of the right order of magnitude but, 
otherwise, are in poor agreement with the X-ray 
values. No data are available for comparison 
with the result for ammonium chrome alum.

Potassium chrome alum was also studied at this 
same time but the inability, after numerous a t­
tempts, to get photographs in the vicinity of 50° 
without dehydration led to its abandonment.

The authors wish to express their thanks and 
appreciation to Dr. N. O. Smith and Professor
J. E. Ricci for the sample of thallium alum. They

also wish to acknowledge with gratitude a grant 
from the Graduate School of the University of 
Minnesota under which this study was carried out.

Summary
The linear thermal expansion coefficients a for 

several alums have been measured for the ap­
proximate range, 20-50°, by means of X-ray dif­
fraction. The values of a TO6 observed are as 
follows: potassium alum, 11.0 =*= 0.3; ammonium 
alum, 9.5 =*= 0.2; thallium alum, 13.1 =*= 0.3; 
and ammonium chrome alum, 10.6 =*= 0.4.
M inneapolis, M innesota R eceived April 27, 1942

[Contribution from the D ivision of Chemistry, College of A griculture, U niversity of California]

The Vapor Phase Photo Decomposition of Methyl Formate
B y D avid  H. V olm an1

Recently, experiments on the photolysis of 
methyl formate have been reported by Royal and 
Rollefson.2 Experiments on this same problem 
had been in progress in this Laboratory. The re­
sults for the photolysis products in this investiga­
tion are in substantial agreement with those gi ven 
by Royal and Rollefson. In addition, data on the 
determination of methanol in the reaction prod­
ucts, and an approximate evaluation of the quan­
tum  yield for the reaction were obtained.

In a subsequent paper on the photolysis of 
methyl acetate, Roth and Rollefson3 have given 
data on the determination of methanol as a pho­
tolysis product by oxidizing the alcohol to for­
maldehyde and treating with Schiff reagent. 
However, they were unable to analyze for the 
small amounts of methanol usually obtained in 
the decomposition runs, and were forced to obtain

(1) On leave of absence. P resen t address: T he  Technological
In s titu te , N orthw estern  U niversity , E vanston , Illinois.

(2) R oyal and Rollefson, T h is  J o u r n a l , 63, 1521 (1941),
(3) R o th  and Rollefson, ibid., 64, 490 (1942),

comparatively large amounts of decomposition 
products by carrying out the reaction in a three- 
liter bulb. The method given below using a Gri­
gnard reagent suffices for the small amounts 
usually obtained and enables analyses to be made 
for all of the decomposition experiments con­
ducted.

Experimental Method
The apparatus employed was essentially the 

same as already reported.4 The source of radia­
tion was an Hanovia Alpine mercury lamp. 
Quantum yields were determined approximately 
by using monochloroacetic acid as an actinometer 
in a manner previously described4,5 using the re­
liable value for the hydrolysis quantum yield 
given by Smith, Leighton and Leighton.6

Methyl formate was synthesized by allowing 
formic acid and methanol to react in the presence

(4) Volman, ibid., 63, 2000 (1941).
(5) W eizm ann, Bergm ann and H irshberg, ibid., 58, 1675 (1936).
(6) Sm ith, Leighton am i Leighton, ibid., 61, 2299 (1939).
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of hydrochloric acid. The methyl formate was 
removed by distillation and washed with concen­
trated potassium hydroxide. After a second dis­
tillation, the ester was dried over phosphorus 
pentoxide and fractionated. The fraction used 
distilled at 3 l.S-32.00.

After irradiation for definite periods, the gases 
non-condensable in a liquid-air trap were col­
lected by means of a Toepler pump and analyzed 
by the use of a Blacet-Leighton apparatus for 
micro gas analysis.

The following method was used in analyzing for 
methanol. A methyl Grignard reagent in ethyl 
ether solution was placed in a trap connected to 
the photolysis apparatus by means of a stopcock. 
Prior to an experiment the Grignard reagent was 
thoroughly outgassed and frozen by use of liquid 
air. When it was desired to analyze for methanol, 
the condensable reaction products plus undecom­
posed ester were distilled into the trap containing 
the Grignard reagent. Then the mixture was 
allowed to warm to room temperature and suc­
cessively frozen and warmed several times. 
Finally, the non-condensable gas, methane, was 
collected and determined, both by volumetric 
measurement and by combustion.

An attempt was made to produce hydrogen 
from methanol by passing the photo-decomposi­
tion products over a sodium mirror. However, 
the results were not reproducible and were con­
sistently lower than expected or found by the 
Grignard reagent method.

Complete analytical results and values of de­
composition quantum yield, 4>d, are given in the 
accompanying table. The pressure of methyl 
formate was 75.0 mm. in each experiment. Irra­
diation was for twenty minutes at 25°, and ap­
proximately 600 cu. mm. of gas was collected 
each time. 4>d is based on the sum of carbon di­
oxide and carbon monoxide.

T a b l e  I

M e t h y l  F o r m a t e  P h o t o l y s is  P r o d u c t s  a n d  Q u a n t u m  
Y i e l d s

CO, h 2, CH4, CO2, C2H«, CH3OH,
% % % % % %

41.3 10.3 5.1 15.0 1.3 27.2 0.7
40.5 9.3 5.6 14.9 0.7 29.1 .7
39.1 9.0 6 . 0 14.9 1 . 6 29.5 . 8
38.2 9.3 7.3 14.4 0.9 29.9 . 8

Discussion
The demonstration that methanol is produced 

in the photolysis of methyl formate is evidence 
that

HCOOCHs — ^  CO +  CH3OH

one of the net reactions postulated by Royal and 
Rollefson,2 does occur.

The reaction products were found to be the 
same as previously reported.2 The small varia­
tion in the mole percentages of the non-condens­
able products from the values given by Royal and 
Rollefson may be attributed to the difference in 
experimental details, especially pressure of methyl 
formate and time of illumination.

The variety of products indicates that the over­
all photolysis is complex. However, since $d is 
less than unity, no appreciable chains are in­
volved.

Summary

1. The presence of methanol in the photolysis 
products of methyl formate has been shown.

2. The decomposition quantum yield for the 
photolysis was found to be approximately 0.75 
for an ester pressure of 75.0 mm. at 25°.

3. The reaction products were found to have 
the following average values: H2, 9.5%; C O , 

40.0%; CH4, 6.0%; C 02, 14.8%; C 2H 6, 1.1%; 
CH3OH, 29.0%.
D a v i s , C a l if o r n ia R e c e i v e d  M a y  18, 1942
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[C o n t r i b u t i o n  f r o m  t h e  D e p a r t m e n t  o f  C h e m is t r y  o f  t h e  U n i v e r s i t y  o f  T e x a s ]

The Compressibility of Liquid n~Octane
B y W . A. F elsing  and G eorge M . W a tso n1

Introduction.—This investigation forms a part 
of the general program of this Laboratory of de­
termining the pressure-volume-temperature re­
lations for pure hydrocarbons and of their known 
mixtures, both in the liquid and gaseous state. 
Reports have been made on some of the isomeric 
hexanes.2 In addition to the normal octane here 
reported, work is in progress on 2,2,4-trimethyl- 
pentane and on tetramethylbutane. The results 
on these octanes and on the remaining hexanes 
will be reported soon.

This investigation deals with the compressibility 
of pure n-octane at eight temperatures: at 25° in­
tervals beginning with 100° and including 275°. 
No data over this range were found in the litera-

1.56 1.76 1.96 2.16
Specific volume, cc./g.

Fig. 1.—Specific volume of liquid n-octane as a function 
of the pressure (solid points from the data of Young3).

(1) R esearch  A ssistan t, P ro jec t N o. 1, U niversity  of Texas R e­
search In s titu te .

(2) K elso w ith  Felsing, T h is  J o u r n a l , 62, 3132 (1940); J . In d .
Eng. Chem., 34, 161 (1942).

ture; vapor pressure and density data up to criti­
cal temperature (/c =  296.2°) and pressure (pc = 
24.61 atm.) were recorded by Young.3

Method and Apparatus.—The dead-weight piston gage 
method and apparatus has been described elsewhere.2,4 
Minor improvements in accessory apparatus have been

T a b l e  I

C o m p r e s s i b i l i t y  o f  L i q u id  w-O c t a n e  
Molecular weight, 114.224; pressures are in normal at­

mospheres and temperatures are on the International Tem-
perature Scale.®

Press.,
a tm .

M o les /
C c./g . liter 

100.00°

M o les/
C c./g . liter 

125.00°

M o les/ 
C c./g . lite r 

150.00°
5.0 1.569 5.580 1.629 5.374 1.697 5.159

10.0 1.564 5.598 1.624 5.391 1.690 5.180
15.0 1.561 5.609 1.620 5.404 1.685 5.196
20.0 1.559 5.615 1,617 5.414 1.681 5.208
25.0 1.557 5.623 1.615 5.421 1.678 5.217
30.0 1.555 5.630 1.612 5.431 1.675 5.226
50.0 1.547 5.659 1.602 5.465 1.662 5.268

100.0 1.530 5.722 1.580 5.541 1.634 5.358
150.0 1.514 5.782 1.560 5.612 1.610 5.438
200.0 1.501 5.833 1.544 5.670 1.589 5.510
250.0 1.489 5.880 1.529 1.726 1.571 5.573
300.0 1.477 5.923 1.516 5.775 1.554 5.634

175.00° 200.00° 225.00°

5.0 1.780 4.918
1 0 .0 1.771 4.943 1.870 4.681 2.004 4.369
15.0 1.764 4.963 1.859 4.709 1.987 4.406
2 0 . 0 1.759 4.977 1.849 4.735 1.971 4.441
25.0 1.754 4.991 1.841 4.755 1.957 4.473
30.0 1.749 5.005 1.833 4.776 1.946 4.499
50.0 1.732 5.055 1.808 4.842 1.906 4.593

1 0 0 .0 1.697 5.159 1.760 4.974 1.836 4.768
150.0 1.664 5.261 1.721 5.087 1.788 4.902
2 0 0 .0 1.638 5.345 1.689 5.183 1.747 5.011
250.0 1.616 5.417 1.663 5.264 1.714 5.108
300.0 1.596 5.485 1.640 5.338 1 .6 8 6 5.192

250.00° 275.00°
5.0

1 0 .0
15.0 2.180 4.016
20.0 2.149 4.074 2.484 3.524
25.0 2.122 4.125 2.388 3.666
30.0 2.099 4.171 2.336 3.748
50.0 2.032 4.308 2.199 3.981

1 0 0 .0 1.928 4.541 2.033 4.306
150.0 1.863 4.699 1.944 4.503
200.0 1.814 4.826 1.883 4.649
250.0 1.775 4.932 1.834 4.773
300.0 1.743 5.023 1.795 4.877
° Burgess, Bur. Standards J. Research, 1, 635 (1928).
(3) Young, J . Chem. Soc., 77, 1145 (1900).
(4) B eattie, Proc. A m . Acad. A rts  Sc i., 69, 389 (1934).
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made; the most important change was the development of 
a more convenient contact indicator.

Material Used.—The w-octane sample used in this work 
was prepared under the direction of Professor C. E. Boord 
of the Department of Chemistry of the Ohio State Univer­
sity as part of the American Petroleum Institute Hydro­
carbon Research Project in the Industrial Research Foun­
dation of the University. The material was stated to have 
the following constants: d (g./cc.) at 20° = 0.7019
(0.7019); f. p. = -56.90°; b. p. (normal) = 125.6°; and 
n20d 1.3976 (1.39758); the values in parentheses were ob­
tained by the authors of this paper.

The Data.—The experimental results are presented 
graphically in the accompanying figure, specific volumes 
(cc./g.) as functions of the pressure at different tempera­
tures. From such large-scale graphs, the specific volumes 
at each temperature were read off at rounded pressures; 
these values, together with the calculated molar densities, 
are presented in Table I. Specific volumes of the liquid 
in contact with the saturated vapor at the different tem­
peratures and corresponding vapor pressures are presented 
in Table II.

Table II
Specific Volumes of Liquid w-Octane in  Contact with 

its Saturated Vapor
Tem p., °C. V apor press., a tm . Cc./g.

1 0 0 .0 0 1 .0 0 1.574°
125.00 1 .0 0 1.634°
150.00 1 .8 8 1 .702&
175.00 3 .30 1.783*
2 0 0 .0 0 5.40 1.882*
225.00 8 .44 2.009*
250.00 12.63 2.196*
275.00 18.34 2.518*

° Calculated from the equation listed in “I. C. T.,” Vol. 
I ll , p. 29. 6 “I. C. T.,” Vol. I l l ,  p. 245, or ref. 3.

Discussion of Results.—The density data are 
believed to be accurate to 0.10% at the lower pres­
sures and temperatures and to 0.1 to 0.2% at the 
higher pressures and temperatures. The uncer­

tainty in the measurement of pressures is less than
0.03%, in the determination of mass less than
0.01%, and the measurement of volume from 0.05 
to 0.1%. Temperature measurements are correct 
at least to 0.01°. At 250° and 275°, there was 
evidence of decomposition; after keeping the oc­
tane at these temperatures for twenty-four hours, 
the densities at the same pressures showed a slight 
decrease. The density-pressure values listed in 
the table for these temperatures were determined 
as rapidly as possible and with the precision in­
dicated. Hence the density data for these tem­
peratures are believed to be accurate to 0.2%. 
An inspection of the figure reveals that an extra­
polation of the data at the different temperatures 
yields results in splendid agreement with the boil­
ing-point densities recorded by Young.3

Acknowledgments.—The authors wish to ex­
press their appreciation to Dr. George Calin­
gaert of the Ethyl Gasoline Corporation and to 
Professor Cecil E. Boord of The Ohio State Uni­
versity for the donation of the sample of the 
pure octane. They also wish to acknowledge 
with thanks the grants received from the Uni­
versity of Texas Research Institute for equip­
ment and research assistance.

Summary
1. The compressibility of liquid n-octane has 

been determined at 25° intervals from 100 to 275° 
at pressures ranging from the vapor pressures to 
approximately 300 atmospheres.

2. The data are presented tabularly and 
graphically, the specific volume being related to 
the pressure at different temperatures.
Austin, T exas R eceived M ay 8, 1942
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The Dissociation of Hexaarylethanes. XII.1 The Effect of Naphthyl and Biphenyl
Groups

B y C. S. M a rv el , J ohn  W . Shackleton , C h ester  M. H im el  and  J ohn  W hitson

Work by Bachmann and Kloetzel2 has indicated 
that the very high dissociations reported in the 
older literature for triarylmethyls containing p -  

biphenyl, a-naphthyl and /3-naphthyl groups are 
in error. This communication confirms their re­
sults and extends them to a larger number of de­
rivatives. The dissociations were measured by 
the magnetic susceptibility method previously 
described.8

To be comparable degrees of dissociation should 
be measured at the same concentration. This is 
not always possible because of solubility difficul­
ties. It is possible, however, to calculate all the 
dissociations at 0.1 molar concentration by ap­
plying the mass law. That this calculation is 
justified for toluene solution has been shown re­
cently by Preckel and Selwood.4 We have ex­
tended this to benzene solutions and determined 
the degree of dissociation of di-a-naphthyltetra- 
phenylethane at 25° at different concentrations. 
The results of these experiments are given in 
Table I.

T a b l e  I

D is s o c ia t i o n  o f  D i - oi-n a p h t h y l t e t r a p h e n y l e t h a n e  a t  
25 ° i n  B e n z e n e  S o l u t i o n

%
E th an e M olarity

— x  Sol. 
X 106 %

a  a t  0.1 M  calcd. 
from  mass law, %

7.0 0.107 0.6315 25 =*=2 26 =*=2
6.63 .1 .6296 27 =*=2 27 =*=2
3.34 .05 .6550 36 ±2 27 =*=2
1.67 .025 .6755 45 ±4 26 =*=3
0.839 .0125 .6852 66=*= 7 29 =*=5

The aryl substituted ethanes which have been 
studied are reported in Table II.

Discussion of Results
All except one of the ethanes have been studied 

previously, and our methods of preparation and 
the properties of the intermediates in general 
checked those reported. The new ethane, di- 
phenyltetra-/3-naphthylethane, was prepared by 
standard procedures and characterized as the 
peroxide. Bachmann and Kloetzel measured the 
molecular weight in freezing benzene and calcu­
lated the dissociation of di-^-biphenyltetraphenyl - 
ethane as 16% at 0.032 M, of hexa-£-biphenyl- 
ethane as 76% at 0.0086 M\ of di-a-naphthyl- 
tetraphenylethane as 28-31% at 0.04 M, and of 
di-jö-naphthyltetraphenylethane as 6-9% at 0.04
M. If these values are calculated to 0.1 M  by 
means of the mass law they become 9, 36, 20 and 
5%, respectively. These values are in fair agree­
ment with the values determined by the magnetic 
susceptibility method.

It should be noted that Müller, Müller- 
Rodloff and Bunge,5 have shown that tri-^-bi- 
phenylmethyl is 100% free radical in the solid 
state. Apparently the free radical is less soluble 
than the ethane and in the solid state only the one 
phase exists, whereas in solution the radical and 
ethane are in equilibrium.

The dissociations of the series of /3-naplithyl de­
rivatives show that there is a steady increase in 
dissociation as the number of /3-naphthyl groups 
increases, but the degree of dissociation of the 
hexa-substituted compound is less than that re­
ported by Tschitschibabin and Korjagin.6 The 
marked difference in the dissociation of the di-/3-

T a b l e  II
E th an e M

Concn. e thane, 
% ~ X  Sol. X 

106
a  M easured , 

%
a  calcd. a t  
0.1 M , %

Tetra-^-biphenyldiphenyl- 0.1 8 .9 0.6539 1 8 *  2 18=±= 2
Hexa-£-biphenyl- .0125 1.34 .6874 5 6 * 1 0 26=*= 5
Di-/3-naphthyl tetraphenyl- .1 6 .16 .6887 6 *  2 6=*= 2
Tetra- /3-naphthyldiphenyl- .1 7 .85 .6668 1 3 *  2 13=*= 2
Hexa-/3-naphthyl- .0062 0 .56 .6928 8 0 * 1 5 21 =*=10

.0125 1.113 .6869 5 3 * 1 0 24=*= 5
Di-a'-naphthyldi-£-biphenyldiphenyl- .1 8 .3 .5512 5 4 *  2 54=*= 2

(1) F o r the  eleventh  com m unication  in  th is  series see T h is  J o ur - naphthyl derivatives (6 2%) and of the di-a-
n a l , 63, 1892 (1941).

(2) B achm ann an d  K loetzel, J . Org. Chem., 2, 362 (1937). naphthyl derivative (26 =*= 2%) indicates again
(3) M üller, et al., A n n ., 620, 235 (1935); 521, 89 (1935); R oy  and 

M arvel, T h is  J o u r n a l , 59, 2622 (1937).
(4) Preckel an d  Selwood, ibid., 68, 3397 (1941).

(5) M üller, M üller-R odloff and  Bunge, A n n ., 620, 251 (1935).
(6) T sch itsch ibab in  and  K orjagin , J . Prakt. Chem., 88, 505 

(1913).
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the importance of the steric factor. This was also 
pointed out by Preckel and Selwood.4

Another point which should be emphasized is 
that there is a difference in the di- and tetra-sub- 
stituted /3-naphthyl derivatives (6 and 13%), 
whereas in the alkyl substituted compounds in 
this general series these differences between di- 
and tetra-substituted compounds were not found.1 
However, the hexa-substituted derivatives in the 
alkyl and aryl series all seem to fall in about the 
same range (25-35%). From the data of Gomberg 
and Schoepfle7 it seems likely that our 0.1 M  
solutions of di-a-naphthyltetraphenylethane were 
supersaturated.

All of the aryl-substituted ethanes except tetra- 
^-biphenyldiphenylethane were relatively stable 
as indicated by the constant value for their mag­
netic susceptibilities over twenty-four hour pe­
riods. Tetra-£-biphenyldiphenylethane solutions 
deposited heavy white crystalline precipitates in 
twenty-four hours. Hexa- /3-naphthyle thane
showed a decrease in color and a change in mag­
netic susceptibility on exposure to diffused day­
light over a period of one week.

(7) Gomberg and Schoepfle, T h is  J o u r n a l , 39, 1652 (1917).

The following new compounds were character­
ized :

Phenyldi- /3-naphthylmethy lperoxide, m. p.
168-169°.

Anal. Calcd. for C^HgsOs: C, 90.25; H, 5.30. 
Found: C, 90.12; H, 5.84.

Phenyldi-^-biphenylmethylperoxide, m. p. 151- 
152°.

Anal. Calcd. for C12H46O2: C, 90.51; H, 5.59. 
Found: C, 90.54; H, 5.94.

Phenyldi-/3-naphthylmethylchloride, m. p. 159- 
160°.

Anal. Calcd. for C27H17CI: Cl, 9.42. Found: 
Cl, 8.92.

Summary
The degrees of dissociation of several hexa- 

phenylethanes combining a-naphthyl, /3-naphthyl 
and p -biphenyl radicals have been examined by 
the magnetic susceptibility method. The disso­
ciations observed are lower than reported in the 
older literature. The difference in the effect of an 
a- and a /3-naphthyl group on, the degree of disso­
ciation is very marked.
U r b a n a , I l l in o i s  R e c e iv e d  M a y  18, 1942

[C o n t r i b u t io n  f r o m  t h e  L a b o r a t o r y  o f  O r g a n ic  C h e m i s t r y  o f  t h e  U n i v e r s i t y  o f  W i s c o n s i n ]

The Preparation of Orthoesters
B y S. M . M cE lvain and J. W alter  N elson

The work in this Laboratory to date indicates 
that the only general method that is available for 
the preparation of ketene acetals of the type 
RCH=C(OEt)2 involves the elimination of the 
elements of ethyl hypohalite from an a-halo- 
genated orthoester by the action of metallic so­
dium.1 Consequently, the preparation and study 
of these higher ketene acetals are dependent upon 
the availability of the corresponding orthoesters 
as starting materials. The present paper is a 
summary of a large number of experiments which 
had as their objective practical and reliable pro­
cedures for the preparation of the esters of ortho 
acetic acid, certain of its derivatives and higher 
homologs.

Two methods of preparation of orthoesters that 
would seem to be of general applicability have 
been reported in the literature. One of these is

(1) Walters and M cElvain, T h is  J o u r n a l , 62, 1482 (1940).

the Tschitschibabin procedure2 which involves 
the reaction of a Grignard reagent with ethyl 
orthocarbonate

RMgX +■ C(OEt)4---->- RC(OEt)3 -f EtOMgBr
This procedure is analogous to the widely used 
Tschitschibabin method for the preparation of 
acetals by the reaction of a Grignard reagent with 
ethyl orthoformate, HC(OEt)3. While the latter 
reaction is a very useful preparational method, all 
of the experience in this Laboratory points to the 
conclusion that the reaction between a Grignard re­
agent and orthocarbonic ester is not a satisfactory 
method of preparation of orthoesters. Instead of 
the desired orthoester the reaction products are 
practically wholly a mixture of the ketal R2C(OEt)2 
and the ether RgCOEt and all attempts to alter 
this result have been consistently unsuccessful.8

(2) Tschitschibabin, B e r . ,  38, 563 (1905).
(3) M cBane, M .S. Thesis, University of Wisconsin, 1941.
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The other general method that appears in the 
literature was originated by Pinner4 and involves 
the alcoholysis of an iminoester hydrochloride 
which is obtained from a nitrile. These reactions 
are

EtOH
RCN +  EtOH +  HC1 — ^  RC(OEt)==NH*HCl-------

RC(OEt)3 +  NH4C1
Reiter and Hess5 used Pinner’s method and re­
ported 40^64% yields of ethyl orthoacetate from 
the alcoholysis of the iminoester hydrochloride 
over a period of eight to fourteen days. Sah6 used 
this procedure for the preparation of a number of 
alkyl esters of orthoacetic acid. He allowed the 
alcoholysis of the iminoester salt to proceed at 
room temperature for a period of two weeks. 
Brooker and White7 have reported the prepara­
tion, by the same procedure, of the methyl esters 
of orthopropionic, -^-butyric, -^-valeric, -n-ca­
proic and -isocaproic acids. With the exception 
of the propionate (69% yield) the yields of the or­
thoesters from the iminoester salts were quite low 
(9-40%) and the time required for the alcoholysis 
varied from five to thirty-five days.

In the work which is now reported it has been 
found possible to shorten considerably the time 
required for the alcoholysis of the iminoester hy­
drochlorides and to increase materially the yields 
of the esters of orthoacetic acid and certain of its 
higher homologs. This has been accomplished by 
carrying out the alcoholysis of these salts in a re­
fluxing ether solution. Under these conditions the 
alcoholysis is complete in six to twenty-eight hours 
and the reaction temperature is kept below the 
point (60-80°) at which the competing decompo­
sition of iminoester hydrochloride into the amide 
and ethyl chloride, RC(OEt)=NH-HCl -> RCO- 
NH2 +  EtCl, occurs. In marked contrast to 
these results is the strange fact that the iminoester 
hydrochloride derived from the negatively sub­
stituted acetonitrile, chloroacetonitrile, gives a 
better yield of the orthoester if the alcoholysis is 
carried out simply with the alcoholic solution of 
the hydrochloride stirred at a temperature of ap­
proximately 40°. In this case the use of ether is 
detrimental to the yield of the orthoester.8

Table I is a summary of (a) the reaction time
(4) Pinner, B e r ., 16, 356, 1644 (1883).
(5) Reiter and Hess, ibid., 40, 3020 (1907).
(6) Sah, T h i s  J o u r n a l , 50, 516 (1928).
(7) Brooker and W hite, ibid., 57, 2485 (1935).
(8) Messrs. H . I. Anthes and P. M . Walters in this Laboratory 

have had similar experienees in the preparation of tw o other nega­
tively substituted orthoacetates, ethyl orthophenylacetate and ethyl 
orthoethoxyacetate.

required for the alcoholysis of the iminoester hy­
drochlorides when a ratio of 15 moles of alcohol 
to 1 mole of the salt is used (this ratio of alcohol to 
salt is necessary to completely dissolve the salt),
(b) the optimum ratio by volume of alcohol to 
ether, (c) the reaction temperature (which is the 
refluxing temperature when ether is used) and 
(d) the yields of ammonium chloride and the 
orthoesters. Each entry in this table covers at 
least eight runs. When the amount of ether in the 
alcoholysis mixture was less than the optimum 
ratio shown in Table I, the yields of the first six 
unsubstituted orthoesters dropped markedly. 
When no ether was used the yields were generally 
30-50% of those shown in Table I. The yields 
of ethyl orthochloroacetate varied from 40% with 
an alcohol-ether ratio of 1:2 through 50% for a 
1:1 ratio and up to the yields indicated in Table I 
when no ether was used.

T a b l e  I

A l c o h o l y s is  o f  I m i n o e s t e r  H y d r o c h l o r id e s , 
RC(O Et)=N H H Cl

Reaction Alcohol R eaction

R  is
time,

hr.
ether
ratio

tem p.,
°C.

Yield, %NH4CI RC(OEt)

CHs 6 1 :1 46 100 75-78
c2h 5 9 1 : 2 42 95 75-78
n-C3H7 18 1:3 41 96 60-63
*-c3h 7 24 1:5 39 54 27-30
W-C4H9 12 1:3 42 88 59-61
i-C4H9a 28 1:5 39 56 21-23
C1CH2 6 1 : 0 40 89 70-73

° This ester was prepared by Robert L. Clarke. In 
addition to the orthoester a 14% yield of isovaleramide 
and a 21% yield of ethyl isovalerate were isolated.

It is seen from the data in Table I that under 
these optimum reaction conditions the alcoholysis 
of those iminoester hydrochlorides in which R is a 
primary and normal alkyl group is quite com­
plete. The yield of ammonium chloride is ob­
viously the most accurate measure of this reac­
tion since it is obtained by simply filtering off the 
salt from the alcoholysis reaction mixture. The 
nitrogen that is not in the form of ammonium 
chloride appears as the amide, RCONH2, and in 
those cases (R is a branched chain) in which the 
yield of the ammonium salt is low, the amide is a 
troublesome factor in the purification of the 
orthoester. While the yield of the orthoester 
theoretically should be the same as that of the 
ammonium chloride, it is generally considerably 
lower due, quite probably, to some hydrolysis to 
the normal ester, RCOOEt, during the necessary 
washing of the ethereal reaction mixture to remove
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any unchanged salt and amide as well as to the in­
complete separation of the orthoester by fractiona­
tion.

Experimental
Iminoester Hydrochlorides.—The following general pro­

cedure was followed for the preparation of these salts. To 
an ice-cooled solution of 1 mole of the appropriate nitrile 
(distilled from phosphorus pentoxide) in 1.1 moles of abso­
lute alcohol, dry hydrogen chloride was added until 1.1 
moles had been absorbed. The resulting solution then 
was allowed to stand at 0° in the refrigerator for the time 
indicated in the second column of Table II, after which 
time absolute ether was added in the quantity shown in the 
third column of Table II. In the cases of acetonitrile and 
chloroacetonitrile the precipitation of the hydrochloride 
was so rapid that it was found advisable to mix the ether 
with the alcohol solution of the nitrile prior to the addition 
of the hydrogen chloride in order to prevent the solidifica­
tion of the reaction mixture before the addition of the 
hydrogen chloride was completed; upon cooling to —30° 
the first crop of crystals of these hydrochlorides could be 
filtered off immediately. In the cases of the other imino

T a b l e  II
I m i n o e s t e r  H y d r o c h l o r id e s , RC(OEt)==NH-HCl

R  is
R eaction  

tim e a t  0°
A lcohol-n itrile  

e ther ratio®
Yield, %, 

hydrochloride

c h 3 2 hr. 1 :0.56 85-95
c 2h 5 6 hr. 1:4 85-95
n-C3H7 4 days 1:4 65-70
i- C3H7 4 days 1:4 70-90
W-C4H9 5 days 1:4 70-80
TC4H9 6 days 1:6 35-40
C1CH2 1 :8* 80-90
a This is the ratio by volume of the alcohol-nitrile mixture 

to ether. b In these runs the ether was added to the alco­
hol solution of the nitrile before the addition of the hydro­
gen chloride.

and phosphorus pentoxide after which it was triturated 
under sufficient cold (—40°) anhydrous ether to cover it 
and again filtered and dried in the desiccator. On stand­
ing for a few more days in the refrigerator the mother liquor 
generally yielded additional crops of crystals. After the 
ether washing the salt does not give an acid reaction to 
moistened congo red paper and is in the proper condition 
for alcoholysis. If placed in tightly stoppered bottles or 
in a vacuum desiccator it may be kept for several weeks 
without deterioration.

The conditions for the preparation and the yields of the 
various iminoester hydrochlorides are shown in Table II.

Preparation of Orthoesters.—A mixture of 0.2 mole of 
the iminoester hydrochloride and 3 moles of absolute alco­
hol in a flask of suitable size fitted with a reflux condenser, 
an efficient stirrer and a thermometer dipping into the 
reaction mixture was carefully protected against moisture 
and stirred until the salt went into solution. Then the 
quantity of anhydrous ether indicated in Table I was 
added through the neck holding the thermometer. The 
ethereal solution was refluxed (in the cases when ether was 
not used the alcohol solution was kept at 40 °) by an elec­
trically heated oil-bath for the time indicated in Table I. 
After this time the reaction mixture was cooled to 0° and 
the precipitated ammonium chloride filtered off by suction. 
The filtrate (50 ml. of ether was added before filtration in 
those cases in which ether was not used in the alcoholysis) 
was washed with an equal volume of 10% sodium carbonate 
solution and then with 50 ml. of a saturated solution of 
sodium carbonate and after drying over anhydrous potas­
sium carbonate it was fractionated under about 10-30 mm. 
pressure. In the case of ethyl orthoacetate it was found 
necessary to carry out the fractionation at atmospheric 
pressure and with an efficient Widmer column to obtain 
the yields that are reported in Table I. The boiling points 
of the various orthoesters together with other properties 
and analyses of those not previously described in the 
literature are listed in Table III.

T a b l e  III
P r o p e r t ie s  a n d  A n a l y s e s  o f  O r t h o e s t e r s  RC(OC2H6)3

✓--------------------------------- A nalyses, %

R is F orm ula mm. d*h w25d c Calcd.
H E t o C

F o u n d
H EtO®

c h 35 144-146 740
C2H5c 70- 72 32
W-C3H7 C3oH220 3 58- 59 7 0.875 1.4028 63.1 11.7 71.0 63.1 1 1 . 6 69.0
t c 3h 7 CioH220 3 50- 51 7' .871 1.4002 63.1 11.7 71.0 63.4 11.5 68.5
%-C4H9 C i iH 24 0 3 49- 50 3 .873 1.4086 64.7 1 1 . 8 6 6 . 2 64.4 1 1 . 8 64.9

CuH240 3 57- 59 7 .869 1.4056 64.7 1 1 . 8 6 6 . 2 64.7 1 1 . 8

ClCH2e . . .  68-  70 10
° Found ethoxy values of these orthoesters generally are lower than the theoretical just as they are with the ketene 

acetals. b Ref. 6. c Ref. 1. d Prepared and analyzed by Robert L. Clarke. 6 Beyerstedt and McElvain, T his 
J o u r n a l , 59, 1273 (1937).

ester hydrochlorides the resulting ethereal solution9 was 
allowed to stand in the refrigerator overnight after which 
it was cooled to —30° in dry-ice and the precipitated salt 
rapidly filtered by suction. The salt was dried in a 
vacuum desiccator over dishes of solid potassium hydroxide

(9) T he use of e ther a t  th is  po in t is for th e  purpose of preventing  
th e  form ation  of a hard  cake and  to  cause th e  salt to  precip ita te  as 
sm all and  m ore pu re  crystals.

Summary
The conversion of acetonitrile, certain of its 

higher homologs and chloroacetonitrile into imino­
ester hydrochlorides, and the alcoholysis of these 
salts to the corresponding orthoesters in good and 
reproducible yields are described.
M a d i s o n , W i s c o n s i n  R e c e i v e d  M a r c h  25, 1942
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The Constituents of the Volatile Oil of Catnip. II. The Neutral Components.
Nepetalic Anhydride
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In the first paper3 of this series the structures 
of the compounds, nepetalic acid (III) and nepe- 
talactone (VI), that are extractable from the vola­
tile oil of catnip by dilute alkali were discussed. 
These alkali-soluble components comprise 85- 
90% of the oil, depending upon the method of ex­
traction ; when the oil is shaken vigorously with 
a 10% solution of sodium hydroxide at 60° for 
fifteen minutes only about 10% of the oil remains 
undissolved. It is with this alkali-insoluble por­
tion that the present paper deals.

Hixon4 has reported an investigation of this 
alkali-insoluble portion of the oil. He subjected 
it to steam distillation and found that only about 
half of it was readily volatile and that a consider­
able portion of it did not distill with the steam. 
Fractionation of the steam-distilled material 
yielded a main fraction that boiled at 245-255° (11 
mm.) and which from its odor and physical proper­
ties was thought to be a dicyclic sesquiterpene.

In the present work careful fractioning of this 
neutral portion of the oil divided it into a number 
of fractions that appeared to have constant 
boiling points and that attained maxima or min­
ima in their refractive indices. The lowest boiling 
of these fractions was found to be a colorless azeo­
tropic mixture that was composed of about 70% 
of a Ci5H24 hydrocarbon and 30% of nepetalactone
(VI). The lactone was readily removed from the 
hydrocarbon when the mixture was refluxed with 
10% aqueous sodium hydroxide. The properties 
of this hydrocarbon and of its dihydrochloride 
correspond to those of the sesquiterpene, /3-caryo- 
phyllene (I), that has been isolated from oil of 
cloves by Ruzicka.5

CH,

(1) W isconsin A lum ni R esearch  F o u n d a tio n  R esearch  A ssistant, 
1941-1942.

(2) D u  P o n t P ost-doc to ra te  R esearch  A ssistan t, 1940-1941.
(3) M cE lvain , B righ t and  Johnson , T h i s  J o u r n a l , 63, 1558 

(1941).
(4) H ixon, J . A m . Pharm . Assoc., 11, 96 (1922).
(5) R uzicka, Chem. and In d ., 64, 509-510 (1935); Ruzicka, B ard- 

han  an d  W ind, Helv. Chim. A cta , 14, 427 (1931).

The next fraction that distilled from the neu­
tral portions of the oil was nepetalactone (VI) 
which was readily identified as the semicarbazone 
of nepetalic acid. After the nepetalactone two 
very small fractions (see Table I) were obtained. 
The first of these was colorless and from analyses 
and physical properties appeared to have the 
molecular formula, C14H24O. The oxygen of this 
compound seemed to be in the form of an ether 
since it shows no hydroxyl or carbonyl function. 
The other of these fractions is deep yellow in 
color and has a tea-like odor. Analyses show it to 
have an empirical formula of C9H14O2; saponifi­
cation in standard alkali indicates that it is an 
ester with a saponification equivalent of 176. On 
account of the scarcity of both of these materials, 
no further work was done on them.

The last fraction was relatively large and was 
obtained as a yellow, viscous oil that boiled at 
200-210° (0.1 mm.). On standing this oil slowly 
crystallized. The crystalline material, after 
recrystallization from petroleum ether, melted 
at 139-140° and was optically active, [a ]25D, 
136° in chloroform. Analyses and molecular 
weight determinations showed it to have the mo­
lecular formula, C20H30O5. It contained no readily 
oxidizable or titratable groups, but hydrolysis 
with dilute hydrochloric acid converted it into 
nepetalic acid. These facts lead to the conclusion 
that the compound is the anhydride (V) of nepe­
talic acid formed by the loss of a molecule of 
water between two molecules of the hydroxylac- 
tone form (II) of the acid. It is obvious that an 
anhydride formed from either of the other two 
tautomeric forms of nepetalic acid (III and IV) 
would contain highly reactive functional groups.

Nepetalic anhydride (V) is formed in consider­
able amounts together with the acetate of II when 
nepetalic acid is treated with acetyl chloride. In 
this connection it is interesting to note that acetic 
anhydride converts nepetalic acid quantitatively 
into the acetate.3 The anhydride, V,* slowly 
forms at ordinary temperatures in non-crystalline 
samples of nepetalic acid on standing; such 
samples, which originally were completely alkali 
soluble, after a year or more of standing may con-
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tain as much as 4% of this anhydride. Nepetalic 
anhydride may also be prepared by heating nepe­
talic acid under 0.2 mm. pressure; at this pres­
sure as high as 30% intermolecular dehydration 
occurs with the formation of V.6 At atmospheric 
pressure the dehydration of nepetalic acid is intra­
molecular with the formation of nepetalactone3 
(VI). Similarly, when nepetalic anhydride either 
as pure crystalline material or as the viscous oil, 
obtained from the mother liquor after the crystal­
lization of V, is heated at atmospheric pressure it 
readily decomposes into 2 molecules of VI and one 
molecule of water. The following formulas illus­
trate these transformations, in which CH3C5H7 

is a methylcyclopentane nucleus

T a b l e  I

C o m p o n e n t s  o f  t h e  N e u t r a l  F r a c t i o n  o f  t h e  V o l a t i l e  
O i l  o f  C a t n i p

C om ponent

% o f
n eu tra l

oil®
B.

°C . m m . » 25d d2h
/3-CaryophyIIene& 14 59-60 0 .0 3 1.4962  0 .9027
N epeta lac tone 42 70-71 .03 1 .4870
C14H24O 3 85-87 .03 1.4942 .9592
C9H u (h c 2 115-117 .1 1 .4790
N epetalic  anhydride^ 36 200-210 .1

a This neutral oil comprises 10% of the original oil of 
catnip. b [ a ] 25D, —11°; the dihydrochloride of this 
hydrocarbon melts at 68-69°. c Since this compound ap­
pears to be an ester it is likely that its molecular formula 
is double this empirical formula to account for the rela­
tively high boiling point of the compound. d The melting 
point of the crystalline material from this fraction is 139- 
MO °.

CH3C5H7

/CO
\ >

I
y C u o n

vc h c h 3

c h 3c 5h 7

/COOH

/CHO
^CHCHa

/COOH

II
acetyl 
chloride 
or heat 
at 0.2 mm.

I l l

dilute 
/  HC1

CH3C5H7
\

IV

heat at 
740 mm.

CCH3
CHOH

/CO

CH3C5H 7
'O

y C H -  
^CHCHs

CO
o / \

-O— CH /
\ /

CH3CH

heat at 
CsH7CH3 740 mm

.CO
/ \ o

CH3C5H7 I
\  ^ C H  +  H20

\ c c h 3
VI

In Table I are listed the various components 
that have been isolated from the portion of the 
volatile oil of catnip that is insoluble in aqueous 
alkali at 60 °, the percentage of this neutral portion 
which each component comprises and certain of 
the physical properties of the pure compound. 
The percentage values in the second column of 
this table include both the pure material, having 
the properties shown, and that estimated to be 
present in the intermediate fractions from the 
chemical and physical properties of these frac­
tions.

(6) A com pound w ith  a  s tru c tu re  analogous to  V has been reported  
by  Carrière [Ann. chim ., 17, 84 (1922)]. I t  was form ed to  the  
ex ten t of abou t 25%  when th e  tr im er of th e  half-aldehyde of succinic 
acid was sub jec ted  to  d istilla tion  an d  depolym erized in to  the  m ono­
m er

c h 2c o o h  h ,so4

CH2CHO Heat

^CH.— COOH\ 

^CH2— CHO /a

Heat /CH2CO \

1 >
 ̂CIT2— CH— /gO

It is seen from the above table 
that /Tcaryophyllene, nepetalac­
tone and nepetalic anhydride 
comprise over 90% of the alkali- 
insoluble portion of the oil of cat­
nip. Since this portion represents 
only about 10% of the original 
oil it follows that over 99% of the 
volatile oil of catnip is accounted 
for as nepetalic acid (III) and its 
derivatives, nepetalactone (VI) 
and nepetalic anhydride (V), 
which comprise about 98% of the 
oil, and /3-caryophyllene (I) which 
is present to the extent of about 

1.4%. The ether, C14H24O, and ester, C9H1402, 
together represent only about 0.5% of the oil.

Since both nepetalic acid and its anhydride 
are odorless, it seemed probable that nepetalac­
tone (VI) and possibly the caryophyllene are the 
constituents of the oil that are responsible for the 
odor of the catnip plant that is so attractive to 
many species of the cat family. Through the 
courtesy and cooperation of Mr. Fred Winkel- 
mann, superintendent of the Vilas Zoo at Madi­
son, it was possible to test this supposition. Small 
pledgets of cotton soaked in a dilute alcoholic 
solution of each of these constituents were placed, 
after the evaporation of the alcohol, in the differ­
ent cages of the African lions at the Zoo. The 
nepetalactone that was used was prepared from 
the odorless nepetalic acid. There were ten of 
these animals available for the test. They repre­
sented both sexes and varied in age from cubs a 
few months old to a lioness so old (25-30 years) 
that she was partially blind. With the exception 
of the three eubs that were present, all of the
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lions responded immediately to nepetalactone in 
the same manner that they do to the oil of catnip 
and to the fresh plant, the latter of which is given 
to them regularly during the summer. They 
showed no interest in the caryophyllene. The re­
action of the lions to either nepetalactone or the 
catnip plant is quite similar to that of an ordinary 
house cat. They can be aroused immediately from 
a state of lethargy to one of intense excitement by 
the odor of the lactone, and will follow the odor 
to its source. When they acquire the material 
with the odor they become ludicrously playful 
and their main interest seems to be to get the odor­
iferous material transferred to their fur. They 
show no desire to eat the material, nor is there any 
evidence of sexual stimulation.

Experimental
Fractionation of the Neutral Portion of the Oil of Catnip. 

—A 100-g. sample of the neutral fraction of oil of catnip 
(which represented the undissolved material from 1 kg. 
of the oil of catnip that had been shaken with 10% aque­
ous sodium hydroxide at 60° for fifteen minutes) was dis­
tilled through an 8-cm. still-head at 0.1 mm. This crude 
fractionation separated the lower boiling fractions, 63 g., 
from the higher boiling material, principally nepetalic 
anhydride, 36 g., which remained as the residue. Careful 
fractionation of the distillate from the above distillation 
gave four fractions, (a) 23 g., b. p. 55-60° (0.03 mm.);
n25d 1.4900-1.4921; (b) 31 g., b. p. 61-71° (0.03 mm.);
#26d 1.4870-1.4900; (c) 5 g., b. p. 72-110° (0.03 mm.);

1.4900-1.4920; (d) 3 g., b. p. 110-122° (0.03 mm.);
n26D 1.4833-1.4880. Refractionation of each of the 
above fractions gave the quantities of material with a con­
stant refractive index that are shown in Table II.

T able II
Fractions of the Lower B oiling N eutral Compo­

nents of Oil of Catnip

F rac tio n
W eight,

g.
B. p.

°C . M m . W22D

a 20 59-61 0.03 1.4931
b 29 68-71 .03 1.4878
c 4 83-88 .03 1.4930
d 2 115-117 .1 1.4790

Isolation and Identification of /S-Caryophyllene (Frac­
tion a).—Carbon-hydrogen analyses and molecular weight 
determinations indicated fraction a to be a constant boiling 
mixture of about 70% of a Cig hydrocarbon and 30% of 
an oxygen-containing component. On the assumption 
that the oxygen compound was nepetalactone which had 
not been completely removed by the alkaline extraction 
of the oil, fraction a (20 g.) was refluxed with 10% sodium 
hydroxide for one hour, and then extracted thoroughly 
with ether. The ether extracts were combined and dis­
tilled. There was obtained 12 g. of a hydrocarbon that 
proved to be /3-car yophyllene,B b. p. 112-113° (10 mm.); 
H25d i.4962; d2h 0.9027; M 25d -11.42 (in chloroform); 
inol. wt. (Beckmann), 192 (calcd, 204); Jkfjp* 66.13 (calcd. 
66.16),

Anal. Calcd. for Ci6H24: C, 88.2; H, 11.8. Found: 
C, 88.0; H, 11.8.

/3-Caryophyllene was further identified by conversion to 
its dihydrochloride; m. p. 68-69°. This was done by 
saturating a solution of 1 g. of the hydrocarbon in 10 ml. 
of anhydrous ether with dry hydrogen chloride. This 
solution was allowed to stand in the refrigerator for four 
days, after which time the ether was removed by evapora­
tion under diminished pressure. The residual oil was dis­
solved in 2 ml. of absolute alcohol and crystallization in­
duced by the introduction of a crystal of dry-ice into the 
alcoholic solution. The white crystalline dihydrochloride 
was filtered off and recrystallized from absolute alcohol. 
The yield of /3-caryophyllene dihydrochloride so obtained 
amounted to 0.2 g. I t melted at 68-69° and contained 
25.9% chlorine (calcd. 25.6%).

Ruzicka6 has reported the following properties for (3~ 
caryophyllene that was isolated from the oil of cloves, 
b. p. 119-121 (12 mm.); d164 0.9074; n16d 1.5009 (w25d 
1.4973); [q:]d  —8.9°; Md 66.28 (calcd., 66.14); m. p. of 
dihydrochloride, 69°.

The alkaline extract of fraction a was acidified to Congo 
red with 10% sulfuric acid, and thoroughly extracted with 
ether. The ether extracts were combined and on distilla­
tion yielded 5 g. of nepetalic acid, identified by its semi­
carbazone,3 m. p. 158-159°, which showed no depression 
of melting point when mixed with an authentic sample of 
nepetalic acid semicarbazone.

Nepetalactone (Fraction b).—Analysis and physical 
constants of fraction b indicated it probably was composed 
of approximately 85% nepetalactone and 15% of /3- 
caryophyllene. Accordingly a 12-g. sample of fraction b 
was shaken with 35 g. of 10% aqueous sodium hydroxide 
at 80° for thirty minutes, and then extracted thoroughly 
with ether. The ether extracts were combined and 
distilled to yield 1.8 g. of a material boiling from 112 to 135° 
(12 mm.) and which had the characteristic odor of /3- 
caryophyllene. The alkaline extract was acidified with 
10% sulfuric acid to congo red and thoroughly extracted 
with ether. The ether extracts were combined and on 
distillation yielded 9.6 g. of nepetalic acid.

Fractions c and d .—A 4-g. sample of fraction c on alkaline 
extraction with hot aqueous alkali solution yielded 2 g. of a 
neutral oil which showed no reaction with semicarbazide 
or with acetic anhydride in refluxing dioxane after two 
hours. This compound, which appears to be an ether, 
C14H24O, boils at 136-138° (9 mm.); nud 1.4942; d2S4 
0.9592.

Anal. Calcd. for C14H24O: C, 80.7; H, 11.6. Found: 
C, 80.9; H, 11.2.

The alkaline extract of this fraction yielded 2 g. of nepe­
talic acid.

Fraction d was rich yellow in color and had a faint tea­
like odor. It failed to give an oxime or semicarbazone 
when treated with hydroxylamine or semicarbazide. Its 
yellow color suggested a 1,2-diketone structure, but it 
failed to show any reduction of Fehling solution, a fact 
which would seem to eliminate that type of structure. 
Saponification with alcoholic alkali indicated that it is an 
ester with a saponification equivalent of 176. This com­
pound boiled at 115-117° (0.1 mm.); n25d 1.4790. Analy­
ses indicated it to have an empirical formula of GgH^Oa.
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Anal. Calcd. for C9H14O2*. C, 70.1; H, 9.2. Found: 
C, 69.6; H, 9.3.

No further work was done with either the ether of frac­
tion c or the yellow fraction d.

Nepetalic Anhydride.—A 15-g. sample of the residue re­
maining from the initial crude fractionation of the neutral 
portion of the oil was distilled from glass wool in a 25-ml, 
flask without a fractionating column and 13 g. of a yellow 
viscous oil, b. p. 200-210° (0.1 mm.), obtained. This vis­
cous oil on standing slowly crystallized. Over a two- 
month period 2 g. of white crystalline nepetalic anhydride, 
m. p. 139-140°, was isolated from the semi-crystalline 
mass by recrystallization from petroleum ether (40-60°).

Nepetalic anhydride also was isolated from a sample of 
non-crystalline nepetalic acid that had been standing for 
several years. From a 40-g. sample of this acid 1.8 g. of 
the anhydride remained as alkali-insoluble material. Up­
on recrystallization from alcohol it melted at 139-140°; 
[ck]25d  +136 (in chloroform); mol. wt. (Rast), 347 
(calcd. 350).

Anal. Calcd. for C20H30O5: C, 68.5; H, 8.7.
Found: C, 68.7; H, 8.8.

Nepetalic anhydride was obtained from an acetylation of 
nepetalic acid with acetyl chloride. Fractionation of a 
solution of 3.9 g. of acetyl chloride and 5.0 g. of nepetalic 
acid in 5 ml. of carbon tetrachloride that had stood over­
night at room temperature yielded 2.4 g. of nepetalic acid 
acetate,3 b. p. 120-126° (0.1 mm.) and 2.7 g. of the an­
hydride, b. p. 203-206° (0.1 mm.). The latter fraction 
partially crystallized on cooling and after recrystallization 
from petroleum ether yielded the solid anhydride; m. p. 
138-139°.

Hydrolysis of 0.65 g. of the anhydride in a refluxing 
solution of 2 ml. of concentrated hydrochloric acid in 10 
ml. of water over a period of fourteen hours yielded 0.62 g.

of nepetalic acid which was identified as the semicarba­
zone.

Nepetalactone from Nepetalic Anhydride.—In a distill­
ing flask of about 2 ml. capacity 0.5 g. of nepetalic an­
hydride was carefully heated at its boiling point with a 
microburner for thirty minutes during which time a small 
amount of water distilled out. Then the residue was 
distilled under diminished pressure and 0.4 g. of nepetalac­
tone, b. p. 67-70° (0.1 mm.); w28d 1.4843, was obtained 
as distillate.

A 10-g. sample of the viscous, non-crystalline material 
remaining from the petroleum ether crystallization of the 
anhydride distillate was heated in a metal bath at 280° 
for two hours. During this time 0.2 g. (38%) of water 
distilled out. The residue on distillation under dimin­
ished pressure yielded 3.9 g. (41%) of nepetalactone which 
was identified as the semicarbazone of nepetalic acid.

Summary
An investigation of the alkali-insoluble portion 

(10%) of the volatile oil of catnip shows that it 
consists of jft-caryophyllene (14%), nepetalactone 
(42%) and nepetalic anhydride (36%). This 
latter compound is the anhydride of the hydroxy- 
lactone form of nepetalic acid.

In addition to these compounds two other sub­
stances which comprise not more than 0.5% of 
the oil have been isolated but not identified.

It is shown that nepetalactone is the compo­
nent of the oil, the odor of which makes the cat­
nip plant so attractive to certain species of the cat 
family.
M adison, Wisconsin R eceived M a y  4, 1942

[C o n t r i b u t io n  f r o m  t h e  L a b o r a t o r y  o f  O r g a n ic  C h e m i s t r y  o f  t h e  U n i v e r s i t y  o f  W i s c o n s i n ]

a-Alkoxyvinyl- and a-Alkoxyethylbarbituric Acids
B y S. M. M cE lvain  and H oward B u r k e t t 1

The formation of (a-ethoxy ethylidene) -malonic In the original study of the reaction between
ester (II, R is ethyl) from the reaction of ketene di­
ethyl acetal and malonic ester2 suggested a study of 
this reaction with other ketene dialkylacetals3 (I) 
and the conversion of the resulting a-alkoxyethyl- 
idenemalonic esters into the corresponding 5-(a-al- 
koxyvinyl) -5-alkyl-barbituric acids (VI) by the se­
quence of reactions shown below. It seemed possi­
ble also that the vinyl group could be hydrogenated 
at the malonic ester stage (IV) and a series of 5- 
substituted (a-alkoxyethyl) -barbituric acids (VII) 
prepared from the saturated malonic esters (V).

(1) Eli L illy  and  C om pany Fellow, 1940-1942.
(2) Barnes, K undiger and  M cE lvain , T h is  J o u r n a l , 62, 1281 

(1940).
(3) M cE lvain  and  W alters, ibid., 64, 1059 (1942).

ketene diethyl acetal and malonic ester the (a- 
ethoxyethylidene)-malonic ester (II), m. p. 26- 
27°, was obtained in 55% yield. It has been 
found possible in the present work to increase the 
yield of this product to 66% and to obtain in addi­
tion the isomeric (ct-ethoxyvinyl)-malonic ester 
(III, R is ethyl) in 11% yield. The structure of 
the latter ester, which is a liquid, is shown by its 
ozonolysis into formaldehyde, and by the fact 
that the two isomers yield the same malonic ester 
and barbituric acid in the reactions shown below. 
By long heating (125° for twenty hours) with a 
trace of sodium ethoxide the liquid ester (III) 
may be converted into its solid isomer (II).
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CHo=C (O R )2 -f CH2(COOEt):
I

CH2=C(O R)CR/(COOEt)2
IV

j[H ]
CH3CH(OR)CR,(COOEt)2

V

Only in the case of the compounds (II and III, 
R is ethyl) derived from ketene diethylacetal was 
an attempt made to separate the isomers. In 
each of the other cases the mixture of the isomers 
was directly alkylated. When this alkylation was 
carried out in ethyl alcohol the yields of the di- 
substituted malonic esters (IV) were quite low 
(20-25%) but with isopropyl or Lbutyl alcohols 
as solvents the yields of these malonic esters gen­
erally were between 55-85%  of the theoretical.

The hydrogenation of the vinyl substituted es­
ter (IV) to the saturated ester (V) was carried out 
only with the compound in which R = R' =  
ethyl. While the hydrogenation went quite satis­
factorily, this method did not seem as practicable 
as the direct introduction of the alkoxyethyl 
group through the interaction of the appropriate 
chloroethyl ether prepared from acetaldehyde, the 
alcohol and hydrogen chloride4 and the sodio de­
rivative of the mono-substituted malonic ester as 
illustrated by the reactions
CH3CHO -f ROH +  HC1 — >

NaCR'(COOEt)2
CH3CHCIOR--------------------->  V

It was found necessary to carry out this reaction 
in the sequence shown, since all attempts to fur­
ther alkylate a malonic ester containing an a- 
alkoxyethyl substituent yielded only polymeric 
products.

As may be seen from Table V in the experimen­
tal part, the yields in the conversion of the vinyl 
substituted malonic esters (IV) into the corre­
sponding barbituric acids were quite low due, in 
considerable part, no doubt, to the cleavage of the 
malonic ester into the corresponding acetic ester 
and derivatives thereof.5 In fact, in two cases 
(IV, R is ethyl, R' is ^-propyl and R is w-butyl, R' 
is ethyl) it was not possible to isolate any of the 
barbituric acid VI even when the condensation 
was carried out in isopropyl alcohol.

(4) H enze and  M urchison, T h is  J o u r n a l , 53, 4077 (1931).
(5) Qƒ. Cope and M cE lva in , ib id„ 54, 4319 (1933).

In contrast to this behavior, 
the saturated esters V con­
densed with urea in ethyl alco­
hol solution to give good yields 
of the barbituric acids (VII). 
In the case of the barbituric acid 
in which R is /z-propyl and R' is 
methyl-/7-propylcarbinyl a pair 
of racemates that had suffi­
ciently different physical proper­

ties to allow them to be separated were formed 
(see Table VI). The corresponding compound in 
which R is ethyl failed to yield a similar pair of 
racemates.

Pharmacological Data
The barbituric acids that have been prepared 

in this work are being studied pharmacologically 
by Mr. E. E. Swanson of The Lilly Research 
Laboratories, Eli Lilly and Company, Indianapo­
lis, Indiana, who has kindly furnished a prelimi­
nary report that is summarized in Table I. Corre­
sponding data for amytal (Sodium Isoamyl Ethyl 
Barbiturate, Lilly) are included for comparison. 
The pharmacological values were determined in- 
traperitoneally in white rats, and are expressed 
as minimum anesthetic dose (M.A.D.) and mini­
mum lethal dose (M.L.D.) in mg. of barbiturate 
per kg. of animal weight. The “therapeutic in­
dex” is the ratio of these values. The pair of 
racemates in which R' is the methyl-^-propyl- 
carbinyl group are listed in Table I in the same 
order that they appear in Table VI.

Discussion of the Pharmacological Data
It may be seen from the M.A.D. column of 

Table I that the 5- (u-alkoxy-ethyl) -5-alkylbar- 
bituric acids (no. 5-16) as a group are more ef­
fective anesthetics than the corresponding alkoxy- 
vinyl compounds (no. 2-4). As a matter of fact 
quite a number of these alkoxyethyl substituted 
compounds appear to be more effective in produc­
ing anesthesia in white rats than is amytal (no. 1), 
although some of them cause very noticeable pre­
anesthetic tremors or convulsions. Nos. 6 and 13 
are particularly striking since each of them has a 
low anesthetic dose coupled with a sufficiently low 
toxicity (M.L.D.) to give them decidedly higher 
therapeutic indices than that shown by amytal. 
It should be noted also that the duration of the 
anesthesia produced in the white rat by both 6 
and 13 are considerably less than that of amytal.

. CH3C(OR)=C(COOEt)2
II

CH2=C(OR)—CH(COOEt)2
III

NaOPr-/
----------------->-

R 'X

urea
NaOPr-i

CH2=C(OR)CR'CONHCONHCO
VI

urea
NaOEt

>  CH3CH(OR)CR'CONHCONHCO
vn 1-----------------1
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T a b l e  I

S u m m a r y  o f  t h e  P h a r m a c o l o g ic a l  D a t a

No. R  is R ' is
M .A .D .,
m g ./kg .

D u ra tio n  of 
anesthesia, 

min.
M .L .D .,
m g ./k g .

T h e rap eu tic
index,

M .L .D ./M .A .D

5-Ca-Alkoxyvinyl)-5 -alkylbarbituric Acids C H 2-—C (O R )C R 'C O N H C O N H C O

1 A m ytal 90 200 200 2.22
2 E thyl E thyl 200 600 400 2.00
3 E thyl A lly l 100 300 210 2.10
4 Isoamyl E thyl 120 63 240 2.00

5-(a-Alkoxyethyl)-5 -alkylbarbituric Acids C H 3C H (O R )C R 'C O N H C O N H C O
5 E thyl E thyl 150“ 460 400 2.67
6 E th yl 72-Propyl 80 162 300 3.75
7 E th yl 72-Butyl 150 120 300 2.00
8 E th yl Isoam yl 125 102 275 2.02
9 w-Propyl E th yl 80b 150 120 1.50

10 n-B u tyl E th yl 606 150 70 1.16
11 Isoam yl E th yl 806 75 120 1.50
12 E th yl A lly l 100 300 160 1.60
13 E th yl M ethyl-72-propylcarbinyl 60 108 160 2.67
14 w-Propyl A lly l 50“ 204 100 2.00
15 77-Propyl M ethyl-72-propylcarbinyl 300“ 300 450 1.50
16 w-Propyl M ethyl-72-propylcarbinyl 120“ 150 200 1.67

a Caused pre-anesthetic tremors. 6 Caused pre-anesthetic convulsions.

There is an interesting difference in the phar­
macological behavior of the diastereoisomeric 
pair of racemates 15 and 16. Although they both 
have practically the same therapeutic indices, the 
lower melting (see Table VI) compound (no. 16) 
is over twice as effective as an anesthetic and twice 
as toxic as its higher melting isomer.

Experimental
Diethyl «-Ethoxyethylidenemalonate and Diethyl a- 

Ethoxyvinylmalonate.—One hundred and fifty grams (1.3 
moles) of ketene acetal, 105 g. (0.65 mole) of diethyl malo­
nate and 2.2 g. (0.03 mole) of sodium ethoxide were thor­
oughly mixed and heated by an oil-bath at 125-130° for 
twelve hours. The reaction mixture was then distilled 
rapidly. First, 95 g. (0.58 mole) of almost pure ethyl 
orthoacetate was collected. Following 5 g. of an inter­
mediate fraction, 130 g. of material, b. p. 96-106° (0.4 
mm.), n2bd 1.4573, was collected. Upon cooling in an 
ice-salt mixture, this material became a thick slush, which 
then was poured onto a suction funnel surrounded by a 
freezing mixture. In this manner 83 g. of diethyl a- 
ethoxyethylidenemalonate, m. p. 25-27°, was obtained.

The filtrate (47 g.) from this cold filtration was carefully 
fractionated. After a small forerun, 16.4 g. (11%) of 
diethyl oj-ethoxyvinylmalonate, b. p. 69-70° (0.03 mm.); 
n2bd 1.4380; d2625 1.048; M 20d, calcd., 57.53; found, 57.62, 
was collected. This product contained 58.2% ethoxyl 
(calcd. 58.7%). Following an intermediate fraction, 16.7 
g. of diethyl a-etlioxyethylidenemalonate, b. p. 84° (0.03 
mm.); m. p. 26-27°; n2bd  1.4634; d 2525 1.068; m 20D 
calcd., 57.53; found, 59.36, was collected. This exalta­
tion of the molecular refraction would be expected in this 
structure. The total yield of diethyl «-ethoxyethylidene- 
malonate was 99t7 66% of theoretical.

Anal. Calcd. for CnH180 5: C, 57.4; H, 7.9; OC2H5,
’58.7. Found: C, 57.6; H, 7.9; OC2H5, 58.6.

The diethyl «-ethoxyvinylmalonate was ethylated and 
the resulting diethyl ethyl-(«-ethoxyvinyl)-malonate con­
densed with urea according to the procedures given below. 
The resulting barbituric acid melted at 188-189 ° and was 
identical with the one produced in like manner from 
diethyl «-ethoxyethylidenemalonate.

The liquid ethoxyvinylmalonic ester could be converted 
into its solid isomer by the following procedure: 9 g. of
diethyl «-ethoxyvinylmalonate was heated with 0.25 g. 
of sodium ethoxide at 125° for twenty hours. Fractiona­
tion of the reaction mixture gave none of the starting ma­
terial in the pure state but did yield 5.34 g. (59%) of diethyl 
«-ethoxyethylidenemalonate, b. p. 79-83° (0.03 mm.); 
m. p. 25-26°; n 25D 1.4621.

Ozonolysis of Diethyl a-Ethoxyvinylmalonate.—A solu­
tion of 4.7 g. of diethyl «-ethoxyvinylmalonate in 14 ml. of 
glacial acetic acid and 1 ml. of acetic anhydride was 
treated with ozonized oxygen until no more was taken up. 
The solution was then poured into a three-necked flask con­
taining 15 ml. of water, 4 g. of zinc dust, and a few crystals 
each of hydroquinone and silver nitrate. The flask was 
equipped with a stirrer and a reflux condenser, the upper 
end of which Was connected to a tube leading to the bot­
tom of a test-tube containing 10 ml. of water. Nitrogen 
was passed into the flask while it was heated on the steam- 
bath so that any formaldehyde liberated would be carried 
over into the test-tube of water. After four hours, the 
water containing the formaldehyde was poured into a solu­
tion of dimethyl dihydroresorcinol in aqueous potassium 
carbonate and the resulting solution just acidified with 
acetic acid. The precipitate which was obtained weighed 
8 mg., melted at 184-185° and gave no depression when 
mixed with an authentic specimen prepared from formalde­
hyde and dimethyldihydroresorcinoL
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Similar treatment of the diethyl «-ethoxyethylidene- 
malonate gave no detectable amount of formaldehyde.

Diethyl «-Alkoxyvinyl-alkylmalonate and Diethyl a- 
Alkoxyvinyl-malonate Mixtures.—A series of diethyl «- 
alkoxyethylidenemalonates were prepared by mixing the 
appropriate dialkyl ketene acetal,3 diethyl malonate, and 
sodium ethoxide in the same molecular ratio as given in the 
previous section and heating the mixture in an oil-bath at 
the temperature and for the length of time given in Table 
H. No attempt was made to separate the isomers in these 
cases, but the material collected over the boiling range indi­
cated in Table II was ethylated without further purifica­
tion.

T a b l e  II
M i x t u r e s  o f  t h e  I s o m e r i c  D i e t h y l  « -A l k o x y e t h y l i - 
DENEMALONATES, CH3C(OR)=C(COOC2H5)2 AND Dl- 
ETHYL a-ALKOXYVINYL-M ALONATES, CH2=C(OR) CH-

R  is

R eac tion
tem p .,

°C.

(COOC2H5)2a
• R eac tion  B. p. 

tim e, hr. °C. M m .
Yield,

%
Propyl 185 24 110-112 3 65
«-Butyl 165 3 135-140 2.5 42
«-Butyl 140 24 135-140 2.5 54
2-Amyl 130 24 120-130 0.05 81

® These esters were prepared by Mr. Bruce Stevenson, 
to whom the authors wish to acknowledge their indebted-.
ness.

The a-alkoxywinyl-alkylmalonic esters were prepared 
by the following general procedure. To a solution of 2.3 
g. (0.1 atom) of sodium in about 15 times its weight of the 
solvent alcohol shown in Table III, 0.1 mole of the ap­
propriate diethyl «-alkoxyethylidenemalonate was added. 
The alkyl bromide or iodide was then added to this alkaline 
solution and the mixture refluxed until it was neutral. 
After cooling, sufficient water was added to dissolve all 
of the salt, the oily layer separated and the aqueous layer 
extracted with ether. The combined ether extract and 
oily layer was washed with water, dried over anhydrous 
sodium carbonate and distilled. Since it was practically 
impossible to obtain analytically pure compounds when 
an alcohol other than ethyl was used as a solvent, fractions 
with the ranges of boiling points and refractive indices 
shown in Table III  were used for the preparation of barbi­
turic acids.

Diethyl «-Alkoxyethyl-alkylmalonates.—Diethyl «-eth­
oxy ethyl-ethylmalonate was prepared by catalytic hydro­
genation of the corresponding «-ethoxyvinylethylmalonic 
ester by the following procedure. A solution of 8 g. of the 
vinyl ester in 70 ml. of absolute ethyl alcohol together with 
1 g. of Raney nickel was placed in a steel bomb and shaken 
with hydrogen at a pressure of 1850 pounds. The hydro­
genation proceeded readily at 120°. Fractionation of the 
product gave 4.62 g. (53%) of diethyl a-ethoxyethyl- 
ethylmalonate, b. p. 73° (0.04 mm.); « 25d  1.4279; d2525 
1.000.

Anal. Calcd. for C^H^Os: C2HöO, 51.9. Found:
C2H60, 51.9.

Diethyl «-ethoxyethyl-malonate was prepared from 
sodium malonic ester and «-chloro-ethyl ether in 28% yield 
as in the general procedure described below. I t possessed 
the same properties as the product obtained from the 
catalytic hydrogenation of «-ethoxyethylidene-malonic 
ester.2

Attempts to ethylate diethyl «-ethoxyethyl-malonate 
produced only polymeric material. This may be due to a 
partial elimination of the ethoxyl group as ethyl alcohol 
and the polymerization of the resulting unsaturated ester. 
Support for this supposition comes from the fact that the 
highest ethoxyl analysis for diethyl ce-ethoxyethylmalonate 
prepared by either of the above methods was 57.4% (calcd. 
58.2%).

Diethyl «-ethoxyethyl-ethylmalonate was also prepared 
as follows. In a dry 1-liter 3-necked flask, equipped with 
an inlet tube, stirrer, and reflux condenser connected to a 
soda-lime drying tower, which in turn was connected to a 
gas trap, was placed 0.3 g. of hydrated ferric nitrate. The 
flask was cooled in a dry-ice-acetone bath and 300 ml. of 
liquid ammonia added. The stirrer was started, the cool­
ing bath removed, and a small piece of sodium added. As 
soon as the initial blue color had disappeared, 12.7 g. 
(0.55 mole) of sodium in small pieces was added rapidly. 
As soon as all of the sodium had reacted as noted by the 
disappearance of the blue color, the cooling bath was re­
placed and 94 g. (0.5 mole) of diethyl ethylmalonate was 
added from a separatory funnel in a small stream. The 
reaction mixture was stirred for fifteen minutes with the 
cooling bath and for fifteen minutes without it. Then 50 
ml. of dry ether and 300 ml. of dry benzene were added in 
a small stream. After the reaction mixture had reached

T a b l e  III
D i e t h y l  « - A l k o x y v i n y l -a l k y l m a l o n a t e s , CH2==C(OR)CR'(COOC2H5)2

R  is R ' is
Solvent
alcohol

Yield,
%

B. p.°G. M m . w25d

Ethyl Ethyl Ethyl 20 130-133 9 1.4382-1.4400
Ethyl Ethyl /-Butyl 60 87- 91 0 . 1 1.4390-1.4402
Ethyl Allyl s-Propyl 59 92- 96 0 . 1 1.4469-1.4480
Ethyl «-Propyl s-Propyl 72 97- 98 1 . 0 1.4370-1.4400
Ethyl «-Propyl Ethyl 25 81- 84 0.03 1.4322-1.4420
Ethyl «-Butyl i-Propyl 85 88- 91 0.04 1.4400-1.4437
Ethyl s’-Amyl s-Propyl 79 84- 90 0.01 1.4412-1.4429
«-Propyl® Ethyl s-Propyl 39 121-130 2.3 1.4400-1.4478
«-Butyl® Ethyl s-Propyl 24 110-120 0.5 1.4380-1.4462
Isoamyl Ethyl s-Propyl 55 104-110 0.04 1.4400-1.4429

The authors are indebted to Mr. Bruce Stevenson for the preparation of these esters.
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T a b l e  IV
D i e t h y l  ^ - A l k o x y e t h y l -a l k y l m a l o n a t e s , CH3CH(OR)CR'(COOC2H5)2

R is R' is
Yield,

Formula %
B. p., 

°C. Mm.
Ethyl Ethyl C13H24O5 60 71- 72 0.03
Ethyl w-Propyl C14H26O5 66 81- 82 .03
Ethyl n-Butyl C15H28O5 68 85- 86 .04
Ethyl 2-Amyl CieHsoOj 63 88- 89 .03
ra-Propyl Ethyl Cl4H260 5 62 77- 78 .03
w-Butyl Ethyl CisH^Og 76 83- 84 .03
2-Atnyl Ethyl CieHsoOg 71 89- 90 .03
Ethyl Allyl C14H2406 83 78- 79 .04
Ethyl Methyl-w-propyl

carbinyl C16H30O5 84 83- 84 .03
n- Propyl Allyl CiöHjjöOg 82 97- 98 .18
w-Propyl Methyl-w-propyl

carbinyl qft!r*0

69 101-102 .06

/■----------- A nalyses, % ------- ■
M » d Calcd. F o u n d

W25D Calcd. F o u n d C H C H

1.4282 1.0023 67.3 66.8 59.4 9.3 59.6 9.3
1.4291 0.9900 71.9 71.5 61.3 9.6 61.1 9.5
1.4317 .9779 76.5 76.2 62.5 9.8 62.4 9.8
1.4320 .9673 81.1 80.8 63.5 10.0 63.5 9.9
1.4290 .9905 71.8 71.5 61.3 9.6 61.2 9.5
1.4306 .9780 76.4 76.4 62.5 9.8 62.3 9.6
1.4320 .9699 81.1 81.9 63.5 10.0 63.7 9.9
1.4370 1.0030 71.4 71.1 61.6 8.9 61.7 8 . 6

1.4369 0.9814 81.1 80.6 63.5 10.0 63.3 10.1
1.4388 .9907 76.0 75.8 62.9 9.2 62.8 9.1

1.4380 .9726 85.0 85.2 64.5 10.2 64.6 10.2

room temperature, it was refluxed on the steam-bath until 
all of the ammonia was removed. This was facilitated by­
passing a slow stream of dry nitrogen into the, flask. When 
all of the ammonia had been removed, the flask was cooled 
with cold water and 76 g. (0.7 mole) of a-chloroethyl ether 
added dr op wise. After the addition of the chloroether, 
stirring was continued for about one hour at room tempera­
ture and for about ten minutes at the refluxing temperature 
of the benzene. The reaction mixture was then cooled and 
300 ml. of water added. The benzene layer was separated 
and washed with two 100-tnl. portions of water. The com­
bined aqueous portions was extracted with ether. The 
benzene layer combined with the ether extract was washed 
with 50 ml. of 10% sodium carbonate, dried over anhydrous 
sodium carbonate, and finally distilled.

Other members of the series described in Table IV were 
prepared by the same procedure using the appropriate 
malonic ester and a-chloroethyl alkyl ether. All of the a- 
chloro-ethers were prepared by the procedure of Henze 
and Murchison.4

5-a-Alkoxyvinyl-5-alkylbarbituric Acids.—5-a-Ethoxy- 
vinyl-5-ethylbarbituric acid was prepared as follows. To 
an alcoholic solution of sodium ethoxide, prepared from
4.6 g. (0.20 mole) of sodium and 75 ml. of absolute ethyl 
alcohol, was added 7.5 g. (0.125 mole) of urea and 17 g. 
(0.065 mole) of diethyl a-ethoxyvinylethylmalonate. 
After the mixture had refluxed for twelve hours, the alco­
hol was removed by distillation, and the residue dissolved 
in 80 ml. of ice-water. The aqueous solution then was 
extracted with ether. Evaporation of the ether left 6 g.

of oil, the distillation of which gave 2 g. of material that 
was lower-boiling than the starting material and was prob­
ably the corresponding acetic ester CH3C(OC2H5)==' 
C(C2H5)COOC2H5; also, 4 g. of material with the boiling 
range of the starting ester was obtained. From this latter 
fraction was isolated 0.2 g. of a solid, m. p. 55-59°, which 
analyses indicated to be the amide CH3C(OC2H5) =  
C(C2H5)CONH2, corresponding to the above acetic ester.

Anal. Calcd. for CgHuC^N: N, 8.98. Found: N, 
8.92.

Crystallization from 50% ethyl alcohol of the precipi­
tate produced by acidification of the aqueous alkaline solu­
tion yielded 3.8 g. (25% of theory) of 5-oj-ethoxyvinyl-5- 
ethyl-barbituric acid. Properties of this compound and 
the others of this series that were prepared are listed in 
Table V. Other members of the series were prepared in a 
similar manner with certain variations. I t  was not pos­
sible to obtain any of either of the barbituric acids in which 
R and R ' are, respectively, ethyl and ^-propyl or n-butyl 
and ethyl. The time of reflux generally was between ten 
and twenty hours. Comparison of the yields, using ethyl, 
2-propyl, or £-butyl alcohol as the solvent, is shown in 
columns 3 and 4 of Table V. The ether extractable ma­
terial from others of the series varied in amount but in no 
other case was an attempt made to fractionate this ma­
terial or isolate a pure compound.

5-a-Alkoxyethyl-5-alkylbarbituric Acid.—5-a-Ethoxy- 
ethyl-5-ethylbarbituric acid was prepared as follows. To 
a solution of 3.5 g. (0.15 atom) of sodium in 50 ml. of abso 
lute alcohol was added 6 g. (0.10 mole) of urea and 13 g.

T a b l e  V

5- (a-ALKQXYVINYL)-5-ALKYLBa r b it u r i c  A c id s  CH2=C(OR)C (R )CONHCONHCO
,-------------------Analyses, % ------------

Solvent Calcd. F ound
R  is R ' is F orm ula alcohol Yield, % M . P., °c. N C 2H 5O N C2H 5O

Ethyl Ethyl C10H14O4N2 Ethyl 25 189 -190
Ethyl Ethyl C10H14O4N2 2-Propyl 37 189 -190
Ethyl Ethyl C10H14O4N2 2-Butyl 42 189.,5-190 12.4 19.9 12.4 19 .8
Ethyl Allyl C11H14O4N2 2-Propyl 40 158 -160 11.7 18.9 11.2 18 .8
Ethyl w-Butyl C12H18O4N2 2-Propyl 7 169 -170 11.0 17.7 11.2 17.5
Ethyl 2- Amyl C13H20O4N2 2-Propyl 8 165.5-166 10.5 10.4
w-Propyl Ethyl CijH i604N 2 2-Propyl 4 .5 177 -179 11.7 11.6

Amyl Ethyl CuHaANj 2-Propyl 5 .4 153 -154 10.5 10.5
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T a b l e  VI

5 - ( A l k o x y e t h y l ) -5-a l k y l b  a r b it u r i c  A c id s  CHsCH(OR) C(R')CONHCONHCO
----------- Analyses, % -----------
Calcd. Found

R ' is F orm ula Yield, % M . p ., °C. N C2H5O N C2H5O

Ethyl Q10H16O4N2 32.5 181 -181.5 12.3 19.8 12.2 19.8
«-Propyl C11H18O4N2 42 168.5-169 11.5 18.6 11.4 18.4
«-Butyl CU2H20O4N2 43 138 -139 10.9 17.6 10.9 17.5
7-Amyl C13H2204N2 44 136 -137 10.4 16.7 10.2 16.6
Ethyl CnH180 4N2 57 177.5-178 11.6 11.5
Ethyl C12H20O4N2 58 132.5-133 10.9 10.8
Ethyl C13H22O4N2 70 129.2-130 10.4 10.4
Allyl C11H16O4N2 57 127 -128 11.7 18.7 11.7 18.8
Methyl-«-propylcarbinyl C13H22O4N2 64 159 -163a 10.4 16.7 10.3 16.6
Allyl C12H18O4N2 66 160 -160.5 11.0 11.0
Methyl-«-propylcarbinyl Ci4H2404hr 2 7K ƒ 210.5-212 9.8 9.5
Methyl-«-propylcarbinyl C14H24O4N2

/ O \  153.5-154.5 9.8 9.6
point of this product was 169-169.5°.

R  is 

Ethyl 
Ethyl 
Ethyl 
Ethyl 
n- Propyl 
«-Butyl 
f-Amyl 
Ethyl 
Ethyl 
«-Propyl 
«-Propyl 
«-Propyl

a After 3 recrystallizations from 50% alcohol the melting

(0.05 mole) of diethyl a-ethoxyethylethylrnalonate. After 
the mixture had refluxed eighteen hours, the alcohol was 
removed by distillation. About 100 ml. of ice-water was 
added to the residue. The resulting solution was extracted 
with 75 ml. of ether in three portions. Evaporation of the 
ether left 0.3 g. of oil, which slowly crystallized upon stand­
ing. This material was not characterized. The crude 
barbituric acid was precipitated by acidification of the 
aqueous alkaline solution with an excess of concentrated 
hydrochloric acid. Recrystallization from 35% ethyl alco­
hol gave 3.7 g. (32.5%) of 5-a-ethoxyethyl~5-ethyl barbi­
turic acid.

Others of the series were prepared by the same proced­
ure. In no case was the amount of material from the ether 
extract more than 0.5 g. In all cases except the two con­
taining the methyl-«-propyl-carbinyl substituent one 
crystallization of the barbituric acid from 30-50% ethyl 
alcohol was sufficient to give each of the 5-a-alkoxyethyl-5- 
alkyl barbituric acids shown in Table VI in a pure state. 
The mixture of the pair of racemates that contained the 
methyl-«-propyl-carbinyl substituent was obtained in 75% 
yield, but after their separation into the products that 
melted as shown in Table VI the yield of each of these 
products amounted only to about 15%.

Summary
A number of ketene dialkylacetals have been 

condensed with malonic ester and the resulting

mixture of (a-alkoxyethylidene)- and (a-alkoxy- 
vinyl)-malonic esters have been alkylated to the 
(a-alkoxy vinyl) -alkylmalonic esters. These es­
ters have been condensed with urea to produce the 
corresponding barbituric acids.

A number of related (a-alkoxyethyl)-alkyl­
malonic esters also have been prepared by the 
condensation of the appropriate chloroethers with 
alkylmalonic esters. The (a-ethoxyethyl)-ethyl- 
malonic ester was also prepared from the (a- 
ethoxy vinyl)-alkylmalonic ester by catalytic hy­
drogenation. These malonic esters have been con­
verted into barbituric acids.

A brief summary and a discussion of the phar­
macological properties of these barbituric acids 
are given.

The reaction product from the condensation of 
ketene diethylacetal with malonic ester has been 
separated into the isomeric (a-ethoxyethylidene)- 
malonic ester and (a-ethoxy vinyl)-malonic ester, 
the structures of which have been proved by 
ozonolysis.
M a d is o n , W i s c o n s i n  R e c e i v e d  M a y  4, 1942
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Tri-o-tolylmethane

B y P aul D. B artlett and J. E lm ore J o n es1

The results of Marvel and his co-workers2 sug­
gest that the unknown hexa-0 -tolylethane would, 
if prepared, be largely if not completely dissociated 
into free radicals. Because the ortho-substituted 
triarylmethyls are incapable of assuming the co- 
planar arrangement demanded by the usual reso­
nance structures,3 their further study seems to 
offer an approach to the puzzling question of the 
role of resonance in promoting free radical dis­
sociation. In connection with another research 
we had some 2,2 '-dimethyl-2 "-carboxytriphenyl- 
methane (II); from this we have prepared the 
hydrocarbon tri-o-tolylmethane and studied its 
exchange reaction with phenylisopropylpotassium. 
This was done in the hope that from the 
potassium derivative so formed the free 
radical might be made by means of tetra- 
methylethylene dibromide.

Our starting material was produced from 
di-0 -tolylphthalide (I)4 by high-pressure hydro­
genation over copper chromite.

II X  -  COOH
III X  = CONHC6H5
IV X  = CH =NC6H5 
V X  = CHO

VI X  = CH3

This was reduced by way of the anilide (III) to 
the anil (IV) of the related aldehyde (V), which 
was characterized through its oxime. Wolff- 
Kishner reduction converted this aldehyde into 
tri-0 -tolylmethane (VI), m. p. 130.5-131.5°. 
This hydrocarbon showed a behavior on melting 
like that of camphor, in that it sintered 4-5° be­
low its melting point and showed large depres­
sions of the melting point when impure.

(1) D u P o n t P o st-D o c to ra te  Fellow  in Chem istry, 1941-1942.
(2) M arvel, K ap lan  and  Him el, T h i s  J o u rn al , 63, 1892 (1941); 

M arvel, paper p resen ted  a t  th e  N in th  N ational Organic Symposium, 
Ann Arbor, M ichigan, Decem ber 30, 1941.

(3) Pauling  and  W heland, / .  Chem . Phys., X, 362 (1933).
(4) Weiss and  K orczyn, M o n a t s h 45, 207 (1924).

When tri-0 -tolylmethane was treated in ethereal 
solution with phenylisopropylpotassium a smooth 
exchange reaction took place with the precipita­
tion of an orange-red potassium derivative. 
However, this was not the hoped-for potassium 
tri-0 -tolylmethide (VII), bu t instead the tri­
potassium derivative V III. Its structure was 
shown by carbonation yielding a tribasic acid 
which could be recovered unchanged after solu­
tion in concentrated sulfuric acid a t 100°, and 
which was accordingly neither a triarylacetic acid 
nor a malonic acid. Since only the aliphatic hy­
drogen atoms would be expected to be acidic 
enough to yield potassium exchange, this consti­

tutes evidence tha t the triacid has the structure. 
IX . The triester could be formed by Fischer's 
method, showing tha t the carboxyl groups were 
not highly hindered.

In view of the fact5 tha t triphenylmethane is 
much more strongly acidic than less arylated 
methanes, the metalation of tri-0 -tolylmethane in 
the methyl groups, rather than on the central 
carbon atom, indicates an abnormally low ac­
tivity of the hydrogen in the latter position. In 
seeking to explain this we investigated the potas­
sium exchange by 0 -tolyldiphenylmethane, phenyl- 
di-0 -tolylmethane and tri-^-tolylmethane for 
comparison. All these hydrocarbons yielded 
monopotassium derivatives, which were carbon­
ated to carboxylic acids that readily lost carbon 
monoxide on gentle warming in concentrated 
sulfuric acid. Even 3,3',3",5,5',5'/-hexamethyl- 
triphenylmethane does likewise.6 Tri-0 -tolyl- 
methane is, therefore, unique in its series in yield­
ing only a side-chain rather than a central metala­
tion product.

Phenyldi-0 -tolylmethane represents a curious 
intermediate case. In 0.059 N solution of phenyl­
isopropylpotassium it yields an exchange product 
which is carbonated to a mixture containing at

(5) C o n an t and  W heland, T h is  J o u r n a l , 54, 1212 (1982).
(6) K leene an d  W heland, ibid., 63, 3321 (1941).
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least 86% phenyldi-0-tolylacetic acid and at least 
8.6% of a dibasic acid. The latter, in contrast to 
the tribasic acid IX, is sensitive to concentrated 
sulfuric acid, no crystalline material being recov­
erable from the solution, although carbon mon­
oxide is not evolved. In the absence of a satisfac­
tory proof of structure it seems most likely that 
this is the acid X, with one carboxyl group on the 
central carbon atom and one on a methyl group. 
Increasing the concentration of the reactants to 
saturation (0.083 N) for phenylisopropylpotas­
sium and 0.107 N for the hydrocarbon increases 
the fraction of the dibasic acid to 39%.

/C H s

There are a t least two admissible explanations 
of the behavior of tri-0 -tolylmethane on metala- 
tion. In the first place, the acidity of the central 
hydrogen atom must bear some relation to the 
resonance energy of the carbanion which remains 
when the proton is transferred to another base. 
The resonance of the tri-o-tolyl carbanion in­
volves the same type of secondary structures (with 
double bond character between the central carbon 
and the benzene rings) as is required for the reso­
nance of the free radical, and this resonance 
m ust be damped in a carbanion which cannot 
occupy the coplanar position which this double­
bond character demands. This explanation 
leaves something to be desired since, according to 
it, the central hydrogen atom should still be as 
acidic as the hydrogens in the o-methyl groups 
themselves, which are easily replaced by potas­
sium. The second possible explanation is that 
the transfer of the central proton to the base, 
phenyldimethylcarbanion, naturally requires these 
two molecules to come into direct juxtaposition 
in the act of effecting the transfer. The hindrance 
in tri-ö-tolylmethane is probably sufficient to 
make an effective collision of this kind very im­
probable. If this is the correct explanation, it is a 
rare example of prohibitive steric hindrance to a 
reaction which is essentially an acid-base inter­
change.

Another explanation has been considered, based 
upon the fact that only the acid and not the po­
tassium derivative has been isolated and analyzed.

The precipitated potassium derivative might in 
fact be a tetra-potassium compound, but the 
carbonation of the central potassium might be pro­
hibitively hindered, in which case this link would 
merely be hydrolyzed eventually with the forma­
tion of the tribasic acid. Against this is the high 
yield of triacid on the basis of phenylisopropyl­
potassium used: 0.024 mole of the latter metal- 
ated 0.0073 mole of tri-0 -tolylmethane with the 
final isolation of 0.0071 mole of pure triacid. The 
hypothesis of hindered carbonation would demand 
the waste of one potassium atom in four, which 
did not occur.

The fact tha t the 0 -methyl groups are metalated 
in the tri-0 -tolylmethane, less in the di-o-tolyl- 
phenylmethane and not a t all in 0 -tolyldiphenyl- 
methane is probably not a sign of any enhanced 
activity of the side-chain hydrogens in the first 
compound, but merely a case of a reaction pro­
ceeding in the direction of the first insoluble prod­
uct. We have observed a similar example in the 
interaction of excess phenylisopropylpotassium 
with toluene in dry ether solution to yield benzyl- 
potassium. The difference in acidity of the a- 
hydrogen in the two benzene derivatives is prob­
ably small, bu t the equilibrium is shifted toward 
benzylpotassium by reason of its insolubility.

In contrast to the observations of Conant and 
Wheland5 in the case of the exchange between tri- 
phenylmethane and phenylisopropylpotassium, 
in which the reaction was judged to go to comple­
tion almost instantaneously, the corresponding 
exchanges involving the various tolylmethanes 
appeared to proceed slowly, over a period of hours, 
to an equilibrium between the hydrocarbons and 
potassium derivatives involved. This may be 
regarded as somewhat favoring the idea that there 
is hindrance to the actual metal-exchange reac­
tion and not merely to the carbonation, in the 
case of the tri-0 -tolylmethane.

Experimental
Preparation of the Hydrocarbons

Di-o-tolylphthalide (I).4—To 75 g. of magnesium in a 
three-necked flask equipped with a mercury-sealed stirrer 
was added 370 cc. of o-bromotoluene in 1 liter of absolute 
ether over the course of seven hours. I t was often neces­
sary to add a crystal of iodine in order to start the reaction. 
After all the bromo compound had been added and the 
ether solution had ceased boiling, a hot suspension of 215 
g. of phthalic anhydride in 2250 cc. of anhydrous benzene 
was added at a rate such that the solution boiled gently 
(two hours), after which the solution was allowed to stand 
overnight at room temperature. Decomposition by dilute
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hydrochloric acid and steam distillation of the solvents 
produced a yellow solid from which the last traces of solvent 
were removed with difficulty. The residue was boiled with 
five 2-liter portions of 8% aqueous sodium hydroxide, 
filtered, washed thoroughly with water and sucked dry. 
Crystallization from glacial acetic acid produced 280 g. 
(61.5%) of the phthalide in two crops, m. p. 173-176°, 
suitable for use in the next step.

Di-o-tolylphenylmethane-o-carboxylic Acid (II).—A mix­
ture of 31.4 g. of the phthalide and 3.0 g. of copper chro­
mite 37KAF was shaken under hydrogen at 2325 lb. initial 
pressure and at 235°. In ten minutes the temperature had 
risen to 250° and the theoretical amount of hydrogen had 
been absorbed. The product was dissolved in 500 cc. of 
hot 1% aqueous sodium hydroxide and filtered to remove 
the catalyst. Acidification of the filtrate produced a 
white solid which was separated and crystallized from gla­
cial acetic acid. There was obtained 26.2 g. (83%) of 
colorless needles in two crops, m. p. 241-242°. The acid 
was suitable for use in the next steps without further puri­
fication. Larger runs on one mole of slightly less pure 
phthalide afforded yields of 70-75%.

In one preliminary run a mixture of 6.28 g. of the phthal­
ide, 0.6 g. of copper chromite, and 10 cc. of dioxane was 
shaken with hydrogen at 2000 lb. and 250°. In eight 
hours the theoretical amount of hydrogen had been ab­
sorbed. The contents of the bomb were added to 25 cc. 
of a hot 10% sodium hydroxide solution and the catalyst 
filtered. A small amount of an oily substance insoluble in 
alkali was noted at this point. Acidification produced a 
white precipitate which was crystallized from ethanol after 
being decolorized by Norit. Five fractional crystalliza­
tions afforded 3.24 g. (51%) of the monoacid and 0.18 g. 
(2.8%) of neutral colorless rhombic plates, m. p. 145.5- 
146.0°.7 8 Mixed melting points with phthalide and with 
the monoacid were lower.

Anal? Calcd. for C22H20O2: C, 83.50; H, 6.38.
Found: C, 83.78, 84.37, 84.31; H, 6.00, 6.13, 5.95.

Because of the small amount of material obtained and 
the fact that in no other reductions was it isolated, it was 
not investigated further. The analysis did not corre­
spond to that calculated for any logical reduction product.

Di-0-tolylphenylmethane-ö-carboxylic Add Anilide (III). 
—To a suspension of 95.0 g. of the monoacid in 200 cc. of 
anhydrous benzene was added 65 g. of phosphorus penta­
chloride. After the initial vigorous reaction at room tem­
perature had subsided, the solution was refluxed with 
gentle heating for one hour. The solvent and phosphorus 
oxychloride were removed by vacuum distillation at 120° 
(10 mm.), and 100 cc. of aniline was added. The solution 
became very hot and slowly solidified on cooling. The 
solid was dissolved in benzene-ether, and the solution was 
extracted with dilute hydrochloric acid, washed with a 
solution of 10% sodium carbonate, and finally with water. 
After drying over sodium sulfate, the solution was boiled 
down to a volume of about 100 cc. and 300 cc. of ligroin 
(70-90°) was added. Cooling to 0° produced a dark 
crystalline solid which was filtered and sucked dry. Crys­
tallization from ethanol at 0° after clarification by Norit

(7) All m elting po in ts  below 230° a re  corrected. Those above 
230° were m ade on a copper block and  are  correct to  ± 2 ° .

(8) All m icroanalyses are  by  M iss E . Werble.

afforded 83.4 g. (71%) of the anilide in three crops, m. p. 
163-165°. The third crop (5.2 g.) was somewhat dark in 
color, but it could be used in the next step without further 
purification.

Repeated crystallization from ethanol did not produce a 
product having a sharp melting point and seemed to cause 
some decomposition. The anilide crystallized from ben­
zene-hexane in clusters of colorless prisms, m. p. 164.0- 
164.7°.

Anal. Calcd. for C28H25ON: C, 85.90; H, 6.44; N,
3.58. Found: C, 85.62, 86.33; H, 6.61, 6.69; N, 3.63.

Di-0-tolylphenylmethane-ö-aldehyde (V).—To a solu­
tion of 66.0 g. of the anilide in 80 cc. of dry toluene was 
added 50.0 g. of phosphorus pentachloride. After the 
initial reaction at room temperature had subsided, the 
solution was heated on the steam-bath for one and one- 
half hours. The viscous oily residue remaining after re­
moval of the toluene and phosphorus oxychloride by 
vacuum distillation at 100° was poured into a solution of 
125 g. of anhydrous stannous chloride in 500 cc. of absolute 
ether saturated with dry hydrogen chloride at 0°. The 
mixture slowly turned deep red, two phases formed, and 
an orange-red solid crystallized from the solution. After 
two days the complex was filtered and boiled for four hours 
with 300 cc. of 3 N  hydrochloric acid. The yellow solid 
was filtered, washed with water and sucked dry. There 
was obtained 22.4 g. (44%) of the aldehyde melting at 124- 
132° with previous sintering at 120°. This product was 
suitable for the next step without purification.

The aldehyde was purified best by sublimation at 140- 
150° (3 mm.). I t  formed colorless prisms, m. p. 134.5- 
135.5°, with previous sintering at 131°. The later subli­
mates were yellow but had essentially the same melting 
point.

Anal. Calcd. for C22H20O: C, 87.96; H, 6.71. Found:
C, 88.18; H, 6.83.

The oxime crystallized from ligroin (70-90)-(90-120) in 
pale yellow micro-crystalline prisms, m. p. 174.8-175.2°.

Anal. Calcd. for C22H2iON: C, 83.78; H, 6.71; N, 
4.44. Found: C, 83.64; H, 6.70; N, 4.92, 4.62.

In an attempt to make the semicarbazone colorless 
blades were obtained which melted at 208.5-209.5°, after 
crystallization three times from ethanol-water. Recrys­
tallization and drying at 150° in vacuo did not alter the 
analysis.

Anal. Calcd. for C23H22ON3: C, 77.50; H, 6.22; N, 
11.08. Calcd. for: C23H2402N3: C, 73.78; H, 6.46; N, 
11.22. Found: C, 75.29, 75.33, 75.51; H, 6.49, 6.40, 
6.51; N, 10.46.

All attempts to make a pure hydrazone failed. I t  is 
very likely that the aldehyde group is too hindered to allow 
the formation of a stable hydrazone.

Tri-ö-tolylmethane (VI).—A mixture of 29.0 g. of the 
aldehyde, 4.0 g. of sodium dissolved in 50 cc. of absolute 
ethanol, and 30 cc. of 85% aqueous hydrazine hydrate was 
heated in the autoclave at 200-210° for twenty-four hours. 
The contents of the bomb were neutralized with dilute 
acetic acid and the hydrocarbon was extracted with ben­
zene-ether. The residue obtained after boiling the extract 
to dryness was dissolved in ethanol and 10 g. of semicarba­
zide hydrochloride and 20 g. of sodium acetate were added
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to the boiling solution. Water was added until the solu­
tion became milky, and the hydrocarbon crystallized on 
cooling. Recrystallization from ethanol after decolorizing 
with Norit produced 15.8 g. (83%) of colorless blades, m. p.
130.5-131.5°, in three crops. The melting point of the 
product was similar to that of camphor in that noticeable 
sintering was observed about 4-5° below the true melting 
point. Slight amounts of impurities caused large depres­
sions in the melting point.

Anal. Calcd. for C22H22: C, 92.26; H, 7.74. Found:
C, 91.07, 92.03; H, 7.90, 7.75.

Diphenyl-0-tolylmethane.9—To 7.0 g. of magnesium was 
added a small amount of a solution of 50 g. of o-bromotolu- 
ene in 100 cc. of absolute ether. After the reaction had 
been started by the addition of a few drops of an ethyl­
magnesium bromide solution, the rest of the 0-bromotolu- 
ene solution was added with stirring over the course of 
three and one-half hours, and the reaction mixture was re­
fluxed for one and one-half hours longer. A solution of 
18.0 g. of benzophenone in 100 cc. of dry benzene was added 
and the resulting solution was refluxed overnight. On de­
composing the reaction mixture with dilute sulfuric acid 
and distilling volatile by-products with steam, there was 
obtained a viscous reddish-orange oil, which was taken up 
in ether. After removal of the ether, the residual oil was 
refluxed with 100 cc. of 85% formic acid10 until the evolu­
tion of carbon dioxide ceased. The mixture was poured 
into water and extracted with ether. The ether extract 
was washed with 10% sodium hydroxide solution and by 
water and was dried over potassium carbonate. Vacuum 
distillation produced a colorless oil, b. p. 180-210° (9 mm.), 
which solidified on standing. Crystallization from meth­
anol after cooling in ice afforded 13.5 g. (53%) of colorless 
prisms, m. p. 81-83°, in two crops. Recrystallization for 
use in the exchange experiments did not alter the melting 
point of the hydrocarbon.

Phenyldi-0-tolylmethane.12—The phenyldi-o-tolylcar-
binol was prepared by the above procedure using 9>7 g. of 
magnesium, 62.8 g. of 0-bromotoluene and 23.0 g. of ethyl 
benzoate. Treatment of the crude carbinol with 85% 
formic acid and vacuum distillation of the ethereal extract 
produced a colorless oil, b. p. 190-220° (11 mm.), which 
solidified on scratching. Crystallization from methanol 
afforded 18.7 g. (45%) of colorless prisms of the hydrocar­
bon, m. p. 100-104°. Recrystallization for use in the ex­
change reaction raised the melting point to 102-104°.

Tri-^-tolylmethane.—Tri-^>-tolylchloromethane (14.0 
g.), m. p. 163-168°, prepared by the method of Tousley 
and Gomberg,11 was boiled under reflux with 100 cc. of 
85% formic acid. Isolation by the usual procedure pro­
duced 10 g. (80%) of a colorless oil, b. p. 232° (11 mm.). 
Since a crystalline product could not be obtained, the oil 
was used in the exchange reaction.

Exchange Reactions with Phenylisopropyl Potassium
Tri-o-tolylmethane.—To 5.0 g. of tri-0-tolylmethane 

under an atmosphere of nitrogen was added 400 cc. of a 
0.059 N  ethereal solution of phenylisopropylpotassium. 
The resulting solution was allowed to stand at room tem­

(9) Acree, Ber., 87, 993 (1904).
(10) K aufm anri a n d  Pannw itz , ib td^  45, 766 (19X2H 

Ann. chim., [9] 10, 184 (1918).
(11) T ousley a n d  Q o m b ê r g ,  T & m  JaxrM M M *, 20, 111! (10049..

perature in the dark for twenty-four hours, during which 
time the deep red color slowly faded and an orange-red 
solid crystallized. Dry carbon dioxide was passed through 
the mixture slowly until all of the solid had been decolor­
ized. By extraction of the ether suspension of the potas­
sium salt with water and acidification of the extract with 
hydrochloric acid, there was obtained a white flocculent 
precipitate. Filtration and crystallization of the residue 
from glacial acetic acid afforded 2.95 g. (98.3% on the 
basis of the hydrocarbon used in the reaction) of micro­
crystalline prisms of the triacid (IX) in two crops. When 
heated on the copper block, the compound decomposed 
over the range 265-295°, but when it was dusted on the 
block at 310° and above, the product melted with subse­
quent decomposition. The triacid dissolves in concen­
trated sulfuric acid and can be recovered unchanged by 
dilution of the solution with water. Heating the sulfuric 
acid solution to 100 0 does not change the acid.

Anal. Calcd. for C25H220 6: C, 71.76; H, 5.30; neut. 
equiv., 139.5. Found: C, 71.94; H, 5.50; neut. equiv.,
139, 141.

After removal of the ether from the ether layer in the 
above extraction, there was obtained an oil from which 2.4 
g. (86%) of isopropylbenzene, b. p. 150-160°, was distilled. 
The residue consisted of slightly impure tri-o-tolylmethane 
(2.9 g.) from which there was obtained 2.6 g. of pure hydro­
carbon on crystallization from ethanol after decolorizing 
with Norit.

The triethyl ester was prepared by saturating a suspen­
sion of the acid in absolute ethanol with dry hydrogen 
chloride and refluxing it for twenty-four hours. At the 
end of this time the mixture was cooled and filtered. Re­
crystallization of the residue from ethanol afforded color 
less blades, m. p. 196.5-197.5°.

Anal. Calcd. for C31H34O6: C, 74.08; H, 6.82. Found:
C, 74.08; H, 6.91.

Diphenyl-0-tolylmethane.—The solution from the addi­
tion of 200 cc. of a 0.059 N  ethereal solution of phenyliso­
propylpotassium to 3.0 g. of diphenyl-0-tolylmethane was 
allowed to stand in the dark at room temperature for 
twenty-four hours. During this time the color of the solu­
tion did not change appreciably, and a small amount of a 
reddish-orange solid precipitated. Dry carbon dioxide 
was bubbled through the solution until it had been decolor­
ized completely, and the white suspension was extracted 
with water. Acidification of the aqueous extract and crys­
tallization of the residue from glacial acetic acid afforded 
1.73 g. (98.7% based on the hydrocarbon used) of diphenyl- 
o-tolylacetic acid as colorless prisms, m. p. 228-229°. On 
a copper block the acid melts with decomposition at 190- 
200 ° .

A solution of 0.8 g. of the acid in 20 cc. concentrated sul­
furic acid started evolving carbon monoxide at an appre­
ciable rate a t 50 0 and slowly changed in color from yellow 
to bright reddish-orange. On pouring the solution into 
water there was obtained a white suspension which was ex­
tracted with ether. A red color and all fluorescence from 
the ether solution were removed by washing it with 10% 
sodium hydroxide solution. Drying over potassium car­
bonate and removal of the ether produced 0.6 g. (82.5%) of 
diphenyl-0-tolylcarbmol, m. p. Recrystallization
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from ligroin (70-90°) raised the melting point to 98-99° 
(lit., 98°).9

Anal. Calcd. for C2iH180 2: C, 83.35; H, 6.00; CO, 
9.26; neut. equiv., 302.4. Found: C, 82.66, 83.72; H,
5.92, 6.00; CO, 8.94; neut. equiv., 298.

From the ether solution after removal of the acid was iso­
lated 1.0 g. of isopropylbenzene and 1.5 g. of impure di- 
phenyl-tf-tolylmethane.

In another run in which 4.0 g. of the hydrocarbon was 
used and the reaction time was extended to forty-eight 
hours, there was obtained 2.25 g. of the acid.

Phenyldi-o-tolylmethane.—Upon standing for forty- 
eight hours in the dark at room temperature, a solution of 
8.8 g. of phenyldi-0-tolylmethane in 400 cc. of a 0.059 N  
ethereal solution of phenylisopropylpotassium deposited a 
red-black film on the sides and bottom of the flask. Car­
bon dioxide was bubbled through the deep red solution 
until it and the sediment had been decolorized. The pale 
orange suspension was extracted with water, and the cold 
extract was acidified. Extraction with ether and evapora­
tion of the ethereal solution produced a yellow oil which was 
taken up in dilute sodium hydroxide, filtered, and reprecipi­
tated with acid. There was obtained 3.5 g. of a colorless 
product (neut. equiv., 318), m. p. 100-140°, which was a 
mixture of phenyldi-o-tolylacetic acid and a dibasic acid.

The high neutral equivalent shows that some inert ma­
terial, possibly hydrocarbon retained in the aqueous layer 
in the extraction process, must be present in the crude mix­
ture. From the ether solution after removal of the salts 
were obtained 2.0 g. of isopropylbenzene and 5.6 g. of the 
methane.

The crude product was boiled with two 300-cc. portions 
of ligroin (70-90°), and the filtered solution was allowed 
to crystallize at 0 °. Three further crystallizations afforded 
3.0 g. (80.7% based on the hydrocarbon used) of clusters of 
colorless prisms, m. p. 184.0-185°.

As the powdered acid dissolved at room temperature in 
concentrated sulfuric acid it started evolving carbon mon­
oxide immediately at a high rate, and the color of the solu­
tion changed rapidly from orange to deep red. After the 
initial reaction had subsided, the removal of the carbon 
monoxide was completed by heating the solution to 100°.

Anal. Calcd. for C22H20O2: C, 83.51; H, 6.37; CO, 
8.83; neut. equiv., 316.4. Found: C, 83.65; H, 6.80;
CO, 8.94; neut. equiv., 315.

Working up the product from the above carbon monoxide 
fission by the procedure outlined previously produced 
only a viscous red oil. By repeating the reaction but 
allowing the solution to stand at room temperature with­
out heating until the reaction was complete, a colorless 
substance, m. p. 68-73°, could be isolated from the reac­
tion mixture. Crystallization from ligroin (70-90°) gave 
colorless prisms with the same melting point. The prod­
uct dissolved in concentrated sulfuric acid with an orange 
color.

Anal. Calcd. for C21H20O: C, 87.46; H, 6.99. Found: 
C, 87.34; H, 6.62.

Since presence of ketonic cleavage products was sus­
pected, the substance was dissolved in ethanol with 
hydroxylamine hydrochloride and a few cc. of 10% sodium 
hydroxide solution was added. On evaporation the solu­

tion became cloudy, and cooling caused the separation of 
a colorless oil. Crystallization of the oil from ligroin (70- 
90°) produced a small amount of colorless prisms, m. p. 
82-95°, possibly impure phenyldi-o-tolylcarbinol (m. p. 
107-108°).12 13 There was too little material for further 
crystallization.

Anal. Calcd. for C21H2oO: C, 87.46; H, 6.99. Found: 
C, 86.98; H, 6.93.

From the ethanol solution there crystallized after further 
evaporation a small amount of colorless prisms, m. p. 75-  
81°, possibly impure di-o-tolylketoxime (m. p. 105 °).3 3

Anal. Calcd. for Ci5H15ON: C, 79.97; H. 6.71.
Found: C, 80.43; H, 7.03.

The residue from the ligroin extraction of crude phenyldi- 
o-tolylacetic acid was crystallized from glacial acetic acid, 
and there was obtained 0.30 g. (7.1%) of a dibasic acid in 
microscopic prisms, m. p. 265-267 °, dec. A mixed melting 
point with the acetic acid was forty degrees lower. Its 
bright orange solution in concentrated sulfuric acid did not 
evolve carbon monoxide even at 125°, but all attempts to 
isolate any cleavage products or the unchanged acid were 
unsuccessful.

Anal. Calcd. for C2sH2o0 4: C, 76.65; H, 5.59; neut. 
equiv., 180.2. Found: C, 76.85; H, 5.89; neut. equiv.,
182.

The dimethyl ester, prepared by refluxing a methanol 
solution of the acid saturated with dry hydrogen chloride 
for two hours, crystallized from methanol in colorless 
needles, m. p. 105.0-106°.

Anal. Calcd. for C25H2404: C, 77.31; H, 6.23. Found: 
C, 77.56; H, 6.24.

In a reaction in which a solution of 11.7 g. of the hydro­
carbon and 10 g. of the methyl ether of phenyldimethyl- 
carbinol in 400 cc. of absolute ether was shaken with so­
dium-potassium alloy (80% potassium) for three days, 
there was obtained 3.2 g. of the dibasic acid from 7.6 g. of 
hydrocarbon used up in the reaction. This doubling of 
concentration shifted the product composition in favor 
of the more insoluble product, a dipotassium derivative 
of the hydrocarbon.

Tri-jMolylmethane.—A solution of 6.0 g. of tri-/>-tolyl- 
methane in 450 cc. of a 0.059 N  ethereal solution of phenyl­
isopropylpotassium was carbonated after standing for 
twenty-six hours. Acidification of the aqueous extract 
and crystallization from glacial acetic acid afforded 3.3 g. 
(73.5% based on the hydrocarbon used) of tri-£-tolylacetic 
acid as colorless prisms, m. p. 224-226° (lit.,14 226-228°).

Anal. Calcd. for C23H22O2: CO, 7.84; neut. equiv.,
320.4. Found: CO, 8.68; neut. equiv., 332.

The solution of the acid in sulfuric acid started evolving 
carbon monoxide slowly at 50-60° and the reaction was 
completed at 100°. Working up the product in the usual 
way afforded the tri-^-tolylcarbinol, m. p. 85-88°. Crys~ 
tallization twice from ligroin (70-90°) raised the melting 
point to 92-94° (lit.,31»15 94°, 96.4°).

(12) Bredereck, L ehm ann , Schönfeld and  Fritzsche, Ber., 72, 1414 
(1939).

(13) G rignard , Bellet and  C orto t, A n n . chim., [9] 12, 381 (1919).
(14) Schm idlin  and  H odgson, Ber., 41, 438 (1908).
(15) K ovache, A nn . chim., [91 10, 199 (1918); M otw urf, Ber,, 37, 

3153 (1904).
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From the ether solution there were isolated 2.55 g. of 
isopropylbenzene and 2.0 g. of tri-^-tolyhnethane, b. p. 
230-240 ° (13 mm.). The recovered methane contained an 
impurity, probably an anthracene derivative, which exhib­
ited an intense blue-violet fluorescence. Not all the 
unused hydrocarbon was recovered as some of it could not 
be distilled from the tar remaining in the distilling flask, 
and some was carried into the aqueous layer by the salt in 
the extraction process.

Summary
Tri-ö-tolylmethane undergoes slow exchange 

with phenylisopropylpotassium to yield a tripotas­

sium derivative which is converted by carbonation 
into the potass um salt of triphenylmethane- 
2,2',2"-triacetic acid. The related compounds, 
phenyldi-0-tolylmethane, diphenyl-ö-tolylmethane 
and tri-^-tolylmethane, under the same conditions, 
all form monopotassium derivatives which by car­
bonation yield triarylacetic acids. Explanations 
based upon damped resonance and steric hindrance 
are considered for the relative inertness of the cen­
tral carbon atom of tri-o-tolylmethane.
C a m b r id g e , M a s s a c h u s e t t s  R e c e i v e d  M a y  19, 1942

[C o n t r i b u t io n  f r o m  t h e  S c h o o l  o f  C h e m is t r y  a n d  P h y s ic s  o f  t h e  P e n n s y l v a n ia  S t a t e  C o l l e g e ]

Sterols. CXLIX. The Hypoiodite Oxidation of Pregnanolones and Pregnenolones
B y R ussell  E. M arker  a n d  R. B. W agner

St. Goldschmidt, Middelbeek and Boasson1 
have recently shown that the claims of various 
patents2 to the oxidation of 5-pregnen-3 (/3)-ol-20- 
one acetate with hypoiodite to obtain 3(/3)-hy- 
droxy-etio-5-cholenic acid are erroneous. We 
have investigated this type of reaction, treating 
not only 5-pregnen-3 ((3)-acetoxy-20-one but also 
16-pregnen-3 (/3) -acetoxy-20-one, pregnan-3(/3)-
acetoxy-20-one (I) and 5,16-pregnadien-3(/3)- 
acetoxy-20-one with excess hypoiodite. The re­
actions used by us gave in every case the corre­
sponding etio-cholanic (II) and etio-cholenic acids 
(III), (IV), (V).

c h 3

<L=o
Potassium hypoiodite
followed by alkaline 

hydrolysis

COOH

CH3
COOH

UO/

We wish to thank Parke, Davis and Company 
for their assistance.

(1) S t. G oldschm idt, M iddelbeek an d  Boasson, Rec. trav. chim., 60, 
209 (1941).

(2) B ritish  P a te n t 493,055; F rench  P a te n t 819,974; Swiss P a te n t 
197,580; U. S. P a te n t 2,171,959.

Experimental
3((3) -Hydroxy-etio-cholanic Acid.—-To a solution of 

2 g. of pregnan-3(j(3)-ol-20-one acetate in 300 cc. of di­
oxane was added simultaneously in 5-cc. portions, 80 cc. 
of an aqueous solution of 20 g. of potassium iodide and 
10 g. of iodine, and 80 cc. of an aqueous 10% potassium 
hydroxide solution. The mixture was stirred at room 
temperature for one hour and then warmed to 80°. The 
reaction mixture was cooled and acidified. After the ex­
cess iodine was destroyed with sodium bisulfite, the mix­
ture was concentrated in vacuo and extracted with ether. 
The etheral solution was washed with 10% potassium 
hydroxide and the combined alkaline washings were 
warmed for thirty minutes on a steam-bath. After 
acidification the solid was extracted with ether. The 

product crystallized from methanol 
as white needles; m. p. and mixed 
m. p. with 3(j8)-hydroxy-etio-cho- 
lanic acid, 224-226 °; yield 0.6 g.

Anal. Calcd. for C20H32O3: C,
74.9; H, 10.1. Found: C, 74.6; 
H, 10.0.

The methyl ester was prepared 
by treating an ethereal solution of 
50 mg. of the above acid with an 
ethereal solution of diazomethane. 
The solvent was evaporated and 
the residue crystallized from meth­
anol to give white needles; m. p. 
128°. This material gave no de­
pression in the melting point of 
the methyl ester of an authentic 
sample of 3 (/3)-hydroxy-etio-cho­
lanic acid methyl ester.

Anal. Calcd. for C2iH3403: C, 75.4; H, 10.3. Found: 
C, 75.6; H, 10.2.

3 (0) -Hydroxy-etio-16-cholenic Acid.—A solution of 2 g. 
of 16-pregnen-3(/3)-ol-20-one acetate in 300 cc. of dioxane 
was treated as described above with hypoiodite. After 
hydrolysis the product crystallized from methanol; m. p.

CH;
/ \

H
II

COOH
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254-256°; yield 0.3 g. This substance gave a 10° eleva­
tion when mixed with 3 (0)-hydroxy-17,20-pregnenoic 
acid-21; m. p. 254-256°.

Anal. Calcd. for C20H30O3: C, 75.4; H, 9.5. Found: 
C, 75.6; H, 9.5.

The methyl ester was prepared as described above. It 
crystallized from methanol as white plates; m. p. 150-152 °. 
I t depressed the melting point of the methyl ester of 3(jS)- 
hydroxy-17,20-pregnenoic acid-21 (m. p. 153-155°) 
twenty-five degrees.

Anal. Calcd. for C21H32O3: C, 75.9; H, 9.8. Found: 
C, 75.8; H, 9.8.

Catalytic Reduction of 3 (0) -Hy droxy-etio-16-cholenic 
Acid.—A solution of 100 mg. of the above 3(/3)-hydroxy- 
etio- 16-cholenic acid in 100 cc. of acetic acid was shaken 
with hydrogen and Adams catalyst for two hours at 3 atm. 
pressure and room temperature. The reaction mixture 
was filtered and the filtrate was evaporated to dryness in 
vacuo. The residue was crystallized from methanol as 
white needles; m. p. and mixed m. p. with 3(0)-hydroxy- 
etio-cholanic acid, 224-227 °. A mixed melting point with 
3 ($) -hydroxy-pregnanoic acid (m. p. 219-221°) was at 
195°.

Anal. Calcd. for C20H32O3: C, 74.9; H, 10.1. Found: 
C, 75.0; H, 10.0.

3(0)-Hydroxy-etio-5-cholenic Acid.—From the reaction 
of 2 g. cf 5-pregnen-3(/?)-ol-20-one acetate with potassium 
hypoiodite as described above was isolated a product 
which crystallized from dioxane; m. p. and mixed m. p. 
with an authentic sample of 3 (/3)-hydroxy-etio-5-cholenic 
acid, 273-274°; yield 0.2 g. pure product.

Anal. Calcd. for C 2 0 H 3 0 O 3 :  C, 75.4; H, 9.5. Found: 
C, 75.2; H, 9.3.

3 (0) -Hydroxy-etio-5,16-choladienic Acid.—From the 
reaction of 2 g. of 5,16-pregnadien-3(/3)-ol-20-one acetate 
as described above was isolated a product which crystal­
lized from methanol as white plates; m. p. 255-257°; yield 
250 mg.

Anal. Calcd. for C2oH2803: C, 75.9; H, 8.9. Found: 
C, 76.0; H, 8.8.

Summary
Conditions are described for the hypoiodite 

oxidation of 20-keto-pregnane derivatives to the 
corresponding 20-carboxylic acids. 3(/3)-Hy- 
droxy-etio-cholanic (II), 3 (/3) -hy droxy-etio- 16-
cholenic (III), 3(/3)-hydroxy-etio-5-cholenic (IV), 
and 3 (/3)-hydroxy-etio-5,16-choladienic (V) acids 
have been produced by this method.
S t a t e  C o l l e g e , P e n n a . R e c e i v e d  A p r i l  15, 1942

[C o n t r i b u t io n  f r o m  t h e  S c h o o l  o f  C h e m is t r y  a n d  P h y s ic s  o f  t h e  P e n n s y l v a n ia  S t a t e  C o l l e g e  ]

Sterols. CL. Sapogenins. LXXII. The Position of the Hydroxyl Groups in
Digitogenin*

B y R u ssell  B. M arker , D. L. T u r n er  and P aul R. U lsh a fer

The position of the hydroxyl groups in chloro- 
genin has been established with certainty by a 
large number of interconversions reported from 
this Laboratory1*2*3 and chlorogenin is undoubt­
edly 6-hydroxy-tigogenin (I). However, Noller4

CH;

is unable to reconcile this structure of chlorogenin 
with the fact that the oxidation of chlorogenin

* Original m anuscrip t received Ju ly  2, 1941.
(1) M arker, et al., T h is  J o u r n a l , 61, 946 (1939); 61, 1516 (1939); 

62, 2525 (1940); 63, 767 (1941); 64, 221 (1942).
(2) M arker, Jones and T urner, ibid., 62, 2537 (1940).
(3) M arker, Jones, T u rn er and  R ohrm ann , ibid., 62, 3006 (1940).
(4) N oller, ibid., 59, 1092 (1937).

gives a keto-dibasic acid which is neither identical 
to digitoic acid nor to digitogenic acid. A re­
vision of Noller’s interpretation of the non-iden­
tity of the two acids is now necessary since the 
structure of chlorogenin is certain.

We find that oxidation of 6-keto-tigogenone2,3 
(tigogen-3,6-dione) prepared from diosgenin gives 
a keto-dibasic acid identical to that from natural 
chlorogenin and this acid differs from digitoic and 
digitogenic acid. The keto-dibasic acid melts 
with decomposition and gas evolution. Choles- 
tane-3,6-dione was oxidized by Windaus5 to a 
ketodibasic acid which melts with decomposition 
and gas evolution. This acid can be converted 
by Wolff-Kishner reduction6 to cholestane-2,3- 
diacid the structure of which is certain.6»7 We 
have also effected this reduction by the Clem- 
mensen method. It, therefore, seems reasonable 
to suppose that the oxidation of 6-keto-tigogenone

(5) W indaus, Ber., 36, 3752 (1903).
(6) W indaus, S taden  and  Seng, Z. physiol. Chem., 117, 146 (1921).
(7) W indaus, ibid., 213, 147 (1932).
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takes a similar course and gives an acid of struc­
ture II. Noller8 found that the acid from chloro-

HOOC

HOOC

CH—CH3

O II
genin which he has named chlorogenonic acid can 
be reduced by the Wolff-Kishner method to gito- 
genic acid. Consequently, structure II is secure 
for chlorogenonic acid.

Neither digitogenic acid nor digitoic acid can 
have the same structure as chlorogenonic acid. 
Tschesche9 has shown that digitogenic acid can be 
reduced to gitogenic acid and this indicates that 
two of the hydroxyl groups of digitogenin are at 
C-2 and C-3. If the third hydroxyl group of 
digitogenin is at C-6 as assumed by Tschesche, 
digitogenic acid and digitogenin would probably 
be of the coprostane configuration and digitoic 
acid of the cholestane configuration since the last 
acid is the stable form.10'11»12 The side-chains of 
chlorogenin and digitogenic acid are the same be­
cause they have both been related to tigogenin. 
All three sapogenins are unaffected by treat­
ment with hydrochloric acid in ethanol at the 
boiling point. This indicates that they all have 
the iso-configuration of the side-chain.13

The fact that chlorogenonic acid is not identical 
with digitoic acid therefore indicates that the as­
sumption of Tschesche concerning the 6-position 
of the third hydroxyl group in digitogenin is in­
correct.14 Moreover the reactions of digitogenic 
acid and digitoic acid are completely different 
from those which would be expected from the 
known behavior of 6-keto-cholestane-2,3-diacid 
and similar substances of established structure. 
Thus 6-cholestanone was oxidized by Windaus15 
to cholestane-6,7-diacid using chromic acid or 
nitric acid.16 The oxidation of digitogenic acid

(8) P riv a te  com m unication  from  Professor N oller to  one of us.
(9) Tschesche and  H agedorn , Ber., 68, 1090 (1935).
(10) Tschesche and  H agedorn , ibid., 69, 797 (1936).
(11) W indaus, A n n ,, 447, 233 (1926).
(12) S tange, Z. physiol. Chem., 220, 34 (1933).
(13) M arker an d  R ohrm ann , T h is  J o u r n a l , 62, 647 (1940).
(14) Fieser, “ C hem istry  of N a tu ra l P roducts  re la ted  to  P henan­

th re n e ,” 2nd. ed ition , N ew  Y ork, N . Y ., 1937.
(15) W indaus and  D alm er, Ber., 52, 162 (1919).
(16) Cf. W indaus and  S taden, ibid.. 54, 1059 (1921).

and digitoic acid, whether with permanganate or 
chromic acid, gives acids supposed by Tschesche 
to have structure III. These acids include oxy- 
digitogenic acid, digitic acid17 and acid “A” of 
Windaus and Willerding.18 It would be peculiar 
that digitogenic and digitoic acids should not be 
oxidized to a 6,7-diacid if there was really a car­
bonyl group at C-6.

Much more significant is the result of catalytic 
reduction of digitoic and digitogenic acids. We 
have now found that hydrogenation in ethanol or 
acetic acid gives a hydroxydicarboxylic acid, the 
same acid being obtained from both digitoic acid 
and digitogenic acid, The fact that this product is 
not a lactone is incompatible with the supposed 
carbonyl group at C-6. Hyodesoxy-iso-bilianic 
acid (IV) was catalytically reduced by Windaus11 

CHS

CH—CH2—CH2—COOH

and the resulting 6-hydroxy-“Staden acid” was 
not capable of existence as a hydroxy-acid, but 
immediately gave a lactone. The formation of 
lactones following the reduction of 6-keto-2,3- 
diacids of the type of IV is a general phenome­
non.19 Thus we have observed lactone formation 
in the reduction of 6-keto-cholestane-2,3-diacid. 
Only one carboxyl group of the product can be 
titrated in the cold.

It is interesting that the 6-keto-2,3-diacids 
melt with decomposition and gas evolution, e. g.,
6-keto-cholestane-2,3-diacid,5 and chlorogenonic 
acid. This is not reported for digitogenic acid 
nor digitoic acid. The ester of digitoic acid can 
be distilled unchanged18 in vacuo, and the ester of 
digitogenic acid is converted to that of digitoic 
acid. Distillation of the trimethyl ester of 6-

(17) W indaus and  W eil, Z. physiol. Chem., 121, 62 (1922).
(18) W indaus an d  W illerding, ibid., 143, 33 (1925).
(19) Cf. W indaus and  Hoszfeld, ibid., 145, 177 (1925).
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keto-Staden acid gives an unsaturated lactone 
with the loss of methyl alcohol.20

Another observation inconsistent with the C-6 
position for the hydroxyl group in digitogenin is 
the fact that digitogenin was recovered unchanged 
after distillation with potassium bisulfate a method 
which readily dehydrates chlorogenin to 3,5-de- 
hydrodesoxytigogenin.21 In the case of hyode- 
soxycholic acid a similar dehydration occurs 
even more readily. Windaus11,22 records that this 
acid gives hyocholadienic acid by simple distilla­
tion in vacuo.

Since it is impossible that digitogenin should 
have a hydroxyl group at C-6 it is necessary to re­
vise all of the formulas proposed by Tschesche 
for the oxidation products of digitogenic acid. 
This is a difficult task at present because the as­
sumption of Tschesche that oxydigitogenic acid, 
digitic acid, anhydrodigitic acid and their deriva­
tives had an intact sapogenin side-chain is by no 
means a necessary one. Indeed, there are some 
indications that this may be true only of digito­
genic and digitoic acids. Oxydigitogenic acid 
and digitic acids were prepared by treating digito­
genic acid with alkaline permanganate. We have 
found that sarsasapogenin is oxidized to some ex­
tent by alkaline permanganate at room tempera­
ture, and this involves alteration of the side- 
chain.

Windaus and Weil17 also treated oxydigitogenic 
acid with hydrochloric acid in acetic acid to de- 
carboxylate it. Similar treatment of digitic acid 
gave anhydrodigitic acid. Heating a solution of 
sarsasapogenin or of gitogenin in acetic acid con­
taining hydrochloric acid has been shown by 
Jacobs and Simpson23 to remove the entire side- 
chain.24 Windaus17 records that similar treatment 
of oxydigitogenic acid merely caused the loss of 1 
mole of carbon dioxide. The chemistry of the 
various acids obtained from digitogenic and digi­
toic acids is quite confused. It should be pointed 
out that the reasons given by Tschesche for con­
sidering oxydigitogenic acid a /3-keto acid rather 
than an a-keto acid, as preferred by Windaus and 
Willerding,18 depended on the 6-position of the 
hydroxyl group in digitogenin. The work of Bis- 
trzycki and Siemiradzki25 cited by Tschesche10 is 
not relevant since oxydigitogenic acid loses carbon

(20) W indaus and  Bohne, A n n ., 442, 7 (1925).
(21) M arker an d  T urner, T h is  J o u r n a l , 63, 767 (1941).
(22) W indaus and  Bohne, A n n ., 433, 278 (1923).
(23) Jacobs an d  Sim pson, J . Biol. Chem., 105, 501 (1934).
(24) Fieser and  Jacobsen , T h is  J o u r n a l , 60, 28 (1938).
(25) B istrzycki an d  Siem iradzki, Ber., 41, 1665 (1908).

monoxide by simple heating without treatment 
with sulfuric acid.

In the case of acid “A” of Windaus and Willer­
ding there is not only a difference of opinion be­
tween Windaus and Tschesche about the struc­
ture of the acid but even about the experimental 
facts. Indeed, it appears that only the following 
facts are known with any certainty about digito­
genin. Two of the nuclear hydroxyl groups are 
at C-2 and C-3, the side-chain is identical to that 
of tigogenin and chlorogenin and the third hy­
droxyl group is adjacent to an asymmetric carbon 
atom and it is not at C-6. In addition the con­
figuration at C-5 is alio since digitogenic acid has 
been converted to gitogenic acid and the side- 
chain is of the iso-configuration. The fact that 
digitogenin triacetate has been oxidized to the 
triacetate of a C22 lactone (V) by Marker and 
Rohrmann26 indicates that the third hydroxyl

CH3

CH—0 = 0

group is not in the side-chain. Consequently, only 
the positions 6, 7, 11 and 15 seèm probable. We 
have eliminated the 6 position in this paper. Po­
sition 11 seems improbable because digitogenic 
and digitoic acids readily form semicarbazones27 
and digitogenin forms a triacetate without diffi­
culty. The oxidation of a carbonyl group at C-7 
leads to the formation of dicarboxylic acids. 
Thus cholestane-7-one was oxidized to cholestane-
6.7- diacid28 and 7-keto-cholanic acid to thilo- 
bilianic acid29 (cholane-6,7,24-triacid). A hy­
droxyl group at C-7 is also improbable in digito­
genin because it is not dehydrated by distillation 
over potassium bisulfate. Simple distillation of
3.7- dihydroxycholanic acid converts it to the 
diene acid.30

It would be premature to locate definitely the 
hydroxyl group at C-15, but there are indications 
that this may be the case. Digitoic acid and digi-

(26) M arker and  R ohrm ann , T h is  J o u r n a l , 61, 2724 (1939).
(27) Steiger and  R eichstein , Helv. Chim. Acta , 20, 817 (1937).
(28) Stange, Z. physiol. Chem., 218, 74 (1933).
(29) W ieland and  D ane, ibid., 210, 268 (1932).
(30) W ieland an d  R everey, ibid., 140, 186 (1924).
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togenic acid would be isomeric at C-T4 or at C-16. 
The Wolff-Kishner reduction to gitogenic acid 
does not exclude this. The Wolff-Kishner reduc­
tion of 6-keto-Staden acid gives both acids iso­
meric at C-5 although the original acid is of the 
stable a //^-configuration A11 Dimroth31 has re­
cently shown the possibility of inversion of con­
figuration with a carbonyl group adjacent to C~ 
14.

There are some indications that digitogenin 
differs from the other sapogenins in the reactions 
of its side-chain. This could be conditioned by a 
hydroxyl group at C-15. Thus we have found 
that dihydro-digitogenin and bromodigitogenin 
are formed only with difficulty. Tetrahydrodigi- 
togenin could not be made since digitogenin was 
recovered unchanged when submitted to the 
Clemmensen reduction for twenty-four hours. 
This is in contrast to the behavior of the other 
sapogenins which give tetrahydrosapogenins 
readily.21*32 Digitogenin was also largely recov­
ered unchanged when heated with acetic anhy­
dride in a bomb-tube under conditions which give 
pseudosapogenins readily.33

Another fact which might indicate that the hy­
droxyl group may be in the neighborhood of the 
side-chain is that Windaus18 oxidized pure digito­
genic acid to o'-methylglutaric acid without de­
tecting a trace of methylsuccinic acid. Using a 
similar vigorous oxidation method with digito­
genin triacetate in which the hydroxyl groups are 
protected, we have obtained methylsuccinic acid 
as the major product of the oxidation. Methyl- 
succinic acid was obtained by Kiliani34'18 by the 
vigorous oxidation of impure digitogenic acid, and, 
as Windaus has pointed out,18 this probably arises 
from the gitogenic acid which was present as the 
impurity. If the hydroxyl group is at C-15 these 
facts can be explained readily.

Fieser,35 in his defense of the Tschesche-Hage- 
dorn formulation of the side-chain, has attempted 
to trace the formation of a'-methylglutaric acid 
in the Windaus oxidation to an extensive degrada­
tion of the nucleus. This seems most improbable 
and his citation of the case of Wieland’s 3,12-di- 
keto-nor-cholane-3,24-diacid36 does not apply be-

(31) D im ro th  and  Jonsson, Ber., 74, 520 (1941).
(32) M arker an d  R ohrm ann , T h is  J o u r n a l , 61, 746 (1939).
(33) M arker and  R ohrm ann , ibid., 62, 518 (1940); 62, 898 (1940).
(34) K iliani, Ber., 49 , 702 (1916).
(35) Fieser, “ C hem istry  of N a tu ra l P roducts  R elated  to  P henan­

th ren e ,"  R einhold P ublish ing  C orp., N ew  Y ork, N . Y ., 2nd. ed., p. 
326.

(36) W ieland and  Vocke, Z. physiol. Chem., 177, 68 (1928).

cause the splitting of this acid is probably due to 
the carbonyl group at C-12.

We thank Parke, Davis and Company for their 
help.

Experimental Part
6-Keto-cholestane-2,3-diacid.—To a solution of 50 g. of

3,6-dihydroxycholestane in 1500 cc. of acetic acid was 
added a solution of 50 g. of chromic anhydride in 500 cc. 
of 90% acetic acid during a period of ninety minutes. 
I t was stirred for an additional hour at 70° on a steam- 
bath. Water was added and the product was extracted 
with ether. The ethereal solution was washed free of 
acetic acid and extracted with alkali. The alkaline extract 
was acidified with hydrochloric acid and the acid which 
precipitated was filtered and washed. It was crystallized 
from glacial acetic acid, m. p. 228-230° with bubbling.

Anal. Calcd. for C27H44O5: C, 72.5; H, 9.9. Found: 
C, 72.3; H, 9.8.

Clemmensen Reduction of 6-Keto-cholestane-2,3-di- 
acid.—To a refluxing solution of 2 g. of 6-keto-cholestane-
2,3-diacid in 100 cc. of ethyl alcohol mixed with 50 g. of 
amalgamated zinc (20 mesh) was added 5 cc. of concen­
trated hydrochloric acid every fifteen minutes for four 
hours. Water was added and the product was extracted 
with ether. The ether was washed with water and the 
solvent was removed. The residue was hydrolyzed by 
refluxing with alcoholic potassium hydroxide, acidified 
with hydrochloric acid, and extracted with ether. The 
solvent was removed and the residue was recrystallized 
from glacial acetic acid, m. p. 194-195°, and gave no de­
pression in mixed melting point with an authentic sample 
of cholestane-2,3-diacid.

Anal. Calcd. for C27H4e04: C, 74.9; H, 10.7. Found: 
C, 74.8; H, 10.7.

Catalytic Reduction of 6-Keto-cholestane-2,3-diacid.—
A mixture of 2 g. of 6-keto-cholestane-2,3-diacid, 500 mg. of 
platinum oxide catalyst and 100 cc. of acetic acid was 
shaken for two hours with hydrogen at 40 pounds pressure 
and room temperature. The catalyst was filtered and 
the solvent was removed in vacuo. The residue was 
crystallized from 70% acetic acid and then from methyl 
alcohol, in which it is quite insoluble, m. p. 188-190°.

Anal. Calcd. for C27H44O4: C, 74.7; H, 10.2; neut. 
equiv. (for one carboxyl), 432.4. Found: C, 74.9; H, 
10.4; neut. equiv. cold, 435.8.

Distillation of Chlorogenin over Potassium Bisulfate.— 
A mixture of 1 g. of naturally occurring chlorogenin and 5.5 
g. of powdered potassium bisulfate was heated in a high 
vacuum at 200-210° until no more product sublimed. 
The sublimate was crystallized from acetone as white 
needles, m. p. 166-168°. When mixed with 3,5-dehydro- 
desoxytigogenin, prepared from diosgenin, there was no 
depression in melting point.

Anal. Calcd. for C27H40O2: C, 81.7; H, 10.2. Found: 
C, 81.6; H, 10.4.

Catalytic Reduction of Digitogenic and Digitoic Acids.—
The digitogenic acid was prepared by the oxidation of 8 g. 
of digitogenin at room temperature with chromic anhydride 
in acetic acid. The digitogenin used in these experiments
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was purified by crystallization of the triacetate. The digi­
togenic acid can be best purified by crystallization from 
ether, giving a product melting at 170-172°. The digi­
toic acid was prepared by isomerization of digitogenic acid 
with alkali and was crystallized from dilute acetic acid. 
It is very soluble in comparison with digitogenic acid.

A mixture of 500 mg. of digitogenic acid, 500 mg. of 
platinum oxide catalyst and 100 cc. of methyl alcohol was 
shaken with hydrogen at 40 pounds pressure and room 
temperature for one hour. The solution was filtered and 
the solvent was distilled in vacuo. The residue was very 
soluble in methanol, acetic acid and ethyl acetate. I t was 
quite insoluble in ether and pentane. It was crystallized 
by dissolving in a few drops of methanol and adding ether, 
m. p. 285-290° dec. Reduction in acetic acid gave the 
same product. Reduction of digitoic acid also gave the 
same product.

Anal. Calcd. for C27H42O7: C, 67.8; H, 8.8; neut. 
equiv. (2 acid groups), 239. Found: C, 67.9; H, 8.9; 
neut. equiv. cold, 243.

Oxidation of 6-Keto-tigogenone.—The 6-keto-tigogen­
one was prepared by the oxidation of diosgenin with 
chromic acid, followed by boiling the oxidation product 
with zinc dust and water. I t melted at 239-241° when 
crystallized from ether and gave no depression when 
mixed with chlorogenone obtained by the oxidation of 
naturally occurring chlorogenin.

To a solution of 9 g. of 6-keto-tigogenone in 400 cc. of 
acetic acid at room temperature was added a solution of
5.0 g. of chromic anhydride in 5 cc. of water and 25 cc. of 
acetic acid, keeping the temperature below 30°. It was 
allowed to stand at room temperature for twenty-two 
hours, diluted with water and extracted with ether. The 
ether was washed with water, followed with alkali. The 
alkaline extract was acidified and extracted with ether. 
The solvent was removed and the residue was crystallized 
from aqueous acetic acid, followed by crystallization from 
glacial acetic acid, m. p. 230° with bubbling. When mixed 
with chlorogenonic acid prepared by the oxidation of 
natural chlorogenin there was no depression in melting 
point.

The acid was prepared in better yield by the oxidation of
6-keto-tigogenone with Kiliani’s chromic anhydride- 
sulfuric acid-acetic acid mixture. This product melted 
at 231-234° with bubbling and gave no depression in melt­
ing point when mixed with a sample of the acid prepared 
from naturally occurring chlorogenin.

When crystallized from ether it gave a product melting 
at 232-234°, whereas when digitogenic acid is crystallized 
from ether it melts at 170-172°. It is stable to alkali as 
would be expected from the cholestane configuration at 
C-5. When mixed with digitoic acid (crystallized from 
dilute acetic acid) it shrunk at 172° and ran at 210°. 
The acid crystallized with one mole of acetic acid of crys­
tallization.

Anal. Calcd. for C27H4GO7C2H4O2: C, 64.9; H, 8.3. 
Found: C, 64.7; H, 8.5.

When treated with diazomethane it gave a dimethyl 
ester which melted at 156-159° when crystallized from 
ligroin and gave no depression in melting point when mixed 
with a sample of the ester prepared from natural chloro­
genin.

Anal. Calcd. for C29H44O7: C, 69.0; H, 8.8. Found: 
C, 69.3; H, 8.9.

Oxidation of Digitogenin Triacetate.—To a solution of 
10 g. of digitogenin triacetate in 300 cc. of glacial acetic 
acid was added a solution of 15 g. of chromic anhydride in 
100 cc. of 80% acetic acid. The product was heated on a 
steam-bath for ninety minutes, cooled and a small amount 
of water was added. The product was well extracted 
with ether and the total solvent was removed by vacuum 
distillation on a steam-bath. The residue was dissolved 
in ether and the acid fraction was removed by shaking with 
a small amount of 10% alkali. The neutral fraction upon 
evaporation of the ether crystallized. I t  was very insol­
uble in ether and was crystallized from acetone and from 
ether, m. p. 282-284° and gave no depression with an 
authentic sample of digitogenin lactone triacetate.

The alkaline layer was acidified and extracted ten times 
with a liberal amount of ether. The solvent was removed 
and the residue was sublimed in a high vacuum at 100°. 
The sublimate was crystallized from ether-pentane and 
from chloroform, m. p. 105-109°. Mixed with «-methyl - 
glutaric acid it melted at 55-62°.

Anal. Calcd. for CöHgCh: C, 45.4; H, 6.1; neut. 
equiv., 66. Found: C, 45.9; H, 6.3; neut. equiv., 68.

Other Reactions of Digitogenin.—Digitogenin is recov­
ered unchanged after four days of boiling with strong 
alcoholic hydrogen chloride mixture, indicating that it 
has the iso-configuration.

The greater portion of digitogenin is recovered un­
changed when treated with amalgamated zinc and alco­
holic hydrochloric acid even for twenty-four hours of con­
tinuous addition. The other sapogenins are converted 
in high yields into the tetrahydrosapogenins with three to 
six hours of similar treatment.

The greater part of digitogenin is unchanged upon 
treatment with acetic anhydride in a bomb tube at 200° 
for ten hours. The other sapogenins are converted al­
most quantitatively by this treatment into the pseudo- 
sapogenins.

Sublimation of digitogenin with potassium bisulfate at 
210- 220° gave only recovered digitogenin and no apparent 
dehydration.

Summary
Evidence has been presented indicating that 

there is no hydroxyl group at C-6 in digitogenin.
State College, Penna . R eceived June 3, 1942
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[C o n t r i b u t io n  f r o m  t h e  C h e m is t r y  D e p a r t m e n t  o f  T e m p l e  U n i v e r s i t y ]

The Nitration of Certain Halobiphenyls. I. Nitro Derivatives of 4-Bromobiphenyl
By F rancis H . C ase

In 1933 Mascarelli1 obtained by the nitration of
4-bromobiphenyl two isomeric dinitrobromobi- 
phenyls I (m. p. 205-206°) and II (m. p. 147-148°) 
whose structure was undetermined since they re­
sisted oxidation. With a view to clearing up the 
structure of these compounds, we have repeated 
the nitration, again obtaining the two isomers with 
the revised melting points 210-211° and 154-155°, 
respectively. Isomer I, also obtained by the nitra­
tion of 4-nitro-4'-bromobiphenyl, has been shown 
by us to be identical with the product obtained 
from 3,4'-dinitro-4-aminobiphenyl by replacement 
of amino by bromine, and is therefore 3,4'-dinitro-
4-bromobiphenyl. A substance2 (m. p. 135°), ob­
tained by the nitration of 4-nitro-4'-bromobi- 
phenyl, was previously assigned this structure

F i g . 1.

NO<

NH2

HOOC

N 02 n o 2

without experimental proof. Isomer II has been 
shown by us to be identical with the dinitrobromo- 
biphenyl obtained by Finzi and Bellavita3 by the 
nitration of 4-bromo-2 '-nitrobiphenyl. They as­
signed to it the structure 2',3-dinitro-4-bromobi- 
phenyl on the basis that it reacts with piperidine. 
We have confirmed this structure by oxidizing 
this substance to 3-nitro-4-bromobenzoic acid, 
thus avoiding the piperidine reaction,3 which is 
sometimes misleading. LeFèvre and Turner4 
obtained by the nitration of either 4-bromo-2'- 
nitrobiphenyl or 4-bromo-4,-nitrobiphenyl the

(1) M ascarelli, Gazz. chim. ital., 63, 654 (1933).
(2) LeFèvre, M oir and  T urner, J . Chem. Soc., 2330 (1927).
(3) F inzi and  B ellavita, Gazz. chim. ital., 68, 77 (1938).
(4) L eFèvre and  T urner, J . Chem. Soc., 2044 (1926).

same trinitrobromobiphenyl. Since it reacts with 
piperidine they assigned to it the structure 2,3',4- 
trinitro^'-bromobiphenyl. This is confirmed 
without the use of piperidine by the fact that 3,4'- 
dinitro-4-bromobiphenyl also yields the same sub­
stance on nitration.

The nitration of 4-bromo-3'-nitrobiphenyl is of 
interest because in this compound the nitro group 
is in a position it would not normally assume on 
the nitration of 4-bromobiphenyl. It was found 
that if the nitration were carried out according 
to Mascarelli’s general directions, i. e., in a mixture 
of nitric and sulfuric acids initially kept below 
40° but completed at 100° and the product ex­
tracted with ether, the ether-insoluble part 
yielded a constant-melting product III, the analy­

sis of which indicates a trinitrobromobi­
phenyl mixed with a small amount of a 
dinitrobromobiphenyl. On oxidation the 
mixture yields 3-nitro-4-bromobenzoic acid. 
From the ether soluble portion could be iso­
lated by fractional crystallization a dinitro­
bromobiphenyl IV (m. p. 143-144°), from 
alcohol-acetone.

If the nitration were effected under milder 
conditions, e. g., nitric and sulfuric acids be­
low 40°, nitric acid (sp. gr. 1.5) below 15°, or 
ethyl nitrate, the reaction product, now solu­
ble in ether, when repeatedly crystallized 
from alcohol-acetone yielded a constant­
melting mixture which analyzed correctly 
for a dinitrobromobiphenyl. On repeated 

crystallization from benzene, it yielded a pure 
isomeric dinitrobromobiphenyl V, m. p. 187-188°. 
On oxidation the mixture was partially converted 
into 3-nitro-4-bromobenzoic acid, leaving a residue 
of the pure isomer IV.

On more drastic nitration with nitric acid (sp. 
gr. 1.59), at 100°, 4-bromo-3'-nitrobiphenyl is 
converted into the isomeric trinitrobromobi- 
phenyls VI (predominantly) and VIII.

The structure of isomer IV, suggested by the 
fact that it does not react with piperidine and on 
total reduction followed by oxidation yields no 
acid, was established by the following method: 
4-amino-3'-nitrobiphenyl was nitrated to 2,3'- 
dinitro-4-aminobiphenyl (structure proven by de-
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amination to 2,3/-dinitrobiphenyl), and the com­
pound resulting from this by replacement of amino 
by bromine proved identical with IV,

Isomer V was synthesized by nitration of 4- 
acetamino-3 '-nitrobiphenyl to 3,3 '-dinitro-4-acet- 
aminobiphenyl (structure proven by hydrolysis 
and deamination to 3,3'-dinitrobiphenyl) followed 
by hydrolysis and replacement of amino by bro­
mine.

Isomers IV and V were now separately nitrated 
further (nitric acid (sp. gr. 1.59) at 100°). The 
trinitrobromo compound yielded by IV was now 
found to be identical with VI, obtained by the di­
rect nitration of 4-bromo-3 '-nitrobiphenyl under 
the same conditions. It was found that one nitro 
group of VI is replaced completely by amino in 
alcoholic ammonia at 150°. On deamination of 
the resulting compound (VII), however, IV is re­
generated, indicating that the new nitro group is 
the one attacked by the ammonia. If, however, 
VII is subjected to the Sandmeyer reaction, the 
resulting dibromodinitro compound is shown to 
be identical with 2,3'-dinitro-4,4'-dibromobi- 
phenyl, obtained by the nitration of 4,4'-dibromo- 
biphenyl.4*5

Since the positions of both bromine atoms are 
known in one compound, and of both nitro groups 
in the other, the identity of these compounds con­
stitutes a proof of the structure of VI and an inde-

Cö) D ennett and  T urner, J . Chem. Soc., 476 (1926).

pendent proof of the structure of the dinitration 
product of 4,4'-dibromobiphenyl.

The replacement of a p- instead of a m-nitro 
group by amino in 2,3',4'-trinitro-4-bromobi- 
phenyl seemed somewhat surprising in view of the 
fact that such compounds as 3,4-dinitromethyl-, 
iodo-, chloro-, and bromo-benzene all yield m- 
amino derivatives under similar conditions. A 
study of the reaction of 3,4-dinitrobiphenyl with 
alcoholic ammonia showed that here, also, the 
nitro group para to the phenyl nucleus is substi­
tuted by amino.

The trinitrobromo compound VIII obtained by 
the further nitration of V was synthesized as 
follows: 3,4-dinitrobiphenyl, prepared by the ac­
tion of copper on phenyl iodide and 3,4-dinitro- 
iodobenzene at 270°, was brominated, and the re­
sulting product (IX) on nitration yielded VIII. 
Since in IX the position of the two nitro groups is 
known and in VIII the positions of the bromine 
atom and of the other nitro group are known, the 
structures of both VIII and IX are simultane­
ously proved.

Since on nitration with nitric acid (sp. gr. 1.59) 
at 100Q the previously described mixture (III) 
yields VIII and in view of the analytical data, it is 
concluded that it consists largely of VIII mixed 
with a small amount of a dinitrobromobiphenyl.

The synthesis of 3,3', 5-trinitro-4-bromobi- 
phenyl (XII), another theoretically possible result
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of the further nitration of 3,3' -dinitro -4-bromobi- 
phenyl, was accomplished by the dinitration of 4- 
acetamino-3 '-nitrobiphenyl followed by hydroly­
sis and application of the Sandmeyer reaction. 
The structure of the intermediate trinitro base 
(X) was proven by deaminizing it to a trinitrobi- 
phenyl (XI), which proved identical with that ob­
tained by the Ullmann reaction on a mixture of
3,5-dinitroiodobenzene and m-nitroiodobenzene. 
From two moles of 3,5-dinitroiodobenzene, the 
hitherto undescribed 3,3',5,5'-tetranitrobiphenyl 
was obtained. It was hoped to reduce one nitro 
group of this substance and convert it into the tri­
nitro compound mentioned above, but the reduc­
tion proved to be unsuccessful.

F ig. 3. 

NHAc

N 02

I
n o 2 n o 2

Experimental
Nitration of 4-Bromobiphenyl.—The procedure was the 

same as that of Mascarelli.1 Isomer I (ether-insoluble), 
crystallized from acetone, melted at 210-211 °.

Anal. Calcd. for Ci2H7N20 6Br: Br, 24.74. Found: Br, 
24.78.

Isomer II (ether-soluble), crystallized from alcohol, 
melted at 154-155°.

Anal. Calcd. for Ci2H7N206Br: Br, 24.74. Found: 
Br, 24.86.

Synthesis of 3,4'-Dinitro-4-bromobiphenyl (Method of 
Schoutissen6).—To a solution at 0° of 5.2 g. of 3.4'-di- 
nitro-4-aminobiphenyl in 20 cc. of coned, sulfuric acid was 
added a solution of 2 g. of sodium nitrite in 20 cc. of coned, 
sulfuric acid. Phosphoric acid (70 cc.) was then added 
with stirring, keeping the temperature below 2°. After 
standing one-half hour the resulting solution was poured 
into a solution of 15 g. of bromine and 15 g. of sodium 
bromide in 100 cc. of ice-water. After one hour, copper 
powder was added and the mixture allowed to stand over­
night. I t was then heated for one hour and the precipi­
tate filtered off and recrystallized from acetone; m. p. 
207-208°. This was not depressed by admixture with 
isomer I, above.

(6) Schoutissen, T h is  J o u r n a l , 55, 4538 (1933).

Nitration of 4-Nitro-4'-bromobiphenyl.—The procedure 
was again the same as that of Mascarelli.1 From 17.7 
g. of starting material, the ether-insoluble portion yielded
2.5 g. of pure isomer I.

Nitration of 4-Bromo-2 '-nitrobiphenyl.—Six grams of
4-bromo-2'-nitrobiphenyl was added gradually to a mix­
ture of 20 cc. of coned, sulfuric acid and 26 cc. of coned, 
nitric acid, keeping the temperature below 30°. After 
one hour of stirring at room temperature the mixture was 
poured into water and the precipitated solid crystallized 
from alcohol-acetone; yield 3 g., melting at 154-155°, 
and unchanged when mixed with isomer II. On oxidation 
with chromic acid, this substance yields 3-nitro-4-bromo- 
benzoic acid.

Preparation of 2,3',4-Trinitro-4'-bromobiphenyl.—This 
substance (m. p. 180-181 °) was obtained by the action of 
fuming nitric acid (sp. gr. 1.59) at 100° on each of the 
following: 3,4'-dinitro-4-bromobiphenyl, 2,3'-dinitro-4-
bromobiphenyl, 4-nitro-4'-bromobiphenyl, 2-nitro-4'-
bromobiphenyl.

Nitration of 4-Bromo-3 '-nitrobiphenyl
Method A.—4-Bromo-3 '-nitrobiphenyl (17.7 g.) was 

added slowly to a mixture of 30 g. of coned, sulfuric acid 
and 20 g. of coned, nitric acid, keeping the temperature 
below 40 °. The reaction was completed by heating on the 
steam-bath for one hour. The mixture was then poured 
into ice-water, filtered, washed and dried. After five 
extractions with ether, an insoluble residue was obtained 
which on crystallization from acetone-alcohol yielded 2 
g. of a product melting constantly at 181-182°. The 
analysis indicated it to be an impure trinitrobromo de­
rivative.

Anal. Calcd. for Ci2H6N30 6Br: Br, 21.72; N, 11.42 
Found: Br, 22.42; N, 11.08.

On oxidation with chromic acid it yielded 3-nitro-4- 
bromobenzoic acid.

The ether soluble material was evaporated to dryness, 
and on repeated crystallization from alcohol-acetone 
yielded 2.5 g. of a product (IV) melting at 143-144°.

Method B.—Fifteen grams of 4-bromo-3'-nitrobiphenyl 
was added gradually to a stirred mixture of 30 g. of sulfuric 
acid and 20 g. of nitric acid, keeping the temperature be­
low 40°. The reaction mixture, which proved to be 
soluble in ether, was poured into water, washed and 
dried. After eight crystallizations from benzene 0.4 g. 
of a product (V) melting at 189-190° was obtained. If 
the nitration mixture were crystallized from alcohol- 
acetone, 8.7 g. of a mixture melting at 129-130° was ob­
tained.

Anal. Calcd. for Ci2H7N206Br: Br, 24.74. Found: Br, 
24.91.

On oxidation with chromic acid the mixture yielded 3- 
nitro-4-bromobenzoic acid and pure isomer IV.

Method C.—Twenty grams of 4-bromo-3'-nitrobiphenyl 
was dissolved in 170 cc. of fuming nitric acid ,(sp. gr. 1.59) 
and the mixture heated for one hour on the steam-bath. 
I t was then poured into water, and the resulting solid 
(VI) crystallized four times from alcohol-acetone; yield, 
5 g.; m. p. 170-171°.

Anal. Calcd. for Ci2H6N306Br: Br, 21.72. Found: Br,
22 .01 .
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From the filtrate of the first crystallization a solid sepa­
rated on standing which after repeated crystallization from 
alcohol-acetone yielded 0.7 g. of a solid melting at 191-192° 
and unchanged when mixed with VIII.

Nitration of the Mixture (III).—Nitration according 
to the above procedure yielded a trinitrobromobiphenyl 
(VIII), m. p. 192-193°.

2.3 '-Dinitro-4-aminobiphenyL—Fifteen grams of 3- 
nitro-4'-aminobiphenyl was dissolved in a mixture of 13 
cc. of 15% oleum and 50 cc. of coned, sulfuric acid. Potas­
sium nitrate (7.5 g.) was added slowly, keeping the tem­
perature below 6 °. The reaction mixture was then allowed 
to warm to room temperature, poured into ice water and 
neutralized with potassium hydroxide. On crystalliza­
tion from benzene, 11 g. of crude base, m. p. 154°, was 
obtained. The acetyl derivative was crystallized from 
alcohol, m. p. 215-216°.

Anal. Calcd. for Ci4HnN30 5: N, 13.96. Found: N, 
13.84.

The pure base was obtained by hydrolysis of the acetyl 
derivative in dilute sulfuric acid. I t was crystallized 
from benzene, m. p. 157-158°.

Anal Calcd. for Ci2H9N30 4: N, 16.22. Found: N, 
16.44.

On deamination the above base yielded a product melt­
ing unchanged when mixed with 2,3/-dinitrobiphenyl.

2,3'-Dinitro-4-bromobiphenyl.—This was prepared by 
Schoutissen’s6 method from 2,3'-dinitro-4-aminobiphenyl. 
After crystallization from alcohol-acetone it melted at 
143-144°. The melting point was unchanged by admix­
ture with isomer IV.

Anal. Calcd. for Ci2H7N20 4Br: Br, 24.74. Found: Br, 
24.99.

3.3 '-Dinitro-4-aminobiphenyl.—To a solution of 6 g. 
of 4-acetamino-3 '-nitrobiphenyl in 30 cc. of glacial acetic 
acid and 10 cc. of acetic anhydride at 70° was added a 
solution of 1.5 cc. of nitric acid (sp. gr. 1.5) in 5 cc. of ace­
tic acid. After one hour of stirring at this temperature, 
the mixture was poured into ice water, and the precipitated 
solid recrystallized from glacial acetic acid, yielding 4.5 g., 
m. p. 241-242°.

Anal. Calcd. for Ci4HnN3Ö5: N, 13.96. Found: N, 
13.74.

The free base was liberated by hydrolysis with dilute 
sulfuric acid at 120°. On crystallization from benzene, 
it melted at 206-207 °.

Anal. Calcd. for Ci2H9N30 4: N, 16.22. Found: N,
16.51.

On deamination the base was converted into 3,3'-di- 
nitrobiphenyl.

3.3 '-Dinitro-4-bromobiphenyl.—This was prepared from 
the above base in the same way as 2,3'-dinitro-4-bromobi- 
phenyl. On crystallization from acetone-alcohol it melts 
at 187-188°.

Anal. Calcd. for Ci2H7N20 4Br: Br, 24.74. Found: Br, 
24.95.

The melting point was unchanged by admixture with 
isomer V.

2.3 ',4 '-Trinitro-4-bromobiphenyl (VI).—This was pre­
pared from 2,3'-dinitro-4-bromobiphenyl by the same 
method used to prepare it from 4-bromo-3'-nitrobiphenyl.

2,3 '-Dinitro-4 '-amino-4-bromobiphenyL—2,3 ',4-Tri- 
nitro-4-bromobiphenyl (4.5 g.), suspended in a solution of 
alcoholic ammonia, was heated in a sealed tube for ten 
hours at 150°. After evaporation of the alcohol, the resi­
due was taken up in benzene and treated with dry hydro­
gen chloride. From the precipitated hydrochloride the 
free base was liberated with ammonium hydroxide and 
crystallized from alcohol-acetone; m. p. 223-224°.

Anal. Calcd. for Ci2HsNs04Br: Br, 23.65, Found: Br, 
23.85.

Deamination.—One gram of the above base suspended 
in 90 cc. of alcohol was treated with 20 cc. of 1-1 sulfuric 
acid and 3 g. of solid sodium nitrite. After one hour of 
heating on the steam-bath, the deaminized product was 
precipitated in ice-water and recrystallized from alcohol. 
I t  melted unchanged when mixed with 2,3'-dinitro-4- 
bromobiphenyl.

2,3'-Dinitro-4,4'-dibromobiphenyl.—This was obtained 
from the 2,3'-dinitro-4'-amino-4-bromobiphenyl by the 
method of Schoutissen as in the case of 2,3'-dinitro-4- 
bromobiphenyl. I t melted at 152-153°, and was shown 
by mixed melting point to be identical with the product 
obtained by Dennett and Turner5 from the nitration of
4,4 '-dibromobiphenyl.

3.4- Dinitrobiphenyl.—The following method of synthe­
sis was adopted after attempts to oxidize 3-nitr0-4-amino- 
biphenyl with Caro’s acid, and to apply Sandmeyer’s reac­
tion to it had failed. A mixture of 19 g. of 3,4-dinitroiodo- 
benzene, 20 g. of iodobenzene and 22 g. of copper powder 
was heated for three hours in a sealed tube at 280°. The 
copper compounds were then removed by extraction with 
acetone, the acetone evaporated off, and the residue dis­
tilled in vacuum. The fraction boiling at 180-210° 
(3 mm.) was found to be unchanged 3,4-dinitroiodobenzene. 
The fraction boiling at 210-245 ° (3 mm.) was recrystallized 
from methanol, yielding 3.4 g. of 3,4-dinitrobiphenyl, 
m. p. 86-87°. The pure product melts at 87-88°.

Anal. Calcd. for C12H8N2O4: N, 11.48. Found: N, 
11.70.

Ammonolysis of 3,4-Dinitrobiphenyl.—3,4-Dinitrobi- 
phenyl (2.5 g.), dissolved in a large excess of alcoholic 
ammonia, was heated in a sealed tube at 150° for ten 
hours. After evaporation of the solvent the residue on 
crystallization from alcohol yielded 1 g. of product melting 
at 162-163 °, or 0.6 g., m. p. 168°. This melted unchanged 
when mixed with 3-nitro-4-aminobiphenyl. From the 
filtrate no other pure compound could be isolated.

3.4- Dinitro-4'-bromobiphenyl (IX).—A solution contain­
ing 7.1 g. of 3,4-dinitrobiphenyl, 3.5 cc. of bromine, and 
0.1 g. of ferric chloride in 30 cc. of glacial acetic acid was 
heated at 90° for forty hours until the bromine color had 
disappeared. The mixture was then poured into water, 
and the resulting solid crystallized eight times from alcohol, 
yielding 0.5 g. of a product melting at 167-168°. Since 
very incomplete bromination was indicated, the filtrates 
were all evaporated down and rebrominated, yielding an 
additional 1.2 g.

Anal. Calcd. for Ci2H7N20 4Br: Br, 24.74. Found: Br, 
24.80.

3,3 ',4-Trinitro-4'-bromobiphenyl (VIII).—This was ob­
tained by the nitration of 3,3'-dinitro-4-bromobiphenyl
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with nitric acid (sp. gr. 1.59) at 100°. When crystallized 
from benzene it melts at 192-193 °.

Anal. Calcd. for Ci2H6N30 6Br: Br, 21.72. Found: Br, 
22.08.

The same product was also obtained by the nitration of 
IX  or of the mixture III.

3,3 ',5-Trinitro-4-aminobiphenyl (X).—Ten grams of 
3,3'-dinitro-4-acetaminobiphenyl was added gradually to 
60 cc. of nitric acid (sp. gr. 1.5) keeping the temperature 
below 8°. On pouring the solution into water and re­
crystallizing from acetone-alcohol, the acetylated base 
was obtained yielding 4.5 g., m. p. 241-242°. The pure 
product melts at 242-243 °.

Anal. Calcd. for CmHiJSTA: N, 16.19. Found: N, 
15.83.

This product could also be obtained in a lower state of 
purity by direct nitration of 4-acetamino-3 '-nitrobi­
phenyl.

The free base was obtained by hydrolysis of the acet­
amino compound with dilute sulfuric acid at 120°. On 
crystallization from glacial acetic acid it melted at 233°.

Anal. Calcd. for Ci2H8N30 6: N, 18.43. Found: N, 
18.19.

Deamination of 3}3',5-Trinitro-4-aminobiphenyl.—The
deamination of 3,3/,5-trinitro-4-aminobiphenyl by the 
simple method used to prepare 2,3 '-dinitro-4-bromobi- 
phenyl proved ineffective in this case, as the base was re­
covered unchanged. The following procedure was there­
fore adopted: 3.5 g. of the trinitro base, dissolved in 30 
cc. of coned, sulfuric acid, was treated at 0° with a solu­
tion of 1.5 g. of sodium nitrite in 20 cc. of coned, sulfuric 
acid. The mixture was treated at 2° with a solution of 
70 cc. of phosphoric acid, and then with 40 cc. of 20% 
oleum, at 15-20°. The resulting solution was poured into 
250 cc. of boiling ethanol, and refluxed for one hour. 
After pouring into ice-water, the resulting solid was 
filtered and crystallized from methanol-acetone, yielding 
1 g. of a product melting at 167-168°. This was further 
purified by treatment with chromic acid which appeared 
to remove traces of unchanged base. The melting point 
of the pure product was 177-178°.

Anal. Calcd. for Ci2H7N306: N, 14.54. Found: N, 
14.48.

3.3 ',5-Trinitrobiphenyl (XI).—A mixture of 12 g. of
3.5- dinitroiodobenzene, 7.5 g. of m-nitroiodobenzene and 
8 g. of copper powder was heated for an hour at 270°. 
From the ether extract it was possible to obtain by re­
peated crystallization from alcohol-acetone a small amount 
of a solid melting at 173-174° and unchanged when mixed 
with the deamination product of 3,3',5-trinitro-4-aminobi- 
phenyl.

3,3^5-Trinitro-4-bromobiphenyl (XII).—This was pre­
pared from the corresponding base by Schoutissen’s 
method. From 3.5 g. of base was obtained 3 g. of pure 
product, melting at 222-223° (from alcoh fl-acetone).

Anal. Calcd. for Ci2H6N306Br: Br, 21.72. Found: Br, 
22.04.

3.3 ',5,5 '-Tetranitrobiphenyl.—A mixture of 13 g. of
3.5- dinitroiodobenzene and 8.5 g. of copper powder was 
heated with stirring at 270° for one and one-half hours. 
The acetone extract, after evaporation, was crystallized 
from toluene, yielding 0.7 g. of a solid melting at 228-229 °.

Anal. Calcd. for C^HeNA: N, 16.77. Found: N,
16.52.

The nitrogen analyses were carried out by Messrs. 
Richard Schock and Chester White.

Summary
1. The nitration of 4-bromobiphenyl according 

to Mascarelli is shown to yield 3,4'-dinitro-4- 
bromobiphenyl and 2',3-dinitro-4-bromobiphenyl.

2. Depending on conditions, the following sub­
stances have been obtained from the nitration of 
4-bromo-3 '-nitrobiphenyl: 2,3 '-dinitro-4-bromo-
biphenyl, 3,3 '-dinitro-4-bromobiphenyl, 2,3',4'- 
trinitro-4-bromobiphenyl and S^'^'-trinitro^- 
bromobiphenyl. '

3. Proof of the structures of the above sub­
stances is given.
P h i l a d e l p h i a , P e n n s y l v a n ia  R e c e i v e d  M a y  11, 1942

[C o n t r i b u t io n  f r o m  t h e  D i v is i o n  o f  C h e m is t r y , N a t io n a l  I n s t i t u t e  o f  H e a l t h , U. S. P u b l i c  H e a l t h  S e r v i c e ]

Syntheses of Epi-lactose and Lactose
By W. T . H a sk in s , R aymond M. H ann and C. S. H udson

In continuation of our use of acetone-D-manno- 
s a n < l ,5 > |0 < l ,6 > 1 for the synthesis of disac­
charides2 having their linkage at carbon atom 4, 
we have now combined this substance with aceto- 
bromo-D-galactose and thereby produced, first, 
the epimer of lactose (4-[/3-D-galactopyranosido] - 
D-mannose), which we shall designate epi-lactose 
for brevity, and, second, lactose (4- [/5-D-galacto-

(1) K nauf, H ann  and H udson, T h is  J o u r n a l , 63, 1447 (1941).
(2) H askins, H ann  an d  H udson, ibid., 63, 1724 (1941); 64, 1490 

(1942).

pyranosido] -D-glucose) itself. Bergmann, Schotte 
and Rennert3 discovered epi-lactose by the epi­
merization of lactose through the reactions lactose 
—> acetobromolactose —> hexaacelyl lactal ~ * lactal —> 
epi-lactose. The reverse transformation of epi- 
lactose to lactose, which has now assumed impor­
tance, has been accomplished readily by the reac­
tions epi-lactose —> acetobromo-epi-ladose hexa- 
acetyl lactal —> lactose hexaacetate —> lactose octa-

(3) Bergm ann, Scho tte  and  R ennert, A n n ., 434, 94 (1923).
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acetate —> lactose, following the general method of 
Levene and Tipson4 in the oxidation of the glycal 
hexaacetate, as used by us2 recently in the trans­
formation of epi-cellobiose to cellobiose. Several 
of the essential designations in the structure of 
lactose were established by Haworth and Long5 
when they identified the products of the acid hy­
drolysis of fully methylated lactobionic acid as
2,3,4,6-tetramethyl-D-galactopyranose and 2,3,5,6-

D-Mannose

i
D-Mannosan< 1,5>/3<1,6>9

i
2,3-Isopropylidene-D-mannosan< 1,5 > (3< 1,6 >

present syntheses. The syntheses also represent 
total syntheses since such have been accomplished 
previously for D-mannose and D-galactose.8 Lac­
tose, the unique disaccharide of mammalian life, is 
producible in the chemical laboratory, by structurally 
definitive reactions of organic chemistry, from the 
elements carbon, hydrogen and oxygen. A flow 
diagram of the synthetic steps, beginning with 
D-mannose and D-galactose, is shown.

D-Galactose

Y
Acetobromo-D-galactopyranose

2.3- Isopropylidene-4-[/3-2',3',4/,6'-tetraacetyl-D-galactopyranosido]-D-mannosan<l,5 >j3<l,6 >

I
4- [/3-2 ',3 ',4 ',6 '-Tetraacetyl-D-galactopyranosido ]-D-mannosan< 1,5 >  /3< 1,6 >

I
2.3- Diacetyl-4-[j3-2,,3/,4/,6/-tetraacetyl-D-galactopyranosido]-D-mannosan<l,5>/3<l,6 >

a:-l,2,3,6-Tetraacetyl-4-[i3-2/,3/,4/,6/-tetraacetyl-D-galactopyranosido]-D-mannose 
(a-Epi-lactose octaacetate)--------------------1

Acetobromo-epi-lactose

\Hexaacetyl lactal

I
Hexaacetyl lactose

I
/3-Lactose octaacetate —

EPI-LACTOSE

->  LACTOSE

tetramethyl-D-gluconic acid. The /Ö-configuration 
of the galactose moiety has been inferred in the 
past from the fact that the enzyme lactase, which 
hydrolyzes lactose, likewise hydrolyzes 0-methyl- 
D-galactopyranoside, but is without action on the 
«-modification; and also from a comparison of 
the rotatory powers of the methyl esters of the 
octamethyl derivatives of lactobionic, cellobionic 
and maltobionic acids, before and after acid hy­
drolysis.6 The /^-configuration of the galactose 
moiety is now conclusively established from the 
fact that acetobromo-D-galactose, which yields 
jS-methyl-D-galactopyranoside when treated with 
methyl alcohol and silver carbonate by the 
Koenigs-Knorr reaction,7 was employed in the

(4) Levene and  T ipson, J .  B io l . C h em ., 93, 631 (1931).
(5) H aw orth  and Long, J .  C h em . S o c ., 544 (1927).
(6) H aw orth , “ T he C onstitu tion  of Sugars,” Edw ard  Arnold & 

Co., London, 1929 edition, pp. 59, 65.
(7) Levene an d  Sobotka, J .  B io l .  C h em ., 67, 771 (1926); Dale and 

Hudson, T h i s  J o u r n a l , 52, 2537 (1930).

The synthesis of the enantiomorph of lactose, 
namely, 4- [/3-L-galactopyranosido] -L-glucose, un­
questionably could be made by parallel reactions 
provided sufficient supplies of the rare L-mannose 
and L-galactose should become available.

Historical Note.—A formation of lactose by 
the direct combination under catalytic conditions 
of supposedly pure glucose and galactose was re­
ported in 1879 by Demole.10 Pictet and Vogel11 
also reported such a formation. The reality of 
these reported formations of lactose remains in 
grave doubt; in any event, they have not con­
tributed any new knowledge concerning the 
structure of lactose. In 1902 Emil Fischer and

(8) Fischer, B e r ., 23, 2114 (1890); F ischer an d  Ruff, ib id . ,  33, 2142 
(1900).

(9) M ontgom ery, R ich tm yer an d  H udson, T h i s  J o u r n a l , 64, 
1483 (1942).

(10) Demole, B e r ., 12, 1935 (1879); c f .  B erthelo t, B u ll .  soc. c h im .,
[2] 34, 82 (1880).

(11) P ic te t and  Vogel, H e lv . C h im . A c ta , 11, 209 (1928).
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E. F. Armstrong12 reported a synthesis of a galac- 
tosido-glucose from acetochloro-D-galactose and 
sodium glucbsate (“glucose-natrium”) ; a crys­
talline osazone, which was thought by them to be 
possibly melibiose osazone, was described; a 
later re-investigation of the subject by Schlubach 
and Rauchenberger13 suggested that the osazone 
may be tha t of lactose. Biochemical syntheses 
of lactose from its constituent hexoses through the 
enzymotic activity of mammary gland tissue have 
been reported.14

Experimental
Acetobromo-o-galactose.—The general method of Lev­

ene and Raymond15 was followed. A solution of 25 g. of 
0-D-galactopyranose pentaacetate (m. p. 140-142 °; M 20d 
+ 24.0° in chloroform)16 in 50 cc. of glacial acetic acid was 
cooled to 0° and saturated with gaseous hydrobromic acid; 
after standing two hours at 5°, the solution was diluted with 
100 cc. of toluene and concentrated in vacuo at 45° to a thin 
sirup; three successive 100-cc. portions of toluene were 
added and removed in the same manner; the residual sirup 
was dissolved in 25 cc. of warm ether and as the solution 
cooled the acetobromogalactose crystallized. The yield 
was 23.6 g. (90%). The substance was recrystallized by 
solution in two parts of ether and the addition of one part 
of isopentane; it formed fine needles which melted at 84- 
85° (cor.), and showed a rotation of +217° (c, 1.2)17 in 
chloroform and +242° (c, 1.2) in benzene. Fischer and 
Armstrong18 report a melting point of 82-83° and a specific 
rotation [a]20o of +236.4° in benzene for acetobromogalac­
tose; Ohle, Marecek and Bourjau19 record a melting point 
of 85° for the compound, but did not measure its rotation. 
Apparently the rotation in chloroform has not been re­
corded previously; its value is now found to be near that 
which was predicted some years ago.20

Anal. Calcd. for Ci4H190 9Br: Br, 19.4. Found, Br,
19.7.

2,3-Diacetyl-4- [0-2 ',3 ',4 ',6 '-tetraacety 1-D-galactopy- 
ranosido ]-D-mannosan< 1 ,5>0<1,6> .—A solution of
10.1 g. (0.05 mole) of 2,3-isopropylidene-D-mannosan

(12) F ischer an d  A rm strong, Ber., 35, 3146 (1902).
(13) Schlubach an d  R auchenberger, ibid., 58, 1184 (1925); 59, 

2102 (1926).
(14) G ran t, Biochem. J .,  30, 2027 (1936); Pe terson  and Shaw, 

Science , 86, 398 (1937).
(15) Levene and  R aym ond, J . Biol. Chem., 90, 247 (1931).
(16) H udson  an d  P a rk e r, T h i s  J o u r n a l , 37, 1589 (1915); H udson 

and  Johnson , ibid., 38, 1224 (1916).
(17) All of th e  c rystalline  com pounds described in the  experimen­

ta l p a r t  were recrystallized  to  co n stan t m elting  p o in t and specific 
ro ta tio n  [a]20D; c is th e  concen tration  in  gram s in 100 cc. of solution; 
th e  tu b e  leng th  w as 4 dm . T he  m icrochem ical analyses reported  
w ere perform ed by  D r. A. T . N ess to  w hom  we express our apprecia­
tion .

(18) F ischer an d  A rm strong, Ber., 35, 837 (1902).
(19) Ohle, M arecek  an d  B ourjau , ibid., 62, 833 (1929).
(20) Hudson, T h i s  J o u r n a l , 46, 462 (1924). The difference be­

tween the molecular rotations in the pyranose pair, acetobromo-D- 
glucose and /S-D-glucose pentaacetate, is -+-81,400 — 1,500 =» 79,900, 
and in the similar pair, acetobromo-D-galactose and -̂D-galactose 
pentaacetate, it is now found to be 89,200 — 9,000 =  80,200. Ac­
cording to the isórotation rules an equality of these differences, which 
are (ifir +  Aac) in each case, is to be expected.

<1,5> 0<1,6> in 100 cc. of dry alcohol-free chloroform, 
50 g. of “Drierite,” 25 g. of silver oxide and 35 g. of glass 
beads (4 mm. diameter) was placed in a 500-cc. brown 
glass stoppered bottle and agitated on a machine for one 
hour to ensure drying of the reagents; 2.5 g. of solid iodine 
and a solution of 20.6 g. (0.05 mole) of acetobromo-D- 
galactose in 50 cc. of pure chloroform were then added and 
shaking was resumed for seven days at room temperature 
(24°). The solid reaction products and excess of reagents 
were removed by filtration, and the filtrate (which gave 
no test for ionizable halogen) containing the 2,3-isopropyl- 
idene - 4 - [8 - 2',3',4',6' - tetraacetyl - d  - galactopyrano- 
sido ]-D-mannosan< 1,5> 0< 1,6> , was concentrated in 
vacuo to a sirup. A solution of the sirup in 200 cc. of 80% 
acetic acid was heated on the steam-bath until the rotation 
became constant (two hours), to remove the isopropylidene 
residue; the solvent was removed by concentration in 
vacuo, and the residual sirup, containing the partly ace­
tylated 4- [0-D-galactopyranosido ]-D-mannosan< 1,5> 0- 
<1,6>, was heated for one hour on the steam-bath with
2.5 g. of fused sodium acetate and 25 cc. of acetic anhydride. 
The reaction mixture was poured over crushed ice and the 
gum which precipitated was washed with water and dis­
solved in 10 cc. of warm alcohol; the new crystalline ma­
terial (2,3-diacetyl-4- f 0-2 ',3 ',4 ',6 '-tetraacetyl-D-galacto-
pyranosido]-D-mannosan < 1,5 > 0 <  1,6 >) which depos­
ited as the solution cooled was recrystallized from 15 parts 
of absolute alcohol and obtained in the form of elongated 
prisms which melted at 193-194° (cor.) and showed a rota­
tion of —62.7° (c, 0.8) in chloroform. The yield was 8.8 
g. (30%).

Anal. Calcd. for C24H32O16: C, 50.00; H, 5.60;
CH3CO, 44.8. Found: C, 50.11; H, 5.62; CH3CO, 44.7.

a-1,2,3,6 Tetraacetyl-4- [0-2 ',3 ',4',6'-tetraacetyl-D-galac- 
topyt anosido J-D-mannose (a-Epi-lactose Octaacetate).— 
A solution of 12.5 g. of 2,3-diacetyl-4-[0-2',3',4',6'-tetra- 
acetyl-D-galactopyranosido]-D-mannosan< 1,5>0< 1,6> in 
100 cc. of an acid acetylating solution (prepared by add­
ing 2 cc. of concentrated sulfuric acid dropwise to an ice- 
cold mixture of 70 cc. of acetic anhydride and 30 cc. of gla­
cial acetic acid) changed in rotation from +50.8°, after 
fifteen minutes, to a constant value of +55.1° in two hours 
at 20°. The reaction mixture was poured over crushed ice 
and the crystalline precipitate which formed was re­
crystallized from 3 parts of absolute alcohol. The yield 
was 14.5 g. (99%). The new substance (a-epi-lactose 
octaacetate) crystallized as elongated prisms which melted 
at 96-97° (cor.) and rotated +41.2° (c, 0.8) in chloroform.

Anal. Calcd. for C28H38Oi9: C, 49.56; H, 5.64; CH3CO, 
50.8. Found: C, 49.44; H, 5.66; CH3CO, 50.5.

4- [0-D-Galactopyranosido J-D-mannose (Epi-lactose).— 
To an ice-cold solution of 5.0 g. of epi-lactose octaacetate 
in 50 cc. of absolute methyl alcohol, 5 cc. of 0.5 N  barium 
methylate solution was added and the mixture was allowed 
to stand at 5° for sixteen hours; the barium was precipi­
tated by the addition of an equivalent amount of 0.1 N  
sulfuric acid and, following the removal of the barium sul­
fate, the solution was concentrated to a sirup, which was 
dissolved in 10 cc. of warm methyl alcohol. The 0-form of 
the disaccharide deposited from the solution as it cooled; it 
was recrystallized by solution in 1 part of warm water and 
the addition of 5 parts of methyl alcohol and was obtained
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in the form of fine needles which melted at 195-196° (cor.); 
an aqueous solution (c, 1 .2) of the substance exhibited a 
rotation of +18.0° three minutes after preparation and 
its equilibrium rotation was +27.2°. The unimolecular 
coefficient of the mutarotation at 20° was 0.0151, using 
minutes and decimal logarithms; the initial rotation of 
this /3-form of the sugar is thus approximately +17°, in 
good agreement with the value (+16°) which Haworth, 
Hirst, Plant and Reynolds21 obtained indirectly, through 
solubility measurements of the a-form. Bergmann, 
Schotte and Rennert3 report a melting point of 196-197° 
and an equilibrium rotation of +30.0° for /3-epi-lactose, 
and Haworth and co-workers21 record an equilibrium value 
of +27° for anhydrous epi-lactose (calculated from that of 
a-epi-lactose monohydrate). I t may be summarized for 
reference purposes that the initial rotations of the a- and 
j8-forms of epi-lactose are +38°21 and +17°, respectively, 
by direct measurements, and that the equilibrium rotation 
is +27°.

Anal. Calcd. for C12H22O11: C, 42.10; H, 6.48. 
Found: C, 42.00; H, 6.53.

Lactal Hexaacetate from Epi-lactose Octaacetate.—To
a solution of 10.0 g. of synthetic epi-lactose octaacetate in a 
mixture of 10 cc. of glacial acetic acid and 5 cc. of acetic 
anhydride, 40 g. of a 30% solution of hydrobromic acid in 
glacial acetic acid was added. The reaction mixture was 
allowed to stand at 5° overnight and after dilution with 50 
cc. of chloroform, it was poured into 250 cc. of ice-cold water. 
The aqueous solution was extracted with chloroform in the 
usual manner, and the washed and dried chloroform extract 
was concentrated in vacuo to a sirup. A solution of the 
sirup, coutaining the acetobromo-epi-lactose, in 100 cc. of 
50% acetic acid was cooled to 0° and 20 g. of zinc dust and 
2 drops of a 0.5% solution of chloroplatinic acid in 50% 
acetic acid were added and the reaction mixture was stirred 
vigorously for two hours; the zinc was removed by filtra­
tion and the filtrate was poured into 200 cc. of ice-cold 
water; the crystalline lactal hexaacetate (4.1 g.; 50%) 
which precipitated was separated by filtration and re­
crystallized by solution in 3 parts of warm alcohol and the 
addition of 7 parts of water, being deposited in the form of 
needles which melted at 114° (cor.) and rotated —18.0° 
(c, 0.8) in chloroform. A mixed melting point with authen­
tic lactal hexaacetate (from acetobromolactose) showed no 
depression. Haworth, Hirst, Plant and Reynolds21 record 
a melting point of 114° and a specific rotation of —18° for 
lactal hexaacetate.

Anal. Calcd. for C24H32O15: C, 51.43; H, 5.75; CH3CO, 
46.1. Found: C, 51.62; H, 5.69; CH3CO, 46.2.

Lactose Octaacetate from Lactal Hexaacetate.—A solu­
tion of 5.0 g. of lactal hexaacetate in a mixture of 30 cc. of 
ethyl acetate, 5 cc. of water and 30 cc. of a 0.3335 M  ether 
solution of perbenzoic acid (1.12 molecular equivalents) 
was agitated for twenty hours at 25°; at the expiration of 
this period titration of a one cubic centimeter aliquot 
indicated that 0.9 of a molecular equivalent of perbenzoic 
acid had been consumed in the oxidation. The reaction 
mixture was agitated with 10 cc. of water and 4.0 g. of 
sodium bicarbonate until the ether-ethyl acetate layer was

(21) H aw orth , H irst, P lan t and  R eynolds, J . Chem . Soc., 2644
(1930); see also H udson and W atters, T h is  J o u r n a l , 52, 3472 (1930).

neutral, and the aqueous layer was separated and extracted 
with chloroform; the combined ether and chloroform ex­
tracts were dried and concentrated in vacuo to a thick 
sirup. The sirup, which presumably contained lactose 
hexaacetate, was acetyiated with acetic anhydride and 
fused sodium acetate and yielded 3.8 g. (58%) of /3-lactose 
octaacetate. The product was recrystallized from 1.5 
parts of alcohol and obtained as prisms which melted at 
88-90° (cor.) and showed a rotation of —4.5° (c, 0.8) in 
chloroform solution, in good agreement with the reported 
values22 of 90° and —4.7°, respectively, for /3-lactose 
octaacetate. A mixed melting point with authentic /3- 
lactose octaacetate showed no depression.

Anal. Calcd. for C28H38O19: C, 49.56; H, 5.64; 
CH3CO, 50.8. Found: C, 49.60; H, 5.58; CH3CO, 50.9.

Lactose Monohydrate from /3-Lactose Octaacetate.—A 
solution of 4.0 g. of /3-lactose octaacetate in 100 cc. of 
methyl alcohol was deacetylated by barium methylate in 
the usual manner. The disaccharide monohydrate (2.0 g.f 
94%) was obtained in the form of prisms which melted 
with decomposition at 202° (cor.); a mixed melting point 
determination with authentic lactose monohydrate showed 
no depression; an aqueous solution of the substance ex­
hibited initial and final rotations of +81° and +52.7° (c, 
2.0), respectively, with a mutarotation rate of 0.0042 at 20°. 
Isbell and Pigtnan23 report an initial rotation of +85.0° 
(c, 7.6), a final rotation of +52.6° and a mutarotation rate 
of 0.0047 for a:-lactose monohydrate. The over-all yield 
of lactose monohydrate from epi-lactose octaacetate was 
27 % and from acetobromo-D-galactose it was 8%.

Anal. Calcd. for Ci2H220ir H20 : C, 40.00; H, 6.71; 
H20, 5.00. Found: C, 39.99; H, 6.80; H20, 5.04.

Summary
The condensation of 2,3-isopropylidene-D-man- 

nosan<1,5>/3<1,6>with acetobromo-D-galacto- 
pyranose yields a product from which, after re­
moval of its acetone residue followed by acetyla­
tion of the two hydroxyl groups thus liberated, 
there was obtained crystalline 2,3-diacetyl-4- 
[(3-2',3',4',6'-tetraacety!- d - galactopyranosido] - d- 
m annosan<l,5>jö<l,6> in 30% yield. The 
action of an acid acetylating mixture upon this 
substance opened its 1,6-anhydro ring and pro­
duced the a-octaacetate of epi-lactose, from which 
epi-lactose was obtained by deacetylation. Epi- 
lactose octaacetate was converted by customary 
procedures to the known lactal hexaacetate, which, 
upon oxidation at the double bond with perben­
zoic acid, generated the new hydroxyl group 
mainly in a position trans to the acetylated hy­
droxyl group on carbon three, since it was found 
that the product, upon complete acetylation, gave 
a 58% yield of the crystalline /^octaacetate of 
lactose, from which lactose was obtained by de-

(22) H udson and  Johnson, ibid., 37, 1270 (1915).
(23) Isbell and  P igm an, J . Res. Natl. Bur. Standards , 18, 158 

(1937).
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acetylation. The over-all yield of lactose, based 
upon the acetobromo-D-galactose used in its syn­
thesis, was 8%. The results constitute the struc­
turally definitive syntheses of epi-lactose and lac­
tose from D-mannose and D-galactose. They are 
total syntheses, since such syntheses of these hex- 
oses were accomplished by Emil Fischer. The new

crystalline substances that are described are 2,3- 
diacetyl - 4 - [/3-2 ',3',4',6'-tetraacetyl - d - galactopy- 
ranosido] -D-mannosan< l,5>/5< 1,6> and a-octa- 
acetyl-epi-lactose; some other new substances, 
intermediates in the syntheses, were not isolated 
in crystalline form.
B e t h e s d a , M a r y l a n d  R e c e i v e d  M a y  22, 1942

[C o n t r i b u t io n  f r o m  t h e  G a t e s  a n d  C r e l l i n  L a b o r a t o r ie s  o f  C h e m i s t r y , C a l if o r n ia  I n s t i t u t e  o f  T e c h n o l o g y ,
No. 879]

Isomerization of jS-Carotene. Isolation of a Stereoisomer with Increased Adsorption
Affinity

By A. Polgar and L. Zechmeister

In spite of the fact that the phenomenon of 
carotenoid isomerization was first detected for 
/3-carotene,1 our knowledge in this special case is 
still very incomplete. These authors crystallized 
an isomer which they termed pseudo- a-carotene. 
and which appears immediately below /3-carotene 
on the Tswett column. Gillam first assumed that 
the chromatographic process itself was responsible 
for the partial conversion, but it was shown later 
that the phenomenon occurs spontaneously and 
independently of a chromatographic experiment.2 
This conclusion was confirmed by Carter and Gil­
lam.3

Early experiments in our laboratory showed 
that the reversible isomerization, for the explana­
tion of which trans-cis shifts were suggested, can 
either increase or decrease the adsorptive power as 
compared with that of the respective all-trans 
carotenoid.4 It was stated5 as a rule that carote­
noids with at least two free hydroxyl groups yield 
isomers which are adsorbed at higher sections of 
the column than the starting pigment. This re­
sult is in accordance with observations on the hy­
droxy-ketones capsanthine and capsorubine6 as 
well as with investigations of Strain7 concerning 
leaf xanthophylls. In the case of the monohy- 
droxy-compound cryptoxanthin and especially of 
the hydrocarbons C40H56 the opposite behavior 
was observed; to this rule, however, the present 
paper provides an exception.

(1) A. E . G illam  and  M . S. E l R id i, Biochem. J ., SO, 1935 (1936).
(2) L. Zechm eister and  P . Tuzson, ibid., 32, 1305 (1938).
(3) G. P . C arte r and  A. E . G illam , ibid., 33, 1325 (1939).
(4) X . Zechm eister and  P . Tuzson, Ber., 72, 1340 (1939).
(5) L. Zechm eister, L. Cholnoky and  A. Polgar, ibid., 72, 1678, 

2039 (1939).
(6) L. Zechm eister and  L. Cholnoky, A n n ., 543, 248 (1940).
(7) H . H . S train , ‘'L eaf X anthophy lls ,” Carnegie In st. W ashing­

ton , N o. 490, W ashington (1938); c f. also F . W . Quackenbush, H. 
Steenbock and W. H . Peterson, T h i s  J o u r n a l , 60, 2937 (1938).

In systematic experiments now being carried 
out in our laboratory with a series of carotenoids 
mainly four methods of isomerization are applied, 
viz,, refluxing the pigment solution, iodine cataly­
sis, hydrochloric acid catalysis (both at room 
temperature), and melting the crystals.8 The 
first two procedures have already been de­
scribed.2>4?5 As a convenient method for the acid 
catalysis, a mechanical shaking of the petroleum 
ether solution with concentrated hydrochloric acid 
is used. The catalysis is here mainly effective at 
the continuously shifting intersurface of the two 
liquids.

It was assumed and confirmed by experiment 
that stereoisomers of a carotenoid which are 
formed and are present in the melt can be sepa­
rated by rapid cooling and chromatography. 
Such a treatment, which is much milder than the 
so-called “thermal decomposition” of carotenoids,9 
is best carried out in a sealed tube, in the absence 
of oxygen. Under suitable conditions no carboni­
zation occurs. The melting of /3-carotene gave us 
four main types of products, viz., unchanged 
starting material, reversibly formed stereoisomers 
of /3-carotene, pigments with a much shorter 
chromophore than that of carotene, and finally 
colorless, strongly fluorescent substances with 
very low adsorption affinity. The ratio of these 
types depends on the conditions, especially on the 
temperature. A solution of a crude melt was found 
to show about one-half the initial color intensity, 
whereas “thermal decomposition” as practiced 
earlier leads to complete bleaching.

(8) I t  is in tended  to  rep o rt on photochem ical isom erization la te r.
(9) (a) J . F . B. van  H asselt, Rec. trav. chim., 30, 1 (1911); 33, 192

(1914). (b) R . K uhn  and  A. W interstein , Helv . chim. acta, 11, 427
(1928). Ber., 65, 1873 (1932); 66, 429, 1733 (1933). L. Zech­
m eister and  L. Cholnoky, A n n ., 478, 95 (1930).
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In the end-product of the heat, iodine, and melt 
isomerization the stereoisomers may be accom­
panied by minor pigments formed in an irrevers­
ible way. It is therefore important to test each 
zone of the chromatogram from this point of 
view. Only such pigments are qualified as stereo­
isomers of the starting material of which the solu­
tions on addition of some iodine in the spectro­
scopic cell show a typical shift of the bands. The 
spectrum of an equilibrium mixture appears al­
most instantaneously in which the maxima are 
only a few millimicrons lower in wave length than 
those of the all-trans compound which was formed 
and predominates in the mixture. The result of 
the test may be confirmed by subsequent chro­
matography and the main zone of the chromato­
gram can be identified by means of a mixed chro­
matogram with a sample of the original carotenoid. 
The spectra of the chromatographic zones con­
taining /3-carotene stereoisomers are listed in Table
I. All four isomerization methods yielded the 
pigments 1, 3, 5 and 8, while appreciable amounts 
of 2, 4 and 6 have been observed so far, mainly 
after melting or hydrochloric acid catalysis of /3- 
carotene; 7 was obtained in a melt chromatogram 
of neo-/3-carotene U.

T a b l e  I

S p e c t r a  o f  R e v e r s i b l y  F o r m e d  S t e r e o is o m e r s  o f  /3- 
C a r o t e n e  i n  t h e  S e q u e n c e  o f  D e c r e a s in g  A d s o r p t io n  

A f f i n i t i e s

No. E x tinction  m axim a (m/x)

1 481 450 (neo-/3-carotene U)
2 472.5 441.5 (neo-/3-carotene V)
3 486 454 (/8-carotene)
4 469 437.5 (neo-/3-carotene A)
5 475.5 444.5 (neo-,8-carotene B)
6 465.5 433 (neo-/3-carotene C)
7 474.5 441.5 (neo-/3-carotene D)
8 477.5 445 (neo-/3-carotene E)
9 468.5 437

10 473.5 443
11 476.5 445.5 \ (No names given)
12 471 440
13 473 444

Pigment no. 5 is spectroscopically nearly identical with 
‘pseudo-a-carotene. ”

Some uncertainty exists concerning the pig-
ments 9-13 due to their great lability. In differ­
ent experiments only one to two isomers appeared 
and could be differentiated below pigment 8. 
Because of this lability it was impossible to iden­
tify or differentiate two such zones originating 
from different kinds of experiments by mixed

chromatography. In this case the spectral data 
depend on the time which elapses between elution 
and optical measurement, and even on the ra­
pidity of the reading, considering the photochemi­
cal effect of the light source. Above and includ­
ing pigment 8 the individuality of the pigments 
listed is well established in spite of great differ­
ences in stability, because in all experiments, using 
the melt and the hydrochloric acid methods, a 
series of five to seven zones appeared in this sec­
tion. Some members of this section must also be 
investigated rapidly; pigment 6 showed e. g., 6 
mix. longer wave length maxima than listed when 
in another experiment the time factor was not 
taken into consideration.

For one of the main stereoisomers of /3-carotene 
which is adsorbed above /3-carotene in the column, 
we suggest the name neo-/3-carotene U (U for 
ultra).10 Depending on the conditions, 10-25% 
of /3-carotene can be converted into this compound 
and 17% has been actually isolated in crystals.11 
The compound was also observed in extracts of 
pumpkin, squash, carrots, etc., where it was 
formed by spontaneous isomerization. A natural 
occurrence remains to be shown. The tendency 
for the formation of the U isomer is considerable 
and the fact that it was isolated only recently re­
quires some explanation. While Gillam’s pseudo- 
a-carotene (neo-/3-carotene B) appears below the 
usually sharp bottom line of unchanged /3-caro­
tene in the column and can easily be observed 
under various conditions, the U isomer (which is 
spectroscopically not very different from /3-caro­
tene) is included in the upper, more blurred part 
of the /3-carotene zone and separates under ade­
quate conditions only. With the brand of cal­
cium hydroxide now in use in this laboratory, dê  
veloping with petroleum ether which contains 
some acetone promotes the differentiation and 
finally produces a colorless interzone between the 
two stereoisomers.

The following remarks may summarize briefly 
our present views with regard to the stereochem­
istry of /3-carotene.

(10) A final nom enclature cannot y e t be given as th e  respective  
configurations m ust first be established (c f . footnote 12).

(11) O ur resu lts  a re  in  accordance w ith  a short rem ark  of H . H . 
S train  [T h is  J o u r n a l , 63, 3448 (1941)] th a t  under th e  influence of 
acid “ eschscholtzxanthine, c ryp toxan th ine  and  /3-carotene were con­
ve rted  slowly in to  substances th a t  were adsorbed bo th  above and  
below th e  na tive  p igm ents.” (In  th e  iodine catalysis no pigm ent 
located  above /3-carotene in the  colum n seems to  have been observed.) 
In  unpublished experim ents we observed stereoisom ers of «-carotene 
which were adsorbed above the  original p igm ent in  th e  colum n. I t  
is in tended  to  repo rt la te r on th is  subject.
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According to Pauling12 the steric interaction of 
hydrogen and methyl prevents the assumption 
of the cis configuration for double bonds with 
C-CH3 adjacent. Therefore out of the eleven 
double bonds in /3-carotene only five are stereo- 
chemically effective, viz., numbers 3, 5, 6, 7 and 9 
(see the formula).

The quantum mechanical treatment of the 
carotenoid spectra13 leads to the conclusion that 
the greatest intensity of light absorption would be 
shown by the isomer with the all-trans configura­
tion and that the shorter cis isomers would show 
decreased intensity. This is in agreement with 
our experiments, and with the cis-trans interpre­
tation of the phenomena studied. Also, accord­
ing to a private communication from Professor 
Linus Pauling who is working on the theoretical 
aspects of the problem discussed, the cis config­
uration for a double bond would be expected to 
produce a spectral shift in wave length toward the 
violet, with magnitude dependent on the position 
of the double bond in the long conjugated system.7

The following figures show that the spectral 
differences between the first maxima of dll-trans 
polyene-hydrocarbons and their spectroscopically 
closest stereoisomers are about 4-6 m/x.

m# mn

(3-Carotene 486 y-Carotene 496
Neo-jS-carotene U 481 Neo-7-carotene A14 489.5

Lycopene 504.5 mp
Neolycopene A 500.5 m/j,

The stereoisomer so far observed which shows 
the greatest displacement from the /3-carotene 
maxima has bands at 465.5 and 433 m/i. The 
position of the first band (A =  about 20 m/x) in­
dicates the presence of four or five cis bonds, that 
is, all but one or all of the available double bonds 
have the cis form. This stereochemical situation 
is closely similar to that suggested for prolycopene 
and pro-7-carotene.15 In the present case, how­
ever, its lability has prevented the crystallization 
of the substance.

Gillam’s pseudo-a-carotene (A = 9 m/x) seems 
to contain two cis bonds while tentatively one such 
bond could be assigned to neo-/3-carotene U (A =  
5 m/x).

Possibly neo-/3-carotene U contains in cis form 
that particular double bond (the central one) 
which on both sides is farthest from C-CH3 
groups and is attacked by the enzyme carotinase 
in the liver. It remains to be seen whether the 
biological formation of vitamin A is or is not pre­
ceded by a stereochemical shift. Neo-/3-carotene 
U has no vitamin A activity when tested with 
rats.

Acknowledgment.—We wish to thank the 
Rockefeller Foundation for a grant which en­
abled the members of this Laboratory to carry 
out the experiments described below and in some 
previous papers. To Dr. G. Oppenheimer and 
Mr. G. Swinehart, the authors are indebted for

H2

H3c/  N xch,),
1 I H H H H H I H I H I

H2C\ c / c\ c/ C\ c / CW C\ c/ CW C\ c/ CW CW CW CW C\ ch 2
( H I H I ' H H H H H  | |
CH3 CH3 CH3 (CH3)2Cx xCH2

x y
(3) (5) (6) (7) (9) H2

/3-Carotene (all-trans) \ the double bonds available for a trans-cis shift are numbered.

We tentatively assume with rough approxima­
tion that each cis double bond produces a spectral 
shift of the order of magnitude mentioned.

(12) (a) L. Pauling , PortschriUe Chem. Organ. Naturstojfe, 3, 203 
(1939); connected paper, (b) L. Zechm eister, A, L, LeRosen, F . W. 
W ent an d  L. Pauling, Proc. Nat. Acad. Sci., 27, 468 (1941).

(13) L. Pauling, see footnote  12b, and  ibid,, 25, 577 (1939); R . S- 
M ulliken, J . Chem, Phys,, 7, 364 (1939).

(14) T he denom ination ^neo -T ^aro tene  A” is now applied to  th a t 
stereoisom er which, appears im m ediately below unchanged  7 -carotene 
on. th e  T sw ett column. Zones of th e  same p igm ent have been men­
tioned under th e  nam e ‘‘neo-7 -caro tene’’ by R. F . H u n te r and A- D. 
Sco tt [Biochem. J .,  35, 31 (1941)) and  by th e  au thors [J, Biol. Chem., 
139, 193 (1941)1. P relim inary  experim ents, using refluxing and 
iodine catalysis, have revealed th e  presence of a t  least one more re ­
versibly form ed stereoisom er which is adsorbed below the  A com­
pound and is te rm ed  neo-7 -carotene B.

microanalytical assistance, to Merck & Co., Inc. 
for a vitamin A assay.

Experimental
Methods.—-The pigment solutions were chromato­

graphed on calcium hydroxide (Shell Brand lime, chemical 
hydrate; 98% through 325 mesh). For development pe­
troleum ether (b. p. 60-70°) was used or, depending on the 
quality of the lime, the same solvent with 1-5% acetone. 
The figures on the left side of the described chromatograms 
denote width of the zones, in mm. Petroleum ether- 
alcohol mixtures are suitable eluents or else ether may be

(15) Footnote  12(b); A. L. LeR osen an d  L. Zechm eister, T his
Jo u rn al , 64, 1075 (1942); L. Z echm eister and  W . A. Schroeder.
ib id . ,  64, 1173 (1942).
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used if an immediate crystallization is intended. The 
spectra (in petroleum ether unless otherwise indicated) 
were determined with an Evaluating Grating Spectroscope 
(Zeiss, light filter BG-7, 2 mm. thick). For the estimation 
of the concentrations a Pulfrich Gradation Photometer was 
used (light filter S 45 or S 47). The necessary data for 
neo-/?-carotene U are given below. Values for /3-carotene 
itself were published by Cholnoky.16 Relative photo­
metric values of components of a chromatogram are ex­
pressed in % of the extinction of the sum of the compo­
nents.

(a) Heat Isomerization of /3-Carotene Solutions.—A
solution of 25 mg. of chromatographically homogeneous 
/3-carotene crystals (from carrots) in 150 ml. of petroleum 
ether was refluxed in an all glass apparatus, in a slow car­
bon dioxide stream for 60 min. The following chromato­
gram was obtained (28 X 7 cm.):

2 brownish yellow: irreversible layer (heterogeneous,
about 485, 453 mix.)

15 colorless
35 reddish orange: neo-/3-carotene U (481, 450)

2 almost colorless
0.5 yellow: irreversible layer17 (479, 448)
2 almost colorless

85 dark orange: /3-carotene (486, 454)
40 dark yellow: neo-/3-carotene B (475.5, 443.5)

2 almost colorless
20 pale reddish: neo-/3-carotene E (479.5, 447)

2 almost colorless
12 yellow: a labile isomer (473, 443)

Unchanged /3-carotene and each stereoisomer (without 
irreversible zones) was cut out, transferred into petroleum 
ether and refluxed again. The relative photometric values 
of the zones thus formed are listed in Table II.

T a b l e  II
R e l a t iv e  P h o t o m e t r ic  V a l u e s  o f  t h e  P ig m e n t s  
R e v e r s i b l y  F o r m e d  b y  S i x t y  M i n u t e s  o f  R e f l u x i n g  

o f  /3-Ca r o t e n e  a n d  S o m e  o f  i t s  S t e r e o is o m e r s

,■-------R elative  pho tom etric  values (% )
S tarting neo /8-caro­ neo neo labile
m ateria l U tene B E isomer

Neo-/3-carotene U 31 40 19 10
/3-Carotene 4 86 8 1 1
Neo-/3-carotene B 4 50 40 3 3
Neo-/3-carotene E 14 49 19 18
Labile isomer 10 22 24 30 14

(b) Isomerization of /3-Carotene by Iodine Catalysis, 
at Room Temperature.—25 mg. of homogeneous /3-carotene 
in 200 ml. of petroleum ether was kept in the presence of 
0.5 mg. of iodine for sixty minutes and chromatographed 
(calcium hydroxide, 28 X 7 cm.). The same pigments as 
were listed in (a) appeared, except the 0.5-mm. yellow 
zone. Each zone was again submitted to this catalytic 
treatment with subsequent adsorption analysis. The rela­

(16) L. Cholnoky, Z. Unters. Lebensm , 78, 157 and 401 (1939); fu r­
th e r  com m unication in p rin t.

(17) T his m inor layer has no t been observed when stereoisomers of
/8-carotene were refluxed. If th is  p igm ent is refluxed separately, an 
irreversible p igm ent possessing 459, 430.5 m/u appears above it on 
th e  colum n. T he  sam e can be obtained  from  /8-carotene by means of 
hydrochloric acid.

tive photometric values of the isomers formed are summa­
rized in Table III.

T a b l e  III
R e l a t iv e  P h o t o m e t r ic  V a l u e s  o f  /3-Ca r o t e n e  a n d  o f  
S o m e  o f  I t s  S t e r e o i s o m e r s  a s  F o r m e d  b y  I o d i n e  

C a t a l y s is  a t  R o o m  T e m p e r a t u r e

Amount of iodine, 2% of the starting material; dura­
tion, 60 min.

S ta rtin g neo
-Relative photom etric  va lues (% )——* 

/3-caro- neo neo lab ile
m ateria l U tene B E isom er

Neo-/3-carotene U 24 47 24 3 2
/3-Carotene 22 48 25 3 2
Neo-/3-carotene B 21 51 23 3 2
Neo-/3-carotene E 20 48 24 4 4
Labile isomer 18 45 16 13 8

(c) Isomerization of /3-Carotene with Hydrochloric 
Acid.—25 mg. of homogeneous /3-carotene in 200 ml. of 
petroleum ether was mechanically shaken with 100 ml. of 
concentrated hydrochloric acid for thirty minutes, then 
washed free of acid and developed with petroleum ether, 
containing 1% acetone, on a calcium hydroxide column 
(24 X 5.5 cm.)

7 orange: irreversible layer (heterogeneous)
4 almost colorless
2 orange-yellow: irreversible (459, 430.5 mix)

90 reddish orange: neo-/3-carotene U (480, 450)
5 almost colorless

40 dark orange: /3-carotene (486, 454)
35 dark yellow: neo-/3-carotene B (476.5, 444)
12 pale reddish: neo-/3-carotene E (479.5, 447)
8 yellow: labile isomer (476.5, 445.5)
5 almost colorless

15 pale yellow: irreversible (479, 448.5)18

The relative photometric values of the zones were: /3-
carotene: neo U: neo B: neo E: labile isomer =
50:23:23:3:1. The chromatogram was subject to minor 
variations in different experiments. A reversible minor 
zone appeared on long development in most experiments 
below the U-isomer: neo-/3-carotene V (474, 443 m/u),
while in some other cases two isomers (471, 440 and 473, 
444 mix) were observed below neo-/3-carotene E, both of 
which showed a very great tendency for spontaneous re­
isomerization into /3-carotene. If the indicated volume of 
acid was diminished or the duration of the catalysis short­
ened, the irreversible bottom layer was missing. In longer 
exposure to the acid, the amounts of the bottom layer in­
creased; furthermore, two minor stereoisomers of /3-caro­
tene appeared, both located above the U-compound.

The irreversible bottom layer has been crystallized. A 
fresh solution of the crystals did not separate from carrot a- 
carotene in the mixed chromatogram and will be investi­
gated later.

(d) Isomerization of /3-Carotene by Melting.—25 mg.
of homogeneous /3-carotene (m. p. 179.5°, cor.) crystals 
was melted in a sealed glass tube in carbon dioxide and 
kept in a bath at 190° for fifteen minutes. The melt was 
rapidly solidified in ice water, dissolved in petroleum ether 
and chromatographed. (The loss in the total photometric

(18) 0 .5 -1%  of the  s ta r tin g  m aterial.
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value of the starting material amounted to about 60%.) 
The column (27 X 6.8 cm.) was developed with petroleum 
ether containing 2 % acetone:

15 colorless
1 yellow: irreversible (457.5, 427 m/x)

63 reddish orange: neo-0-carotene U (481, 450)
2 pink: unidentified (very little)
7 yellow: neo-/3-carotene V (474, 443)
7 almost colorless

30 dark orange: /3-carotene (486, 453.5)
2 almost colorless

15 dark yellow: neo-/3-carotene A (469, 437.5)
25 pale orange: neo-/3-carotene B (475.5, 444.5)

1 yellow: neo-/3-carotene C (471.5, 440.5)
3 colorless

15 pale reddish: neo-/3-carotene E (477.5, 445)
5 colorless

10 yellow: labile isomer (468.5, 437)

Filtrate: yellow (432 m/x). This irreversible pigment 
(2 % of the total photometric value of the melt) can be ad­
sorbed on alumina (Alorco). The chromatographic fil­
trate of the latter contained a colorless substance showing 
greenish fluorescence in ultraviolet light.

The relative photometric intensities of the reversible 
zones (the width of which is printed in italics) were from 
top to bottom: 19:4:33:8:24:8:4.

(e) Isolation and Properties of Neo-/3-carotene U.— 
To a solution of 50 mg. chromatographically homogeneous 
/3-carotene (from carrots) in 250 ml. of petroleum ether 1 
mg. of iodine (in 1 ml. of the solvent) was added and the 
liquid kept at room temperature for an hour. The solu­
tion was then developed with petroleum ether containing 
3~5% acetone on a calcium hydroxide column (28 X 7 cm.) 
until the following sequence appeared: near the middle of
the column the typical deep orange zone of /3-carotene was 
located (about half of the total pigment), and this was fol­
lowed by a strong zone of neo-/3-carotene B and other 
minor neo-forms. Immediately above the /3-carotene zone 
but well separated from it by a colorless intermediate sec­
tion the light orange layer of neo-/3-carotene U was ob­
served. The latter was cut out, eluted with alcohol and 
eventually combined with an analogous eluate obtained by 
a second treatment with iodine of the unchanged ̂ -caro­
tene portion. On addition of water the pigment was 
transferred into petroleum ether, washed free of alcohol, 
dried and re-chromatographed on a smaller column. Only 
minor zones appeared below the main product which was 
eluted with peroxide free ether. After evaporating the 
dried solution, the residue was dissolved in the minimum 
amount of benzene, transferred into a centrifuge tube and 
crystallized out by cautious addition of several volumes of 
absolute methanol. The crystallization was almost com­
plete within a few minutes at room temperature and the 
yield was 12.7 mg., i. e., about 25% of the starting material. 
If the second treatment of /3-carotene is omitted, the yield 
is reduced by about one third (obtained 41 mg., from 250 
mg. of /3-carotene).

Neo-/3-carotene U was obtained as an orange crystalline 
powder which did not glitter. The basic microscopic 
form was a long narrow plate with one tapered end; the 
individuals were partly grouped in sheaves; m. p. 122-123 0

(cor., electrically heated Berl block; sealed tube filled with 
carbon dioxide); a fraction isomerized during the deter­
mination.

Anal. Calcd. for C40H56: C, 89.48; H, 10.52; mol. wt., 
537. Found: C, 89.34; H, 10.58; mol. wt., 486 (in
exaltone; a considerable fraction was isomerized).

Neo-j3-carotene U is somewhat more soluble than 0- 
carotene, especially in petroleum ether. I t  shows an 
epiphasic behavior in the partition test. The spectra, 
compared with those of /3-carotene, are included in Table 
IV. On addition of iodine the following spectra appear: 
In carbon disulfide: 516, 481.5 m/x.; in pyridine: 498,
464.5 m/x; in benzene: 495.5, 462 m/x.; in chloroform: 
494, 461 in/x.; in carbon tetrachloride: 493.5, 461 m/x.; 
in dioxane: 490.5, 458 m/x.; in cyclohexane: 486.5, 455 
m/x.; in acetone: 485, 453.5 m/x.; in ligroin (b. p. 86-100 °): 
484, 453 m/x.; in ethanol: 482, 450.5 m/x.; in petroleum 
ether (b. p. 60-70°): 485, 453 in/x.; in ether: 484, 452 
m/x.; in hexane: 483.5, 452.5 m/x., and in methanol: 
(479), (448) m/x.

A 0.1% benzene solution did not show optical activity in 
a 2-dm. tube. The concentration of petroleum ether solu­
tions can be determined by means of the Pulfrich Grada­
tion Photometer ( k  — extinction coefficient, c = mg. of 
pigment in 100 ml. of solution).

k 0.2 0.4 0.6 0.8 1.0
Light filter S45 c 0.085 0.18 0.27 0.36 0.45
Light filter S47 c 0.095 0.19 0.29 0.39 0.49

T a b l e  I V

S p e c t r a  o f  /3-C a r o t e n e  a n d  N e o - |8 -C a r o t e n e  U i n  
D i f f e r e n t  S o l v e n t s  (m /x)“

j8- Neo-/3-
So lven t C arotene carotene U

Carbon disulfide 520.5 484 512.5 478.5
Pyridine 503.5 469 498 464.5
Benzene 497.5 463.5 494 461
Chloroform 497.5 464 493.5 461
Carbon tetrachloride 497.5 463 492.5 460
Dioxane 494 462 490 458
Cyclohexane 490 457 485.5 454
Acetone 488.5 456 485 453.5
Ligroin (b. p. 86-100°) 487 455.5 483 452
Ethanol 486.5 453.5 482 450.5
Pet. ether (b. p. 60-70°) 486 453.5 481 450
Ether 485.5 453 481 449.5
Hexane 485 453.5 480 449.5
Methanol 484.5 452.5 480.5 449.5

a Gillam and El Ridi gave maxima for their pseudo-a- 
carotene in carbon disulfide: 507, 477 m/x.; in benzene, 
491, 458 m/x.; in chloroform, 486, 456 m/x.; in ethanol, 478, 
447 m,u.; and in petroleum ether (b. p. 70-80°), 477, 446 
m/x.

Neo-/3-carotene U is less easily adsorbed on lime from 
petroleum ether than pro-7-carotene, much less than 7- 
carotene and considerably more strongly than /3-carotene. 
The latter and neo-/3-carotene U can be separated by de­
veloping with petroleum ether but more easily when 2-5% 
acetone is added to the solvent, depending on the quality 
of the adsorbent. On some brands of calcium hydroxide 
no separation takes place from pure petroleum ether but 
it occurs in many cases in the presence of 15% benzene.
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Isomerization experiments with different methods, 
which started from crystallized neo-/3-carotene U gave, with 
some variations, the stereoisomers mentioned above. The 
compound U is comparatively resistant to moderate heat­
ing, e. g., a solution of 3 mg. in 25 ml. of petroleum ether, 
when kept at 60° for one hour, contained about three- 
fourths of the final pigment in the form of unchanged 
compound U. In melt experiments the same stereoisomers 
were obtained as in the corresponding experiments with 
/3-carotene and a further reversible zone was observed (neo- 
/3-earotene D, 474.5, 441.5 mix). The melt was kept at 
135° for fifteen minutes and because of the lower tempera­
ture (as compared with the /3-carotene melt) and the partial 
formation of the more intensely colored /3-carotene, the 
total loss in extinction was only one-fourth to one-fifth 
of the initial value in this case. Of the total photometric 
value of the melt 40% was caused by unchanged U-isomer, 
22% by /3-carotene formed and 38% by seven minor 
stereoisomers. No slightly colored or colorless and fluores­
cent breakdown products were observed.

S um m ary

As a contribution to the stereochemistry of 
polyenes, the isomerization of /Ö-carotene was

studied, under the influence of refluxing, iodine 
catalysis, hydrochloric acid catalysis, and by 
melting the crystals. The chromatograms showed 
a number of pigments, nine or ten of which were 
stereoisomers of /3-carotene. Some of them are 
very labile. On addition of iodine they all yield a 
preponderant quantity of /3-carotene and minor 
stereoisomers. One of the new isomers, “neo-/3- 
carotene U,” has been crystallized in a yield of 
17% of the starting material. It is adsorbed above 
/3-carotene and thus does not follow an earlier 
suggested rule concerning the location of polyene- 
hydrocarbon isomers on the Tswett column. It 
is tentatively assumed that the U isomer contains 
one cis double bond, and Gillam’s pseudo-«-caro­
tene two such bonds, out of the five stereochemi­
cal ly available double bonds. An observed labile 
stereoisomer which shows spectral maxima at 20 
mfx. shorter wave lengths than /3-carotene may 
possess four or five cis bonds in its molecule. 
Pasadena, California R eceived April 27, 1942

[From the Laboratories of T he Rockefeller Institute for M edical Research, N ew Y ork]

An Extension of the Acidity Scale
B y L. M ichaelis

After it had been recognized that the concentra­
tion of the hydrogen ion was only to a first ap­
proximation a useful concept for an acidity scale, 
pH was then defined as the logarithm of the re­
ciprocal of the activity, instead of concentration, 
of the hydrogen ion. Because of the essential un­
certainty involved in the definition of the activity 
of a single ionic species such as the hydrogen ion, 
one may avoid committing oneself to a definition 
in terms of strictly thermodynamical concepts 
and adopt the following working definition

where E is the e. m. f. of a cell composed of a hy­
drogen electrode, the solution to be measured, a 
saturated potassium chloride bridge and a calo­
mel cell. The constant Eq is chosen either so that 
in a very dilute solution of hydrochloric acid (say 
10 ~4 M) pH equals the logarithm of the reciprocal 
of the concentration of the acid, or so that the pH 
in an equimolecular mixture of acetic acid and so­
dium acetate of infinitely low ionic strength equals 
the pK. of acetic acid, whether this pK. be deter­
mined by a thermodynamical or by a non-thermo-

and S. Granicr

dynamical method, such as the conductivity 
method.1 These two ways of fixing the value of 
E q are, for all practical purposes, compatible with 
each other.

This working definition is valid only on the as­
sumption that the liquid junction potential of the 
above galvanic cell is irrelevant, either because it 
is negligibly small, or because it is constant for 
such cases of pH determinations as practically 
may occur. This assumption breaks down for 
solutions of large ionic strength and especially for 
solutions of very high acidity or alkalinity. Here, 
the liquid junction potentials can by no means be 
said to be irrelevant. If one tries to establish a 
pH scale for extremely acid solutions, another 
working definition of the acidity scale has to be 
chosen, and, possibly, such that in the region of 
krwer acidities it coincides with the ordinary pH 
scale. One approach to this problem has been 
made by Hammett,2 who, by means of colori-

(1) One of the  m ore recent p resen ta tions of th is  m uch discussed 
problem  is given by M aclnnes in “ T he Principles of E lectrochem is­
t ry ,” Reinhold Publishing C orporation , New York, N . Y., 1939.

(2) L. P. H am m ett, Chem. Rev., 16, 67 (1935); “ Physical Organic 
C hem istry ,” M cG raw -H ill Book C om pany, New Y ork, N . Y ., 1940.
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metric studies of a suitably chosen set of acidity 
indicators in the form of dyestuffs, has established 
an acidity scale in terms of an "acidity function/' 
which in the range of pH, say 12 to 1, coincides 
with the pH  scale.

The writers encountered during their studies on 
bivalent reversible oxidation-reduction systems 
an opportunity of establishing an acidity scale 
on a different basis. The principle of the method 
is this.3

In a bivalent, reversible system one may dis­
tinguish three levels of oxidation-reduction: the 
reduced (R), the semi-oxidized (S), and the totally 
oxidized (T) form. The normal potential of the 
R,S system, or the normal potential of the lower 
step of oxidation, will be designated as E±; that 
of the S,T system, or that of the higher step of oxi­
dation, as E2; and the normal potential of the R,T 
system, or the mean normal potential, as Em. 
These three normal potentials are related to each 
other as follows

Em -  (Ex +  E2)/2
All of these normal potentials depend on pH. 
Hence, also the difference E2 — E\ depends on pH. 
This difference will be referred to as the "spread” 
of the normal potentials. On plotting Ei and E2 
against pH , the curves consist to the first approxi­
mation of rectilinear sections with slopes of n X

_ _ _ _ _  Fig. 1.
(3) T he w riters a re  fu lly  aw are of th e  fac t th a t  w hat follows is not 

q u ite  easy to  follow for anybody  n o t thoroughly  fam iliar w ith th e  
th eo ry  of the  equilibrium  in  a reversible tw o-step  oxidation-jreduction 
system . D etailed  p resen ta tions of th is  sub jec t are  L. M ichaelis, 
Chem. Rev., 16, 243 (1935); L. M ichaelis and  M . P. Schubert, ibid., 
22, 437 (1938); L. M ichaelis, A nn . iy. Y. Acad, o f  Sciences, XL, 39 
(1940),

0.06 volts per pH  unit (at 30°), where n is an in­
teger, including 0, and scarcely ever >  3 (see, for 
instance, Fig. 1). From this approximation one 
arrives at the more correct form of the curves by 
rounding out the discontinuities. For example, 
the potential of the true, rounded-out curve at 
the pH of the intersection of two straight lines 
(pK) differs from that of the point of intersection 
by 18 millivolts.4 This rule is of practical use for 
rounding out the preliminary discontinuities of 
the plots. Similarly, the Em curve, as prelimi­
narily plotted, consists of rectilinear sections with 
slopes of n X 0.03 volts per pH  unit, and here the 
correction for rounding out the edges is 9 millivolts 
at the pH of the intersection.

A further consequence of these rules is that also 
the spread, E2 — E\, depends on pH in a definite 
manner: in some pH  intervals the spread may be 
independent of pH; in other pH intervals the 
spread may depend linearly on pH, the slope being 
either 0.06 or an integer multiple thereof. The 
transition from a region where the spread is inde­
pendent of pH to a region where it is 0.06 is, of 
course, not a discontinuous one, but has to be 
rounded out according to the same principle as 
mentioned before. A change of this slope is 
brought about by a change of acidic ionization of 
the dye in one of its levels of oxidation-reduction.

Within the range of well definable pH values, 
plots of the three normal potentials against pH 
have been previously established for numerous 
dyestuffs. On working in very acid solutions 
there are two factors interfering with an unam­
biguous extension of the plot. First of all, there 
is no way of measuring pH by the hydrogen elec­
trode. In the second place, there is no way of 
obtaining absolute values of the oxidation-reduc­
tion potential. It is true, that by a method de­
scribed in a previous paper,5 the liquid junction 
potential can be kept constant for all practica  ̂
purposes during the time of the titration experi 
ment, but the absolute value of the potential 
cannot be determined. What one can measure 
is only the change of the potential during the 
titration. So, neither Ei nor E2 nor Em can be 
measured, yet the spread, E2 — Eh can be 
measured.

(4) Furtherm ore, a t  th a t  pH  w hich equals p K  =*= 1 th e  analogous 
correction is 2.4 m v., and  a t  any  p H  still fu r th er a p a r t from p K  th is  
correction is practically  negligible.

(5) L. M ichaelis, M . P. S chubert and  S. G ranick, T h i s  J o u r n a l , 

62, 204 (1940).
(6) “ A bsolute,” of course, only in  so far as th e  potentia l of th e  not 

rpal hydrogen electrode is a rb itra r ily  tak en  as zero,
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Now the spread depends .on the acidity, and 
this functional relationship can be used for an 
acidity scale which, in the ordinary acidity range, 
coincides with pH. The procedure is best ex­
plained by an example. A suitable dyestuff is 
chosen. 3-Hydroxythiazine7 is, by far, the best 
for reasons which will presently be understood. 
For this dyestuff it is easy to establish a plot of the 
normal potentials in the pH  range from alkaline 
solution to acidities still measurable by the hydro­
gen electrode, say to pH  1 (the right-hand part of 
Fig. 1). Now the curves, which from pH 2 into 
the more acid region are all linear, can be ex­
tended into the region of higher acidity to the left, 
leaving all slopes unchanged, as long as one can be 
sure that no acidic ionization constant of the dye 
in any of its three forms, R, S or T interferes. 
Hereby one can establish a bridge from what may 
be called the known region of pH into the un­
known region.

A series of potentiometric titrations in solutions 
of sulfuric acid furnishes the data for the spreads 
of the potentials at various concentrations of the 
acid (Table I). Thus, one can graphically corre­
late the spread with the concentration of the acid 
(Fig* 1)* For instance, a titration experiment in
1.11 iV sulfuric acid gave for the spread, E2 — Eh 
the value 174 millivolts. Now we mark that or­
dinate in the plot where the spread is 174 milli­
volts, and read on the abscissa that the pH here is 
+0.24. Hence, it is legitimate to ascribe to a
1.11 N  sulfuric acid, the pH value +0.24. In a 
similar way, the pH  values of sulfuric acid at other 
concentrations can be ascertained.

This procedure is legitimate for the extension of 
the pH scale to about 0. From here on, the oxi­
dized form (t-hydroxythiazine) begins to change 
its state of acidic ionization by attaching a proton. 
Since the absorption spectra of the two forms of 
the oxidized dye are different, it is easy to find by 
a spectrophotometric method, such a concentra­
tion of sulfuric acid in which the ratio of the two 
forms is 1:1. The pH of this acid solution may be 
identified with the pK  of the dye. The uncer­
tainty involved in this simplified assumption will 
be discussed later on. To the left-hand side from 
pH 0, the E2 curve must change its slope from

(7) As regards th e  nom enclature  of th e  dyes, we follow our p rev i­
ous suggestion [S. G ranick, L. M ichaelis and  M . P. Schubert, T h is 
Jo u r n a l , 62, 1802 (1940) ] of using th e  nam e of the  leukodye which is 
always m ore convenient th a n  th a t  of th e  quinönoid form. W hen 
one of the  th ree  levels of ox idation-reduction  is to  be referred to  in a 
special case, these  th ree  levels, then , are distinguished by the  p re­
fixes, r-, s- and  t-.

0.06 to 0.03. Now, one has to find the point of 
intersection in order to draw the straight line with 
slope 0.03 at the correct height above the ab­
scissa. This is accomplished as follows. By a 
potentiometric oxidation-reduction experiment 
in such a sulfuric acid solution in which the ratio 
of the two acidic levels of the dye is 1:1, one finds a 
certain value of the spread for the normal poten­
tials. In order to construct the two intersecting 
tangents and the correct value of the rounded-out 
curve at this point of intersection, one utilizes the 
rules stated above, saying that the normal poten­
tial of the T,S system at the point of intersection 
of the two tangents must be 18 millivolts lower 
than the point of intersection itself. In this way, 
the point of intersection is found to lie at pH 
— 0.25. This, then, is also the exponent of acidic 
ionization, pK. Now, from the potentiometric 
oxidative titration experiments at higher acidities 
and the spreads derived from them, one can cor­
relate the higher concentrations of sulfuric acid 
each with a definite pH value. This procedure 
can be extended to a pH about —2. Here, an 
acidic dissociation constant of the reduced form 
of the dye begins to interfere. By studying the 
ultraviolet absorption spectra of the reduced form, 
it was possible to obtain a semi-quantitative con­
firmation of the existence of this constant in the 
neighborhood of the acidity expected. It is safer 
to restrict the exploitation of this dye only to that 
region in which the pK  of the reduced form of the 
dye does not yet interfere.

Now we select another dyestuff, 3-aminothia- 
zine, utilizing the pH data obtained from oxythia- 
zine. This is shown in Fig. 2. The points ob­
tained within the ordinary pH range with amino- 
thiazine are marked + .  At higher acidities, up 
to —2, we can correlate the “spreads” with the pH 
of the acid solutions, as obtained from the first 
dye (Fig. 1). By optically determining the acidic 
ionization constant of the new dye in the same 
fashion as with the first, the plot can be extended 
Up to pH —4. Here, again, a dissociation con­
stant of the reduced form begins to interfere. 
For this reason, we proceed to another dye, 3,9- 
diaminothiazine (thionine) (Fig. 3) which permits 
us to extend the pH scale to about —6 in an an­
alogous manner. This is as far as it was possible 
to go as yet.

On extending the pH scale by this method to 
the range of high acidity, there can be no objection 
to the procedure described, as long as the dye-
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Fig. 2.

stuff in any of its three levels of oxidation-reduc­
tion (the R, S and T forms) does not change its 
state of acidic ionization. As soon as an acidic 
ionization constant of the dyestuff in one of its 
three levels of oxidation-reduction becomes no­
ticeable, the following uncertainty begins to in­
terfere. The optical method to be described 
presently yields that concentration of sulfuric acid 
where the ratio of the concentrations of the two 
forms of the dye, in their two levels of acidic ioni­
zation, is 1:1. What we want to know, however, 
is that concentration of the acid in which the ratio 
of the activity of the two forms is 1:1. Since the 
two forms of acidic ionization of necessity differ

Fig. 3.

with respect to the number of free electric charges, 
the activity coefficients for the two forms will not 
be alike. On identifying the apparent ionization 
constant, as determined optically, with the ther­
modynamical ionization constant, one commits an 
error. This is the limitation of the method. Al­
though the direction of the error may be recog­
nizable from theoretical reasoning, there is no 
way of finding out a reasonable quantitative 
correction. For this reason, no correction will 
be applied at all in this paper, leaving any pos­
sible refinement for later work. Very likely, in 
sulfuric acid solutions the error in this procedure 
is small, and one should not over-emphasize it. 
The error may be estimated to rise up to a few 
tenths of a pH  unit in the worst cases.

0 2 4 6 8 10 12
Molarity of H2S04.

Fig. 4.

The results of the method may be understood, 
without further comment, from Figs. 1-4. The 
last of these figures permits of a comparison of 
this extended pH  scale with Hammett’s acidity 
function, / / 0. It is striking that in both scales 
there is a linear relationship between pH (or 
acidity function) and the concentration of sul­
furic acid above 1 M  sulfuric acid.8 Why this 
should be so is not yet explained. The slopes in 
the two methods are not quite the same: 0.52 
for Hammett’s function, 0.57 for ours. The 
writers are more impressed by the similarity than 
by the discrepancy between the two scales con­
sidering the different approaches used.

Optical Determination of the Ionization Con­
stants.—Only two constants, those of the T 
forms of hydroxythiazine and aminothiazine, are 
essential for the plotting of the curves. The 
others that have been determined are not neces­
sary but serve as a nice confirmation of the theory. 
For example, the pK  value for the R form of oxy- 
thiazine in acid solution can be approximately es-

(8) N . F . H all and  W. Spengem an, T h is  J o u r n a l , 62, 2487 (1940).
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T able I
3 -H YDROX YTHIAZINE

Solvent

pH ,
direc tly

m easured
w ith

H 2
electrode

Em ,
vo lts

Index
po ten tia l

Ei,
mv.

Spread 
E2 — Ei, 

mv.

pH
values
from

spread

A cetate buffer + 4 .6 2 + 0 .2 8 8 1 4 .9 ,1 5 .0 - 1 2 0
C itra te  buffer +  1 .9 6 +  .449 1 9 .4 ,1 9 .5 -  22
C itra te  buffer +  1 .47 +  .477 26 .0 , 25 .8 +  24
0.112 N  HC1 +  1 .02 +  .506 4 3 .6 ,4 3 .8 +  81
1.11 N  H 2SO4 + 0 .2 9 +  .543 87 .0 , 87 .0 +  174 + 0 .2 4
0 .990 N  HC1 + 0 .0 2 +  .555 9 9 .0 ,9 9 .0 +  198 -  .02
2 .00  V H 2S04a + 0 .0 3 +  .550 + 2 1 7 -  ..25
2 .3 6  2VH2S 0 4a ( +  .523) + 2 3 3 -  .40
3 .76  V  H 2SO4 + 252 -  .70
2 .4 3  N  HC1° + 2 7 0 -  .90
4 .1 3  N  H 2SO40 + 2 7 0 -  .90
5 .03  N  H 2S 0 4a + 2 9 5 - 1 . 2 0
6 .64  2V H 2SO* +  324 - 1 . 6 8
8 . 8 8 V H 2SO4 +  363 - 2 . 3 5

a These experiments are new data. The others are 
taken from the previous papers by the authors. pK of 
T-TH+ at 2.00 N  H2S04.

T able II
3-Aminothiazine R eduction with Pd +  H2 and T itra­

tion with P otassium D ichromate in Same Acid

Solvent Em Ei, m v.

PH
values
from

E 2 — Ei, spread  of 
mv. E 2 — Ei

A cetate buffer + 4 .6 2 +  0 .293 15.4 15.6
C itra te  buffer 1.91 + .452 15.4 15.3
C itra te  buffer 1.02 + .506 15.9 15.8
1.11 N  H 2S 0 4 0 .29 + .548 15.6 15.3 -  99
3 .58  N  H 2S 0 4 16.3 16.4 -  67
6 .64  N  H 2S 0 4 2 0 .0 19.2 -  19
8 .88  V H 2S 0 4 30 .5 30 .2 +  42 - 2 . 2 5
9.77  N  H 2S 0 4a 3 8 .0 38 .0 +  67 - 2 . 5 0
11.1 N  H 2S 0 4 54 .5 54 .0 +  106 - 2 . 9 5
13.85 2V H 2S 0 4a +  148 - 3 . 6 0
15.3 +  188 - 4 . 2 0

a New data. pK  of TH+-TH2++ at 10.0 N  H2SO4.

Table III

timated from the fact that the E2 — Ex values in­
crease only slightly above 9 N  sulfuric acid.

The pK  values of the oxidized forms were de­
termined by means of a Pulfrich photometer. 
The absorption spectra of the T and TH+ forms 
of hydroxythiazine overlap. By selecting several 
suitable filters where the ratios of the absorption 
of the two components are different, the deter­
mination of the ionization constant is made pos­
sible. The pK  values of aminothiazine TH + — 
TH2++ and of thionine TH2++ — TH3+++ are 
more readily determined, since there is scarcely 
any overlapping of the absorption spectra. The 
acid concentration is increased until the extinc­
tion is found to be just half the extinction of the 
dye with one less proton (the dyestuff concentra­
tion, of course, remaining constant).

The determination of the ionization constant of 
the reduced form of oxythiazine is made possible, 
because the R form has a sharp absorption band 
at 3100 A. in contrast to the RH+ form which 
does not absorb at all in this region. By increas­
ing the acidity in a series of steps, it was found that 
an absorption curve corresponding to one contain­
ing 50% of the concentration of the reduced form 
was obtained in a region between 8.5-12.0 N  sul­
furic acid, most probably in the neighborhood of
9.5 N  sulfuric acid.

We wish to thank Dr. G. I. Lavin for taking the 
ultraviolet absorption plates of aminothiazine 
and Dr. E. G. Pickels for photometering these 
plates.

Summary
R eductive T itrations of T hionine with TiCb

h 2s o 4 n Ei, mv.
E i — Ei, 

mv.

pH  values 
from  spread

Ez — Ei

9.35 15.5 15.3 -9 9
12.9 16.0 16.0 -7 8
15.0 19.3 19.7 -1 8 .9
17.65 31.4 32.8 +48 -4 .7 5
17.80 38.0 38.5 +68 -4 .9 0

39.0 39.0
20.4 64.0 66.0 +130 -5 .4 5
22.3 78.0 80.0 +  158 -5 .9 0

pK  of TH+ -  TH 2+ at 3.5 N  H2SO4 ( th i s  pK  value
only needed to get correct Em, but is not necessary for the
pK determination). pK  of TH2++ -  TH8+++ at 21.2 N 
H2SO4.

An extension of the pH scale for aqueous solu­
tions of sulfuric acid up to 11 molar is accomplished 
by utilizing what is defined in the text as the 
spread of the normal potentials of certain dye­
stuffs which form large amounts of semiquinone 
radicals at suitable acidities. The results ob­
tained from the use of three suitable dyes: hy­
droxythiazine, aminothiazine and thionine, can 
be compared with the Hammett acidity scale. 
In spite of the different approaches of Hammett’s 
method and ours, we find a striking similarity 
between Hammett’s results and our own.
N e w  Y o r k , N .  Y . R eceived April 10, 1942
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The composition of the products obtained in 
the autoxidation of manganous hydroxide has re­
ceived the attention of numerous investigators. 
The contributions of Meyer and Nerlich1 and of 
Herman and Lievin2 are of especial interest in this 
connection.

Meyer and Nerlich made a very complete study 
of the reaction in connection with the theories of 
the nature of trivalent manganese. They found 
that when manganous chloride, ammonium chlo­
ride and ammonium hydroxide were mixed and 
shaken in air, the product was manganic oxide, 
as evidenced by both the analysis of the product 
and the volume of oxygen absorbed. When po­
tassium hydroxide, calcium hydroxide, or barium 
hydroxide was used, the product was stated to be 
manganese dioxide, although the volume of oxy­
gen absorbed varied between 81 and 94% of the 
amount corresponding to the formation of man­
ganese dioxide. According to Meyer and Ner­
lich, the autoxidation in the ammoniacal solution 
takes place through a mangano-ammonia complex 
which is oxidized to a mangani-complex. The 
latter is subsequently hydrolyzed with the forma­
tion of manganic hydroxide or manganic ox­
ide. For the autoxidation of manganous hydrox­
ide precipitated by fixed alkali, these authors ac­
cept the mechanism proposed earlier by Meyer.3 
Meyer postulated that the first step is the forma­
tion of a moloxide, H2M11O4, or H2Mn02(02), 
which is not identical with manganic acid. The 
moloxide easily gives up oxygen to an acceptor 
such as manganous hydroxide. These authors 
find that other acceptors such as sodium sulfite 
and sodium arsenite have no effect. They did 
not attempt to investigate the rate of the reaction.

Herman and Lievin carried out experiments in 
which a bulb of manganous sulfate solution was 
broken within a flask containing potassium hy­
droxide solution, the flask being connected with a 
gas buret filled with oxygen. The volume of 
oxygen absorbed was plotted against time. With 
an excess of potassium hydroxide the curves ob-

* P resent address: San  Diego S ta te  College, San Diego, Calif.
(1) J . W. M eyer an d  R . N erlich, Z . anorg. allgem. Chem., 116, 117 

(1921).
(2) J . H erm an  an d  O. Lievin, Compt. rend., 200, 1474 (1935); 

also J . H erm an, ibid., 202, 419 (1936).
(3) J. M eyer, J .  prakt. Chem., 72, 278 (1905).

tained appeared to consist of two rectilinear por­
tions connected by a curved portion. The ratio 
between the velocities indicated by the two sec­
tions varied with the amount of excess potassium 
hydroxide. These authors were unable to observe 
an absorption of more than 82% of the theoretical 
volume of oxygen necessary for the formation of 
manganese dioxide. With an excess of mangan­
ous sulfate, they found that there was a rapid ab­
sorption lasting about one minute, followed by a 
slow reaction at constant velocity, ending at a 
limit corresponding to the formation of man­
ganic oxide. The greater the excess of manganous 
sulfate, the slower was the reaction, but in each 
case all of the manganese precipitated was in the 
form of manganic oxide.

The work described in this paper was under­
taken to extend the knowledge of the factors af­
fecting the rate of autoxidation of manganous 
hydroxide.

Apparatus and Procedure.—The apparatus was essen­
tially that described by Filson and Walton.4 An indented 
reaction flask containing a bulb of ammonium hydroxide 
or sodium hydroxide and the desired amount of manga­
nous chloride solution was placed in a thermostated shaking 
device and connected with a gas buret. The system was 
evacuated and filled with oxygen. The reaction flask was 
rotated rapidly back and forth about a vertical axis which 
resulted in breaking the bulb and keeping the resulting 
reaction mixture saturated with oxygen. The volume of 
solution used was 60 cc. in each case. The reaction was 
followed by recording the buret readings at the end of 
definite time intervals. The temperature of the gas buret 
and the reaction flask was always 25° except as otherwise 
stated.

Autoxidation in Solutions Containing Manganous Chlo­
ride, Ammonium Chloride, and Ammonium Hydroxide.—
Since ammonium chloride prevents the precipitation of 
manganous hydroxide by ammonium hydroxide, the effect 
of varying the ammonium chloride concentration was first 
studied. Because the reaction does not follow any ordi­
nary rate law the results have been recorded (Table I) 
as volumes of oxygen absorbed in definite time intervals. 
A comparison of these volumes shows the effect of the con­
centration of ammonium chloride upon the reaction. The 
total volumes absorbed indicate definite limits. Each trial 
was continued until the buret level had remained constant 
for a period of from one-half to one hour.

The final volume of oxygen absorbed varied between 67 
and 83% of the volume theoretically required for the forma­
tion of manganese dioxide (54.0 cc.). Curves represent-

(4) G. W . Filson an d  J. H. W alton, J .  P h y s .  C h e m . ,  36, 740 (1932).
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T a b l e  I
E f f e c t  o f  A m m o n iu m  C h l o r i d e  C o n c e n t r a t io n  

MnCls, 0.0692; NH4OH, 0.477 mole per liter
T otal

volum eNH4C1
m ole/liter PH

Volum e of oxygen 
5 m in. 10 m in.

, cc., absorbed in 
15 min. 20 min.

a b ­
sorbed

0.0 9.59 34.4 35.9 36.6 37.2 41.55
.167 31.5 37.5 38.55 39.1 44.65
.250 21.7 35.7 37.6 38.3 41.75
.333 19.3 26.6 36.1 38.6 42.7
.417 9.12 17.6 21.7 27.9 35.1 41.7
.500 15.4 19.6 23.5 29.45 41.15
.583 13.1 17.9 21.8 26.9 39.7
.750 9.1 14.05 17.65 23.6 36.15

1.35 8.93 2.3 4.95 7.95 11.1 39.7
2.70 8.60 1.7 2.05 2.4 2.9 38.8
4.05 8.36 0.45 0.6 0.7 0.8 37.3

ing duplicate runs varied by not more than 2%. The pH 
values listed were obtained by preparing reaction mixtures 
identical with those autoxidized and measuring the pH 
immediately by means of the glass electrode. A precipi­
tate of manganous hydroxide was formed immediately in 
samples of pH above 9.3. Samples of pH 9.0 precipitated 
after standing a moment or two, while those of pH below 
8.8 precipitated only very slowly. In each case the pre­
cipitate was white when first formed.

The rate of oxygen uptake decreased at first after the re­
action had proceeded for a period, and then increased ap­
preciably before finally decreasing as the reaction ap­
proached completion. The possibility of an autocatalytic 
effect, suggested by this observation, was investigated 
by adding to the reaction mixture a small amount of the 
solid oxidation product from previous trials. This re­
sulted in a much more rapid reaction, and the rate was 
found to decrease continuously. Since the oxidation prod­
uct was presumably largely manganese dioxide, a pure 
sample of this substance was tried. I t  also catalyzed the 
reaction. The effect of the manganese dioxide was found 
to depend upon its state of subdivision. Four reaction 
mixtures of the following composition were prepared: 
manganous chloride, 0.0692 mole per liter, ammonium 
hydroxide, 0.477 mole per liter, ammonium chloride, 2.25 
moles per liter. The results, expressed in terms of the 
time required for the absorption of 20 cc. of oxygen when 
0.5 g. of manganese dioxide of the indicated fineness 
was added to the reaction mixture, were: 60-80 mesh, 28 
minutes: 120-140 mesh, 15 minutes; 200 mesh, 9 minutes. 
A similar sample to which no solid material had been added 
required 82 minutes.

Commercial manganese dioxide, ferric oxide, diatoma- 
ceous earth, and ground glass gave effects similar to that of 
the prepared manganese dioxide. Thus the effect ap­
pears to depend upon the surface of the particles rather 
than upon their chemical composition.

In connection with the study of these solid accelerators, 
powdered lead dioxide was tried. In this case the autoxi­
dation was found to be completely inhibited. The man­
ganese precipitated from this slightly alkaline solution is in 
a form which is not affected by oxygen. The reaction may 
take place through the steps:

Pb02 +  Mn++ +  H20  MnPbOs +  2H+ 
MnPb03 +  Mn++ -f- H20  Mn2Pb04 +  2H+

From these equations, the addition of neutral lead diox­
ide to manganous chloride solutions should result in a 
noticeable decrease in pH. That such a decrease actually 
occurs is shown by the following test: 1 g. of lead dioxide 
was added to 60 cc. of distilled water of pH  6.30. The 
pH of the supernatant liquid was 6.18. In  a similar 
experiment with 60 cc. of 0.568 molar manganous chloride 
solution of pH  5.85, the pH was reduced to 3.20 by the ad­
dition of 1 g. of lead dioxide. The X-ray diffraction pat­
tern of the product gave no lines other than those charac­
teristic of lead dioxide, indicating that if a new product 
is formed, it is either amorphous or present in com­
paratively small amount. Powdered stannic oxide and 
red lead oxide had no effect upon the volume of oxygen 
absorbed; they showed, however, the accelerating effect 
of the other inert solids.

Since autoxidation reactions are frequently accelerated 
or retarded by phenols, nitrogen compounds, iodine com­
pounds, etc., the effects of certain examples of these 
classes of compounds upon the autoxidation of man­
ganous hydroxide were determined. The results may be 
summarized as follows:

Potassium iodide, urea, thiourea, aniline, /3-naphthol, 
acetamide, ethylene glycol, ammonium thiocyanate, 
nickel chloride, calcium chloride, sodium chloride, and 
potassium chloride had no appreciable effect. Ammonium 
picrate and m-nitroaniline accelerated the reaction 
slightly. Dextrin, glycerol, and iodine retarded the reac­
tion very markedly, but had no effect upon the total 
volume of oxygen absorbed. These substances perhaps 
act by being adsorbed at the surface of the oxidation 
product, thus reducing its catalytic effect. In  some cases 
complex formation may also be a possibility.

Copper chloride, cobalt chloride, and ferric chloride ac­
celerate the reaction, as shown by trials in which reaction 
mixtures of the following composition were used; man­
ganous chloride, 0.0722 mole per liter, ammonium hy­
droxide, 0.477 mole per liter, ammonium chloride, 1.35 
moles per liter. In each case the concentration of the 
catalyst used was 0.0018 mole per liter. The times 
required for the absorption of 20 cc. of oxygen were: 
cupric chloride, thirty-one minutes; cobaltous chloride, 
eleven minutes; ferric chloride, eight minutes. A similar 
sample to which nothing was added required 35.5 minutes. 
The effect of the ferric chloride is probably due to the large 
surface of the ferric hydroxide and is similar to that pro­
duced by other insoluble substances. The effects of cop­
per and cobalt are probably due to their well-known prop­
erty of acting as oxygen carriers. In the data recorded 
above, the concentration of the added salt was one-fortieth 
of the manganous chloride concentration. In other trials, 
the salt concentration was reduced to one-two-hundredth, 
but the accelerating effect was still noticeable.

In connection with the possibility of the forma­
tion of an intermediate peroxide in these solutions, 
it was of interest to determine whether or not the 
autoxidation of manganous hydroxide was capable 
of inducing the oxidation of certain acceptors. 
Dhar5 and his co-workers have reported that the

(5) N . R . D h a r, J . Proc. A sia tic  Soc. Bengal Proc. 8th In d ia  Sc i. 
Cong., 17, C X X X  (1921); th ro u g h  Chem. A bs., 17, 2220 (1923).
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oxidation of sodium formate, sodium oxalate, so­
dium arsenite, sodium nitrite, and ferrous am­
monium sulfate are induced by this reaction. In 
the present work these results were not confirmed. 
Sodium formate, sodium oxalate, sodium arsenite, 
sodium nitrite, and allyl alcohol were used as ac­
ceptors but in no case was any excess of oxygen 
absorbed over that required for the manganese 
alone. In view of these results the formation of a 
peroxide seems improbable.

When air was used in place of pure oxygen, the 
absorption was much slower and the total volume 
of oxygen taken up was much less. The volume 
absorbed with pure oxygen was about 32 cc., 
while with air it was about 18 cc. When air was 
used and the ammonium chloride concentration 
was varied, the volume of oxygen absorbed re­
mained the same, while the effect of ammonium 
chloride upon the rate was the same as that ob­
served when oxygen was used. In these trials all 
of the manganese was precipitated, although the 
volume of oxygen absorbed was only about 40% 
of that theoretically required for the formation of 
manganese dioxide. This surprising result may 
be explained if it is assumed that a secondary re­
action takes place by which manganese is re­
moved from solution without being oxidized. If 
this secondary reaction does not involve oxygen, 
it would be expected to continue at an undimin­
ished rate when air is substituted for oxygen. 
Since the autoxidation reaction is slower in air, a 
larger proportion of the manganese would be re­
moved by the secondary reaction, and the total 
volume of oxygen absorbed would be correspond­
ingly reduced. The nature of the secondary reac­
tion will be further discussed in connection with 
the effect of change in temperature.

Autoxidation of Manganous Hydroxide Pre­
cipitated by Sodium Hydroxide.—In the work 
described, ammonium hydroxide was used in the 
presence of such amounts of ammonium chloride 
as would give a conveniently measurable reaction 
velocity at 25°. It was of interest to determine 
the effect of temperature, but since the use of am­
monium hydroxide did not lend itself satisfac­
torily to such measurements, a number of experi­
ments were carried out in which sodium hydroxide 
was used. In all of these experiments the absorp­
tion of oxygen was very rapid, but the theoretical 
volume of oxygen required for the formation of 
manganese dioxide was never absorbed. How­
ever, temperature and the proportions of man­

ganous chloride and sodium hydroxide were found 
to have a very great effect upon the extent of the 
reaction as shown by Tables II and III.

Table II
Effect of Concentration of Sodium Hydroxide at 45° 

MnCh, 0.0568 mole per liter
N aO H

m ole/liter

R atio
N aO H /2 -

M nC h

Volume of oxygen, cc. 
absorbed in

5 m in. 10 m in. 15 min.

F inal vol. O2 
ab s./th eo . 

vol. for M nO ï
0.100 0.88 13.6 13.6 13.6 0.306"

.114 1.00 16.0 16.0 16.0 .360"

.128 1.13 22.4 22.5 22.5 .515

.171 1.51 31.0 31.8 32.1 .763

.186 1.63 32.0 32.7 33.2 .798

.200 1.76 34.2 35.0 35.4 .874
a See note a in Table III.

T able III
Effect of Concentration of Sodium H ydroxide at 0° 

MnCl‘2, 0.0568 mole per liter
N aO H

m ole/liter

R a tio
N a O H /2 -

M n C h

Volume of oxygen, cc., 
absorbed in

5 m in. 10 m in. 15 min.

F inal vol. O2 
ab s./th eo . 

vol. for MnC>2

0.100 0.88 18.5 20.8 21.8 0.537°
.114 1.00 25.0 26.4 26.9 .664®
.128 1.13 28.3 29.3 29.8 .722®
.143 1.26 35.4 36.3 36.8 .902
.157 1.38 37.3 38.1 38.6 .935
.171 1.51 37.7 38.6 39.1 .948
.186 1.63 38.2 38.9 39.4 .957
.200 1.76 38.4 39.1 39.5 .957

° Analysis of solutions remaining after oxygen absorp­
tion had ceased indicated that in these trials not all of the 
manganese had been precipitated.

At the end of each run the samples were re­
moved and filtered. The clear filtrate was tested 
for manganous ion by treatment with an excess of 
sodium hydroxide. A solution at 0° which had 
contained 1.13 times the amount of sodium hy­
droxide theoretically required to precipitate all 
of the manganese was found to contain an appre­
ciable amount of manganese in solution; while in 
the corresponding trial at 45 °, all of the manga­
nese had been precipitated. Analysis of the solid 
oxidation products gave results in agreement with 
the volumes of oxygen absorbed.

Certain peculiarities in the results of these ex­
periments are worthy of further consideration.

(1) In those trials at 45 ° in which all of the 
manganese was not precipitated, the composition 
of the precipitate was approximately Mn203, 
while in similar trials at 0 °, the product had a com­
position intermediate between Mn20 3 and M n02.

(2) With excess of sodium hydroxide, the de­
gree of oxidation at 45 ° was never as high as that 
in corresponding trials at 0°.

(3) Under no circumstances, regardless of tern-
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perature or excess of alkali, was the product 100% 
Mn02.

(4) At 45° the less sodium hydroxide present, 
the more abruptly the reaction stopped, while at
0 ° the reverse was true.

(5) The equivalent amount of sodium hydrox­
ide does not cause complete precipitation of the 
manganese as manganous hydroxide.

The fact that the composition of the product 
varies between that corresponding to Mn02 and a 
product of lower degree of oxidation than Mn2C>3 
can be explained by either of two mechanisms, 
represented by the following series of reactions

I
6M n(OH )2 +  0 2 ---->  2M n30 4 +  6H20  (1)

4 M 1 1 3 O 4  T  O 2  7  -- ^  6 M 1 1 2 O 3  (2)

2M n20 3 +  O2 ^ ^  4 M 11O2 (3)

I I
2M n(O H )s -f  0 2 ---- 2 M n 0 2 +  2H 20  (4)

M 11O2 +  M n++ +  H 20  M n20 3 +  2H + ( 5)

M 112O3 +  M n++ +  H 20  7 " ^  M 113O4 +  2H+ (6 )

Series I would account for the results if steps (2) 
and (3) are equilibria which shift to the left at 
higher temperatures and to the right at higher 
sodium hydroxide concentrations. However, ex­
periments showed that steps (2) and (3) do not 
take place in either direction under conditions 
comparable with those under which autoxidation 
was carried out.

Series II would explain the results provided 
steps (5) and (6) are rapid at high temperatures 
but almost negligibly slow at 0 °. This mechanism 
also includes the secondary reactions needed to 
account for the results observed when air is used 
in place of oxygen. The fact that steps (5) and
(6) do actually take place is indicated by the re­
sults of other investigators. Tillmans,6 Hirsch, 
and Höffner in a very complete study of the re­
action between manganese dioxide and manganous 
ions found that the reaction is favored by high 
temperature and by increasing pH in the range in 
which manganous hydroxide is not precipitated. 
They also found free acid is formed as indicated 
by step (5). The effect of excess alkali in repress­
ing steps (5) and (6) would be expected since it 
would reduce the manganous ion concentration.

It will be noted that steps (5) and (6) corre­
spond closely to the reactions previously proposed 
to account for the effect of lead dioxide.

As a further check on the nature of the oxida-
(6) J . T illm ans, P . H irsch  and  J . Höffner, Gas- u. Wasserfach., 

70, 26 (1927).

tion product the X-ray diffraction patterns of 
samples prepared under different conditions were 
determined and compared with the published 
patterns of the known manganese oxides. A 
sample prepared at 90-100° in the presence of ex­
cess manganous chloride gave a pattern identical 
with that of hausmannite, MmCh. No patterns 
corresponding to Mn2C>3 or M n02 were obtained 
from any of the samples prepared. Apparently 
if such products are formed they are amorphous. 
The product which approached the composition 
of M n02 most closely showed faint suggestions of 
a pattern but not enough to permit its definite 
identification.

Autoxidation in Solutions Containing Tri­
ethanolamine.—In order to permit the study of 
the effect of pH  without the complicating effect 
of ammonium ions, triethanolamine was used as 
the precipitating agent. The oxidation was much 
slower than under any previously studied condi­
tions, but no induction period was observed, al­
though the pH was in the same range as that of 
the ammonium hydroxide-ammonium chloride 
solutions previously described. However, when 
ammonium chloride was added to the triethanol­
amine solution, the resulting curve did show an 
induction period. The extreme slowness of the 
reaction is shown by the following data which 
give volumes of oxygen absorbed for various time 
intervals at 25°. The reaction mixture had the 
following composition: MnCl2, 0.0568; trietha­
nolamine, 0.317 mole per liter.
Minutes 5 15 60 220 366
Gas abs., cc. 12.0 15.2 18.6 24.2 26.7
Minutes 477 605 1320 1440
Gas abs., cc. 28.0 28.95 47.2 48.2

The Nature of the Autoxidation Process in 
Ammoniacal Solution.—In considering the au­
toxidation of manganous hydroxide in the solu­
tions containing ammonium chloride and am­
monium hydroxide, the question arises as to the 
substances present in the solution and which of 
these is actually undergoing autoxidation. In 
addition to the presence of manganous ions, un­
dissociated dissolved manganous hydroxide, and 
in some cases a precipitate of manganous hydrox­
ide in these solutions, there is a definite possi­
bility that a complex ion of the type Mn(NH3)x++ 
is also present. The work of Brezena,7 who made 
polarographic and cryoscopic studies of these 
solutions, has shown that manganous ions and

(7) J. Brezena, Rec. trav. chim ., 44, 520 (1925).
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ammonia molecules are both removed from solu­
tion with the formation of a complex when am­
monium hydroxide is added to a manganous 
chloride solution containing ammonium chloride. 
The evidence of the present work seems to favor 
the existence of a mangano-complex in these 
solutions. The specific effect of ammonium 
chloride in producing a different shaped velocity 
curve from that obtained in triethanolamine solu­
tions of the same pH, and the fact that changes 
in ammonium chloride concentration have no 
effect upon the composition of the final product 
may both be explained by the assumption of the 
existence of such a complex. However, since 
Brezena’s work indicates that the amount of com­
plex increases with increasing ammonium chlo­
ride concentration, while the present work has 
shown that the rate of autoxidation decreases with 
increasing ammonium chloride concentration, it is 
unlikely that the complex itself is the substance 
autoxidized. Undoubtedly precipitated manga­
nous hydroxide is autoxidized, and it is probable 
that the dissolved undissociated manganous hy­
droxide behaves similarly. Since neutral solu­
tions show no autoxidation, it is evident that 
manganous ions are not affected.

Summary
1. The rate of autoxidation of manganous 

hydroxide in ammoniacal solution has been found 
to decrease with increasing ammonium chloride

concentration. An induction period exists when 
the ammonium chloride concentration is high.

2. Powdered manganese dioxide, stannic ox­
ide, ferric oxide, red lead oxide, ground glass, and 
diatomaceous earth accelerate the reaction and 
eliminate the induction period.

3. In the presence of lead dioxide no autoxida­
tion of divalent manganese occurs.

4. Cobalt chloride and copper chloride ac­
celerate the reaction, while glycerol, dextrin, and 
iodine retard it. A large number of other sub­
stances were found to have no effect.

5. The autoxidation of manganous hydroxide 
does not induce the oxidation of sodium oxalate, 
sodium formate, sodium arsenite, sodium nitrite, 
or allyl alcohol.

6. The autoxidation by air is much slower and 
less complete than that by pure oxygen.

7. The autoxidation of manganous hydroxide 
precipitated by fixed alkali is very rapid. The 
product depends upon the temperature and the 
proportions of manganous ion and alkali. The 
X-ray diffraction patterns of the products were 
studied.

8. The autoxidation of manganous hydroxide 
precipitated by triethanolamine was found to be 
very slow. It did not display the induction pe­
riod observed in ammoniacal solution.

9. A mechanism to account for the above re­
sults has been proposed.
Madison, Wisconsin R eceived January 24, 1942

[Contribution from the F rick Chemical Laboratory, Princeton U niversity]

The Dielectric Investigation of Polypeptides. II. The Dispersion of Simple Amino
Acid Polypeptides

By W. P. Conner1 and C. P. Smyth

Although important conclusions concerning the 
nature of polypeptide molecules have been drawn 
from consideration of their dielectric increments 
per mole of solute, it is recognized that a more 
complete picture may be obtained from measure­
ment of the anomalous dispersion of the dielec­
tric constants of their water solutions. The linear 
increase of increment values of the polypeptides 
with the number of glycine residues, as suggested 
by Wyman,2 lends support to the view that there

(1) R esearch  A ssistan t on Special F u n d s from  th e  Rockefeller 
F oundation .

(2) (a) W ym an, Chem. Rev., 19, 213 (1936); (b) W ym an, J . Phys. 
Chem., 43, 143 (1939).

is almost complete freedom of rotation about the 
valence bonds which make up the backbone of the 
peptide chains. Statistical calculations by Kuhn3 
of the polarization of a straight-chain molecule 
in which there is free rotation about the valence 
bonds and electrostatic attraction between the 
oppositely charged ends of the chain show that 
the polarization as measured by the static dielec­
tric constant would be the same whether the chains 
underwent orientation polarization or dilation- 
contraction polarization. Because of the apparent 
lack of restriction in position of the electrically

(3) K uhn , Z . -physik. Chem., 175A, 1 (1935).
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charged end groups of the peptide chains, Wyman 
suggested2 that dispersion might not be found for 
these polypeptide chains inasmuch as they might 
undergo polarization by stretching rather than 
orientation. If this were the case, then, size and 
shape studies from dispersion measurements 
would be rendered impossible.

Before 1940, no unequivocal data existed in the 
literature which indicated dispersion in the 
simpler amino acids and their polypeptides. 
However, in that year, Bateman and Potapenko4 5 6 
reported dispersion measurements at 25.5 cm., 
for glycine and alanine and their dipeptides. 
Making use of the energy absorption accompany­
ing dispersion, other investigators5,6*7 have ob­
tained relaxation times for some amino acid pep­
tides. These data differ widely in the reported 
relaxation times for the simple peptides.

In this paper, dispersion measurements are re­
ported for the glycine polypeptides and for the 
simpler di- and tripeptides of alanine, leucine, and 
glycine in the wave length region of 40 to 80 cm.

Experimental
Method.—For measurement of the static dielectric con­

stant of the aqueous peptide solutions, the Twin-T 
impedance measuring circuit reported in the first paper of 
this series8 was employed. The shortest wave length used 
was ten meters, which was only just within the region of 
slight anomalous dispersion for the larger molecules, as 
indicated by the high frequency measurements. For 
measurement of the dielectric constants in the dispersion 
region, approximately 60 cm., the first Drude method was 
followed. An ultra-high frequency oscillator, similar to 
that reported by Barrow,9 was constructed making use of a 
WE 316-A vacuum tube. Copper was used throughout 
and catalin rings served for insulation and for mechanical 
support. To reduce the high frequency loss in the insula­
tion as many holes were drilled in the insulating rings as 
were possible without lessening the mechanical rigidity. 
Since the frequency of oscillation is stabilized by the reso­
nant concentric tubes, an attempt was made to increase the 
Q values of the circuit according to the relations reported 
by Reukema,10 * 42 in which the influence of the radiative re­
sistance of such transmission lines is fully considered. 
The tube conductor diameters were: plate, 1.834 and 0.437 
inches; filament, 2.00 and 0.187 inches; all three tubes 
were 20 inches long. The selections were made with the 
intent to give a maximum Q value to the plate circuit and a 
maximum impedance to the filament tuned circuit at 50 
cm. wave length by the use of copper tubing of standard

(4) B atem an  and  P o tapenko , Phys. Rev., 57, 1185 (1940),
(5) F ricke and  P a rts , J . Phys. Chem., 42, 1171 (1938).
(6) P a rts , Pub. Tech. Univ. Estonia Tallin , Ser. A No. 8, 3 (1940); 

C. A ., 34, 4952 (1941).
(7) L inhart, Z . physik. Chem., B38, 23 (1937).
(8) C onner, C lark and  Sm yth , T h i s  J o u r n a l , 64, 1379 (1942).
(9) Barrow , Rev. Sci. In s tr ., 9, 170 (1938).
(10) R eukem a, Elec. Eng., 56, 1002 (1937).

dimensions. The equations followed were: for maximum 
Q of a shorted quarter wave length concentric line, b/a = 
4.22 and b = 0.0634 X0-9, and for maximum impedance, 
b/a = 14.3 and b — 0.077 X0-9, in which a and b are the 
radii of the inner and outer conductors. A closer approach 
to the theoretical Q values was attained by the installa­
tion of the “standpipe” oscillator on its side, thereby enab­
ling the use of a plunger mechanism for the determination 
of resonance lengths and thus avoiding slotting the out 
copper tubes. The theoretical Q value of 3400 at 600 Me., 
is considerably less than that reported by Barrow since the 
equations by which he computed Q values do not consider 
radiative resistance losses. Since only loose coupling 
between this oscillator and the detector was desired, a short 
length of copper wire extending from the coaxial line power 
output connection into the chamber which contained the 
vacuum tube was found to be completely adequate. A 
maximum in the grid current and a minimum in the plate 
supply indicated oscillation of the instrument. The fre­
quency range of the oscillator was approximately 300- 
750 Me.

Fig. 1.—Apparatus for the determination of dielectric 
constants a t ultra-high frequencies: A, water resonance 
chamber; B, water jacket; C, coupling lead to water 
resonance chamber; D, input lead from oscillator; E, air 
resonance chamber.

Dielectric measurements required the determination of 
the wave length of the high frequency oscillation in air and 
in the water solutions of the polypeptides. For the air 
measurements (see Fig. 1), standing electric waves were 
formed in a system of concentric tubes of the same dimen­
sions as those used for the plate tank circuit of the oscilla­
tor, the length of which could be varied by means of a 
shorting plunger. The detector was a simple probe- 
type voltmeter11 using an RCA-954 acorn tube capacita- 
tively coupled to the inner tube of the resonance chamber 
by very short leads. The outer tube of the chamber was 
slotted so that the voltmeter might be inserted approxi­
mately at a voltage antinode. With this arrangement 
positions of resonance were quite sharp and could be set to 
=*=0.01 cm. A micrometer was attached to the plunger 
so that the resonance length might be varied by small steps. 
With close coupling to the oscillator, a rather large de­
crease in the oscillator grid current was noted as the reso­
nance chamber passed through a point of resonance. The

(11) R ad io tro n  D ivision of R C A  M anufac tu ring  Co., Q. S . T ., 19,
42 (1935). A one m egohm  grid  leak  was added  to  th e  grid probe.



1872 W. P* Conner and C. P. Smyth Vol. 64

coupling was reduced to such an extent that the change in 
the grid current was less than one-half milliampere, since 
further loosening of the coupling had been shown to have 
no effect upon the measured wave length. The wave 
length was then considered equal to twice the distance be­
tween any two positions of the plunger for which the volt­
meter indicated a maximum voltage.

The wave length in the water solutions was determined 
in much the same manner, except that, for this case, the 
resonance tubes were much smaller, 3/s and l/& inches; 
and were water-jacketed at 25.00 =*= 0.02° for most of the 
experiments. The smaller size was chosen to reduce the 
volume of material required for measurement and to gain 
a higher Q value, since the wave length in these media is 
one-ninth that in air. The water resonance chamber 
was coupled to the air chamber rather than directly to the 
oscillator in order to minimize any change in frequency of 
the oscillator resulting from interaction between the two 
circuits. The relative positions of the connective ter­
minals on the air chamber were varied. However, those 
indicated in Pig. 1 were the most satisfactory. The con­
nections between the instruments were all of V8 inch coaxial 
cable with polystyrene bead insulation. Thus, the 
apparatus was completely shielded so that the position 
of the observer did not affect the measurements. This 
was a great improvement over the customary Lecher wire 
devices.

In making a measurement, the oscillator was first ad­
justed to one of its positions of most stable oscillation and 
the wave length determined with the air chamber. Cus­
tomarily, the wave length was checked when the plunger 
in the water chamber was first set at a node and then at an 
antinode. The positions of resonance in the air chamber 
were different for these two positions in the water chamber 
but the actual wave length was not modified. With the 
plunger in the air chamber at a voltage node and with the

Fig. 2.—Resonance minima in aqueous potassium chlo­
ride solutions: specific conductance, A, 0.853 X 10“ 2; 
B, 1.67 X 10"3; C, 0.953 X 10~3; D, 1.007 X 10“4mhos. 
For each curve, the zero point of the voltmeter reading has 
been shifted arbitrarily to prevent overlapping.

consequent maximum in voltage indicated by the volt­
meter, the plunger in the water chamber was withdrawn 
slowly. A minimum in the voltmeter now indicated the 
presence of standing waves in the water resonance chamber, 
since maximum power had been transferred from the air 
chamber to the water chamber. The wave length in the 
solution was considered equal to twice the distance be­
tween any two minima. Because of attenuation, the 
minima became too broad for accurate settings after about 
four nodes had been detected. Settings were made readily 
to =±=0.015 cm., and greater accuracy could be attained 
when the voltage was recorded for each millimeter shift 
in the plunger arid the minima read from the plot of these 
values. Considerable asymmetry was introduced into 
these plots of voltage against distance in the water cham­
ber depending on the position of the plunger in the air 
chamber. If the air chamber was set at resonance when 
the water chamber was completely out of resonance, the 
curves were symmetrical except for the exponential ab­
sorption due to conductance.

In Fig. 2 is recorded such a plot for water solu­
tions of potassium chloride of varied conductivity. 
The conductance of these solutions at 25° was 
measured with a one thousand cycle conductance 
bridge. Since the Debye-Hückel theory of elec­
trolytes predicts an increase in the dielectric con­
stant of aqueous salt solutions above that of pure 
water, it was of interest to calculate12 this in­
crease, AeDH, expected for these solutions (see 
Table I).

T a b l e  I
Spec. cond.

X 103
o h m "1 c m ." 1 Aei>H

0.1077 0.000325
0.953 . 0202
1.666 .0529
8.53 .548

In addition to the increase in the dielectric 
constant resulting from the polarization of the 
ionic atmosphere around a central ion, AeDH, 
there arises an apparent increase, AeR, in the real 
dielectric constant resulting from the conduction 
in the dielectric medium in which the standing 
electric waves are produced. This effect is com­
parable with the apparent increase in capacity 
of a conducting condenser found in low frequency 
impedance measurements. The dielectric con­
stant increase, AeR, was calculated according to an 
approximate treatment of the problem.18 The 
dielectric constant values, eobs., observed for these 
potassium chloride solutions show small increases 
with increasing concentration, agreeing within the 
experimental error with the calculated increases.

(12) Falkenhagen, “ E lec tro ly tes,"  T he C larendon Press, Oxford, 
1934, pp. 219-221.

(13) D rake, Pierce and Dow, Phys. Rev.> 35, 613 (1930).

Ack «obs.

0.0000 78.46 0.13
.000 78.57 =b 0.13
.006 78.57 =fc 0.13
.157 79.5 d= 0.4
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Since the specific conductivities of all peptide 
solutions were no greater than 1 X 10-4 ohm”"1 
cm.-1, an error due to conduction was considered 
negligible. A slight initial decrease in the dielec­
tric constant of salt solutions as the salt concentra­
tion is increased has been reported,14 although a 
complete quantitative treatment has not been 
given. However, it is likely that this effect lies 
well within the experimental error of these meas­
urements.

Most of the high frequency measurements were 
performed at 61.42 cm., the minimum being de­
termined by a plot of the voltage against the 
length of the resonance chamber. For some meas­
urements, a larger range of wave length, 40 to 80 
cm., was used. However, because of the tedium 
involved in the selection of suitable positions of 
the three plungers of the oscillator from the many 
positions at which oscillation gave unstable or 
distorted frequencies, this procedure was dis­
continued.

Results
In Table II are recorded the dielectric data for 

the amino acids investigated, from which the dis­
persion calculation is made. Some of the high 
frequency measurements were made at room tem­
perature before the thermostat was installed and 
have been included as taken without a correction 
to 25°. To correlate the dispersion data taken 
over a frequency range with solutions of different 
concentrations, the critical wave lengths, Xc, have 
been calculated according to the dispersion 
equation15

where e is the dielectric constant of the aqueous 
solution at wave length X; e„ is taken equal to 
the dielectric constant of water, 78.54, at 25°; 
and €g is the static dielectric constant of the solu­
tion considered equal to that measured with the 
Twin-T apparatus at approximately 10 meters. 
The critical wave length is related to the relaxa­
tion time by the expression

X0 =  27TCT

in which c is the velocity of light in cm./sec., and 
r is the relaxation time in seconds.

Viscosity corrections for different concentra­
tions of solute and temperature of solution were

(14) G rubb and  H u n t, T h i s  J o u r n a l , 61, 565 (1939).
(15) W illiam s an d  Oncley, Physics, 3, 314 (1 9 3 2 ) ; W illiams, 

1'rans, Faraday Soc., 30, 723 (1 9 3 4 ); E llio tt and W illiams, T h is 
J o u r n a l , 61, 718 (1939).

applied by multiplying the critical wave length 
determined by Eq. (1) by the factor ??H2oAsoiution- 
An Ostwald viscometer, with an efflux time for 
water of 24 sec., was used for the viscosity deter­
minations listed in Table II and the viscosity of 
water at 25° was taken as 8.94 millipoises. The 
substances are represented in Tables II and III 
by abbreviations: A for alanine, L for leucine, 
Gi for glycine, G2 for diglycine, etc. All prepara­
tions were racemic mixtures.

Since both measuring cells were constructed of 
copper, there was a slight formation of the copper 
complex of the amino acids in solution. Except 
for those of high glycine content, the solutions 
were only faintly tinted after the measurements 
were completed. In view of the excellent agree­
ment with reported data for the measurements at 
low frequencies, it was considered that, for this 
case, the formation of the copper complex was 
negligible. However, inasmuch as the solutions 
were left in contact with a larger surface of copper 
for a longer time during the high frequency meas­
urements, the low frequency increments were al­
ways determined after the high frequency experi­
ments on the same solutions. Thus the decrease 
in the dielectric constant of the solution resulting 
from the formation of the complex was not 
counted as dispersion of the dielectric constant.

The spread of the calculated results is large for 
glycine since \  in Eq. (1) is very sensitive to slight 
changes in e when the difference e — €<*> is small, as 
it is when the measuring wave length is remote 
from the critical wave length. Thus the apparent 
trend with increasing concentration of glycine is 
not held to be significant. Equation (1) is a very 
much simplified description of the dielectric con­
stants of these aqueous solutions, since it implies 
the presence of a kinetic unit having only one re­
laxation time. However, no well-defined trend 
in the critical frequencies calculated in this man­
ner was noticeable as the viscosity and frequency 
were varied for any single compound. Since all 
measurements were made on the low frequency 
side of the complete dispersion curve, it is unlikely 
that the effect of a second smaller relaxation time 
would be greater than the error of the dielectric 
measurements.

Also the choice of €«, the dielectric constant of 
the solution at a frequency sufficiently great so 
that dispersion due to the solute molecule has 
been completed and yet sufficiently small so that 
dispersion of the solvent has not begun, is some-
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what arbitrary. Actually should be less than cies sufficiently high to eliminate the contribution 
the dielectric constant of water, since, at frequen- of the polar solute molecules to the dielectric con-

T a b l e  II
D i s p e r s i o n  D a t a  f o r  A m in o  A c id  P e p t i d e s

Substance t, °c. Concn., m €0 € X (O.OOlV g. s.) Xc
H 20 2 5 ( 7 8 .5 4 ) 7 8 .4 6 6 1 .5 6 ( 8 .9 4 )

7 8 .5 1 6 1 .4 2
7 8 .5 5 6 1 .4 2

Gi 2 5 0 .6 8 9 5 9 3 .7 7 9 3 .6 7 6 1 .4 2 9 .7 4 4 . 6
0 .6 9 5 0 9 3 .9 8 9 3 .8 5 6 1 .4 2 9 .7 4 5 . 2
1 .9 0 0 1 1 8 .6 1 1 7 .4 7 8 .0 2 1 1 .6 5 1 0 .5
2 .0 4 1 1 2 1 .3 1 1 8 .7 6 0 .2 6 1 1 .8 4 1 1 .6
2 .2 6 4 1 2 5 .7 1 2 2 .5 7 5 .8 8 1 2 .2 1 5 .0

9 . 4=±=3.6

G* 21 0 .1 0 2 0 8 7 .2 0 8 4 .9 4 7 5 .2 6 1 0 .3 2 3 . 5
2 5 .3 1 3 6 1 0 0 .6 1 9 8 .0 6 6 2 .3 0 9 .7 4 2 0 .7

9 8 .0 1 6 1 .0 4 2 0 . 5
9 8 .2 0 6 1 .4 0 1 9 .8
9 8 .1 0 6 2 .2 0 2 0 .5
9 7 .6 1 6 2 .2 2 2 2 . 7

2 5 .4 9 1 8 1 1 3 .2 0 1 0 8 .6 3 6 2 .7 0 1 0 .1 8 2 1 . 4
1 0 9 .0 1 6 2 .5 0 2 0 .4
1 0 8 .4 0 6 2 .6 4 2 2 .1
1 0 8 .6 0 6 0 .7 2 2 0 . 9

21 .0 = 1 = 0 .3

G b 1 9 .6 .0 4 3 7 8 5 .5 2 8 3 .0 2 3 9 .7 0 1 0 .3 0 3 4 .6
8 4 .5 8 7 6 .2 4 3 1 . 8
8 3 .0 2 3 9 .6 4 3 4 .4

2 1 . 6 .0 6 1 7 8 6 .8 4 8 3 .3 0 3 8 .9 6 9 .9 2 3 5 .2
8 4 .9 3 6 2 .3 2 3 4 .3
8 5 .2 0 7 1 .8 2 3 5 .7
8 5 .4 2 7 6 .4 0 3 4 . 6

3 4 . 3 * 0 . 3

G* 2 5 .0 5 3 1 8 7 .7 7 8 4 .1 9 6 1 .4 2 9 .1 7 4 7 . 8
8 7 .5 5 8 4 .0 4 6 2 .4 1 4 7 . 8

. 0 5 6 6 8 8 .4 0 8 4 .9 8 5 7 .8 6 9 . 2 0 4 1 . 0
8 4 .1 8 5 9 .8 6 5 0 .4
8 5 .6 8 7 5 .4 0 4 3 .1

. 0 6 3 8 8 9 .6 6 8 5 .5 3 6 2 .4 4 9 .3 0 4 6 .1

. 0 9 3 8 9 4 .7 0 8 8 .0 3 6 1 .5 0 9 .4 8 4 8 . 8

4 6 . 6 * 0 . 8

Gfi 2 5 .0 1 8 9 0 8 2 .3 0 8 0 .2 3 6 1 .4 2 9 . 0 2 6 6 .0
8 2 .1 2 8 0 .0 2 6 1 .4 2 7 2 . 5

6 8 . 6 * 2 . 6

A 2 5 1 .4 3 7 2 1 0 9 .3 1 0 6 .3 5 9 .8 0 1 2 .2 1 1 4 .7
1 .5 7 8 2 1 1 1 .9 1 0 9 .2 5 7 .3 2 1 2 .5 6 9 .5

1 2 .1 * 2 .6

LG 2 5 .1 2 7 0 8 6 .8 9 8 4 .6 8 6 2 .2 4 9 .8 1 3 4 . 0 * 3 . 0

LA 2 5 .0 6 3 6 1 8 1 .8 8 8 0 .6 3 6 1 .4 2 9 . 1 0 4 6 . 6 * 0 . 5

AGG 2 3 . 2 .0 5 1 2 7 8 5 .2 1 8 2 .0 1 3 8 .4 2 9 . 6 5 3 8 . 0
8 3 .1 5 6 4 .8 0 4 3 . 3
8 3 .5 3 6 8 .2 0 3 9 . 4
8 3 .4 1 7 1 .2 4 4 3 .1
8 3 .9 6 7 5 .1 2 3 5 . 7
8 3 .8 9 7 5 .2 8 3 7 .1

3 9 .4 * 1 .1
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T a b l e  II (Concluded)
Substance t, °C. Concn., m

LGG 24 .06095 86.24

ALG 25 .08208 88.50
21.0 .0787

stant of the solution, the solution should behave as 
if non-polar molecules of the same total volume 
were dissolved in it. In this case of water acting 
as the solute, the presence of non-polar molecules 
would reduce the number of dipolar water mole­
cules per cubic centimeter and thus reduce the 
dielectric constant of the solution. An estima­
tion of this volume correction for the increment 
values is recorded in the preceding paper.8

In Table III are recorded the average values 
of the critical wave lengths taken from Table II 
and the critical wave lengths after the volume 
correction has been applied. Inasmuch as disper­
sion has been found for these polypeptides, it is of 
interest to compare the measured critical wave 
lengths with those calculated on the assumption 
that the rotating units are spheres of volumes 
equal to those of the dissolved molecules and 
moving according to the laws of hydrodynamics. 
For this case, the Debye equation

q
Xo =  2 itct — 2iTCr— v 

K l

applies in which rj is the viscosity of the solvent 
and v is the partial molar volume of the solute. 
In Table III are listed the critical wave lengths, 
X0, thus calculated. The volume v was taken 
equal to the apparent molar volume plus the elec- 
trostriction. For those compounds for which v has 
not been measured, use was made of the addi­
tivity of atomic volumes16 for their calculation. 
In addition, there is listed the shape factor a/b, 
the ratio of major to minor axis of the assumed 
molecular ellipsoid of revolution, as determined 
by the quotient of the observed and calculated 
critical wave lengths in the manner described by 
Perrin.17 This calculation assumes, of course, a

(16) Cohn, M cM eekin, E dsall and  B lanchard, T h is  J o u r n a l , 56, 
784 (1934).

(17) Perrin , J . Physique, 5, 497 (1934).

X (0.00T c . g. s.) Xc

81.32 38.20 9.75 50.0
83.06 62.20 49.8
82.90 62.20 52.2
82.36 62.86 61.0
83.32 72.36 53.8

53.4 =*= 1.5
83.89 61.42 9.64 52.9
82.06 38.82 10.43 64.6
85.27 69.90 55.4
86.10 72.22 48.2
86.16 76.06 50.1
86.92 79.44 43.8

52 .5*2.1

rigid particle undergoing orientation polarization. 
Inasmuch as the mechanism of polarization is not 
definitely known, these calculations must be re­
garded as tentative. Also, it must be emphasized 
that, in view of the error involved in the deter­
minations of Xc, small differences in a/b are not 
significant. Correction of the dielectric constant 
values for the effect of the volume occupied by the 
solute molecules according to the method pre­
viously employed8 gave slightly smaller values 
X' for the critical wave lengths and larger values 
{a/b) ' for the axis ratios.

T a b l e  III
D i s p e r s i o n  o f  A m in o  A c id s

S ub ­ Xc (ob:3.)
Xc/Xo a/bstance cm. Xo x; Xc/Xo («/&)'

G$ 9 . 4 =fc 3. 6 1 1 .7 0 . 8 0 3 8 . 9 0 .76
g 2 2 1 . 3 0..3 1 9 .1 1.12 1 . 4 0 2 0 . 2 1..085 1..27
G» 3 4 . 3 =t 0. 3 2 6 . 5 1 .2 9 5 1 . 6 8 3 2 . 8 1..240 1..58
G4 4 6 . 6 d= 0..8 3 2 . 0 1 . 4 6 1 . 9 2 4 4 . 5 1..390 1..83
G& 6 8 . 6 db 2,.6 4 1 . 4 1 . 6 5 2 . 1 5 6 4 . 3 1..55 2..06
A 12.1 ± 2,.6 1 4 .9 0 . 8 1 2 11.1 0..94
LG 3 4 . 0 =b 1..0 3 2 . 4 1 . 0 5 1 . 1 8 3 3 . 6 1,.038 1.,14
LA 4 6 . 5 dr 1,.0 3 5 . 5 1 .3 1 1 .7 1 4 0 . 7 1 .146 1..40
AGG 3 9 . 4 =b 1.,1 2 9 . 8 1 . 3 2 1 .7 1 3 7 . 1 1,.243 1,.57
LGG 5 3 . 4 db 1. 5 3 9 . 8 1 . 3 4 1 .7 7 4 9 . 3 1,.238 1,.57
ALG 5 2 . 5 d= 2. 1 4 3 . 1 1 . 2 2 0 . 5 2 4 8 . 6 1. 126 1. 33

Discussion of Results
The agreement of the ratio of the critical wave 

lengths listed here and those reported elsewhere 
is satisfactory in the cases of glycine and alanine. 
Bateman and Potapenko4 reported ratios of 0.39 
and 0.77, whereas Frickê and Parts5 reported
0.55 and 0.63 as calculated from absorption meas­
urements. For the higher peptides, Bateman and 
Potapenko listed ratios of 1.38, 1.60 and 1.67 for 
diglycine, glycylalanine, and alanylglycine, indi­
cating shape factors of 1.8 to 2.2. However, 
Fricke and Parts reported ratios less than unity 
for such large molecules as a-aminobutyric acid,
7-aminobutyric acid, and e-aminocaproic acid;
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and later Parts6 reported ratios from 0.7 to 1 for 
the large molecules of d, /-phenylalanine, diglycine, 
and e-aminocaproic acid. On the other hand, 
Linhart7 found that the critical wave lengths for 
glycine, diglycine, and leucylglycylglycine lay 
between 80 and 100 cm., depending upon the con­
centration of the solute. It would appear that 
the results of Bateman and Potapenko are the 
most trustworthy since they were determined at
25.5 cm., where dispersion is most pronounced. 
In addition, a relaxation time of 1.29 X 10-10 sec., 
\ c =  24.4 cm., for triglycine has just been re­
ported by Wyman18 from absorption measure­
ments at 2.61 meters. For the two smallest mole­
cules, glycine and alanine, the observed values for 
Xc are less than the values calculated for a spheri­
cal model. This discrepancy is customary for in­
vestigations of this sort for small molecules of 
size comparable with those of the solvent, and 
has led to the suggestion that the inner viscosity 
is of smaller magnitude than the macroscopic 
viscosity.

Another approach to the whole process of di­
electric relaxation may be obtained by consider­
ing it as a rate process involving the rotation of 
the molecule between two equilibrium positions 
separated by a potential barrier.19’20»21 Following

T a b l e  IV
F r e e  E n e r g y  o f  A c t iv a t io n  f o r  R o t a t io n  o f  

P o l y p e p t i d e s

Substance xc T X 1012
A F *  
(kcal.) <P + E

A F *
(<p + É )

Gx 9.4 48.7 3.34 57 0.0585
g 2 21.3 114.3 3.96 93.3 .0425
Gs 34.3 181.3 4.23 129.6 .0326
G4 46.6 247 4.40 166.6 .0265
Gg 68.6 363 4.63 202.6 .0228
A 12.1 64.0 3.58 73.3 .0488
LG 34.0 180.0 4.24 158.5 .0267
LA 46.5 246 4.40 173.7 .0253
AGG 39.4 206 4.32 145.7 .0296
LGG 53.4 282 4.48 194.8 .0230
ALG 52.5 278 4.48 210.9 .0213
Water0 1.60 8.52 2.38 18 .1323

40% Water 
(in dioxane) 2.27 12.04 2.57
“ Hackel and Wien, Physik. Z ., 38, 767 (1937); Esau 

and Baz [ibid., 38, 774 (1937)] report Xc for water 
equal to 1.85 cm. Slevogt [Ann. Physik, 36, 141 (1939)] 
reports Xc = 2.1 cm. Fricke and Parts [J. Phys. Chem., 
42, 1171 (1939)] report X0 = 1.85 *  10%.

(18) M arcy  and  W ym an, T h i s  J o u r n a l , 63, 3388 (1941).
(19) E yring , J .  Chem. Phys., 4, 283 (1936).
(20) G lasstone, Laid ler and  Eyring, “ T he T heory  of R ate  Proc­

esses,” M cG raw -H ill Book Com pany, Inc ., New Y ork, N. Y ., 1941.
(21) Powell, to  be published  shortly .

Eyring’s treatment of relaxation times in general, 
one may calculate the free energy of activation for 
rotation, AF*, for these polypeptides from the 
equation

r  =  F ± / k T

Values of AF* so determined are listed in Table 
IV, together with those of the apparent molar 
volume <p of the solute corrected by adding the 
electrostriction E. The ratio AF*/(<p +  E) is 
given to show that the increase of free energy of 
activation with increase of molecular volume be­
comes less as the molecules increase in size.

These AF* values may be compared with the 
free energies of activation for viscous flow by the 
application of the equation

v Nh
eAF^/RT

where V is the molar volume of the liquid in ques­
tion. The heat content change AH* for the same 
process may be determined from the slope of a log 
V against 1/ T  plot since

d In ij
a o T n

Unfortunately, this curve is not linear, and hence 
AH* varies with the temperature. This tempera­
ture variation probably indicates a structural 
change in the flow process.22 The results of such 
a calculation for water are listed below.

Viscous F l o w

a F *  a h *  a s *

H20  2.21 4.058 6.0
Dipole Rotation 

II20  2.38
40% H20  (in dioxane) 2.57

Since the temperature dependence of the relaxa­
tion time for water has not been determined, 
AH* and AS* cannot be calculated explicitly. 
In all likelihood, the temperature dependence is the 
same as that for viscosity, as is the case for many 
small dipole molecules. If this be so, then the en­
tropy change is the same for both processes and 
requires the breaking of a somewhat organized 
structure in the formation of a more random sys­
tem. Undoubtedly, the directed hydrogen bonds 
are fractured. Thus, the mechanisms of dipole 
rotation and viscous flow for water are equivalent.

The AF* for the dipole rotation of the zwitter- 
ions increases but very slowly with increasing 
molecular volume except in the cases of smaller

(22) Ewell and  Eyring, J .  Chem . Phys,, 8, 726 (1937)..
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molecules. Thus, in contrast to the linear viscous 
flow of pure liquids, a cavity proportional to the 
volume of the moving molecule need not fee formed 
for this rotational motion. The temperature co­
efficient is probably that of water, as it is in the 
case of the larger protein molecules. Thus, the 
entropy change in this case is almost zero, perhaps 
slightly negative. Since the mechanism is basi­
cally the same as that of viscous flow in the pure 
solvent, i. e.f movement of one molecule of solvent 
over the same potential barrier to a second rest 
position, the entropy change is the sum of an in­
crease due to the breaking of directed valence 
bonds of the solvent and a decrease which meas­
ures the number of molecules which must be or­
ganized in the flow process to permit rotary dif­
fusion of the dipole molecule. This decrease in 
entropy is dependent upon the size and shape of 
the molecule in solution, and causes the rather 
large relaxation times found for large protein 
molecules.

The smallness of the variation of the AF* 
values with change in the size of the molecules re­
sults from the fact that the range of relaxation 
times is extremely short. However, it is noted 
for both glycine and alanine that the free energy 
of activation is approaching that for water. From 
this fact it would appear that the number of sol­
vent molecules which must cooperate in the ro­
tary diffusion of these dipole ions is becoming 
smaller with the decrease in size of these ions and is 
approaching unity as it is for the rotary diffusion 
of water in water.

That the Debye equation for relaxation time 
fails for these small particles is evident in the fact 
that Xc/X0 is less than unity. However, the reac­
tion rate hypothesis affords a complete picture of 
this region of small molecules in which it has been 
customary to assume a difference between the 
macroscopic and microscopic viscosities. For 
large particles the reaction rate calculation and 
the Debye equation must agree, but the details of 
the transition have not been worked out.

The mere presence of dispersion in the half 
meter range of wave length does not completely 
prove the rigidity of these dipolar molecules. 
Since the heats of activation have not been deter­
mined, the actual mechanism of polarization is 
still in doubt. The free energies of activation are 
of such a magnitude that the slow process may be 
the movement of a water molecule over the poten­
tial barrier for viscous flow to create a space to be

occupied by a part of the rotating dipolar mole­
cule, or it may be the crossing of the potential 
barrier for rotation around the valence bonds 
within the dipolar molecule in polarization by 
stretching. Since AH* for viscous flow changes 
with temperature and AH* for rotation about a 
single bond does not, one might differentiate be­
tween the two processes from the temperature co­
efficient of the relaxation times. However, since 
in the stretching of a valence chain possessing 
free rotation, the rate of change of stress on its 
ends with the change in its elongation is inversely 
proportional to the number of chain links,23 it be­
comes increasingly easier to stretch the chain as its 
length increases. Thus, one would expect that 
the relaxation time for this process would de­
crease with increasing chain length since the en­
tropy change decreases. This view may be ap­
plied to a chain-stretching mechanism in which a 
potential barrier must be crossed if the barrier 
height does not change with chain length. It 
would appear, then, in view of the experimen­
tally found increase in relaxation times with the 
chain length of the polypeptides, that stretching 
of the tangled backbone chain alone is not the slow 
process. If the slow process is that of the viscous 
flow of water, then the mechanism is still in doubt 
for a hole of some sort must be created about the 
dipolar molecule whether it occupies the new 
space by expansion and contraction or by orien­
tation in the direction of the field.

n.
2 3 4 5 6

Vn.
Fig. 3.—Variation of a/b with the number of glycine 
residues, n: A, variation with n; B, variation with -%/n.

However, it is evident that the orientation 
hypothesis gives reasonable values for the molecu­
lar shapes of the peptides. The shape factors 
of the glycine peptides appear to increase linearly 
with the square root of the number of glycine

(23) Mark, “Physical Chemistry of High Polymeric System s,” 
Vol. II, Interscience Publishers, Inc., New York, N . Y ., 1940, p. 75.
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residues (see Fig. 3). Although the accuracy of 
the determinations is not sufficient to exclude the 
possibility of a linear increase with the first power, 
the apparent linear dependence upon the square 
root of the number of glycine residues is what one 
would expect from a statistical consideration of 
rigid molecules randomly distributed in all pos­
sible configurations resulting from potential 
minima symmetrically distributed about the val­
ence bonds of the backbone chain. The trigly­
cines appear to have approximately the same 
shapes, except for alanylleucylglycine which ap­
pears somewhat more spherical as would be ex­
pected since the large isobutyl group has been at­
tached to the middle of the chain. Leucylglycine 
is more spherical than would be predicted. Per­
haps in this case the Perrin equation fails since the 
assumed ellipsoid of revolution is a poor approxi­
mation for this molecule. The dipolar part of the 
molecule may undergo motion with very little 
change in the position of the hydrocarbon chain 
at one end of the molecule. Undoubtedly a 
more satisfactory picture would be obtained for 
these small irregular molecules if it were possible to 
discard the hydrodynamic view-point and the 
prolate spheroid model in favor of more accurate 
knowledge of the nature of the process of rotation.

Other complicating factors which have not 
been considered are the change in the volume of 
the rotating unit due to hydration resulting from

hydrogen bonding of the dipolar molecule with 
water, and, second, hydrogen bonding within the 
peptide chain, which must occur to stabilize the 
structures of protein molecules. The second fac­
tor is probably of little importance since these 
peptide chains act as denatured proteins.

The writers wish to express their gratitude to 
Professor Eugene Pacsu for his helpful discussions 
relating to the polypeptides used in this investiga­
tion.

Summary
An apparatus has been constructed for the 

measurement of the dielectric constants of liquids 
at wave lengths from 40 to 80 cm. by the first 
Drude method. The dielectric constants of aque­
ous solutions of ten amino acid peptides in this 
region of anomalous dispersion have been meas­
ured, as have the viscosities of the solutions. 
The mechanism of dispersion has been discussed 
and the results have been combined with previous 
dielectric constant measurements at 10 meters in 
this Laboratory to calculate the relaxation times 
and shape factors for the solute molecules. Al­
though the results are not inexplicable in terms 
of internal rotation around valence bonds in the 
molecules, the values and their trend are con­
sistent with the simple picture of rotation of the 
molecule as a whole.
Princeton, N ew Jersey Received April 3, 1942

[C o n t r i b u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r y  o f  N o r t h w e s t e r n  U n i v e r s it y ]

The Apparent Molal Volumes of Aqueous Solutions of Sulfuric Acid at 25°
By Irving M. Klotz and Charles F. Eckert

It has been known for some time that the ap­
parent molal volume of a strong electrolyte may 
be expressed as a linear function of the square 
root of its volume concentration. For aqueous 
solutions of sulfuric acid, however, the apparent 
molal volumes show an unusual dependence on 
the concentration. In contrast to most electro­
lytes, the volumes rise very rapidly in the dilute 
range but approach a linear function of the square 
root of the concentration at high molarities. This 
behavior has been explained qualitatively as 
being due to the ionization of bisulfate ion.1 With 
data on the dissociation constants of bisulfate 
ion a quantitative explanation of the observed

(1) Geffcken and Price, Z. physik. Chem., 26B, 81 (1934).

volume changes in terms of the apparent molal 
volumes of the component ions is also possible. 
We have determined the densities of solutions of 
sulfuric acid from 0 to 3 molar, and have calcu­
lated, by a method of successive approximations, 
the apparent molal volumes of H + +  HS04~ 
ions.

Experimental.—The solutions were placed in 
Pyrex containers immersed in a thermostat at 25° 
(=*=0.001°). The density of each solution was 
measured by means of the sinker method de­
scribed by Wirth.2 The method was sensitive to 
differences of less than one part per million in the 
density.

(2) Wirth, T h i s  J o u r n a l , 59, 2549 (1937).
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T a b l e  T

A p p a r e n t  M o l a l  V o l u m e s  o f  (H+)2(S0 4“) a n d  (H+)(HS04~)
Concn. H2SO4, 

moles/liter (dz -  do) 1000 03, CC. Ko 02 01
0.01432 1.038 25.68 0.0185 0.0277 15.74 34.49

.02708 1.901 27.96 .0208 .0466 15.98 34.73

.04053 2.771 29.80 .0226 .0648 16.16 35.67

.05933 3.986 30.99 .0241 .0885 16.35 35.77

.0839 5.544 32.09 .0266 .1188 16.58 36.18

.0900 5.929 32.29 .0270 .1260 16.63 36.20

.1157 7.567 32.77 .0289 .1562 16.83 36.16

.3493 22.057 35.03 (.03) .401 17.96 36.39

.6833 42.383 36.15 (.03) .739 19.02 36.88
1.275 78.013 37.01 (.03) 1.332 20.43 37.40
2.030 122.214 37.99 (.03) 2.090 21.79 38.23
3.194 188.318 39.23 (.03) 3.244 23.45 39.35

° dt is  th e  d e n s i ty  o f  th e  su lfu r ic  a c id  s o lu t io n  a n d  d0 is  th a t  o f  p u re  w a te r .

Concentrations were determined by titration 
against sodium hydroxide which had been stand­
ardized with potassium acid phthalate.

The Apparent Molal Volumes of (H+) 
(HSO4-) .■—To interpret our data we have as­
sumed that a solution of sulfuric acid may be 
considered as a mixture of two components, 
(H +)2(S04=) and (H +) (HS04~). For a concentra­
tion of c3 moles per liter of sulfuric acid we should 
have Ci moles per liter of (H+)2(S04“) and 
c% — Ci moles per liter of (H+)(HS04“) where Ci 
is determined by Cz and by K c, the classical 
ionization constant of bisulfate ion. If the volume 
change due to the addition of Nz moles of sulfuric 
acid to the quantity of water necessary to give the 
concentration Cz is AF, then

03 == AV/Ns = (ci/cs)(f>2 +  [fe — Ci)/Cz]<j>i (1)
where 0 1 is the apparent molal volume of (H+) 
(HS04~), 02 that of (H+)2(S04=) and 03 the ob­
served value. Consequently

01 — [03 — (Ci/^3)02]/(l — Ci/cz) (2)
The classical ionization constant of bisulfate 

ion, K c, is a function of the ionic strength, p, and 
has been determined up to ^  0.14.3 Since C\ 
is a function of K c and K c is a function of jt, and 
consequently of Ci, it has been necessary to use a 
series of successive approximations to establish 
the value of c±. For the dilute range the value of 
K c for /x =  0 was used to obtain the first pro­
visional value of Ci. Then n was estimated from 
this value of cu K c interpolated from an appro­
priate graph, and a second value of Ci determined. 
This process was continued until two successive 
evaluations of K c agreed within the experimental 
error in the determination of this constant. At 
high concentrations no reliable data on K c are

(3) Klotz, P h .D . Dissertation, University of Chicago, 1940.

available. In this range, however, the correction 
due to the ionization of bisulfate ion is small and 
not very sensitive to the value chosen for K c. We 
have computed this correction for three different 
values of K C) 0.01, 0.03 and 0.09, and have found 
only small differences in the results obtained for
0i. The constant of 0.03, however, gave the best 
agreement with the molal volumes in the dilute 
region.

An alternative procedure for calculating 0i in 
concentrated solutions of sulfuric acid is to com­
pute values of K c from the data given by Harned 
and Hamer4 combined with the ionization con­
stant of bisulfate ion at infinite dilution deter­
mined by Hamer5 or by Klotz.3 This method, 
however, involves extensive computations, and 
since a precise value of K c is unnecessary in the 
concentrated region, this alternative procedure 
was not adopted.

The apparent molal volumes of (H+)2(S04==) 
were calculated from the appropriate data for 
potassium chloride, hydrochloric acid and potas­
sium sulfate2»6 with the added assumption that 
the respective volumes are linear functions of the 
square root of the total ionic strength. Such a 
behavior is not fulfilled by hydrochloric acid or 
potassium sulfate2’6 but the errors so introduced 
occur mainly in concentrated solutions where the 
correction of 03 for the ionization of bisulfate ion is 
small.

Knowing ci and 02 we can calculate the ap­
parent molal volumes of (H+) (HS04“) by enter­
ing the appropriate quantities in equation (2). 
The significant steps in the calculation are out­
lined in Table I.

(4) Harned and Hamer, T h i s  J o u r n a l , 57, 27 (1935).
(5) Hamer, ibid., 56, 860 (1934).
(6) Wirth, ibid., 62, 1128 (1940).
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Fig. 1.—Apparent molal volumes of sulfuric acid and its 
constituents: O, observed volumes; □, calculated volumes.

Figure 1 shows the results for the calculated 
volumes of the constituents of sulfuric acid solu­
tions as well as the experimental data. The curve 
for sulfuric acid in the very dilute range (up to 
ix =  0.15) was calculated from the volumes of the 
ionic components and shows a definite cusp just 
beyond ja/2 — 0. The observed apparent molal 
volume rises very rapidly as the concentration is 
further increased because more and more bisulfate 
ion is formed. As we reach concentrated solutions 
(jx1/2 >0.5) the proportion of sulfate ions becomes 
progressively smaller and the observed volumes

become, very nearly, those calculated for (H+) 
(HSO4-)' Thus the observed volumes of sulfuric 
acid from 0 to 3 molar can be interpreted quanti­
tatively in terms of the respective contributions of 
the constituent ions.

The Volume Change on Ionization of Bisulfate 
Ion.—Extrapolation to infinite dilution yields a 
value of 35.1 cc./mole for F° of (H+)(HS04“). 
Combining this figure with that for (H+)2(S04=) 
we find the volume change upon ionization of 
bisulfate ion at infinite dilution to be —20.2 
cc./mole:

HS04“ = H+ + S O r AVl = -20.2 cc./mole

Acknowledgment.— We are indebted to Pro­
fessor Frank T. Gucker, Jr., and to Professor 
T. F. Young of the University of Chicago for a 
number of suggestions concerning the presenta­
tion of this material.

Summary
The densities of solutions of sulfuric acid have 

been determined over the concentration range of 
0 to 3 molar and the apparent molal volumes in­
terpreted in terms of the volumes of the hydrogen, 
sulfate and bisulfate ions.

The apparent molal volumes of hydrogen and 
bisulfate ions have been calculated by a series of 
successive approximations.
E v a n s t o n , I l l in o is  R e c e iv e d  A p r il  21, 1942

[C o n t r i b u t io n  f r o m  t h e  F r ic k  C h e m ic a l  L a b o r a t o r y , P r i n c e t o n  U n i v e r s i t y ]

The Kinetics of the Thermal Reaction between Hydrogen and Cyanogen

By N. C. Robertson and R. N. Pease

Since the reactions of hydrogen with the various 
halogens have had such an important role in the 
development of chemical kinetics, it was thought 
that an investigation of the reaction with cyanogen 
might be profitable. The only reference to such 
a reaction is a report by Berthelot1 that heating 
hydrogen and cyanogen in glass vessels in the 
neighborhood of 550° results in the formation of 
hydrogen cyanide together with a considerable 
amount of a polymer assumed to be paracyanogen.

The object of the present research was to es­
tablish the mechanism of this reaction in its rela­
tion to the other familiar reactions of hydrogen.

(1) M. Berthelot, Compt. rend,, 89, 63 (1878),

Experimental Procedure
The reaction was studied in a static system employing a 

silica vessel for most of the runs. This bulb, which was 
spherical and of some 550-cc. capacity, was placed at the 
center of a large electrically heated furnace which was pro­
vided with an auxiliary winding for the reaction chamber 
by means of which the temperature of the chamber was 
controlled to =*=0.1° by a photoelectric potentiometer 
device connected to control thermocouples. The tem­
perature was measured by means of two thermocouples 
immediately adjacent to the reaction vessel, heat losses 
and temperature gradient being minimized by packing the 
space for 10 inches above and below the reaction chamber 
with asbestos fiber. Apiezon was found to be satisfactory 
for stopcock lubrication.

Tank hydrogen was purified by passage over platinized
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asbestos at 350° and dried by condensing the water vapor 
in a trap surrounded by liquid air. Cyanogen was pre­
pared by slowly dropping a concentrated solution of c. P. 
sodium cyanide onto powdered copper sulfate in a 500-cc. 
flask which was provided with a ground glass joint for the 
dropping funnel. The cyanogen was dried by passage 
through calcium chloride and was repeatedly fractionated 
from dry-ice and ether in an all glass system. Finally 
after admission to the storage vessel attached to the main 
vacuum system it was condensed several times in liquid 
air and the non-condensable gases evacuated with a mer­
cury vapor pump. Cyanogen prepared by this method 
was found to contain only traces of hydrogen cyanide as 
shown by analysis, and the vapor pressure over dry-ice 
was that observed by Perry and Bardwell;2 moreover, the 
consistency of the results obtained with a number of dif­
ferent preparations was considered good evidence for a 
reasonable degree of purity.

The hydrogen cyanide used in the experiments on inhibi­
tion was kindly furnished by Dr. J. Holmes of this Labora­
tory and was prepared by the action of sulfuric acid on 
sodium cyanide with subsequent drying and fractionation.

In making a run hydrogen as the lighter gas was first 
admitted to the thoroughly evacuated reaction chamber up 
to the desired pressure as indicated by a mercury manom­
eter; then cyanogen was rapidly admitted from the 
storage bulb to give the desired total pressure. At the 
end of the run a sample amounting to approximately 60% 
of the reaction mixture was admitted to a previously 
evacuated analysis bulb of known volume, which was 
attached to the apparatus by a ground glass joint, the exact 
amount of the sample being determined by the pressure 
difference.

Since it soon became apparent that, aside from a small 
quantity of polymer, hydrogen cyanide was the only 
product formed in any substantial amount, the analytical 
procedure was designed to determine hydrogen and hydro­
gen cyanide. In order to determine hydrogen the cyano­
gen and hydrogen cyanide were condensed by surrounding 
the analysis bulb with liquid air and the hydrogen rapidly 
pumped off. The difference in pressure when the contents 
of the bulb had been allowed to return to room temperature 
was a measure of the hydrogen present since several experi­
ments showed that no appreciable quantity of hydrogen 
dissolves in the condensed phase.

The determination of hydrogen cyanide in the presence 
of cyanogen was based on the method of Rhodes3 and in­
volves the rapid and quantitative reaction of hydrogen 
cyanide with a slightly acidified solution of silver nitrate 
with no interference by cyanogen. The analysis bulb was 
removed from the apparatus and inverted in a beaker con­
taining a measured quantity of 0.025 N  solution of silver 
nitrate to which one drop of dilute nitric acid per 5 cc. of 
solution had been added. By momentarily opening a stop­
cock a portion of this solution was allowed to flow up into 
the analysis bulb containing the cyanogen and hydrogen 
cyanide. The bulb was then shaken vigorously, opened, 
and the contents, consisting of precipitated silver cyanide 
and unreacted solution, washed out into the beaker with

(2) J. H. Perry and D. C. Bardwell, T h is  J ournal,, 47, 2629 
(1925).

(3) F. H, Rhodes, J ,  Ind. Eng. Chem., 4, 652 (19X2).

distilled water. The solution was then filtered and the 
remaining silver nitrate determined by titration with 
standard potassium thiocyanate using an indicator solution 
of ferric ammonium sulfate. From the silver nitrate 
neutralized by the hydrogen cyanide it was possible to 
calculate the pressure of hydrogen cyanide in the reaction 
vessel. Analysis of known mixtures and the consistent 
checks with the analysis for hydrogen showed this method 
to be accurate to 1%.

R esu lts

The reaction was studied over the temperature 
range 550-675°; however, it proceeds at a very 
convenient rate at 625°, and the kinetic results 
were obtained at this temperature.

In order to show experimentally that equilib­
rium in the system

H2 +  (CN)2 2HCN

is far to the right, 0.5 atmosphere of hydrogen 
cyanide was allowed to stand for forty-eight hours 
at 625°. No decomposition could be detected 
on analysis although polymerization amounted 
to about 3%. It was concluded that the reaction 
as written is at least 98% complete.

About thirty runs were made in the silica vessel 
at temperatures of 500-600° before any attempt 
at accurate kinetic measurements. In view of the 
tendency of both cyanogen and hydrogen cyanide 
to polymerize in this region, it is probable that 
some polymer accumulated on the surface of the 
bulb. In a single run at any temperature above 
600°, however, the pressure decrease was only 
of the order of magnitude of 0.5%. About sixty 
runs were made in this “aged” bulb, each series 
being bracketed by standard runs of 215 mm. of 
each reactant for a sixty-minute period at 625°. 
Typical kinetic results at this temperature are 
summarized in Table I-A.

The most prominent feature of the reaction is 
the emphasis upon the concentration of hydrogen. 
Constants for a three halves order and for a 
“Bodenstein-Lind” expression were calculated 
and are given in the table. The temperature 
coefficient in this bulb was determined over the 
range 575-675° (Table I-C) and corresponded to 
an over-all activation energy of 72 kcal. (Fig. 1).

Although the reaction appeared to be of low 
order as far as total pressure is concerned, the rate 
decreased rather rapidly with time, which sug­
gested an inhibiting action by the product, hy­
drogen cyanide. To test this, pure hydrogen 
cyanide was added at the beginning of several 
runs with results recorded in Table I~B, Not
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Fig. 1.—Activation energy in aged bulb.

only was the inhibiting action confirmed, but it 
was shown to be significantly greater when the 
ratio of the initial concentration of hydrogen to 
that of cyanogen was high.

T a b l e  I
K i n e t i c  R e s u l t s  i n  A g e d  B u l b

A. Time and pressure dependence
R u n
no.

Tim e,
m in.

M m .
Ha
in

M m .
(CN)s

in

M m .
! H C N  

o u t X 104
&B-L

X 10®*
A pproxim ately  100 m m . H 2-IOO m m . (CN)a

93 30 103 105 39 6 .94 3 .00
72 60 100 105 67 7 .33 3 .17
77 120 100 100 96 6 .4 6 2 .82

A pproxim ately  205 m m . H2-225 m m . (CN)a
40 2 204 249 (24) (19 .0) ( 7 . 7 )
37 15 195 224 63 (8.05) (3.29)
38 30 208 230 102 6 .39 2 .70
79 60 206 225 150 5 .50 2.29
66 120 207 226 223 5 .00 2 .25
41 240 207 238 293 4 .2 7 2.27

A pproxim ately  305 m m . H2-325 m m. (CN)a
55 30 304 319 162 6 .19 2 .29
56 60 302 335 249 5 .8 4 2.33
57 120 305 337 360 5 .0 3 2.33

A pproxim ately  310 m m . Ha-110 m m . (CN)a
51 2 312 106 (16) (12 .8) (5.18)
91 30 305 111 74 4 .5 1 1.91
90 60 307 110 132 4 .9 8 2 .27
76 120 320 112 180 3 .6 8 1.98
75 180 319 105 188 2 .95 2 .10

A pproxim ately  105 m m . H2-320 mm. (C N )2

50 2 101 311 (22) (32.8) (13.2)
92 30 104 325 59 6 .4 5 2 .6 0
89 60 107 319 84 4 .8 8 2 .10
43 120 103 329 136 5 .3 0 2.21
74 180 106 320 160 4 .6 4 1.80

a k’s are for the units millimeters and minutes.

B. Inhibition by hydrogen cyanide. All runs for 60 
minutes at 625°

R u n M m . H 2 M m . (CN)a M m . H C N M m . H C N
no. in in in produced
86 223 221 0 158
85 220 225 100 143
87 218 227 196 134
90 307 110 0 132
81 309 111 98 113
89 107 319 0 84
80 105 311 98 81
72 100 105 0 67
94 103 101 203 57

C. Temperature dependence
M m . M m . M m.

R un T em p., T im e, Ha (CN)a H C N &B-L
no. °C . m in. in in  out X 103«
62 575 720 205 228 168 0.230
64 575 921 204 222 189 0.225
61 600 360 205 242 236 0 .797
65 625 60 207 230 157 2 .41
66 625 1201 207 226 223 2 .2 5
59 650 35 206 234 226 7 .51
58 675 101 203 230 209 2 3 .5
63 675 10' 207 241 202 2 1 .2

K Precision of measurements. Bracket runs at 625° for
60 min.

R un M m . Ha M m . (CN)a M m . H C N &B-L
no. in in ou t X 103*
36 206 226 148 2 .2 5
42 217 210 156 2.41
49 208 225 150 2 .34
60 208 217 154 2 .46
65 207 230 157 2 .41
70 207 238 152 2 .2 2
79 206 225 150 2 .2 9
88 206 231 154 2 .3 4
95 204 223 148 2 .2 9

a k*s are expressed in the units millimeters and minutes.

In several experiments 1-2 mm. of oxygen 
was added to the reaction mixture, in which in­
stance the rate was observed to increase by about 
75%; however, no evidence for catalysis by min­
ute traces of oxygen, such as characterizes the 
vapor phase reactions of many organic substances, 
was obtained.

An early observation that the rate in Pyrex at 
550° is some 50% higher than in clean silica indi­
cated a qualitative effect of surface. In order to 
study the quantitative influence, the reaction ves­
sel was removed, treated with concentrated nitric 
acid to cleanse the surface of any film of polymer, 
washed with distilled water and packed with clear 
silica tubing of 10-mm. diameter which had been 
cleaned by prolonged treatm ent with hot nitric 
acid. This packing increased the surface-volume 
ratio by a factor of 3.5-4, and its surface was con­
sidered to be the best obtainable duplication of 
that of the blown silica vessel. Since it developed 
that cleaning the surface causes some alteration 
in the rate and temperature coefficient of the
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process, a series of runs was made in the acid- 
cleaned unpacked bulb for purposes of comparison.

Although preliminary results in the packed bulb 
were erratic and somewhat high, the rates quickly 
settled down and became reproducible. A 
puzzling complication was encountered in that 
after raising the temperature from 550 to 625° or 
higher, it was necessary to make several runs fol­
lowed by periods of extended pumping before the 
rate at the higher temperatures rose to a consist­
ent value. On account of the greater pressure 
decrease during low temperature runs, it may be 
possible to attribute this to the formation of 
paracyanogen on the walls since this is said to oc­
cur in the range 500-600°. The consistent rates 
are given in Table II-A for standard runs a t sev­
eral temperatures in comparison with runs in the 
empty vessel after the packing had been removed. 
I t  is apparent tha t packing increases the rate at 
low temperatures somewhat, while causing no ap­
preciable change a t 650 or 675°. This makes it 
highly improbable that the reaction is entirely a 
surface process; however, it would seem to indi­
cate either tha t a t the lower temperatures there is 
a concurrent reaction proceeding on the surface 
or that the wall participates in some step of a gas 
phase process.

Since the nature of the surface is obviously of 
considerable importance to the kinetics, a means 
of treating it so tha t its function could be studied 
to better advantage was sought. I t  had been ob­
served that treating the aged bulb with oxygen 
caused no substantial change in the rate; however, 
when the packed bulb was treated at 675° for two 
hours with an atmosphere of pure oxygen and 
then thoroughly evacuated, the rate was very de­
cisively decreased at all temperatures, as may be 
seen from Table II-B. When the packing was 
removed, this procedure had no effect on the 
rates in the empty bulb. This seeming anomaly 
may be due to a qualitative difference between 
the surface of the packing and that of the bulb 
itself, but the fact that the rate in the packed 
bulb after oxygen treatment is less than in the 
unpacked bulb is considered most significant. I t  
is plausible that oxygen at such high tempera­
tures would strip any adsorbed film from the sur­
face although this may not be its sole action.

A few runs with varying initial pressures of re­
actants were made in the unpacked bulb follow­
ing oxygen treatment. The kinetics at 625° 
(Table II-C), although not markedly different

T able I I

Effect of Surface
A. Comparison of rates in packed and unpacked bulbs. 
All runs with approximately 205 mm. H2-225 mm. (CN)2

Tem p. Time, 
°C. min.

P acked  B ulb (b) 
M m . M m . M m . 

m  (C N )2 H C N  
in  in  o u t

U npacked B ulb (b) 
M m. M m . M m . 
Ha (CN)s H C N  
in  in  ou t

550 1140 206 230 234 206 228 178

625 60 208 227 238 209 231 216
60 206 228 241 206 245 214

650 20 206 230 191 208 230 183

675 10 207 235 170 206 232 180
207 235 187

B.
Oxygen tre a te d  

packed bulb
O xygen tre a te d  
unpacked  bulb

550 1140 205 232 53 206 228 178
625 60 207 235 78 210 233 210
650 20 206 242 40 207 240 172

20 206 235 28

C. Pressure dependence in unpacked bulb&
R u n
no.

M m . M m . 
T em p., T im e, H 2 (CN ) 

°C . m in. in  in

M m .
2 H C N  &B-L

o u t X 10® k ' X 102®
137 625 60 103 107 103 6 .1 8 1.251
148 625 60 209 231 216 3 .8 9 1.217
149 625 60 310 313 300 3 .3 1 1 .222
135 625 60 312 108 187 4 .8 9 0.811
136 625 60 103 320 109 3 .0 3 1 .290
145 675 10 102 108 82 18 .5
144 675 10 206 235 187 15.3
146 675 10 316 328 305 14 .3

0 k’s are expressed in the units millimeters and minutes.
b After nitric acid treatment.

from those in the aged bulb seem to require a some­
what lower power of the cyanogen concentration 
(see Discussion). The fact th a t the temperature 
coefficient is lower than in the aged bulb may be 
taken to indicate increased participation by the 
surface in some phase of the reaction.

Discussion of Results
With regard to the reaction kinetics, the follow­

ing facts are outstanding: the existence of a brief 
period of rapid reaction when the gases are first 
introduced, the greater dependence upon the hy­
drogen concentration during the further course 
of the reaction, the inhibiting effect of the product, 
and the low order of the reaction with respect to 
total pressure.

A second-order expression of the hydrogen- 
iodine type was implausible on account of the low 
order of the reaction and the necessary dominance 
of the hydrogen concentration in any kinetic ex­
pression.

Constants for a three halves order equation in­
volving the square root of the cyanogen concen­
tration (Table I-A, Column 6) fall sharply with 
time when the ratio of hydrogen to cyanogen is 
high. This, together with the inhibition by hy-
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drogen cyanide, pointed to the well-known Boden- 
stein-Lind4 type of expression developed for the 
reaction of hydrogen and bromine

d [HCN ]/2 
dit

£ b-l [H2][(CN)2]1A

1 +  m ([HCN ]/2) 
[(CN)2]

The constants, calculated for m — 0.25 and 
expressed in millimeters and minutes, are listed in 
column 7 of Table I-A, the values of the constants 
for some fifty runs falling within the range shown. 
This expression is the simplest one which fits the 
kinetics in the aged bulb reasonably well. Aside 
from its neglect of the period of initial accelera­
tion, it is deficient only in the high values of the 
constants for runs with low total pressures. Quite 
possibly this may be attributed to a surface reac­
tion of very low order; for, if 5-10 mm. of product 
per hour were formed by a zero-order reaction, 
the constants for runs with 100 mm. of each react­
ant would become compatible with those for higher 
pressures. For runs at low pressures or for high 
ratios of one reactant to the other the integrated 
expression is extremely sensitive, and this accounts 
for most of the observed fluctuations.

Since the packing experiments showed that the 
reaction is not heterogeneous, the applicability of 
the Bodenstein-Lind equation, the inhibition by 
product, and the strong inhibition by the packing 
in the oxygen-treated bulb are cogent arguments 
for a reaction involving chains propagated by free 
radicals and atoms. The acceleration by a small 
concentration of oxygen is also a type of phenome­
non frequently encountered when chain processes 
are involved.

The most elementary mechanism, by analogy 
with the hydrogen-bromine reaction, is

(CN)2 —->-2CN (1)
CN +  H2 —-> HCN +  H (2)

H +  (CN), — HCN +  CN (3)
H +  HCN — H2 +  CN (4)
CN +  CN — (CN), (5)

which leads by the familiar steady state solution 
to the equation

d [HCN]/2 2fa V h /k *  [Hs ] [(CNV*
df ~ 1 , h  [HCN 3

1 "*■ h  [(CN)sl
The propagation of the chains almost certainly 

centers around reactions 2, 3 and 4, and the neces­
sity for introducing the one-half power of the cyan­
ogen concentration is good evidence for chain

(4) (a) M . Bodenstein and  S. C. Lind, Z. p h y s ik . C h em ., 57, 168
(1907); (b) C. N . Hinshelwood, “ K inetics of Chem ical C hange,”
Oxford Press, N ew  Y ork, N . Y ., 1940, p. 102.

ending by a recombination of two CN radicals. 
The feasibility of chain initiation by the dissocia­
tion of cyanogen molecules into free radicals as in 
equation 1, however, must be determined by other 
considerations; for, if this is the case, the maxi­
mum concentration of cyanide radicals is that 
attained when the reversible dissociation of cyano­
gen has reached equilibrium. In order to de­
termine whether this equilibrium concentration is 
sufficient to give the observed absolute rate of re­
action the simple collision theory treatment used 
by Morris and Pease5 in considering the thermal 
hydrogen-chlorine reaction may be employed. 
The rate of formation of hydrogen cyanide, neg­
lecting the inhibiting action by the product 
through reaction 4, is calculated as

d ^ H C N / f f i  —  2ko y / K e q .  \ / ^ ( C N h

where the n’s are the numbers of hydrogen and 
cyanogen molecules, k% is the rate of the reaction 

CN +  H2 — > H C N '+ H (2)

and A ’eq is the equilibrium constant for the dis­
sociation

(CN)2 2CN

According to collision theory k2 is given by

ki = 2 P2x7? M \ -+ , M i X h  T 'h  e ~ E/RT
L  M i M i  J

A value of 7 kcal. for E, the activation energy of 
reaction 2, has been reported by Hartel and 
Polanyi6 from their studies of highly dilute flames. 
The radius of hydrogen is taken from viscosity 
data as 1.09 A. and that of the CN radical as 1.50 
A. or slightly less than that of the nitrogen mole­
cule7 which should occasion no serious error. 
Substitution of these values gives &2 =  1.34 X 
10~n in cc. per molecule per second at 900°K.

Unfortunately, reports of the heat of dissocia­
tion of cyanogen into radicals are contradictory. 
The value 77 kcal. was determined by Kistiakow­
sky and Gershinowitz.8 More recently White9 
has assigned 137 kcal. as a minimum value with a 
probable value of 146 kcal. White has also cal­
culated the entropy change in the dissociation as 
a function of temperature making use of the best 
available spectroscopic data; and from this the 
free energy change and equilibrium constant at

(5) J . C. M orris and  R . N . Pease, T h is  J ournal , 61, 391, 396
(1939).

(6) H. v. H arte l and  M . Polanyi, Z.  physik. Chem., Bll, 97 (1930).
(7) L andolt-B örnste in , “ T abellen ,” E rg. I, 1927, p. 69.
(8) G. B. K istiakow sky and  H . G ershinowitz, J . Chem. Phys., 1, 

432 (1933).
(9) J. U. W hite, ibid., 8, 79, 459 (1940).
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any temperature not far from 1200°K. may be 
evaluated if the heat of dissociation is known.

Using the value 77 kcal., which is almost cer­
tainly too low, and calculating the equilibrium 
constant by means of White’s equation, dn^Q^/dt 
is 5.4 X 106 mm./min. for a reaction mixture of 
215 mm. each of hydrogen and cyanogen at 900°
K. With White’s value of 137 kcal. the rate is 
calculated as 0.30 mm./min. These calculated 
rates, whose validity depends upon the 7 kcal. 
activation energy for reaction 2, bracket the ob­
served “steady” rate, the rate after the period of 
initial acceleration, of 2 mm./min.

It is possible that White’s value may be some­
what high. Hogness and T’sai10 concluded from 
their studies on the photochemical polymerization 
of cyanogen that 2240 A., corresponding to 127 
kcal., is the longest wave length of a cyanogen 
absorption band and is sufficient to give dissocia­
tion into CN radicals. If this value is taken, the 
equilibrium rate of formation of hydrogen cy­
anide, assuming again that reaction 2 requires 7 
kcal. activation energy, becomes 4.5 mm./min. in 
better agreement with experiment,

It is also noteworthy that on the assumption of 
chain starting by dissociation of cyanogen it 
should be possible to obtain the over-all activation 
energy as the sum of half the heat of dissociation 
plus the activation energy of step 2. With the 
values 127 kcal. and 7 kcal., respectively, the 
over-all activation energy should be 71 kcal., in 
good agreement with the observed value of 72 
kcal. From another standpoint, however, this is 
most significant in that it shows the experimental 
activation energy to be consistent with the pro­
posed mechanism. Thus if the activation energy 
for step 2 as observed by Hartel and Polanyi is too 
high by several kilocalories, a larger heat of dis­
sociation could be admitted; if it is too low, a 
value of even less than 127 kcal. would be neces­
sary to account for the observed over-all activa­
tion energy and rate.

If the heat of dissociation of cyanogen is very 
large, the question of why the reaction does not 
proceed by the initial dissociation of hydrogen, 
which requires only 103 kcal., arises. Using 
White’s equation for the entropy change, the 
equilibrium concentration of CN radicals would 
be equal to that of hydrogen atoms only if the 
heat of dissociation of cyanogen were as low as

(10) T. R . Hogness and Liu-vSheng T ’sat, T h is  J o u r n a l , 54, 123 
(1932).

114 kcal. If the starting involved the dissociation 
of hydrogen, however, the rate of reaction 3 would 
determine the absolute rate of formation of hy­
drogen cyanide; and this, for an equilibrium con­
centration of hydrogen atoms, may be so low com­
pared to that of reaction 2, for an equilibrium 
concentration of CN radicals, that the hydrogen 
dissociation would be of minor importance in the 
conversion. This would imply that the activation 
energy of reaction 3 is larger than that of reaction 
2, which is reasonable when the large energy of the 
carbon-carbon bond in cyanogen is considered.

It must be emphasized that these considera­
tions show only that chain initiation by the direct 
dissociation of cyanogen into cyanide radicals is 
well within the realm of possibility. The final de­
cision must wait upon the clarification of the un­
certainties already mentioned when new data 
become available.

If chains are initiated by the dissociation of 
cyanogen molecules, then they must certainly 
start on the walls of the vessel since an elementary 
collision theory calculation shows that the time 
required to attain an equilibrium concentration 
of CN radicals by gas phase dissociation is of the 
order of magnitude of several days; furthermore 
if the walls act as a catalyst for the dissociation, 
they must also catalyze the chain ending process 
of recombination.

In view of the complexity of the reaction, how­
ever, chain initiation by some process other than 
the direct dissociation of cyanogen, by means of 
which a concentration of radicals greater than the 
equilibrium concentration could be furnished, 
must not be ruled out. Such a process might be a 
reaction between cyanogen and adsorbed hydro­
gen similiar to a mechanism suggested by Morris 
and Pease for chain starting in the hydrogen- 
chlorine reaction in one of their Pyrex bulbs.

WH2 +  (CN), — >  WHCN +  H +  CN
For strong adsorption of hydrogen this leads to a 
Bodenstein-Lind type of expression.

Too few runs in which there were wide varia­
tions in the initial pressures were made in the oxy­
gen treated empty bulb to warrant broad generali­
zations with regard to the kinetics. The expres­
sion

d[HCN]/2 
cit

U [ H 2]

1 +  m ([HCN ]/2) 
[(CN),]

seems to fit the data at 625°, the constants for 
m =  0.25 and again expressed in terms of milli-
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meters and minutes appearing in column 7 of 
Table II-C. The low value for the one run with 
a 3-1 initial ratio of hydrogen to cyanogen is 
understandable since by the end of the run prac­
tically all the cyanogen has reacted. Bodenstein- 
Lind constants, however, fit the variation with 
respect to total pressure at 675°, and the fit would 
be better if a lower value of m were taken for this 
temperature; but they are totally unsatisfactory 
at 625°.

Since there is no reason to suppose that the 
steps in chain propagation are any different in 
the clean bulb, the increased rate at low tempera­
tures along with the lower temperature coefficient 
argues for a different method of chain starting 
on the surface. The possibility

WH2 +  W(CN)2 — >■ WHCN +  H +  CN 
which results in the foregoing kinetic expression 
suggests itself since Hadow and Hinshelwood11 
obtained evidence of strong adsorption of cyano­
gen on clean silica in their oxidation studies.

Hogness and T’sai10 found that CN radicals dis­
appear at room temperature by addition to cyano­
gen molecules to form a postulated (CN)3 which 
acts as a nucleus for further polymerization with 
the ultimate formation of paracyanogen. White9 
concluded that the radicals formed during an 
electric discharge combine with complex ions 
simultaneously produced in the discharge as a 
first step in polymerization. In the present in­
vestigation at temperatures of 625° or higher 
such an addition reaction was not indicated by 
kinetic analysis of the results in the aged bulb,

(11) H . J . H adow  and  C. N . Hinshelwood, Proc. Roy. Soc. (Lon­
don), A 132, 375 (1931),

nor was any extensive polymerization observed. 
This must mean that the reactions

and
CN -f H2 — >  HCN +  H 

CN -{- CN -f W — ** (CN)2 +  W

are much faster than the addition of radical to 
molecule. It may well be that the (CN)3 complex 
is unstable at these temperatures since it is known 
that cyanogen does not polymerize at elevated 
temperatures and that paracyanogen begins to re­
generate cyanogen in the region 700-800°.

Summary
The thermal reaction of hydrogen and cyanogen 

to yield hydrogen cyanide has been studied in a 
silica vessel over the temperature range 550-675°. 
The reaction proceeds without undue complica­
tions, but the nature of the surface of the reaction 
bulb has some influence on the rate. The product, 
hydrogen cyanide, inhibits the reaction. Packing 
increases the rate at low temperatures but has 
little effect above 625°.

The simplest expression which fits the kinetics 
at 625° reasonably well is that developed by 
Bodenstein and Lind for the combination of 
hydrogen and bromine. Evidence is presented 
which favors a radical chain mechanism involving 
gas phase propagation by hydrogen atoms and 
cyanide radicals with chains starting and breaking 
on the walls. The steps in this process would be 
analogous to those in the hydrogen-bromine 
reaction with the cyanogen assuming the role 
of bromine.
P r in c e t o n , N e w  J e r s e y  R e c e i v e d  May 6, 1942

[C o n t r i b u t i o n  f r o m  t h e  A v e r y  L a b o r a t o r y  o f  C h e m is t r y  o f  t h e  U n i v e r s i t y  o f  N e b r a s k a ]

The Ternary System s Involving Cyclohexane, W ater, and Isopropyl and Normal
Propyl Alcohols

B y  E. R oger  W ashburn , C harles  E. B rockway, C. L o ren  G raham  and  P h il ip  D em ing

The ternary systems1 made up of cyclohexane, 
water, andla methyl andlb ethyl alcohols have been 
described previously.

The systems2 involving water, isopropyl alcohol 
and2a benzene,2b toluene and2c cyclohexene have 
been described.

(1) E . R . W ashburn , ei al., T h is  J o u r n a l , (a) 56, 361 (1934); 
(b) 54, 4217 (1932).

(2) E . R . W ashburn , et al., ibid., (a) 57, 303 (1935); (b) 62, 579
(1940); (c) 62, 1454 (1940).

This report adds normal propyl and isopropyl 
alcohols to the first group and cyclohexane to the 
second group.

Materials.—Cyclohexane from Eastman Ko­
dak Company was carefully fractionated, dried 
with sodium and recrystallized several times. The 
alcohols were the best grades obtainable from the 
same company. They were dried with active 
lime and carefully fractionated. Some physical
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constants for the materials used in this investi­
gation are recorded in Table I.

M aterial

T a b l e  I
Specific 

g rav ity , d2h
R efractive  
index, n2!>d

Freezing 
po in t, °C.

Cyclohexane 0.7746
w-Propyl alcohol . 8000
Isopropyl alcohol . 7808

1.4232
1.3838
1.3749

6 . 1°

® A small amount of cyclohexane resulting from many 
recrystallizations had a freezing point of 6.33° and a specific 
gravity, d254 of 0.7744, and a refractive index not measur­
ably different from that recorded above. This more highly 
purified material was employed in four solubility measure­
ments with w-propyl alcohol and water at 35°. The dif­
ferences in the results obtained with the 6.1° and the 6.33°

T a b l e  IV
I s o p r o p y l  A l c o h o l , C y c l o h e x a n e  a n d  W a t e r  a t  25.0°

Iso-
Cyclo­
hexane,

propyl
alcohol,

wt. % wt. %
0.14 8.80
0.32 23.88
1.08 36.80
4.81 48.29

10.46 53.88
16.27 55.57

R efrac­
tiv e

index
Cyclo­
hexane, 
w t. %

1.3400 18.97
1.3531 26.85
1.3616 35.97
1.3687 43.56
1.3739 55.02
1.3777 71.40

86.98

Iso ­
propy l
alcohol,
w t. %

R efrac­
tiv e

index

55.74 1.3778
53.53 1.3848
49.29 1.3897
45.08 1.3936
37.86 1.3995
25.78 1.4066
12.82 1.4144

T a b l e  V
C o n j u g a t e  S o l u t i o n s  C o n t a in in g  w- P r o p y l  A l c o h o l  

a t  25.0°
cyclohexane, both for the solubility determinations and the 
refractive index-composition relationships, were well 
within the experimental errors.

Procedure and Results.—The experimental 
procedures were essentially the same as those 
which have been described.1,2 The results are 
presented in the following tables and graphs. 
Since the concentrations are presented in weight 
per cent., it will be enlightening to state that in 
each solubility determination and in each dis-

T a b l e  II
w- P r o p y i . A l c o h o l , C y c l o h e x a n e  a n d  W a t e r  a t  25.0°

Cyclo­
hexane, 
w t. %

w-Propyl 
alcohol, 
w t. %

R efrac­
tiv e

index

Cyclo­
hexane, 
w t. %

w-Propyl 
alcohol, 
w t. %

R efrac­
tive

index

92.41 7.30 1.4192 17.77 58.73 1.3825
84.09 14.98 1.4152 12.91 57.60 1.3788
75.60 22.55 1.4114 6.56 49.52 1.3708
66.73 29.87 1.4071 4.29° 43.01 1.3660
56.64 37.94 1.4027 2 .16a 35.63 1.3608
46.57 45.22 1.3974 0.72a 27.42 1.3550
36.81 51.50 1.3930 0.08® 18.49 1.3488
26.95 56.68 1.3880 0.06® 9.40 1.3408

Water saturated with cyclohexane 1.3322 
Cyclohexane saturated with water 1 .4233

® Mixtures of w-propyl alcohol and water were titrated 
with cyclohexane.

w
R efractive

index

a te r lay e r— 
Alcohol, 
w t. %

W ater, 
w t. %

,•---- ---- Cyclohexane la y e r--------—
R efractive  Alcohol, W ater, 

index w t. %  w t. %
1.3377 5.8 94.1 1.4228 0.9 0.0
1.3403 8.6 91.1 1.4225 1.4 0.0
1.3450 13.9 85.6 1.4208 4.4 0.0
1.3480 17.5 81.9 1.4167 12.1 0.7
1.3494 19,3 79.9 Ï .4120 21.3 1.7
1.3505 20.8 78.5 1.4002 41.6 6.7
1.3513 21.9 77.3 1.3922 52.6 12.4
1.3521 23.0 75.9 1.3862 57.8 18.5
1.3636 39.6 57.2 1.3680 45.7 49.2

T a b l e  VI
C o n j u g a t e  S o l u t i o n s  C o n t a in in g  w- P r o p y l  A l c o h o l  

a t  35.0°
,■----------- —W ater la y e r—
R efractive  Alcohol, 

index w t. %
W ater, 
w t. %

,---------Cyclo
R efractive

index

hexane lay< 
Aleohol, 
w t. %

»r----- —.
W ater, 
w t. %

1.3365 6.2 93.7 1.4172 1.1 0.0
1.3384 8.3 91.6 1.4168 1.8 0.1
1.3426 13.3 86.7 1.4142 6.7 0.2
1.3448 16.1 84.0 1.4105 14.1 0.8
1.3460 17.7 82.4 1.4050 25.0 2.3
1.3470 19.0 81.0 1.3954 42.6 6.8
1.3480 20.3 79.6 1.3875 53.6 13.0
1.3494 22.3 77.4 1.3812 58.6 20.3
1.3588 36.4 61.2 1.3664 48.0 46.5

T a b l e  VII
C o n j u g a t e  S o l u t i o n s  C o n t a in in g  T P r o p y l  A l c o h o l  

a t  25.0°
T a b l e  III

w- P r o p y l  A l c o h o l , C y c l o h e x a n e  a n d  W a t e r  a t  35.0°
Cyclo­

hexane, 
wt. %

w-Propyl
alcohol,
w t. %

R efrac­
tiv e

index

Cyclo­
hexane,
w t. %

w-Propyl 
alcohol, 
w t. %

Refrao-
tive

index

92.06 7.62 1.4137 18.05 58.91 1.3792
84.21 14.86 1.4101 13.14 57.99 1.3758
75.60 22.54 1.4062 7.42® 51.60 1.3692
67.04 29.81 1.4026 4.19® 42.96 1.3692
57.29 37.48 1.3982 2 .21® 34.87 1.3579
46.54 45.27 1.3937 0.85® 27.46 1.3528
37.31 51.40 1.3893 0. 11® 18.40 1.3467
26.96 56.68 1.3844 0.07® 9.21 1.3392

Water saturated with cyclohexane 1.3311 
Cyclohexane saturated with water 1.4177

® Mixtures of w-propyl alcohol and water were titrated 
with cyclohexane.

-̂------------- W ater la y e r—
R efractive  Alcohol, W ater,

✓—-------Cyclohexane la y e r---------
R efractive  Alcohol, W ater,

index w t. % w t. % index w t. % Wt. %
1.3356 4,4 95.4 1.4233 0.0 0.0
1.3383 7.1 92.8 1.4231 0.2 0.0
1.3465 15.4 84.1 1.4223 1.3 0.1
1.3545 25.9 73.9 1.4190 5.9 0.2
1.3590 32.6 66.5 1.4154 11.2 0.3
1.3647 41.6 55.7 1.4117 17.2 1.0
1.3718 52.1 39.9 1.4066 25.8 2.8
1.3789 55.5 26.7 1.4021 33.5 5.4

tribution study the total weight of liquids em­
ployed was of the order of 13 to 15 g.

The earlier investigations2 of ternary systems 
containing isopropyl alcohol, water and the hydro­
carbons benzene, toluene and cyclohexene showed
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Isopropyl alcohol in water layer, wt.%.
Fig. 1,—A, Benzene; B, toluene; C, cyclohexene; D, 

cyclohexane.

Fig. 2.—A, Methyl alcohol; B, ethyl alcohol; C, isopropyl 
alcohol; D, w-propyl alcohol.

that the greatly increasing proportions in which 
the alcohol entered the hydrocarbon layer as the 
total amount of alcohol in the system was in­
creased caused a change in the direction of slope 
of the tie lines. It will be noted in the present 
study that, while the proportion of alcohol in the 
cyclohexane layer increases as the total amount 
of alcohol increases, it does not ever become equal 
to the proportion of alcohol in the conjugate layer 
which is rich in water. The tie lines never become 
horizontal and the plait point is some distance 
down on the cyclohexane branch of the binodal 
solubility curve. Experimental difficulties pre­
vented a very close approach to the plait point and 
a study of the conjugation curves8 did not greatly 
improve the situation. It is probably not far from 
48% alcohol on the cyclohexane arm of the curve.

It should be mentioned that extensions of the 
tie lines for this system do not converge at a single

(3) “ In te rn a tio n a l C ritical T ab les ,” Vol. I l l ,  p. 398.

point. Attention has been called to the fact that 
in several ternary systems such convergence is to 
be observed.4 The system methyl alcohol-cyclo­
hexane and water when studied at 25.0°la not only 
shows such convergence but the point at which 
the tie lines converge is practically the cyclohex­
ane vertex of the ternary diagram. The solubility 
of methyl alcohol in cyclohexane is not only 
limited but very small. As would be expected, 
ethyl alcohol10 is between methyl alcohol and the 
propyl alcohols in its distribution. It is not much 
different from methyl alcohol.

The systems in which the tie lines change direc­
tion of slope represent extreme cases of non-con­
vergence. In one of the earlier studies the dis­
tribution of isopropyl alcohol between water and 
cyclohexene2c was investigated at three different 
temperatures, 15, 25 and 35°. The slopes of the 
tie lines and the positions of the plait points 
changed to a marked extent with the change in 
temperature. Larger proportions of the alcohol 
entered the hydrocarbon layer at the higher tem­
peratures. If the present system behaves in a 
similar manner it might be expected that a change 
in direction of slope of the tie lines would be ob­
served at a temperature somewhat higher than 25°.

The other system, described in this report, in­
volving w-propyl alcohol shows such a change in 
the direction of slope of the tie lines at 25 and 
35°. The change causes the plait point to appear 
on the opposite branch of the binodal curve from 
that which would be predicted by the tie lines 
obtained with the smaller total proportions of the 
alcohol. It was possible to determine the plait 
point quite accurately with this system; it ap­
peared at about 42% alcohol on the water branch 
at 25°. The change of temperature to 35° did not 
cause as large a change in plait point as was ob­
served in the former system.

The proportions in which these alcohols are 
distributed between the water and the hydro­
carbon layers for these and related systems are 
clearly shown in Figs. 1 and 2.

Summary
The solubility relationships for the ternary 

system containing water, cyclohexane and iso­
propyl alcohol have been determined at 25°. 
The system containing water, cyclohexane and 
72-propyl alcohol has been studied at 25 and 35°. 
L in c o l n , N e b r a s k a  R e c e i v e d  J u n e  3, 1942

(4) A. V. B rancker, T. G. H u n te r and  A. W. N ash , I n d . E n g .
C h e m ., A n a l.  E d . ,  12, 36 (1940).
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[C o n t r i b u t io n  f r o m  A l l e r g e n  I n v e s t i g a t i o n s , B u r e a u  o f  A g r ic u l t u r a l  C h e m i s t r y  a n d  E n g i n e e r i n g , U . S . 
D e p a r t m e n t  o f  A g r i c u l t u r e , a n d  t h e  A l l e r g y  C l in i c  o f  P r o v id e n c e  H o s p i t a l , W a s h i n g t o n , D .  C .]

The Chemistry of Allergens. VI. Chemical Composition and Properties of an 
Active Carbohydrate-free Protein from Cottonseed** 1

B y J oseph  R. Spie s  and E rn est  J . U m berg er

The importance of the role of carbohydrates in 
immunological specificity has increased since 
Heidelberger and Avery2 first showed that poly­
saccharides determine the specificity of the pneu­
mococcus organism. The possible analogous rela­
tionship of polysaccharides to allergenic specificity 
has made it seem worth while to record properties 
characterizing a carbohydrate-free allergenic pro­
tein fraction from cottonseed.3

Allergenic protein-polysaccharidic fractions con­
taining less than 1% carbohydrate were described 
in a previous paper.4 5 Some of these fractions 
which contained 0.9 to 3.0% carbohydrate were 
subjected to further electrophoresis to remove the 
carbohydrate. The material which migrated 
toward the cathode was used as 
starting product in three successive 
electrophoretic fractionations. The 
final cathodic fraction, CS-60C, was 
essentially free from carbohydrate as 
shown by chemical tests.6

Preparation of CS-60C.—Preliminary electrophoresis of 
previously described fractions4 consisting of 1.0 g. of CS- 
51R, 1.5 g. CS-52R and 7.0 g. of CS-53R, which contained 
0.9, 0.9, and 3.0 per cent, carbohydrate, respectively, was 
made in a 7-cell apparatus. The allergenic solution was 
placed in the center cell and an equal volume of distilled 
water was placed in each of the other cells. Electro­
phoresis was conducted with voltages ranging from 2500 to 
5000 for six days. A general technique similar to that pre­
viously detailed4 was used. The final pH in the cells 
ranged from 2.8 at the anode to 11.0 at the cathode. The 
substance which collected in cathodic cells having pH 
values higher than 6.5 was separated and isolated, as previ­
ously described, by alcohol precipitation. A combined 
total of 2.68 g. of solid was obtained in the first run. This 
solid was dissolved in 25 ml. of water and the solution was 
filtered from a slight amount of insoluble precipitate. The 
solution was placed in cell 2-f- (25-ml. vol.) of a 6-cell ap-

Experimental
Apparatus.—Electrophoresis apparatus

similar to that described and illustrated 
(Fig. 1) in the fourth article of this series4 
was employed, except that 125, 50 or 25 ml. 
cells were used, depending on the quantity 
of material to be fractionated. Side tubes 
were 10 mm. in outside diameter. Connec­
tion between cells was made with gum 
rubber tubing having 3 mm. wall thickness.
Danger of the current becoming grounded 
between the glass side-arm and the rubber 
connection was eliminated by coating the glass 
with petrolatum before sliding on the rubber tubing.

0 20 80 10040 60
% carbohydrates.

Fig. 1.—Curve showing the relationship between carbohydrate and 
nitrogen contents of allergenic fractions obtained by the electrophoretic 
fractionation of CS-1A.4

* N o t copyrighted.
(1) F o r P ap e r V of th is  series see Spies, T h i s  J o u r n a l , 63, 2994

(1941).
(2) H eidelberger an d  A very, J . E xptl. Med., 38, 73 (1923).
(3) The possible non-pro tein  n a tu re  of allergens is discussed by  

Coca, W alzer and  Thom m en, “ A sthm a and H ay  Fever in  T heory 
and  P rac tice ,” C harles C. T hom as, Baltim ore, 1931, pp . 734 et seq.; 
also V aughan, “ P rac tice  of A llergy,” C. V. M osby Co., S t. Louis, 
M o., 1939, p. 607.

(4) Spies, B ern ton  and  S tevens, T h i s  J o u r n a l , 63, 2163 (1941).
(5) A M olisch te s t m ade on a  1%  solution of CS-60C was negative. 

A control te s t  using an  equal volum e of a  0.002% solution of galactose 
was d is tinc tly  positive  by  com parison. Using th e  orcinol m ethod
[Heidelberger and  K endall, J . Im m uno l., 30, 267 (1936)] 0.2%  carbo­
h y d ra te  was ind ica ted  in  CS-60C. T h is value is so near th e  lower 
lim it of th e  m ethod  th a t  i t  is indecisive and  m ay be due to  “ b lank.”

paratus and subjected to a second electrophoresis, using 
from 2500 to 5000 v. for five days. The pH in the cells 
ranged from 5.28 at the anode to 11.2 at the cathode. The 
substance which collected in cathodic cells having pH 
values from 7.69 to 11.0 was isolated by alcohol precipita­
tion. The 563 mg. of solid thus obtained was dissolved in 
25 ml. of distilled water and the solution (pH 9.4) was 
placed in cell 2-b of the 6-cell (25-ml. vol.) apparatus. 
After electrophoresis at 2500 v. for one day the solution in 
cell — was replaced with 25 ml. of distilled water. Electro­
phoresis was continued at 5000 v. for three days. The pH 
in the cells ranged from 4.49 at the anode to 10.6 at the 
cathode. Solutions in cells —, 1 — , and 2 — (pH, 7.52, 
8.81 and 10.6, respectively) were combined and concen­
trated to 30 ml. in a vacuum desiccator over phosphorus
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pentoxide. The clear solution was then filtered through a. 
porous platinum filter to avoid contamination with filter 
paper hairs. The colorless solution was then frozen in a 
250rtnl. conical centrifuge cup. After freezing the ice was 
dissolved by addition of 120 ml. of absolute ethanol and the 
suspension was stirred gently. This procedure eliminated 
the pH adjustment required to effect precipitation of the 
protein when its solution was poured into alcohol. The 
suspension was then centrifuged and the solid was washed 
with two 25-ml. portions of cold 80% ethanol. The white 
solid, designated as CS-60C, was dried in a vacuum over 
phosphorus pentoxide. A  yield of 204 mg. was obtained. 
CS-60C was ground to a powder and equilibrated with air 
before analysis. CS-60C was completely soluble in water 
and gave protein color tests like those described in previ­
ous publications for the precursor fractions.

Discussion
The chemical composition and some properties 

of CS-60C are shown in Table I. Carbon and hy­
drogen content were of the usual order of magni­
tude encountered in proteins. The nitrogen con­
tent of CS-60C was higher than that found in most 
proteins* owing to the relatively large proportion 
of arginine present in cottonseed allergenic frac­
tions.1 Fraction CS-60C had a levo optical rota­
tion of 140.

Substantiating evidence for the absence of car­
bohydrate in fraction CS-60C is contained in Fig. 
1 where carbohydrate contents of the previously 
described4 electrophoretic fractions CS-51R, CS- 
52R, CS-53R, CS-54R, CS-55R and CS-56R are 
plotted as abscissas against their nitrogen con-

2500 2900 3300 3700 4100
Wave length, A.

Fig. 2/—Ultraviolet absorption curve of CS-60C in water 
(concentration 0,413 %).

tents as ordinates. A straight line starting on the 
abscissa at 100% carbohydrate passed through 
these points and intersected the ordinate repre­
senting zero per cent, carbohydrate at 20.4 which 
is the percentage of nitrogen actually found in 
CS-60C.

T a b l e  I
C h e m ic a l  C o m p o s it io n  a n d  P r o p e r t i e s  o f  CS-60C°

Nitrogen 20.4
Nitrogen pptd. by 5% trichloro­

acetic acid [20 =*= 0.1 ° f  86.6
Carbon 48.2
Hydrogen 6.58
Sulfur 2.35
[oj]20d  1% water solution — 140c
[oj]20d  2% w a te r  solution —135

° All analyses are expressed on an ash and water-free per­
centage basis. CS-60C contained 0.58% ash and 7.94% 
water. Analyses were made by the micro methods of 
Pregl. b Cf. Paper IV, of this series, Table I.4 c Optical 
rotation was kindly determined by Dr. E. Yanovsky of the 
Bureau of Agricultural Chemistry and Engineering.

CS-60C was further characterized by deter­
mination of the ultraviolet absorption curve,6 
Fig. 2. An absorption maximum occurred at 
2750 A. which coincides with that found for tyro­
sine.7 The fractions from which CS-60C was ob­
tained contained approximately 5% tyrosine.1 
No absorption maximum corresponding to that 
of phenylalanine was found.7 The ultraviolet 
absorption of CS-60C corresponds in general to 
that which would be predicted from its composi­
tion. ̂

The solubility curve of CS-60C, Fig. 3, indicated 
that it was a solid solution.9

Whether this protein fraction was a mixture of 
allergenic components, closely related struc­
turally, or consisted of a single active constituent 
associated with inactive contaminant cannot be 
decided from present evidence. However, in view 
of the variety and drastic nature of the processes 
used to isolate CS-60C, it seemed unlikely that a 
small proportion of active substance could have 
persistently remained associated with a pre­
ponderance of inactive material. It seemed more 
probable that CS-60C represented a mixture of 
proteins whose structural variations were too 
slight to permit effective chemical fractionation

(6) T he au thors a re  indeb ted  to  D r. P . A. Cole of th e  N ational 
In s titu te  of H ealth  for de te rm ina tion  of th e  u ltrav io le t absorption 
curve.

(7) Sm ith, proc. Roy. Soc. (L ondon), B10*, 198 1929).
(8) Cf. Schm idt, “ C hem istry  of Am ino Acids and  P ro teins,” 

Charles C. Thom as, Baltim ore, M d., 1938, pp . 552 et seq.
(9) For com parison th e  so lubility  curve of a precursor fraction 

CS-51R, is included in Fig. 3.
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or perhaps too slight to impart immunological 
identity even if they could be separated.

Fraction CS-60C was antigenic as demon­
strated by the property of producing anaphylactic 
sensitivity and shock in guinea pigs.10

The threshold quantity of CS-60C required to 
incite passive transfer reactions is shown in Table
II. These results show that 1 X 10”9 g. of CS- 
60C was capable of producing positive reactions 
using a serum of moderate potency.11

T a b l e  I I
T h r e s h o l d  Q u a n t it y  o f  CS-60C R e q u ir e d  t o  P r o d u c e  
P o s i t i v e  P a s s iv e  T r a n s f e r  R e a c t io n s  w i t h  S e r u m  

f r o m  a  C o t t o n s e e d  S e n s i t i v e  P a t ie n t "
CS-60C In jec ted ,& ,----------------------- R ecip ien ts0-----------------------.

m icrogram s

1
T .W .

19 X 17
N .W . H.B.

0.1 15 X 15 15 X 13 12 X 15
.01 12 X 14 11 X 11 9 X 11
.001 6 X 7 10 X 10 0
.0001 0 rfc 0
.00001 0

° This serum (E.S.) gave positive passive transfer reac­
tions to cottonseed allergen when diluted 1:10 and in one 
case 1:102. Cf. Coca and Grove, J. Immunol., 10, 445
(1925) ; also Levine and Coca, ibid., 11, 411, 435 and 449
(1926) . b Quantity of CS-60C (contained in 0.025 ml. of 
sterile physiological salt solution) injected into each sensi­
tive site. c Recipients were uniformly sensitized on the 
upper arms with 0.05 ml. of serum in each of five sites. 
The tests of each series were conducted simultaneously. 
The numbers refer to the diameter (in mm.) of the wheals 
which formed within fifteen to thirty minutes. CS-60C 
produced no non-specific reactions in normal skin. Quali­
tatively similar results were obtained using serum from an­
other cottonseed sensitive patient (G.W.).

(10) T he au tho rs  are indeb ted  to  D r. E. J . Coulson for im m uno­
logical tests: cf. Coulson, Spies and  S tevens, J. Im m unol., 41, 375
(1941).

(11) The au tho rs  wish to  acknow ledge th e ir indebtedness to  Dr. 
H a rry  S. B ernton  for clinical facilities and  to  D orris C. Cham bers for 
assistance in conducting  th e  tests. T he  clinical evidence showing 
th a t  CS-1A  and  fractions derived from  i t  are immunological!y dis­
tin c t from o ther allergens p resen t in cottonseed has been described 
by B ernton, Spies and Stevens, J . Allergy, 13, 289 (1942).

0 0.2 0.4 0.6
Total nitrogen content of mixture, mg./ml.

Fig. 3.—Solubility curves of CS-51R and CS-60C: 
weighed quantities of the protein fractions were placed in 
glass-stoppered tubes and then dissolved in 1.5 ml. of 0.05 
M  acid potassium phthalate solution buffered at pH 5.0. 
One ml. of absolute ethanol was added to the solution. 
The suspension was equilibrated by slowly rotating the 
tubes at 5 =*= 0.1° for at least eighteen hours. The excess 
solid collected on the walls of the tubes during equilibra­
tion, leaving a clear supernatant solution which was ana­
lyzed for total nitrogen.

Summary

1. A carbohydrate-free allergenic protein, 
CS-60C, has been isolated from previously de­
scribed protein-polysaccharidic fractions from 
cottonseed. Its chemical composition, optical 
rotation and ultraviolet absorption curve were 
determined. Solubility data indicated that CS- 
60C was not homogeneous but probably repre­
sented a mixture of active proteins whose struc­
tural variations were too slight to permit effective 
chemical separation.

2. Fraction CS-60C was antigenic as shown 
by tests on guinea pigs. Positive passive transfer 
reactions were produced with 1 X 10 ~9 g. of CS- 
60C.
W a s h i n g t o n , D. C. R e c e i v e d  J u n e  6, 1942
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[C o n t r i b u t io n  f r o m  t h e  R e s e a r c h  L a b o r a t o r y  o f  M e r c k  &  Co., I n c .]

Erythrina Alkaloids. XII. Chromatographic Analyses of Erysodine, Erysovine and 
“Erysocine” and Technique for Preparative Isolation1

By Karl Folkers and John Shavel, Jr.

The isolation and characterization of erysopine, tion and elementary analyses as isolated from four
erysodine, erysovine2 and erysonine3 from various 
species of Erythrina have been described. These 
four alkaloids were obtained by appropriate tech­
niques subsequent to their liberation by the acid 
hydrolysis of their aqueous solutions after com­
plete removal of the free alkaloids. Difficulties 
in isolating homogeneous alkaloids from species 
of Erythrina have been observed frequently in 
published4 and unpublished studies. It is to be 
emphasized again that special care should be 
given to establishing the homogeneity of any new 
free Erythrina alkaloid. Chromatographic analy­
ses have been applied to alkaloids,5 and prelimi­
nary experiments on erysonine3 confirmed the pur­
ity of samples obtained by crystallization tech­
nique. This paper describes the results of further 
chromatographic analyses on pure eryso- alkaloids 
as a further check on purity and application of 
such adsorption methods for actual preparative 
separation of Erythrina alkaloidal mixtures.

The melting point and specific rotation of 
standard samples of erysodine and erysovine were 
not altered by chromatographic analyses over 
aluminum oxide. Pure erysopine was not suffi­
ciently soluble in the ordinary solvents to make 
this analysis feasible. It was soluble in morpho­
line, as was erysonine,3 but it was unstable in this 
solvent, the solution becoming dark green in color, 
probably because of oxidation due to its two ortho 
phenolic hydroxyl groups.2 It was strongly ad­
sorbed and was badly decomposed after elution. 
However, it is not so essential to confirm the 
purity of erysopine or isolate it by this technique, 
since the normal solvent isolation and purifica­
tion is dependable because of the low solubility of 
this alkaloid.

“Erysocine” was described2 as an alkaloid of 
apparently constant melting point, specific rota-

(1) Presented  in p a rt before the  D ivision of Organic Chem istry a t 
th e  M eeting of the  A m erican Chem ical Society in A tlantic City, 
N . J ., Septem ber 10, 1941.

(2) Folkers and K oniuszy, T h is  J o u r n a l , 62, 1677 (1940).
(3) Folkers, Shavel and  K oniuszy, ibid., 63, 1544 (1941).
(4) Folkers and Koniuszy, ibid., 61, 1232 (1939); 62, 436 (1940)
(5) Zechm eister and  Cholnoky, ‘'P rincip les and  Practice of 

C hrom atography ,” John  W iley and  Sons, N ew  Y ork, N . Y., 1941, p. 
233. S train , “ C hrom atographic A dsorption Analyses,” Interscience 
Publishers, Inc., New Y ork, N. Y., 1942, p. 101; see also Ruzicka, 
D alm a and Scott, Helv. Chim. Acta, 24, 63 (1941).

species of Erythrina, and from six other species 
of Erythrina listed in Table II. Gentile and 
Labriola recently isolated6 “erysocine,” besides 
erysodine and erysopine, from E. falcata Benth. 
in Argentina. A standard sample of “erysocine” 
was found to be separated into approximately 
equal parts of erysodine and erysovine by analy­
sis over alumina. Since these two substances 
have identical empirical formulas, C18H21NO3, ele­
mentary analyses were not significant. “Eryso­
cine,” from E. sandwicensis Deg.,2 E. flabelliformis 
Kearney,2 and E. costaricensis Micheli,3 and from 
the six species in Table II of this paper, was sepa­
rated into the two components. Only erysovine 
was obtained from the “erysocine” of E. Poeppi- 
giana (Walp.) O. F. Gook2 because of the paucity 
of the sample. Thus, sufficient samples of “ery­
socine” have been resolved into erysodine and 
erysovine to show that it is not a single alkaloidal 
entity.

“Erysocine” might be a molecular complex of 
erysodine and erysovine obtainable from ether 
or ethanol, the solvents used for crystallization. 
Erysodine and erysovine have similar solubilities 
in ether and it would be expected that their sepa­
ration in this solvent would be difficult. Con­
clusive proof as to whether “erysocine” is just a 
mixture of erysodine and erysovine, mixed crys­
tals or a complex of the two, remains to be settled.7 
Alkaloidal complexes are not unknown; for ex­
ample, the ergot alkaloidal product, erygoclavine, 
was shown8 to be an equimolecular mixture of 
ergosine and ergosinine. Stoll9 found sensibamine 
to be a similar complex of ergotamine and ergot- 
aminine.

Because of the curare-like action of so many 
species of Erythrina, 1 0  it was of interest to charac-

(6) G entile and  Labriola, J . Org. Chem., 7, 136 (1942).
(7) Prelim inary  de te rm ina tion  of an equilibrium  diagram , based 

on m elting poin ts in a capillary, indicated  such a complex. M olecu­
lar weight de term ination  of “ erysocine” by  the  freezing po in t de­
pression of dioxane showed negligible association in th is solvent. 
D eterm ination  of freezing po in ts of m olten erysovine an d  “ erysocine” 
for p lo tting  cooling curves was n o t satisfacto ry  because of th e  de­
com position of th e  m olten alkaloids.

(8) Sm ith and  Tim m is, J . Chem. Soc., 396 (1937); Köfler, Arch. 
Pharm., [276] 40, 61 (1938).

(9) Stoll and  Schweiz, Med. Woch., 65, 1077 (1935); Köfler 
Arch. Pharm., 275, 455 (1937).

(10) Folkers and Urma, J . A m . Pharm. Assoc., 28, 1019 (1939).
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terize the liberated alkaloidal fraction of certain 
other species of the genus for possible isolation of 
new physiologically active alkaloids. The data 
on seven such species are in the Experimental Part 
and the alkaloids isolated are indicated in Table 
I by positive signs. Widespread occurrence of 
the liberated alkaloids, erysodine, erysovine and 
erysopine, is observed2’3 and is in contrast to the 
more limited range of occurrence of the free Ery­
thrina alkaloids such as erythraline or erythra- 
mine.

T a b l e  I

I s o l a t io n  o f  A l k a l o id s
Alkaloids

P la n t E rysodine Erysovine Erysopine

E. cubensis Wright + + +
E. pallida Britton & Rose + + +
E. arborescens Roxb. + + +
E. Folkersii Kruk. + +
E. velutina Willd. + +
E. excelsa Baker + + +■ (?)
E. Berteroana Urb. + +

The ether extraction technique previously de- 
scribed2 for the isolation and separation of eryso­
vine and erysodine, which also resulted in “eryso­
cine” for some species, has been abandoned in 
favor of the chromatographic technique. Ac­
tually, the isolation of pure erysovine in quantity 
was quite unsatisfactory, and the chromatographic 
method described herein has been a desirable im­
provement.

Experimental Part
Isolation of Alkaloids.—The data on the generalized 

part of the procedures have been recorded in Table II, 
Parts A and B. The details of the procedures were 
analogous to those of the isolations described in paper IX.2 
Reference to the General Remarks to the Experimental 
Part of Paper IX 2 and X 3 should also be made for addi­
tional information which is not repeated here. Those de­
tails which cannot be tabulated satisfactorily, concern the 
fractional crystallizations of the liberated alkaloids and 
their identification. These data are described briefly as 
expanded notes to Part B of Table II. For the hydrolyses, 
after removal of the free alkaloidal fraction, the aqueous 
solutions were acidified as described in note c. For ex­
ploratory work, successive hydrolyses have proved helpful 
for examination of the alkaloids because of the different 
rates of hydrolysis of the combined alkaloids, but for sub­
sequent preparative work, single prolonged hydrolyses have 
been used. The numbers of the specimens were assigned 
by Mr. B. A. Krukoff to the botanical specimens taken 
from the same plants as the seeds.11 These specimens are 
deposited with the New York Botanical Garden.

General Procedure for the Chromatographic Analyses.— 
For 100-300 mg. of alkaloid, a 15 X 1 cm. column of alu-

(11) Krukoff, Brittonia, 3, 205 (1939); 4 m- J - Botany , 28, 683 
(1941),

minum oxide Merck (according to Brockmann) was found 
to be satisfactory. For 1 g. of alkaloid, a 30 X 1.9 cm. 
column was used.

For chromatographing erysovine and "erysocine,” 
chloroform was preferred as the initial solvent and de­
veloping agent. For erysodine, chloroform was preferred 
for the solution, but ethanol was a better developing sol­
vent.

I t  was found that when ethanol, morpholine or water 
solutions were passed over alumina, fine particles of alu­
mina were dispersed which were not removed from the 
eluate by filter paper. The solutions were cloudy and, 
on standing, slowly deposited a fine sediment of alumina. 
Consequently, such eluates were concentrated in vacuo, 
and the residue was dissolved in chloroform and passed 
through a 2-3 cm. column of alumina. A sufficient amount 
of chloroform was used to elute the alkaloids.

During development, the column was examined under 
ultraviolet light, and occasional fluorescent bands were 
marked with a crayon and followed. Erysodine exhibited a 
weak yellow-green fluorescence, whereas erysovine seemed 
to exhibit even less fluorescence. In general, these weak 
bands were of little help. At the top of the column, there 
was always a light to dark brown band of decomposition 
products which had a vivid green fluorescence under ultra­
violet light. These top bands remained there during the 
development and were discarded when the alumina was 
taken out for elution.

When the amount of alkaloid being eluted by washing 
the column decreased to a small value it was desirable to 
elute the remaining material by 
other means. The method used 
has been to put the alumina in a 
glass thimble of a continuous ex­
tractor shown in Fig. 1, and ex­
tract for several hours with chloro­
form. This procedure consist­
ently gave almost quantitative re­
covery of the residual alkaloid.
When alkaloid samples were ad­
sorbed so strongly that only very small eluated residues 
were obtained, the column of adsorbant was divided into 
several parts, each of which was eluted in the continuous 
extractor.12

Chromatographic Analysis of Erysodine.—The erysodine 
used was from E. flabelliformis Kearney (Jones 9485) and 
showed m. p. 200-201°, [a ]25D +251°, 75.8 mg./10 ml. 
ethanol, 1 = 1. The 3.66 g. was dissolved in 100 ml. of 
chloroform and passed into a 45 X 2.3 cm. column. There 
was a 5-rnra. light brown top band which represented de­
composition products. The tube under ultraviolet light 
showed a 5-mm. band of a light yellow-green fluorescence 
located 10 cm. from the top. The column was then de­
veloped with absolute ethanol. After collection of five 
fractions of the filtrate, the alumina was eluted with 
chloroform in the continuous extractor. The data are in 
Table III. Rotations were taken in ethanol at 30-60 
mg./10 ml. concentration.

(12) T he sand a t  the  bo ttom  of th e  th im ble  p reven ted  passage of 
th e  alum ina, and  th e  sand a t  th e  to p  preven ted  sp la tte rin g  of th e  
adsorben t and  its  being washed down in to  the  flask, causing “ b u m p ­
in g "  This ex trac to r wm  used for a  30 X 1.9 cm. colum n of a lum ina .

ST  45 /50  
Sand
Glass th im ble  
3 X 10 cm. 
A lum inum  

oxide 
Sand 
C o tton  
1-Cm. hole 
In d en ta tio n s  
ST 24 /40

Fig. 1.“
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T a b l e  II
D a t a  o n  t h e  I s o l a t io n  o f  A l k a l o id s  f r o m  S p e c i e s  o f  E r y t h r i n a  

P a r t  A. F r e e  A l k a l o id a l  F r a c t io n
H ypa-

Karl F olkers and John Shavel, Jr .

Line P la n t

Collectors’ nam es 
and

specim en num bers

A m ount
seeds,

g-
F a tty

fraction ,
%

Alcohol®
ex trac tives,

%

Free
alkaloidal 
fraction , & 

%

phorine
hydro ­

chloride,*
%

1 E. cubensis Wright Acuna 9626 106.0 16.0 18.1 0.6 /
2 E . cubensis Wright Acuna 9234 9.5 14.1 19.8 .7
3 E . pallida Britton & Rose Wortley 9257 785.0 15.2 13.6 .41
4 E. pallida Britton & Rose Wortley 9257 1030.0 11.7 14.5 .40
5 E. pallida Britton & Rose Wortley 9257 705.0 13.0 15.3 .49 6.7
6 E. arborescens Roxb. Ghose 9228 707.0 14.3 22.1 .27 /
7 E. Folkersii Kruk. & Mold. Kinloch 9167 650.0 15.4 16.3 .07 /
8 E. velutina Willd. Vasconcellos 9263 650.0 9.2 20.0 .32 2.0

Sobrinho
9 E. velutina forma aurantiaca Rocha 9272 50.0 15.2 22.4 .25

(Ridl.) Kruk.
10 E. excelsa Baker Thomas 9342 347.0 9.6 25.6 .34” 2.4

P a r t  B . L i b e r a t e d  A l k a l o id a l F r a c t io n
A a * J  L . . T o ta l lib e ra ted  

a lkalo idal 
frac tio n ,d %

s— n u u  u y  u i  u i y o c o  ------------------------------- >
F ir s t  Second T h ird  

T. Y. T . Y . T . Y. Alkaloids
1 E. cubensis Wright 10 0.78 75 2.05 90 0.06 2.89 h
4 E. pallida Britton & Rose 20 0.32 60 1.09 60 .50 1.96* t
5 E. pallida Britton & Rose 10 1.28 60 0.95 60 .05 2.28
6 E. arborescens Roxb. 45 0.32 90 .49 120 .62 1.43 k
7 E. Folkersii Kruk. & Mold. 60 .22 120 .06 0.28 ■

8 E. velutina Willd. 10 .93 20 .17 30 .20 1.30 m

9 E. velutina forma aurantiaca 15 1.2 1.2
(Ridl.) Kruk.

10 E. excelsa Baker 15 1.01 60° .85 60g .54 2.40 °
a Methanol was used. 6 The free alkaloidal fraction was removed by the preferred procedure as described in paper 

IX. c The hydrolyses were made on aqueous solutions acidified with hydrochloric acid to about pH 2-2.3 except in a 
few cases where the solutions were acidified to pH 1 as indicated. T. = time in minutes, Y. = % yield of crude liber­
ated bases after removal of the chloroform solvent. d The total yield of chloroform residues. e The hypaphorine was 
removed by the alternative procedure as described in paper IX. Further remarks on the isolation of hypaphorine are 
found in paper III. f  Examination for hypaphorine was not made. 9 Hydrolysis was made at pH 1.

h Erysovine, Erysodine and Erysopine from E. cubensis 
Wright.—The 830 mg. of chloroform residue obtained from 
the first hydrolysis did not give a green color test with 
ferric chloride, showing the absence of erysopine. When 
treated with 1 ml. of ethanol, crystallization took place 
and 548 mg. of crystals, m. p. 154-157°, was obtained. 
Ether fractionation and recrystallization gave 223 mg. of 
‘‘erysocine,” m. p. 160-161°. A 162-mg. quantity of this 
fraction was dissolved in 5 ml. of chloroform and passed 
into a 1.5 X 1 cm. column. On developing with 40 ml. of 
chloroform, the first eluate gave 56 mg. of erysovine, which 
after crystallization from ether, showed m. p. 178-178.5°, 
[qj]25d +230°. Elution of the alumina in the extractor 
gave 108 mg. of alkaloid which gave 12 mg. of erysodine, 
after one recrystallization from ethanol, m. p. 200-201°, 
[o:]25d  +248°. The second hydrolysis yielded 2.175 g. of 
alkaloids which gave a green color test with ferric chloride, 
showing the presence of erysopine. Treatment with 4 ml. 
of ethanol and refrigeration yielded 1.154 g. of m. p. 168- 
172°. When this material was heated with about 12 ml. 
of hot ethanol and filtered, 423 mg. of insoluble bases (A) 
of m. p. 197-198° was obtained. After refrigeration of the 
filtrate, 431 mg. of crystals (B) of m. p. 198-199° was ob­
tained, which yielded 351 mg. of pure erysodine, m. p.

201-202°, [af]25D +248°, after recrystallization from
ethanol. When the crystals (A) were heated with about 
4 ml. of hot ethanol and filtered, 51 mg. of crystals (C) of 
m. p. 214° was obtained. These were recrystallized twice 
from ethanol to yield 25 mg. of pure erysopine, m. p. 242- 
243°, [a ]25D +265.5° in 40% glycerol and 60% ethanol.

1 Erysovine and Erysodine from E. pallida Britton and 
Rose.—The 3.271 g. of residue (negative green color test 
with ferric chloride) from the first hydrolysis was extracted 
with 300 ml. of boiling ether. There was 96 mg. of in­
soluble material of m. p. 143-146°. The ether solution 
yielded 2.245 g. of crystals of m. p. 146-150°. Three re­
crystallizations of this crop yielded 810 mg. of “erysocine,” 
m. p. 161-162°. A 544-mg. quantity of “erysocine” was 
dissolved in 50 ml. of chloroform and passed into a 30 X 
1.9 cm. column. On developing with 100 ml. of chloro­
form, the first eluate yielded 431 mg. of gum which, after 
two recrystallizations from ether, gave 123 mg. of pure 
erysovine showing m. p. 178-179°, [oj]25d  +234°. The 
remaining erysodine adsorbed on the alumina was not 
sought. The 11.237 g. of residue from the second hydroly­
sis was combined with the 5.186 g. of residue from the third 
hydrolysis. Only the latter material gave a slight green 
color test with ferric chloride for erysopine. The com­



Aug., 1942 Chromatographic Analysis of Erythrina Alkaloids 1895

bined bases were extracted with 800 ml. of boiling ether. 
There was 3.206 g. of insoluble bases of m. p. 193-195°, 
and the ether extract yielded 4.476 g. of m. p. 157-159°, 
which corresponded to the material chromatographed be­
fore. The insoluble bases were recrystallized twice from 
ethanol to give 1.5916 g. of erysodine of m. p. 198-199° and 
M 25d 4-250°.

1 Erysopine from E. pallida Britton and Rose.—A fourth 
hydrolysis of sixty minutes yielded 309 mg. of solid bases, 
which gave a positive color test with ferric chloride for 
erysopine. Treatment with 1 ml. of ethanol yielded 131 
mg. of crystals of m. p. 186-188°. Five recrystallizations 
from ethanol gave 8 mg. of erysopine, m. p. 242-243°, 
[a ]25D +262.5°, in 40% glycerol and 60% ethanol. A fifth 
hydrolysis for sixty minutes at pH 1 yielded only 259 mg. 
of brown semi-crystalline residue which gave a positive 
color test for erysopine.

k Erysovine, Erysodine, and Erysopine from E. arbores­
cens Roxb.—The 2.227 g. of bases from the first hydrolysis 
was triturated with 3 ml. of ethanol at 25° and the insoluble 
portion, 994 mg„ m. p. 160-178°, was extracted with 50 
ml. of boiling ether. The insoluble portion (A) was 311 
mg., m. p. 164-190°, and the filtrate was concentrated to 
give a second crop (B), 413 mg., m. p. 163-164°. The 
portion (B) was recrystallized from ether to give 335 mg. 
of “erysocine,” m. p. 162-163°. A quantity of 327 mg. of 
this fraction was then dissolved in 5 ml. of chloroform and 
passed into a 15 X 1 cm. column. On developing with 15 
ml. of chloroform, the first eluate gave 139 mg. of eryso­
vine, which after one recrystallization from ether showed 
m. p. 178-178.5°, [a ]25D +235°. The second eluate was 
added to the extract from the continuous elution of the 
adsorbent and, after distillation, it gave 184 mg. of residue 
which after one recrystallization from ethanol gave 35 mg. 
of pure erysodine, m. p. 199-200°, [qj]25d +250°. The 
portion (A) was triturated twice on the filter with ethanol 
and the insoluble portion left was 197 mg., m. p. 164-195- 
197°. This crop was recrystallized from ethanol to give 
116 mg. of erysodine, m. p. 199-200°, [ck]25d +249°.

The second hydrolysis gave 3.429 g. of bases, which, 
after trituration with 5 ml. of ethanol, gave 1.367 g. of 
erysodine, m. p. (and mixed) 201-203°. The second crop 
was fairly pure erysodine, m. p. 197-200°. During the 
chloroform extraction after the third hydrolysis, 1.466 g. 
of erysopine separated from the aqueous solution and was 
filtered, m. p. (and mixed) 240-242°. Recrystallization 
from ethanol gave pure erysopine, m. p. 240-242°, [ce]25D 
+264°. The chloroform extraction residue amounted to 
2.948 g. and yielded 1.105 g. of erysodine by crystallization.

1 Erysovine and Erysodine from E. Folkersii Kruk. and 
Mold.—The 1.412 g. of bases from the first hydrolysis did 
not give a green color test with ferric chloride. It was tri­
turated with 1 ml. of ethanol and the insoluble portion was 
684 mg. (A). The filtrate was combined with the similar 
filtrate from the second hydrolysis, and after concentration 
the 811 mg. of residue was dissolved in aqueous sodium 
hydroxide solution and extracted six times with chloro­
form. The 402 mg. of solvent residue was triturated with 
0.4 ml. of ethanol to give 127 mg. of insoluble material, 
m. p. 159-161 ° (B). The mother liquor on standing yielded 
large crystals which were fairly pure erysovine, m. p. 173.5- 
175°. The insoluble portion (B) was recrystallized once

from ethanol and once from ether to give 23 mg. of “eryso­
cine,” m. p. 161-162°. A 15-mg. portion of this complex 
was dissolved in 1 ml. of chloroform and passed into a 3 X 1 
cm. column to give 3 mg. of base, m. p. 160-161°. The 
second development gave 5 mg., m. p. 161-162° (clear at 
178°) and on recrystallization from ether yielded 2 mg. of 
erysovine, m. p. 175-176° (clear, 180°, indicating presence 
of some erysodine). Elution of the alumina gave 5 mg. of 
base, m. p. 170-174° (clear at 190°). On recrystallization 
from ethanol, it yielded 2 mg. of erysodine, m. p. 197-198°, 
[qj]25d +244°. The insoluble portion (A) was recrystal­
lized from ethanol to give 438 mg. of pure erysodine, m. p. 
(and mixed) 202-203°. The second hydrolysis gave 395 
mg. of bases which was triturated with 0.4 ml. of ethanol 
to give 103 mg. of solid of m. p. 199-201°. After two re­
crystallizations from ethanol, pure erysodine was obtained, 
10 mg., m. p. 200-201°, [a ]25D +249°.

m Erysovine and Erysodine from E. velutina Willd.—The 
6.039 g. of bases from the first hydrolysis gave a negative 
green color test with ferric chloride. Trituration with 
ethanol, and subsequent recrystallization from ether of the 
solvent insoluble residue yielded 1.991 g. of “erysocine,” 
m. p. 162-163°. A 1.108-g. quantity of this substance was 
dissolved in 25 ml. of chloroform and passed into a 30 X
l. 9 cm. column. On developing with 400 ml. of chloro­
form, the first eluate yielded 377 mg. of gum which on re­
crystallization from ether gave 277 mg. of pure erysovine,
m. p. 178-178.5°, [qj]25d  +230°. Elution of the adsorbent 
in the extractor yielded 716 mg. of residue which after one 
recrystallization from ethanol gave pure erysodine, m. p. 
200-201°, [ce]25D +247°.

The second hydrolysis gave 1.152 g. and the third gave 
1.295 g. of bases. Neither product gave the green color 
test with ferric chloride. Both gave crude erysodine on 
trituration with ethanol, which, on combination and re­
crystallization, gave 564 mg. of pure erysodine, m. p. 200- 
201°, M 25d +249°.

"Erysodine from the Free Alkaloidal Fraction of E. 
excelsa Baker.—The 1.184 g. of the free alkaloidal fraction 
gave 474 mg. of crude erysodine, m. p. 196-200°, after 
trituration with 1 ml. of ethanol. Three recrystallizations 
gave pure erysodine, m. p. 201-202°, [« ]25d +245°.

° Erysodine and Erysovine from E. excelsa Baker.—The 
2.033 g. of bases, m. p. 148-150°, from the first hydrolysis 
was extracted with 50 ml. of boiling ether. There was 460 
mg. of insoluble bases (A), m. p. 174-194°, and the filtrate 
yielded 569 mg. of bases (B), m. p. 158-175°, after concen­
tration. Three recrystallizations of (A) from ethanol 
yielded 161 mg. of pure erysodine, m. p. 201-202.5°, [<*]25d 
+246°. Recrystallization of (B) from ether gave 403 mg. 
of “erysocine,” m. p. 161-162°. This was dissolved in 5 
ml. of chloroform and passed into a 15 X 1 cm. column. 
I t was developed with 25 ml. of chloroform. There was 
obtained 43 mg. of erysovine, m. p. 178-178.5°, [ck]25d 
+ 235°, after one recrystallization from ether of the 94 mg. 
of residue. Elution of the alumina in the extractor yielded 
67 mg. of erysodine which showed, after one recrystalliza­
tion from ethanol, m. p. 200-201°, [ck]25d +250°.

The 1.760 g. of bases from the second hydrolysis was 
triturated with 2 ml. of ethanol, and the 785 mg. of in­
soluble bases, m. p. 197-200°, showed the presence of 
erysopine by the ferric chloride color test. Two recrystal­
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lizations from ethanol gave pure erysodine, m. p. 201-202°, 
M 2bd  +246°. The third hydrolysis gave 1.084 g. of liquid 
bases which was deeply fluorescent in chloroform solution.

T a b l e  I I I

D a t a  o n  E r y s o d in e

Vol., R esidue, M . p..
F iltra te ml. g• °C. [o:]2r>i>

1 200 None
2 100 1.119 199-200 +247
3 100 0.290 200-201 4-243
4 200 .458 197-198 4-252
5 200 .323 200-201 4-245

Continuous eluate {ca. 6 hr.) .906 197-198 +245

The residues were not recrystallized before taking the 
constants. The eluates were slightly cloudy and on stand­
ing slowly deposited a slight, fine sediment of alumina; 
this might account for the slight variations in the constants 
of the fractions. This chromatographic analysis did not 
yield erysodine of significantly altered constants when 
compared to the starting material.

Chromatographic Analysis of Erysovine.—The specific 
rotation of erysovine has been redetermined on larger and 
purer samples and found to be [q+ 5d  4-232-234° as com­
pared to the original value, [ a ] 25D +252°.2 The erysovine 
used was from E. glauca Willd.2 (Wortley 9242) and 
showed m. p. 177-178°, [c*]25d  4-232°, 49.0 mg./10 ml. 
ethanol, l = 1. A quantity of 1.045 g. was dissolved in 20 
ml. of chloroform and passed into a 30 X 1.9 cm. column. 
Fresh solvent was added and 50-ml. fractions of filtrate 
were collected. The data are in Table IV. The specific ro­
tations were in ethanol at 10 to 28 mg./2 ml. concentration.

T a b l e  IV
D a t a  o n  E r y s o v in e

Residue, M . p.,
F il tra te mg. °C. [«]%>

1 None
2 None
3 83 177-178 4-235
4 192 178-179 +232
5 142 178-179
6 77 178-179
7 55 176-177
8 67 175-176

Continuous eluate 423 178-179 +233

None of the fractions showed significantly different con­
stants.

Chromatographic Resolution of “Erysocine” into Eryso­
dine and Erysovine.—When a chloroform solution of eryso­
cine was passed into a column of alumina and developed 
with chloroform, the first eluate was found to contain pure 
erysovine. An intermediate eluate containing erysovine 
and erysodine followed, after which the erysodine was 
slowly eluted. To effect almost quantitative removal of 
erysodine, the alumina was extracted continuously with 
chloroform. After removal of the solvent recrystallization 
of the residue from ethanol gave pure erysodine.

When a solution of erysovine in chloroform was quickly 
concentrated to dryness in vacuo at 50-60°, the residue 
was an amorphous fluff which was easily soluble in ether. 
The addition of a little ether followed by warming, quickly 
dissolved the fluff, and pure erysovine started to crystal­

lize after a minute or two. This procedure was found to 
be the most efficient for giving pure erysovine with the 
minimum amount of recrystallizations.

The details on the obtaining of erysodine and erysovine 
from “erysocine” are described in the footnotes to Table II.

Preparative Isolation of Erysovine by Chromatographic 
Technique.—The crude alkaloids obtained from the first 
hydrolysis of an extract from E. Berteroana Urb. (Arm­
strong 9304) on several recrystallizations from ethanol 
yielded “erysocine,” m. p. 159-161°, indicating the pres­
ence of erysovine and erysodine. Mr. Frank Koniuszy 
found that another similar extract yielded on hydrolysis 
two crops of alkaloidal mixtures. The first crop of 43 gv, 
m. p. 169-172°, was dissolved in 150 ml. of chloroform and 
passed through a 92 X 4 cm. column, and was developed 
with chloroform. The data are in Table V. The weight 
of crystals represents the yield obtained after the gum re­
maining, after distillation of the chloroform eluant, was 
recrystallized from ether. The second crop of 24 g., m. p. 
177-178°, was treated similarly and pure erysovine ob­
tained.

T a b l e  V

I s o l a t io n  o f  E r y s o v in e

Filtrate
Volume,

ml.
Crystals,

g-
M . p., 

°C. [o:]25u
1 500 14 178 + 2 3 6 .9
2 1000 12 178 + 2 3 6 .7
3 2000 4 .5 178
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Summary
Chromatographic analyses of standard samples 

did not significantly alter the constants of eryso­
dine and erysovine. All samples of “erysocine” 
were chromatographically resolved into approxi­
mately equal parts of erysodine and erysovine. 
The chromatographic technique is more satisfac­
tory for the isolation and separation of pure eryso­
vine from erysodine than the previously used ether 
extraction process.

Erysodine and erysovine have been isolated for 
the first time from E. cubensis Wright, E. pallida 
Britton and Rose* E. arborescens Roxb., E. Folker­
sii Kruk. and Mold., E. velutina Willd. and E. 
excelsa Baker. Erysopine was isolated anew from 
the first three mentioned species, and erysodine 
was isolated from E. Berteroana Urb. These 
three eryso- alkaloids have a very wide distribu­
tion in the seeds of species of the genus Erythrina. 
R a h w a y , N e w  J e r s e y  R e c e i v e d  M a r c h  23, 1942
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Utilization of Alkoxy Ketones in the Synthesis of Quinolines by the Pfitzinger
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It has been shown recently in this Laboratory 
that keto ethers4 can be employed in the syn­
thesis of quinoline derivatives by the Pfitzinger 
reaction. Thus,4*5 ethoxyacetone and ethoxy- 
methyl ethyl ketone, respectively, were condensed 
with isatin to produce the corresponding 2-methyl- 
(or 2-ethyl)-3-ethoxycinchoninic acid. A survey 
of the literature revealed no record of the prepara­
tion of any 2-alkoxyalkylcinchoninic acids.

In the present investiga­
tion the Pfitzinger reaction 
has been extended to in­
clude the utilization of al­
koxy ketones in the synthe­
sis of 2-alkoxyalkyl and 2- 
alkoxyalkyl - 3 - alkylcincho- 
ninic acids. For example, 
isatin and 1-methoxy di­
ethyl ketone were con­
densed in potassium hy­
droxide solution to form 2- 
(1 -methoxy ethyl) -3-methyl- 
cinchoninic acid (I). Proof 
of the structure of I was ob­
tained by conversion into 
2 - ethyl - 3 - methylquinoline 
(II)5 by heating at the melt­
ing point of the acid. The 
decarboxylation which oc­
curred thus was anticipated 
but the cleavage of the ether 
linkage and reduction of the 
carbinol to alkyl was unexpected. Cleavage and 
reduction without decarboxylation of I to form 
III was accomplished by heating with hydriodic 
acid and red phosphorus for six hours. In con­
trast, when I was heated with concentrated hydro­
chloric acid only the ether grouping underwent 
fission and 2-(1-hydroxyethyl)-3-methylcincho- 
ninic acid (IV) resulted. However, by heating 
for seven days with hydriodic acid and red phos-

(1) P resented  before th e  D ivision of Organic Chem istry of the  
Am erican C hem ical Society a t  M em phis, Tenn., April 19-24, 1942.

(2) From  th e  P h .D . d isserta tion  of S. D. Lesesne, June, 1939.
(3) P resen t address, O klahom a C ity  U niversity , Oklahom a City, 

Okla.
(4) (a) C alaw ay w ith  H enze, T h is  J o u r n a l , 61, 1355 (1939); 

(b) Cross w ith  H enze, ibid., 2730.
(5) D oebner an d  v. M iller, Ber., 17, 1714 (1884).

H
t

V \ * r /

' c —c h 3
Ic—c h 2c h 3

II

V

H H
\ /

/ V "  ^CHCHg

V \ - •N/
H
VI

/CH2

phorus, I was converted into 2-ethyl-1,2,3,4-tetra- 
hydro-3-methylquinoline (V). In turn, V, by ac­
tion of hydrochloric acid and tin, yielded 1,2,3,4- 
tetrahydro-3-methylquinoline (VI) .6 Reduction 
without cleavage was effected by catalytic hydro­
genation of I in the preparation of 2-(l-methoxy- 
ethyl)-1,2,3,4-tetrahydro-3 methyleinchoninic acid 
(VII).

By treatment of I with thionyl chloride and
COOH

N X  /?Qr— CHOHCHaNX Vm-X

NH

subsequent interaction with appropriate second­
ary amines, three substituted amides (IX) were 
produced; diethanolamine reacted with the acid 
chloride of I to form the dicarbethoxyamine (X) 
rather than an hydroxyethyl amide. 2-(l- 
Methoxyethyl)-cinchoninic acid (XV) reacted in 
an analogous manner with the same amines.

In view of the fact that some 2-substituted- 
cinchoninic acid derivatives are useful as anti- 
malarials,7 it was thought desirable to include, in 
this study, the synthesis of bis-2-cinchoninic acid 
(XI) and 2-phenyl-3-ethylcinchoninic acid (XIII).

(6) B raun, G m elin and  Schultheiss, ibid., 56, 1343 (1923).
(7) von O ettingen, “ T herapeu tic  A gents of th e  Q uinoline G ro u p ,” 

R einhold  Publish ing  C orporation , N ew  York, N . Y ., 1935.



1898 Sherman D. Lesesne with Henry R. Henze Vol. 64

Finally, XI and XIII were converted into the 
corresponding diethylamides, XII and XIV, 
respectively.
(C2H6)2NCO CON(C2H6)2

/ V ^ ^ ch hc^ CnV \

U \ N / ^
XII

CONCQHs),

A /  V - c2h 6

//i--CjHr,

Through the courtesy of Parke, Davis and 
Company, preliminary pharmacological testing of 
ten of the new derivatives of cinchoninic acid has 
been made. The study was made by daily oral 
treatment for three days of canaries infested with 
Plasmodium cathemerium and led to negative re­
sults as far as the antimalarial activity of I, III, 
XI, XIII, XIV and XVI are concerned. Like­
wise, against avian malaria compounds XIII and 
the diethylamides of I and III are inactive. Fin­
ally, the diethylamide of bis-2-cinchoninic acid
(XII) was found to have no action orally on 
Streptococcus viridans in mice.

Experimental
2-(l“Methoxyethyl)-3-methylcinchoninic Acid (I).— 

Sixty grams (0.41 mole) of isatin was dissolved in 300 g. of 
33% potassium hydroxide solution; 42 g. (0.42 mole) of 
1-methoxydiethyl ketone8 was added and the mixture was 
heated under a reflux condenser on a steam cone for twenty- 
four hours. The reaction mixture was diluted with water 
to a volume of 750 cc., partially decolorized with Norite 
and filtered while hot. The filtrate was cooled and acidi­
fied by addition of 250 cc. of 50% acetic acid solution. 
After standing in an ice-bath a light cream-colored solid 
separated. The acid was recrystallized from water in 
colorless needles melting at 234° (cor.) with decomposition; 
yield 74 g. (74%). This cinchoninic acid is soluble in alco­
hol, moderately soluble in acetone, and insoluble in ether 
and benzene. I t  readily formed a picrate which melts at 
201° (cor.).

Anal. Calcd. for Ci4H15N03: neut. equiv., 245.3; C, 
68.55; H, 6.16; N, 5.71. Found: neut. equiv., 244.0; C, 
68.92; H, 6.17; N, 5.77.

Effect of Heating I.—Fifteen grams of I was heated in a 
distilling flask in an oil-bath at 250°; the solid first melted, 
then carbon dioxide was evolved. At the end of twenty 
minutes gas evolution had ceased and the residual, black 
liquid was distilled under diminished pressure. There was 
obtained about 1.5 g. (14% yield) of a clear yellow oil (II) 
which readily yielded a bright yellow picrate. The latter, 
after recrystallization from diluted alcohol, melted at 191 ° 
(cor.)9.

(8) (a) G auth ier [Ann. chim. phys., (8) 16, 322 (1909)] reported  
only b. p. 133° (729 m m .); (b) W allace [M .A. thesis, U niversity of 
Texas, 1936] reported  b. p. 154-155° (746 m m .); » 20d 0.8913; semi­
carbazone m. p . 120.5° (cor.).

(9) D oebner an d  v. M iller, ref. 5, recorded m . p . 193° for th e  pic­
ra te  of 2-ethyl-3-m ethylquinoline.

Anal. Calcd. for picrate, CisHieNiO?: C, 54.00; H, 
4.03; N, 14.00. Found: C, 53.98; H,4.03; N, 13.48.

Action of Hydrochloric Acid on I.—Five grams of I was 
heated with 10 cc. of concentrated hydrochloric acid for 
forty-eight hours at 100°. Upon neutralization with so­
dium hydroxide a light cream-colored precipitate formed, 
which was purified through resolution in alkaline solution 
and reprecipitation with acetic acid. Thus was obtained
2.7 g. (55% yield) of the mono-hydrate of 2-(1-hydroxy- 
ethyl)-3-methylcinchoninic acid (IV) melting at 265° 
(cor.). The picrate of this compound has a melting point 
(explosive!) above 310°.

Anal. Calcd. for C13H13N 03 H20 : C, 62.61; H, 6.06; 
N, 5.62. Found: C, 62.76; H, 5.94; N, 5.50.

Action of Hydriodic Acid on I.—(A) Twelve grams of I, 
50 cc. of hydriodic acid (57% strength), and 5 g. of red 
phosphorus were heated together under a reflux condenser 
for six hours at 150°. The mixture was made basic with 
sodium hydroxide and filtered to remove phosphorus. 
The filtrate was acidified with acetic acid causing precipita­
tion of a white solid, which was filtered, washed with cold 
water, and after drying weighed 8 g. (78% yield). 2-
Ethyl-3-methylcinchoninic acid (III) melts at 279° (cor.) 
and is soluble in alcohol, moderately soluble in acetone, 
and insoluble in ether and benzene. It readily forms a 
picrate melting at 198° (cor.).

Anal. Calcd. for C13H13NO2: neut. equiv., 215.2; C, 
72.54; H, 6.09; N, 6.51. Found: neut. equiv., 213.3;
C. 72.52; H, 6.04; N, 6.66.

(B) Twenty grams of I, 100 cc. of hydriodic acid (57% 
strength), and 5 g. of red phosphorus were heated together 
for seven days at 140-150°. The reaction mixture was 
made alkaline and subjected to steam distillation. The 
colorless oil in the distillate was extracted with ether, 
dried over sodium sulfate and fractionated. Ten grams 
(70% yield) of 2-ethyl-l,2,3,4-tetrahydro-3-methylquino- 
line (V) was obtained; b. p. 253° (716 mm.); nnD 1.5902; 
d204 1.0423; MR calcd. 56.51; MR found 56.78; picrate 
(from alcohol) m. p. 188° (cor.).

Anal Calcd. for C12H17N: C, 82.23; H, 9.78; N, 7.99. 
Found: C, 82.10; H, 9.45; N, 8.03.

Action of Tin and Hydrochloric Acid on V.—Seven grams 
of V, 40 g. of granulated tin, and 150 cc. of concentrated 
hydrochloric acid were heated on a steam-bath for twelve 
hours. At intervals, 50-cc. portions of acid were added to 
maintain reaction. The reaction mixture was made 
alkaline and steam-distilled; the distillate was ether ex­
tracted, the extract dried and fractionated; 4 g. (68% 
yield) of l,2,3,4-tetrahydro-3-methylquinoline (VI) was 
collected; b. p. 117° (15 mm.);10 w20d 1.5536; d™4 0.9931; 
MR calcd. 47.27; MR found 47.50; picrate (from ether) 
m. p. 159° (cor.).11

Catalytic Reduction of I.—Two grams of I in 30 cc. of 
ethanol was shaken for two hours with 0.05 g. of the Adams 
catalyst and hydrogen at atmospheric pressure. After 
filtration from the catalyst, spontaneous evaporation of the 
filtrate of the solvent yielded 2-(1-methoxy ethyl)-1,2,3,4- 
tetrahydro-3-methylcinchoninic acid (VII) melting with

(10) B raun, Gm elin and  Schultheiss, ref. 6, reported  b. p . 117° (17 
m m .).

(11) B raun, G m elin an d  Schultheiss, ref. 6, repo rted  m . p* 155°.
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T a b l e  I
COR"

A m i d e s  a n d  E s t e r s  o f  C e r t a i n  __ R '
S u b s t it u t e d  C i n c h o n i n i c  A c id s  I If i

R R ' R "
Yield,

%
M . p.,

°C .
(cor.)

V \ N /

C arbon, %  
Calcd. F ound

C—R

H ydrogen, %  
Calcd. F o u n d

N itrogen , %  
Calcd. F o u n d

P icra te  
m. p ., °C . 

(cor.)

CH(OCH3)CH3 c h 3 N(C2H6)2 55 94 71.95 72.06 8.05 8.13 9.33 9.54 179
CH(OCH3)CH3 CH3 N(CH2CH2CH(CH3)2)s 32 190 74.96 75.22 9.44 9.67 7.29 7.72 200
CH(OCH3)CH3 CHs N(CH2CH=CH2)2 61 112 74.04 73.68 7.46 7.39 8.64 8.62 146
CH(OCH3)CH3 CHs (—OCH2CH2)2NH 52 200 68.67 68.42 6.66 6.60 7.51 7.54 201
c2h 6 CHs N(C2H6)2 22 100 75.52 75.68 8.20 8.23 10.36 10.52 174
c & CHs N(CH2CH2CH(CH3)2)2 12 132 77.92 78.01 9.67 9.57 7.90 7.83
c2h 6 CHs N(CH2CH = CH2)2 36 liq. 77.52 77.15 7.53 7.70 9.52 9.53 159
c2h 6 CHs (—OCH2CH2)2NH 26 295 72.12 71.86 6.66 6.71 8.41 8.49 209
CeHs c 2h 6 N(C2H6)2 50 244 79.48 79.53 7.28 7.32 8.43 8.45 179
Diethylamide of bis-2-cinchoninic acid 34 257 73.98 74.04 6.65 6.68 12.33 11.46

decomposition at 232° (cor.). This acid is soluble in 
alcohol and acetone, but only moderately so in ether and 
water. The picrate (from ether) melts at 201° (cor.).

Anal. Calcd. for ChH i9N 03: C, 67.45; H, 7.68; N, 
5.62. Found: C, 67.20; H, 7.86; N, 5.50.

Methyl Ester of I.—Five grams of I was heated with 10 
cc. of dimethyl sulfate for eight hours at 100°. Upon neu­
tralization of the reaction mixture with sodium hydroxide, 
a viscous liquid separated and was extracted with petro­
leum ether. Upon evaporation of the solvent at 0°, 
methyl 2-( 1-methoxy ethyl) -3-methylcinchoninate crystal­
lized (4.5 g. or 85% yield); m. p. 57° (cor.); picrate (from 
alcohol) m. p. 179° (cor.).

Anal. Calcd. for CisHnNOs: C, 69.48; H, 6.61; N, 
5.40. Found: C, 69.85; H, 6.49; N, 5.64.

Substituted Amides of I.—In general, 0.02-0.05 mole of 
I was dissolved in 0.12-0.18 mole of purified thionyl chlo­
ride, the mixture was allowed to stand at 0° for thirty min­
utes, then poured into a mixture of 0.025-0.07 mole of a 
secondary amine, 0.11-0.26 mole of potassium carbonate 
and 200-300 cc. of crushed ice. After reaction had ceased 
the mixture was placed in a separator with 200-300 cc. of 
ethyl ether and allowed to stand for six hours. The ether 
layer was removed and dried over sodium sulfate before 
being concentrated to a small volume by impact of a jet 
of dry air at 0°. Then 100-200 cc. of petroleum ether was 
added and evaporation continued until the amide crystal­
lized. Amides were thus prepared from interaction of 
diethylamine, diisoamylamine and diallylamine, respec­
tively. The compounds are moderately soluble in alco­
hol and acetone, but insoluble in benzene and water. The 
melting point of each of these amides, as well as that of the 
corresponding picrate, is listed in Table I.

In the same manner were prepared three analogous 
amides from 2-ethyl-3-methylcinchoninic acid (III) and 
the diethyl amide from bis-2-cinchoninic acid (XI) and 2- 
phenyl-3-ethylcinchoninic acid (XIII), respectively. Like­
wise, interaction of diethanolamine and the acid chloride of 
I and III, respectively, yielded the corresponding di- 
carbethoxyamines. The melting point data for these 
amides and ester amines are also included in Table I.

2-( 1-Methoxyethyl) -cinchoninic Acid (XV).—This acid 
was prepared in a manner wholly similar to that of its 3- 
methyl homolog by interaction of 47 g. of isatin, 34 g. of 
1-methoxy ethyl methyl ketone,12 and 200 g. of 33% potas­
sium hydroxide solution. Forty-four grams (60% yield) 
of the acid was obtained; m. p. 186° (cor.) dec.; a picrate 
was not produced.

Anal. Calcd. for C13H13NO3: neut. equiv., 231.2; C, 
67.52; H, 5.67; N, 6.06. Found: neut. equiv., 229.1; C, 
67.35; H, 5.70; N, 6.24.

Twelve grams of XV, 5 g. of red phosphorus and 50 cc. 
of hydriodic acid (sp. gr. 1.7) were heated at 150° for six 
hours. Using the procedure for preparation of III, there 
was obtained 8.2 g. (80% yield) of 2-ethylcinchoninic acid 
(XVI) melting at 180° (cor.); a picrate of XII was not 
obtained.

Anal. Calcd. for C12H11NO2: neut. equiv., 201.2; C, 
71.61; H, 5.51; N, 6.96. Found: neut. equiv., 201.2; 
C, 71.68; H, 5.43; N, 7.13.

When 17 g. of XV was heated at 200° the solid first 
melted, then decomposed with evolution of carbon dioxide. 
After twenty minutes the residual black oil was fraction­
ated yielding but 1.5 g. (13% yield) of liquid. The latter 
was converted into a picrate which melted at 148° (cor.). 
This temperature compares well with that of the antici­
pated product of decarboxylation, namely, 2-ethylquino- 
line.13

Anal. Calcd. for picrate, C17H14N4O7: C, 52.85; H, 
3.65; N, 14.50. Found: C, 52.30; H, 3.62; N, 14.02.

Bis-2-cinchoninic Acid (XI).—A mixture of 40 g. (0.27 
mole) of isatin, 12.5 g. (0.14 mole) of acetoin, and 200 g. of 
33% potassium hydroxide solution was heated for twenty- 
four hours at 100°. On cooling the sodium salt of the acid 
separated and was filtered, redissolved in hot water and 
acidified with acetic acid. When dry the crude material 
weighed 28 g. (58% yield) and was purified by dissolution 
in sodium hydroxide solution and reprecipitation with

(12) G authier, ref. 8a, repo rted  only b. p. 114° (727 m m .); W al­
lace, ref, 8b, reported  b. p. 115-116° (739 m m .); w20d 1.3936; d20* 
0.9014; sem icarbazone m. p. 141°.

(13) R eher [Ber., 19, 2997 (1886)3 recorded m. p. 147° (cor.).
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acetic acid; m. p. 367° (cor.). This acid is insoluble in 
water and in the common organic solvents; attempts to 
form a picrate failed.

Anal. Calcd. for C20H12N2O4: neut. equiv., 172.16; C, 
69.76; H, 3.51; N, 8.14. Found: neut. equiv., 174.4; C, 
69.64; H, 3.61; N, 8.14.

2-PhenyF3-ethylcinchoninic Acid (XIII).14 In a simi­
lar manner, from 40 g. (0.27 mole) of isatin, 43 g. (0.27 
mole) of phenyl /z-propyl ketone, and 200 g. of 3'3% potas­
sium hydroxide solution, was obtained 40 g. (55% yield) 
of crude acid. After recrystallization from acetone this 
compound melts at 286° (cor.); the picrate melts at 147° 
(cor.).

Anal, Calcd. for Ci8Hi5N 02: C, 77.96; H, 5.45; N,
5.05. Found: C, 77.41; H, 5.59; N, 5.04.

Summary
1. The Pfitzinger reaction has been extended 

to include the production of two cinchoninic acid
(14) L isted  b y  von  O ettingen , ref. 7, page 92.

derivatives containing an alkoxyalkyl substituent 
at the 2-position through utilization of alkoxyalkyl 
ketones of type CH3OCH(CH3)COR.

2. These acids suffer cleavage of their ether 
linkage by action of concentrated hydriodic acid 
and red phosphorus, yet resist reduction.

3. The acids are decarboxylated by heating 
above their melting points, and, by action of tin 
with hydrochloric acid, undergo reduction of the 
pyridine nucleus and dealkylation of the ether 
group.

4. Bis-2-cinchoninic acid and 2-phenyl-3-ethyl- 
cinchoninic acid have been prepared and converted 
into their diethylamides.

5. Several substituted amides of these cin­
choninic acids have been prepared and shown 
elsewhere not to possess antimalarial activity. 
A u s t i n , T e x a s  R e c e i v e d  M a y  18, 1942

[C o n t r i b u t io n  f r o m  T h e  S q u i b b  I n s t i t u t e  f o r  M e d ic a l  R e s e a r c h , D i v i s i o n  o f  O r g a n ic  C h e m i s t r y ]

7-Dehydrocampesterol, a New Provitamin D
B y W illiam  L. R uig h

The relationship between the structure of the 
side chain of the D vitamins and their antirachitic 
activity has been the subject of a number of in­
vestigations. The isolation1 of a new phytosterol, 
campesterol (I), and the determination of its 
structure2 as the C-24 epimer of A5-ergostenol, 
suggested a new approach to the problem.

CH*
| 22 23 24
CHCH2CH2CH—c h c h 3

CHS CHs

I, Campesterol 
CHs

CHCH2CH2CH—CHCHs
I 1
CHs CHs

II, 7-Dehydrocampesterol
(1) Fernholz and M acPhillam y, T h is  J o u r n a l , 63, 1155 (1941).
(2) Fernholz and  R uigh, ibid., 63, 1157 (1941).

Campesteryl acetate was converted by the con­
ventional method3 via the 7-keto compound into 
7 (a) -benzoxycampesteryl benzoate. The usual 
method of preparing 7-dehydrosterols was modi­
fied at this point by selectively hydrolyzing the 
dibénzoate to the 7-monobenzoate and cleaving 
the latter into benzoic acid and free 7-dehydro- 
campesterol4 II. Irradiation of this compound 
with ultraviolet light gave a resin, the antirachitic 
activity of which determined by the line test on 
rats was 725,000 international units per gram. 
The product obtained from ergosterol under 
identical conditions assayed at 7,000,000 I. U. 
per gram corresponding to a yield of 17.5% vita­
min D2 (40,000,000 I. U. per gram). Assuming 
the same extent of conversion in both cases the 
potency of the vitamin from 7-dehydrocam- 
pesterol is estimated to be 4,100,000 I. U. per 
gram, which is thus only 10% of the potency of 
vitamin D2. Due to lack of sufficient material no 
attempt was made to isolate the new vitamin in 
crystalline form.

Vitamin D4, prepared from 22,23-dihydro- 
ergosterol by Windaus and Trautmann,5 was re­
ported to have from 20,000,000 to 30,000,000

(3) W indaus, L e ttré  and  Schenck, A n n ., 520, 98 (1935).
(4) W intersteiner and  R uigh, T h i s  J o u r n a l , 64, 1177 (1942).
(5) W indaus and  T rau tm an n , Z . physiol. Chem., 247, 185 (1937).
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international units per gram. On the basis of the 
comparative data available, the antirachitic sub­
stance from 7-dehydrocampesterol has only one- 
sixth the activity of vitamin D4. The two vita­
mins are stereoisomers differing only in the con­
figuration of carbon atom twenty-four in the 
side-chain. It is thus apparent that the difference 
in antirachitic activity due to stereoisomerism on 
C-24 is considerably greater than the compara­
tively slight difference (25-50%) caused by the 
presence or absence of the side chain double bond 
in vitamins D2 and D4, respectively.

The demonstration that 7-dehydrocampesterol 
can function as a provitamin is also of interest in 
connection with the claim advanced by Wunder­
lich6 and later by Bills7 that 7-dehydrositosterol 
can be activated by ultraviolet light. The starting 
material employed by Wunderlich for the prepara­
tion of the 7-dehydrositosterol was the sterol 
fraction from soy-bean which remained after the 
removal of the stigmasterol as the tetrabromide. 
From a similar fraction 3% of pure campesterol 
was later isolated in this Laboratory1 and has 
served as the starting material for the present 
work. It seems reasonable to assume that 
Wunderlich’s sitosterol contained 3% or more 
campesterol and possibly other as yet unisolated 
C-28 sterols such as 22,23-dihydrobrassicasterol.8 
It is, therefore, probable that a part of the anti­
rachitic activity possessed by Wunderlich’s prod­
uct from sitosterol was due to the presence of 
vitamin derived from campesterol. In view of 
the fact that irradiated 7-dehydrostigmasterol is 
practically devoid of vitamin D activity,9*10*11 
the possibility will now have to be considered that 
the same may be true of pure 7-dehydrositosterol 
and of C-29 sterols in general. It is clear that this 
question cannot be unequivocally answered until 
Wunderlich’s work has been repeated with a 
sitosterol entirely free from C-28 sterols.

The author wishes to thank Dr. O. Winter- 
steiner for his interest and encouragement during 
the course of this work, Dr. A. Black of the 
Squibb Vitamin Research Laboratory for the 
biological assays and the benefit of his experience 
on the irradiation of 7-dehydrosterols, Dr. N. H. 
Coy of the same laboratory for absorption spectra 
and assays and Mr. Karl Reinhardt for his effi-

(6) W underlich, J .  physiol. Chem., 241, 116 (1936).
(7) Bills, J .  A m . M ed. Assoc., 108, 13 (1937).
(8) Fernholz and  R uigh, T h i s  J o u r n a l , 62, 3346 (1940).
(9) L insert, Z . physiol. Chem., 241, 125 (1936).
(10) G rab , ibid., 243, 63 (1936).
(11) H aslewood, Biochem . J . t 33, 454 (1939).

cient technical assistance. All microanalyses were 
performed by Mr. J. F. Alicino, Fordham Univer­
sity.

Experimental
7-Ketocampesteryl Acetate.—Forty grams of cam­

pesterol, m. p. 156.5-158°, isolated from soy-bean oil1 was 
converted to the acetate, m. p. 137-138°. The acetate 
was oxidized with chromic acid in glacial acetic acid follow­
ing the method of Windaus, Lettré and Schenck3 for the 
preparation of 7-ketocholesterol acetate. Fourteen grams 
of crude product, m. p. 168-80°, was obtained which on 
repeated recrystallization from alcohol yielded 7.4 g. of 
pure 7-ketocampesteryl acetate, needles, m. p. 177-178°; 
[q*]24d  —88.6° (1,18% in chloroform).

Anal. Calcd. for C30H4SO3: C, 78.90; H, 10.59. 
Found: C, 78.72, 78.80; H, 10.47, 10.60.

7 (a) -B enzoxy campe steryl Benzoate.—The reduction 
with aluminum isopropylate and isopropyl alcohol of 7 g. of
7-ketocampesteryl acetate yielded 4.7 g. of crude hexane- 
precipitable diol. Benzoylation in pyridine gave 3.8 g. of 
crude dibenzoate, m. p. 171-172°, from which was ob­
tained pure benzoxycampesteryl benzoate by repeated re­
crystallization from acetone, needles, m. p. 176.5-177.5°; 
[q*]23d  +96.6° (0.81% in  chloroform).

Anal. Calcd. for C42H5604: C, 80.72; H, 9.03. 
Found: C, 80.90; H, 9.38.

7 (a.) -Benzoxycampesterol.—To 2 g. of the dibenzoate 
dissolved in 40 cc. of benzene a solution of 1.33 g. of 
sodium methylate in 66 cc. of dry methanol was added. 
The mixture was allowed to stand at room temperature for 
sixteen hours and worked up as described before4 for the 
corresponding cholesterol derivative. The chromato­
graphed product, 1.60 g., crystallized from benzene- 
hexane in filamentous needles. 7(a)-Benzoxycampesterol 
melts at 143-145° after sintering to a glassy solid at 126- 
130°; [« ]26d  +115.0° (1.16% in chloroform). The
analytical sample on drying for two hours at 108° in a high 
vacuum showed a loss in weight of 2.07%.

Anal. Calcd. for Q 5H52O3: C, 80.72; H, 10.07. 
Found: C, 80.40, 80.38; H, 9.87, 9.94.

7-Dehydrocampesteryl Benzoate.—One gram of 7(a)- 
benzoxycampesterol was refluxed with dimethylaniline and 
worked up as previously described.4 The digitonide on 
decomposition by pyridine-ether yielded 564 mg. of im­
pure 7-dehydrocampesterol; leaflets from acetone, m. p.
148-149.5°12 [a]23D —91.0°, e2s2 =  9350, corresponding to 
81% of the absorption at 282 m/x given by ergosterol. The 
crude dehydrocampesterol (475 mg.) was benzoylated in 
pyridine and after seven recrystallizations from benzene- 
alcohol 229 mg. of 7-dehydrocampesteryl benzoate was 
obtained in the form of fine needles. The compound 
melted at 156-157° to a cloudy liquid which cleared sharply 
at 164°. This degree of purity was actually attained on 
the fourth crystallization and three further crystallizations 
did not change the melting point behavior. The compound 
gave positive Tortelli-Jaffé and Rosenheim trichloroacetic 
acid reactions, [<x]23d —50.2 (1.0% in chloroform).

(12) All m elting  po in ts  of dehydro  derivatives were ta k e n  in  sealed 
evacuated  tubes a fte r d ryin g for half an  hour un d er a  h igh vacuum  
a t  107°.
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Anal. Calcd. for CmHsoCV. C, 83.61; H, 10.03. 
Found: C, 83.43; H, 10.02.

7-Dehydrocampesterol.—A solution of 150 mg. of de- 
hydrocampesteryl benzoate in 5 cc. of benzene was added 
to 10 cc. of 5% metbanolic potassium hydroxide. After 
boiling for two hours, the hydrolyzed product was obtained 
by ether extraction and crystallized from acetone-meth­
anol. 7-Dehydrocampesterol formed shining irregular 
plates, m. p. 164-165°, [ « ] 25d  -109.0° (0.96% in chloro­
form). The sample for analysis was dried for two and one- 
half hours at 107 ° in a high vacuum.

Anal. Calcd. for C28H460: C, 84.35; H, 11.63. 
Found: C, 84.81; H, 11.58.

The absorption spectrum in ether exhibited the maxima 
at 272 m/x and 282 m/x characteristic of 7-dehydrosterols;
€282 m/x — 10,600.

Irradiation with Ultraviolet Light.—The light source used 
in this work was a 125-watt air-cooled quartz mercury 
vapor lamp. For each run 63 cc. of a 0.1% solution of the 
sterol in peroxide-free ether was taken, and after displacing 
the dissolved air with a stream of carbon dioxide, irradia­
tion commenced with the preheated lamp. After irradia­
tion the solution was evaporated to dryness, taken up in a 
few drops of alcohol and then made up to 6.3 cc. with corn

oil for assay. Preliminary experiments with ergosterol 
showed that four minutes was the optimal time for irradia­
tion. Under these conditions ergosterol gave a product 
the activity of which assayed by the U. S. P. XI line test 
on rats was found to be 7,000,000 international units of 
vitamin D per gram of original ergosterol. This corre­
sponds to a conversion of 17.5%. 7-Dehydrocampesterol 
irradiated under identical conditions assayed 725,000 inter­
national units per gram of original substance.13

Summary
The preparation and properties of 7-dehydro­

campesterol are described. 7-Dehydrocampes­
terol on irradiation with ultraviolet light yields an 
antirachitically active product. By comparison 
with ergosterol irradiated under the same condi­
tions the antirachitic potency of the vitamin 
derived from 7-dehydrocampesterol has been esti­
mated as 4,100,000 international units per gram.

(13) Prelim inary  resu lts  ind ica ted  th a t  th e  v itam in  from  7- 
dehydrocam pesterol resem bles v itam in  D 2 ra th e r th a n  v itam in  Da 
in th a t  it is re la tively  less active  w hen assayed by th e  chick test.

N e w  B r u n s w ic k , N .  J .  R e c e i v e d  J u n e  6 , 1942

[C o n t r i b u t i o n  f r o m  t h e  S h e l l a c  R e s e a r c h  B u r e a u  o f  t h e  D e p a r t m e n t  o f  C h e m i s t r y , P o l y t e c h n ic  I n s t i t u t e  o f
B r o o k l y n ]

Nature and Constitution of Shellac. XVI. Preparation of 8,9,15-Trihydroxypenta- 
decylamine from Aleuritic Acid by the Naegeli-Curtius Series of Reactions1

B y Arth u r  L. D avis2 and W m . H ow lett G ardner

Introduction
Aliphatic polyhydroxyamines have many inter­

esting properties.3 They should be valuable 
intermediates in the synthesis of several new 
compounds which would be useful in the paint 
and other fields. Such hydroxyamines might be 
prepared from polyhydroxy acids which have been 
obtained from shellac.4»5 The hydroxyl groups 
of such acids, however, have a tendency to react 
intermolecularly when subjected to elevated tem­
peratures of 100° or higher, such as are employed 
in a number of common methods for obtaining 
amines from carboxylic acids. This was what ap­
parently occurred in attempts to prepare the

(1) T h is  com m unication  is p a r t  of a  thesis for th e  degree of M aster 
of Science in C hem istry  p resen ted  by  A rth u r L. D avis to  the G radu­
a te  F acu lty  of P o ly techn ic  In s titu te  of B rooklyn, June, 1941.

(2) Shellac R esearch  Fellow , 1939-1942.
(3) (a) B. M . V an d erb ilt and  H . B. H ass, In d . Eng. Chem., 32, 35- 

36 (1940); (b) M . M . S prung, T h i s  J o u r n a l , 61, 3381 (1939).
(4) (a) B. B. Schaeffer an d  W . H . G ardner, In d . Eng. Chem., 30,

333 (1938); (b) H . W einberger an d  W . H . G ardner, ibid., 30, 454
(1938); (c) P . M . K irk , P . Spoerri and  W. H. G ardner, T his  J o u r ­

n a l , 63, 1243 (1941).
(5) A. L. D avis, M a s te r’s D isserta tion , Poly technic In st, of Brook­

ly n , B rooklyn, N . Y ., Ju n e , 1941.

amide when using the Hofmann procedure.5 The 
Lossen method involving the formation of a sub­
stituted hydroxamic acid also gives very poor re­
sults. The Curtius method6 likewise has proved 
unsatisfactory. Nagel obtained only a mixture 
of partially chlorinated amines when he attempted 
to prepare 8,9,15- trihydroxypentadecylamine from 
aleuritic acid by this method. His failure can be 
traced to the use of concentrated hydrochloric 
acid in hydrolyzing the relatively stable trihy- 
droxypentadecylurethan. Other strong mineral 
acids lead to like difficulties.6 Naegeli7 had 
similar trouble in attempting to synthesize the 
amine from chaulmoogric acid. Hence he was led 
to prepare the isocyanate from the azide instead of 
the urethan. Isocyanates generally can be hy­
drolyzed to the amines in the presence of aqueous 
solutions of alkali without affecting the hydroxyl 
groups. These series of reactions can be expressed 
as follows wherein the group C15H31O3 may be rep-

(6) T h. C urtius, Ber., 27, 779 (1894).
(7) C. Naegeli, L. G riin tuch  and  P. Lendorff, Helv. Chim. Acta. 

12, 227 (1929).



Aug., 1942 The N ature and Costitution of Shellac 1903

resented as, CH2OH— (CH2)5—CHOH—CHOH— 
(CH2)7—.

C u r t i u s  S e r i e s  o f  R e a c t io n s  

C2H5OH
CieHsiOa— CON8 —---- -> Ci6H3i0 3-~NH— COOC2H5

A
I II

HOH 
HC1

Y
C15H31O3—n h 2

V

N a e g e l i  M o d if ic a t io n

C6H6 HOH
C16H3i0 3— CONs —--- >- Ci5H3i0 3— N C O ------- >

A Alkali
I IV

C15H31O3—-NH2
V

This article describes how 8,9,15-trihydroxy- 
pen tadecylamine was prepared from aleuritic 
acid by such a method. Kirk has already sug­
gested how such a procedure might be employed 
in the study of shellac acids of unknown struc­
ture, such as shellolic acid.4c’8 This study of shello- 
lic acid will be described in a later communica­
tion.

In an attempt to prepare the amine correspond­
ing to aleuritic acid (9,10,16-trihydroxypalmitic 
acid) with the aid of the Curtius series of deg­
radation reactions, the acid was esterified di­
rectly with anhydrous methyl alcoholic hydrogen 
chloride. The product, methyl aleuritate, was 
converted to the acid hydrazide, by the action of 
hydrazine hydrate on an alcoholic solution of the 
ester. This conversion was practically quanti­
tative when highly purified samples of the ester 
were used. Nitrosation, at temperatures ap­
proaching 0°, converted the hydrazide into 
aleurityl azide I, an unstable, hygroscopic solid. 
When I was heated in water for three hours, 
N,N'-bis-8,9,15-trihydroxypentadecyl urea III 
was formed, while when I was refluxed with an­
hydrous ethyl alcohol for one and one-half hours,
8,9,15-trihydroxypentadecylurethan II was the 
resulting product. Inasmuch as hydrolytic ac­
tion failed to convert either II or III into the 
corresponding amine, the Naegeli modification 
was resorted to. When I was decomposed by 
heating in anhydrous benzene for one hour, the 
corresponding isocyanate was formed.

(8) P . M . K irk , D o c to r’s d isserta tion , Polytechnic In s titu te  of 
B rooklyn, B rooklyn, N . Y ., June, 1939.

HOH
A

CisHsiOa—NH
^ > c = o

C15H31O3—NH 
III

Pure 8,9,15-trihydroxypentadecyl isocyanate 
IV which was prepared for the first time, was a 
colorless, crystalline solid melting at 103.5- 
104.5°. It was soluble in alcohol and dioxane but 
practically insoluble in diethyl ether, petroleum 
ether and water. The isocyanate reacted with 
water and alcohol to produce N,N'-bis-8,9,15- 
trihydroxypentadecylurea III and 8,9,15-trihy­
droxypentadecylurethan II, respectively. These 
compounds were identical with those obtained 
previously by Nagel9,10 from aleurityl azide ex­
cept that the urethan was more highly purified.

Hydrolysis of the isocyanate IV with hot aque­
ous alkali produced 8,9,15-trihydroxypentadecyl- 
amine V which was obtained as minute colorless 
crystals melting at 146-147°. This product was 
soluble in aqueous solutions of mineral acids and 
gave the characteristic qualitative tests for pri­
mary aliphatic amines.9 10 11 The picrate of the 
amine was a yellow powder melting at 118-119°.

Experimental Part
Aleuritic Acid.—A suspension of 100 g. of crude zinc 

salt in a liter of hot (90°) 20% sulfuric acid was stirred 
mechanically for thirty minutes, filtered and cooled quickly 
with ice cubes and the precipitated acid removed by filtra­
tion. This was dissolved in ethanol, decolorized with 
Norit, repeated if necessary, precipitated with water, re­
crystallized from hot water and dried at 41°; m. p. 101- 
101.5°. Anal. Calcd. for Ci6H32CX: C, 63.15; H, 10.53. 
Found: C, 63.09, 63.27; H, 10.98, 10.79.

Methyl Aleuritate.—A solution of 10 g. of aleuritic acid 
in 80 ml. of 5% hydrogen chloride in absolute methanol, 
was allowed to stand for three days, then was neutralized 
with a solution of sodium hydroxide in absolute methanol, 
the precipitated sodium chloride filtered off and the fil­
trate poured into a large excess of cold (10°) water. The 
solid was filtered, washed with 10% aqueous sodium car­
bonate, stirred for thirty minutes, filtered, the precipitate 
washed with water, dried on a porous plate, and recrystal­
lized from alcohol, yield 86.5%; m. p. 73°. Anal. Calcd. 
for C17H.84O5: C, 64.15; H, 10.69. Found: C, 63.99, 
64.07; H, 10.81, 10.90.

Aleurityl Hydrazide.—A solution of 10 g. of highly puri­
fied methyl aleuritate in 100 ml. of 30% hydrazine hydrate 
in methanol was refluxed for forty minutes on a water- 
bath and then filtered through fluted paper, while still hot, 
to remove any insoluble impurities. The solution, in 
cooling, deposited crystals of the hydrazide, which were re­
moved by means of a Büchner funnel with the aid of par­
tial vacuum. The filtrate was then concentrated under 
reduced pressure so as to yield more crude aleurityl hydra­
zide, which was recrystallized thrice from hot (90°) water, 
yield 98%; m. p. 139-139.5°. Anal. Calcd. for

(9) W . N agel, Ber., 60, 605 (1927).
(10) W . N agel, W iss. Veroffentl. S iem ens-Konzern, 10, 108 (1931).
(11) O. K am m , “ Q ualita tive  O rganic A nalysis,” John  W iley and  

Sons, N ew  Y ork, N . Y ., 2nd ed., 1932, p. 158.
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Q 6H34O4N2: C, 60.38; H, 10.69; N, 8.81. Found: C,
60.16, 60.40; H, 10.95, 10.61; N, 8.81, 8.88.

Aleurityl Azide.—A solution of 3 g. of pure aleurityl 
hydrazide in 600 ml. of hot (90°) water was carefully and 
slowly cooled to below 5° to produce supercooling. De­
spite the low solubility of the hydrazide in water, no pre­
cipitate formed under these conditions.

51 ml. of an aqueous solution (2%) of sodium nitrite at 
0° was cautiously added with gentle stirring, before acidifi­
cation of the system with 12 ml. of an iced (0°) 25% solu­
tion of acetic acid. On stirring, the white flocculent azide 
separated spontaneously.

The azide was filtered with the aid of gentle suction, 
washed with water and, finally, dried in an evacuated 
vacuum desiccator containing solid sodium hydroxide 
which was maintained at 10°, by placing in a refrigerator, 
yield 90%; decomp. 52°. The azide was soluble in chloro­
form and ethyl alcohol, partially soluble in ether and ben­
zene, and completely insoluble in water and petroleum 
ether. It reacted rapidly with hot water (60°) evolving 
nitrogen, while a similar decomposition occurred when it 
was heated on a porcelain spatula. I t did not explode 
when struck sharply with a hammer, on an iron plate.

8.9.15- Trihy droxypentadecyl Isocyanate.—A suspension
of 3 g. of the azide in 150 ml. of anhydrous benzene was 
heated slowly under a reflux condenser for one hour. 
When decomposition of the azide had been completed and 
a clear solution remained, the insolubles were removed by 
filtration and the solution allowed to come to room tem­
perature in a desiccator. Sufficient anhydrous petroleum 
ether (b. p. 28-38°) was added to the cold filtrate to pre­
cipitate the isocyanate completely. The coagulated pre­
cipitate was filtered, washed, dried on an unglazed plate 
and recrystallized from anhydrous dioxane, yield 92%; 
m. p. 103.5-104.5°. Anal. Calcd. for C16H31O4N: C, 
63.78; H, 10.29; N, 4.65. Found: C, 63.65, 63.91; H,
10.37, 10.59; N, 4.30, 4.42. The pure isocyanate was sol­
uble in alcohol and dioxane, but insoluble in ether, petro­
leum ether, and water.

N,N '-Bis-8,9,15-trihydroxypentadecyl Urea. Method I.
—A suspension of 3 g. of pure aleurityl azide in 200 ml. of 
water was refluxed for three hours over a small flame. 
When cool, the urea was filtered from the solution, dried 
on an unglazed plate and recrystallized from ethyl alcohol;
m. p. 122.5-123°. Anal. Calcd. for C31H64O7N2: C,
64.58; H, 11.11; N, 4,86. Found: C, 64.50, 64.38; H,
11.27, 11.19; N, 4.73, 4.79. Method II.—A suspension 
of 0.2 g. of pure 8,9,15-trihydroxypentadecylisocyanate in 
100 ml. of water was refluxed, at 100° for three hours. The 
system was cooled, the precipitate filtered, dried on an un­
glazed plate and recrystallized from ethyl alcohol; m. p.
122.5-123°.

Mixtures of various proportions of this product with 
that obtained by Method I, showed no lowering of the 
melting point. I t  was only slightly soluble in cold ethyl 
alcohol, but dissolved easily at temperatures approaching 
the boiling point.

8.9.15- Trihy droxypentadecyurethane. Method I.—A
solution of 3 g. of pure aleurityl azide in 60 ml. of absolute 
ethyl alcohol was refluxed for one hour on a water-bath. 
The resulting solution, when cold, was filtered, added to 
an excess of anhydrous diethyl ether and the solid filtered,

dried and recrystallized thrice from hot anhydrous ethyl 
acetate; m. p. 78-79°. Anal. Calcd. for C18H37O5N : C, 
62.25; H, 10.66; N, 5.03. Found: C, 62.37, 62.39; H, 
10.89, 10.79; N, 5.03, 5.06. The pure product melted 
sharply at 78-79°, while slightly contaminated products 
melted at 73-74°, as reported by Nagel.9*10 Method II.—.
0.2 g. of the pure isocyanate was suspended in 100 ml. of 
water, and refluxed at 100° for three hours. The solution 
was then allowed to cool to room temperature, filtered and 
the crude urethan thus obtained was purified as above. 
Fractional crystallization from ethyl acetate yielded a 
product melting at 78-79°, which showed no lowering in 
melting point when mixed with different proportions of the 
urethan prepared from the azide.

8,9,15-Trihydroxypentadecyl Amine.—A suspension of 
one gram of the pure isocyanate in 100 ml. of a 50% aque­
ous sodium hydroxide solution was refluxed for four hours 
on a hot plate. The solution was then cooled to room 
temperature and filtered through a sintered glass funnel. 
The residue was washed free of all adhering alkali with 
water, dried on an unglazed plate and fractionally crystal­
lized from hot ethyl alcohol, yield 65%; m. p. 146-147°. 
Anal. Calcd. for C 1 5 H 3 3 O 3 N :  C, 65.45; H, 12.00; N,
5.09. Found: C, 65.39, 65.20; H, 11.66, 11.68; N, 5.29, 
5.21. The purified product was completely soluble in 
hydrochloric acid and ethyl alcohol, but was insoluble in 
ether, petroleum ether, ethyl acetate and water.

Picrate of 8,9,15-Trihydroxypentadecyl Amine.—A solu­
tion of 1 g. of the purified amine dissolved in a 10% alco­
holic solution of picric acid was evaporated to dryness on a 
water-bath. The solid product was extracted with hot 
benzene until a test portion of the extract showed the ab­
sence of even traces of the acid. The picrate was then 
thrice crystallized from ethyl alcohol and the purified prod­
uct found to melt with decomposition at 118-119°. Anal. 
Calcd. for C21H36O10N4: C, 50.00; H, 7.14; N, 11.11. 
Found: C, 49.74, 49.83; H, 7.32, 7.39; N, 10.98, 10.89.

Summary
1. This investigation has demonstrated that 

it is possible to prepare a polyhydroxyamine from 
a polyhydroxycarboxylic acid by means of the 
Naegeli-Curtius series of reactions. The method 
has many possibilities of use in the further study 
of the chemical structure of shellac acids.

2. 8,9,15-Trihy droxypentadecyl isocyanate 
and 8,9,15-trihydroxypentadecylamine were pre­
pared for the first time. These compounds are 
colorless solids which melt at 103.5-104.5° and 
146-147°, respectively.

3. The isocyanate reacts with water to pro­
duce N, N '-bis-8,9,15-trihydroxypentadecylurea, 
and with alcohol, 8,9,15-trihydroxypentadecyl- 
urethan. Both of these compounds were identi­
cal with those obtained by Nagel who prepared 
them from the azide. The pure urethan has a 
melting point of 78-79° instead of 73-74° as pre­
viously reported.

4. Aleurityl azide is relatively stable at room
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temperature when obtained pure. It decomposes 
at 52° as compared with the crude product which 
explodes if heated rapidly to 50°. The pure azide

does not readily detonate when attacked with a 
hammer.
B r o o k l y n , N ew Y o r k  R e c e i v e d  M a r c h  20, 1942

[C o n t r i b u t io n  f r o m  t h e  G a t e s  a n d  C r e l l i n  L a b o r a t o r ie s  o f  C h e m i s t r y , C a l i f o r n i a  I n s t i t u t e  o f  T e c h n o l o g y
No. 873]

A Method for Standardization of Chromatographic Analysis1
B y Arthur  L. L e R osen

The chromatographic method of Tswett has 
been applied to many problems of the chemist 
with great success, making possible separations 
which could not be attained satisfactorily by any 
other means. As the use of this method increases 
it is desirable to obtain quantitative data for the 
comparison of adsorbents and the behavior of the 
adsorbed substances on these materials. A quan­
titive treatment of chromatography should be 
helpful in determining the best conditions for a 
given operation and in standardizing the proper­
ties of adsorbents.

Good books on chromatography are now avail­
able (Zechmeister,2 Strain3). Theories of chroma­
tography have been developed by Wilson4 and by 
Martin and Synge,5 and measurements of a 
quantitative nature have been made by Cassidy.6*7 
Brockmann and Schodder8 have suggested a 
method of standardizing the adsorption affinity 
of certain alumina samples, using azo dye mix­
tures.

The investigations herein recorded were under­
taken primarily with the purpose of ascertaining 
how far it is possible to determine the relative 
position of carotenoids on the adsorbent column 
by separate measurements of the rate of move­
ment for each pigment.

It was first necessary io investigate the flow of 
the developing solvent tlirough the adsorbent. 
The velocity of flow was found to vary directly 
with the pressure difference between the ends of

(1) P resented  before th e  Division of A nalytical and M icro Chem is­
try  of the  Am erican Chem ical Society a t  the  M em phis m eeting, 
April, 1942.

(2) L. Zechm eister and  L. Cholnoky, “ Principles and P ractice of 
C hrom atography ,” Jo h n  W iley and  Sons, Inc., New York, N . Y., 
1941.

(3) H . H . S tra in , “ C hrom atographic A dsorption A nalysis,” 
Interscience Publishers, Inc ., New Y ork, N . Y ., 1941.

(4) J . N . W ilson, T h is  J o u r n a l , 62, 1583 (1940).
(5) A. J. P. M artin  and  R . L. M . Synge, Biochem. J . ,  35, 1358 

(1941).
(6) H. G. Cassidy and S. E. W ood, T h is  J o urn al , 63, 2628 (1941).
(7) H. G. Cassidy, ibid., 63, 2735 (1941).
(8) H. B rockm ann and  H. Schodder, Ber., 74, 73 (1941).

the column, inversely with the length of the col­
umn and to be essentially independent of the 
diameter of the tube (tubes of diameter 17, 43, and 
70 mm. gave almost equal rates for columns of 
the same length). The exact nature of each of 
these dependencies has not been thoroughly 
studied.

The change of rate of flow with time was of more 
importance. Table I illustrates the behavior of 
calcium hydroxide columns. It is evident that 
the flow becomes constant after an initial decrease, 
a uniform rate being obtained soon after the sol­
vent has reached the bottom of the column.

Three terms will now be introduced to simplify 
the following discussion: 5  =  length of adsorbent 
column containing one unit volume of solvent/ 
length of tube required to contain the same vol­
ume of solvent; Vc =  rate of flow of developing 
solvent through the column when a state of con­
stant flow has been reached (mm./min.); R  =  
rate of movement of adsorbate zone (mm./min.)/ 
rate of flow of developing solvent ( Vc).

The ratio 5  may be of importance in character­
izing the packing of the column, and, moreover, 
it gives the percentage of the tube volume occupied 
by the adsorbent (% volume adsorbent =  100(5— 
l)/S ). There is a variation in the degree of pack­
ing throughout the column; 5  was found to vary

T a b l e  I

R a t e  o f  B e n z e n e  F l o w  t h r o u g h  C a l c iu m  H y d r o x id e  
C o l u m n s  (17 m m . i n  D i a m e t e r  a n d  150 ± 5  m m . Long).

The data given indicate flow in mm. column length/min. 
Time was measured from the instant the solvent was 
poured on the column.®

C olum n ,------------------------------ T im e, min.
no. 1 5 10 15 20 ' 25 30 35 40

1 3 2 .0 14 .5 9 .0 7 .1 6 .4 6 .3 6 .3 . . .

2 4 3 .0 1 5 .5 9 .8 7 .1 7 .0 7 .0 7 .0 . . .

3 3 6 .0 13 .5 7 .8 7 .6 7 .5 7 .5 7 .5
4 4 2 .0 15 .3 7 .6 7 .7 7 .7 7 .7 7 .7
5 4 3 .0 13 .8 8 .8 8 .4 8 .2 8 .2 8 .2 8 .2
6 4 2 .0 16 .0 13 .0 8 .1 8 .1 8 .1 8 .1

“ The solvent reached the bottom of the column in about 
twelve minutes.
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on the average from 1.97 for the top third to 1.79 
for the bottom third of the calcium hydroxide 
columns used. No consistent relation has been 
observed between 5  and Vc, probably due to the 
greater importance of local variations in the 
column packing.

The rate of solvent flow, Vc, varies from column 
to column packed with the same adsorbent under 
similar conditions, but the variation is within 
reasonable limits; for example, in 14 of 15 cases 
considered, Vc was between 6.3 and 8.2, while in 
one instance it was much higher, 10.3.

Vc itself depends on such variables as particle 
size, shape, surface character, solvent, etc., but it 
is beyond the scope of this paper to discuss these 
factors.

The ‘ ‘strength” or adsorption affinity of a ma­
terial may be best determined by measuring the 
adsorption isotherm, but this is not always prac-

T a b l e  I I

R a t e s  o f  M o v e m e n t  o f  C h r o m a t o g r a p h ic  Z o n e s  R e l a ­
t i v e  TO THAT OF THE DEVELOPING SOLVENT, ON CALCIUM
H y d r o x id e  a n d  D e v e l o p e d  w i t h  B e n z e n e . M e a s u r e ­

m e n t s  A p p l y  t o  B o t t o m  E d g e  o f  Z o n e
Substance R Substance R

Capsanthin 0.007 Lycopene 0.125
Celaxanthin® .150 Kryptoxanthin .340
/3-Carotenone .030 Physalien .590
Zeaxanthin .040 7-Carotene .790
Lutein .070 Prolycopene9 .885
Hydroxy-7-carotene0 .070 j8-Carotene 1.000
“Obtained from the fruits of Celastrus scandens (un­

published) .

T a b l e  III
C a l c u l a t e d  a n d  O b s e r v e d  R e l a t iv e  P o s it io n s  o f  t h e  
C o m p o n e n t s  o f  a  M i x t u r e  S e p a r a t e d  o n  C a l c iu m  
H y d r o x id e , D e v e l o p e d  w i t h  B e n z e n e . Z o n e s  w e r e  

I d e n t i f i e d  S p e c t r o s c o p ic a l l y

✓------Observed c------x
P osition  mm. from  
th e  to p  relative to

.--------- Cal c u la te d ---------. lycopene
Substance R R /  Rlycopene I II

Capsanthin 0.007 0.056 0.04 0.04
Celaxanthin" .015 .12 .13 .11
i8-Carotenone .030 .24 .24 .19
Zeaxanthin .040 .32 .35 .30
Lutein .070 .56 1
Hydroxyl- f .62 .55

carotene® .070 .56 ]
Lycopene .125 1.00 1.00 1.00

“ Obtained from the fruits of Celastrus scandens. b Not 
separated; rechromatographing on calcium carbonate 
showed the presence of both pigments in this zone. c Two 
readings were taken at different stages in the development 
of the chromatogram.

(9) L. Zechm eister, A. L. LeRosen, F . W. W ent and  L. Pauling,
P ro c . N a t.  A c a d . S c i . ,  27, 236 (1941).

tical, as Brockmann and Schodder have pointed 
out. The same end can be attained with some­
what less precision by measuring R , the relative 
rate of movement of an adsorbate zone with re­
spect to the developing solvent. Table II gives the 
values of R  for certain carotenoids. Table III 
shows the agreement of the relative positions of 
carotenoid zones, calculated from R, and positions 
observed when a mixture was separated chromato- 
graphically.

There should be a relation between the adsorp­
tion isotherm and R. Let us consider the element 
of volume of any adsorbent column which con­
tains in its interstitial spaces one unit volume of 
solution of uniform concentration cjunit volume. 
The adsorbent in equilibrium with this unit vol­
ume contains i(c) =  A  concentration units of the 
solute. The use of volume here rather than 
length or weight has an advantage in dealing with 
rates, because, after the relation is obtained for an 
adsorbent, it is independent of tube radius. In 
the case of lycopene, C40H56, the relation was ap­
proximately linear over the concentration range 
studied for the system lycopene-benzene-cal­
cium hydroxide; the value A — 8c was found for 
the calcium hydroxide columns studied.

Eight units of solution would have to pass 
through an element of column, as defined above, 
before it reached saturation; therefore, the front 
edge of the solvent moves through nine elements, 
while the pigment moves through one. R  should, 
therefore, be equal to 0.111. The value observed 
for lycopene, 0.125, is in reasonably good agree­
ment.

Martin and Synge,5 in discussing the theory of a 
certain type of chromatogram, have used a term, 
A,10 for the relative rate of movement of a chroma­
tographic zone. Their definition differs slightly 
from that proposed above.

Dr. W. T. Stewart has suggested11 an alterna­
tive procedure, namely, the measurement of rates 
of movement relative to some standard dye, for 
the determination of the relative positions of 
chromatographic zones.

From measurements of R  certain inversions of 
the relative positions of pairs of carotenoids on 
different adsorbents were predicted. The first 
example was the case of kryptoxanthin-lycopene;

(10) T he  use of a  som ew hat d ifferen t R  in th is  pap er is n o t only- 
due to  a  delay in  receiving th e  jo u rn a l contain ing  th e  w ork of M artin  
and Synge (received M ay  12, 1942), b u t also for convenience in 
m easurem ent.

(11) W. T. S tew art, Thesis, C alifornia In s titu te  of Technology, 
1941.
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kryptoxanthin is adsorbed above lycopene on 
calcium carbonate or alumina but below it on 
calcium hydroxide. Several other cases of this 
type have been observed. This phenomenon has 
already been noticed, e. g. by Duschinsky and 
Lederer.12

It has been found in this Laboratory that meas­
urements of Vc of adsorbents led to the acquire­
ment of better materials than before its use. For 
ordinary laboratory work a range of from about 
5 to 15 mm./min. is desirable; this seems to be 
associated with an average particle size of 5 to 15 
microns. If the adsorption affinity of a material 
shows much variation, as in the case of alumina, 
measurements of R  for the substances to be 
separated should allow standardization. The 
most suitable value for R  seems to be between
0.2 and 0.3. The values given for R in the tables 
are subject to correction as the measurement 
technique is improved.

Experimental
Determination of Vc.—For all the experimental work, 

except that concerning the influence of diameter, chromato­
graphic tubes 250 by 17 mm. were used (obtainable from 
Scientific Glass Apparatus Co., Bloomfield, N. J.). The 
adsorbent was “Shell” brand lime, chemical hydrate, 325 
mesh, obtained from the Braun Chemical Company in Los 
Angeles.

For the determination, the tubes were filled with the 
absorbent while suction was applied (about 25 mm. vac­
uum) and the absorbent slowly poured into the tube, the 
sides of which were then vigorously tapped in order to 
allow the absorbent to settle. The top of the column was 
pressed down firmly with a stamper, and the absorbent was 
removed from the walls above the column. Three succes­
sive 5-cc. portions of solvent were then pipetted onto the 
top of the column. Just as each portion disappeared into 
the absorbent the next one was introduced. At the same 
time, the position of the bottom edge of the solvent was 
noted. In this manner it was possible to determine the

(12) R. D uschinsky and  E. Lederer, Bull. soc. chim. biol., 17, 1534 
(1935); see also S train , “ C hrom atographic  A nalysis” (ref. 3), page 6.

number of mm. column length equivalent to 1 cc. of solu­
tion. Next a buret was attached to the top of the absorp­
tion tube by a stopper provided with an outlet which could 
be closed when the air space above the column was filled 
with solvent. The buret stopcock was then opened, the 
tube filled with solvent and the outlet closed. It was then 
possible to determine the velocity of solvent in the column 
from the flow in cc. per minute shown by the buret.

Determination of R .—The procedure was the same as 
described above except that the initial portion of solvent 
(ligroin or ligroin-benzene) contained the carotenoid pig­
ment, while all succeeding portions were pure benzene. 
The pigment was poured on the column in a solution con­
taining ligroin, from which it is more strongly absorbed 
than benzene, in order to obtain a concentrated zone. The 
ligroin is immediately washed through the column by the 
benzene and, consequently, does not interfere with the 
determination. The buret reading and carotenoid position 
on the column were recorded at ten-minute intervals by a 
stop watch. The values, recorded in Table II, were ob­
tained when Vc was reached.

All measurements were made with fresh solutions of pure 
crystals since the rates of movement may be profoundly 
influenced by impurities. It remains to be seen how far, 
even in very crude solutions, the relative rates remain pro­
portional to those found with pure materials.

Summary
1. Some terms of importance to quantitative 

chromatography have been suggested; these are 
S, which indicates the average packing of the 
column, Vcy the rate of solvent flow when the 
velocity has become constant, and R, the rate of 
movement of an absorbate zone relative to that 
of the developing solvent.

2. Evidence has been given to show that the 
above mentioned quantities are of value in char­
acterizing and standardizing absorbents, as well 
as predicting the relative positions- of chromato­
graphic zones.

3. Inversion of the sequence of some carote­
noid pairs on different absorbents has been pre­
dicted and observed.
P a s a d e n a , C a l i f o r n ia  R e c e iv e d  M a y  6 , 1942
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Effect of Strong Electric Fields on the Radiochemical Decomposition of Gaseous
Ammonia1

B y Michael J. McGuinness, Jr .,2 and Harry Essex

1908 M ichael J. M cGuinness, Jr., and Harry E ssex Vol. 64

A paper by Essex and Smith3 presented the re­
sults of ion yields in the alpha ray decomposition 
of ammonia in electric fields. This work has been 
continued with measurements at lower pressure 
and at higher field strength. The effects of these 
changes on the ion yield are significant as regards 
the mechanism of the alpha ray decomposition and 
on the products of the reactions between electrons 
and ammonia molecules.

The ion yields were determined by the satura­
tion current method, the rate of ion production 
being determined from the saturation current 
across the ionized gas and the rate of decomposi­
tion of the gas by the increase in pressure of the 
gases, nitrogen and hydrogen, uncondensed by 
liquid air. Previous papers from this Laboratory 
have shown that the saturation current method 
gives ion yields which, when account is taken of 
the effect of the difference in intensity of irradia­
tion, agree with the ion yields determined by the 
more indirect methods of “homogeneous irradia­
tion' ' and “central irradiation" used by others.

Experimental
The apparatus is shown in Fig. 1. The radioactive ma­

terial, mesothorium, was placed in a small depression in
(1) T h is  paper is from  th e  doctoral d isserta tion  of M ichael J. 

M cG uinness, J r., Syracuse U niversity , 1941, and  was presented a t 
th e  A tlan tic  C ity  m eeting of th e  A m erican Chem ical Society, Sep­
tem ber, 1941.

(2) P resen t address: B attelle  M em orial In s titu te , Columbus, Ohio.
(3) Essex and  S m ith , J . Chem. Phys., 6, 188 (1938).

the reaction vessel. The vessel was fitted with platinum 
electrodes as shown. Ammonia, guaranteed by the manu­
facturers to be not less than 99.95% NH3, was dispensed 
from a solution in ammonium thiocyanate, dried over 
metallic sodium and purified by repeated condensation in 
the indicated trap at liquid-air temperature, followed each 
time by evacuation of uncondensed gases. The ammonia 
gas at about 20 cm. was finally enclosed by the mercury 
seal. The reaction vessel was surrounded by an air-bath 
maintained at 24.7 =*=0.2°.

Circular thin copper shields were cemented to the outside 
of each end of the reaction vessel with a nitrocellulose ce­
ment containing silver filings to improve electrical con­
tact. The shield at the low potential end was electrically 
insulated from the lead to the electrode. Currents to 
electrode and shield were measured separately. At the 
highest potentials the current to the shield was about 2 % 
of that to the plate and was included in the ion current 
since preliminary experiments showed the conductivity 
through and over this glass to be negligible. The shields 
prevented sparking between glass and electrode edges.

During a run the field strength was kept constant except 
that at intervals of about twenty-four hours the saturation 
current was measured and the residual pressure (N2 -f* 
3H2) determined with the McLeod gage after freezing out 
ammonia in the trap. At the end of a run the ammonia 
was frozen out, the system evacuated, the mercury seal 
closed and a new run started at another field strength. In 
many of the runs the field strengths were far higher than 
necessary for saturation.

The results are presented in Table I and the ion yields 
(M /N ) are plotted vs. field strength in Fig. 2. The experi-

Fig. 2.—Comparison of ion yield with plate current: O, ion 
yield; ©, short run; plate current.
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T a b l e  1

I o n  Y ie l d s  i n  A m m o n ia  
Temperature 24.7°, pressure 20 cm.

Duration, hours
Residual pressure Saturation current, 

change, mm. amp. X 108 M/N
Potential diff. 

between electrodes, 
kv.

X/P,  volt, <

23.62 0.00763 12.03 1.09 0 0
304.15 .0905 11.90 1.02 0 0
175.73 .0537 11.82 1.05 0.5 0.25‘
210.4 .0677 11.68 1.12 6.4 3.2
185.5 .0608 11.88 1.12 6.4 3.2
43.08 .01436 11.70 1.16 11.4 5.7
43.70 .01398 11.81 1.1 0 11.4 5.7

Average, for last two runs 1.13 11.4 5.7
162.22 .0579 11.73 1.23 11.4 5,7
91.38 .0319 11.67 1.2 1 11.4 5.7
29.23 .0092 11.69 1.09 11.4 5.7

Average, for last two runs 1.18 11,4 5.7
34.92 .0135 11.59 1.35 11.4 5.7

170.00 .0578 11.68 1.18 11.4 5.7
Average, for last two runs 1.2 1 11.4 5.7

76.92 .0363 11.84 1.62 15.0 7.5
63.43 .0287 11.80 1.56 15.0 7.5

Average, for last two runs 1.59 15.0 7.5

191.4 .0980 11.69 1.78 18.0 9.0
47.27 .0260 11.81 1.89 18.0 9.0

364.3 .193 11.83 1.82 18.0 9.0
96.17 .0524 11.90 1.86 2 1 .8 10.9

169.55 .0961 11.81 1.95 2 1 .8 10.9
55.27 .02703 10.93 1.81 22.6 11.3

193.00 .1052 11.50 1.92 2 2.6 11.3
Average, for last two runs 1.90 2 2.6 11.3

43.65 .0261 11.78 2 .1 1 24.6 12.3
62.2 .0405 11.80 2.24 26.6 13.3
91.8 .0600 11.84 2.24 26.6 13.3

Average, for last two runs 2.24 26.6 13.3

138.47 .0903 11.80 2.24 26.6 13.3
Current to plate during this run equal to one-half of saturation current.

ital errors are naturally greater in the shorter runs. Discussion
Figure 2 also shows a typical current vs. field strength 
curve. The ion yields reported here were obtained at in­
tensities of ionization similar to those in the experiments 
carried out in this Laboratory3 on ammonia at pressures in 
the neighborhood of one atmosphere. The nature of the 
method, depending upon saturation current measurements, 
precludes the use of higher intensities of irradiation where 
saturation is obtainable only at extremely high voltages, if 
at all. The ion yield 1.03 (weighted) obtained in the ab­
sence of a field at 20 cm. may be compared with the value 
1.37 previously obtained3 at 62 cm. and 30°. Luyckx4 also 
observed a decrease in ion yield with decrease in pressure 
in the alpha ray decomposition of ammonia. He found 
that the effect was greater the lower the intensity of irradia­
tion. Since the lowest intensity of irradiation he used was 
greater than that employed in these experiments, quantita­
tive comparison is not possible.

(4) Luyckx, Bull. soc. chim. belg., 43, 117 (1934).

Effect of Pressure.—It frequently has been 
assumed that alpha ray induced decompositions 
are entirely the result of recombination of ions. 
By measuring the ion yield at constant pressure 
and temperature as a function of field strength, 
it is possible to calculate the fraction of the de­
composition which in the absence of a field is con­
sequent on recombination of ions and the fraction 
of the decomposition due to other mechanisms. 
At field strengths sufficient for saturation, recom­
bination cannot occur. But practical saturation 
is obtained only at such high fields that, as our 
previous work has shown, decomposition by a 
new mechanism, probably by electron collisions, 
has begun. However, half saturation is obtained
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at field strengths only a small fraction, often 
about one-tenth of those necessary for saturation 
and the ion yield due to ion recombination should 
be twice the difference between the ion yield in 
no field and at half saturation. The ion yield due 
to other mechanisms is obtained by difference.

In this way Essex and Smith3 calculated in the 
decomposition of ammonia at 30° and 62 cm. that 
30% of the decomposition is consequent on ion 
recombination. But the data here presented show 
that at 24.7° and 20 cm. pressure and under very 
similar conditions as regards vessel size and in­
tensity of irradiation, the ion yield at no field is
1.03 and at half saturation 1.05. These yields are 
identical within the experimental error and show 
that at this lower pressure, none of the alpha ray 
decomposition is consequent on ion recombination,
i. e.y that the decomposition is entirely due to 
other mechanisms. It seems probable that at the 
lower pressure all of the ions reach the walls by 
diffusion and are there discharged. The only 
effect of low fields is to change the location of ion 
discharge from the walls to the electrodes. As­
suming that recombination takes place entirely 
in alpha ray tracks which extend completely 
across the vessel at all pressures and that the 
diameter of the track and the rate of diffusion of 
ions show the pressure dependence to be expected, 
it is easily shown that the fraction of the ions 
recombining in the gas is proportional to the 
5/ 2 power of the pressure. Comparing the frac­
tion of the ions which combine at 20 cm. and 62 
cm. pressure

fraction combining at 20 cm. __ 205A ^ 1
fraction combining at 62 cm. 625A 17

which makes plausible the implications of these 
experiments that at 20 cm. in a vessel of this 
shape and size, most of the ions are neutralized 
at the walls.

At 30° and 62 cm. pressure the total ion yield in 
the absence of a field was 1.37, the ion yield due 
to recombination of ions 0.40 and that due to 
other mechanisms 0.97. Comparing the latter 
figure with 1.03 it is seen that pressure has little 
or no effect on that portion of the reaction due to 
mechanisms other than ion combination.

Effect of Electric Field.—The first effect of in­
creasing the field strength across ionized ammonia 
is to remove ions before they recombine, which 
often results in decomposition, or reach the vralls 
by diffusion. The increase in ion yield at higher 
field strength is due to collisions of electrons with

ammonia molecules as, at the pressures of these 
experiments, the energy of molecular ions is in­
creased by the field but slightly above the thermal 
energy of the molecules. The ion yield curve 
(Fig. 2) is therefore an electron yield curve but 
with the electron yield scale undetermined since 
the ratio of electrons to molecular negative ions 
is unknown. High energy electrons are known to 
split the ammonia molecule with attachment of 
the electron to one or the other fragment.

Bradbury5 passed electrons through ammonia 
at pressures from 3 to 97 mm. Negative molec­
ular ions appeared at X /p  =  7.5 at which value 
he estimated the average energy of the electrons 
to be 4 volts. A gas uncondensable by liquid air 
was formed upon the appearance of negative 
ions. Four volts is approximately the energy 
of dissociation of NH3 either to NH2 and H or NH 
and H2. Bradbury postulated one or the other of 
the reactions

N H 3 — >  N H 2“ +  H  
N H 3 — N H "  +  H2

Mann, Hustrulid and Tate6 analyzed with the 
mass spectrograph the ions formed in ammonia at 
very low pressures by electrons of controlled 
energies. The only negative ions found were 
NH2” and H~. The onset of formation of both 
ions occurred at electron energies very close to the 
excitation potential, 6 e. v. The disagreement 
between Bradbury and Tate as to the minimum 
energy necessary for electron attachment (4 and 
6 e. v., respectively) may be inherent in their 
methods of attack. Bradbury’s method was ex­
cellent for detecting ions at small probability of 
formation due to the fact that he was using much 
higher pressures than are possible in mass spec- 
trometric methods. His calculations provided the 
average energy of the electrons, but, regarding the 
actual energies of the individual electrons, little 
information is available since the distribution 
function has not been satisfactorily determined. 
Therefore, as Bradbury has stated,7 his results do 
not show convincingly that electrons of energies 
less than 6 e. v. do become attached. Tate and his 
co-workers,6 on the other hand, were operating at 
such low pressures that although the energy of 
the electrons Could be known accurately, attach­
ment would not be detectable if the probability of 
attachment were small.

The ion yield curve (Fig. 2) exhibits two poten-
(5) Bradbury, J. Chem. Phys., 2, 827 (1934).
(6) Mann, Hustrulid and Tate, Phys. Rev., 58, 340 (1940).
(7) Private communication.

Voi. 64
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tial ranges in which the rise in ion yield is rapid, 
the first of which is followed by a potential range 
in which the ion yield increases more gradually. 
It seems plausible to assume that non-resonant 
splitting and resonant splitting occur successively 
with increasing field, e. g.

* NH2-  +  H
(1) NH3 +  e <

N NH2 +  H +  e
and

* NH2-  +  H
(2) NH3 +  e— >  NH3* +  e <

N NH2 +  H 4- e
in which are included the possibility of failure of a 
molecular fragment to capture the electron. After 
an electron is captured by either mechanism, no 
further decomposition is possible by the ion 
(thereafter molecular) in its progress toward the 
electrode, which may explain the nearly horizontal 
portion of the curve. That the first increase in 
ion yield occurs at a value of X /p  less than that 
{X /p  =  7.5) at which Bradbury first observed 
negative ions is probably due to the fact that in 
these experiments no special precautions were 
taken to maintain the field uniform. Under such 
conditions as obtained in these experiments the 
field strength is considerably above the average 
in the neighborhood of the electrodes, especially 
at the cathode and at low potentials.

That considerable splitting of ammonia mole­
cules without electron attachment occurs is ap­
parent from the magnitude of the increase in ion 
yield with increase in field strength, from 1.03 to 
2.24. Splitting with attachment could only re­
sult in an increase in ion yield of 1 unit if all nega­
tive ions were initially electrons and if no am­
monia resulted from the recombination of the 
fragments. The work of Melville and Birse8 in­
dicates that only 43% of ammonia molecules 
which are split into NH2 and H finally result in 
nitrogen and hydrogen. It would therefore ap­
pear that in the collisions of electrons with am­
monia molecules approximately 2 molecules are 
split without attachment for each split with at-

(8) M elville and  Birse, Proc. Roy. Soc. (London), A175, 164 (1939).

tachment; more than 2 in so far as negative molec­
ular ions are produced by the action of the alpha 
rays, less than 2 to the extent that resonance 
splitting occurs by the second Tate mechanism 

NH3 +  e — ^ NH3* +  e — >• N +  H2 +  H“

That no positive ions are produced by acceler­
ated electrons in our experiments is evidenced by 
the appearance of the current-field strength curve 
which remains flat above the saturation voltage. 
Maximum energy of the electrons is therefore less 
than 10.5 e. v., the ionization potential of am­
monia.

The reactions occurring in a field are also opera­
tive in the ordinary radiochemical decomposition 
(in the absence of a field) where energetic electrons 
are also present. The direct splitting reaction 
postulated by Bradbury would account for little 
of the decomposition since Mann, Hustrulid and 
Tate have shown it to be an improbable one. 
That portion of the reaction not consequent on 
recombination of ions probably results, largely, 
from resonance splitting (e. g. (2)).

Acknowledgment.—The liquid air used in this 
investigation was provided by the General Elec­
tric Company of Schenectady, New York, 
through the courtesy of Dr. L. M. Willey, to 
whom the authors wish to express their gratitude.

Summary

Ion yields in the alpha ray decomposition of 
gaseous ammonia at 25° and a pressure of 20 cm. 
have been determined over a wide range of field 
strengths. In the absence of a field none of the 
.reaction is consequent on ion recombination 
under these experimental conditions. The in­
crease in ion yield at high field strengths has been 
attributed to electron collisions. The electron 
collisions have been assumed to result in direct 
and resonance splitting of the ammonia molecule. 
The splitting of an ammonia molecule on collision 
with an electron does not involve electron attach­
ment in the majority of such collisions.
S y r a c u s e , N. Y. R e c e i v e d  A p r i l  8 , 1942
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The Viscosity of cis and tra n s  Decahydronaphthalene
By Wm. F. Seyer and John D. Leslie1

Considerable work has been done in these 
Laboratories during the last few years on the 
properties of the cyclic and dicyclic naphthene 
hydrocarbons. The present paper deals with vis­
cosity measurements on the cis- and trans-forms 
of decahydronaphthalene over a range of tempera­
ture from —30 to 180°.

Experimental Procedure
The materials used for this work had been spe­

cially purified. The m-isomer after eight recrys­
tallizations had a freezing point of —43.25°. In 
the case of the trans-compound the freezing point, 
— 31.16°, obtained after twenty recrystallizations, 
was slightly higher than had previously been re­
corded, viz., —31.47°.

The viscometers available were modifications 
of the Ostwald type. They were made in accord­
ance with British Standards Specification No. 
188-1937, and were specially designed to reduce 
deviations from Poiseuille’s law to a minimum. 
For a given viscometer and constant volume of 
liquid where no external pressure is used the equa­
tion

_  7vgHrH m Vp
71 ~  SV(l -f X) ~  8tt(/ +  \ ) t

is recommended by various authorities.2 Here 
the symbols have the following meaning

tj =  viscosity in absolute units 
r — radius of tube 
l =  length of tube 
H  — average acting hydrostatic head 
V  =  volume of fluid
X — a fictitious amount added to length of tube to cor­

rect for the extremities 
m = a constant which is here taken as 1.12 
p =  density of fluid 
t — time of efflux

Where the tube is to be calibrated with liquids of 
known viscosity the above equation can be ex­
pressed in the simple form tj =  Cpt — cp/t. The 
constants C and c can then be determined by ex­
periment. It can be shown from the above equa­
tion that the second term is less than 2.5% of the 
first provided the efflux time is greater than one- 
hundred seconds. Hence it is clear that the

(1) Standard Oil Company of British Columbia Research Fellow, 
1940-1941.

(2) E . C. Bingham, “ Plasticity and F lu id ity ,” McGraw-Hill Book 
Co., Inc., N ew  York, N . Y ., 1922.

kinetic energy correction can be kept small by 
selecting a viscometer which will give a suffi­
ciently long efflux time.

Loading errors did not arise in this work since 
the same liquid was used throughout each series of 
measurements. Furthermore the liquid levels 
were kept constant at all temperatures, thus en­
suring that the mean liquid head remained con­
stant over the entire range. Again, the dimen­
sions of the viscometer were such as to make errors 
due to drainage and surface tension differences 
negligible. Another possible source of error lies in 
the fact that the viscometer may not always be 
vertical. The error is proportional to (1 — cos 0), 
where 6 is the angular deviation from the vertical, 
and hence is about 0.1% for 6 =  2.5°. Such a 
deviation was easily detected by means of a small 
plum-bob.

A very important question is whether or not the 
constants of the instrument remain truly constant 
throughout the series of experiments. One pos­
sible effect is that of temperature. Although, as 
stated above, special pains were taken to ensure 
that the same apparent efflux volume, V, was used 
at all temperatures, there might still have been an 
error caused by expansion of the glass. Taking 
the mean coefficient of expansion of glass as 0.1 X 
10~4, and considering a range of 200°, we can 
show readily that C will increase by 0.2%, and 
c by 0.4%. The latter error will obviously have a 
negligible effect on the final results. Since the 
calibration covered the range from 20 to 100° the 
constants are probably correct near 60°, and hence 
the maximum error due to a variation in C would 
not likely exceed 0.1%. Some workers think that 
the constants may also vary because of continuous 
changes in the capillary bore owing to solvent ac­
tion of the liquids and cleaning solutions used. In 
the present work it was considered very unlikely 
that the decalin would act on the glass, and care 
was taken not to leave strong cleaning solutions 
in the viscometer over long periods of time.

The viscometer was cleaned with concentrated dichro­
mate solution, water, alcohol and ether in turn. Before 
each series of measurements the instrument was rinsed and 
left in contact with the test liquid for several hours.

The constant temperature bath consisted of a cylindrical 
Pyrex jar of about 11-liters capacity (45 cm. deep and 20
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cm. in diameter). It was lagged with asbestos and cotton 
batting, and was filled with a medium, clear petrolatum 
oil, which was circulated by a triple propeller. Some 
trouble resulted at high temperatures from the oil charring 
and becoming opaque; a lubricating oil, Marvelube 40, 
was tried but was found to be even less satisfactory. The 
bath was heated electrically by two Cenco immersion 
knives and a small nichrome coil (1 inch in diameter), the 
latter being hooked up to a precision thermo-regulator. 
A switchboard with suitable resistances enabled any tem­
perature between 20 and 180° to be obtained. For the 
measurements below room temperature a double-walled, 
evacuated, Pyrex flask (25 cm. deep by 7 cm. in diameter) 
was found convenient. Acetone served as a bath liquid 
and the temperature was lowered and kept constant by 
dropping in small pieces of dry-ice. Except at the ex­
tremes, the temperature could be kept constant within 
=*=0 .02°, and even at the highest and lowest temperatures 
the variation was less than =*=0.05°.

The temperature was measured with a Leeds and 
Northrup platinum resistance thermometer, No. 169,314, 
which had recently been checked by the Bureau of Stand­
ards in Washington and whose ice point had been deter­
mined several times in this Laboratory. Temperatures 
were calculated by means of Callendar’s equations.

A Meylan stop watch, reading to 0.2 second, served as 
timing device. Checking against several reliable time­
pieces indicated a loss of 0.02 sec. per min., and while this 
is well within the limit of error required by Bingham,2 a 
suitable correction was applied to all readings. Since the 
viscometer was designed for an efflux time of not less than 
one hundred seconds, and since the final results were al­
ways averages of from five to fifteen readings, the mean 
error in the stop watch reading was probably less than 0.1 %. 
Care was taken always to run the stopwatch in a horizontal 
position.

Calibration.—To cover the viscosity range of 
the decalin isomers and to keep the efflux times 
greater than one hundred seconds, it was neces­
sary to choose an uncalibrated viscometer. The 
instrument was calibrated by measuring the 
efflux times of pure water at several temperatures 
and from the resulting equations the constants of 
the viscometer were calculated by the method of 
least squares. The absolute viscosities of water 
were taken from the data of Bingham and Jack- 
son3 and the relative densities from the Smith­
sonian Tables. The calibration was later checked 
with a sample of oil, of which the kinematic vis­
cosity had been accurately determined at 20, 40, 
and 100°, from the Bureau of Standards. The 
constants were redetermined, using the two sets 
of data together, and the final equation was 

* = v/p  «  0.0040432 -  1.52f t  

For the measurements below 0° another vis­
cometer of larger bore was calibrated to avoid 
excessively long efflux times. aVDecalin was

(3) B ingham  an d  Jackson, Bureau Stds. Bull., 14, 75 (1918).

used this time, as values for its viscosity above 
0° were already known. The resulting equation 
for this instrument was

V -  v/p  “  0.057372 -  1.16/2
The final standard for all these measurements 

is the absolute viscosity of water (rj =  1.005 at 
20.00°), and this, according to Cannon and 
Fenske,4 may be in error by =*= 0.5%. Relative 
to this value, however, we believe our measure­
ments to be correct within =±= 0.3 %, except per­
haps at the lower extreme of temperature where 
the error may be =*= 0.5%.

Procedure.—The kinematic viscosities of first the cis- 
and then the trans-isomer were measured at 10° intervals 
between —30 and 180°, and from these data and the densi­
ties as given by Seyer and Davenport,5 the absolute vis­
cosities were calculated as explained above. Each tem­
perature was maintained for at least two or three hours and 
in some cases from twelve to twenty-four hours. In all 
cases the averages of numerous readings were taken. At 
one time it was thought that the vibration from the stirring 
apparatus might affect the results, and a few runs were 
made with the motor turned off to see if any difference 
could be detected. No difference was found.

Then, for reasons given below, the measurements on 
czs-decalin were repeated between 110 and 180°. With 
both the cis- and the trans-decalin the measurements were 
repeated at intervals coming down the scale of temperature 
after the upper limit had been reached. In all cases these 
latter gave slightly higher results. The cause of this 
phenomenon has not yet been determined.

Discussion of Results
The curves obtained (Fig. 1) when log ri is 

plotted against 1 /T  are not linear, but they are 
quite smooth and there appears to be no evidence 
to support the claims of discontinuities in various 
temperature ranges as suggested by Seyer and 
Davenport in the proceedings of the Petroleum 
Division of the A. C. S. (Boston Meeting, 1939). 
In the case of the cis-isomer, however, a consider­
able deviation begins to show itself at 110°. This 
deviation increased as the temperature went 
higher, and, furthermore, the longer the hydro­
carbon was kept at any one temperature in this 
interval the greater its viscosity became. This is 
similiar to the results stated by the above authors 
who found an increase not only in the viscosity 
but also in the density, and surface tension. Addi­
tional measurements on these latter properties 
suggested an irreversible change in the aVisomer 
possibly due to some chemical reaction or to the 
formation of a structural isomer. No definite

(4) M . R . C annon an d  M . R . Fenske, In d . Eng. Chem., A n a l '  
Ed., 10, 297 (1938).

(5) Seyer and  D avenport, T h is  J o u r n a l , 63, 2425 (1941).
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V is c o s it y  i n  C e n t ip o is e s
Tem p., °C . cis- trans-

-30 .00 15.761 7.310
- 20.00 10.677 5.394
- 10.00 7,582 4.094

0 0 .0 0 5.620 3.233
10.00 4.300 2.588
20.00 3.381 2.128
30.00 2.723 1.774
40.00 2.239 1.493
50.00 1.867 1.282
60.00 1.588 1.114
70.00 1.363 0.978
80.00 1.188 .865
90.00 1.045 .772

100,00 0.920 .692
110,00 .819 .626
120.00 .752 .572
130.00 .684 .521
140.00 .622 .476
150.00 .569 .438
160.00 .521 .406
170.00 .479 .375
180.00 .439 .350

evidence of oxidation or of the formation of un­
saturated compounds could be found. The sur­
face tension measurements mentioned above, and 
more recently measurements on the specific heats 
and refractive indices indicate further irregularity 
in the behavior of the cis-isomer in the region 50- 
52° but, as can be seen, this is not supported by 
the present work.

Fig. 1.

Many equations other than the simple ex­
ponential law, 7? =  BeA T̂f have been proposed to 
express the temperature variation of viscosity, 
and several of these, including Batschinski’s6 re­
lationship n — B /(v —c) where v is the specific

(6) A. B atschinski, Z . physik. Chem., 84, 643 (1913).

volume and B and c are constants, were tried on 
the present data. The results were, in general, 
the same, none gave linear curves and all indicated 
the abnormality discussed above.

The curves are sufficiently straight for their 
slopes to be of possible significance. If the as­
sumed equation is v = BeÊ s/RTf then the slopes, m,

r -Evis 111 (7?2A?l)of our curves are given by m = - _  • \ j Tï
where Evis is the average molar activation energy 
for viscous flow. Evis is given in the table below for 
the decalin isomers and also for a few other hydro­
carbons of comparable size or structure. The 
data for these latter were taken from the work of 
E. B. Evans,7 and from a compilation of physical 
data by The Texas Co.8

H ydrocarbon vo° (cp) Vm°(cp) m
•Evis?

cal./m ole

«-H exane C«Hl4 0 .3 9 8 0 .167 880 1750
«-D ecane C10H 22 1 .298 .357 1315 2615
Cyclohexane C6Hl2 1.455 .572 (50°) 1650 3285
Jra«s-Decalin C10H 18 3.233 .692 1570 3125
«\s-Decalin CioHis 5 .620 .920 1845 3670
Cyclodecane C 10H 20 4 .4 8  (20°) 1 .7 6  (60°) 2280 4535

It is apparent that for a given number of carbon 
atoms, cyclization increases both the viscosity and 
the activation energy. It is interesting, to note 
that although trans-decalin has a higher viscosity 
than cyclohexane Evis is about the same for both, 
and again that although the single ringed com­
pound, cyclodecane, has a higher viscosity than 
either cis- or trans-decalin at low temperatures, 
its Evis is also much greater, which means that 
at more elevated temperatures the viscosity curves 
will cross. The same argument applies to the two 
decalin isomers themselves, and a rough calcula­
tion shows that if no structural changes took place 
the two would have the same viscosity at about 
300°.

So far we have assumed that dEvis/d T  =  0. 
The curves show that this condition definitely 
does not hold for the decalin isomers, and this fact 
suggests the possibility that from the standpoint 
of viscosity they may be regarded as abnormal 
liquids. In a general discussion on liquids held by 
the Faraday Society,9 A. G. Ward classifies the 
various types of liquids and then attempts to ex­
plain departures from the simple exponential 
equation for viscosity in terms of structure and 
forces. He states that Evis will vary with the tem-

(7) E . B. E vans, J . In st, o f Pet. Technologists, 24, 38, 321, 537 
(1938).

(8) T he Texas Co., “ Physical C onstan ts  of th e  Principal H ydro­
carbons,” 2nd edition, New Y ork, N . Y ., 1939.

(9) “ S tructu re  and  M olecular Forces in (a) Pure Liquids and  (b) 
Solutions,” Trans. Faraday Soc., 33, 189 (1937).
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H ydrocarbon
B. p . (760 m m .),°c. Sp. gr.

(d204> (cpV (cp)300
Fvig,

cal./n io le Eei»/Etrc

l-Methyl-2-propyl- cis 152.5 0.7921 0.941 0.753 2575
cyclopentane trans 146.3 .7774 .750 .622 2170 1.18

1,2-Diethylcyclopentane cis 153.5 .7959 .815 .669 2290
trans 147.5 .7831 .723 .605 2050 1 .1 2

1,2-Dimethylcycloiiexane cis 130.0 .7962 1.188 .925 2885
trans 123.7 .7760 0.863 .697 2270 1.27

1,3-Dimethylcyclohexane cis 124.9 .7835 .888 .722 2390
trans 120.4 .7663 .665 .556 2050 1.17

1,4-Dimethylcyclohexane cis 124.6 .7827 .933 .749 2535
trans 119.6 .7626 .749 .614 2300 1 .1 0

Decalin cis 194.6 .8967 3.792 2.723 3810
trans 185.4 .8700 2.342 1.774 3215 1.18

perature if the coordination of the molecules 
changes and further that a negative dEvis/ dT, as 
in the case of both cis- and /raws-decalin, indi­
cates increasing coordination, and hence direc­
tional forces. The same author goes on to say 
that high values of EviS and of the viscosity at the 
freezing point characterize ionic liquids and those 
containing polar groups. In the latter he claims 
the high values indicate a possible bond rupture.

Eyring and his co-workers10 show, also, that the 
above characteristics in a liquid may indicate 
association, by supposing that at the lower tem­
peratures an extra “structure activation energy” 
is necessary to break the association bonds before 
the activated state for flow can be brought about. 
It should be pointed out11 that even the simplest 
liquid must show a slightly decreasing activation 
energy with increasing temperature, if a suffi­
ciently accurate analysis is made. This is because 
a liquid becomes more gas-like with increasing 
temperature and new equilibrium positions for the 
molecules to flow into become more plentiful. 
It can be shown, however, that this normal change 
in the activation energy, Evis, is sufficiently small 
to make the simple exponential law quite accurate 
for most liquids. We may therefore conclude that 
the variations in Ev{s for the decalin isomers indi­
cate abnormality in structure.

Since decalin is a saturated dicyclic hydro­
carbon we would not expect it to be markedly di­
polar, and it certainly does not fall into the latter 
classes discussed by Ward. Hence, the present 
authors suggest that in such liquids as decalin 
there may be not single molecules, but molecular 
aggregates or macromolecules, these being natu­
rally more plentiful at low temperatures, with a

(10) G lasstone, Laid ler and  E yring , "T h e  Theory of R ate  Proc­
esses,” M cG raw -H ill Book Co., Inc ., New Y ork, N . Y., 1941, p. 505.

(11) P riv a te  com m unication from  H . Eyring  and R . E. Powell.

gradually increasing degree of dissociation as the 
temperature rises.

The differences between the viscosities and the 
activation energies of the decalin isomers them­
selves are not easy to explain because little is 
definitely known about the space configurations of 
these two compounds. A little enlightenment 
is to be had, however, from an examination of the 
data for several other naphthenic hydrocarbons 
which show cis-trans isomerism. These data are 
from the Texas Co. publication mentioned above, 
and are given in the following table along with the 
corresponding data for the decalin isomers.

In each compound the cis-isomer has a higher 
boiling point, a higher specific gravity, a higher 
viscosity and a higher Evis than the trans. This 
would suggest that the differences in these prop­
erties are characteristic of the cis-trans isomerism 
itself and do not depend upon the number, sizes 
or complexity of the rings. The values are much 
higher for the decalin isomers but the ratio of the 
Evis for the two isomers is about the same for all 
the hydrocarbons shown. In view of the discus­
sion above a possible interpretation of these results 
is that directional forces are more pronounced in 
the m-isomer and hence that there is closer pack­
ing of the molecules and a greater proportion of 
‘ ‘macromolecules.5 5

Eyring, et al.,10 have developed a number of re­
lationships between Evisi AF* and AEvap. where 
AF* is the molar free energy of activation for vis­
cous flow and AEvap. the molar energy of activa­
tion for evaporation. Lack of reliable vapor pres­
sure data for decalin prevents us from making use 
of these relationships at the present time, but we 
hope to do so in a future paper.

Summary
1. The viscosities of cis- and trans-decahydro-
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naphthalene have been measured from — 30 to 180°.
2. When log tj is plotted against 1/T  straight 

lines are not obtained and there is evidence that 
the cis-iorm undergoes some change at 110°.

3. An attempt is made to explain the high 
values of r\ and Evisf and also the effect of cis- 
trans isomerism on these.
V a n c o u v e r , B. C. R e c e i v e d  J u n e  10, 1942

[C o n t r i b u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r y  o f  t h e  U n i v e r s i t y  o f  C a l if o r n ia ]

The Electromagnetic M echanism of the Beta Phosphorescence of Fluorescein in Acid
Solution

B y S. I. W e issm a n1 and  D avid  L ip k in

Introduction
The peculiar nature of the beta phosphores­

cence of fluorescein in acid solution, investigated 
recently by Lewis, Lipkin and Magel,2 suggested 
to us the desirability of studying the mechanism of 
this emission process. The peculiarities made 
themselves evident in several ways. Firstly, the 
luminescence is of unusually long duration. Sec­
ondly, no absorption band corresponding to a 
transition from the normal to the phosphorescent 
state has been found.3 Thirdly, although the 
fluorescein molecules in the phosphorescent state 
have been found to be oriented when excited to 
that state by polarized light, the beta phosphores­
cence from such molecules is but little polarized.2

It is possible to describe the radiation processes 
from a source which is small compared with the 
wave length of the emitted waves in terms of the 
electric and magnetic multipole moments of the 
source. In the case of most of the familiar 
sources the only significant contribution to the 
radiation arises from an oscillating electric dipole. 
Indeed, most of the selection rules used in inter­
preting atomic and molecular spectra are not ap­
plicable in the case of transitions other than those 
involving electric dipoles. Thus, many spectral 
lines have been observed which appear to arise 
from processes which are forbidden by these selec­
tion rules. Two explanations may be advanced 
for the occurrence of these processes. In the first 
place, as we have just indicated, these seeming 
violations may occur because a given transition 
involves a multipole other than an electric dipole. 
Secondly, they may occur because of the invalida­
tion of the rules by external perturbations of the 
emitting system. The 2Si/2- 2D3/2> 6/2 doublet of po­
tassium studied by Segrè and Bakker,4 the 1S0- 3P2

(1) N ationa l R esearch Council Fellow, 1941-1942.
(2) Lewis, L ipkin an d  M agel, T h is  J o u r n a l , 63, 3005 (1941).
(3) T hese la s t tw o observations are, of course, in terrelated .
(4) Segrè and  B akker, Naturw iss., 19, 738 (1931); Z. Physik , 72, 

724 (1931).

and 1D2- 3P0 transitions of lead studied by Jenkins 
and Mrozowski,5 and the 1S0- 1D2 transition of 
oxygen studied by Frerichs and Campbell6 may be 
cited as examples of breakdowns of the first type. 
On the other hand, the 63P2-7 3P2 transition of 
mercury,7 which is induced by external electric 
fields, may be cited as an example of a breakdown 
of the second type.

In the case of the transitions just mentioned, 
the investigators were able to determine the na­
ture of the emission mechanism (magnetic dipole, 
electric dipole and electric quadrupole) by a study 
of the Zeeman effect. Obviously, this method 
cannot be used to study broad spectral bands such 
as those of large organic molecules. In this case 
it becomes necessary to use the wide-angle inter­
ference method of Selényi.8 This method, the in­
terpretation of which depends on characteristic 
differences in directional distribution of radiation 
about the various elementary multipoles,9 in­
volves the study of the coherence properties of 
rays issuing in widely diverging directions from 
small sources.

Experimental
In order to obtain interference between two beams of 

light issuing at a wide angle from a source, it must be of 
such dimensions that the interference patterns from 
different parts of the source do not obliterate each other. 
The most critical requirement as to the size of the source is 
that one dimension be not more than about one-twentieth 
of the wave length of the light. The other dimensions 
may be much larger and are determined by various optical 
characteristics of the interference apparatus. Selényi8 
has devised a simple experimental set-up which admirably 
fulfills the above requirements. We have used essentially

(5) Jenkins and  M rozowski, Phys. Rev., 59, 808 (1941).
(6) Frerichs and  C am pbell, ibid., 36, 151 (1930); 36, 1460 

(1930).
(7) Segrè and  B akker, Nature. 128, 1076 (1931).
(8) Selényi, A n n . P h ysik , 35, 444 (1911); Z. Physik, 108, 401 

(1938); Phys. Rev., 56, 477 (1939).
(9) H alpern  and  D oerm ann, ibid., 52, 937 (1937); D oer 

m ann, ibid., 53, 420 (1938); D oerm ann and  H alpern, ibid., 55, 
486 (1939).
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his set-up, but have adapted it so that the emitting source 
could be examined at liquid air temperatures.

A saturated solution of fluorescein in a phosphoric acid 
approximating metaphosphoric acid in composition was 
found satisfactory for preparing the small source necessary 
for the wide-angle interference study.10 This source was 
obtained by placing a droplet {ca. 10“ 4 ml.) of the solution 
on the hypotenuse of a right angle prism and covering with 
a freshly split sheet of mica 0.005-0.010 mm. thick. The 
prism was maintained at a temperature of 1 10° until the 
film spread *to the required thickness. The other dimen­
sions of the source were determined by a pinhole in a sheet 
of black paper placed in contact with the mica (see Fig. 
IB).

The experimental arrangement for the excitation and ex­
amination of the phosphorescence of the fluorescein film is 
depicted schematically in Fig. 1A. Light from a high- 
pressure mercury arc (1) was focused on the pinhole by 
means of a large aperture lens (2). The right angle prism 
(5) 11 was suspended in an unsilvered dewar (4) fitted with 
a balsa wood cover (7). The interfering beams of phos­
phorescent light from the film passed through a glass 
window in the cover (6). The fringe system was focused on 
the slit of the spectrograph (13) by means of a lens (9) and 
totally reflecting prism (11). The polarization of the 
fringe system was studied with the aid of a Polaroid disk 
(12) placed before the slit of the spectrograph.12

A B
Fig. 1.—Schematic representation of the apparatus used 
for wide-angle interference studies at low temperatures.

The fluorescein film which served as the source of phos­
phorescent light was maintained at the desired tempera­
ture (95 °K.) by a stream of cold air produced by boiling 
the liquid air contained in the dewar. This method of 
cooling was found necessary in preference to the usual 
method of immersion in liquid air in order to prevent dis­
turbance of the exciting and emitted light beams.

In order that only phosphorescent light might enter the 
spectrograph a phosphoroscope was used which consisted 
of two synchronized shutters A disk (3) with a 50° sector

(10) I t  was necessary to  use such a  concentrated  solution of 
fluorescein in o rder to  ob ta in  phosphorescence of sufficient in tensity . 
T he low in ten s ity  of th e  phosphorescence as com pared w ith the  
fluorescence is accounted  for by  th e  fact th a t  th e  fluorescein mole­
cules spend such a  long tim e in  th e  phosphorescent sta te .

(11) F o r observations a t  an  angle of 26 =  90° (Fig. IB ) th e  45° 
prism  was used. A t 26 =  45° a glass half cylinder was used such as 
th e  one described by  F reed  and  W eissm an [Phys. Rev., 60, 440 
(1941)].

12) Since th e  only  polarizations studied  were perpendicular and 
parallel to  th e  p lane of incidence of th e  to ta lly  reflecting prism  (11) , 
i t  was perm issible to  place th e  Polaro id  disk in th is  position.

of an annulus cut out of it, rotating at the rate of one 
revolution per second, served as the shutter for the exciting 
beam. A Packard Ideal shutter (10) placed in the phos­
phorescent beam was operated in synchronism with the 
first shutter by means of electrical contacts placed at prop­
erly spaced intervals on the disk.

The fringes arising from the broad band of wave lengths 
contained in the phosphorescent light were separated and 
photographed in the spectrograph (13), which was a small 
Bausch and Lomb constant deviation spectrometer fitted 
with a camera.

The Nature of the Emission Procesë
Observations of the interference patterns formed 

by pairs of rays diverging at angles of 90° and 45° 
sufficed for an unambiguous assignment of the 
multipole nature of the source. At an angle of 
divergence 26 == 90° (see Fig. IB) and with the 
Polaroid set to transmit light polarized with its 
electric vector perpendicular to the plane of the 
two interfering beams, we obtained a picture of the 
emission spectrum crossed by interference fringes 
of high visibility. The photograph showing these 
fringes is reproduced in Fig. 2(a). At the same 
angle of divergence, but with the Polaroid turned 
through 90° from its first position, interference 
fringes no longer appeared in the photograph of 
the emission spectrum (Fig. 2(b)). These results, 
when interpreted in the light of the theoretical

(a) (b)

(c)
Fig. 2.—Phosphorescence (5400-6200 A.) of fluorescein 

in phosphoric acid at 95 °K. (a) 20=90°, electric vector
perpendicular to plane of interfering beams, (b) 20=90 °, 
electric vector parallel to plane of interfering beams, (c) 
20=45°, electric vector perpendicular to plane of interfer­
ing beams. The photograph obtained with 20=45° and 
the electric vector parallel to plane of interfering beams is 
indistinguishable from this one.
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investigations of Doermann and Halpern,9 show 
that the emission process involved in the beta 
phosphorescence may be either an electric dipole 
or magnetic quadrupole transition. Furthermore, 
the theory definitely excluded transitions involving 
magnetic dipoles, electric quadrupoles, electric 
octopoles and magnetic octopoles. Detailed pre­
dictions of the interference properties of still 
higher multipoles have not as yet been made and, 
therefore, we cannot definitely exclude these on 
the basis of our photographs. However, these can 
be excluded on the basis of reasoning involving the 
lifetime of the phosphorescent state and the in­
tensity of the emission.

In order to decide between the two alternatives 
allowed us by the results described above, i. e., 
electric dipole and magnetic quadrupole, it was 
but necessary to observe the interference patterns 
at an angle of divergence 26 =  45°. At this angle 
of divergence we again made observations with 
the Polaroid set to transmit light polarized with its 
electric vector perpendicular to, and parallel with, 
the plane of the two interfering beams. In each 
case we obtained photographs of the spectrum 
crossed with fringes of high visibility (Fig. 2(c)). 
These photographs definitely show the emission 
process to be electric dipole in nature.13

Had our wide-angle interference experiments 
shown that the transition giving rise to the beta 
phosphorescence involved a multipole of higher 
order than a dipole, there would have been no 
great difficulty in explaining the long lifetime and 
small polarization of this process.14 However, the 
unambiguous results of these experiments confront 
us with this question: how can the long-lived beta 
dipole process occur with only slightly preferred

(13) T he results of D oerm ann and  H alpern  are applicable to  iso­
trop ic  sources. O ur source fulfilled th is  requirem ent of isotropy for 
tw o reasons. In  th e  first place, a  highly convergent beam  of exciting 
lig h t was used. Second, a lm ost com plete sa tu ration  of the  source 
was achieved and, therefore, even molecules whose axes approach 
parallelism  w ith th e  axis of th e  exciting light beam  are activated .

(14) I t  has been shown by  m eans of electrom agnetic theory th a t 
th e  lifetim e of an  oscillator increases m arkedly w ith increase in the  
o rder of the  m ultipole. Thus, th e  ra tio  of the  lifetim es of two suc­
cessive multipoles, i. e., dipole and quadrupole, is approxim ately equal 
to  (X/«) 2, where X is equal to  th e  w ave leng th  of the  em itted  radiation  
an d  a is equal to  th e  am plitude of th e  oscillation.

directional properties in the same oriented mole­
cule which gives rise to highly selective directional 
properties for the short-lived dipole fluorescence? 
Let us suppose that the two states involved in the 
beta transition resemble non-degenerate states of 
zero total electronic angular momentum encoun­
tered in atomic spectra. Transitions of any mul­
tipole order between such highly symmetrical 
states are forbidden. However, a perturbation 
possessing sufficiently low symmetry may induce 
an electric dipole transition between such states. 
In the case here being considered such a perturba­
tion may arise from zero point fluctuations in the 
medium or the molecule, as suggested by Lewis, 
Lipkin and Magel.2 The direction of the oscillat­
ing moment associated with such an induced 
transition would be determined principally by the 
direction of the perturbation and little by the 
molecular axes, giving rise to phosphorescence 
with little polarization. On the other hand, in the 
fluorescence the upper state may be thought of as 
arising from a degenerate electronic state. Pre­
sumably there would be no prohibition against an 
electric dipole transition between this state and 
the ground state, and the observed lifetime of the 
fluorescence15 is actually found to be in good 
agreement with this presumption. Furthermore, 
such a state would partake of the symmetry of the 
molecule and the oscillating dipole moment asso­
ciated with the transitions in which it is involved 
would be expected to be oriented with respect to 
the molecular axes. This would readily account 
for the high degree of polarization observed in the 
fluorescence and alpha phosphorescence.

We wish to thank Professor Gilbert N. Lewis 
for many helpful discussions of the results of this 
investigation.

Summary
A wide-angle interference study of the beta 

phosphorescence of fluorescein in phosphoric acid 
at 95 °K. has shown that the process involves 
an electric dipole transition.
B e r k e l e y , C a l if o r n ia  R e c e i v e d  M a y  26, 1942

(15) Gaviola, Z . P hysik , 42, 853 (1927).



1919

[C o n t r i b u t io n  f r o m  t h e  G a t e s  a n d  C r e l l i n  L a b o r a t o r ie s  o f  C h e m i s t r y , C a l if o r n ia  I n s t i t u t e  o f  T e c h n o l o g y ,
P a s a d e n a , No. 890]
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In the stilbene series the m-isomers are usually 
prepared either by irradiation of the stable trans- 
compound1 or by direct synthesis.2 The stereo­
isomers have been separated or differentiated by 
fractional crystallization, distillation and hydro­
genation methods, and use has also been made of 
molecular addition compounds. For the deter­
mination of the cis and trans components in mix­
tures among other methods use has been made of 
spectrophotometric measurements and the study 
of melting point curves.3

We find that a convenient and rapid procedure 
for the detection, purification, separation and es­
timation of stereoisomeric stilbenes is to be found 
in the so-called chromatographic brush method.4 
After extrusion of the column, containing the 
invisible chromatogram, a narrow streak is made 
down the column with a brush which has been 
dipped into a 1% permanganate solution. When­
ever the reagent crosses a zone containing cis- or 
^rcms-stilbenes it turns brown almost instantane­
ously. The zones thus located can be cut out and 
the isomers eluted after the streak has been shaved 
off.

In the present paper the application of this 
principle to stilbene, ^-methylstilbene and p- 
methoxystilbene is described. In each case the 
trans-isomer possesses stronger adsorption affinity 
than the cis-ïoxm. and is located near the top of the 
alumina column. After adequate development 
the two isomers are separated by a wide interzone. 
The procedure can be completed in ten to sixty 
minutes, with a total recovery of more than 90% 
when carried out with a quantity of starting mate­
rial in a range of 10-500 mg. If the experiment

(1) R . Stoerm er, B er., 42, 4865 (1909); R . Stoerm er and L. 
Prigge, A nn . Chem., 409, 20 (1915); A. Sm akula, Z . physik. Chem., 
B25, 90 (1934); G. N . Lewis, T . T . M agel and  D. L ipkin, T his 
J o u r n a l , 62, 2973 (1940).

(2) Cf. e. g., E . S p a th  and  K . K rom p, Ber., 74, 189 (1941); P. 
Ruggli and  A. S taub , Helv. Chim. Acta, 19, 1288 (1936); 20, 37 
(1937).

(3) G. B. K istiakow sky and  W. R . S m ith , T h is  J o urn al , 66, 638 
(1934); C. Paal and  H . Schiedewitz, Ber., 63, 766 (1930); T. W. J. 
T ay lor and  A. R . M urray , J . Chem. Soc.., 2078 (1938); Ch. C. Price 
and  M . M eister, T h is  J o u r n a l , 61, 1595 (1939); C. W eygand and 
Th. Siebenm ark, B er., 73, 765 (1940); C. W eygand and I. R ettberg , 
ibid., 73, 771 (1940); G. N . Lewis, et al., see footnote 1.

(4) L. Zechm eister, L. Cholnoky and  E . Ujhelyi, Bull. soc. chim. 
biol., 18. 1885 (1936); L. Zechm eister and  O. Frehden, ibid., 22, 458 
(1940).

is performed at room temperature no measurable 
isomerization of the ^-compound seems to take 
place.

By this method samples of cis- or /rcms-stilbenes 
can be tested for possible contamination by the 
other isomer. If 30-100 mg. of a mixture is 
analyzed the limit of detection is 1-2%. The 
method may also prove useful for the study of 
cis-trans shifts under the influence of light5 and of 
other factors.

Finally, we may remark that the use of chroma­
tography has revealed the presence of minor con­
taminants in commercial and in some recrystal­
lized samples of stilbenes. These impurities are 
retained near the top of an activated alumina 
column where the adsorbate shows visible fluores­
cence in ultraviolet light. The main compound 
is easily washed into the filtrate by petroleum 
ether-benzene mixtures or by pure benzene. If 
the filtrate is sent through a fresh column, no 
fluorescing adsorbate appears. A great differ­
ence between the fluorescing power of non-chro- 
matographed and chromatographed ^-methyl- 
and ^-methoxystilbene was observed when the 
crystals or 0.1% benzene solutions were inspected 
in ultraviolet light. The fluorescence of the 
purified samples was much weaker. No such dif­
ference was noticed in the case of stilbene except 
on the Tswett column. A preliminary chromato­
graphic test of samples may be advisable if fluor­
escence spectra are to be studied.6

Acknowledgment.—The authors wish to thank 
Dr. G. Oppenheimer and Mr. G. Swinehart for 
microanalyses.

Experimental
The following adsorbents were used: for the purification 

of commercial trans-stilbene, activated alumina (“Alorco,”
150-200 mesh or minus 80 mesh); for the purification of 
synthesized ^-methoxy- and ^-methylstilbene, Super Fil- 
trol (Filtrol Corporation, Los Angeles) and activated 
alumina, and for the separation of cis-trans pairs, activated 
alumina. The petroleum ether had a boiling range 60-70

(5) J . W islicenus, Chem. Zentr., 72, I, 463 (1901).
(6) B. Arends, Ber., 64, 1936 (1931), observed fluorescing con­

tam in an ts  in  some of his F-m ethylstilbene sam ples. T hese were n o t 
rem oved by  crystallization . N o chrom atographic tre a tm e n t is 
m entioned.
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All melting points are corrected and were taken in an elec­
trically heated Berl block. The capillaries were introduced 
10 ° below the melting point. The rise of temperature was 
1-2  ° per minute.

For the inspection of chromatograms during develop­
ment, a small portable ultraviolet lamp was used (light 
was excluded by covering the tube and the head of the 
observer with a black cloth), and for solutions or solids an 
Examalite Quartz Lamp, (Hanovia, Newark, N. J.). 
Irradiations were carried out by a mercury arc quartz lamp 
(4 amp. d. c., voltage drop 32 v.) in a hood cooled by 
ventilation. The distance between the lamp and the 
quartz test-tubes was 10 cm. Irradiations were discon­
tinued at night.

cis- and £raws-Stilbene.—The starting material was stil­
bene (Eastman Kodak Co.), nn p. 124-125°, from which a 
small quantity (< 0 .1%) of strongly fluorescent contami­
nants can be eliminated by filtering the benzene-petroleum 
ether (1:1) solution through activated alumina. The im­
purities are retained near the top while stilbene is washed 
into the filtrate. The melting point remained unchanged. 
The adsorbates7 of trans- or as-stilbene purified in this 
way showed no visible fluorescence in ultraviolet light.8 
For the preparation of the ^-compound 2.5 g. of stilbene 
in 35 ml. of benzene was irradiated for 200 hours. The 
pale yellow solution was kept in a cold room and samples 
were taken when needed.

A portion of this solution, containing 160 mg. of sub­
stance, was evaporated in vacuo at 35°, and in order to 
eliminate traces of benzene the evaporation was repeated 
twice after the addition of some petroleum ether. The 
residue (except for traces of yellow solids) was dissolved in 
25 ml. of petroleum ether and poured onto an alumina 
column (17.5 X 1.7 cm.); the chromatogram was de­
veloped with 90 ml. of the solvent. Near the top a yellow 
by-product wa.s retained, closely followed in some experi­
ments by a minor fluorescent layer.9 The main section of 
the column was colorless and did not fluoresce visibly in 
ultraviolet light. The permanganate brush located a 
/raws-stilbene zone (42 mm. broad) and below it, separated 
by a 6-mm. empty section, the cis-zone (48 mm. broad). 
The streak turned light brown within two seconds where it 
crossed the zones while the nearly empty interzones began 
to react after several minutes.10 Each isomer was eluted 
with dry ether and evaporated in vacuo.

The yield was 99.1 mg. of /raws-stilbene (m. p. 123.5- 
124.5°, after one recrystallization from ethanol) and 51.8 
mg. of cis'-stilbene, the total recovery being 94% of the 
starting material. Before analysis the colorless, oily cis- 
compound (which can be crystallized at a lower tempera­
ture) was rechromatographed. Both samples were dried 
at 45 ° in high vacuum.

Anal. Calcd. for Ci4Hi2: C, 93.28; H, 6.72. Found 
(cis): C,93.36; H,6.65. Found (trans): C, 93.28; H,6.78.

(7) W e suggest th a t  th e  te rm  “ A dsorbate” should designate the  
substance-adsorben t complex and  n o t th e  adsorbed substance alone. 
(T his nom enclature is now accepted in th e  G erm an literature.)

(8) C f. A. W interstein  and  K. Schön, Z . physiol. Chem., 230, 146 
(1934); K . W. H ausser, R . K uhn  and  E . K uhn , Z. physik. Chem., 
B29, 417 (1935).

(9) On fluorescing of stilbenes cf. G. N . Lewis, et al., footnote 1; 
H. L ey and  H . Specker, Z . wiss. Phot., 38, 13 (1939).

(10) I n  b lank  experim ents th e  colum n began to  show a reaction
w ith  perm anganate  in  several m inutes.

The cis compound was further identified by addition of 
a trace of iodine and exposure to sunshine for a few hours. 
By this treatment it crystallized almost completely. A 
chromatographic analysis showed only a minor zone of un­
changed cw-isomer while pure /raws-stilbene was isolated 
in a yield of 78%.

In order to establish the limits of detection by brushing, 
artificial mixtures of cis- and £raws-stilbene were chromato­
graphed. It is possible to detect 2 mg. of cis in 75 mg. of 
trans on alumina (17.5 X 1.7 cm.) or 0.5 mg. of trans in 
30 mg. of cis by using a smaller column (10.5 X 0.9 cm.). 
If the quantity of one of the isomers is below these limits, 
its location may be established roughly from that of the 
other isomer. By elution of the proper region with ether 
and analytical recovery by evaporation, an extension of 
the limits of detection can be obtained. The procedure is 
applicable to ^-methyl and p-methoxy stilbene.

cis- and /ra«s-£-Methylstilbene.—The trans-compound 
was prepared according to Meerwein and his associates,11 
however, the crude product was purified by chromatog­
raphy instead of by tedious sublimations in high vacuum. 
The hydrochloric acid solution of 13.4 g. of ƒ>-toluidine was 
added, after diazotization, to 18.5 g. of cinnamic acid in 
150 ml. of acetone. After the addition of 27.5 g. of sodium 
acetate and a solution of 6.7 g. of crystallized cupric chlo­
ride, the liquid was stirred at 2 0° until the evolution of 
gases ceased (about five hours). The volatile components 
were then removed by steam distillation, and the dark resi­
due was extracted with 150 ml. of benzene. After filtra­
tion and removal of unchanged cinnamic acid by extrac­
tion with ammonia containing ammonium chloride, the 
solution was dried with sodium sulfate. It was diluted 
with 400 ml. of petroleum ether and filtered through a 
Superfiltrol column (27 X 7 cm.) which was washed with 
about 1 liter of a benzene-petroleum ether mixture (1 :1) 
until a pale blue fluorescing zone reached the filtrate. 
The column showed numerous intensely colored layers 
which were discarded. The evaporation residue of the 
filtrate yielded 6.0 g. of trans-p-tnethylstilbene, m. p.
118.5-119.5°, on crystallization from alcohol.

Such a sample may be used directly for the preparation 
of the «Visomer by irradiation, or it can first be rechroma­
tographed on activated alumina in order to remove the 
fluorescing contaminant mentioned which appears near 
the top on developing with benzene-petroleum ether. 
After this treatment practically no visible fluorescence of 
the cis- or trans-form was observed in petroleum ether on 
the column.

For the preparation of cw-/>-methylstilbene 450 mg. of 
the trans-isomer in 90 ml. of petroleum ether was irradiated 
for seventy-five hours and then developed on alumina 
(22.5 X 4.3 cm.) with 700 ml. of the solvent. On inspec­
tion and brushing the presence of the following zones was 
revealed (the figures on the left denote the width of the 
zones in millimeters)

5 by-product (yellow before brushing)
12 empty interzone
30 trans-p-methylstilbene (located by permanganate)
55 empty interzone
50 m-^-methylstilbene (located by permanganate)
73 empty bottom zone

(11) H . M eerw ein, E . B üchner an d  K . van  E m ster, J . p ra k t.
C h em ., 152, 237 (1939).
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The isomers were isolated by eluting with dry ether, 
evaporating and drying in vacuo. The yields were 160 
mg. of trans- and 268 mg. of oily cis-p-methylstilbene, the 
total recovery being 95%. For analysis the trans-com­
pound was recrystallized from alcohol (m. p. 119.5-120°) 
and the as-isomer rechromatographed as described. The 
samples were dried in high vacuum at 20 °.

Anal. Calcd. for Ci6Hi4: C, 92.73; H, 7.27. Found 
'{cis): C, 92.98; H, 7.50. Found {trans): C, 93.06; H, 
7.33.

Eighteen mg. of oily cA-/>-methylstilbene was isomerized 
in the sunshine with iodine. Crystallization began after 
fifteen min. but the exposure was continued for a few hours. 
On brushing the column did not reveal any unchanged 
cw-isomer while 16.4 mg. of the trans-form was recovered 
(m. p. 119.5-120° after one recrystallization). The yield 
was 91%.

The solution of an artificial mixture of 70.3 mg. of 
trans- and 56.2 mg. of cis-£-methylstilbene in 10 ml. of 
petroleum ether was developed on alumina (17.5 X 1.7 
cm.) with 60 ml. of the solvent. This washing was com­
pleted in twenty-five min. Ten mm. below the top the 
trans-zone appeared (55 mm. wide), and after an empty 
section (30 mm.) the cis-zone followed (50 mm. wide). 
Elution with 65 ml. of ether and evaporation yielded 68.6 
mg. of the trans-isomer (m. p. 118-119°, without recrystal­
lization) and 54.4 mg. of the cA-compound. The total 
recovery was 97%. The samples were chroma tographi- 
cally homogeneous.

On an alumina column (10.5 X 0.9 cm.) 0.3 mg. of 
trans-p-methylstilbene can easily be detected in admixture 
with 25.3 mg. of the cis-form or on a larger column (17.5 X
1.7 cm.) 1.8 mg. of the cis-fortn in 98.8 mg. of the trans- 
compound.

cis- and ethoxy stilbene.—The synthesis of
the trans-compound from diazotized ^-anisidine and cin­
namic acid was carried out according to Meerwein, et al.,9 
the product was purified chromatographically as described 
for ^-methylstilbene. By filtering a benzene solution 
through activated alumina a by-product can be removed, 
the adsorbate of which fluoresces much stronger than that 
of the methoxystilbene. The pure compound melted at 
135-136° after recrystallization from methanol. For the 
preparation of the cis-isomer a solution of 730 mg. in 35

ml. of benzene was irradiated for 160 hours (shorter irradi­
ation is also satisfactory). A portion of the solution con­
taining 161 mg. of substance was evaporated. The resi­
due was taken up with 2.5 ml. of chloroform and, after the 
addition of an equal volume of petroleum ether, chromato­
graphed on alumina (17.5 X 1.7 cm.). On developing 
with 70 ml. of a petroleum ether-benzene mixture (3:1) the 
following chromatogram appeared

0 .5 brownish top layer (visible before brushing)
5 empty interzone
1 bright yellow by-product (visible before brushing)
6 empty interzone

40 /fa??x-£-methoxystilbene (located by permanganate)
15 empty interzone
47 «s-£-methoxystilbene (located by permanganate)
60 empty bottom zone

Each main zone was eluted with 65 ml. of ether and 
treated as described for the p-methyl compound. The 
yield was 58.5 mg. of the trans-isomer (m. p. 135-136°, 
after recrystallization from methanol) and 79.1 mg. of the 
c£s-form (colorless oil), the recovery being 86%. The 
oil was rechromatographed before analysis.

Anal. Calcd. for Ci5H140: C, 85.67; H, 6.72. Found: 
(cis) C, 85.76; H, 6 .66; (trans) C, 85.31; H, 7.07.

2.2 mg. of the «Visomer was detected in the presence of 
95.4 mg. of the trans-form on alumina (17.5 X 1.7 cm.), 
and 1.5 mg. of trans in admixture with 86.6 mg. of cis-p- 
methoxystilbene.

Summary

The chromatographic brush method, with 
permanganate, has been used for the detection, 
separation and estimation of the cis- and trans­
forms of stilbene, ^-methylstilbene and p-meth- 
oxystilbene. In a mixture composed of two stereo- 
isomeric compounds 1-2% of either form can be 
detected. The method can be used for the study 
of the interconversion of stilbene cis- and trans­
isomers. Fluorescing contaminants can be re­
moved by chromatography in ultraviolet light.
P a s a d e n a , C a l i f . R e c e i v e d  M a y  5, 1942
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Chromatography of c is  and tra n s  Benzoin and Anisoin Oximes with Application of the
Brush Method

B y L. Z ech m eister , W. H. M cN eely  a nd  G. S ólyom

It was shown recently that the brushing of a 
chromatographic column with a suitable color re­
agent1 can be used for the detection, separation 
and estimation of cis- and /ra^-stilbenes.2 This 
was made possible by the differences in adsorption 
affinities of stereoisomers which have been ob­
served in various classes of compounds.3 The pres­
ent paper describes the application of the same 
principle to an investigation of the chromato­
graphic behavior of some cis- and trans-oximes. 
According to Feigl,4 a solution of trans-benzoin 
oxime (a or anti), C6H5CHOHC( :NOH)C6H5, 
gives a stable deep-green complex when treated 
with ammoniacal copper sulfate, while, accord­
ing to Meisenheimer and Theilacker,5 the complex 
obtained with the cis-isomer (0, syn) is brown. 
It is this behavior which has been made a basis 
for the application of the brush method. If two 
stereoisomeric oximes capable of complex forma­
tion are present in a solution, chromatography 
on a Neutrol Filtrol column shows that the trans­
form is adsorbed near the top and gives a green 
brush reaction while the cis-isomer is located in a 
lower section and turns brown where the brush 
crosses it. Between the two layers an interzone 
is found, free of substance or containing only 
very little; no such interzone appears on any 
other adsorbent tested, including Floridin.6

The behavior of the two anisoin oximes, CH30- 
C6H4CH0nC(:N0H)C6H40CH3 is analogous.

(1) L. Zechm eister, L. Cholnoky and  E . U jhelyi, Bull. soc. chim. 
biol., 18, 1885 (1936); L. Zechm eister and  O. F rehden , ibid., 22, 458
(1940) .

(2) L. Zechm eister and  W. H. M cN eely, T h is  J o u r n a l , 64, 1919 
(1942).

(3) A. W in terstein  an d  G. Stein, Z . physiol. Chem., 220, 247 
(1933); A. H . Cook, J .  Chem. Soc., 876 (1938); A. H . Cook and  D. 
G. Jones, ibid., 1309 (1939); A. H . Cook, D . G. Jones and J. B. 
P o lya , ibid., 1315 (1939) ; L. Zechm eister, O. F rehden  and  P. Fischer 
Jorgensen , Naturw iss., 26, 495 (1938); L. Zechm eister and P. T uz­
son, Ber., 72, 1340 'T939); L. Zechm eister, L. Cholnoky and A. 
Polgdr, ibid., 72, 1678 and  2039 (1939); L. Zechm eister, A. L. Le 
R osen, F . W. W ent and L. Pauling, Proc. N at. Acad. Sciences, 27, 468
(1941) ; H. H. S train , T his J o u r n a l , 63, 3448 (1941); H. H. Strain , 
“ L eaf X an thophy lls ,” Carnegie In st, of W ashington , No. 490 (1938).

(4) F . Feigl, B er., 66, 2083 (1923); F . Feigl, G. Sicher and  O. 
Singer, Ber., 58, 2294 (1925).

(5) J . M eisenheim er and  W. Theilacker, in  K . Freudenberg’s 
“ S tereochem ie,” F . D euticke, Leipsig, 1933, p. 1019.

(6) A series of experim ents w ith F lorid in  has been described by G. 
Sólyom  in his Thesis (Univ. Pécs, 1940). T his adsorben t has been 
now abandoned  as th e  use of N eutro l F iltro l is fa r m ore satisfactory. 
T he  earlier experim ents were carried  ou t in co llaboration  with Dr. O. 
F rehden .

If 40-200 mg. of a mixture of two stereoisomers 
is analyzed by the procedure described, 1-2% 
of either form can be detected. This allows a 
study of their interconversion under the influence 
of different factors. It was known that cis- 
benzoin oxime is isomerized by refluxing an alco­
holic solution,7 but our chromatographic experi­
ments demonstrate that the trans-compound also 
isomerizes to a slight extent.

The analytical applicability is somewhat lim­
ited by the catalytic action of Neutrol Filtrol on 
some ci?-oximes. If the rate of the chromato­
graphic filtration is low and the duration of the 
experiment too long, the interzone which separates 
the cis- and trans-fractions contains small amounts 
of the trans-isomer formed on the column itself. 
The latter appears during the slow migration of 
the cis-oxime and is retained near the place of the 
conversion. In such a case the brush streak does 
not remain blue where it crosses the interzone, but 
takes on a slightly greenish tint within several 
minutes. In contrast, the main portion of the 
trans-compovmó. which was present in the original 
solution and is adsorbed near the top, instantane­
ously gives a well-defined dark green color on 
brushing. This difference allows quantitative 
experiments to be carried out.

Under the conditions applied, the “column isom­
erization” amounts to less than 5% of the origi­
nal quantity of cis-benzoin oxime and less than 
1% of cis-anisoin oxime.

Acknowledgment.—The authors are indebted 
to Dr. G. Oppenheimer and Mr. G. Swinehart for 
microanalyses.

Experimental
Neutrol Filtrol (Filtrol Corp., Los Angeles) was used as 

an adsorbent. A trace of oil was removed either by hot 
extractions with benzene and then acetone, or by numerous 
extractions with benzene and alcohol-ether (1 :1) at room 
temperature, with mechanical shaking. The adsorbent 
was dried at 90 ° for four hours. These operations increase 
the adsorptive power, but decrease the rate of filtration. 
Therefore, 17% Celite (no. 535) or Hyflo Super-Cel 
(Johns-Manville Co.) was used as a filter aid.

The color reagent was prepared by diluting 0.15 mole of 
copper sulfate and 4 moles of ammonia to one liter. The

(7) A. W erner, Ber., 23, 2333 (1890).
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melting points are corrected and were taken in an elec­
trically heated Berl block.

cis- and /raws-Benzoin Oxime.—The oximes were pre­
pared according to the data of Werner and Detscheff.8 In 
repeated experiments, however, we were unable to obtain 
chromatographically homogeneous samples. Adsorption 
analysis revealed the presence of, for example, 1% of the 
cis-isomer in the /raws-compound and 30% or more of the 
trans-isomer in the cis-compound. The latter when puri­
fied in this way showed the m. p. 99° as given by the 
authors mentioned. The trans-compound melted at 151 °.

In order to purify cis-benzoin oxime, a solution of 1 g. in 
100 ml. of a chloroform-benzene mixture (1 :1) was poured 
on a column (19 X 3.2 cm.) and developed within thirty 
min. with 160 ml. of benzene containing 2 % alcohol. 
After brushing with the reagent, the presence of the follow­
ing zones was revealed (the colors given refer to the 
streak,9 the figures on the left denote the width of the zones 
in millimeters)

5 sky blue (empty top section)
16 dark green {trans-benzoin oxime)
50 bluish green (small amounts of trans)
54 dark brown (cTs-benzoin oxime)
65 sky blue (empty bottom section)

After cutting out the three zones and shaving off the 
streak, each of the two /ra/w-fractions was eluted with 100 
ml. of alcohol-ether (1 :1) and the cis-fraction with the 
same volume of dry ether. The adsorbent was removed 
on a sintered glass funnel. Evaporation and analytical 
weighing indicated the presence of 181 mg. and 43 mg. of 
trans- and 722 mg. of cw-benzoin oxime, the total recovery 
being 95%. The melting point of the trans-compound 
was 147-148° after recrystallization from 2 ml. of ethanol. 
The oily cis fraction was dissolved in a few ml. of dry ether 
and evaporated in a carbon dioxide current at 25°. On 
scratching, it crystallized out (m. p. 99-99.5°).

Anal. Calcd. for C14H13O2N : N, 6.17. Found: {cis) 
N, 6.38. Found: {trans) N, 6.15.

(a) An artificial mixture of equal parts (75 mg.) of cis- 
and trans-benzoin oxime was dissolved in 20 ml. of chloro­
form-benzene (2:1) and developed with 40 ml. of benzene 
containing 2 % ethanol on a column (17.5 X 1.7 cm.) 
within twenty min.

2 sky blue (empty top section)
17 dark green {trans-benzoin oxime)
42 blue (trace of trans)
26 dark brown (cw-benzoin oxime)
88 sky blue (empty bottom section)

Fifty ml. of dry alcohol-ether (1:1) was used for the 
elution of the trans-zone, 40 ml. of the same mixture for 
the interzone and 40 ml. of ether for the ^-compound. 
The recovery was 74.5 mg. and 1.7 mg. of trans- and 70.1 
mg. of as-benzoin oxime; the melting points were correct.

(b) The limits of detection were established by experi­
ments of the type (a). In the presence of 40 mg. of trans- 
benzoin oxime 0.4 mg. of the as-isomer can be detected by 
washing with 12 ml. of benzene plus 2 % ethanol (column:
10.5 X 0.9 cm.). In the presence of 100 mg. of cis-, 2 mg. 
of the trans-compound was detected on a larger column

(8) A. W erner and  T h . Detscheff, Ber., 38, 69 (1905); cf. L. 
M ala testa, Gazz. chim. ital., 68, 319 (1938).

(9) In  some cases th e  cis-zone showed a pale yellow color before
brushing. T h is  color darkens in  air.

(17.5 X 1.7 cm.). Each experiment required twenty to 
twenty-five minutes.

(c) A solution of 50 mg. of chromatographed cis-benzoin 
oxime was refluxed in 25 ml. of alcohol for two hours, 
evaporated and taken up in 10 ml. of chloroform-benzene 
(1:1). The adsorption analysis showed two equally 
broad oxime zones from which 11.2 mg. of the trans- and
29.3 mg. of unchanged cw-compound were isolated in pure 
state. A similar experiment with trans-benzoin oxime 
showed only 1 % isomerization.

(d) Two 125-mg. samples of chromatographically pure 
cw-benzoin oxime were dissolved in 10 ml. of chloroform- 
benzene (1:1). Each solution was developed on a column 
(17.5 X 1.7 cm.) with 50 ml. of benzene containing 2 % 
alcohol. The development in one experiment was com­
pleted in twenty-two minutes using full suction. The de­
velopment of the other column, carried out with very little 
suction, required three and one-fourth hours. In the first 
case the chromatogram showed a 66-mm. section (above 
the unchanged cis zone) which gave a very weak reaction 
for trans and contained 5.9 mg. of this isomer; 114.4 mg. 
of m-compound was recovered.

In the slow experiment the 67-mm. upper zone gave a 
definite brush reaction for the trans-oxime and yielded
34.6 mg. of this compound formed by isomerization;
82.3 mg. of the starting material was recovered unchanged. 
The extent of isomerization during chromatography was 5 
and 28%, respectively, in the rapid and slow experiment.

cis- and /raws-Anisoin Oxime.—Anisaldehyde (Eastman 
Kodak Co.) was fractioned in vacuo; it was then condensed 
to anisoin in the presence of potassium cyanide.10 In spite 
of the correct melting point (112-113 °) of the recrystallized 
product it proved to be chromatographically heterogene­
ous. For purification, 20 g. was dissolved in 0.8 liter of 
chloroform-benzene (1 :1) and developed on a column 
(27 X 7 cm.) with 2.5 liters of benzene containing 0.5% 
ethanol. On brushing with 1% permanganate the anisoin 
was located in a 90-mm. zone near the top while a minor 
compound adsorbed below was discarded. The anisoin 
was eluted with 2 liters of alcohol-ether (1 0 :1) and the 
solution concentrated in a carbon dioxide stream to 50 ml. 
The product was recrystallized from alcohol (17 g., m. p. 
112-113°).

Anal. Calcd. for Ci6Hi60 4: OCH3, 22.79. Found: 
OCH3, 22.68.

The oximation carried out as described by Werner and 
Detscheff8 for benzoin oxime gave a mixture of both 
stereoisomers. For example, 2.3 g. of aqueous hydroxyl- 
amine hydrochloride (neutralized against litmus) was 
added to 4.5 g. of anisoin in 20 ml. of ethanol. After one 
and one-half hours of refluxing, the liquid was diluted with 
150 ml. of water and allowed to stand overnight. The oil 
was dissolved in 300 ml. of benzene, dried with sodium 
sulfate, developed with 500 ml. of benzene containing 3% 
alcohol on a column (22.5 X 4.3 cm.) and brushed9

12 sky blue (empty top section)
73 dark green {trans-anisoin oxime)
56 bluish green (traces of trans)

1 pink without brushing (unknown)
35 dark brown (cTs-anisoin oxime)
48 sky blue (empty bottom section)

(10) M . Hosier, Ber., 14, 323 (1881); R. Stierlin , ibid., 22, 376 
(1889).
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The /raws-compound was eluted with 450 ml. of an­
hydrous alcohol-ether (1:1) and the cis-isomer with 250 
ml. of dry ether. The solvents were removed in vacuo.

The trans-oxime appeared as an oil and was crystallized 
by dissolving it in about 50 ml. of benzene at 25° and 
scratching. The yield was 1.9 g.; the colorless, short, 
quadrangular plates melted at 125.5°. The cw-compound 
came out in the form of crystals which contained ether. 
These were dissolved in 6 ml. of acetone at room tempera­
ture and rapidly evaporated with a carbon dioxide stream 
at 25°. The oily residue was evaporated with 2 ml. of 
benzene, dissolved in 10 ml. of cold benzene and scratched. 
Thin, elongated, colorless prisms appeared (1.2 g., m. p. 
121- 122°).

Anal. Calcd. for C16H17O4N: N, 4.88. Found: (cis) 
N, 5.08; (trans) N, ,4.99.

The difference in the melting points of the two isomers is 
remarkably small. The configurations, however, are 
given by the location on the column and by the color reac­
tions. Chromatography showed the presence of less than 
1 % of the m-compound in the trans-sample and vice versa.

(a) A mixture of 75 mg. of each isomer was dissolved in 
35 ml. of benzene by slight warming, developed on a 
column (14 X 1.7 cm.) with 50 ml. of benzene containing 
3% abs. alcohol, and brushed:
10 sky blue (empty top section)
21 dark green (trans-anisoin oxime)
37 blue (interzone)
7 dark brown (m-anisoin oxime)

65 sky blue (bottom section containing a faint yellow line)
After elution with 55 ml. of the solvent mentioned, 69.2 

mg. of trans-oxime (m. p. 125-125.5°, after crystallization 
from cold benzene) and 68.3 mg. of aV oxime (m. p. 122.5- 
123.5°, after crystallization) were isolated, the total re­
covery being 92%. The interzone yielded 0.8 mg. of the 
trans-compound.

(b) It was found in similar adsorption experiments that
1.6 mg. of cw-anisoin oxime can be detected in the presence 
of 200 mg. of the trans-isomer or 1.2 mg. of trans- in the 
presence of 135 mg. of the cTs-compomid. The limit is 
0.5-1%.

(c) A solution of 140 mg. of cw-anisoin oxime in 40 ml. 
of ethyl alcohol was refluxed for one and one-half hours. 
After removing the solvent and chromatographing as 
described in expt. (a), a 6-mm. zone was located above the 
main zone by brushing. This contained 11.5 mg. (8 %) of 
the trans-compound, formed by isomerization. A parallel 
experiment carried out with trans-anisoin oxime yielded 
2.5% of formed cis-isomer.

(d) A solution of 125 mg. of pure «Vanisoin oxime in 30 
ml. of benzene was developed in three and one-fourth 
hours on a column (17.5 X 1 cm.) with 50 ml. of benzene 
containing 3% absolute alcohol. From the interzone 13.7 
mg. of the trans-isomer was isolated. The extent of the 
' 'column isomerization” amounted to 11% in this case 
while the corresponding figure for a short experiment is 
about 1 %.

Summary
The chromatographic brush method, with an 

ammoniacal copper solution as color reagent, has 
been used for the detection and separation of cis- 
and trans-benzoin and anisoin oximes on Neutrol 
Filtrol columns. In a mixture composed of two 
stereoisomers, 1-2% of either form can be rapidly 
detected in the presence of the other. Some data 
concerning the interconversion of stereoisomeric 
oximes are given, and the influence of the adsor­
bent on the cis-trans shift is discussed.
P a s a d e n a , C a l i f o r n i a  R e c e i v e d  May 18, 1942

[C o n t r i b u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r y  o f  W e l l e s l e y  C o l l e g e ]

The Configuration of Organic Coordination Compounds of Nickel, with Especial 
Reference to Bis-formylcamphor-ethylenediamine-nickel

B y H. S. F rench, M. Z. M agee1 and E. Sheffield1

Evidence is accumulating from various groups 
of investigators which may ultimately furnish an 
answer to the question implied in Pauling’s2 state­
ment that “factors which determine whether the 
diamagnetic square or the paramagnetic tetra­
hedral configurations will be assumed by a nickel 
complex cannot be stated precisely.” The present 
paper seeks to add to the evidence results of three 
different types: first, the magnetic susceptibilities 
of nine compounds; second, the absorption spec­
tra of four of these compounds; and third, the

(1) T aken  in p a r t  from  th e  M .A. Thesis of M . Z. M agee and from  
th e  H onors Thesis of E . Sheffield.

(2) Pauling, “ N a tu re  of th e  Chem ical B o n d /’ Cornell U niversity  
Press, Ithaca , N. V ., 1939, p. 112.

relation between the adsorption spectrum and 
rotatory dispersion of a single one of the com­
pounds.

Magnetic Susceptibility.—Determination of 
magnetic susceptibility is probably the most 
generally used method for the study of the con­
figuration of the quadricovalent nickel com­
plexes, since diamagnetism is associated with the 
square coplanar configuration and no unpaired 
electrons, while paramagnetism is associated with 
the tetrahedral configuration and two unpaired 
electrons. Pauling3 has given the most satis­
factory explanation for this change in the number

(3) Pauling, ibid.,v>. 111.
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of unpaired electrons by his theory of the hy­
bridization of bond orbitals. The nine com­
pounds chosen for this study of magnetic sus­
ceptibility are the following

(I) bis-salicylaldehyde nickel (C6H4(CH0 )0 )2Ni
(II) bis-o-hydroxyacetophenone nickel

(CH3C0C6H40)2Ni
(III) bis-formylcamphor nickel (Ci0Hi4(CHO)O)2Ni
(IV) bis-salicylaldimine nickel (CeH^CH—NH)0)2Ni
(V) bis-0-hydroxyacetophenoneimine nickel

(CH3C=NH C6H40 )2Ni
(VI) bis-salicylaldehyde-propylenediamine nickel

C6H4(CH) O Ni O (CH)C6H4

N—CH2(CH3)CH—N
(VII) bis-formyl camphor ethylenediamine nickel

C10H14(CH)O Ni 0 (CH)CioHi4

N—CH2—CH2—N
(VIII) bis-0-aminobenzalimine nickel

(C6H4(CH=NH)NH)2Ni
(IX) bis-0-aminobenzaldehyde phenylenediamine nickel

C6H4(CH)NHNiNH(CH)C6H4

N- -C6H4- -N

Com pound

A l a 'b

ir
iii^

B iv°
v 4 5

vr
VIIy

c VIIIs 
IX*

T a b l e  I  
%  N i

C alcd. F o u n d  *mol„ X 10* M

17.43 17.47 4265 3.2
12.06 11.97 3884 3.1
12.96 12.94 4857 3.4
19.65 19.69 Diamagnetic
17.96 17.84 Diamagnetic
17.33 17.27 Diamagnetic
13.31 13.27 1522 1.9

(diamagnetic solid) 
Diamagnetic 
Diamagnetic

19.87
15.83

19.68 
15.61

a Adams and Tyson, This Journal, 62, 1228 (1940). 
Their values for %Ni, Xm X 106, and y are 17.53, 3851, 
and 3.1 for I, and 19.70, diamagnetic for IV.

h Mellor and Craig, J. Proc. Roy. Soc. N. S. Wales, 74, 
478 (1941). Their values for Xm X 106 and y  are 4230 
and 3.2 for 1.

c Pfeiffer, Buchholz and Bauer, J. prakt. Chem., 129, 172 
(1931).

d French and, Corbett, T h i s  Journal, 62, 3221 (1940).
e Pfeiffer, Hesse, Pfitzner, Scholl and Thielert, J. prakt. 

Chem., 149, 255 (1937).
s Pfeiffer, Christelheit, Hesse, Pfitzner and Thielert, 

i b i d . ,  150, 261 (1938).
0 Pfeiffer, Breith, Liibbe and Tsumaki, Ann., 503, 101 

(1933).

measured by the Gouy4 method and from these 
the magnetic moments in Bohr magnetons were 
calculated in the usual way.5 The analyses for 
nickel were carried out on the micro-scale by 
igniting the compound to the oxides of nickel, 
and reducing the oxides to nickel in a stream of 
hydrogen.

Absorption Spectra.—The absorption spectra 
of the two pairs of compounds, I and VI, IIId and 
VII were investigated in both the visible and 
ultraviolet regions. The method used in the 
ultraviolet region is the same as in previous com-

Since no new methods of preparation were used 
for any of the compounds studied, we refer to the 
original directions by footnotes in Table I. We 
include also in Table I, the results of the analyses 
for nickel, and of the magnetic susceptibility 
determinations. Magnetic susceptibilities were

Wave length, A.
Fig. 1.—Curve III: absorption spectrum of bis-formyl 

camphor nickel in methyl alcohold; curve VII, absorption 
spectrum of bis-formyl camphor ethylenediamine nickel 
in methyl alcohol.

Fig. 2.—Curve I, absorption spectrum of bis-salicylalde­
hyde nickel in pyridine; curve VI, absorption spectrum of 
bis-salicylaldehyde propylenediamine nickel in pyridine.

(4) G ouy, Compt. rend., 109, 935 (1889).
(5) Pauling, loc. cit., pp. 105-100 .
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munications from this Laboratory/ The method 
used in the visible region has already been de­
scribed.6 The results are shown in Figs. 1, 2 and 
curve AB in Fig. 3.

8000 7000 6000 5000 4000
Wave lengths, A.

Fig. 3.—Bis-formyl camphor ethylenediamine nickel: 
AB, observed absorption spectrum; AC, calculated ab­
sorption band; DD', observed rotatory dispersion7; EE', 
calculated rotatory dispersion; FF', residual rotatory dis­
persion.

Analysis of Rotatory Dispersion and Absorp­
tion Spectra.—Our third method of investigation 
was described in detail in a recent communication^ 
from this Laboratory. This method has now 
been applied to compound VII. The experi­
mental rotatory dispersion curve is drawn from 
Pfeiffer’s-̂  data. The absorption spectrum in both 
the visible and ultraviolet regions is here shown 
for the first time.7 The results of the analysis 
are shown in Fig. 3 and in Tables II, III and IV.

T a b l e  II
C a l c u l a t e d  P o i n t s  f o r  t h e  T h e o r e t i c a l  A b s o r p t io n  
B a n d  o f  B i s -f o r m y l c a m p iio r -e t h y l e n e d i a m i n e - n i c k e l

(Logio €)m ax. =  2.13 at 6250 A.; 0 =  654.55 A.
X Logio e X Logio e

6250 2.13 6750 5750 1 . 8 8

6300 6200 2 . 1 2 7000 5500 1.56
6400 6100 2 . 1 1 7250 5250 1 . 1 2

6500 6000 2 .07 7500 5000 0.55

Discussion
Mellor and Craig6 have suggested a useful

classification of nickel compounds according 
merely to the four atoms joined to the nickel.

(6) French and Lowry, Proc. Roy. Soc. (L ondon), 106A, 511 (1924).
(7) M ills and  M ellor, T h is  J o u r n a l , 64, 181 (1942), m ention a 

general m axim um  lo r such com pounds a t  385 txip. h u t give no fu rther 
detail#*

T a b l e  III
C a l c u l a t e d  P o i n t s  f o r  t h e  R o t a t o r y  D i s p e r s i o n  
G o v e r n e d  b y  t h e  A b s o r p t i o n  B a n d  a t  6250 A. o f  B i s - 

f o r m y l c a m p h o r - e t h y l e n e d i a m i n e -n i c k e l
X [M ] X [M ]

6900 1485 5750 -1576
6750 1520 5600 -1659
6600 1293 5500 -1621
6400 702 5300 -1414
6250 0 5150 -1227
6100 -  579 5000 -1056
5900 — 1284

T a b l e  IV
C a l c u l a t e d  P o i n t s  f o r  t h e  R e s i d u a l  R o t a t o r y  D i s p e r ­

s io n  o f  B i s -f o r m y l c a m p h o r - e t h y l e n e d i a m i n e - n i c k e l
[M] X 1 /[M ] X2

-  480 6800 20.83 X 10-4 46.24 X 106
520 6600 19.23 43.55
550 6400 18.18 40.97
600 6200 16.66 38.49
620 6000 16.13 36.00
650 5800 15.40 33.64
720 5600 12.90 31.37
840 5500 11.90 30.25

1090 5400 9.18 29.16
1350 5300 7.41 28.09
1640 5200 6 .1 0 27.04
1960 5000 5.10 25.00

We believe that it will be necessary in any final 
interpretation to subdivide these classes according 
to the chelate rings involved, as suggested by 
Diehl8 or by Pfeiffer.9 Our compounds I, II and 
III fall under Mellor and Craig’s class A, in 
which nickel is joined to four oxygen atoms. 
Table I shows paramagnetic susceptibility for all 
three compounds, corresponding to two unpaired 
electrons and tetrahedral configuration. So far 
as we know, all class A compounds studied by 
other investigators are also paramagnetic. Class 
B includes compounds in which nickel is joined to 
two oxygen and two nitrogen atoms and it is in 
such compounds that previous investigators have 
failed to find any uniformity in magnetic sus­
ceptibility. Our compounds IV, V, VI and VII 
fall in this class. Table I shows diamagnetic sus­
ceptibility for all four compounds, corresponding 
to no unpaired electrons and square co-planar 
configuration. Compound VII offers the in­
teresting peculiarity, however, that it is diamag­
netic in the solid state, but paramagnetic in 
methyl alcohol solution. This peculiarity will be 
discussed later. Class C includes compounds in 
which nickel is joined to four nitrogen atoms. 
Table I shows our compounds VIII and IX in this

(8) Diehl, Chem. Rev., 21, 39-42 (1937).
(9) Pfeiffer, %. angew. Chem., §3, 93-98 (1940).
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class to be diamagnetic, and this fact is in accord 
with the results of other investigators for com­
pounds in class C.

The absorption spectra studies have thus far 
been applied to too limited a number of com­
pounds for reliable generalizations. In the four 
curves shown here it may be noted that the 
change of two oxygen atoms to two nitrogen atoms 
in otherwise similar nickel complexes has in each 
case (1) increased the number of absorption 
maxima, (2) moved the ultraviolet maxima to 
longer wave lengths, and (3) moved the visible 
maximum to shorter wave lengths. The last two 
effects result in the long-wave length bands 
approaching each other so closely that one may 
become merely a step-out in the nitrogen-contain­
ing complex. It must remain for further investi­
gation to prove whether many absorption bands, 
including one poorly defined step-out, are always 
characteristic of diamagnetic, square co-planar 
nickel complexes, and whether such a phenomenon 
may serve as one criterion for configuration. In­
cidentally, it should be added that the substitution 
of nitrogen for oxygen in metallic coördination 
compounds frequently moves the visible absorp­
tion band characteristic of the metal to shorter 
wave lengths,10 and also that the formation of a 
Schiff base from an ortho (or para) hydroxy alde­
hyde or ketone causes an additional band to 
appear in the absorption spectrum.11 In general, 
the color in the solid state of the nitrogen-con­
taining compounds of class B is reddish or yellow­
ish, while that of the paramagnetic compounds of 
class A is green or blue.7 The few exceptions to 
this statement thus far found emphasize the 
necessity for the complete absorption spectra 
investigations, which alone can show the responsi­
bility for the apparent color being borne by the 
usual two nickel absorption bands.12

An earlier paper** from this Laboratory has al­
ready shown by the method of rotatory dispersion 
analysis that the nickel center in compound III 
(class A) has the tetrahedral configuration. The 
argument was there based on the fact that the 
rotatory dispersion of the molecule was governed 
almost entirely by the absorption band of the

(10) F rench  an d  Low ry, Proc, Roy. Soc. (London), 106, 502 
(1924).

(11) T his conclusion is d raw n from  a  s tu d y  of th e  absorption  
spectra  of Schiff bases from  V arga, M agyar Chem. Folyoirat, 45, 83 
(1939).

(12) D a tta  an d  D eb, P hil. M ag., 20, 1121 (1935); Backstrom , 
Arkiv. K em i, M ineral. Geol., 13A, No. 24, 16 (1940); Bhagw at, J . 
Ind ian  Chem. Soc.t 17, 53 (1940).

nickel center, and that only the tetrahedral 
nickel configuration could result in optical activ­
ity. The conclusion was confirmed by finding 
the compound strongly paramagnetic.

This method has now been applied to compound 
VII (class B). We find that a logical analysis of 
the rotatory dispersion (Fig. 3) is given by 
attributing a considerable degree of optical 
activity to the absorption band at 6250 A., due to 
the nickel center of the molecule. Only by such 
an assumption is a curve of residual rotation ob­
tained with no inflection within that absorption 
band. We have already noted that this com­
pound is paramagnetic in methyl alcohol solution, 
and this fact confirms the conclusion from the 
rotational dispersion and absorption spectrum. 
Yet, in the solid state it is diamagnetic. Mellor 
and Craig& suggest two conditions for paramag­
netism in class B : first, that the oxygen atom 
joined to the nickel was not previously an hydroxyl 
oxygen; second, that even if the oxygen atom was 
previously an hydroxyl oxygen (as in their bis-8- 
hydroxy-quinoline nickel and presumably in our 
tautomeric compound) steric effects function to 
force the bonds out of coplanar positions. Porter13 
similarly explains the unexpected paramagnetism 
of the nickel complex of 3,3',5,5'-tetramethyl- 
pyrromethane-4,4'-dicarboxylate by steric inter­
ference of the substituted groups. Pfeiffer9 states 
that only a slight displacement of the four bonds 
out of the plane is enough to give asymmetry of 
the metallic center. In our bis-formyl camphor 
ethylenediamine nickel the oxygen atoms joined to 
the nickel were at least in an enolic hydroxyl 
group, so that diamagnetism would be expected. 
The presence of the ethylenediamine ring would 
tend to preserve the coplanarity of the molecule 
rather than force the bonds toward the tetrahedral 
configuration. A determining factor working in 
the opposite direction, however, is the presence of 
asymmetric centers in the camphor rings. That 
such an asymmetric center induces asymmetry in 
the carbonyl group of camphor was shown by Kuhn 
and Gore14 and is explained by Kuhn’s15 vicinal 
effect. Such induction might easily go further, 
after rendering the aldimine bonds asymmetric and 
cause sufficient strain at the nickel center for the 
slight “twist” necessary for asymmetry (and ion­
ization ultimately). Such “twist” might not oc­
cur in the solid state (hence diamagnetism) but

(13) P o rter, J .  Chem. Soc., 368 (1938).
(14) K u h n  and  Gore, Z. physik. Chem., 12, 389 (1931).
(15) K u h n  an d  B raun, ibid., 8, 281 (1930).
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might be made possible under the influence of the 
solvent methyl alcohol. The fact that the change 
is not complete but that an equilibrium exists in 
methyl alcohol is indicated both (1) by the low 
value of the magnetic susceptibility and (2) by 
the effect of dilution on the absorption spectrum, 
especially in the region governed by the nickel 
aldimine complex band (step-out) at about 4500 A.

We might go further and suggest that this 
equilibrium in methyl alcohol solution consists of 
approximately one-third of the paramagnetic 
form and two-thirds of the diamagnetic form of 
the molecules, since the observed value of the 
magnetic susceptibility is approximately one-third 
as great as the value to be expected for a para­
magnetic compound of this type.

Confirmation of the interpretation just given 
for our results comes from further consideration 
of the curve for residual rotatory dispersion. 
When the values of 1/M  are plotted against X1 2 
for this curve, the points do not yet lie on a 
straight line, showing that at least two other 
absorption bands are optically active. It is 
possible, but not advisable without further experi­
mental data, to analyze further the residual curve 
into two others, one governed by the band at 
4500, due probably to the nickel aldimine complex, 
and the second by the far distant band of the 
camphor radical itself.

Summary
New data are presented on the visible and 

ultraviolet absorption spectrum of the nickel 
complex of formylcamphor-ethylenediamine and 
on its magnetic susceptibility in the solid state 
and in methyl alcohol solution. From an analysis 
of the relation between its rotatory dispersion and 
its absorption spectrum, and from the magnetic 
susceptibilities, the conclusion is drawn that the 
configuration of the nickel complex is square 
coplanar in the solid state, but strained and 
twisted under the influence of the asymmetric 
camphor to such an extent that the nickel center 
in methyl alcohol solution also is asymmetric and 
tends toward the tetrahedral configuration. New 
data are also presented for the magnetic suscep­
tibilities of five other organic coordination com­
pounds of nickel: with 0-hydroxyacetophenone,
0-hydroxyacetophenone imine, salicylic aldehyde 
propylenediamine, 0-amino-benzalimine, and
0-aminobenzaldehyde phenylenediamine. New 
data are given for the absorption spectra in the 
visible and ultraviolet of bis-salicylaldehyde 
nickel and bis-salicylaldehyde-propylenediamine- 
nickel. Tentative conclusions are drawn con­
cerning the difference in absorption spectra of 
paramagnetic and diamagnetic compounds of the 
types studied.
W e l l e s l e y , M a s s . R e c e i v e d  M a r c h  27, 1942

[C o n t r i b u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m i s t r y , C o l u m b ia  U n i v e r s i t y ]

Rate and Mechanism in the Reactions of f-Butyl Nitrate and of Benzyl Nitrate with
Water and with Hydroxyl Ion1

B y Glennard R. Lucas and Louis P. H ammett

We have investigated kinetically the reactions 
with water and hydroxyl ion of two alkyl nitrates 
which illustrate the two kinds of reactions other 
than hydrolysis which such substances undergo 
in the presence of water.2

In the case of tertiary butyl nitrate the only 
reactions are the two solvolytic ones producing 
alcohol (A) and olefin (B).

hC4H9ON02 +  2H20  — ^ C4H9OH 4- H30+ 4- N03“

* (A) 
c4h „o n o 2 +  H20  - A  C4H8 +  h 3o+ +  n o 3-  (B)

(1) D issertation  subm itted  by G lennard  R alp h  Lucas in partia l 
fulfilm ent of th e  requ irem ents of th e  degree of D octor of Philosophy 
in  th e  F acu lty  of P u re  Science, Colum bia U niversity .

(2) K lason and  C arlson, Ber., 39, 2752 (1906); 40, 4183 (1907); 
C arlson, ibid., 40, 4191 (1907).

In the case of benzyl nitrate no olefin is pro­
duced but the solvolysis to benzyl alcohol and nitric 
acid (C) is accompanied by a likewise first order 
formation of benzaldehyde and nitrous acid (D). 

k 3
C6H5CH2ON02 4- 2H20  — V  C6H5CH2OH +

h 3o+ 4- NOr (C)
k 4

c6h 5c h 2o n o 2----- C6HbCHO 4- HN02 (D)
(H20)

These first order reactions are accompanied by 
second order reactions with hydroxyl ion leading 
to the same products.

h
C6H6CH20N02 4- OH~ — ^ C6H6CH2OH 4- N 03~ (E)

kg
C6H6CH20N 0 2 4- OH- — ^ GeHgCHO 4" HaO +  NOr

(F>
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Experimental
Apparatus.—Only calibrated weights and volumetric 

apparatus were used. The temperatures were determined 
by thermometers calibrated by the Bureau of Stand­
ards. The thermostats used at 25 and 50° were of the 
conventional type; that employed at 0.3 and 10° was the 
one previously described.3 The timing of the very fast 
runs was done with an A. R. & J. E. Meylan one-fifth sec­
ond split timer.

Tertiary Butyl Nitrate.—Following the procedure of 
Michael and Carlson,4 /-butyl nitrate was prepared from 
tertiary butyl alcohol (Eastman Kodak Co. best grade) and 
98.6% nitric acid. The product was separated by distilla­
tion under vacuum through a 20-in. jacketed column with 
reflux ratio kept high by means of a cold-tip finger con­
denser; b. p. 22-23° at 4 mm. The last traces of methylene 
chloride and nitric acid were removed by repeated partial 
crystallization without solvent. The crystals were allowed 
to form slowly until approximately three-fourths was 
crystallized and the remaining liquid removed through a 
sintered glass filter. The degree of purity was tested in 
an air-jacketed test-tube cooled by solid carbon dioxide at 
a rate of one degree per minute. The material accepted as 
pure gave a constant freezing point out to half crystalliza­
tion, was colorless and free from acid; m. p. —34 to —35°. 
Titration of the acid formed on complete hydrolysis indi­
cated 99.9% purity. For further test 5.00 g. of the /-butyl 
nitrate was added to 8.0 g. of dimethylaniline and warmed. 
The nitrate salt which crystallized on cooling was washed 
free of dimethylaniline with dry ether, yielding 7.21 g.; 
calcd. 7.23; m. p. 82-83°.

In some preparations the ester was colorless but not free 
from acid after the above recrystallization procedure. Rate 
measurements on this ester agree within experimental error 
with those made on the pure material when allowance is made 
for the effect of electrolyte. The purified ester was sealed 
in amber ampoules and kept frozen in dry-ice until used.

Benzyl Nitrate.—Following the procedure of Nef,5 
benzyl nitrate was prepared from powdered silver nitrate 
and benzyl chloride (Mallinckrodt Analytical grade) in 
dry ether. For complete conversion it was found desir­
able to add fresh silver nitrate from time to time. After 
twenty hours at room temperature the ether was distilled 
off and the product held at 70-75° for five hours. After 
cooling, the liquid was decanted and the residue extracted 
with ether and dried over calcium chloride. Fresh silver 
nitrate was added to the filtered ether solution, the ether 
removed and the benzyl nitrate distilled directly from silver 
nitrate. The main fraction (b. p. 72.5-73.5° at 4-5 mm.) 
was found by refluxing with alcoholic silver nitrate to be 
chloride free, w25d 1.5180. Redistillation gave fractions 
with the same constant refractive index. Anal. Calcd. 
for C7H7NO3: C, 54.9; H, 4.61. Found: C, 55.2; H, 
4.63. The purified ester was kept in a dark bottle in a 
desiccator over phosphorus pentoxide.

Other Materials.—1,4-Dioxane (Carbide and Carbon 
Chemical Co.) was purified in 3-4 liter quantities as 
described by Beste and Hammett.6

(3) Price and H am m ett, T h is  J o u r n a l , 63, 2389 (1941).
(4) Michael and Carlson, ib id .,  67, 1268 (1935).
(5) Nef, A n n . ,  309, 171 (1899).
(6) Beste and H am m ett, This J ournal, 62, 2481 (1940).

Sodium perchlorate solution was prepared from Mallin­
ckrodt A. C. S. grade perchloric acid 99.8% neutralized 
with carbon dioxide-free sodium hydroxide solution. 
Tests on this solution showed no detectable traces of chlo­
ride. The perchloric acid solution that was added to runs 
was made from the same stock acid.

The potassium bromide and potassium bromate used for 
the olefin determination and the potassium nitrate and 
lithium nitrate used in the runs were A. C. S. grade, re­
crystallized from water and dried over phosphorus pent­
oxide. Anhydrous lithium nitrate is so hygroscopic that 
the concentration was probably lower than that indicated 
because of water absorbed in the weighing process.

The primary standard for titration was Bureau of Stand­
ards acid potassium phthalate.

Method.—The solvent in all kinetic experiments was a 
mixture of dioxane and water in the proportions indicated; 
that is, in an experiment in “60% dioxane” the proportions 
of dioxane and water were 60 to 40 by weight. In the case of 
experiments containing sodium hydroxide, sodium perchlo­
rate or perchloric acid, these solutes were introduced as solu­
tions at the time the solvent was prepared, and correction 
was made for the amount of water displaced by these sol­
utes. All other solutes were weighed out and added directly.

In starting experiments the reaction bottle with all 
solutes except the ester was placed in the thermostat to 
reach temperature equilibrium. In the case of /-butyl 
nitrate, the ester was then removed from the dewar where 
it was stored, allowed to melt and the approximate 
amount transferred by means of a graduated pipet, the 
bottle was shaken and the initial time taken. The exact 
initial ester concentration was determined by delivering 
duplicate samples into 40% dioxane at room temperature. 
The hydrolysis in this medium is complete in a few min­
utes and the total ester concentration was found by titra­
tion of the acid produced. Samples for analysis were 
withdrawn at convenient intervals using a 5-ml. pipet and 
delivered into cold dioxane of such volume that in the fol­
lowing titration the dioxane composition always exceeded 
80%. In the runs at 0 and 10° the pipet was kept in a 
well in the thermostat between samples.

In the case of benzyl nitrate, after the mixture had 
reached temperature equilibrium in the thermostat, the 
ester was weighed in and the initial time taken. At con­
venient intervals 10-ml. samples were withdrawn for 
analysis. In the runs at 50° the dried pipet, initially at 
room temperature, delivered reproducible volumes of the 
reaction solution if the sampling was done rapidly. The 
water reaction was arrested by pipetting the samples into 
dioxane at room temperature. The hydroxide reaction 
was stopped by pipetting the samples into an excess of 
standard nitric acid and dioxane. To reduce further reac­
tion to a negligible level and to prevent the unreacted 
benzyl nitrate from separating, the dioxane was kept above 
50% in the titrating flask. In the solvolytic runs where the 
percentage benzaldehyde was determined the solvent con­
taining all solutes except the ester was cooled to ice tem­
perature, the ester added and portions of this reaction 
mixture were placed in 10-ml. ampoules. After freezing 
solid in a dry-ice bath the ampoules were evacuated and 
sealed. The initial time was taken when the ampoules 
were placed in the thermostat.
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Isobutene was determined by a modification of the 
method of Lucas and Eberz7 using a standard bromide-bro- 
mate solution to liberate bromine and back-titrating with 
thiosulfate after conversion to iodine. The sample was 
delivered into glass-stoppered iodine flasks containing a 
five-fold excess of the neutral bromide-bromate solution; 
5 ml. of 6 N  sulfuric acid was quickly added and the walls 
washed down with 15 ml. of water. After tightly stopper­
ing, the flask was kept in the dark and shaken frequently 
for five minutes. The flask was then chilled under running 
water and saturated, freshly-prepared potassium iodide 
solution was allowed to be sucked in by carefully lifting the 
stopper slightly. When a few cc. had been admitted, the 
stopper was replaced and the flask thoroughly shaken. 
The stopper was washed free of iodine and removed, and 
the excess iodine was titrated with thiosulfate. The blank 
depends slightly on the volume of dioxane in the sample and 
is reproducible. A correction must be made for the olefin 
produced by the nearly instantaneous hydrolysis of the 
unreacted /-butyl nitrate. Using the above procedure 
with /-butyl nitrate in 100% dioxane, four blank experi­
ments showed that 2.99 =*=0.01% of the ester was converted 
to isobutene durings its rapid hydrolysis.

Benzaldehyde was determined by the method of Eitel 
and Lock,8 by producing the 2,4-dinitrophenylhydrazone 
of benzaldehyde and determining it gravimetrically. For 
small samples drying to constant weight in a vacuum desic­
cator over phosphorus pentoxide was found more satis­
factory than heating in the oven. To prevent the separa­
tion of unreacted benzyl nitrate the samples of solution 
tested had to be kept small. Somewhat larger samples 
could be added where the precipitating medium for the 
hydrazone was 50% cold alcohol. The two methods gave 
consistent results when used in the runs or with standard 
solutions of benzaldehyde to which benzyl nitrate had been 
added.

In following the acid production, phenolphthalein is 
unsatisfactory where much dioxane is present. Brom 
cresol purple gave a sharp end-point in media containing 
about 50% dioxane and was consequently used in titrations 
of the benzyl nitrate runs. Brom phenol blue gave a very 
sharp end-point in 80-90% dioxane and was used in the /- 
butyl nitrate runs.

Rate Calculations.—The following abbrevia­
tions will be used in this section: a is the initial 
concentration of tertiary butyl nitrate, b initial 
concentration of hydroxide, c initial concentra­
tion of benzyl nitrate, x concentration of acid 
produced at time /, t time in seconds. The /-butyl 
group will be written Bu, the benzyl group Bz and 
the phenyl group Ph.

Data for the water reactions (A) and (B) were 
calculated according to the equation In a/(a — 
x) =  kt where k =  fa +  k2\ a =  [H+]a> or 
{[H]+co -  [H+],}0 in the cases where [H+]0 ^ 0 and 
(a — x) =  [H+]co — [H+L. The slope of the 
plot of In (a — x) against t increases slightly

(7) Lucas and Eberz, ibid., 56, 461 (1934).
(8) Eitel and Lock, Monatsh., 78, 385 (1939).

during the course of a given experiment. For 
purposes of comparison the initial value of k 
was obtained from the empirical equation —In 
(a — x) =  —In a +  (k)0t +  K t2; the 
coefficients of this equation were calculated by 
the method of averages,9 whereby adjacent ex­
perimental points were used to obtain each of 
the three simultaneous equations. The values of 
k\ and k% were established by determination of 
the per cent, olefin produced.

In the runs in the presence of sodium chloride 
and sodium toluenesulfonate the curve follows too 
complicated a course to be satisfied by this three 
constant equation. This is probably because the 
nitrate ester is gradually being replaced by chlo­
ride or toluenesulfonate ester which have slower 
rates of hydrolysis. Here the initial rates were de­
termined by means of graphical differentiation.

Data for the water reactions of benzyl nitrate 
(C) and (D) were calculated according to the equa­
tion In cj(c — x) =  k't where k' =  kz +  k±. Here 
again the plot of In (c — x) against time gave an 
increasing slope and the initial value was found 
by the method of averages. The respective values 
of kz and k\ were established by determination of 
the per cent, benzaldehyde produced.

In the presence of hydroxyl ion we are con­
cerned with reactions (C), (D), (E) and (F). The 
rate of disappearance of nitrate ester is given by
-  d[BzN03]/d/ -  &3[BzN0 3] +  MBzNQa] +

JWBzNO«][OH-] -F iWBzNOa][OH“ ] (D
which may be written
-  d[BzN03]/d/ = &'[BzN0 3] +  ^"[BzN03][OH-] (2) 
where

k' = kz +  h  and (3)
k w = h  +  h  (4)

The above equation is best solved by writing in 
the form

-  d[BzN03]/d/ = ^'"[BzN 03][OH“ ] (5)
where

k ’" = k n  +  (£ '/[OH-]) (6)
The value of ktn may be obtained by a plot of 

c ~ l ln l  „ T against time. The method of av­
erages is again used to determine the initial value 
of the slope. The value of (&")o may then be 
evaluated from equation (6) using the (fe')o in­
dependently determined from hydrolysis measure­
ments. Some uncertainty exists concerning the 
value of (fe')o to be used. Those independently

(9) Daniels, “ M athem atical Preparation for Physical Chemistry/*
M eG raw  HIM Book Co.» Xnc„ N ew  York» N . Y „ 1928, p. 286.
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measured were of necessity obtained in the ab­
sence of hydroxyl ion. The data on /-butyl ni­
trate indicated that a solvolysis reaction may 
proceed more slowly in the presence of hydroxyl 
ion than in the solvent alone and at a much 
slower rate than in the presence of a correspond­
ing concentration of sodium perchlorate. The 
rate constants were therefore evaluated on the 
assumption that (& ')o  is not changed by the 
addition of sodium hydroxide.

Examination of these four equations shows 
that the rate of benzaldehyde production is given 
by

d[PhCHO]/d7 =  MBzNOs] +  £„[BzN03][OH“ ] (7)
and combining equations (5) and (7), we obtain
Fraction PhCHO __ &4PBZNO3] +  fcetBzNChHOH"] 
formed in reaction ^'"[BzNOaJfOH- ]

(8)
Solving for k&

h  -  k " ' x (fraction PhCHO) -  (^/[OH"]) (9)
and using this value of kt we obtain kb

h  =  k* -  h  (10)

Errors.—Since the results of this research are 
based on the determination of initial slopes of 
curves, it is difficult to estimate the precision with 
which specific rates are known. In general it in­
volves a consideration of duplicate experiments 
and of the deviation of the individual points of the 
run from the empirical equation which best fits 
the data. Careful examination of the data indi­
cates a probable error of 1.5% in (&)0 and (kf)0 
each of which is the sum of two solvolytic reac­
tions. The percentage of olefin produced is the 
average of two or three independent determina­
tions and the precision varies from 1 part in 50 
to 1 part in 400 as the proportion of olefin increases. 
Consequently the precision of the constant k% 
varies in the same way. The error in k\ will be 
about the same as that in k. The reported per­
centage of benzaldehyde is also the average of 
two or more determinations and the precision 
varies from 1 part in 5 to 1 part in 60 according 
to the proportion of benzaldehyde. The initial 
specific rate constants ( & " ') o  in the hydroxide re­
action have a probable error of 2.0 to 2.5% but the 
lack of precision in the benzaldehyde determina­
tion increases the probable error of (&6)0 and 
(ki)o to 3-5%.

Sample Data.—For the sake of uniformity the 
constants reported in the tables of results are those
at the initial time. It is, however, of some im­

portance to indicate how the specific rate changes 
during the course of a reaction; a skeleton record 
is therefore given for a typical experiment on each 
of the reactions studied (Tables I, II and III).

In Table I the values of k were calculated from 
the empirical equation 
-  In (a -  x) = 2.3497 +  (3.335 X 10~6)/ +

(8.92 X 1CT11)/2

This equation was obtained from the experimental 
points of Table I by grouping the first three, the 
second three and the last three to obtain three 
simultaneous equations according to the method 
of averages mentioned above. For the olefin 
determination the ester concentration was found 
by solving the above equation for {a — x) at the 
given time. Applying the correction for the ole­
fin produced by the unreacted butyl nitrate, the 
percentage of x, or moles reacted, going to olefin is 
determined. The isobutene concentration given 
in quotation marks is the indicated olefin concen­
tration from the thiosulfate titer, before the cor­
rection is made.

T a b l e  I

T y p ic a l  E x p e r im e n t a l  R e c o r d  f o r  t h e  W a t e r  R e a c ­
t io n  o f  / - B u t y l  N i t r a t e , T i m e  i n  S e c o n d s  

Expt. 63: 85% dioxane at 25°; initial concn. BUNO3 *  
0.09543

t ,  sec.
Acid
titer® [HaO+] -ln lB u N O s ]  i(AO X 106

0 0.00490 2.3497 3.335
300 1 .1 1 .00589 2.3601 3.340

4080 3.24 .01719 2.4876 3.40/
5640 4.04 .02144 2.5400 3.435
7680 5.05 .02680 2.6104 3.472

10140 6.20 .03290 2.6970 3.515
11580 6.84 .03629 2.7487 3.542
16920 8.96 .04754 2.9419 3.637
19860 10.00 .05306 3.0523 3.688
25260 11.59 .06123 3.2420 3.785

/» sec. X

T hio­
sulfate-
titerfe “ [C4H 8]” [C4H 8]

%
Olefin

26400 0.05828 2.38 0.01012 0.00901 15.46
28260 .06080 2.39 01017 .00913 15.02

623000 .09543 3.49 01484 .01484 15.53
Av. 15.35

B In ml. of 0.02652 N  NaOH per 4.998 ml. sample.
6 In ml. of 0.04251 M  Na2S203 per 4.998 ml. sample.

In Table II the values of (kr) were calculated 
from the empirical equation 
-  In (c -  x) -  2.2562 4- (1.57i X 10~6) t +

(2.16 X10~13)/2.

This equation was obtained like the one for Table 
I by grouping the points in threes to make three 
simultaneous equations. The amount of benzak
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dehyde was determined gravimetrically in the way 
indicated and converted to molar concentration 
of aldehyde.

T a b l e  II
T y p ic a l  E x p e r i m e n t a l  R e c o r d  f o r  t h e  W a t e r  
R e a c t io n  o f  B e n z y l  N it r a t e , T im e  i n  S e c o n d s

Expt. 151: 60% dioxane at 50°; initial concn. BzN03 = 
0.10530.

t ,  sec. Acid t i te ra [H3o +] In [BzNOs] (*') X 108

0 0 0 2.2562 1.571
10872 0.86 0.00227 2.2731 1.576
52524 3.36 .00887 2.3393 1.594
77436 4.79 .01264 2.3793 I .6O4

104184 6.28 .01658 2.4226 1.616
143712 8.35 .02204 2.4862 1.633
169200 9.64 .02545 2.5280 1.644
229608 12.50 .03300 2.6273 1.67o
256320 13.75 .03629 2.6740 1.682

t ,  sec. X

2,4-D initro- 
phenyl- 

hydrazone,6 g. [PhCH O ] %  PhC H O

400068 0.05131 0.0098 0.003351 6.5
582912 .06633 .0116 .003966 6 .0

Av. 6.25

a In ml. of 0.02652 N  NaOH per 10.047 ml. sample. 
5 From 10.222 ml. sample.

In Table III the values of (&"') were calculated 
from the empirical equation

5-L -  in = 10.959+ (4.69s X
u C C _ %

10“4)* +  (3.97 X 10“»)/*

This equation was obtained from the experimental 
points by grouping as before. The value of x was 
obtained from this equation for the calculation of 
the per cent, benzaldehyde produced. While in this

experiment the percentage converted to benzal- 
dehyde appears to increase slightly during the 
course of the reaction, this effect was not repro­
ducible and in calculation of (fa) and (fa) by 
equations (9) and (10) the average value was 
used.

Results
Data for tertiary butyl nitrate solvolysis in the 

presence and in the absence of various salts are 
given in Tables IV and V, the data being sub­
divided according to the medium and tempera­
ture indicated. In the experiments listed in 
Table IV only the total rate constant (k)0 was 
determined, while in those in Table V (k)0 is di­
vided into (&j)q and (&2)o and the percentage 
olefin produced is indicated. By comparison 
of Table I and Table IV it may be seen that the 
values of k in a given reaction mixture drift up­
ward as the reaction proceeds approximately as 
one would predict from the changing ester concen­
tration and the increasing concentration of ni­
trate ion.

Data for benzyl nitrate solvolysis in 60% di­
oxane at two temperatures are given in Table VI, 
the constants listed being (fe')o the sum in each 
case of (&3)o and (fa)0; in Table VII experiments 
where the percentage benzaldehyde produced was 
determined are listed and the corresponding values 
of (fa)0 and (£4)0 are indicated. In Table VIII 
are listed data showing (fe5)0 and (fa)o for the 
benzyl nitrate-hydroxyl ion reaction.

In Table IX are listed the energies of activation 
of the various reactions.

T a b l e  I I I

T y p ic a l  E x p e r i m e n t a l  R e c o r d  f o r  H y d r o x y l  I o n  R e a c t io n  o f  B e n z y l  N i t r a t e , T im e  i n  S e c o n d s

Expt. 138: 60% dioxane 50°; initial concn. BzN03 = 0.07499; NaOH = 0.10961
t, sec. [O H -] [BzNOa] k ,n  X 10^ k ”  X 104 kt X 104 ki X 104

0 0.10961 0.07499 4.693 4.546 1.594 2.952
804 .10709 .07247 4.757 4.606 1.6 16 2.990

2208 .10194 .06732 4.878 4.719 1.656 3.063
3450 .09727 .06265 4.967 4.799 1.687 3.112
4692 .09373 .05911 5.066 4.891 1.720 3.17l
7530 .08674 .05212 5.291 5.101 1.796 3.305
9876 .08175 .04713 .5.477 5.274 1.858 3.416

11790 ,07768 .04306 5.629 5.415 1.909 3.506
15078 .07248 .03786 5.890 5.659 1.997 3.662
17712 .06770 .03308 6.09 5.851 2.067 3.784

t, sec. x  2 ,4-D initrophenylhydrazone,a g. [P hC H O ] % PhC H O

7608 0.02306 0.0223 0.00776 33.7
17604 .04260 .0426 .01482 34.8

Av. 34.2
From 10.047 ml. sample.



Aug., 1942 R ate and Mechanism in the Reactions of /-Butyl N itrate 1933

T a b l e  IV
I n i t i a l  S p e c i f i c  R a t e s  o f  S o l v o l y s is  o f  T e r t ia r y  

B u t y l  N i t r a t e , T i m e  i n  S e c o n d s

, °c. %  D ioxane 
in  so lven t

In it ia l
conen.
BuNOs

A dded solutes 
concn. mole/1. X 0

25 95 0.12784 h n o 3 0.0230 0.01099
25 95 .11711 h n o 3 .0185 .01140
25 85 .12527 h n o 3 .0159 .3589
25 85 .12410 h n o 3 .0190 .3644
25 75 .13282 HNOs .0136 2.029
25 75 .12966 HNOa .0168 2.033
25 75 .10751 NaCIO, .1109 2.793
25 75 .10688 LiNOs . 1062 2.263
25 75 .10673 KNOs .1060 2.318
25 75 .10530 NaTs .1053 2.217
25 75 .10390 NaCIO* .1111 2.735
25 75 .10351 None 2.017
25 75 .10331 k n o 3 .1060 2.350
25 75 .10246 NaCl .1065 2.214
25 75 .10172 HC104 .1158 2.746
25 75 .10083 NaCl .1064 2.220
25 75 .09834 NaClOc .0840 3.137

NaOH .0280
25 75 .09047 None 2.002
25 60 .14325 h n o 3 .0112 14.18
25 60 .13922 h n o 3 .0080 14.56
25 60 .05111 None 16.53
10 60 .07251 NaOH .1096 2.218
10 60 .06975 NaCIO, .1128 2.712
10 60 .06540 None 2.375
0.3 75 .14937 HNOa .0174 .O6OO3
0.3 60 .14263 h n o 3 .0129 .4889
0.3 60 .13952 h n o 3 .0129 . 4714
0.3 60 .06918 None . 5560
0.3 60 .06818 NaC104 .1133 .6660

thoroughly studied reactions of tertiary butyl 
halides, which likewise lead partly to alcohol 
and partly to olefin.11

Like benzyl chloride in a similar medium6 
benzyl nitrate shows a solvolytic reaction which 
predominates in neutral or acid media and a hy­
droxyl ion displacement which predominates in 
alkaline media. These reactions are accompanied 
by an oxidation-reduction reaction producing 
benzaldehyde which is both solvolytic and hy­
droxyl ion catalyzed.

Our data show that none of these reactions are 
catalyzed by acids in dilute solution.

Salt and Medium Effects.—As has been ob­
served previously with other esters,6'12 the specific 
rates of the solvolytic reactions (A) and (C) de­
crease with increasing concentration of ester. 
Table IV shows the sensitivity of such reactions 
to the composition of the medium, the rate in­
creasing somewhat more than a thousand-fold in 
going from 95% to 60% dioxane, the temperature 
remaining constant. Table X  shows for a 0.1 M  
solution of ester the percentage changes in specific 
rate produced by the addition of various solutes 
in the same concentration.

Similar but even larger effects are observed in 
the second order displacement reaction of benzyl 
nitrate with hydroxyl ion. At 25° (^)o is essen­
tially unaffected by variations in concentration 
of ester and of hydroxyl ion. However, at 50°

T a b l e  V

I n i t i a l  S p e c i f i c  R a t e s  o f  S o l v o l y s is  o f  T e r t ia r y  B u t y l  N i t r a t e , ( k ) 0, (k i ) 0, a n d  (k 2)o , T i m e  i n  S e c o n d s

%  Dioxane In itia l concn. Added solutes
t, ®C. in  so lvent BuNO* concn., m ole/l. (k)* x 10* %  Olefin X 0 Sr X 0

25 95 0.11402 0.1429 44.91 0.0787 0.0642
25 85 .09543 3.335 15.35 2 .8 2 i .512
25 75 .15898 19.27 8 .7 i 17.59 1 .6 8
10 60 .12697 NaOH 0.1069 2 1 .1 6 5.35 20.03 1.13
10 60 .12454 2 1 .8 6 4 .76 20.82 1.04
10 60 .12389 NaC104 .1124 25.77 4 .5o 24.61 1 .1 6
0 .3 60 .12992 5.167 4 .24 4.948 .219
0.3 60 .12598 NaC104 .1127 6.168 4 .05 5.918 .250

Discussion (&6)o increases with decreasing concentration of
General.—Like other /-butyl esters10 the either reactant, increasing by 57.0% in going

nitrate ester shows no acceleration of hydrolysis 
by hydroxyl ion except at high concentration of 
dioxane (see Table IV, hydroxide-perchlorate 
solute in 75% dioxane). In 60% dioxane a small 
retardation is produced by sodium hydroxide, the 
occasion for which will be discussed later. In all 
important respects the reaction behaves like the

from the largest ester and hydroxyl ion concen­
tration to the lowest in each. At both tempera­
tures (£5 ) 0  shows an increase with decreasing ester 
concentration and a decrease with decreasing 
hydroxyl ion concentration. Since the ionic 
strength is maintained constant by the introduc­
tion of sodium perchlorate, the change in rate

(10) (a) H ughes, J . Chemi. Soc., 225 (1935); Cooper and Hughes, 
ibid., 1183 (1937).

(11) B atem an, Cooper, H ughes and  Ingold, ibid., 925 (1940).
(12) M e C leary and  H am m ett, T h is  J o u r n a l , 63, 2254 (1941).
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T a b l e  VI
I n i t i a l  S p e c i f i c  R a t e s  o f  S o l v o l y s is  o f  B e n z y l

N itrate in 60% D ioxane, T ime in Seconds
Initial concn. Added solutes

(k')o X 10 6B2 NO3 concn., mole/1.
At 50°

0.14971 1.484
.14913 KNOs 0.1084 1.516
. 14833 NaC104 .1083 1.672
.12078 NaC104 . 1088 1.732
.10043 KNOa .1063 1.627
.09639 1.573
.09507 1.595
.09085 k n o 3 .1090 1.591
.09068 NaC104 .1091 I . 8 6 9

.09050 1.579

.09038 HC104 .1103 1.835

.09038 NaC104 .1080 1 . 8 6 8

.06063 NaC104 .1096 I . 8 8 4

At 25°
.15239 .06675
.13703 NaC104 .1108 .07861
.11079 NaC104 . 1 1 1 0 .07867
.09116 .07072
.06115 NaC104 .1119 .08503

I n i t i a l  S p e c i f i c  R a t e s  o f  S o l v o l y s is  o f  B e n z y l

Energies of Activation.—The Arrhenius ener­
gies of activation appear in Table IX. Those for 
/-butyl nitrate are in excellent agreement with 
those observed in the unimolecular reactions of 
alkyl halides10b which all lie within the range 
22 =*= 2 kcal. The difference between k\ and &2 
is consistent with those observed for unimolecular 
solvolytic reactions of secondary and tertiary 
halides and for alkyl sulfonium ions where the 
increases in the proportion of olefin produced with 
rise of temperature correspond to activation ener­
gies which are larger by about 2-5 kcal. for the 
elimination than for the substitution.13

The energy of activation for the solvolytic re­
action (h )0 of benzyl nitrate is appreciably larger 
than that for benzyl chloride,14 being 24,170 as 
compared to 20,600. The energy of activation for 
the hydroxyl ion displacement (&5)o is even more 
strikingly higher than for the corresponding 
displacement reactions of benzyl chloride; 23,970 
compared with 18,400 for the hydroxyl ion dis-
VII

b (k ' ) ,  (k 3)o a n d  (£ 4)0 i n  6 0 %  D i o x a n e , T i m e  i n  S e c o n d s

Initial concn. 
BzNOs

Added solutes concn., 
mole/1. (k'h X 107

At 25°
% PhCHO (fc3)o X 107 (ki)o X 107

0.15109 NaC104 0.1106 0.7289 7.2 0.6764 0.0525
.13001 .6478 8.6 .5921 .0557
.10402 NaC104 .1113 .7697 

At 50°
8.8 .7020 .0677

.10530 15.7l 6.25 14.73 .98

.07843

.07996
NaC104 .1094 
H2Q .0498

18.55
I6.65

7.4
None

17.18 1.37

.07524 (Solv. aged 2l/% weeks) 15.80 13.5 13.67 2.13

.07115 16.48 7.2 15.29 1.19
T a b l e  VIII

I n i t i a l  S p e c i f i c  R a t e s  o f  t h e  H y d r o x y l  I o n  R e a c t io n  (k'%, (k5)0 a n d  (&6)o o f  B e n z y l  N i t r a t e  i n  6 0 %  D i o x a n e ,

Initial concn. Initial concn. Concn.
T ime in

BzNOa NaOH NaC104 (k"')o X 104

0.16321 0.05374 0.05409
At

3.675
.15721 .10836 3.755
.07962 .05435 .05470 5.093
.07499 .10961 4.693

.14802 .05505 .05540
At

0.2983
.14776 .11096 .3133
.07850 .05556 .05592 .3064
.07835 .11202 .3389
.07880 .11161 (aged)0 .4144
.07764 .11104 H2Q »  .0500 .5769

0 Solvent aged 2J/ 2 weeks at 50°.

with hydroxyl ion must be due to the effect of re­
placing perchlorate ions by hydroxyl ions in the 
reaction medium.

Seconds

0X % PhCHO (k6)o X 104 (k6)o X 104

3.403 42.5 1.855 1.548
3.620 33.6 2.365 1.255
4.798 39.0 2.834 1.964
4.546 34.2 2.952 1.594

0.2870 67.8 0.0858 0.2012
.3077 67.5 .0967 .2110
.2935 65.0 .0955 .1980
.3325 58.0 .1365 .I960
.4080 53.6 .I 865 .2215
.5704 None

(13) For a comprehensive review and references, see Hughes and 
Ingold, Trans. Faraday Soc., 657 (1941).

(14) (a) Weber, Rec. trav. chim., 53, 869 (1934); (b) Bennet and
Jones, J. Chem. Soc., 1815 (1935).
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T a b l e  I X

E n e r g i e s  o f  A c t iv a t io n  f o r  t h e  V a r io u s  R e a c t io n s  
[E s t e r ] =* 0.100

Spec, ra te  
constan t M edium

Tem p.
range Eact.> cal.

k 7 5 % Dioxane 0.3-25 22,800
k 60% Dioxane 0.3-10 22,870
k 60% Dioxane 10 -25 (22,010)*
h 60% Dioxane 0.3-10 22,810
k i 60% Dioxane 0.3-10 24,730
h 60% Dioxane 25 -50 24,170
k i 60% Dioxane 25 -50 21,570
h 60% Dioxane 25 -50 23,970
h 60% Dioxane 25 -50 14,920

° Less reliable because it involves the constant at 25° 
where the error is probably rather high.

T a b l e  X

P e r c e n t a g e  C h a n g e  i n  S p e c i f i c  S o l v o l y s is  R a t e  o f  
0 .1  M E s t e r  C a u s e d  b y  A d d i t i o n  o f  I n d ic a t e d  S o l u t e s  

a t  0.108 M  C o n c e n t r a t io n

%  D ioxane %  Change in
t, °C. in  so lvent Solute spec, ra te

For BuN 0 3

0.3 60 NaC104 +  19.24
10 60 NaCIO. +  16.48
10 60 NaOH -  4.28
25 75 NaC104 +37.21
25 75 HC104 +36.62
25 75 KN03 +16.12
25 75 NaCl +  10.30
25 75 C7H7S03Na +  10.30

For BzN 0 3

25 60 NaCIO, +  16.38
50 60 NaC104 +15.62
50 60 HCIO4 +  15.51
50 60 KNOs +  2.67

icement of benzyl chloride in 50% acetone14a
and with 18,300 for the iodide ion displacement of 
benzyl chloride in acetone.14b The significance of 
these differences will be discussed under the mech­
anism of the solvolytic reaction.

Kinetics of the Elimination Reaction.—Table 
V gives the proportions of olefin formed in the 
solvolysis of tertiary butyl nitrate in various 
media at various temperatures. These corre­
spond in every way with those observed for terti­
ary butyl halides in water-alcohol media.13 In 
agreement with the /-butyl halides the ratio of 
elimination to the over-all reaction decreases as
the ionizing power of the medium increases and 
increases with increasing temperature. The rate 
constant (&2)o is unchanged by the basicity of the 
reagent (comparison of hydroxyl ion and per­
chlorate ion runs) and has a positive salt effect. 
The latter feature has not heretofore been re­
ported for such reactions and is probably, although

not certainly, beyond experimental error. As in­
dicated in Table IX the increase in per cent, olefin 
with rising temperature leads to a difference in the 
energies of activation of the two competing sol­
volytic reactions of approximately two kilo-calories.

Mechanism of the Solvolytic Reaction.—The 
reaction of an alkyl nitrate with water may be
(1) a displacement of nitrate ion by a water mole­
cule; (2) a true solvolysis, i. e.f an incipient sol­
vation of the anion leading to a rupture of the 
carbon-oxygen bond with more or less transient 
formation of a carbonium ion; (3) a rupture of the 
oxygen-nitrogen bond by a mechanism analogous 
to the hydrolysis of a carboxylic ester.

The great similarity of the solvolysis of /-butyl 
chloride and of /-butyl nitrate, notably the near 
identity of energy of activation and of the ratio of 
olefin to alcohol in the reaction product, strongly 
supports the conclusion of an identity of mecha­
nism. This is, no doubt, the mechanism (2) 
above, the true solvolysis.

On the other hand, the marked difference in 
energies of activation of the reactions of benzyl 
chloride and benzyl nitrate suggests the idea of a 
materially different mechanism. There is much 
reason for expecting the reaction of the chloride 
to partake of both mechanisms (1) and (2), in par­
ticular the fact that a strong hydroxyl ion displace­
ment is observed. Since the rates of reaction of 
nitrate and chloride are nearly the same the en­
tropy of activation must be much greater in the 
nitrate case than in the chloride.

There is evidence that solvolytic reactions of 
halides which show marked hydroxyl ion displace­
ment reactions and which may therefore be ex­
pected to react significantly by mechanism (1) 
are likely to show smaller entropies of activation 
than the reactions of halides which go by mech­
anism (2). Thus benzylidene chloride which 
shows no measurable hydroxyl ion reaction has 
an entropy of activation for the solvolytic reac­
tion greater by 11.2 cal./dg. than that of benzyl 
chloride.14a

It is probably also significant that the entropies 
of activation of substituted benzyl halides may 
differ considerably: thus ^-methylbenzyl chloride 
has an entropy of activation 6.8 cal./dg. greater 
than benzyl chloride while ^-nitrobenzyl chloride 
has an entropy of activation 1.8 cal./dg. lower.15

Kinetics of /-Butyl Nitrate Solvolysis.—The 
large dependence of rate on solvent composition

(15) O liver, Rec. trav. chim., 56, 247 (1937).
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and the characteristic salt effects shown, clearly 
indicate that tertiary butyl nitrate reacts with 
water by a true solvolysis. The striking differ­
ence between the effects of sodium perchlorate or 
perchloric acid on one hand and of potassium ni­
trate, sodium chloride or sodium toluenesulfonate 
on the other parallels those observed in the hy­
drolysis of tertiary butyl halides, various benzhy- 
dryl halides16 and benzyl chloride.6 If the rate 
determining step is the ionization 

R - X — > R + -t -X~

then the rate of reaction will be increased by the 
presence of electrolyte. This effect is observed 
in the case of perchlorate ion. The decrease from 
this rate produced by nitrate, chloride, azide or 
acetate ion has then been interpreted to mean that 
some of the carbonimn ion was diverted to form 
either the original ester (“common ion” effect) or 
a more stable ester.

r + +  x “ — >  RX 
R+ +  OAc“ — >  ROAc

The marked reduction in rate by hydroxyl ion 
which we have observed cannot however be ex­
plained by any such diversion of the carbonium 
ion, because attack by hydroxyl ion produces al­
cohol and would not decrease the rate as meas­
ured by acid production. Such an effect is under­
standable only in terms of a decreased activity 
on the part of one of the reactants, either water or 
butyl nitrate. That the effect is through the 
water, i. e., by way of a varying affinity of the 
different anions for water molecules, is suggested 
by the fact that the order of the various ions is 
approximately that of the Hofmeister series.17

In an effort to establish their effect on the ac­
tivity of the water, the freezing points of 60% 
dioxane containing 0.108 M  concentration of vari­
ous solutes were measured in a standard Beck­
mann freezing point apparatus, the temperature 
indicated being that of disappearance of sharply 
defined crystals of dioxane. That the crystallizing 
phase was dioxane was shown in the case of sol­
vent alone and for the hydroxyl solution by cool­
ing 2-3° below the temperature of first crystals 
and removing the remaining liquid through a 
sintered-glass filter under suction. The crystals 
were melted and distilled free of traces of electro­
lyte, and the composition measured by refractive

(16) B atem an, H ughes and  Ingold, J . Chem. Soc., 960 (1940); 
Church, H ughes and  Ingold, ibid., p. 966; C hurch , Hughes, Ingold 
and  T aher, ibid., p. 971; B atem an, C hurch, H ughes, Ingold and 
T ah er, ibid., p. 979.

(17) Trail be, J . Phys. Chew., 14, 452 (1910).

index. In both cases the liquid contained more 
than 80% dioxane. The temperatures in Table XI 
are average values of four determinations and are 
probably reliable to =±=0.05, that for 60% solvent 
being consistent with data by Hovorka, Schaefer 
and Dreisbach, for that medium. 18

T a b l e  XI
F r e e z in g  T e m p e r a t u r e  D a t a  f o r  60% D io x a n e  C o n ­

t a in in g  0.108 M  C o n c e n t r a t io n s  o f  E l e c t r o l y t e  

NaOH -2 .7 0  KN03 -3 .9 2
NaAc —3.08 Solvent —4.65
NaCl -3 .3 5  NaCIO* -4 .8 0

For this three-component system at equilibrium 
the Gibbs-Duhem relationship must hold 

Nidfxi T  N2dju2 ~i” Nsdns — 0

subscript 1 referring to water, 2 to dioxane and 3 
to the electrolyte to be added, and for constant 
ratio N 1/ N 2 we may write it in the form

Nt ( ^f )  + N̂ (^w) , + N°(inf)  /  =  °\ d N 3/  n J x z  VdiVs/viAva \ d N i /  N x/ m
Since (dfxz/dNs) is positive both (d/zi/d N z) and 
( d ^ / d N s )  might be negative, i .  e.} both ni and ju2 
might decrease with increasing electrolyte con­
centration. If, however, one bracketed term can 
be shown to be positive the other bracketed term 
must be sufficiently negative to maintain the con­
dition that the sum of the three terms is zero. 
Since the freezing temperature of the solution with 
respect to dioxane is raised then the activity of the 
dioxane in the solution must also be raised, the ele­
vation of the freezing point being a measure of the 
relative positive value of (d/x2/ d N z) . In compar­
ing various electrolytes (diiz/dNz)  is approximately 
a constant and (d/u/dN z) must vary inversely 
with (d/n/diV.). Therefore when the added elec­
trolyte tends to raise the activity of the dioxane 
component strongly it must act to lower the ac­
tivity of the water to a corresponding extent.

If the decrease in rate in the presence of hydrox­
ide must be interpreted in terms of such a decrease 
in the water activity, then the effect of chloride, 
acetate and nitrate on the freezing point strongly 
suggests an analogous explanation of their action 
on the rate of the solvolytic reaction. The data 
therefore weaken materially the argument of 
Ingold and Hughes and of Beste and Hammett 
that direct kinetic evidence exists for a car­
bonium ion intermediate in the solvolytic reac­
tion.

(18) H ovorka, Schaefer and  D reisbach, T h is  J ournal , 58, 2264
(1936).
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Kinetics of the Oxidation-Reduction Reaction.
—Table VII gives the proportion of benzalde­
hyde formed in the solvolysis of benzyl nitrate, and 
Table VIII gives the proportion formed in the hy­
droxyl ion reaction.

The two oxidation-reduction reactions which 
lead to benzaldehyde and nitrate appear to have 
the same order as the two hydrolytic ones, al­
though the proportion of benzaldehyde does show 
some small dependence upon the concentration of 
hydroxyl ion. In view of the importance recently 
ascribed to a radical chain mechanism in the Can­
nizzaro reaction19 the experiments using “aged” 
solvent containing large proportions of peroxides 
are of interest. In the first order reaction the 
total rate of reaction of benzyl nitrate was un­
changed, but the proportion of benzaldehyde 
produced was approximately doubled. In the 
reaction with hydroxyl ion the total rate of reac­
tion was materially increased, while the propor­
tion of benzaldehyde decreased slightly if at all.

As was to be expected from the well-known 
behavior of nitroglycerine and nitrocellulose with 
alkaline reducing agents, hydroquinone com­
pletely suppressed the formation of benzaldehyde 
in alkaline medium, A similar suppression of 
aldehyde formation appeared in neutral and acid 
solutions also. In alkaline media hydroquinone 
materially increased the total rate of reaction of 
benzyl nitrate. This suggests some direct attack 
of hydroquinone or of its ions upon the benzyl 
nitrate. No such change in the total rate of reac­
tion was observed in neutral or acid solutions.

At the present stage of our knowledge it would 
seem to be premature to offer any mechanism for 
the oxidation-reduction reaction.

(19) Weiss, Trans. Faraday Soc., 782 (1941).

Summary

The reactions with water and wTith sodium 
hydroxide of /-butyl nitrate and of benzyl nitrate 
have been studied kinetically in various dioxane- 
water mixtures.

The reaction of /-butyl nitrate produces alcohol 
and olefin in proportions similar to those in which 
they are formed from /-butyl halides. Since, fur­
ther, the energies of activation of nitrate and halide 
reactions are nearly identical, an identity of mech­
anism is strongly indicated. No appreciable reac­
tion with hydroxyl ion or catalysis by acids has 
been observed.

Although perchlorate ion accelerates, hydroxyl 
ion retards and other anions have intermediate 
effects which parallel their effects upon the activity 
of water in the medium. This materially weakens 
the direct kinetic argument of Ingold and Hughes 
and of Beste and Hammett for a free carbonium 
ion intermediate in solvolytic reactions.

The solvolysis of benzyl nitrate to benzyl 
alcohol has a much higher energy and entropy of 
activation than the analogous reactions of benzyl 
chloride. This suggests that the reaction of the 
nitrate partakes more largely of a true solvolysis 
rather than a displacement of anion by water 
molecule than does that of the halide. There is a 
pronounced acceleration by hydroxyl ion but 
acids have no effect.

The conversion of benzyl nitrate to benzalde­
hyde and nitrite also shows both a kinetically 
first order reaction of benzyl nitrate and a second 
order reaction with hydroxyl ion. Both are com­
pletely suppressed by the addition of hydro­
quinone.
New Y o r k , N. Y. Received M a y  12, 1942
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The Hydration of Isobutene in Dilute Nitric Acid
B y Glennard R. Lucas

While the rate of hydration of isobutene in 
dilute nitric acid at constant ionic strength is 
strictly first order with respect to isobutene and 
oxonium ion, the specific rate constant divided by 
oxonium ion concentration varies with ionic 
strength by a factor of 2.64 between ionic strengths 
of 0.1 and 2.1 The effect is approx:mately linear 
so that the expression for the rate constant can 
be written in the form

k =  k' [H,0+](1 +  r M)
and the effect is of unexpected magnitude accord­
ing to the Brönsted theory of salt effects.2 Since 
the ionic strength was varied by the addition of 
potassium nitrate it is interesting to consider 
whether the effect can be accounted for in terms of 
the formation of /-butyl nitrate as a transient 
intermediate. We have investigated this possi­
bility in connection with a recent study of /-butyl 
nitrate hydrolysis in water-dioxane mixtures.3

The reaction of an alkyl chloride and mercuric 
nitrate has been thoroughly investigated and the 
lack of correspondence between effects on rate and 
product composition clearly indicates that the 
reaction occurs by way of a carbonium ion inter­
mediate.4 We have therefore examined the reac­
tion between /-butyl chloride and mercuric nitrate 
in various dioxane-water mixtures. We have also 
investigated the effect of the partial substitution 
of dioxane for water on the rate of reaction of 
isobutene in dilute nitric acid solutions and estab­
lished under what conditions /-butyl nitrate is 
found in the reaction product.

Experimental
Materials.—/-Butyl chloride (Eastman Kodak Co. best 

grade) was fractionated, the middle half being taken; 
b. p. 50.9°. C. P. mercuric nitrate was used directly. The 
isobutene was prepared by refluxing /-butyl alcohol (East­
man best grade) with crystallized oxalic acid5 and passed 
through wash bottles containing water and stored over 
water. When used it was passed from the storage bottle 
through a long drying tube containing soda lime and cal­
cium chloride. Reagent grade concentrated nitric acid 
was used in preparing the solutions containing nitric acid. 
The lithium nitrate was A. C. S. grade recrystallized from 
water and dried over phosphorus pentoxide.

(1) H . J . L ucas an d  Eberz, T h is  J o u r n a l , 56, 460 (1934).
(2) B rönsted , Z. physik. Chem., 102, 169 (1922).
(3) G . R . L ucas an d  H am m ett, T h is  J o u r n a l , 64, 1928 (1942).
(4) R o b erts  an d  H am m ett, ibid., 59, 1063 (1937).
(5) H urd  and  Spence, ibid., 61, 2561 (1929).

and Louis P. H ammett

Method.—The method of preparing solutions was that 
followed in the solvolytic studies of /-butyl nitrate.3 The 
/-butyl chloride was sealed and weighed in tared thin glass 
bulbs blown from 6-mm. tubing. The procedure was to 
deliver the approximate amount of the cooled ester into the 
tared bulb through the 6-mm. neck which was 3-4 inches 
long; bulb and contents were cooled to dry-ice temperature 
and the neck sealed quickly in an oxygen flame, preserving 
the portion of the neck which had been sealed off to be 
weighed with the sealed bulb. In starting an experiment 
the reaction bottle containing all the solutes except the 
ester was placed in the thermostat and brought to tempera­
ture equilibrium. The bulb containing the ester was then 
broken beneath the surface and the initial time taken.

With /-butyl chloride Roberts' method of determination 
of the product ratio by determination of both chloride ion 
concentration and acidity4 is unsatisfactory since the 
hydrolysis of /-butyl chloride is appreciable under the con­
ditions of the chloride determination. It was found, how­
ever, that the primary reaction between the /-butyl chlo­
ride and mercuric nitrate producing /-butyl alcohol, /-butyl 
nitrate and isobutene is complete within a small fraction of 
the time required for the subsequent hydrolysis of the /- 
butyl nitrate formed in the reaction. Hence after the pre­
liminary experiments no effort was made to determine the 
initial slopes, samples being taken at the frequencies previ­
ously found satisfactory in the hydrolysis of /-butyl nitrate. 
The reaction was stopped by running a sample into a cold 
solution of 50% alcohol and 50% dioxane, in which medium 
lithium chloride was sufficiently soluble to remove the ex­
cess mercuric ion, and the titration of acidity was carried 
out with standard sodium hydroxide using brom phenol 
blue indicator.

The experiments on the hydration of isobutene were of 
a semi-quantitative nature since we were interested in the 
order of magnitude of the rates of reaction in the various 
media. Into the proper dioxane-water mixture a known 
volume of dry isobutene gas was bubbled, the acid was 
added by pipet and the initial time was noted. The samp­
ling was done by a crude modification of the method of 
Lucas and Ebertz.1 The end of a pipet similar to the one 
they used was passed through a two-hole rubber stopper, 
the other hole containing a short piece of tubing attached 
to an air bulb. At the time of sampling this rubber stopper 
was quickly inserted in place of the ground glass stopper of 
the reaction flask so that the flask was never open for any 
appreciable time. Pumping the bulb forced the liquid 
into the pipet until it overflowed and the isobutene concen­
tration was then determined as previously described.8

The determination of the amount of /-butyl nitrate pro­
duced in the hydration reaction offered some difficulty, 
because the errors in sampling and titration were of the 
order of the difference between the initial acid titer and 
that at the time of measurement. The method finally 
adopted consisted of running the sample into approximately 
100 ml. of cold dioxane, adding the approximate amount of
0.1 N  sodium hydroxide and completing the titration to a
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T a b l e  I

P r o d u c t  C o m p o s i t io n  i n  t h e  R e a c t io n  o f  / -B u t y l  C h l o r id e  a n d  M e r c u r ic  N i t r a t e  i n  D i o x a n e - W a t e r  M i x t u r e s
%  D ioxane ---------- M olar conce n tra tio n  of----------- %  N itra te/, °c. in  so lven t B uCl H g (N 0 3)2 HNOa LiNOa ester %  Olefin

0.3 60 0.0245 0.0255 0.0127 6.9
0.3 60 .0228 .0255 .0126 7.0

25 75 .0429 .0486 .0239 15.5 5.6
25 75 .0423 .0483 .0238 0.1070 25.6 5.4
25 75 .0249 .0256 .0125 15.4
25 75 .0206 .0249 .0125 .0985 2 1 . 8
25 85 .0240 .0250 .0126 2 1 . 6
25 95 .0250 .0275 .0138 38.8
25 95 .0248 .0274 .0138 .0977 58.5

brom phenol blue end-point with 0.025 N  sodium hydroxide. 
The flask was then allowed to warm up and to stand for 
twenty-four to thirty-six hours. During this period the t- 
butyl nitrate hydrolyzes and titration to a new end-point 
gives the amount of nitrate ester.

Rate Calculations.—The specific rate constant 
for the disappearance of isobutene was calculated 
from the first order equation In a/(a — x) =  kt 
where a is the initial concentration of the isobu­
tene and (a — x) is the concentration at time /, 
/ in seconds.

The fraction of the mercuric nitrate-/-butyl 
chloride reaction product which is /-butyl nitrate 
was determined by a plot of In (b — x) against 
time, where b is the initial concentration of /-butyl 
chloride and x is the number of moles reacted as 
determined by titration at time /. That this is 
actually the plot of the hydrolysis of the /-butyl 
nitrate formed in the reaction was established by 
comparing the slope of the curve with curves inde­
pendently determined for /-butyl nitrate. The 
slopes agree within the experimental error. The 
intercept of the plot at zero time, converted to 
molar concentration, was used in calculating the 
per cent, nitrate ester produced. The percentage 
of olefin formed in the primary reaction between 
the /-butyl chloride and mercuric nitrate was esti­
mated from determinations of the isobutene con­
centration at several different times early in the 
run, effort being made not to include any result­
ing from the hydrolysis of the /-butyl nitrate.

Results
Data for the /-butyl chloride-mercuric nitrate 

reaction are given in Table I. The rates of disap­
pearance of isobutene are given in Table II, to­
gether with the amounts of /-butyl nitrate appear­
ing in the reaction product.

T a b l e  II
E f f e c t  o f  D io x a n e  o n  t h e  R a t e  o f  D i s a p p e a r a n c e  o f  
I s o b u t e n e  f r o m  0.1 M  H N 03 a t  25° ( T i m e  i n  S e c o n d s )

Medium k X 10®

Water 39
50% Dioxane 3.3
95% Dioxane 0.14
° In 0.288 N  HNOs.

% N itrate ester 
found in product

None
None

25-30a

is formed, the simplest picture we could give
would be

I 11
ki ^ h

c4h 8 ± h + c4h 9+ ± h 2o C4H9OH +  H+
k-l

III ^ U i s r o r t  fc- 3 k 2 /
*

t  1 /
C4HsN 03 /

IV

In order that the increase in rate of hydration 
of olefin upon the addition of nitrate ion be ex­
plained by the formation of the unstable inter­
mediate, /-butyl nitrate, the following conditions 
must hold

1. Reaction I cannot be the rate determining 
step — kz-

2. To show first order kinetics in respect to iso­
butene an equilibrium concentration of C4H9+ 
must be maintained —k -\ k2.

3. Step IV, another route between /-butyl 
nitrate and alcohol, must be postulated.

The rate of reaction in the absence of nitrate ion 
would then be the relatively slow addition of a 
water molecule; when nitrate ion is present an 
alternate path is possible. The linearity of the 
salt effect on the rate would simply require that 
k2 be unaffected by the addition of nitrate ion. 
Hence

/ W  -  jW [ h 3o+] = k2 +  &3[n o 3-]
Discussion

If we consider the hydration of olefins in dilute 
nitric acid under conditions where /-butyl nitrate

from which &H3o+ would be a linear function of the 
nitrate ion concentration.

Such a theory though plausible is in conflict



1940 Glennard R. Lucas and Louis P. H ammett Vol. 64

with certain experimental facts. The reaction of 
/-butyl chloride with mercuric nitrate, by analogy 
with the corresponding benzyl chloride system, 
must occur by way of a carbonium ion. If k-i ^> k2 
then the ratio of olefin to alcohol should be very 
large. Actually in 75% dioxane the respective 
percentages of olefin, nitrate and alcohol are shown 
in Table I to be approximately 5:15:80 where the 
nitrate ion concentration is 0.014 and 5:25:70 
where the nitrate ion concentration is 0.130.

Furthermore the effect of dioxane on the rate of 
disappearance of olefin seems to be inconsistent 
with any mechanism involving the combination 
of isobutene, oxonium ion and nitrate ion to give 
/-butyl nitrate since the rate of such a reaction 
should be affected by a change in the medium 
in the same way as is the equilibrium constant of 
the formation of acetic acid from its ions, which 
increases markedly with increasing dioxane con­
tent.6

The amount of /-butyl nitrate found in the hy­
dration reaction in 95% dioxane appears to be of 
the order expected from the product ratio ob­
served in the mercuric nitrate-/-butyl chloride 
reaction and the specific rate constant of hydroly­
sis of the /-butyl nitrate in that medium.3 If the 
buty1 nitrate did not hydrolyze, upward of 60% 
of the ester should be produced from the reaction 
of isobutene as it is in the mercuric nitrate-/- 
butyl chloride reaction. The hydrolysis constant 
(L e>, the rate of disappearance of /-butyl nitrate at 
unit butyl nitrate concentration) must be at least 
seventy times as large as the rate at which the sub-̂  
stance is formed from isobutene under the pre­
vailing conditions the uncertainty arising from 
the unknown salt effect. Consequently the value 
of 25 to 30% nitrate ester observed is of the order 
expected.

Finally the hydrolysis of /-butyl nitrate by its 
resemblance to that of /-butyl chloride appears to 
be a true solvolytic reaction involving a carbo­
nium ion intermediate3 and step IV which neces­
sarily by-passes this intermediate is questionable.

(6) H arned  and  K azan jian , T h is  J o u r n a l , 58, 1912 (1936).

Reaction III will therefore ordinarily be significant 
only under special conditions, e. g.y 95% dioxane 
medium for the hydration reaction, or very rapid 
formation of carbonium ion as in the /-butyl chlo­
ride-mercuric nitrate reaction. Hydration of 
isobutene in water as well as the reaction of mer­
curic nitrate with /-butyl chloride in water would 
not be expected to produce any nitrate ester be­
cause the ratio k2 [H20 ] /^ [N 0 3~1 clearly increases 
rapidly with increasing water concentration.

It therefore seems unlikely that the effect of 
added nitrate ion is due to the formation of /- 
butyl nitrate. In terms of the Brönsted theory of 
salt effects

V — &o/ h30+ / c4Hs/ / x+
the activity coefficient of the positively charged 
transition state complex decreases more rapidly 
than does the product of activity coefficients of 
the oxonium ion and isobutene. Like effects have 
been observed in the acid-catalyzed hydration re­
actions of various ethylene oxides,7 the acid- 
catalyzed decomposition of diazoacetic ester8 
and the acid-catalyzed hydrolysis of various ace­
tals,9 and the effect seems to be general for such 
reactions.

Summary
The distribution of products in the reaction of 

mercuric nitrate with /-butyl chloride has been 
studied in various dioxane-water mixtures. Semi- 
quantitative results show that the rate of disap­
pearance of isobutene in dilute nitric acid de­
creases rapidly with increasing proportion of di­
oxane.

The experimental facts indicate that /-butyl ni­
trate is not an intermediate in the hydration of 
isobutene in dilute nitric acid, and H. J. Lucas’ 
conclusion that the pronounced acceleration pro­
duced by nitrate ion is a salt effect is therefore 
verified.
N e w  Y o r k , N. Y. R e c e i v e d  M a y  12, 1942

(7) B rönsted, K ilpa trick  and  K ilpa trick , ibid., 51, 420 (1929).
(8) Fraenkel, Z. physik. Chem., 60, 202 (1907).
(9) B rönsted and  W ynne-Jones, Trans. Faraday Soc., 25, 59 

(1929); B rönsted and  G rove, T h is  J o u r n a l , 52, 1394 (1930).



Aug., 1942 D ipole M oments of Some Bile Acids 1941

[Contribution from the College of Pharmacy of the U niversity of California]

The Dipole Moments of Some Bile Acids

B y  W. D. K um ler  and  I. F. H alversta dt1

The cyclopentanoperhydrophenanthrene nu­
cleus or one of its modifications occurs in over eight 
types of physiologically active compounds includ­
ing the bile acids, sex hormones, antirachitic vita­
mins, sterols, etc. A knowledge of the structure 
of this nucleus is of much importance both from a 
theoretical and practical standpoint.

At present the points of attachment of the rings 
are known but the evidence is conflicting in regard 
to whether some of the rings are linked cis or 
trans and very little, if anything, is known in re­
gard to whether the individual rings are cis or 
trans.

A dipole moment study appeared to offer a new 
and rather fruitful method of attack on the prob­
lem. This nucleus is particularly suited to a di­
pole moment study for two reasons. First, it is 
saturated so that complicated resonance effects 
will not obscure the interpretation of the data. 
Second, the groups with appreciable dipoles are 
usually widely separated so steric or inductive 
effects will not interfere.

The bile acids were used to start the study be­
cause a number of these compounds were available 
and there is considerable evidence that the nuclei 
in the various bile acids studied have the same 
configuration. In this paper the dipole moments 
of ten bile acids have been measured and such fac­
tors as association, choleic acids and possible non­
rotation of the molecules in the field are consid­
ered. In a later paper a detailed analysis of the 
moments of these compounds will be given in 
terms of their stereostructure.

Results
The symbols used in the equations and tables 

are the same as those given previously.2 The 
equations used in calculating the moments are2

. __ S a V i (ei — 1)
** (ei + 2)2 + (Dl + ^ («j + 2)
P 20 —

IX =  0.0127 V(>2o -  P e 2) T

The P20 values are obtained by a method described 
previously2 which is more accurate than the usual

(1) A braham  R osenberg  Fellow  in  Pharm aceutical C hem istry 
1941-1942.

(2) H a lv erstad t and  K um ler, “ A C ritical S tudy  of D ielectric 
Polarization  C oncen tration  C urves/*  in  publication.

method. P E2 values were calculated from the 
molar refractivities of the atoms present in the 
molecules.

Table I
M easurements in  D ioxane at 25 0

0)2 V12 €12 to 2 V12 €12
Lithocholic Cholic

0.004032 0.97361 2.2157 0.002182 0 .97343 2 .2177
.007756 .97343 2.2246 .005316 .97315 2 .2324
.010121 .97321 2 .2290 .007498 .97298 2 .2424
.013622 .97300 2 .2374 .014975 .97213 2 .2779

D esoxycholic 3-H ydroxy-12-keto-cholanic
.004653 .97339 2 .2215 .003448 .97326 2.2327
.008239 .97301 2.2342 .005759 .97297 2 .2470
.011673 .97264 2.2459 .007714 .97272 2 .2576
.015707 .97227 2.2602 .008794 .97266 2.2655

Hyodesoxycholic D ehydrodesoxycholic
.004084 .97322 2 .2264 .001978 .97342 2.2235
.006502 .97398 2.2343 .004666 .97330 2 .2440
.008288 .97276 2.2396 .008451 .97268 2 .2729
.010803 .97256 2 .2486 .016242 .97182 2 .3333

Apocholic R eductodehydrocholic
.002418 .97339 2.2161 .004449 .97303 2 .2486
.004160 .97322 2.2214 .006828 .97263 2 .2692
.008166 .97272 2 .2334 .008716 .97234 2 .2 8 5 2
.015352 .97198 2 .2555 .010111 .97217 2 .2 9 6 7

D ehy drolithochol ic D ehydrocholic
.002806 .97348 2.2232 .003157 .97327 2 .2 4 4 8
.004882 .97334 2 .2338 .006077 .97272 2 .2744
.006346 .97324 2.2407 .015443 .97122 2 .3695
.008862 .97309 2.2523

Discussion
The bile acids are comparatively large molecules 

with molecular weights around 400, hence it is 
possible that they might not orient in the field at 
the frequency used, which was 680 kilocycles. 
There is no evidence, however, that such is the 
case. The moments obtained are of the magni­
tude expected for compounds having the groups 
present in these acids.

The bile acids are carboxylic acids and much 
evidence has accumulated which indicates that 
carboxylic acids are associated through hydrogen 
bonds to form dimers both in solvents such as 
hexane and in the vapor state. If such an associa­
tion occurs in our solutions, it will make the 
interpretation extremely difficult. A good cri­
terion for lack of association2 is the linearity of the 
dielectric constant-concentration, ei2-co2 curves, 
plus evidence that the extrapolated €1 value is 
approximately equal to €1 measured. We have 
plotted these curves for the ten acids in Fig., 1.
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T a b l e  II
M easurements i n  D ioxane at 25°

€1
€1

ex tra­
V i

ex tra ­
Acid G roups on nucleus m easured polated po la ted a ”  P P 20 PE2

Lithocholic 1 Hydroxyl (3) 2.2067 2.2068 0.97390 2.240 0.0660 237.3 107.3 2.50
Desoxycholic 2 Hydroxyl (3,12) 2.2067 2.2053 .97385 3.493 .1015 324.7 108.8 3.22
Hyodesoxycholic 2 Hydroxyl (3,6) 2.2105 2.2129 .97361 3.283 .0988 310.9 108.8 3.12
Apocholic 2 Hydroxyl (3,12) 2.2098 2.2086 .97365 3.055 .1099 293.6 108.4 2.98
Dehydrolithocholic 1 Ketone (3) 2.2100 2.2101 .97365 4.794 .0627 393.9 105.8 3.72
Cholic 3 Hydroxyl (3, 7, 12) 2.2067 2.2075 .97369 4.682 .1030 417.7 110.4 3.84
3-Hydroxy-12-keto- 1 Hydroxyl (3) 2.2100 2.2119 .97365 6.032 .1164 484.2 107.3 4.26

cholanic 1 Ketone (12)
Dehydrodesoxycholic 2 Ketone (3,12) 2.2077 2.2081 .97367 7.707 .1145 589.4 105.8 4.82
Reductodehydrocholic 1 Hydroxyl (3)

2 Ketone (7,12)
2.2111 2.2109 .97369 8.503 .1528 662.1 107.3 5.16

Dehydrocholic 3 Ketone (3, 7,12) 2.2093 2.2127 .97377 10.15 .1654 766.2 105.8 5.63

The curves are all linear, showing that the bile 
acids are not associated in dioxane at concentra­
tions less than weight fraction 0.017.

Fig. 1.—O, Lithocholic; ©, apocholic; ©, cholic; C, 3- 
hydroxy-12-keto-cholanic: %, reductodehydrocholic.

Fig. la.—O* Desoxycholic; 9» hyodesoxycholic; i), 
dehydrolithocholic; 9» dehydrodesoxycholic; ©, dehydro- 
cholic.

Another point of interest is whether this study 
gives any evidence of the presence of choleic acids 
in these solutions. Choleic acids are “molecular 
compounds” formed between desoxycholic acid 
and a wide variety of other types of compounds. 
A logical procedure would be to dissolve a choleic

acid in some non-polar solvent and then deter­
mine the resulting dipole moment. Such a pro­
cedure does not seem feasible because the only 
solvent in which choleic acids appear to be soluble 
is dioxane, and dioxane itself forms a choleic acid. 
However, this permits some evidence to be ob­
tained from the measurement of desoxycholic acid 
in dioxane, for if the choleic acid structure persists 
in the solution then the observed dipole moment 
of desoxycholic acid should be abnormal with re­
spect to the other bile acids tha t do not form these 
molecular complexes. This would be the case if 
the complex either did or did not orient in the 
field. If the complex did not orient the apparent 
moment would be low, if it did orient the apparent 
moment would be expected to be different from 
that of a “free” molecule of desoxycholic acid.

An examination of the observed moments in 
Table II indicates th a t desoxycholic acid with two 
hydroxyl groups has a moment of 3.22 about mid­
way between the moment 2.50 of lithocholic acid 
with one hydroxyl group and the moment of cholic 
acid 3.84 with three hydroxyl groups; thus the 
moment of desoxycholic acid is normal with respect 
to the moments of lithocholic and cholic acids.

The desoxycholic acid moment is also consistent 
with the moments of hyodesoxycholic and apo­
cholic acids. Hyodesoxycholic acid is an isomer of 
desoxycholic acid with hydroxyl groups in the 3,6 
positions instead of the 3,12 positions. One would 
thus expect not much difference in their moments 
and such is the case, hyodesoxycholic having a 
moment of 3.12 and desoxycholic a moment of 3.22. 
Apocholic acid differs from desoxycholic acid by 
having a double bond, which would be expected to 
alter the moment by only a small amount. The 
moment of apocholic, 2.98, is 0.24 less than that 
of desoxycholic acid. Since the moment of depoxy-
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cholic acid which forms choleic acids with a large 
number of substances and the moment of apo­
cholic which also shows this same property to a 
certain extent are normal with respect to the mo­
ment of cholic, lithocholic and hyodesoxycholic 
acids, which do not form choleic acids, we conclude 
that the dipole moment data give no evidence for 
the existence of the choleic acids in our solutions.

I t  is interesting to see what effect the introduc­
tion of an additional hydroxyl group and of an 
additional ketone group has on the moment. The 
difference between the moment of the compounds 
differing by one hydroxyl group and by one ke­
tone group are as follows.

D if f e r e n c e — O n e  H y d r o x y l

Desoxycholic-Lithocholic 
Hyodesoxycholic-Lithocholic 
Cholic-Desoxycholic 
Cholic-Hyodesoxycholic
3-Hydroxy-12-keto-cholanic- 

Dehydrolithocholic 
Reductodehydrocholic-Dehydro- 

desoxycholic

3.22 - 2 .5 0  = 0.72 
3.12 -  2.50 = 0.62 
3 .8 4 -  3.22 = 0.62 
3.84 -  3.12 = 0.72

4.26 -  3.72 = 0.54

5.16 -  4.82 = 0.34

Materials
The purification and constants of the dioxane were as 

described previously.3
Lithocholic Acid.—This sample was obtained from Dr. 

H. L. Mason of the Mayo Foundation; m. p. 187-188° 
[«] wei +40.6°; equivalent weight by titration 378.

Desoxycholic Acid.—The Riedel-de Haen product was 
converted to the dioxane-choleic acid which was decom­
posed by boiling with water, then dried; m. p. 174-175°; 
equivalent weight 391.

Apocholic Acid.—The Riedel-de Haen product was 
crystallized from dioxane; m. p. 172-173°; equivalent 
weight 392.

Cholic Acid.—The Riedel-de Haen product was dried in 
a pistol over phosphorus pentoxide; m. p. 197-198°; 
equivalent weight 407.

Dehydrodesoxycholic Acid.—The Riedel-de Haen prod­
uct was used without further purification; m. p. 185- 
186°; equivalent weight 387.

Dehydrocholic Acid.—The Riedel-de Haen product was 
used without further purification; m. p. 234-235°; equiva­
lent weight 399.

Hyodesoxycholic Acid, Dehydrolithocholic Acid, Reduc­
todehydrocholic Acid, and 3-Hydroxy-12-keto-cholanic 
Acid.—These four compounds were obtained from Dr. 
Willard M. Hoehn of the George A. Breon Co. The con­
stants of the acids are:

D if f e r e n c e — O n e  K e t o n e

3-Hydroxy-12-ketocholanic- 
Lithocholic

D ehy drodesoxy cholic-D ehy dr o- 
lithocholic

Reductodehydrocholic-
3-Hydroxy-12-ketocholanic

Dehydrocholic-Dehydrodesoxy-
cholic

4.26 -  2 .50  =  1.76

4.82 -  3 .72 =  1.10

5.16 -  4 .26  =  0.90

5.63 -  4.82 = 0.81

Hyodesoxycholic acid; m. p. 192-194° 
Dehydrolithocholic acid; m. p. 138-139° 
Reductodehydrocholic acid, m. p. 186-187° 
3-Hydroxy-12-keto-cholanic acid; m. p. 156-157°

Acknowledgment.—We wish to thank Dr. 
Willard M. Hoehn for supplying us with the 
four above mentioned bile acids, Dr. H. L. Mason 
for the lithocholic acid, and Dr. C. L. A. Schmidt 
for the samples of the Riedel-de Haen products.

The introduction of a hydroxyl group into de­
soxycholic or hyodesoxycholic acid has about the 
same effect as its introduction into lithocholic 
acid. In all the other cases, however, as a polar 
group (either hydroxyl or ketone) is introduced, 
its increment to the resultant dipole moment of 
the molecule decreases as the number of polar 
groups and moment of the compounds into which 
it is introduced become larger. This effect can be 
accounted for on the basis of the vector addition 
of the dipoles and does not demand the contribu­
tion of saturation effects.

Experimental
The measurements were carried out as described in the 

previous paper.3
(3) K um ler an d  H a lv erstad t, T h is  J o u r n a l , 63, 2182 (1941).

Summary
The dipole moments of ten bile acids have been 

measured in dioxane. The values are lithocholic 
2.50, desoxycholic 3.22, hyodesoxycholic 3.12, 
apocholic 2.98, dehydrolithocholic 3.72, cholic
3.84,3-hydroxy-12-keto-cholanic 4.26, dehydrodes­
oxycholic 4.82, reductodehydrocholic 5.16, de­
hydrocholic 5.63.

These bile acids are not associated in dioxane in 
concentrations up to a weight fraction of 0.017. 
The €12- co2 curves are linear in this range.

The dipole moment evidence points to the non­
existence of choleic acids in our solutions. The 
dipole moment of desoxycholic acid is normal with 
respect to the moment of other bile acids tha t do 
not form choleic acids.
San Francisco, Calif, R eceived January 5, 1942
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[C o n t r i b u t io n  f r o m  t h b  C o l l e g e  o f  P h a r m a c y  o f  t h e  U n i v e r s it y  o f  C a l i f o r n i a ]

The Dipole Moment and Structure of Urea and Thiourea1

B y W. D. K umler and G eorge M. F ohlen

The only work in the literature on the dipole 
moment of urea is that of Bergmann and Weiz- 
mann,2 who obtained a value of 8.6 in dioxane. 
A redetermination of the moment of this very 
important compound seems desirable for several 
reasons. First, the previous value is based on 
only one measurement at very high dilution; 
second, the value seems extraordinarily large 
compared with the dipole moments of other amides 
and substituted ureas; third, a recent study by 
Halverstadt and Kumler3 shows that measure­
ments in very dilute solutions are apt to give re­
sults that are too high due to solvent polarization 
(water) error unless rigid precautions are taken 
to exclude moisture; fourth, the previous authors 
filtered the solutions, thus giving ample oppor­
tunity for absorption of water.

The measurement of the dipole moment of urea 
in a non-polar solvent is complicated by the in­
solubility of the compound in all non-polar sol­
vents. The only available solvent in which it is 
appreciably soluble is dioxane and here its solu­
bility is only about 35 mg. per 100 cc. The low 
solubility of urea makes any solvent polarization 
error of great importance in the resultant value for 
the dipole moment. Errors in the dielectric con­
stant will have a larger effect on the moment than 
usual, due to the small difference between the 
dielectric constant of the solvent and the various 
solutions.

The dipole moment of thiourea has also been 
redetermined. The value2 7.6 in the literature ap­
pears likewise to be high.

Thiourea has a somewhat greater solubility in 
dioxane than urea but it still is necessary to meas­
ure the compound in comparatively dilute solu­
tions.

Results
The results are given in Table I.
The symbols have the same significance as in 

the previous papers.3 The moments have been 
calculated by a method described previously,3

(1) W e are indeb ted  to  Professor John  T . Edsall for suggesting 
th is  problem .

(2) Bergm ann and  W eizm ann, T r a n s . F a r a d a y  S o c .t 34, 783 (1938).
(3) H a lv erstad t and  K um ler, “ A C ritical S tudy  of Dielectric 

P o larisa tion  C oncen tration  C urves,” in publication.

T a b l e  I
M e a s u r e m e n t s  i n  D i o x a n e  a t  25°

002

Urea
€12

0.0001225 2.2175
.0001655 2.2196
.0001847 2.2201
.0002751 2.2243

Thiourea
M2 ei2 V l2

0.0002715 2.2239 0.97362
.0005179 2.2334 .97355
.0006755 2.2403 .97350
.0008978 2.2488 .97342

ei V i a  - 0 P 2 0  Re 2 m

2.2120 0.97371 44.44 0.3 456 16 4.56
Thio­

urea 2.2130 . 97371 40.43 . 322 521 24 4.89

employing the graphic modification, and using 
the equations

P*o = («i +  2)* +  <** +  «
T 2 0 =  p20M2
/» -  0.0127v / (F2o ~  Pb2) T

This method of calculating P?0 is more accurate 
than the usual method and is particularly ad­
vantageous in dilute solutions where solvent polar­
ization error may have a large effect on the mo­
ment.

In the case of urea the difference in density be­
tween the solutions and the pure solvent was 
within the experimental error, hence, the value 
of P could not be determined directly. We have 
taken a value of —0.3, which seems reasonable 
compared with the value of —0.322 for thiourea. 
In any event p does not have a very large effect on 
the moment. If p is taken as zero the value of the 
moment is raised by only 0.04.

The €12-o)2 curves are linear in both cases show­
ing that the molecules are not associated in these 
solutions.

Discussion
The values for the dipole moments of urea, 4.56, 

and thiourea, 4.89, are much smaller than the val­
ues in the literature 8.6 and 7.6, respectively. This 
is the most striking example we have found to 
date of the large amount of error tha t can be
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introduced in dipole moment values by solvent 
polarization errors.

The new values are in general consistent with 
the dipole moment values of substituted ureas 
that appear in the literature. The substituted 
ureas are sufficiently soluble so that a solvent 
polarization error would not have an enormous 
effect on their moment. It is perhaps also sig­
nificant that none of the solutions of these sub­
stituted ureas were filtered, thus they did not 
have the same opportunity to pick up water as 
did the solutions of urea and thiourea. In some 
cases when determinations have been made by 
different workers they check reasonably well. 
Thus values of 4.854 and 4.92 are given for di- 
phenylthiourea and values of 4.84 and 5.1s for 
sym-dimethylurea.

Let us examine the moment of urea and thio­
urea in the light of the published values for the 
substituted ureas which are listed in Table II.

T a b l e  I I

Urea 4.56
Propylurea5 4.1
Phenylurea2 3.6
syra-Dimethylurea4 4.8
sym-Diethylurea4 4.9
sym-Diphenylurea4 - 4.6
zmsym-Diphenylure 2 2.7
N,N-Diethyl-N '-phenylurea2 3.2
syra-Dimethyl-diphenylurea2 3.6
Tetr aethy lurea6 3.3
Thiourea 4.89
Methylthiourea2 4.2
sym-Diethylthiourea4 4.9
syw-Diphenylthiourea4 4.85
Allyl-piperylthiourea6 4.61

Urea and thiourea have moments about 1 unit 
higher than those of the simple amides whose 
moments are in the range 3.7-3.9.7 A calculation 
similar to that made previously with acetamide7 
where the contribution of the excited form was 
of the order of 6-15%, gives a contribution of 
20-30% for the excited form in urea and thiourea. 
This is in qualitative agreement with the greater 
resonance energy8 of these compounds and the 
fact that they have two equivalent forms with a 
separation of charge that can contribute to their 
structure.

Thiourea and the substituted thioureas have
(4) H u n te r an d  P a rtin g to n , J .  Chem. Soc., 87 (1933).
(5) D evoto an d  D i N ola, Gazz. chim . ital., 63, 495 (1933).
(6) K rem ann and  F ru h w irth , M onatsh., 69, 319 (1936).
(7) K um ler and  P o rter, T h is  J o u r n a l , 56, 2549 (1934).
(8) Pauling, “ T he  N a tu re  of th e  Chem ical B ond,” Cornell Uni­

versity  Press, Ith aca , N ew  Y ork, 1939.

slightly higher moments (0.1-0.3) than the cor­
responding ureas. The introduction of an alkyl 
group into urea or thiourea lowers the moment by
0.5-0.7. The introduction of one phenyl group 
reduces the moment by 1.0. Two phenyl groups, 
if placed on the same nitrogen, reduces the mo­
ment by 1.9. In contrast with these reductions 
in moments is the fact that when two alkyl or two 
phenyl groups are placed symmetrically in the 
molecule the moment remains virtually the same. 
Thus urea, syra-dimethylurea, syw-diethylurea 
and sym-diphenylurea have moments differing 
by 0.3, while thiourea, sym-diethylthiourea and 
syw-diphenylthiourea have moments that differ 
by only 0.05.

These moments can be interpreted on the basis 
of the number and contribution of the resonat­
ing forms.8 Thus in compounds of the type

O S

R - N - C - N E ,  o r  R —N—C—NH2 the  tw o form s 
H H

o~
with a separation of charge, R_N = t —NH-

H
o-

R_N etc*> d° n°t have the same energy
H

and consequently do not contribute much to the 
structure, hence the moments of these com­
pounds are less than those of the unsubstituted 
molecules. If R is a phenyl group the resonance
between the phenyl group and the ^  group, 

O

=N—C—NH2 
H

etc., will further decrease 

o~

the contribution of the form —n ==C—NH2

due to cross conjugation. Furthermore, this 
resonance between the ring and the ^  group 
introduces forms with a separation of charge 
which can oppose the resultant moment in 
the molecule and hence reduce the moment. 
When two phenyl groups are substituted on the 
same nitrogen these combined effects are suffi­
cient to bring the moment down to 2.7 which is 
one unit less than the moment of simple amides.

When two like groups are substituted on differ­
ent nitrogen atoms so the molecules are sym­
metrical the forms with a separation of charge are 
again equivalent and these forms, as in the case 
of the unsubstituted compounds, make a com­
paratively larger contribution to the structure.
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Hence, the moments of the symmetrical disub- 
stituted compounds are approximately the same 
as those of the parent compounds, urea and 
thiourea.

The cases of sym-diphenylurea and sym-di- 
phenylthiourea are very interesting. It might be 
thought that these compounds would have lower 
moments than the parent compounds due to the 
cross conjugation between the main resonance 
and the ring resonance plus the possible opposition 
of the moment from the main resonance and the 
ring resonance. However, for all four forms to 
contribute, the molecule must be co-planar. A

-0= t-°hK 3
o t H o
O f ^ ï - O
o -s -4 -o

study of the Fisher-Hirschfelder models reveals 
that the only way the molecule can get in a co- 
planar form is for the molecule to be arranged with 
the phenyl groups on the same side as the oxygen 
thus

0

1 o
>N/

/H
\H

in which case the moment from the ring— H 
resonance would be in a direction to augment 
the moment from the main resonance. Further­
more with a phenyl group on both nitrogens a new 
powerful resonance is possible between the fol­
lowing forms.

0 ) 0~

i -
/H \H

/

Here the ring resonance now supports the urea 
resonance in the other part of the molecule due to 
the conjugation, and the negative charge can 
oscillate from one phenyl group to the other while 
both nitrogens remain positively and the oxygen 
negatively charged. The contribution of these 
equivalent forms with separation of charges will 
raise the moment. Two symmetrically placed 
phenyl groups thus introduce factors which lower 
the moment and others which raise it and the 
factors balance one another so the moments of 
sym-diphenylurea and sym-diphenylthiourea are 
about the same as the moments of the parent com­
pounds.

Although tetraethylurea and sym-dimethyl- 
diphenylurea are both symmetrical molecules, 
and therefore might be expected to have moments 
of about 4.6 these values are considerably less,
3.3 and 3.6, respectively. It is likely that 
steric hindrance in these tetrasubstituted com­
pounds prevents their atoms from getting in a 
suitable position for the forms with a separation 
of charge to make an appreciable contribution. 
Examination of the models supports this view.

The new dipole moment values throw some 
light on the old controversy in regard to whether 
urea and thiourea are zwitterions. The use of the 
term “zwitterion” applied to these compounds

o -
was first taken to mean the structure h3N—C=NH- 
This structure has two things in common with a 
typical zwitterion, it has a separation of charge, 
and a shift of a proton is necessary to form it from 
the normal form. This structure, however, is very 
untenable and has been discarded in favor of the

o-
structure h2N=C—n h 2 which also has a separation 
of charge but a shift of a proton is not necessary 
for its formation. The term “zwitterion” was 
carried over to this structure although it is a reso­
nance hybrid and not a typical zwitterion. When 
we use the term “zwitterion” in the rest of this 
discussion we refer to a molecule with a complete 
separation of charge regardless of how it comes 
about. The dipole moments indicate very defi­
nitely that in dioxane these compounds are not 
chiefly in the zwitterion forms. The evidence for 
and against9 the zwitterion structure has been 
summarized in “Sidgwick’s Organic Chemistry 
of Nitrogen.” One argument is that since amino

(9) T ay lo r an d  B aker, “ Sidgw ick’s Organic C hem istry  of N itro ­
gen,” C larendon Press, O xford, 1937, p . 280.
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acids are zwitterions and have high melting points, 
the high melting points of urea and thiourea sug­
gest they are also zwitterions. The high melting 
points of urea and thiourea, however, can be ac­
counted for on the basis of the number and 
strength of the hydrogen bonds that are formed 
between molecules in the solids. In fact, it is 
likely that with amino acids themselves the hy­
drogen bonds formed between molecules may be 
more responsible for the high melting points than 
is the zwitterion structure. The compound oxa- 
mide has a higher melting or decomposition point, 
420°, than any of the amino acids and oxamide is 
most certainly not a typical zwitterion. How­
ever, each molecule in the solid has the possibility 
of being attached to the surrounding molecules 
by eight hydrogen bonds.

Another argument is that the short carbon- 
nitrogen distance of 1.37 A. suggests a zwitterion 
structure. Pauling8 has pointed out that this value 
for the carbon-nitrogen distance amounts to about 
20% double bond character, hence the normal 
form makes a greater contribution to the structure 
than do the forms with a separation of charge.

Evidence considered most convincing for the 
zwitterion structure of urea and thiourea is the 
fact that these compounds and the aliphatic 
aminoacids raise the dielectric constant of water 
(have a positive dielectric increment) while most 
amides and other nitrogen compounds lower it. 
However amides in which a major portion of the 
molecule consists of the amide group such as 
formamide, malonamide and malamide have 
positive dielectric increments.99"10 The dipole 
moment of formamide11 3.68 is quite normal with 
respect to the moment of the other amides 3.7-3.9 
and the moment value gives no evidence of forma­
mide being a zwitterion.

Whether a compound raises or lowers the di­
electric constant of water depends essentially on 
the number and size of the dipoles per unit volume 
compared with water. Or stated a bit differently 
it depends on whether the value of ixjx/v for the 
compound is greater or less than its value for 
water where jjl is the dipole moment of a single 
molecule in the liquid, jtx a related dipole moment12 
and v the molal volume. The value of this func­
tion for water is about 0.7 taking Kirkwood's 
value for /x/x as 3.55 Mo where /x0 is 1.88 the dipole

(9a) Ref. 9; p . 144.
(10) W ym an, Chem. Rev., 19, 213 (1936).
(11) K um ler, This Journal, 57, 600 (1935).
(12) K irkw ood, J .  Chem. P hys., 7* 911 (1939)*

moment of water in the vapor. The value of 
n\/v for water is about 0.2. Using 44.3 cc.13 for 
the apparent molal volume of urea and our value 
for the moment, the value of y?/v for urea is about
0.48 considerably higher than the value of nl/v 
for water. The larger value of /x/x compared with 
juq for water arises mainly from the hydrogen 
bonds that are formed between the water mole­
cules in the liquid,12 four such bonds being pos­
sible for each water molecule. An analogous ef­
fect would take place between urea and water with 
six possible hydrogen bonds for each urea mole­
cule. Furthermore it is likely that some of these 
bonds are stronger than those in water due to the 
greater plus charge on the nitrogen resulting from 
the resonance.14»15 The net effect would be to 
make the value of /x/x/z; for urea considerably larger 
than the corresponding value for water. Con­
sequently these factors alone are sufficient to ac­
count for the positive dielectric increment of 
urea in water without making the assumption 
that the molecule is a zwitterion.

Evidence of a chemical nature pointing to struc- 
H 
S

tures of the type h n= C —NH2 can be accounted 
for just as well on a basis of a 20-30% contribu-

s- s-
tion of forms H2N=C—NH2, H2N—C==NH2.

Convincing evidence against the zwitterion 
structure for urea is that of Cohn, McMeekin, 
Edsall and Blanchard,13 who found that the ratio 
of the solubility of urea in alcohol to its solubility 
in water is much higher for urea than for a typi­
cal amino-acid zwitterion. This points rather 
strongly to urea not being a zwitterion in alcohol. 
Our dipole moment data are definite evidence that 
urea and thiourea are not zwitterions in dioxane. 
The evidence in the solid state and in water solu­
tion does not demand the existence of urea as a 
zwitterion, but the facts can adequately be ac­
counted for on the basis of factors such as the 
number and strength of dipoles per unit volume, 
hydrogen bonds, etc.

A consideration of all the available evidence 
thus leads to the conclusion that urea and thiourea 
are resonance hybrids with 20-30% contribution 
of the forms with a separation of charge and that 
this structure adequately accounts for their be­
havior whether in the solid state or in dioxane,

(13) Cohn, M cM eekin, E dsall an d  B lanchard, J .  Biol. Chem., 100, 
Proc. X X V III (1933).

(14) K um ler, T h is  J o u r n a l , 57, 604 (1935).
(15) L u, H ughes and  G iguère, ibid., 63, 1507 (1941).
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alcohol or water solutions. Their structure is 
essentially the same as that of the simple amides 
except for a higher contribution of the forms with 
a separation of charge.

Experimental
The measurements were carried out as was described in a 

previous paper.16
Materials

Dioxane.—The purification and constants of dioxane 
were as described previously.16

Urea.—A c. p. grade of urea was recrystallized twice 
from methyl alcohol, heated with pure dioxane to remove 
any alcohol; m. p. 132.6°.

Thiourea.—Eastman Kodak Co. best grade thiourea was 
recrystallized from methyl alcohol, heated with pure di­
oxane. The product gave no test for thiocyanate.

Summary
The dipole moments of urea 4.56 and thiourea 

4.89 have been measured in dioxane at 25°. Plots 
of the dielectric constants against weight frac­
tions were linear, showing the molecules were not 
associated in these solutions.

The dipole moment values indicate that urea and 
thiourea are resonance hybrids with a 20-30% con­
tribution from the forms with a separation of charge.

(16) K um ler and  H a lv e rs tad t, T h is  J o u r n a l , 63, 2182 (1941).

The magnitude of our values for these com­
pounds together with those for substituted ureas 
appearing in the literature are correlated from the 
standpoint of resonance. Urea and thiourea have 
nearly the same moments as the corresponding 
symmetrical disubstituted compounds. All of 
these compounds have two equivalent forms with 
a separation of charge. The moments of the 
monosubstituted compounds in which the two 
forms with a separation of charge are not equiva­
lent are smaller, and those of the unsymmetrical 
disubstituted compounds still less. The low 
moments of the symmetrical tetrasubstituted 
compounds are attributed to steric hindrance.

The evidence of the existence of urea and thio­
urea as zwitterions is examined and it is shown 
that all the evidence can be adequately accounted 
for by the resonance hybrid structure whether 
urea is in the solid state or in dioxane, alcohol, or 
water solutions.

The structure of urea and thiourea is not essen­
tially different from that of the simple amides 
except for a somewhat larger contribution of the 
forms with a separation of charge.
S a n  F r a n c is c o , C a l if o r n ia  R e c e i v e d  J a n u a r y  19, 1942

[C o n t r i b u t io n  f r o m  t h e  C o l l e g e  o f  P h a r m a c y  o f  t h e  U n i v e r s i t y  o f  C a l i f o r n i a ]

The Dissociation Constant, Dipole Moment and Structure of «-Nitrotetronic Acid
By W . D. K umler

cu-Nitrotetronic acid was originally assigned the 
isonitro form.1 The structure of this compound 
is reconsidered here in the light of present day 
viewpoints. The dissociation constant and dipole 
moment have been measured and the results inter­
preted.

Results
T a b l e  I

M e a s u r e m e n t s  i n  W a t e r  a t  25°
M  % N eu tra lized  p H p K a Average p K a

.00875 40 2.40 1.63

.00752 50 2.55 1.70 1.68

.00710 60 2.67 1.70
M e a s u r e m e n t s  i n  D io x a n e  a t  25°

<02 €12 vu
0.0005308 2.2275 0.97349

.0008488 2.2380 .97328

.0012674 2.2507 .97315

.0015091 2.2593 .97306
€i vi a  — P20 P eso /*

2.2100 0.97364 32.50 0.386 802 27 6.10
(1) Wolff and  L ü ttrin g h au s, A n n ., 312, 133 (1900).

Discussion
The possibilities for the structure are the iso­

nitro and the enol.
H
O H O

O +1 O +||
.N - O -

c — 0
- II 0

A i

. /  1 h 2c < i  
\ o / C\ >

The structure of analogous compounds suggests 
that the enol is by far the more stable structure. 
Thus tetronic acid and a-halogen substituted 
tetronic acids are largely in the enol form2 while 
no stable isonitro compound of any kind has been 
isolated. The isonitro compounds that have 
been obtained3 change into the nitro form on 
standing. These facts in themselves suggest that 
the enol form is the more probable.

The structure of an isonitro compound is ana-
(2) K um ler, T h is  J o u r n a l , 60, 857, 859 (1938).
(3) H antzsch  and  Schultze, Ber., 29, 699, 2253 (1896),
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logous to that of nitric acid, which is of course a 
strong acid.

=0=iN<
DH

o ~
0=N<^

OH

0 “

The fact that the two forms with a separation of 
charge are not equivalent

=C=N<
■OH

O"
= C - N <

OH

O

as they are in the case of nitric acid would cause 
the isonitro compound to be somewhat weaker 
than nitric acid. However, the compound would 
be much stronger than nitrous acid Ka  =  4 X 
10 “4 and would probably have a Ka greater than 
10“2. The observed Ka  of 2.1 X 10“2 therefore, 
does not exclude the isonitro structure.

Some of the factors likely to affect the dissocia­
tion constant of the enol form of a-nitrotetronic 
acid are illustrated by the ratios in Table II.

T a b l e  I I

Ka a-Nitrotetronic acid 21 X 10"3 
Ka a-Chlorotetronic acid 7.4 X 10"3 

Ka 0-Nitrophenol 6.8 X 10“ 8
Ka o-Chloroplienol 7.97 X 10“ 10
Ka ^-Nitrophenol 7.0 X 10"8

Ka ^-Chlorophenol 1.46 X 10"10
Ka tf-Nitrobenzoic acid __ 6.71 X 10"3 
Ka o-Chlorobenzoic acid 1.14 X 10"3 
Ka ^-Nitrobenzoic acid 3.76 X 10"4 
Ka ^-Chlorobenzoic acid 1.05 X 10"4

The fact that the ratios for the phenols are con­
siderably greater than those for the benzoic acids 
is due to two effects. Acid strengthening groups 
have a greater relative effect on weak acids than 
on strong ones and with the phenols the nitro 
group is in a position to exert its rather large acid 
strengthening resonance effect. The nitro group 
cannot do this in the benzoic acids and here the 
major factor is the inductive effect, which is 
greater the nearer the groups are to the dissoci­
ating hydrogen. The ratio for the ortho benzoic 
acids is thus greater than for the para acids.

If a hydrogen bond is formed by the dissociating 
hydrogen it would weaken the acid because the 
hydrogen would be held by an additional force. 
As Branch and Yabroff pointed out,4 this factor 
is reponsible for the anomalously small second 
dissociation constant of salicylic acid. In the 
ortho chloro and nitro benzoic acids, however, if

(4) B ran c h  a n d  Y ab ro ff, T h is  J o u r n a l , 56, 2538 (1934).

-  2.8 

‘ 86 

= 478 

= 5.9 

= 3.7

any hydrogen bonds are present they are quite 
weak and do not have a major effect on the acid 
strength. It is known that only weak hydrogen 
bonds are formed to chlorine atoms and in the 
case of the ortho nitro compound apparently un­
favorable angles and distances cause the bond to 
be weak. If a strong hydrogen bond were present 
in this compound, the ratio for the ortho acids 
would be much smaller.

The acid weakening effect of a hydrogen bond 
formed by a dissociating hydrogen is shown very 
strikingly by the ratios for the phenols. Thus 
while the ratio K a  o-nitrophenol/ Ka  o-chloro- 
phenol would be expected to be about twice 
that of the para compounds, or about 900, it is 
actually 86 or about one-tenth the expected value. 
The strong hydrogen bond in o-nitrophenol thus 
reduces the dissociation constant of the compound 
by a factor of more than ten.

Tetronic acids are of about the same strength as 
the ortho benzoic acids, so a comparison of the 
Ka's of the two series will not be invalidated by a 
great difference in acid strength. In a-nitro- 
tetronic acid, however, the nitro group, as in the 
case of the ortho and para nitrophenols, is in a 
position to increase the acid strength due to reso­
nance. As a result one would expect the ratio of 
the Ka's for the nitro and chloro compounds to 
be greater for the tetronic acids than for the ortho 
nitro benzoic acids. The fact that it is consider­
ably less is evidence that a strong hydrogen bond 
is present in a-nitrotetronic acid.

In a-nitrotetronic acid the same possibilities are 
present for hydrogen bond formation that are 
present in o-nitrophenol and nitroacetophenone. 
The last two compounds are known to contain 
strong hydrogen bonds so by analogy one would 
expect such a bond in the first compound. In all

these compounds the structure —C
O—H ---0 "

is present.
The fact that a-nitrotetronic acid does not give 

a color with ferric chloride is evidence that a strong 
hydrogen bond is present in the molecule. Ordi­
nary enols and isonitro compounds give colors 
with ferric chloride. Thus the a-halogen tetronic 
acids and the isonitro form of ^-bromophenylni- 
tromethane5 show this reaction but compounds 
with strong hydrogen bonds like o-nitrophenol do 
not.

(5) Sidgwick, “ O rganic C hem istry  of N itrogen ,” Oxford U niver 
sity  Press, London, ,1937, p. 232.
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When the moment of 6.10 for cx-nïtrotetronie 
acid is compared with that of tetronic acid 4.80, 
and that of a-chlorotetronic acid 5.83, it is ap­
parent that there is a factor present in the nitro 
compound that is not present in the other two. 
The carbon-chlorine moment is about 1.5-1.8. 
The moment of a-chlorotetronic acid is 1.03 units 
higher than that of tetronic acid which seems rea­
sonable in that the carbon-chlorine moment most 
probably is not directly in line with the resultant 
moment of the rest of the molecule. The large 
moment of the nitro group, 3-4, is directed along 
the carbon-nitrogen bond in the same direction in 
the nitro compound as the carbon-chlorine 
moment is directed in the corresponding chloro 
compound. This means that the moment of the 
nitro compound should be 1.5-2 units greater 
than that of the chloro compound. Actually it is 
only 0.27 unit greater which suggests some factor 
being present in the nitro compound which 
changes the direction and (or) magnitude of the 
moment of the nitro group. The formation of a 
hydrogen bond to one of the oxygens of the nitro 
group would have such an effect. Thus the dipole 
moment as well as the dissociation constant is 
consistent with the presence of a hydrogen bond 
in the enol form.

Experimental
The pH  values of the solutions were measured

with a glass electrode in connection with the pH 
meter of Goyan, Barnes and Hind.6

The dielectric constant measurements were 
carried out as described previously,7 as was the 
purification of the dioxane.*

The a-nitro tetronic acid had an equivalent 
weight of 145.5 and a melting point of 183-184° 
with decomposition.

The moment also was calculated by a method 
described previously8 using the equations

Ph =

p. =

3aVi +  (Vi +  ff) U, - 1)
(«i +  2)2
p \M 2
0.0127 V ( i \  -  Pe20)T

(ft +  2)

The dielectric constants were linear with the 
weight fractions indicating no association effects 
in the solutions.

Summary
a-Nitrotetronie acid has a pKa  of 1.68 and a 

dipole moment of 6.10. From considerations of 
general stability the enol form is more probable 
than the isonitro structure. Both the dissociation 
constant and the dipole moment are consistent 
with the presence of a strong hydrogen bond in the 
enol form.

(6) Goyan, B arnes an d  H ind, In d . Eng. Chem., A na l. Ed., 12, 485 
(1940).

(7) K um ler and  H a lv erstad t, T h is  J o u r n a l , 63, 2182 (1941).
(8) H a lv ers tad t and  K um ler, “ A C ritical S tudy  of Dielectric 

Polarization  C urves,” in  publication .

S a n  F r a n c is c o , C a l if o r n ia  R e c e i v e d  M a r c h  23, 1942

[C o n t r i b u t io n  f r o m  t h e  C h e m i c a l  L a b o r a t o r y  o f  t h e  W a s h in g t o n  S q u a r e  C o l l e g e  o f  N e w  Y o r k  U n i v e r s i t y ]

The Absorption Spectra and the X-Ray Examination of the Isomeric Glucononitriles1
B y  P h ilippo s  E . P apadakis

Two forms of glucononitriles are known1*’2,3 
melting at 120.5 and 145°, and obtained by crys­
tallization from absolute alcohol and glacial acetic 
acid, respectively.3 Aqueous solutions of the two 
forms have initially practically the same specific 
rotation, but whereas that of the high melting 
form, to be now referred to as the A form, remains 
unchanged with time, that of the low melting B 
form shows a complex time-dependence. The 
present report describes investigations on the X- 
ray diffraction and absorption spectra of the two 
modifications, in an attempt to discover the reason

(1) Original m anuscrip t received A ugust 15, 1940.
(la )  Zemplén, Ber., 60, 171 (1927).
(2) W ohl and  W ollenberg, A n n .,  500, 281 (1932).
(3) Papadak is  an d  Cohen, T h is  Jo u r n a l , 60, 765 (1938).

for this contrast in behavior. Three samples of 
the B form,3 checked as to melting point and 
microcombustion analysis, served as material.

X-Ray Examination.—Specimens of the two 
forms A and B were subjected to X-ray powder 
analysis using focusing cameras of the Bohlin type 
as modified by Phragmen. Possible atmospheric 
action was prevented by enclosing the samples in 
sheaths of regenerated cellulose which themselves 
gave no diffraction pattern. Twenty-seven lines 
were observed between 6 values of 15 and 45° on 
the photograms of both specimens, corresponding 
in the two cases in position and intensity. These 
experiments within their limits of resolution did 
not help much in answering the problem.
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Ultraviolet Absorption Spectra.—The absorp­
tion spectra of aqueous solutions of the A and B 
forms were examined by means of a small Hilger 
quartz spectrograph and a continuous hydrogen 
source. The molar extinctions were evaluated, 
with a precision of some 3 or 4% in the value of 
e, by the method of Stiicklen,4 with the use of 
potassium nitrate as standard. Microdensitom­
eter tracings were made of the plates by means 
of the Moll microdensitometer, and wave lengths 
were measured on these tracings.5

The B form in aqueous solution showed an 
absorption band with a maximum at 2780 A. and 
log emax. of 0.9, besides a region of short wave 
absorption extending into the Schumann region. 
The band at 2780 A. was present at full intensity 
in spectra taken as soon as possible after addition 
of the solid to water and persisted on standing for 
ten months. The characteristic band of the B form 
gradually disappeared on crystallization from pure 
acetic acid, which favors the A form, and returned 
on recrystallization from alcohol. The A form had 
no band near 2780 A, Its spectrum was like that 
of /3-hydroxypropionitrile and the substance was 
assumed to have a straight chain structure. The 
absorption spectra of boiled aqueous solutions of 
the A form showed considerable change, with a 
shift of the beginning of the further ultraviolet 
absorption toward the longer wavelengths. No 
such change was observed with unboiled solutions.

Although all specimens of the B form showed a 
band in the neighborhood of 2780 A., irrespective 
of the time elapsed since the preparation of the 
solution, there were, nevertheless, changes in the 
details of the band with time. Approximately
0.113 M  solutions of the B form were examined 
at various thicknesses and with an exposure of ten 
seconds. The plot of log e molar against X (Fig. 1) 
shows the curves 1, 2, 3 and 4 as a function of time. 
Four preparations gave similar curves. The 
characteristic band broadened with time, especi­
ally on the short wave side, and the beginning of 
the further ultraviolet band shifted first to longer 
wave lengths and then reverted to shorter. The 
absorption maxima6 of the characteristic band in 
curves 1, 2, 3 and 4 as measured are 2780, 2775,

(4) Stiicklen, J . Opt. Soc. A m ., 29, 37 (1939).
(5) T he ap p aren t ex tinction  coefficients in  Fig. 1 were com puted 

on the  assum ption  th a t  th e  absorbing m ateria l was a pure substance 
a t  th e  stoichiom etric concen tration  of glucononitrile.

(6) T he absorp tion  m axim a and  m inim a were determ ined from  
m icrophotom eter tracings of respective spec tra  of th e  plates repre­
senting  solutions of sm aller dep th . T h e  extinction  due to  the  band 
in these spectra  was no t com plete an d  th e  m icrophotom etric tracings 
afforded well-defined m axim a and  m inim a.

2900 2700 2500  ̂ 2300 2100
Wave length in Angstroms.

Fig. 1.—Time from mixing glucononitrile and water. 
Spectra photographed for Curve 1, first one-half hour; 
Curve 2, after twenty-five hours; Curve 3 after seventy- 
three hours; and Curve 4 after 672 hours.

2770, 2750 and the absorption minima 2510, 
2535, 2525 and 2530, respectively.

Curves 1 and 2 of Fig. 2 are for a more dilute 
solution, 0.056 M  in a cell 3.5 cm. long, photo­
graphed, respectively, one and 233 minutes from 
the time of mixing with water. These solutions 
showed evidence of discrete band structure, with 
bands at about 2730, 2678, (2608) (2530) for 
curve 1 and 2723, 2662, 2608 and 2530 A. for 
curve 2, which became more distinct with time. 
Other preparations in similar conditions showed 
a hint of these bands, but not so distinctly as in 
the plate for which the curves of Fig. 2 were ob­
tained. These bands caused the apparent maxi­
mum of the general band to shift toward the 
shorter wave lengths.

Scission of Hydrogen Cyanide from Glucono­
nitrile.—In explanation of the change in rotation 
of aqueous solutions of glucononitrile with time, 
Dr. M. L. Wolfrom of the Ohio State University 
has suggested the possibility of the formation of 
^-arabinose, which has a negative rotation, by 
the loss of hydrogen cyanide. Pure nitrogen was 
bubbled for four and one-half hours through 10 
cc. of an aqueous solution containing 0.4 g. of 
the glucononitrile and the gas evolved was passed 
through silver nitrate solution. A precipitate 
shown to be silver cyanide was collected and found 
to weigh 0.028715 g. The corresponding amount 
of ^-arabinose was calculated to be 0.03216 g. 
This amount, dissolved in 10 ml. of water and 
examined in a 1-dm. tube, would have contributed 
rotations of —0.17, —0.57 and —0.34°, respec­
tively, if present in the a,(3 or mutarotated form.7

(7) T h e  calculations were based upon  th e  values for th e  specific 
ro ta tions found b y  H udson  an d  Y anowski, T h is  J o u r n a l , 39 , 1013 
(1917).
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Fig. 2.—Mier ophot ome trie curves 1 and 2: A = HB = 4861-327 A.; Ci and C2 are beginnings of continuous absorption
respectively.

Since the calculated drop in the rotation of the 
4% solution of glucononitrile was approximately 
1.40° (l =  1), the scission of hydrogen cyanide, 
even when favored by the passage of nitrogen, 
was not sufficient to account for all the change.

Discussion
The foregoing work showed that the essential 

difference between the absorption spectra of 
aqueous solutions of the A and B forms of glu­
cononitrile is that the former has the type of spec­
trum to be expected of a hydroxy nitrile while the 
latter has a characteristic band at about 2780 A., 
which may be due to some group not present in 
the A form. Hydrolysis products of the nitrile, 
as ammonium gluconate, gluconamide, glucono-7 
or 8 lactone or gluconic acid are not responsible 
for the characteristic band, since these sub­
stances,8a as has been verified in the course of 
this work, have no band near 2780 A. Arabinose 
(see previous paragraph) is also without char­
acteristic absorption in this region.9 It seems 
necessary to seek for some chromophoric group 
which might result from internal changes in the 
glucononitrile molecule as the origin of the 2780 
A. band. Aliphatic aldehydes or ketones are 
known to have a band in this region, regarded as 
characteristic of aldehydic or ketonic carbonyl. 
The practical identity in the spectra of benzo- 
phenone and benzophenonimine10 suggests that 
the C =N H  group absorbs like carbonyl, and the 
iminolactone forms of imino-gluco-ascorbic11 and 
imino-galacto-ascorbic acid have a strong band

(8) B ednarczyk and  M archlew ski, Bull, intern, acad. polon. sci., 
Classe. sci. math. nat. (a) 1937A, 140 in  English ; (b) 1938A, 524.

(9) Kweicinski an d  M archlew ski, Bull. soc. chim., 45, 591-611 
(1929).

(10) M eisenheim er an d  D orner, A n n ., 502, 164 (1933).
(11) H aw orth , H irs t, Jones and S m ith , J . Chem. Soc., 1192 (1934).

with a maximum at 2750 A. A 1-irnino-glucosone 
structure previously suggested3 (formula I), on 
mutarotation might give II and III, while muta­
rotation involving the imino group might give the 
ketone derivative IV. Compound I by analogy
H H H H|
c —n h 2

j
C=N H

|
C=NH

j
C==NH

c = = o ^
j

0  11

HO—(
1

n  -
0
1

j
±  C—OH

i>
IV

1
I II III

to glucosone8b’12 may show selective absorption 
at a wave length somewhat higher than 2780 A. 
Compounds II, III and IV may absorb at or near 
2780 A., by analogy with the behavior of alde­
hydes and ketones, and their interconversion 
might cause both the optical rotational changes 
and the changes in the characteristic band. The 
changes with time of the long wave side of the far 
ultraviolet band may be due to such interconver­
sion products. Although the formation of hy­
drolysis products8,9 could not account for the 
absorption band at 2780 A., the possibility of slow 
hydrolysis may have an effect on the changes 
observed in the short wave spectrum. Analysis 
of aged sirups of form B evaporated at room 
temperature and dried at 800 and in vacuo showed 
that loss of nitrogen had occurred which could not 
be explained by assuming a loss of hydrogen 
cyanide. The changes observed in the short 
wave spectrum curves 1, 2, 3, and 4, Fig. 1, are 
compatible with the relative position of the 
spectrophotometric curves from glucononitrile, 
gluconyl-^-lactone, gluconamide and ammonium 
gluconate. In addition, the shift of the beginning

(12) G uillaum e and L ardy, Compt. rend,, 176, 1548 (1923).
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of the further ultraviolet absorption of boiled 
aqueous solutions of form A may suggest hydroly­
sis. On account of the inconclusive evidence 
concerning the question of the slow hydrolysis of 
the B form, it is not possible at present to asso­
ciate the spectral observations with the details of 
the chemical changes and the problem requires 
further investigation.

Finally a suggestion may be made on the origin 
of the different melting points of the two forms. 
Glucononitrile may resonate between the struc­
tures RC:::N: and RC+: :N as the alkyl cy­
anides are supposed to do.13 The rather ionic 
character of the CN group might then lead to the 
formation of hydrogen bonds between the highly 
electro-negative hydroxyl oxygen and the nitro­
gen atoms. According to Thompson’s infrared 
investigations14 intermolecular bonding is more 
prominent in liquid hydroxy nitriles. • As the 
presence of intermolecular hydrogen bridges is 
associated with higher melting points than their 
absence,13 it seems plausible to associate the high 
melting point of the A form with the presence of 
intermolecular hydrogen bonds, while in the B form 
the bonds are either weaker or of the intramolecu­
lar type. More direct information on this question 
might be gained from a study of the infrared spec­
tra of appropriate glucononitrile derivatives in 
which all but one hydroxyl group is blocked.

The author wishes to express his thanks to Dr. 
Wm. F. Ehret for the X-ray work, to Dr. Wm.

(13) P auling , “ N a tu re  of th e  Chem ical B ond,” Cornell U niversity  
Press, I th aca , N . Y ., 1939, pp . 183-84, 270-272, 300-314.

(14) Thom pson, T h is  J o u r n a l , 61, 1396 (1939).

West for the use of the spectrograph, to Dr. 
Raymond L. Garman and Dr. Marcel E. Droz 
for the microphotometer curves, and to Mr. D. 
Rigakos for the micro-analyses.

Summary
The two forms of glucononitrile, A and B, melt­

ing at 145 and 120.5°, respectively, shown by 
earlier work to differ in their optical activity, 
exhibited, within the accuracy of the measure­
ments, the same X-ray powder diffraction spectra, 
but different ultraviolet absorption spectra. 
Aqueous solutions of the B form displayed an 
absorption band at 2780 A. and an extinction 
coefficient given by log emolar =  0.9, approxi­
mately. The (ultraviolet) spectrum also under­
went complex changes with time. The A form 
gave a spectrum resembling that of (3-hydroxy- 
propionitrile and showing no absorption maximum 
at X 2780 A. Several cyclic compounds containing 
carbonyl or imino groups, derivable from the 
nitrile, are regarded as causing the band at 2780 A. 
Interconversion of these compounds may be 
responsible for the changes with time in the de­
tails of the characteristic band, and for the 
changes in optical rotation as well as for other 
spectral changes in the short wave ultraviolet. 
A gradual hydrolysis of the B form would not 
account for some facts and degradation by loss of 
hydrogen cyanide was shown to be inconsiderable. 
Consideration was given to the possibility that the 
two crystalline forms A and B differed in the 
nature of the hydrogen bonding.
N e w  Y o r k , N .  Y .  R e c e i v e d  J u n e  4, 1942

[C o n t r i b u t io n  f r o m  t h e  G a t e s  a n d  C r e l l i n  L a b o r a t o r i e s  o f  C h e m i s t r y , C a l i f o r n i a  I n s t i t u t e  o f  T e c h n o l o g y ,
No. 877]

Hydration of Unsaturated Compounds. XI. Acrolein and Acrylic Acid1
By  D . P ressman

Kinetics.—The hydration of acrolein2 is shown 
by Eq. 1. That of acrylic acid3 is similar.

(1) Previous com m unication, X , T h is  J o u r n a l , 64, 1122 (1942).
(2) J . U. N ef has shown th a t  acrolein undergoes hydra tion  in hot 

aqueous so lu tion  to  form  hydracrolein, A nn ., 335, 219 (1904). 
H ydra tion  of acrolein in aqueous sulfuric acid can explain the  results 
of Lobry de B ruyn, who isolated a colorless syrup, probably  hydracro­
lein, from  a d ilu te  aqueous sulfuric acid solution of acrolein, Rec. 
trav. chim., 4, 232 (1885).

(3) Acrylic acid undergoes h yd ra tion  in aqueous sodium  hydroxide,
E. Lennem ann, Ber., 8, 1095 (1875); E . Erlenm eyer, A n n ., 191, 281 
(1878). H ydracry lic  acid undergoes dehydration  in 50%  sulfuric 
acid, W. M oldenhauer, ibid., 131, 335 (1864); J. Wislicenus, ibid,, 
166, 23 (1873).

and H . J . L ucas

h
H2C=CHCHO +  H20  ^ ± r  HOCH2—CH2CHO (1) 

k-i

At a given hydronium ion concentration in dilute 
aqueous solution, the hydration is first order with 
respect to the unsaturated compound and the de­
hydration is first order with respect to the hy­
drated compound, as shown by the straight line 
character of the plots of logio «/(e — x) against t 
(Fig. 1), which is the case of two first order reac­
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tions coming to an equilibrium, according to the 
integrated Eq. 2

logio e/(€ — x) = t(k 1 +  &_i)/2.303 (2)
Here x is the fraction of the original unsaturated 
compound hydrated at time, t, e is the fraction 
hydrated at equilibrium and ki and k -i  are the 
specific first order rate constants of hydration 
and dehydration, respectively, at a given hydro- 
nium ion concentration.

Fig. 1.—Hydration of acrolein and acrylic acid, dehydra­
tion of hydracrylic acid:

Starting
compound

Temp., (H30 +), 
°C. N

A*,
N

o Acrolein 29.20 0.493 0.493
Acrylic acid 119.8 1.01 2.00

® Hydracrylic acid 119.8 1.92 2.00

The in d iv id u a l  v a lu e s  o f ki  a n d  k - i  w ere ca lcu -
lated from the values of (ki +  &-i)/2.303, the 
slope of the curves of the type of those of Fig. 1, 
and the equilibrium constant, Eq. 3.

K = kx/k-X = €/(l ~  6) (3)
All of the values of e are experimental except the 
one for acrylic acid at 119.8°, which is calculated 
from the values at 110.6 and 134.8 by the use of the 
Arrhenius equation. In Table I are listed the val­
ues of k\y k-i, e and K  for acrolein and acrylic acid.

The reversibility of the hydration-dehydration 
system was demonstrated in each case by lower­
ing the temperature after the system had already 
reached equilibrium and then returning the sys­
tem to the original temperature after equilibrium 
had been established at the lower temperature. 
The system returned to the original equilibrium. 
In each case the extent of hydration was greater 
at the lower temperature, thus showing that the 
equilibrium could be approached from both sides 
and demonstrating the exothermic character of the 
hydration reaction.

The reversibility in the case of acrylic acid was 
confirmed by observing the rate of dehydration of 
hydracrylic acid at 119.8°. The values thus ob­
tained for k~i, e and K  agree well with values 
from the hydration experiments. The two sys­
tems are remarkable in the stability of the equilib­
rium. Evidently the /3-hydroxy compound is the 
only reaction product in these two cases.

The effect of replacing sodium ion by hy- 
dronium ion is evident from the slight decrease in 
the values of k \ /  (H30 +) and &-i/(H30 +), (Table 
I), and of the equilibrium constants K. Un­
doubtedly these effects are due primarily to the 
presence of oxonium complexes, as was demon­
strated previously in the case of the mesityl oxide- 
diacetone alcohol system.1 The decreases in k i /  
(H30 +) and &-i/(H30 +) probably are due to the 
fact that each oxonium complex is less reactive 
than the uncomplexed compound. The decreases 
in the equilibrium constants probably are due to 
the fact that each hydrated compound is a weaker 
base than the respective unsaturated compound. 
The roles of the oxonium complexes were not in­
vestigated further.

Thermochemistry.—The heats of activation of 
the hydration and dehydration reactions were 
calculated by means of the Arrhenius equation. 
The heats of activation in the temperature range 
19.98 to 29.70° are: for the hydration of acrolein,
18.0 kcal. in 0.249 N  perchloric acid and 17.5 kcal. 
in 0.493 N  acid; for the dehydration of hydra- 
crolein, 24.0 kcal. in 0.249 N  acid and 24.5 kcal. 
in 0.493 N  acid. The heats of activation, 110.6 
to 119.8°, are: for the hydration of acrylic acid,
20.4 kcal. in 1.01 N  acid and 20.2 kcal. in 2.00 N  
acid; for the dehydration of hydracrylic acid,
27.0 kcal. in 1.01 N  acid and 26.8 kcal. in 2.00 N  
acid.

It is probable that the heat of activation of the 
complexed form approximates that of the uncom­
plexed form, since the heat of activation is essen­
tially constant even though the hydrogen ion 
concentration changes.

Values of AH for the hydration reactions were 
obtained from plots of log K  against 1/T. For 
the hydration of acrolein in 0.249 N  acid three 
points fell on a straight line, giving for AH the 
value of —5.8 kcal. and at 0.493 N  acid two points 
gave —5.8 kcal., while the third point, at 19.98°, 
was inconsistent. For the hydration of acrylic 
acid in 1.01 N  and 2.00 N  acid, AH is —6.5 and 
— 6.7 kcal., respectively.
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Tem p.,
°C .,

=±=0.03
(HaO+),N

U nsatd . 
com pd., 

in itia l M

T a b l e  I  

K i n e t i c  D a t a

€ K ki + k-i ki, h rs .” 1 &_i, h r s .-1

Acrolein-Hy dr acrolein at Ionic Strength 0.493 N
ki/ (HsO +) k-1/ (HsO +)

19.98 0.249 0.0337 0.9234 12.08 0.0366 0.0338 0.00281 0.136 0.0113
19.98 .493 .0342 .9236 12.00 .0693 .0640 .00530 .130 .0107£
29.70 .249 .0350 .896 8.62 .1015 .091 .01054 .365 .0424
29.70 .493 .0350 .892 8.26 .1885 .168 .0204 .341 .0414
39.93 .249 .0329 .865 6.41
39.93 .493 .0234 .861 6.20

±0.2
Acrylic Acid-Hydracrylic Acid at Ionic Strength 2.00 N

110.6 1.01 0.0375 0.9195 11.40 0.177 0.163 0.0i43 0.161 0.0142
110.6 2.00 .0502 .9184 11.23 .341 .313 .0279 .157 .0140
119.8 1.01 .0375 ( . 903)a (9.37)“ .338 .305 .0327 .302 .0325
119.8 2.00 .0502 ( . 902)a (9.17)“ .643 .580 .0633 .290 .0317
134.7 1.01 .0375 .873 6.88
134.7 2.00 .0502 .870 6.69
119.8& 1.92 . 084& .905 9.5 .622 .564 .059 .288 .0306
Calculated by interpolation. 6 Reaction started with hydracrylic acid.

The replacement of hydronium ion by sodium 
ion appears to have no effect on the heat of hy­
dration. This would be expected if the uncom- 
plexed and complexed forms of the unsaturated 
compound have identical heats of hydration, as 
was noted in the case of mesityl oxide.1

The Hydration of Acrolein in Water.—Nef2 
observed that hydracrolein was formed when a 
25% solution of acrolein was heated in a sealed 
tube at 100°, and that the yield decreased, due to 
polymerization, if the heating was continued 
longer than seventy hours. Recently Rodebush4 
and co-workers have measured the absorption 
spectra of aged aqueous acrolein solution, and 
have found that they are quite similar to the ab­
sorption spectrum of aqueous aldol. They claim 
that the material responsible for the characteristic 
absorption is a polycondensation product similar 
in nature to the hydrated pentamer which Gilbert 
and Donleavy5 consider to be the product resulting 
from the polycondensation of acrolein in dilute 
aqueous alkaline solutions and to which they as­
sign the structure

H O C H 2C H —r—C H 2G H —"I—C H 2 C H 2 C H O
I I

C H O  L C H O  J3
The arguments advanced by Rodebush, et al., 

in substantiation of their claim are: (1) similarity 
in absorption spectra of aqueous aldol and aged 
acrolein solutions; (2) structural resemblance 
between aldol and the pentamer of Gilbert and

(4) A. M . Buswell, E . C. D unlop, W. H. R odebush and  J. B. 
Swartz, T h is  J o u r n a l , 62, 328 (1940).

(5) E. G ilbert an d  J . D onleavy, ibid., 60, 1737 (1938).

Donleavy, in that both are /3-hydroxyaldehydes;
(3) absence of absorption due to a conjugated 
double bond, as would be the case if acrolein 
underwent the aldol condensation, which it is not 
known to do anyway. They completely overlook 
the possibility of a simple hydration of acrolein to 
hydracrolein, which explains in a highly satisfac­
tory manner the effects they observed. On this 
account it became desirable to investigate the 
hydration of acrolein in water, in the absence of a 
catalyst.

Experiment showed that 0.03 M  aqueous acro­
lein solution after heating at about 100° gave, at 
successive intervals, the following fractions of 
unchanged acrolein: 0.6 hr., 0.88; 1.3 hr., 0.715;
3.3 hr., 0.433; 7.5 hr., 0.395; 23 hr., 0.391. The 
equilibrium value 0.39 is close to 0.411 and 0.416, 
the values obtained when aliquots of a solution
0.02 M  in acrolein and 0.5 N  in perchloric acid 
were heated in boiling water for five and thirteen 
minutes, respectively, before quenching.6 It 
appears from these results that in water at 100° 
the acrolein comes to a fairly stable equilibrium 
with hydracrolein, which is known to be formed in 
this solution.2

At 29.70 and 19.98° it was possible to follow 
the reaction more closely than at 100°. From the 
nature of the curves obtained by plotting x and 
log x against t, Fig. 2, it is evident that the reac­
tion is essentially first order with respect to acro­
lein. The nature of the curves seems to indicate

(6) E ven  a fte r tw o  an d  one-half h o a rs  of heating , th e  va lue  is 
0.392, showing th e  s tab ility  of th e  system .
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Fig. 2.—Hydration of acrolein in pure water, plot against
time of (1 — x) and 1 -f- logio (1 — x ) :

Tem p., In itia l P lo t of P lo t of
°C . concn.,

ilf
(1 -  x) 1 +  logio (1

30 0.0340 O □
2 0 0.0338 © E l
2 0 0.0316 • ■

that the rate constant increases as the reaction 
proceeds. This is due to cumulative evaporation 
losses into the free space above the solution. As 
this space becomes larger the percentage loss by 
evaporation increases, thus giving the effect of a 
continually accelerating reaction. This effect was 
not observed in the acid-catalyzed studies because 
the loss due to evaporation was negligible in com­
parison to decrease of acrolein through hydration.

Non-reproducibility of the hydration data in 
water points to an extreme sensitivity to cataly­
sis as, for example, slight daily variations in the 
pH  of the water. In any event, the rate of hydra­
tion in water is negligible, when compared to the 
rate in acid solution.

Experimental
Acrolein.—Eastman Kodak Co. acrolein was distilled 

immediately before use. Determination of unsaturation 
by bromine absorption showed 1:000 double bond per mole. 
The analysis was carried out with an acetic acid solution, 
since acrolein is miscible with this solvent. Thus it is 
possible to make up a solution quantitatively by weight.

Acrylic Acid.—This was prepared by the action of metal­
lic zinc upon a refluxing aqueous solution of a,/3-dibromo- 
propionic acid.7 The fraction of acrylic acid which dis­
tilled at 138-140 ° and melted at 8° was purified by freezing 
about half way and decanting the liquid. After four such 
treatments the acid melted at 10.3°. When debromina- 
tion was carried out without external heating, the boiling 
point of the acrylic acid was 140.0-0.3°, and the melting 
point of the distilled acid was 11.0°. This higher melting 
point when debromination is carried out at the lower tem­

(7) B iilm an, J . prakt. Chem., [2] 61, 491 (1900).

perature is due to the fact that there is less propionic acid 
present. The presence of propionic acid is indicated by the 
fact that whereas the neutralization equivalent as deter­
mined by titration with standard base was low by 2% 
(probably due to evaporation losses) bromine absorption 
was low by 5%.

Calcium Hydracrylate.—Hydracrylic acid was prepared 
by Mr. Frank Dickey from ethylene cyanohydrin.8 After 
purification by ether extraction from the aqueous solution, 
it was shaken with a paste of calcium hydroxide and water. 
The resulting liquid was made neutral to phenolphthalein 
with carbon dioxide. Following removal of insoluble ma­
terial by filtration, the solution of calcium hydracrylate 
was concentrated to a viscous mass in a vacuum desiccator. 
This was dried at 75° in an Abderhalden dryer. The re­
sulting white deliquescent powder gave negative tests for 
chloride and sulfate ions with silver and barium nitrate 
solutions, respectively. Anal. Calcd. for CeHioOeCa: 
Ca, 18.4. Found: Ca (by ashing), 18.98, 19.02.

Analysis.—Acrolein was determined by the bromine ab­
sorption technique described previously in connection with 
crotonic acid.9 Bromine was absorbed as rapidly as it 
was liberated from the bromate-bromide mixture. There 
was no interference from any hydracrolein present.

Acrylic acid reacted so slowly that after ten minutes, 
with 150% excess of bromide, only 90% of the theoretical 
amount of bromine was absorbed. On the addition of 
aqueous mercuric sulfate (so that the ratio of the concen­
tration of mercuric ion10 to the final concentration of bro­
mide ion was about 1.3), absorption of bromine was quanti­
tative after two minutes, with 50% excess bromine. Sub­
stitution was negligible. Actually this was only 4% in 
twenty-five minutes, even when the excess of bromine was 
400%. Hydracrylic acid did not interfere. Substitution 
here was comparable to that in the dibromo acid.

Procedure.—For runs at 100° or above, the organic ma­
terial was added to the acid or water, aliquots were sealed 
in ampoules and then placed in the thermostat at the re­
quired temperature. Ampoules were removed from time 
to time,' quenched in cold water and analyzed. For runs 
at 40° or lower, acrolein was added to water or aqueous 
acid solution in a flask at the proper temperature. Im­
mediately after thorough mixing an aliquot was analyzed. 
Other aliquots were removed at various intervals of time.

Correction was made for the change in hydrogen ion con­
centration when calcium hydracrylate was added.

No correction was made for the change in volume when 
the organic material was dissolved in the aqueous solution, 
usually about 1 ml. per liter, since any error is so small 
(about 0.1%) that it can be neglected. No account was 
taken of the change in concentration with temperature 
since the equilibria and, hence, the heats of hydration are 
not affected.

Summary
The equilibria in aqueous perchloric acid solu­

tions in the systems, acrolein-hydracrolein, and 
acrylic acid-hydracrylic acid, have been studied.

(8) “ Organic S yntheses,” Coll. Vol. I, J .  W iley and  Sons, Inc ., 
New York, N . Y ., 1932, p. 314.

(9) D. Pressm an and  H . J. Lucas, T h is  J o u r n a l , 61, 2271 (1939).
(10) H . J . Lucas an d  D . Pressm an, In d . Eng. Chem., A na l. Ed., 

10, 140 (1938).
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The rates of hydration and dehydration are first 
order with respect to hydronium ion and to the 
organic compound involved.

In each case the drop in the values of the spe­
cific reaction rate constants of hydration and de­
hydration when hydronium ion replaces sodium 
ion is ascribed to the formation of an oxonium 
complex which is less reactive than the uncom- 
plexed compound.

In each case the decrease in the value of the

equilibrium constant with the above change is 
ascribed to the fact that the unsaturated com­
pound probably is a stronger base than the corre­
sponding hydrated compound.

Acrolein hydrates at 100° in pure water and in
0.5 N  perchloric acid to the same extent.

The values for AH of hydration are: — 5.8 kcal. 
in the case of acrolein, and —6.6 kcal. in the case 
of acrylic acid.
Pasadena, Calif. R eceived April 6, 1942

[Contribution from the D ivision of Industrial and Cellulose Chemistry, M cGill University]

Studies on Reactions Relating to Carbohydrates and Polysaccharides. LXV. An 
Improved Technique for the Fractionation of Partially Methylated Glucosides1

B y I rving  Le v i, W . L incoln  H aw k in s  and H arold H ib b e r t

The quantitative separation of mixtures of par­
tially methylated glucosides obtained on hydroly­
sis of methylated polysaccharides has been at­
tempted by three general methods.2,3'4 Several 
of the techniques described during recent years 
have been complicated, requiring large amounts 
of the methylated polysaccharide, and no pro­
cedure has been reported by which a complete 
quantitative separation of mixtures of tetra-, 
tri- and dimethylmethyl glucosides can be effected.

A description is now given of an improved pro­
cedure based on the fractionation principles and 
technique described by Podbielniak.5 Several 
control fractionations carried out with mixtures 
of synthetic 2,3,4,6-tetramethyl-, 2,3,4-trimethyl- 
and 2,3-dimethylmethyl glucosides yielded ex­
cellent separations of the glucosides with a total 
recovery of 95-97%. The fractionation results 
on a typical mixture of these glucosides are shown 
in Table I. With this apparatus the 2,3,4-tri- 
methylmethyl glucosides could be readily frac­
tionated into the pure solid and the liquid a 
isomer. In no case was there any appreciable 
decomposition.

In a recent investigation6 on the structure of 
dextran, the present procedure gave very satis­
factory results; an excellent separation was ob­
tained using only three to four grams of the

(1) Original manuscript received August 13, 1941.
(2) B[aworth and Machemer, J . Chem. S oc . , 2270 (1932); Ha­

worth and Percival, ib id . ,  2277 (1932).
(3) Macdonald, T h is  J o u r n a l , 57, 771 (1935).
(4) Hess and Neumann, Ber., 70B, 710 (1937).
(5) Podbielniak, I n d . E ng . Chem., A lta i . Ed., 3, 177 (1931); 5, 

119 (1933).
(6) Levi, Hawkins and Hibbert, T h is  J o u r n a l , 64, 1959 (1942).

T able I
F ractionation of Synthetic M ixtures of M ethyl 

Glucosides
Fraction, OCHa, “Tetra,” “Tri,” ?Di,”

Fraction g- % g- g. g.
1 0.746 60.5 0.746
2 .151 59.6 .113 0.038
3 .387 52.5 .387
4 .665 52.3 .665
5 .257 52.4 .257
6 .300 50.8 .249 0.051
7 .451 42.1 .451

Total wt. 2.957 .859 1.596 .502
Starting wt. .872 1.660 .516

The theoretical methoxyl values for tetra-, tri- and di­
methylmethyl glucosides are 62.0, 52.6 and 41.9%, re­
spectively. The amounts of each present in the small 
intermediate fractions (2 and 6) were calculated on this 
basis.

mixed glucosides. Intermediate fractions were 
very small and there was practically no non-volatile 
residue (not more than 1% and in some cases not 
detectable). The application of this fractionation 
technique is thus of particular significance in the 
field of structural carbohydrate chemistry, espe­
cially where the amount of material is limited and 
more than one distillation undesirable.

The fractionating column used is shown in 
Fig. 1. It is packed with a gold-plated wire 
(20 gage) spiral with 1/% pitch. The vacuum- 
jacket, column head and delivery tube of the 
small condenser were wound with a heating 
element (nichrome ribbon) and the small con­
denser adapted for the passage of cold water or 
steam, depending on the nature of the distillate.
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0.7 cm. 
Pyrex 
Tubing 
To vacuum

Cork support 
for receivers

Fig. 1. No. 12/18 Pyrex ground bevelled to 45° angle 
and with hole in bottom as shown.

Fractionation Technique
The glucoside mixture is placed in a pear-shaped flask 

(25-cc. capacity) loosely packed with glass wool to main­
tain smooth boiling, and fitted to the bottom of the 
fractionating column by means of a ground-glass joint. 
After evacuation of the system to a constant pressure 
(regulated by a “bleeder” stopcock), the bath temperature 
is slowly increased until the maximum height of the reflux 
level is attained (about one-third up the column). Heat is 
then applied very gradually to the column (but not to the 
condenser top), while the bath temperature is kept con­
stant, until the liquid refluxes to within 2.5 cm. of the

top of the column. These conditions are then maintained 
for several hours to establish equilibrium, the gold-plated 
wire becoming, meanwhile, completely wet with the liquid.

The column temperature is raised slightly (3-4°) and 
the tetramethylmethyl glucoside collected at the rate of 
150 to 200 mg. per hour, cold water being passed through 
the condenser during this operation. Due to the slow 
rate at which the column is operated at reduced pressure, 
the true boiling points cannot be determined, but the 
thermometer installed in the column head, with its bulb 
opposite the condenser side arm, gives the approximate 
values. The approximate column temperatures are read 
on a thermometer placed within the column air-jacket.

After a certain number of hours (dependent on the 
amount of tetramethylmethyl glucoside in the mixture) 
of constant distillation under these conditions, a dry spot 
on the previously completely wet gold-plated spiral wire 
becomes clearly visible, usually at about one-fifth the 
distance from the base, and during the next one to two 
hours the column dries completely with the exception of 
several cm. at the bottom. The receiver is now changed 
by turning the glass rod (R), the vacuum being maintained 
constant. The first fraction is pure tetramethylmethyl 
glucoside.

The bath temperature is slowly increased and also that 
of the column, until the spiral wire is again wet, and 
equilibrium conditions maintained for four hours. The 
column temperature is raised a further 2-3 °, thus assuring 
the same uniform rate of distillation. The first four or 
five drops of distillate suffice to remove any residual “tetra” 
and are retained as an intermediate fraction of “tetra” 
and “tri.” The third fraction is pure trimethylmethyl 
glucoside. I t  was necessary at this point to insert the 
condenser tip (a-b, Fig. 1) into the heating system, and to 
pass steam instead of cold water through the condenser to 
prevent solidification of the /3-isomer of 2,3,4-trimethyl- 
methyl glucoside.

After complete distillation of the trimethylmethyl gluco­
side, the column again becomes “dry,” only the lowest 5 
cm. being wet with dimethylmethyl glucoside. The 
column is now allowed to cool to room temperature and 
the vacuum released.

The pear-shaped distilling cup is removed and the 
column and condenser washed by distilling through them 
a small amount of chloroform. The chloroform distillate 
and washings from the column are combined and taken to 
dryness, this residue constituting the fraction intermediate 
between tri- and dimethylmethyl glucosides.

The dimethylmethyl glucoside should not be removed 
through the column because of its high boiling point but 
is distilled out of the flask through a short “goose-neck” 
(Fig. 1). This has a glass joint ground to fit the distilling 
flask and is wound with nichrome ribbon. This heating 
element is inserted in series with the heating unit of the 
column, thus permitting temperature control. The tem­
perature of the “goose-neck” is kept at 100 ° during the dis­
tillation and the pressure reduced to 0.010 mm.

The authors are indebted to Dr. L. M. Cooke for de­
signing the column described.

Summary
An improved apparatus is described and pro­
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cedure outlined for the separation of small quan­
tities of partially methylated glucosides whereby 
an almost quantitative recovery (95-97%) can 
be effected.

The glucosides can be separated in a high degree

of purity and with accompaniment of only very 
small intermediate fractions.

The amount of non-volatile residue formed was 
never more than one per cent.
M o n t r e a l , C a n a d a  R e c e i v e d  M a y  12, 1942

[C o n t r i b u t i o n  f r o m  t h e  D i v is i o n  o f  I n d u s t r ia l  a n d  C e l l u l o s e  C h e m i s t r y , M c G i l l  U n i v e r s i t y ]

Studies on Reactions Relating to Carbohydrates and Polysaccharides. LXVI. Struc­
ture of the Dextran Synthesized by the Action of Leuconostoc Mesenteroides on Sucrose1

By I rv in g  L e v i, W. L incoln  H a w k in s  and  H arold H ib b e r t

In a previous communication2 an investigation 
of the structure of dextran synthesized by the ac­
tion of L. mesenteroides on sucrose was described. 
Hydrolysis of the trimethyl dextran by the action 
of methanolic hydrogen chloride yielded dimethyl, 
trimethyl and tetramethyl methyl glucosides in 
the approximate ratio of 1:3:1, The products of 
hydrolysis were identified as 2,3-dimethyl methyl 
glucoside, 2,3,4-trimethyl methyl glucoside and
2,3,4,6-tetramethyl methyl glucoside. Based on 
these results a branched chain structure for the 
dextran was proposed.

These results were subsequently criticized by 
Brauns3 on the following grounds: (a) the dextran 
was incompletely methylated; (b) the ratio of 
tetra- to tri- to dimethyl methyl glucosides of 
1:3:1 was not conclusive because of the inefficient 
fractional distillation employed; and (c) the 
large percentage (18.4%) of material lost during 
fractionation. A re-investigation of this dextran 
was therefore made in order definitely to estab­
lish its structure.

Discussion of Results
Most complex polysaccharides such as man- 

nan,4»5 glycogen,6»7»8 and araban9 contain in­
tricately branched chains, every branching posi­
tion of which yields a dimethyl methyl glyco­
side in the case of hexosans and a monomethyl 
methyl glycoside in the case of pentosans. In 
methylation studies of such polysaccharides a 
final methoxyl value of one or. two per cent, lower

(1) O riginal m anusc rip t received A ugust 13, 1941.
(2) Fow ler, B uckland, B rauns and  H ibbert, Can. J .  Research, 

B15, 486 (1937).
(3) B rauns, ibid., B16, 73 (1938).
(4) H aw orth , H irs t and  Isherw ood, J . Chem. Soc., 784 (1937).
(5) H aw orth , H irs t, Isherw ood and  Jones, ibid., 1878 (1939).
(6) Bell, Biochem. J .,  30, 1612, 2144 (1936).
(7) Bell, ibid., 31, 1683 (1937).
(8) H aw orth  an d  Isherw ood, J .  Chem. Soc., 577 (1937).
(9) H irs t an d  Jones, ibid., 496 (1938).

than the theoretical can render the results worth­
less with respect to the extent of branching and so 
preclude an accurate structural assignment. The 
great importance ol complete methylation of poly­
saccharide products prior to structural determina­
tion by hydrolysis cannot be over-stressed and 
has been all too frequently neglected10»11 with the 
result that conclusions drawn have only a re­
stricted value.

Throughout this investigation every precaution 
was taken to obtain yields of material as nearly 
quantitative as possible in order that the results 
obtained could be based on a very high percent­
age of the starting material and therefore be of 
true significance. With dextran and its deriva­
tives this involved reducing experimental manipu­
lations and transfers to a minimum since these 
compounds are very difficult to handle because of 
their physical properties.

Dimethyl sulfate and alkali yielded a partially 
methylated dextran (40-41% OCH3) which was 
further methylated to the theoretical value of 
45.6% OCHa (calcd. for C6H70 2(0CH3)s) in 71.4% 
over-all yield by a modified Muskat technique.12 
Hydrolysis of the completely methylated dextran 
was carried out with methanol-hydrogen chloride, 
in sealed glass bombs, heated to 140-142° for 
sixty to sixty-five hours in a tilting electric oven. 
The resulting glucosidic mixture, obtained in 
95% yield, was fractionated by the new technique 
described in the preceding communication13 using 
the modified Podbielniak column,14 and an excel­
lent separation of the glucosides effected with an 
over-all recovery of 97%. Of the 5% lost during

(10) Freudenberg , Ber., 69, 2043 (1936).
(11) H aw orth , R ais tr ick  and  S tacey , Biochem. J .,  29, 612 (1935).
(12) M u sk a t, T h is  J o u r n a l , 56, 693, 2448 (1934).
(13) Levi, H aw kins and  H ib b e rt, ibid., 64, 1957 (1942).
(14) Podbieln iak , In d . Eng. Chem., A na l. Ed., 3, 177 (1931); ib id ., 

5, 119 (1933).



1960 Irving Levi, W. Lincoln Hawkins and Harold H ibbert Vol. 64

c h 2o h

c h 2o h

Fig. 2. H

I
I ö ö 
I '§*§0  a -3
1
c h 2

OH H OH I

.ö ö .

hydrolysis, 4% could be accounted for as methyl 
levulinate. It was shown by control experiments 
that the three partially methylated monosaccha­
rides obtained from the hydrolysis of methylated 
dextran were all decomposed in this manner and 
to the same extent (1.5%) so that this side reac­
tion does not affect the final ratio. By this pro­
cedure the ratio of tetra- to tri- to dimethyl 
methyl glucoside was established as exactly 1: 3:1, 
thus verifying the earlier results of Hibbert and 
co-workers.2

The tetramethyl methyl glucoside and tri- 
methyl methyl glucoside were identified as 2,3,4,6- 
tetramethyl methyl glucoside and 2,3,4-trimethyl 
methyl glucoside, respectively.

The dimethyl methyl glucoside was identified as 
the 2,3-derivative by oxidation of the dimethyl

glucose to the corresponding dimethyl gluconic 
acid (84% yield) by the method of Hudson and 
Isbell.15

The dimethyl gluconic acid was characterized 
as the crystalline 2,3-dimethyl gluconophenylhy- 
drazide (81% yield).

Based on the above evidence, two tentative 
formulas for dextran (Figs. 1 and 2), differing 
only in the position of attachment of the side 
chain, are suggested. These, however, do not 
exhaust all the possibilities and it is conceivable 
that the side chain may consist of three, two or 
even one unit with a corresponding lengthening 
of the primary chains.

Three of the linkages between the building units 
are of the 1,6 type while the remaining two are

(15) H udson an d  Isbell, T h is  J o u r n a l , 51, 2225 (1929).
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either 1,4 or 1,6. No decision can be reached at 
present as to whether the linkages are a or 13.

Experimental
Methylation of Dextran.—Thirty grams of dextran was 

suspended in 300 cc. of water, made alkaline by the addi­
tion of 25 cc. of 30% sodium hydroxide and methylated 
by the Haworth method in an atmosphere of nitrogen, us­
ing ten successive portions of 100 cc. of sodium hydroxide 
and 40 cc. of dimethyl sulfate. The alkali and the di­
methyl sulfate Were added to the reaction mixture con­
currently. The complete reaction was carried out at room 
temperature.

The sodium sulfate formed during the methylation was 
removed by dialysis through a cellophane membrane. 
Three such methylations were carried out; yield, 34.0 g.; 
OCH3, 40.5%.

Further methylations were effected using an original 
modification of Muskat’s method.12 The apparatus con­
sisted of a cylindrical Pyrex container (7.5 X 22.5 cm.) 
with a side arm for the passage of ammonia. A condenser 
and mercury-sealed stirrer were attached to the flask by 
ground glass joints.

Thirty-four grams of dextran (OCH3, 40.5%) was 
suspended in anhydrous anisole (340 cc.) in the reaction 
flask and 40 cc. of anisole distilled off under reduced pres­
sure (20 mm.) to remove the last traces of water. The 
remaining dextran-anisole suspension (300 cc.) was stirred 
overnight. The anisole was then frozen by means of a 
chloroform-solid carbon dioxide-bath, and metallic sodium 
(0.9 g.) added to dry the ammonia (200 cc.), which was 
condensed on the solid anisole (time three to four hours). 
Metallic sodium (4 g.) was added, the anisole allowed to 
melt, and the mixture stirred for three to four hours. The 
ammonia was allowed to evaporate spontaneously. 
Twenty cc. of anisole was distilled off under vacuum and 
in an atmosphere of nitrogen, to remove the last traces of 
ammonia, methyl iodide (100 g.) added and the mixture 
refluxed overnight at 60° on the water-bath. Additions 
of both sodium and methyl iodide were made through the 
side-arm by temporarily removing the condenser.

The methyl iodide was removed by distillation under re­
duced pressure through a distilling head which fitted the 
reaction flask (ground glass joints throughout). Twenty 
cc. of anisole was added and then removed by vacuum dis­
tillation in order to expel traces of moisture.

This procedure was repeated twice more without remov­
ing the product from the flask (trial experiments had 
shown that the inorganic impurities did not interfere with 
the methylation).

After the third methylation there was considerable 
inorganic material present which was removed at this stage 
as follows. The reaction mixture was taken to dryness (20 
mm.) in an atmosphere of nitrogen, water (300 cc.) added, 
the mixture heated, with occasional stirring, to the boiling 
point and kept at this temperature for ten minutes. The 
dextran was removed by centrifuging the cooled solution, 
then dried in the vacuum oven overnight at 55-60 °. The 
well-dried, partially-methylated dextran dissolved readily 
in cold chloroform (10 cc. of chloroform per gram of methyl­
ated dextran) and any appreciable residue was removed by 
centrifuging the chloroform solution, followed by filtration.

One to two volumes of 30—50 ° petroleum ether was added 
until an appreciable turbidity was apparent. This initial 
slight precipitate contained much of the residual ash. 
The clear filtrate was precipitated into 30-50° petroleum 
ether (total volume twenty times that of chloroform used), 
and the resulting precipitate washed twice with fresh SO­
SO0 petroleum ether and dried [55° (20 mm.)] for thirty 
hours; yield, 29.8 g.; OCH3: 1st Muskat methylation
41.5%; 2nd, 42.3%; 3rd, 44.0%. (The methoxyl values 
were obtained by removing and purifying a small represen­
tative sample.) The dextran was then methylated three 
more times as above and purified in the same manner; 
yield, 27.6 g.; OCH3: 4th Muskat methylation 44.9%; 
5th, 45.3%; 6th, 45.6%. Calcd. for; C6H702(0CH3)3: 
C, 52.94; H, 7.84; OCH3, 45.6. Found: C, 52.70; H, 
7.92; OCH3, 45.6.

Hydrolysis of Methylated Dextran.—Fully methylated 
dextran (7.100 g.) was hydrolyzed in three separate por­
tions of 3.060, 1.520 and 2.520 g., respectively.

In a typical hydrolysis 3.060 g. of methylated dextran 
was suspended in anhydrous methanol (60 cc.) containing 
2% hydrogen chloride, sealed in a glass bomb-tube and 
heated at 140-142 ° in a tilting electric oven for 60-65 
hours. After this time the dextran had dissolved com­
pletely and the solution changed from a pale yellow to a 
clear reddish brown color.

The bomb was cooled to 0°, opened, and the excess 
hydrogen chloride gas allowed to escape while the solu­
tion attained room temperature. The open end of the 
bomb was fitted, during this period, with a Kjeldahl trap 
as a precaution in case of a too vigorous effervescence.

The solution was transferred to a centrifuge cup and 
neutralized (litmus) with silver carbonate, the insoluble 
silver salts removed by centrifugence and filtration and 
washed with three portions (15 cc. each) of anhydrous 
methanol, the washings being added to the original filtrate. 
At this point the methanolic solutions from the three sepa­
rate hydrolyses were combined and the solvent removed 
under reduced pressure [20 mm. (50°)].

The resulting sirup was dissolved in 142 cc. of water so 
that a 10-cc. aliquot contained the glucosides originating 
from 0.5 g, of methylated dextran. To 10 cc. of this solu­
tion was added 50 cc. of 2,4-dinitrophenylhydrazine (con­
taining 0.2 g. of reagent). After twenty minutes the preci­
pitate (A) was filtered, dried under suction and finally in a 
vacuum desiccator; yield, 0.030 g. representing 4.2% de­
composition of the dextran; recrystallized from methanol; 
melting point, 138-139°. A mixed melting point with an 
authentic sample of 2,4-dinitrophenylhydrazone of methyl 
levulinate showed no depression.

To the filtrate (B) an additional 50 cc. of reagent was 
added and the solution allowed to stand at room tempera­
ture for two and one-half hours. No further precipitate 
formed.

Removal of Methyl Levulinate.—To the remainder of 
the aqueous solution containing the glucosides from 6.6 g. 
of methylated dextran was added a barium hydroxide solu­
tion (20 cc.), saturated at 92-93°, and the mixture kept at 
60-62° on the water-bath for two hours. I t  was then 
taken to dryness [20 mm. (50-60°)], and the residue ex­
tracted by hand shaking with the following successive por­
tions of hot chloroform: 100, 50, 50, 50, 50, 25, 25, 25 cc.
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T a b l e  I
F r a c t i o n a t io n  o f  G l u c o s i d ic  M i x t u r e  O b t a i n e d  f r o m  H y d r o l y s is  o f  F u l l y - M e t h y l a t e d  D e x t r a n

Fraction, OCHa, “Tetra,” “Tri,” “Di”
Fraction Physical state g. % g- g- g.

1 Colorless sirup 1.204 61.0 1.204
2 Colorless sirup and white crystals 0.207 57.8 0.113 0.094
3 White crystals (pure 2,3,4-trimethyl methyl glucoside) 0.605 52.8 0.605
4 White crystals and colorless sirup {a and j8 mixture) 2.811 52.4 2.811
5 Colorless sirup 0.397 46.5 0.172 0.225
6 Light yellow sirup 1.013 42.0 1.013

Total 1.317 3.682 1.238
Ratio 1 . 0 1 3.00 1.07
The theoretical methoxyl values for tetra-, tri-, and dimethyl methyl glucosides are 62.0, 52.6, and 41.9%, respectively. 

The amounts of each present in the small intermediate fractions (2 and 5, Table I) were calculated on this basis.

The combined extracts were evaporated at 40 ° and 20 mm. 
pressure, and the residue distilled under high vacuum 
(0.005 mm.) to give a clear sirup; yield, 7.245 g. (95%). 
Calcd. for CeHgOaCOCHs)*: OCH3, 52.6%; found, OCH3, 
52.3%.

Fractionation of the Glucosides.—The glucosidic mix­
ture (6.43 g.) was fractionated using the same conditions 
and technique as described in the preceding paper.13 The 
results of the fractionation, methoxyl analyses and alloca­
tion of the two intermediate fractions among the glucosides 
are summarized in Table I.

Identification of the Glucosides

(a) Tetramethyl Methyl Glucoside.—A portion (0.70 g.) 
of Fraction 1 was hydrolyzed with 15 cc. of 5% sulfuric 
acid at 100° for eighteen hours, after which time the rota­
tion was constant.

The acid solution was neutralized to litmus with solid 
barium carbonate, filtered, and the filtrate taken to dry­
ness [55° (20 mm.)], in an atmosphere of nitrogen. The 
residue was extracted with four 25-cc. portions of hot an­
hydrous acetone, the combined acetone solutions filtered, 
and the solvent removed at 20 ° leaving a pale yellow sirup, 
to which 10 cc. of anhydrous ether was added. On stand­
ing a precipitate of fine white needles was obtained as the 
ether evaporated; weight 0.50 g. (75% of theoretical). 
The product was recrystallized from low-boiling (30-50 °) 
petroleum ether containing 5% diethyl ether; m. p. 90- 
91 °. A mixed melting point with an authentic sample of
2,3,4,6-tetramethyl glucose showed no depression.

(b) Trimethyl Methyl Glucoside.—A portion (0.58 g.) 
of Fraction 3 was recrystallized from low boiling (30-50 °) 
petroleum ether containing 5% diethyl ether. A mass of 
fine white needles was obtained (0.42 g.), m. p. 93-94°, 
which showed no mixed melting point depression with an 
authentic sample of 2,3,4-trimethyl-|8-methyl glucoside.

(c) Dimethyl Methyl Glucoside.—A portion (0.60 g.) of 
Fraction 6 was hydrolyzed to the corresponding dimethyl 
glucose (0.538 g.) using the procedure outlined above for 
the hydrolysis of the tetramethyl methyl glucoside. 
Calcd. for C6H10O4(OCH3)2: OCH3, 29.9. Found:
OCH3, 30.2.

The dimethyl glucose (0.538 g.) was oxidized to the cor­
responding dimethylgluconic acid by use of the method of 
Hudson and Isbell;15 weight of dimethylgluconic acid, 
0.487 g. (84%).

The dimethylgluconic acid (0.487 g.) was characterized 
as the crystalline 2,3-dimethylgluconophenylhydrazide.16 
The weight of recrystallized product (from ethanol) was 
0.556 g. (81.4%;, (of fine white needles); m. p. 166.5- 
167.5° (uncor.); mixed melting point with authentic 2,3- 
dimethylgluconophenylhy dr azide showed no depression. 
Calcd. for C14H22O6N2: C, 53.5; H, 7.0; N, 8.9; OCH3,
19.7. Found: C, 53.5; H, 7.1; N, 9.0; OCH3, 19.5.

Summary
1. The complete methylation of the dextran, 

synthesized by Leuconostoc mesenteroides,. has 
been accomplished in an over-all yield of 71.4%.

2. Hydrolysis of trimethyl dextran and frac­
tionation of the resulting glucoside mixture, em­
ploying quantitative technique, have established 
the ratio of tetra- to tri- to dimethyl methyl glu­
coside as 1:3:1.

3. The three glucosides have been identified,
and based on these results a tentative formula for 
the structure of dextran has been proposed. 
M o n t r e a l , C a n a d a  R e c e i v e d  M a y  12, 1942

(16) E vans, Levi, H aw kins an d  H ib b ert, Can. J .  Research, fo rth ­
coming publication.
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[C o n t r i b u t i o n  f r o m  t h e  L a b o r a t o r y  o f  O r g a n ic  C h e m i s t r y  o f  t h e  U n i v e r s i t y  o f  W i s c o n s i n ]

The Preparation and Properties of Certain Polyethoxyethanes and their Bromo
Derivatives

B y  S. M. M cE lvain and P h il ip  M. W alters

The original object of most of the work that is 
described in this paper was the preparation of 
triethoxyethylene (ethoxyketene diethylacetal) 
in order that its properties might be recorded with 
those of the other ketene acetals recently re­
ported1 from this Laboratory. To date, however, 
all attempts to prepare this particular ketene 
acetal have been consistently unsuccessful, but 
the preparation and properties of the various 
ethoxyethanes and their bromo derivatives that 
have been used in these attempts seem to be of 
sufficient interest to record.

The unsymmetrical diethoxyethane, acetal
(I), in the presence of pyridine is brominated 
readily (at 10-15°) and in fair yields (25-30%) to 
the mono- and dibromo derivatives II and III.2 
The unsymmetrical triethoxyethane, ethyl ortho­
acetate (IV), brominates in good yields (55-75%) 
in the presence of pyridine, but at slightly higher 
temperatures (10-35°) to the bromo derivatives 
V and VI, thus

Py = pyridine
Br2 +  Py Br2 +  Py

CH3CH(OEt)2------------ ^  BrCH2CH(OEt)2------------ >
at 10° at 15°

I II
Br2CHCH(OEt)2

III
Br2 +  Py Br2 +  Py

CH3C(OEt)3 ------------ > BrCH2C(QEt)3------------ ^
at 10° at 35°

IV V
Br2CHC(OEt)a

VI

However, the corresponding symmetrically sub­
stituted compounds, ethylene glycoldiethyl ether 
and ethoxyacetal, EtOCH2CH(OEt)2, not only 
require a decidedly higher reaction temperature 
(65°) to cause one equivalent of bromine and 
pyridine to react with each of them, but yield a 
variety of cleavage products instead of mono- 
bromo derivatives. In all of the above men­
tioned brominations higher reaction temperatures 
are required if pyridine is not used, and under

(1) M cE lvain  and  W alters, T h is  J o u r n a l , 64, 1059 (1942).
(2) T h is  m ethod  of p repara tion , however, is n o t as satisfactory  for 

I I  as is th e  b rom ination  of vinyl ace ta te  [Filachione, ibid., 61, 1705 
(1939)] nor for I I I  as is th e  brom ination  of I I  in  the  presence of cal 
cium carbonate  [B eyerstedt and  M cE lvain , ibid., 59, 2267 (1937)].

these conditions the bromination is not smooth 
but is accompanied by cleavage of ethoxyl groups 
by the hydrogen bromide produced in the reaction.

The differences in the behavior of the bromo 
compounds II, III, V and VI toward sodium or 
potassium alkoxides are interesting. As pre­
viously reported3 bromoacetal (II) yields mainly 
ethoxyacetal when treated with an alcoholic 
solution of sodium ethoxide, but with potassium 
/-butoxide in /-butyl alcohol it is converted into 
ketene acetal.4 Dibromoacetal (III) reacts readily 
with one equivalent of potassium ethoxide but is 
very resistant to further action of this reagent. It 
was first thought5 that the product of the reaction 
of one equivalent of potassium ethoxide with III 
was bromoethoxyacetal, EtOCHBrCH(OEt)2, to­
gether with a small amount of bromoketene acetal
(VII), which added a molecule of alcohol to give 
the orthobromoester (V) that was always isolated 
as one of the reaction products. With potassium 
/-butoxide in /-butyl alcohol the dibromoacetal
(III) was smoothly transformed with the loss of 
hydrogen bromide, into VII.

—HBr EtOH
I I I ---------->  BrCH=C(OEt)2--------- >- V

VII

It is now found that the earlier observation was 
in error and that the reaction of III with potas­
sium ethoxide in ethyl alcohol solution does not 
yield any detectable quantities of the bromo­
ethoxyacetal by direct replacement of a bromine 
by ethoxy but instead gives bromoketene acetal 
(VII) by the elimination of hydrogen bromide 
from III. Indeed, if the reaction mixture is 
worked up within a few hours after the reaction is 
finished, yields of VII as high as those obtained in 
/-butyl alcohol may be isolated. As previously 
reported5 ethyl orthobromoacetate (V) is always 
present as a reaction product; in fact, it is the 
only product if the reaction mixture is allowed to 
stand too long before working up. It appears 
from these results that bromoketene acetal reacts 
sufficiently slowly with alkaline alcohol to allow

(3) B eyersted t and  M cE lvain , ibid., 58, 529 (1936).
(4) Johnson, B arnes an d  M cE lvain , ibid., 62, 968 (1940).
(5) B eyersted t an d  M cE lvain , ibid., 59, 2266 (1937).
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it to be formed in and isolated from this medium.6 
This behavior is in a marked contrast to the in­
stantaneous reaction of this ketene acetal with 
alcohol, containing a trace of acid, to produce the 
ortho-ester V.

Since it was not possible to obtain the bromo- 
ethoxyacetal EtOCHBrCH(OEt)2 from III due to 
the ease with which this latter compound lost 
hydrogen bromide, the preparation of ethyl 
orthobromoethoxyacetate, EtOCHBrC(OEt)3, 
from the orthodibromoester (VI) was undertaken. 
If this bromoethoxyorthoester were available it 
should be. readily convertible into the desired 
triethoxyethylene by the action of sodium.7 Al­
though the dibromo-orthoester (VI) cannot lose 
hydrogen bromide it failed to give the expected 
bromoethoxyorthoester when treated with one 
equivalent of potassium ethoxide in alcohol solu­
tion. Instead the monobromo-orthoester (V) was 
the reaction product. This latter orthoester was 
found to react similarly with alcoholic potassium 
ethoxide with the formation of ethyl orthoacetate, 
thus

KOEt KOEt
VI----------V ------------- > CH3C(OEt)3

EtOH EtOH

The positive character of the bromine in the 
orthoesters V and VI is striking. It is well 
known8 that an increase in the number of negative 
(electron attracting) groups on a carbon carrying a 
halogen increases the tendency of that halogen to 
be replaced, through hydrolytic cleavage, by 
hydrogen (instead of hydroxyl) as, for example, 
in the hydrolysis of carbon tetrabromide to bromo- 
form and bromomalonic ester to malonic ester. 
In the cases of the orthoesters, V and VI, however, 
it is seen that the effect of the three ethoxy groups 
is sufficiently great to render positive in its reac­
tion a bromine one carbon removed from the car­
bon carrying the ethoxy groups.

The failure of the dibromo-orthoester VI to 
yield the bromoethoxyorthoester led to the

(6) D ichloroacetal shows a sim ilar behavior w ith alcoholic potas­
sium  ethoxide an d  yields 60%  of the  theoretical am oun t of chloro- 
ke tene  acetal even afte r th e  reaction  m ixture  is allowed to  s tand over­
n ig h t before i t  is worked up. In  th is  connection it is interesting  to 
no te  th a t  P inner {Ber., 5, 151 (1872)) reported  the  preparation  of the 
sym m etrical te trae th o x y eth an e , g lyoxalte trae thy lace ta l, from the re­
action  of sodium  ethoxide w ith  d ichloroacetal. H e reported  no 
yields or analyses, b u t did rem ark  th a t  he could no t obtain  a com­
p le te ly  chlorine-free p roduct. In  the  ligh t of the  present work it 
would seem th a t  P inner did  no t have th e  glyoxal-acetal bu t ethyl 
o rthoch loroacetate  (from  th e  add ition  of alcohol to  chloroketene 
aceta l) probab ly  mixed w ith  e thy l o rth o ace ta te  (from th e  reaction of 
sodium  ethoxide w ith  th e  o rthoch loroeste r).

(7) W alters and  M cE lvain , T h is  J o u r n a l , S2, 1482 (1940).
(8) Cf. Schm idt, et al.y Ber., 59, 1876 (1926).

attempt to prepare this latter compound by the 
bromination of ethyl orthoethoxyacetate (VIII). 
This latter ester was obtained through the follow­
ing sequence of reactions
CICH2COOH---->  EtOCH2COOH---->

EtOCH2COOEt----EtOCH2CONH2
EtOCH2CN — > EtOCH2C(OEt)—NH-HC1 — >

EtOCH2C(OEt)3
VIII

The orthoester VIII shows a resistance to bromina­
tion similar to that of ethylene glycol diethyl 
ether and ethoxyacetal mentioned above. It did 
react with bromine in the presence of pyridine at 
80° to yield pyridine hydrobromide, but the ester 
was transformed in the process into a tar from 
which nothing could be distilled.

Experimental
Ethyl Orthobromoacetate.—This bromo-orthoester was 

prepared by the bromination of ethyl orthoacetate in 
pyridine employing the method of Beyerstedt and Mc­
Elvain.9

Ethyl Orthodibromoacetate.—To a stirred mixture of 162 
g. (1 mole) of ethyl orthoacetate and 158 g. (2 moles) of 
pyridine was added dropwise 320 g. (2 moles) of bromine 
over a period of two hours. The reaction mixture was 
cooled to about 30° until one-half of the bromine had been 
added, whereupon the temperature was allowed to rise to 
60-70° for the remainder of the bromine addition. The 
reaction mixture was stirred for an additional two hours. 
The brominated ester then was separated from the precipi­
tated pyridine hydrobromide and this salt thoroughly 
washed with anhydrous ether. These washings were 
combined with the dibromoester and distilled. The yield 
of ethyl orthodibromoacetate was 170 g. (53%); b. p. 102- 
104° (8 mm.); w25d 1.4691; <Z2525 1.5272.

This compound has been previously isolated and identi­
fied as a by-product of the monobromination of ethyl 
orthoacetate.9

Bromination of Acetal in Pyridine.—Diethyl acetal was 
brominated in pyridine by the above method at a some­
what lower temperature (10-15°) to monobromoacetal 
(23%) and dibromoacetal (29%).

Bromination of Ethoxyacetal and Ethylene Glycol Di- 
ethylether.—Bromination of ethoxyacetal10 in pyridine at 
65° failed to give the expected monobromination product, 
bromoethoxyacetal, but resulted in a variety of cleavage 
products. The only clean-cut fraction obtained on 
fractionation was a 15% yield of a material boiling at 79° 
(12 mm.); w25d 1.4175. This material gave a positive 
Fehling test and yielded a sodium bisulfite addition prod­
uct, reactions which the original ethoxyacetal failed to 
show. These two tests and the ethoxyl analysis would 
indicate this fraction to be diethoxy acetaldehyde.

Anal. Calcd. for CeH^CV. C2H50, 68.1. Found: 
C2H50, 68.3.

This compound has been reported previously by Fischer
(9) B eyerstedt and  M cE lvain , T h is  J o u r n a l , 59, 1274 (1937).
(10) Spath , M onatsh., 36, 4 (1915).
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and Baer11 who prepared it by the lead tetraacetate oxida­
tion of glyceraldehyde acetal. However, they reported a 
considerably lower boiling point for their product than was 
obtained in the present work.

Bromination of ethoxyacetal in the absence of a solvent 
at 80° yielded a number of cleavage products. From one 
mole of acetal, there was obtained 0.48 mole of ethyl 
bromide, b. p. 38-40°; 0.97 mole of water, b. p. 98-100°; 
0.75 mole of ethyl alcohol, b. p. 76-80°; and 0.275 mole of 
dibromoacetal, b. p. 95-97° (12 mm.); w25d 1.4788; 
C2H50, 32.6% (calcd. 32.6%).

Bromination of ethylene glycol diethylether in pyridine 
at 65° and bromination in the absence of a solvent at a 
somewhat higher temperature (80°), resulted in a variety 
of cleavage products instead of monobromo derivatives.

The Reaction of Alcoholic Potassium Ethoxide with 
Ethyl Orthobromoacetate and with Ethyl Orthodibromo­
acetate.—To a stirred solution of 30 g. (0.77 atom) of 
potassium in 400 ml. of absolute alcohol was added 80 g. 
(0.25 mole) of ethyl orthodibromoacetate and the resulting 
mixture gently refluxed for thirty-six hours. The excess 
alcohol then was removed carefully by atmospheric dis­
tillation, and the orthoesters separated from the precipi­
tated potassium bromide by extracting the residue several 
times with anhydrous ether. The ether extracts were 
combined and distilled. Twenty-one grams (52%) of 
ethyl orthoacetate, b. p. 68-70° (50 mm.), and 25 g. (42%) 
of ethyl orthobromoacetate, b. p. 78-80° (10 mm.), were 
obtained.

In a similar experiment employing equimolar quantities 
of potassium ethoxide and dibromo ester, there was ob­
tained 30 g. (50%) of ethyl orthobromoacetate and 12 g. 
(15%) of unchanged ethyl orthodibromoacetate. Repeti­
tion of this experiment with ethyl orthobromoacetate as 
the starting material gave ethyl orthoacetate as the reac­
tion product.

Reaction of Dibromo- and Dichloroacetal with Alcoholic 
Potassium Ethoxide.—To a stirred mixture of 138 g. (0.5 
mole) of dibromoacetal and 100 ml. of absolute alcohol in a 
1-liter three-necked flask, fitted with a dropping funnel and 
reflux condenser was added slowly a solution of 20 g. (0.5 
atom) of potassium in 300 ml. of absolute alcohol. The 
flask was heated on a steam-bath during the addition and 
for two hours after the last of the alcoholic alkali had been 
added. The condenser then was set for downward dis­
tillation and 300 ml. of alcohol removed from the reaction 
mixture, after which the precipitated potassium bromide 
was filtered off. The filtered salt was washed thoroughly 
with anhydrous ether and the washings combined with the 
filtrate, and distilled. The yield of bromoketene acetal 
was 61 g. (62.5%); b. p .  72-3° (11 mm.); w25d  1.4610; 
d™41.319; C2HsO, 45.7% (calcd. 46.1%).

In a similar experiment employing dichloroacetal instead 
of dibromoacetal there was obtained 45 g. (60%) of chloro- 
ketene acetal, b. p. 57-58° (10 mm.); w25d  1.4378; d 254 
1.052; C2H5O, 59.4% (calcd. 59.8%).

In each of the above preparations the product should be 
worked up as rapidly as possible to ensure the optimum 
yields of the respective ketene acetals.

(11) Fischer and  B aer, Helv. Chim. Acta, 18, 514 (1935).

Ethoxyacetonitrile.—Ethoxyacetamide, b. p. 225-230°, 
m. p. 82-83°, was obtained in 85% yields by the action of 
aqueous ammonia on ethyl ethoxyacetate.12 A mixture of 
103 g. of this amide and 142 g. of phosphorus pentoxide in a 
1-1. distilling flask was heated in an oil-bath at 150-180° as 
long as the ethoxyacetonitrile distilled over. The crude 
distillate was redistilled from 5 g. of fresh phosphorus pent­
oxide. The yield of nitrile boiling at 133-134°, n 25D 

1.3888,13 amounted to 51 g. (60%).
Ethyl Orthoethoxyacetate.—This orthoester was pre­

pared by the method of McElvain and Nelson.14 The 
iminoester hydrochloride precipitated in 88% yield when 
the procedure described for the preparation of the hydro­
chloride from chloroacetonitrile was followed. A 47% 
yield of the orthoester was obtained when 1 mole of the 
hydrochloride was alcoholysed in a refluxing mixture of 290 
ml. of absolute alcohol and 340 ml. of absolute ether over a 
period of three hours. Ethyl orthoethoxyacetate boils at 
69-70° (10 mm.) or 180-181° (740 mm.); n 25D 1.4055; 
d2525 0.921.

Anal. Calcd. for Ci0H22O4: C, 58.2; H, 10.8; C2H5O,
87.4. Found: C, 58.4; H, 10.7; C2H50 , 86.5.

Bromination of Ethyl Orthoethoxyacetate.—To a stirred 
mixture of 20.6 g. (0.1 mole) of ethyl orthoethoxyacetate 
and 7.7 g. (0.098 mole) of pyridine was added drop wise 16.0 
g. (0.1 mole) of bromine over a period of thirty minutes. 
The reaction mixture was heated at a temperature of 80° 
during the bromine addition with no apparent reaction 
occurring until the bromine addition was practically com­
pleted. Then a vigorous reaction occurred which had to be 
controlled by the application of a cold water-bath. After 
the initial reaction had subsided, the reaction flask was 
heated for an additional hour at 80°. The precipitated 
pyridine hydrobromide (88%) was removed by filtration 
and thoroughly extracted with anhydrous ether. These 
washings were combined with the filtrate and distilled.

From none of the several brominations carried out could 
any bromination product be isolated and identified. The 
products obtained were mainly low-boiling liquids and a 
non-distillable, carbonaceous residue.

Summary
The behavior of acetal, ethyl orthoacetate, 

ethylene glycol diethyl ether, ethoxyacetal, and 
ethyl orthoethoxyacetate toward bromination is 
compared.

Dibromoacetal is shown to give only bromo­
ketene acetal with alcoholic potassium ethoxide, 
and not bromoethoxyacetal as was reported pre­
viously. Both ethyl orthobromoacetate and 
ethyl orthodibromoacetate have their bromine 
replaced by hydrogen instead of ethoxyl with 
this reagent.
M a d i s o n , W i s c o n s i n  R e c e i v e d  A p r i l  27, 1942

(12) "O rganic  S yn theses,” 13, 42 (1933).
(13) Cf. H enry , Ber., 6, 260 (1873).
(14) M cE lva in  an d  N elson, T h is  J o u r n a l , 64, 1825 (1942).
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Ketene Acetals. X. The Elimination of Hydrogen Bromide from the Acetals of 
a-Bromoaldehydes. Isopropyl- and ^-Propylketene Diethylacetal

B y S. M . M cE lvain , R obert L. C la rk e1 and G if f in  D . J ones

The preparation of ketene diethylacetal by the 
elimination of a molecule of halogen acid from the 
iodo- or bromo-acetal2 raised the question as to 
the applicability of this reaction to the a-bromo- 
acetals of the higher homologs of acetaldehyde. 
From a purely statistical consideration, such an 
acetal as a-bromoisobutyr aldehyde acetal (I) 
with six /3-hydrogens would seem much more 
likely to lose hydrogen bromide between the a- 
and one of the /3-carbon atoms and yield the acetal 
of the unsaturated aldehyde. Similarly, the 
acetal of a-bromo-^-butyraldehyde (II) contains 
two /3-hydrogens to compete with the single 
hydrogen of the acetal carbon atom. In the case 
of the acetal of a-bromoisovaleraldehyde (III), 
however, the single hydrogen in the /3-position 
would indicate an even statistical chance that 
some of the ketene acetal as well as the unsatu­
rated acetal would be formed. A consideration of 
the electronic nature of the groups of III would 
seem to lead more surely to the prediction that 
the ketene acetal rather than the unsaturated 
aldehyde acetal would be produced by the elimi­
nation of hydrogen bromide. If the mechanism 
of the elimination reaction involves, as is generally 
believed, first the removal of a proton3 from the 
molecule by the base, followed by the emission of 
the bromide ion, then the inductive effects of the 
groups attached to carbons 1 and 3 of III should 
make the hydrogen on carbon 1 much more labile 
and consequently more likely to be removed with 
the bromine than the hydrogen on carbon 3.

CH3 /O E t
^>CBrCH

CHs x OEt
I

/O E t
CH3CH2CHBrCH

\ } E t
II

CHS H Br H OEt

\ U h- A ^
/  3 2 1 \

CH3 OEt
III

As a matter of fact, each of the bromo-acetals, 
I, II and III is converted by both sodium ethoxide

(1) W isconsin A lum ni F o u n d a tio n  R esearch  Scholar and  Research 
A ssistan t, 1940-1942.

(2) (a) B eyersted t and  M cE lva in , T h is  J o u r n a l , 58, 529 (1936); 
(b) Johnson, B arnes and  M cE lvain , ibid., 62, 968 (1940).

(3) H auser, T h is  J o u r n a l , 62, 933 (1940); D rake  an d  M cElvain, 
ibid., 56, 697 (1934).

in alcohol and potassium /-butoxide in /-butyl 
alcohol into the corresponding unsaturated ace­
tals. There is no indication that a ketene acetal 
is produced in any of these reactions. An explana­
tion of these results led to a consideration of (a) 
the validity of the proton-removal mechanism of 
the elimination reaction, (b) the possibility that 
the ketene acetal really was initially formed from 
III and then rearranged under the reaction condi­
tions into the acetal of the a,/3-unsaturated alde­
hyde.

Relative to the mechanism of the elimination 
reaction, Hughes, Ingold, Masterman and Mc­
Nulty4 in a recent paper have pointed out that 
there are two mechanisms by which hydrogen 
bromide may be eliminated from such a com­
pound as III. The first of these involves the 
emission (or ionization) of the bromide ion from 
the molecule as the rate controlling step which is 
then followed by the rapid loss of a proton. Such 
a mechanism requires that the elimination be a 
first order reaction. The other alternative is the 
generally accepted proton-removal mechanism 
which postulates that the rate controlling step is 
the removal of a proton by the base followed by 
the rapid emission of the bromide ion. This 
mechanism requires that the reaction be second 
order. A third possibility that might be con­
sidered involves the intermediate formation of a 
/3-alkoxy acetal with the subsequent loss of an 
alcohol molecule to form the unsaturated alde­
hyde acetal. It would be predicted that the 
/-butoxide ion should, due to steric effects, react 
more slowly than the ethoxide ion to form this 
intermediate were this the correct mechanism. 
This mechanism also requires that the reaction be 
second order unless the loss of the alcohol molecule 
be the controlling step.

In the hope of gaining some information as to 
which of these mechanisms is followed in the 
process of elimination of hydrogen bromide from 
III, three series of reaction rate determinations 
between this bromo-acetal and 0.75 N  and 2.0 N  
sodium ethoxide in absolute alcohol and 0.75 N  
potassium /-butoxide in /-butyl alcohol were

(4) Hughes, Ingold, M asterm an  an d  M cN ulty , J . Chem. Soc., 899 
(1940).
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carried out. Plots of the reciprocal of the 
concentration against time are shown in Fig.
1. It is seen that these curves approximate the 
straight lines characteristic of a second order 
reaction in each case. It may also be seen from 
these plots that potassium /-butoxide causes a 
more rapid elimination of hydrogen bromide from 
III than does sodium ethoxide, a fact which elimi­
nates the third possible reaction mechanism men­
tioned above. These facts lead to the rather 
contradictory conclusions that the elimination of 
hydrogen bromide from III follows the proton- 
removal mechanism and that the least labile 
proton is removed, unless it be that the proton of 
carbon 1 of III is really removed and the resulting 
ketene acetal, by a prototropic change, rearranges 
into the acetal of the unsaturated aldehyde which 
actually was isolated from the reaction.

In order to test this latter possibility it was 
necessary to prepare the ketene acetal in question. 
Both the isopropyl- and w-propylketene diethyl- 
acetals (V, R is isopropyl and ^-propyl) were pre­
pared by the action of sodium on the correspond­
ing a-bromo-orthoesters,5 thus
RCHBrC(OEt)3 +  N a ---->■

IV
RCH—C (OEt) 2 +  NaOEt +  NaBr 

V
Both of these ketene acetals add water readily 

to give the corresponding esters and show no 
tendency to rearrange into the unsaturated acetals 
when refluxed in a /-butyl alcohol solution of po­
tassium /-butoxide. In these respects their be­
havior is similar to that of methylketene diethyl 
acetal.5,6

It is seen from the results outlined above that 
the hydrogen on carbon 3 rather than the one on 
carbon 1 of a-bromoisovaleraldehyde acetal (HI) 
is the more active and that electronic factors other 
than simple inductive effects are operative in the 
basic elimination of hydrogen bromide from this 
acetal. In this connection it might be noted that 
a halogen on a carbon carrying an ethoxyl group,
i. e., an a-chloro-ether, is very reactive, presum­
ably on account of an electromeric polarization,
EtO—-C-̂ -Cl, that facilitates the removal of the

J
chloride ion. If the ethoxy group is thus able to 
facilitate the removal of an anion from a carbon 
to which it is attached, it would seem reasonable 
to believe that it would impede the separation of a

(5) W alters an d  M cE lva in , T h is  J o u r n a l , 62, 1482 (1940).
(6) R othste in , J . Chem. Soc., 1558 (1940).

Fig. 1.—(1) 0.760 N  KOBu (/); (2) 0.771 N  NaOEt;
(3) 2.040 N  NaOEt.

positive proton. That is to say, the failure of the 
acetal (III) to lose hydrogen bromide between 
carbons 1 and 2 is another case of the more potent 
electromeric (E) effect of an alkoxy group over­
shadowing an inductive (I) effect of opposite direc­
tion.7 It must be admitted, however, that an 
illustration of the electromeric hindrance of the 
ethoxy groups of III to the loss of a proton from 
carbon 1 is difficult to imagine without some in­
crease in this carbon's octet of electrons.

The authors wish to acknowledge their in­
debtedness to Professor Farrington Daniels for 
suggestions relative to the kinetic studies re­
ported in this paper.

Experimental
Acetals.—The diethyl acetals of isobutyraldehyde, n- 

butyraldehyde and isovaleraldehyde were prepared by the 
Tschitschibabin reaction from ethyl orthoformate and the 
appropriate Grignard reagent according to the procedure 
for the preparation of the acetal of hexaldehyde.8 The 
following modifications were found to give considerable 
improvements in yield. After the addition of the ethyl 
orthoformate and a refluxing period of sixteen hours, 
crushed ice was added to decompose the excess of Grignard 
reagent. The ether layer was decanted and washed with 
water. The aqueous layer was covered with ether, cooled 
and treated slowly and with stirring with a 10% solution of 
acetic acid that contained 80% of the acetic acid required 
for the neutralization of the basic magnesium bromide 
produced in the reaction. Since all of the solids did not 
dissolve, the supernatant liquids were decanted, the ether 
layer separated, washed with water and a 10% sodium 
carbonate solution. The aqueous layer was extracted 
twice with ether and, after washing, the ether layers were 
combined, dried over potassium carbonate and fraction-

(7) Cf. th e  dissociation constan ts  of benzoic acid w ith  those  of th e  
m- an d  ^-m ethoxybenzoic acids, W atson, “ M odern  T heories of 
O rganic C hem istry ,” Oxford Press, N ew  Y ork, N . Y ., 1937, p. 36.

(8) “ O rganic Syntheses,”  16, 41 (1936).



1968 S. M. M cElvain, R obert L. Clarke and Giffin D. Jones Vol. 64

ated. Using these modifications of procedure and two- 
mole quantities of reactants isobutyraldehyde diethyl­
acetal, b. p. 133-136°, w-butyraldehyde diethylacetal, b. p. 
143-144°, and isovaleraldehyde diethylacetal, b, p. 156- 
158°, were obtained in yields of 83, 80 and 90% of the 
theoretical, respectively.

a-Bromo-acetals.—The three acetals mentioned above 
were brominated by the procedure of Hartung and Adkins.9 
The yields of a'-bromoisobutyraldehyde diethylacetal, b. p. 
63-64° (7 mm.), «-bromo-w-butyraldehyde diethylacetal, 
b. p. 82-84° (12 mm.), and a-bromoisovaleraldehyde di­
ethylacetal, b. p. 87-88° (14 mm.), were 36, 20 and 40% of 
the theoretical, respectively.

Since the a-bromoisovaleraldehyde acetal was to be used 
for kinetic studies it was further purified, particularly since 
it was found that the product obtained from the bromina­
tion reaction gave low ethoxyl values as well as about 8% 
immediate reaction with an alcoholic solution of sodium 
ethoxide. In an attempt to hydrolyze the bromo-acetal to 
the corresponding bromo-aldehyde, it was accidentally dis­
covered that the unchanged bromo-acetal recovered from 
the incomplete hydrolysis showed the correct ethoxyl con­
tent and gave a quite low (2%) zero-time reaction with 
sodium ethoxide. Apparently the lower boiling bromo- 
aldehyde had carried with it, as an azeotropic mixture, the 
unknown contaminants of the bromo-acetal leaving the un­
hydrolyzed acetal quite pure. Since as high a purity as 
possible for the acetal was desired, the following rather 
wasteful purification procedure was adopted: a mixture of
25 g. of the bromo-acetal from the bromination reaction 
and 7 ml. of dilute (1:10) sulfuric acid was heated on a 
steam-bath with occasional shaking for ten minutes. 
Then 10 ml. of ether was added, the layers separated and 
the ether layer washed with 7 ml. of a 10% potassium 
carbonate solution. After drying over anhydrous potas­
sium carbonate, the ether layer was fractionated. After 
removal of the ether and the lower boiling fractions, 12 g. 
of a-bromoiso valer aldehyde diethyl acetal, b. p. 55-56° (3 
mm.), or 92-93° (14 mm.); n™d 1.4438; d254 1.163 was 
obtained.

Anal. Calcd. for CgH i^Br: C2H50, 37.7; Br, 33.5. 
Found: C2H50, 37.5; Br, 33.2.

a-Bromoisovaleraldehyde diethylacetal has been pre­
pared by Fischer, Ertel and Löwenberg,10 who reported it 
to have the following properties: b. p. 88-89° (13 mm.); 
w20d 1.4489; d2°41.177.

Preparation of Isobutenal-, w-Butenal- and Isopentenal- 
diethylacetal.—Each of these unsaturated acetals was 
obtained when the corresponding bromo-acetal was heated 
with an equivalent amount of 1.4 N  potassium /-butoxide 
in 2-butyl alcohol solution in the manner described20 for the 
preparation of ketene acetal from bromo-acetal. When the 
reactions were carried out in 0.2-mole quantities the yields 
of the isobutenal acetal,11 b. p. 136-137°, w-butenal acetal,12 
b. p. 48-49° (21 mm.), and isopentenal acetal,9,10 b. p. 59- 
60° (16 mm.), were 64, 41 and 62% of the theoretical, 
respectively.

(9) H artu n g  and  A dkins, T h is  J o u r n a l , 49, 2520 (1927).
(10) Fischer, E rte l and  Löwenberg, Ber., 64, 30 (1931).
(11) K inney  an d  Adam s, T h is  J o u r n a l , 59, 897 (1937).
(12) W ohl and  F rank , Ber., 35, 1904 (1902); D iivel, A n n ., 410, 69

(1915).

None of these unsaturated acetals showed the warming 
characteristic of a ketene acetal when treated with water 
containing a trace of hydrochloric acid. The isobutenal 
acetal yielded a resinous solid when hydrolyzed, but the n- 
butenal acetal and isopentenal acetal gave the correspond­
ing unsaturated aldehydes which were identified as the 
known semicarbazones.

Rate of Reaction of a-Bromoisovaleraldehyde Diethyl 
Acetal with Alkali Alkoxides.—The determination of the 
reaction rates between the bromoacetal and sodium eth­
oxide was attempted at 55°, but the rate was so low (11% 
reaction in thirteen hours) at this temperature that 80° was 
used as the reaction temperature. Determinations were 
made with 0.771 N  and with 2.040 N  sodium ethoxide in 
absolute ethyl alcohol and 0.760 N  potassium 2-butoxide in 
2-butyl alcohol.

The alkali solutions were prepared by dissolving the 
metal in the alcohol and titrating the resulting solutions 
against standard hydrochloric acid solution.

For each rate determination a series of 10 reaction tubes 
7 cm. in length and 1.5 cm. in diameter and constricted at 
the open end for sealing, was prepared from Pyrex test- 
tubes. Approximately a 0.5-g. sample of the bromo-acetal 
Was accurately weighed into each of these reaction tubes. 
Then the volume of the alcoholic alkali solution containing 
alkoxide equivalent to the bromo-acetal in each tube was 
rapidly calculated and added to the reaction tube from a 
buret. Each tube was sealed and immersed in an ice-bath 
immediately after the addition of the alkali.

At zero time all of the tubes except nos. 1 and 10 (in 
order of filling) were placed in a constant temperature bath 
at 80 =*= 2°. Tubes 1 and 10 were then opened in bottles 
containing 50 ml. of water and 25 ml. of ether. After 
thorough mixing 1.5 ml. of concentrated nitric acid was 
added to the mixture, and the bromide ion determined by 
adding an excess of standard silver nitrate solution and 
back titrating with potassium thiocyanate. The apparent 
per cent, reaction at zero time thus obtained was subtracted 
from the per cent, reaction at each subsequent time interval. 
The concentration of the reactants at zero time was calcu­
lated by multiplying the original concentration in moles per 
liter after mixing by the per cent, reaction at zero time and 
subtracting this value from the original concentration.

Plots against time of l/(a  — x), in which a represents the 
original concentration of the reactants in moles per liter and 
x represents the moles reacted in time 2, are shown in Fig. 1.

Isovaleronitrile.—In a distilling flask of such size that 
the reactants occupied not more than 0.4 of the volume of 
the flask were placed 190 g. (1.88 moles) of isovaleramide13 
(which had been dried at 110°) and 230 g. (1.62 moles) of 
phosphorus pentoxide. The two solids were mixed very 
thoroughly by shaking and the flask was connected to a 
condenser for distillation. The solid mixture was heated 
slowly in an oil-bath to 90° and allowed to stand at this 
temperature overnight. The bath temperature was then 
raised to 130° and held there for two hours. The product 
was then distilled under reduced pressure (200 mm.). The 
resulting distillate was redistilled from 5 g. of phosphorus 
pentoxide. A yield of 125 g. (80% of the theoretical) of 
the isovaleronitrile, b. p. 127-129°,14 was obtained.

(13) M ailhe, Bull. soc. chim., 37, 1394 (1925).
(14) Cf. T im m erm ans and  D elacourt, J . chim. phys., 31, 85 (1934).
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Ethyl Ortho-a-bromoisovalerate.—This ester was pre­
pared from ethyl orthoiso valerate15 by the following pro­
cedure. A mixture of 33 g. (0.162 mole) of ethyl ortho­
isovalerate and 13 g. (0.164 mole) of pyridine was intro­
duced into a three neck flask fitted with a stirrer, condenser 
and dropping funnel. To this mixture was added 26 g. 
(0.162 mole) of bromine over a period of one hour, after 
which time the mixture was stirred overnight. Approxi­
mately 50 ml. of dry ether was then added and, after mixing 
and allowing the precipitate to settle, the ether solution 
was decanted. The solid remaining in the flask was 
washed by decantation with three 30-ml. portions of dry 
ether and the combined washings washed once with 25 ml. 
of 10% potassium carbonate. The ether solution was 
dried over anhydrous potassium carbonate and after the 
ether was removed, the product was distilled under reduced 
pressure. I t  boiled at 63-64° (1.3 mm.); w25d 1.4408; 
d2541.150. The yield amounted to 31 g. (67% of the theo­
retical). Although this ester possessed a very constant 
boiling point it showed an unexpectedly high bromine con­
tent and low ethoxyl values. The carbon and hydrogen 
analyses were fairly good.

Anal. Calcd. for CnH230 3Br: C2H5O, 47.7; Br, 28.2;
C, 46.65; H, 8.19. Found: C2H50, 45.9; Br, 32.0; C,
46.33; H, 7.86.

Ethyl Ortho -cK-bromovalerate.—This compound was 
prepared from ethyl orthovalerate15 by the procedure de­
scribed above for the preparation of ethyl ortho-a-bromo- 
iso valer ate. The yield amounted to 80% of the theo­
retical and the product boiled at 69-70° (2 mm.); n25d 
1.4390.

Anal. Calcd. for CnH230 3Br: C2H50, 47.7. Found:
C2HöO, 47.4.

Isopropylketene Diethylacetal.—This ketene acetal was 
prepared from ethyl ortho-a-bromoisovalerate and sodium 
by the procedure of Walters and McElvain.5 It boiled at 
96-97° (100 mm.) or 156-157° (745 mm.); w25d 1.4158; 
d264 0.8385. The yield from 25.4 g. of the bromo-ortho- 
ester was 9.4 g. (65%).

Anal. Calcd. for C9Hi80 2: C, 68.31; H, 11.46; C2HsO, 
56.96. Found: C, 68.33; H, 11.64; C2H50, 54.59.

A 1.7-g. sample of isopropylketene diethylacetal was 
treated with the theoretical amount of water containing a 
trace of hydrochloric acid. The reaction mixture under-

CIS) M cE lva in  an d  Nelson, T h is  J ournal,, 64, 1825 (1942).

1969

went almost spontaneous reaction, the temperature rose 
rapidly to 60-65° and the ketene acetal was converted 
quantitatively into ethyl iso valerate. The reaction mix­
ture was dried over anhydrous potassium carbonate and 
distilled under atmospheric pressure. The ethyl iso valer­
ate thus obtained boiled at 134° ; n25d 1.3947; sap. equiv., 
128 (calcd. 130); m. p. of the toluidide of the acid, 107°.

77-Propylketene Diethylacetal.—This ketene acetal was 
prepared as was the isopropylketene diethylacetal. The 
yield of product boiling at 107-108° (100 mm.) or 167-168° 
(737 mm.); w25d 1.4204; d254 0.850, amounted to 71% of 
the theoretical.

Anal. Calcd. for C9H180 2: C, 68.31; H, 11.46; C2H50,
56.96. Found: C, 67.89; H, 11.37; C2H50 , 54.58.

A 1.8-g. sample of w-propylketene diethylacetal was 
treated with the theoretical amount of water and con­
verted quantitatively to ethyl valerate. This reaction was 
strongly exothermic as was the case with the isopropyl­
ketene diethylacetal. The ester so obtained boiled at 144° ; 
n2bd 1.3991; sap. equiv., 133 (calcd. 130); m. p. of the 
toluidide of the acid, 69.5°.

Each of the above described ketene acetals was recovered 
unchanged when it was refluxed in a 1.4 N  solution of 
potassium 2-butoxide in 2-butyl alcohol for three hours.

Summary

The acetals of a-br omoisobutyraldehyde, a- 
bromo-^-butyraldehyde and a-bromoisovaleralde- 
hyde are converted by potassium /-butoxide in /- 
butyl alcohol into the corresponding unsaturated 
acetals rather than into the ketene acetals.

The reactions between a-bromoisovaleralde- 
hyde diethylacetal and both sodium ethoxide and 
potassium /-butoxide are shown to be second 
order and the implications of this fact are dis­
cussed.

Isopropylketene diethylacetal and w-propyl- 
ketene diethylacetal have been prepared from the 
corresponding a-bromo-orthoesters and show no 
tendency to rearrange into unsaturated aldehyde 
acetals.
M a d i s o n , W i s c o n s i n R e c e i v e d  A p r i l  27, 1942
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Rylich3 found that the decomposition potentials 
of iodate and bromate ions observed in neutral or 
alkaline medium at the dropping mercury elec­
trode are affected by the kind and concentration 
of indifferent salts in the solution. The decom­
position potential becomes more positive with in­
creasing valence of the cation and with increasing 
concentration of the salt. Rylich’s data were not 
sufficiently extensive to allow a satisfactory in­
terpretation of his results. In the present study 
we have made a systematic investigation of the 
effect of salts on the current-voltage (c, v.) curves 
of iodate and bromate in neutral or alkaline media, 
and an attempt has been made to devise a mech­
anism for the electroreduction of these ions which 
accounts for the experimental results. In a pre­
vious paper4 the c. v. curves of iodate and bromate 
in buffered solutions at pH  values smaller than 8 
have been reported.

Experimental
The manual apparatus was used as described in 

previous papers,4 and all the experiments were 
performed in a thermostat at 25.00 =*= 0.05°. The 
potentials were measured against the saturated 
calomel electrode (S. C. E.) at 25°. Two different 
capillaries of marine barometer tubing with the 
following characteristics were used: Capillary 2, 
pressure =  90 cm. of mercury; m =  1.93 mg. 
sec."-1 at —0.6 v.; t =  3.60 sec. at —0.6 v.; m /K 
tx/6 =  1.92 at —0.6 v.; —capillary 3, pressure =  
80 cm. of mercury; m =  1.80 mg. sec.-1 at —0.6 
v.; t =  3.52 sec. at —0.6 v.; nv/zi /z =  1.79 at
0.6 v. Changes of m2/V /e with the potential of 
the dropping electrode were calculated with the 
aid of a table given in a previous communication.6 
Current-voltage curves shown in the figures have 
been plotted without making correction for the 
residual current. The plots have been made using 
an exaggerated potential axis in order to avoid

(1) F rom  a thesis su b m itted  by  E dw in F . O rlem ann to  the  G radu­
a te  School of th e  U n ivers ity  of M inneso ta  in  p a rtia l fulfillm ent of the  
requ irem ents of th e  degree of D octor of Philosophy, 1941.

(2) D u P o n t Fellow  in  C hem istry  1940-41. P resen t address: 
D ep artm en t Of C hem istry , U niversity  of California, Berkeley, Cali­
fornia.

(3) A. R ylich, Coll. Czechoslov. Chem. Commun., 7, 288 (1935).
(4) E . F . O rlem ann an d  I. M. K olthoff, T h is  J o u r n a l , 64, 1044 

(1942).
(5) Ibid., 63, 2083 (1941).

crowding of the waves and to bring out small dif­
ferences in the effect of the salt concentration. 
Values of the current used in the analysis of the 
waves and of the diffusion current reported in the 
tables have been properly corrected for the resid­
ual current of the particular medium used.

Effect of Alkali Salts and of Tetramethyl- 
ammonium Bromide on the c. v. Curves of Io­
date.—Salts were found to affect the relation be­
tween current and potential, the half wave poten­
tial, the value of K  in the relation id — Kc, in 
which id is the diffusion current at a given poten­
tial and c the concentration of iodate. In addi­
tion, the change of the diffusion current with in­
creasing negative potential was affected by the 
salt concentration. All the essential data are 
collected in a concise way in Table I. In all 
cases—with the exception of tetramethylammo- 
nium bromide—the equation of the wave was 
found to be given by the expression

X = Xi/a -f a log (id — i) /i  (1)
in which ir is the potential and i  the current at 
any potential on the wave. The value of a was 
obtained from the slope of the linear relation be­
tween log (id — i ) / i  and the potential. Examples 
of the linear relations found are given in Fig. 1. 
In this figure the plots obtained in 3.60, 0.91 and
0.09 M  lithium chloride are shown. Values of a 
in the different salt solutions are listed in Table I.

In all cases—with the exception of tetramethyl- 
ammonium bromide—-the half wave potential 
(see equation 1) was found to be independent of 
the iodate concentration in a given salt solution. 
Values of tti/2 are reported in Table I. The appar­
ent diffusion current and the value of the potential 
at which it was obtained are listed in the column 
id at 7r. From the diffusion current and the con­
centration of iodate, also found in the table, the 
quantity K ob =  i j c  was obtained. The cal­
culated value Kcalcd- was obtained from the Ilkovic 
equation

Kcaicd. =  id/c =  605wD1/2?n2/3/1A (2)

in which n is taken equal to six and d = 1.09 X 
10-5 cm.2 sec.-1 at 25°.

The effect of the salt concentration on the 
change of the diffusion current with increasing
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Effect of Salts on c. v. Curves of Iodate

Salt

Salt
concn.,

M RIO3 X 10* M
T1/*vs.S. C. E.

a in 
m. v.

in id obs. X 106 
eq. (1) amp. a t —1.45 v.

id change 
with 7r Robs./Rcalcd. Rcor./Rcalcd.

Z>TOs X  1 
c m .2 sec.

KC1 4.0 0.500 -1.150 85 17.10 Abn. 1.50 1.00 1.09
KC1 1.0 .500 -1.180 75 14.20 Abn. 1.25 1.00 1.09
KC1 0.5 .500 -1 .195 75 12.20 Abn. 1.07

1.09KC1 .2 .500 -1 .235 11.40 Norm. 1.00
KC1 .05 .500 -1 .280 85 11.40 Norm. 1.00 1.09
KNOs .2 .500 -1 .230 11.30 Norm. 0.99 1.07
KNOs .2 .100 -1.230 2.25 Norm. .99 1.07
k n o 3 .2 1.00 -1.230 22.5 Norm. .99 1.07
CsCl 1.20 1.00 -1.155 20.7 Abn. 1.01

1.09CsCl 0.60 1.00 -1.170 20.5 Abn. 1.00
CsCl .30 1.00 -1.190 70 20.8 Abn. 1.01 1.11
CsCl .15 1.00 -1.220 65 20.4 Norm. 1.00 1.09
CsCl .075 1.00 -1.240 65 20.3 Norm. 0.99 1.07
NaCl 3.60 0.91 -1 .085 60 18.90 Abn. 1.02 0.73 0.58
NaCl 0.91 .91 -1 .155 60 19.70 Abn. 1.05 .91 .90
NaCl .09 .91 -1.270 65 18.80 Norm. 1.00 1.09
NaCl .09 .375 -1 .265 7.73 Norm. 1.00 1.09
LiCl 3.60 .91 -1.040 60 16.30 Abn. 0.875 .62 0 .4 2
LiCl 1.80 .91 -1.090 18.15 Abn. .970 .80 .70
LiCl 0.91 .91 -1 .130 55 18.30 Abn. .980 .86 .82
LiCl .45 .91 -1.160 18.40 Norm. .985 .975 1.03
LiCl .09 .91 -1.215 60 18.65 Norm. 1.00 1.00 1.09
N(CH3)4Br 1.80 .91 -1.280 80x 16.50 Norm. 0.88 0.88 0.85
N(CH3)4Br 0.90 .91 -1.270 70x 17.90 Norm. .96 .96 1.00
N(CH3)4Br .45 .91 -1.270 65x 18.60 Norm. 1.00 1.00 1.09
N(CH3)4Br .09 .91 -1.300 65x 18.50 Norm. 1.00 1.00 1.09

x In tetramethylammonium bromide the equation of the wave is: 7r = Const. —a log (id — i ) / i2

negative potential is shown qualitatively in the 
column “id change with tt.” According to the 
Ilkovic equation the ratio in a given
solution should be constant and independent of 
the potential. When this relation was found to 
hold the notation “Norm.” is used in the column 
“id change with tt.” At high salt concentrations 
the ratio was found to decrease

Fig. 1.—Analysis of the waves of iodate in lithium 
chloride solutions: Curves 1, 2 and 3 correspond to 3.6, 
0.91 and 0.090 M  lithium chloride, respectively.

markedly with increasing negative potential. In  
such cases the notation “abn.” is used in the table. 
As a demonstration of the normal and abnormal 
effects we give in Fig. 2 the c. v. curves obtained 
in different concentrations of potassium chloride.

Fig. 2.—Current-voltage curves of 5 X 10~4 M  potas­
sium iodate in potassium chloride solutions of the following 
concentrations, using capillary 2: Curve 1, 4.0 M; curve 
2, 1.0 M; curve 3, 0.5 M; curve 4, 0.2 M; curve 5, 0.05 M.
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The cause of the abnormal change was found to be 
the occurrence of a “water current” a t high salt 
concentrations. In a previous paper6 the condi­
tions have been described under which such a 
“water current” occurs a t high salt concentra­
tions. In the present study it happens that this 
water wave overlaps with the iodate wave. 
Hence, the diffusion current observed is not the 
true diffusion current of iodate, bu t the sum of 
the latter and the water wave. That this inter­
pretation is correct is demonstrated by the follow­
ing figures. I t  has been shown6 th a t gelatin 
eliminates the water wave. Working with a
0.500 X 10~3 M iodate solution in 4 M potassium 
chloride, we found a diffusion current of 14.6 
microamp., which was reduced to 10 microamp. 
in the presence of 0.01% of gelatin. Similarly, 
in 4 M lithium chloride we measured a diffusion 
current of 9.7 microamp. which was reduced to
7.2 microamp. in the presence of 0.01% of gelatin.

From the data given in the paper on the water 
wave6 it was possible to calculate the magnitude 
of the water wave in the various salt solutions at a 
given potential. For the sake of brevity we will 
om it the various values and refer to the thesis of 
the junior author.1 Only the final result is given 
in Table I in the column K coryi£calcd>, in which 
-Kcor. is the experimental value of K 0bs< corrected 
for the water current. From the value of K cor. 
the diffusion coefficient of the iodate ion DÏQ3 in 
the  particular salt solution was calculated with 
the aid of equation (2), and is reported in Table I.

Fig. 3.—The relation between the half-wave potential 
of iodate and the concentration of cations in neutral or 
basic solutions at 25°: Curve 1, lithium ion; curve 2 
sodium ion; curve 3, cesium ion; curve 4, potassium ion; 
curve 5, tetramethylammonium ion.

From the results reported in Table I the follow­
ing conclusions are drawn: The observed and the

(6) T h is  J o u r n a l ., 64, 833 (1942).

corrected diffusion currents are proportional to 
the iodate concentration in a given salt solution. 
When the salt concentration is smaller than 0.2 M 
the water current is negligibly small. Under such 
circumstances id/m2/Hl/e becomes constant and 
independent of the potential or the “id change 
with 7r” becomes normal, while the calculated 
value of Di0s (equation 2) agrees exactly with the 
value of 1.09 X 10~5 cm.2 sec.-1 calculated from 
the mobility of the iodate ion at infinite dilution. 
It is of interest to notice tha t the diffusion coeffi­
cient of the iodate ion is not affected by the 
potassium chloride concentration. Even in 4 
M potassium chloride it was found equal to the 
value at infinite dilution. On the other hand, the 
diffusion coefficient decreases markedly with in­
creasing concentration of the other salts, the 
effect being LiCl >  NaCl >  MeéNBr.

The relation between the half wave potential 
and the concentration of various univalent cations 
is shown in Fig. 3. Evidently, there is an approxi­
mately linear relation between the half wave 
potential and the logarithm of the concentration 
of the cation in the solution. The half wave 
potentials are necessarily somewhat uncertain as 
their measurement involves a liquid junction 
potential which cannot be corrected for in a satis­
factory way. From Fig. 3 and the data in Table I 
the equations of the iodate waves and the char­
acteristics of the waves were found. The corre­
sponding data are summarized in Table II.

Effect of Divalent Cations on the c. v. Curves 
of Iodate.—The effects of barium and calcium 
chloride have been studied and the results are 
summarized in Table III . When the salt con­
centration is equal to or smaller than 0.1 M, the 
normal value of the diffusion coefficient of the 
iodate ion is found. The latter decreases rapidly 
when the barium or calcium chloride concentra­
tion becomes greater than 0.1 M, The equations 
and characteristics of the waves obtained upon 
graphical analysis are found in Table II. Again, 
there is a linear relation between the half wave 
potential and the logarithm of the barium or 
calcium concentration. We have tried to study 
the effect of trivalent cations on the iodate waves, 
but it was difficult to find ions which allowed an 
unambiguous interpretation of the c. v. curves. 
Salts of most trivalent cations are hydrolyzed and 
cause an acid reaction in the solution. In such 
cases the c. v. curves correspond to the “acid 
mechanism” of the iodate reduction4 or the re-
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T a b l e  II
C h a r a c t e r i s t i c s  a n d  E q u a t io n  o f  I o d a t e  W a v e s  i n  U n i v a l e n t  a n d  D i v a l e n t  C a t io n  S o l u t i o n s  (25°)

S a lt

iriA Atti/ 2/A 
in 1 M  log M, 

sa lt m. v. E m pirical equation  of wave
LiCl -1 .125 85 TT = -1.125 +  0.08 log [Li+] + 0.06 log ( id  — i ) / i
NaCl -1 .150  115 x = -1.150 +  0.12 log [Na+] + 0.06 log ( id  — i ) / i
KC1 -1 .175 80 x = -1.175 +  0.08 log [K+] + 0.08 log ( id  — i ) / i
CsCl -1 .160 75 x = -1.160 +  0.07 log [Cs+] + 0.06 log ( id  — i ) / i
(CH3)4NBr -1 .275 0 x = -1.275 +  0.07 log (id - *)/** ( i  in fi amp.)
CaCl2 -0 .940 50 7T = -0.94 +  0.051 log [Ca++] + 0.06 log ( id  — i ) / i
BaCl2 -0 .980 60 71* = -0.98 +  0.061 log [Ba++] + 0.06 log ( id  — i ) / i

T a b l e  III
E f f e c t s  o f  B a r i u m  a n d  C a l c iu m  C h l o r i d e  o n  c . v. Curves of Iodate. Capillary 3 was U sed

S alt
C oncn.,

M

"Vavs.
S. C. E.

a in
m. v. in 
eq. (1)

id
change Ka bs./Aoalcd. 
w ith  7r a t  —1.4 v.

Koor./ Scaled, 
a t  —1.4 v.

Dios X 10 
cm .2 sec .-1

BaCl2“ 1.50 -0 .970 60 Abn. 0.90 0.72 0.56
BaCl2 0.75 -  .990 60 Abn. .955 .92 .93
BaCl2 .37 -1 .010 60 Abn. .940 .93 .95
BaCl2 .187 -1 .025 60 .920
BaCl2 .05 Norm. .990 .99 1.07
CaCl26 5 (-0 .800) Abn. .346
CaCl2 1 -  .940 65 Abn. 1.04 .87 0.83
CaCl2 0.5 -  .960 60 Abn. 1.02 .95 .99
CaCl2 .2 -  .980 60 Abn. 1.03
CaCl2 . 1 -  .990 60 Norm. 1.01 1.01 1.11
CaCl2 .05 -1 .005 60 Norm. 1.01 1.01 1.11
a The iodate concentration in the barium chloride solutions was 0.91 X 10 3 M .  The diffusion current was measured 

at —1.4 v. b The iodate concentration was 1.00 X 10“3 M .

duction takes place according to both the acid and 
neutral mechanism. Lanthanum salts of strong 
acids are practically unhydrolyzed. However, in 
this case a complication arises due to a film forma­
tion of lanthanum hydroxide on the mercury 
drop during the reduction and to the slight solu­
bility of lanthanum iodate. Lanthanum salts 
shift the half wave potential markedly to more 
positive potentials. Examples of the striking 
lanthanum effect upon iodate waves in unbuffered 
solutions are shown in Fig. 4.

The solutions were 0.1 M in potassium chloride 
and 5 X 10 “4 M in iodate. In the presence of
0.1 to 0.01 M lanthanum chloride identical and 
steep waves were obtained (curves 1 and 2) with 
a half wave potential of —0.38 v. An equally 
steep wave was obtained in 0.001 M lanthanum 
salt (curve 3), bu t the half wave potential was 
shifted to —0.49 v. In 0.0001 M lanthanum 
solution (curve 4) the wave started at — 0.6 v. and 
became poorly defined, probably as a result of pre­
cipitation of most of the lanthanum as hydroxide 
during the reduction of iodate. That the film of 
lanthanum hydroxide has some effect upon the 
shape and location of the wave is evident from a 
comparison of curves 2 and 5, Both solutions were

identical in composition except that the solution 
corresponding to curve 5 contained 0.01% of gela­
tin. The “decomposition potential’’ of the iodate

Fig. 4.—Current-voltage curves (using capillary 3) of 
5 X 10“ 4 M  potassium iodate, 0.1 M  potassium chloride 
solutions (unbuffered) in the presence of lanthanum chlo­
ride: The concentrations of lanthanum chloride are,
curve 1, 0.1 M ;  curve 2, 0.01 M ;  curve 3, 0.001 M ;  
curve 4, 0.0001 M ;  curve 5, 0.01 M  lanthanum chloride 
with 0.01% gelatin present.
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was shifted from —0.4 to —0.6 v. by the addition 
of gelatin. The drops of mercury falling in the 
diffusion current region in the absence of gelatin 
did not coalesce readily, presumably as a conse­
quence of the presence of a film of lanthanum 
hydroxide* whereas they did coalesce in buffered

Fig. 5.—Current-voltage curves (using capillary 2) of 
4 X 10"4 M  potassium bromate in potassium chloride 
solutions of the following concentrations: Curve 1, 4.0 M; 
curve 2, 1.0 M; curve 3, 0.10 M; curve 4, 0.05 M.

Potential in volts (vs. S. C. E.).
Fig. 6.—Current-voltage curves (using capillary 2) of 

4 X 10"4 M  potassium bromate in barium chloride solu­
tions of the following concentrations: Curve 1, 0.165 M; 
curve 2, 0.05 M.

Fig. 7.—Current-voltage curves (using capillary 3) of 
6 X 10"4 M  potassium bromate in calcium chloride solu­
tions of the following concentrations: Cur ye 1, 2.0 M;
curve 2, 0.4 M; curve 3, 0.1 M,

iodate solutions containing lanthanum. In addi­
tion in buffered solutions (pH 7) of lanthanum the 
iodate wave is found a t a potential of the order of 
— 0.8 instead of —0.4 v., indicating that the 
iodate reduction is catalyzed by the precipitation 
of lanthanum at the electrode.

Effect of Salts on the c. v. Curves of Bromate.— 
Bromate is reduced a t a much more negative 
potential than is iodate. Consequently, it is 
hardly possible to find well-defined diffusion cur­
rents in dilute solutions of alkali or barium salts, 
as the reduction of the alkali or barium ion sets 
in before the diffusion current is attained. In 
concentrated solutions of alkali salts, well-defined 
diffusion currents are found. Their values, how­
ever, are affected by the water current. For 
analytical purposes, therefore, it is not to be 
recommended to use concentrated solutions of 
alkali or barium salts as supporting electrolytes. 
Current-voltage curves obtained in solutions of 
potassium, barium and calcium chlorides are 
shown in Figs. 5, 6, and 7.

From Fig. 7 it is seen that, from the analytical 
viewpoint, dilute solutions of calcium chloride 
(0.025 to 0.2 M) are most suitable as supporting 
medium for the polarographic determination of 
bromate. Calculating from the mobility of the 
bromate ion at infinite dilution a coefficient of 
diffusion of 1.44 X 10~5 cm.2 sec.-1 a t 25°, it was 
found that the values of id calculated with the aid 
of the Ilkovic equation (equation 2) agreed within 
1 to 2% with the experimental data. The diffu­
sion current was found proportional to the bro­
mate concentration. For the sake of brevity we 
omit a complete account of all experimental data1 
and summarize the most important characteristics 
of the waves in Table IV.

T a b l e  I V

C h a r a c t e r is t ic s  o f  B r o m a t e  W a v e s  i n  S o m e  S a l t

S o l u t i o n s

S alt
tti/ 2 in 

0.1 M  sa lt
Atti/ 2/ A  log cation 

in  m. v.

Value of a 
in eq. (1) 
in m. v.

KC1 -1 .780 115 60
CaCl2 -1 .510 (150) (90)
BaCl2 -1 .555 (?0) 100

Lanthanum chloride shifted the bromate waves 
to much more positive potentials. This is shown 
in Fig. 8. The solutions were 0.1 M in potassium 
chloride and 6 X 10“4 M in bromate. In the 
presence of 0.1 to 0.001 M lanthanum chloride 
identical and steep waves were obtained (curves 
\? 2 and 3) a t a potential of —0.82 v, The wave
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in 0.0001 M lanthanum solution (curve 4) was 
irregular probably as a result of exhaustion of 
lanthanum around the drop by precipitation as 
hydroxide. The solutions corresponding to curves 
2 and 5 were identical (0.01 M lanthanum), ex­
cept that the solution of curve 5 contained 0.01% 
of gelatin. The gelatin shifted the wave from 
- 0 . 8 2 t o - l . l v .

D iscussion

The linear relation between the half-wave 
potential and the logarithm of the concentration 
of cations noted in Fig. 3 and Tables II and IV 
shows that cations play a very definite part in the 
potential determining step involved in the reduc­
tion of iodate and bromate ions. A mechanism 
which accounts for this regular shift in half-wave 
potential with a change in concentration of cations 
has been developed by extending the ideas de­
scribed in connection with the reduction of iodate 
and bromate ions in acid media.4 Considering 
only iodate, for convenience, the general mecha­
nism proposed may be represented by the scheme

yM  +  I0 3~ = M„IO;+ (fast) (3)

(in which M is the cation, y an integer, and z an 
integer depending upon y and the valence of M)

MylOj* +  e = MyIO?~1)+ (slow) (4)
MyIO(3g" 1)+ 4  5e 4  3H20  -  yM  4  I~ +  60H~ (fast)

(5)

(this process probably occurs in several steps).
The above 'mechanism is identical with that 

proposed in connection with the studies in acid 
media if the cation M is taken as an hydrogen ion 
and the substance M yIO |+ is iodic acid. In the 
discussion of the acid mechanism for the iodate 
and bromate reductions it was shown that if both 
iodate ions and a species such as M^IOf coexist 
in a solution, it is easier to transfer an electron 
from the electrode into the species which has the 
lowest vacant electron level. If we make the 
reasonable assumption that the vacant electron 
level in MyIO| is lower than it is in an iodate ion, 
then there will be a reduction of the former sub­
stance instead of a d rect reduction of iodate ions. 
The reason for assuming th a t the slow step in the 
reduction is the transfer of one electron from the 
electrode to the iodate is discussed in the thesis of 
the junior author.

A quantitative formulation of the above mech­
anism readily can be made using the method of 
derivation given in the previous communication.4

Potential in volts (vs. S. C. E.).
Fig. 8.—Current-voltage curves (using capillary 3) of 

6 X 10“ 4 M  potassium bromate, 0.1 M  potassium chloride 
solutions (unbuffered) in the presence of lanthanum chlo­
ride. The lanthanum chloride concentrations are: Curve 1, 
0.1 M; curve 2, 0.01 M; curve 3, 0.001 M; curve 4, 
0.0001 M; and curve 5, 0.01 M  lanthanum chloride with 
0.01% gelatin present.

The equation for the c. v. curves found in this way 
is

= X,/, +  * J l n
a t J r  t

(6)

+ , R T  , t R T  fuhoz-  tti/2 = const, -f- In —  In j —--- +2aF D aF / M IO*+
yRT In [M] 

(7)

In the above equations, a is the fraction of the 
total potential difference between the electrode 
and the bulk of the solution which acts in the 
reduction, t is the drop time, D is the diffusion co­
efficient of iodate ions, and ƒ is the activity coeffi­
cient of the species indicated by the subscript 
used. The true definition of a is given in the 
previous communication,4 where it is shown th a t 
if the reduction occurs at a negatively charged 
surface the value of a would be expected to lie 
close to one. There was a variation of less than 
5% in the drop time over the range of salt concen­
trations used in the experiments described. The 
diffusion coefficient of iodate ions varies with the 
salt concentration as shown by Table I. In  the 
most extreme case shown in Table I, th a t of 
lithium chloride, the diffusion coefficient decreased 
approximately by a factor of two when the con­
centration of lithium chloride was increased from
0.1 to 4 M. In the concentration range from 0.1
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to 4 ¥  it is difficult to find reliable data on the 
activity coefficients of the species involved and 
this factor will be neglected. To some extent the 
decrease in the diffusion coefficient tends to offset 
the decrease in activity coefficients in equation
(7). The experiments reported were carried out at 
25° and with the above considerations in mind 
equations (6) and (7) may be applied to the ex­
perimental data in the following approximate 
form :

n nftn (n» _  n ̂
(8)0.060 t (id — i)TT = 7T1/2 H-------- log ------:----a t

, . 0.06y 1 r , ri^  const. H------- - log [MJ (9)

Atti/  /  A log 
(id — i)/i

Atti/ 2/  A log 
M, Species

Salt mv. a. mv. y reduced

LiCl 60 1 85 1 . Sa Li2I0 3+
NaCl 60 1 115 2 Na2I0 3+
KC1 60 (to 80b) 1 80 1 KIOs
CsCl 65 1 75 1 CsIOs
BaCL 60 1 60 1 BaI03+
CaCl2 60 

a,b See text.
1 50 1(0.85) CaIOs+

at a negatively charged mercury surface (see Fig.
3) the expected value of a is approximately one. 
W ith the exception of tetramethylammonium 
bromide this prediction is borne out. In the pres­
ence of tetramethylammonium salt the potential 
is not a linear function of log but was
found to be a linear function of log (td—i) fi2. 
We have not been able to find any reasonable 
explanations for this relation. In Table V values 
of 0.75 and 1 are listed for a in potassium chloride 
solutions. When the solution around the drop 
was suitably observed with a microscope during 
electrolysis in potassium chloride solution it was 
found that there was a stirring of the solution 
until the diffusion current was reached in those 
cases where the apparent value of a was 0.75. 
Addition of 2 X 10~3 per cent, tropeoline 00 to

From the experimentally determined slopes of 
the linear log (i&—£)Zi versus potential plots 
values of a were found with the aid of equation 
( 8). Using the values of a. determined in this way 
and the experimentally observed slopes of the 
linear relation between half-wave potential and 
the logarithm of the concentration of cations 
values of y were obtained with the aid of equation
(9). Values of a and y determined in this way 
are shown in Table V. Since the reductions occur

Table V
Values o f  a and y in  Equation (7) in  the Iodate 

R eduction

these solutions completely eliminated this stirring 
and under these conditions the observed value of 
a was 1. In  view of the approximate nature of 
equation (9) the values of y in Table V would be 
expected to deviate from unity. Taking this fact 
into consideration the values of y in Table V are 
reasonably close to an integral with the exception 
of those in lithium chloride solutions. In this case 
a better approximation of y was found by plotting 
the quantity

*v, +  0.03 log D -  0.06 togf o * ° c
/Li2103+

(see equation (7)) against the logarithm of the 
lithium chloride concentration. Values of the 
diffusion coefficient of iodate a t the concentra­
tions of lithium chloride used were found in Table
I. I t  was assumed that / 2Li/io3V/Li2io3+ was 
equal to the mean activity coefficient of lithium 
chloride. The plot was found to be linear and the 
observed slope of 110 millivolts leads to a value of
1.8 for y which is reasonably close to an integral 
value of 2. To account for the observed values of 
y it is necessary to assume that the species being 
reduced in each case are those listed in the last 
column in Table V. The species B aI03+, CaI0 3 +, 
K I0 3 and C sI03 listed in Table V appear reason­
able but those listed with lithium and sodium do 
not.

The shift in half-wave potential with a change 
in drop time predicted by equation (7) was 
checked. At a drop time of 2.05 sec. the half­
wave potential in 0.05 M potassium chloride was 
— 1.256 v. and became —1.250 v. a t a drop time 
of 4.10 sec. in the same solution. Therefore, the 
observed shift in half-wave potential with the 
above increase in drop time was 0.006 v. The 
shift calculated from equation (9) is 0.009 v., in 
reasonable agreement with the observed value.

The bromate reduction has been treated in the 
same manner as described above for the reduction 
of iodate and the results found are presented in 
Table VI. Qualitatively, the results in Table VI 
are in agreement with the mechanism proposed 

T able VI
Values of a. and of y in  Equation (7) in  the Bromate 

R eduction

Salt

A7ri/2/A lo g
(id ~ i)/i

m v. ot

Aïri/2/A lo g
M ,
m v. y Species

reduced
KC1 60 1 115 2 K2Br03+
CaCh 80-100 0.75-0.6- (150) (CaBr03+)
BaCh 100 0.6 (70) 0.7 BaBr03+
LaCl3° 100-140 0.6-0.4 90 0.6-0.9 LaBr03++

a Buffered solution.
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that there is a reduction of K2B r03+ is not 
reasonable although the other species indicated by 
the data in Table VI are acceptable. We are un­
able to give a reasonable quantitative explanation 
for these results on the basis of our present knowl­
edge of the mechanism of electrolysis phenomena 
in general. In  view of the qualitative and partial 
quantitative success of the proposed mechanism it 
seems reasonable to conclude tha t the mechanism 
is essentially correct but must be modified in some 
way to include secondary effects of cations, such as 
their effect on the detailed structure of the double 
layer

Some experiments were done in 50% acetone 
solution to see whether the expected increase in 
association of the ions in this medium would result 
in a change in the species which were apparently 
reduced. The relations observed between the 
half-wave potentials and the salt concentration 
in these cases are shown in Fig. 9. I t  is evident 
from Fig. 9 tha t the relation between these 
quantities is quite complex, but it is interesting to 
note that the half-wave potential is shifted with 
a change in concentration of tetramethylammo­
nium bromide in this medium whereas it was 
practically unaffected by the concentration of 
tetramethylammonium bromide in aqueous 
medium. No attem pt was made to extend these 
data or attem pt an interpretation since too little 
is known about the behavior of concentrated 
salt solutions in 50% acetone.

Summary
1. In the reduction of iodate and bromate at 

the dropping mercury electrode in neutral or 
alkaline media, the following relation exists be­
tween the potential on the one hand and

0.2 0.0 -0 .4  -0 .8
Logarithm of salt concentration.

Fig. 9.—The half-wave potential of iodate as a function 
of the concentration of salt in 50% acetone solution. 
Curves 1, 2 and 3 correspond to solutions of tetramethyl­
ammonium bromide, potassium bromide and sodium 
chloride, respectively.

and the concentration of the indifferent cation M 
on the other

tt = Tri/2 -f- a log(ia — i) /i  +  b log M  
The relation does not hold in solutions of te tra ­
methylammonium bromide. Values of a and b in 
the iodate reduction have been determined in 
solutions of varying concentrations of potassium, 
sodium, lithium, cesium, calcium and barium.

2. There is a linear relation between the shift 
of the half-wave potential and the concentration 
of the different cation in the solution (with the 
exception of tetramethylammonium ion).

3. The half wave potential is slightly depend­
ent upon the drop time.

4. A mechanism has been proposed for the 
reduction of iodate and bromate in salt solutions. 
I t  has been postulated tha t in the case of iodate 
the following species are reduced: K I0 3, C sI03, 
Na2I 0 3+, Li2I 0 3+, B a I0 3+, C aI03+.
M i n n e a p o l i s , M i n n e s o t a  R e c e i v e d  M a y  20, 1942
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NOTES

Identification of Alcohols and Alkyl Hydrogen 
Sulfates with S-Benzylthiuronium Chloride

B y  R o b e r t  K. B a i r  a n d  C. M. S u t e r

The sodium salts of many acids including sul­
fonic acids1 react with S-benzylthiuronium chlo­
ride to form derivatives which are of value in the 
identification of the original materials. The re­
agent is produced in nearly quantitative yield by 
the action of benzyl chloride with thiourea.1,2 I t  
has now been found th a t most alcohols are easily 
identified by this same reagent through first con­
verting them to the corresponding alkyl hydrogen 
sulfates by warming in dioxane solution with 
chlorosulfonic acid. The benzylthiuronium salts of 
ROH +  CISO3H — ROSO3H -f HC1 
ROSO3H +  C6H5CH2SC(NH2)2C1 — >

R 0 S03(NH2)2CSCH2C6H5 +  HC1

methyl and ethyl hydrogen sulfate are too soluble 
in water to be isolated readily and the n-octyl 
compound showed an anomalous melting point

T a b l e  I

S - B e n z y l t h i u r o n iu m  D e r i v a t i v e s

M . p ., °C . Nitrogen,® %
Alcohol (cor. Calcd. Found

77-Propyl I l l .5-112.5 9.15 9.16
7-Propyl 142-143 9.15 9.07
77-Butyl 100-101 8.75 8.83
5-Butyl 117-119 8.75 8.73
7-Butyl 136-137 8.75 8.91
77-Amyl 85-86® 8.38 8.25
77-Hexyl 85-86* 8.04 7.87
77-Heptyl 77-79 7.74 7.33
77-Octyl 42-70 7.45 7.91
77-Decyl 73-75* 6.93 6.88
Lauryl5 74-76 6.48 6.55
Myristyl5 87-88 6.08 6.02
Cyclohexylc,d 163-164 8.10 8.05
Bornyl® 174-175 7.01 7.12
Menthyl® 149-150 6.98 6.97
Ethylene glycol 180-181 10.10 10.39

a Nitrogen analyses by Dr. T. S. Ma, University of 
Chicago.

b Chlorosulfonic acid added to solid alcohols dissolved in 
dioxane.

c Thiuronium derivatives made from alkyl hydrogen 
sulfates.

d We are indebted to Dr. Sydney Archer for purifying 
samples of the last four compounds.

6 Mixed melting points were taken: n-amyl and 77-
hexyl, 77-82°; w-heptyl and w-decyl, 53-71°.

(1) C ham bers and  W a tt, J .  O rg . C h e m ., 6, 376 (1941).
(2) D onleavy, T h is  J o u r n a l , 58, 1004 (1936).

behavior although the analysis was satisfactory. 
Ethylene glycol was identified as the bis-(hydro­
gen sulfate) bu t the behavior of other glycols was 
not studied.

Obviously this method of identification is ap­
plicable to sodium alkyl sulfates as such and this 
is of considerable interest because of the varied 
commercial uses of these compounds. However, 
the difference in melting point for the decyl and 
lauryl compounds is small.

Procedure.—About 5 drops of the alcohol is added to a 
mixture of 4 drops of chlorosulfonic acid and 5 drops of 
dioxane. If hydrogen chloride is not immediately evolved, 
the resulting mixture is warmed with shaking and allowed 
to stand for five or ten minutes. Then after the addition of 
1 ml. of water, 1 ml. of a saturated aqueous solution (or 
15% alcohol solution) of S-benzylthiuronium chloride is 
added. If crystals do not form in a few minutes the solu­
tion is chilled in an ice-bath. The derivatives of the lower 
molecular weight alcohols (to 77-hexyl inclusive) can be re­
crystallized from 10% ethyl alcohol, and derivatives of 
higher alcohols from 50% alcohol. In preparing samples 
for analyses the quantities used in this procedure were 
multiplied by five.

The corresponding ^-chlorobenzylthiuronium deriva­
tives were also made from about eight alcohols; however, 
several of these were waxy, difficult to filter and to obtain 
in a pure state. Also five of them melted between 80 and 
90°. No derivatives of methanol and ethanol were ob­
tained by using either the ^-chloro-S-benzyl- or S-benzyl­
thiuronium chloride.
C h e m ic a l  L a b o r a t o r y  
N o r t h w e s t e r n  U n i v e r s i t y
Evanston, Illinois R eceived M ay 22, 1942

The Dehydration of 1,5-Hexadiene-3-ol to
1,3,5-Hexatriene and 1,3-Cyclohexadiene1

B y  L e w i s  W .  B u t z

That the dehydration of l,5-hexadiene-3-ol 
under the conditions recently described2 yields 
about 70% of 1,3,5-hexatriene was demonstrated 
by conversion of part of the products to 1-vinyl- 
anthraquinone. At the same time it appeared 
that 1,3-cyclohexadiene was formed in about 30% 
yield, since reaction of the hydrocarbon products 
with 1,4-naphthoquinone gave a 1,4-ethano ad­
duct. The alternative explanation would be that 
hexatriene is converted to cyclohexadiene when

(1) N o t sub jec t to  copyright.
(2) L. B utz , E . B u tz  an d  G addis, J .  O rg . C h em ., 6, 178 (1940).
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heated with naphthoquinone a t 50°, a result 
hardly to be expected.

In contact with maleic anhydride a t 30°, the 
hydrocarbon products gave a crystalline com­
pound which was different from the adduct ob­
tained by Farmer and W arren2 3 from hexatriene 
and maleic anhydride a t 100°. Since Farmer and 
Warren considered their compound to be an 
ethylidenetetrahydrophthalic anhydride, it ap­
peared likely th a t the new isomer was the vinyl- 
tetrahydrophthalic anhydride, the normal ad­
duct, and this view was expressed publicly.4

This has now been shown not to be the case. 
The substance, m. p. 147°, does not depress the 
m. p. of the ethanotetrahydrophthalic anhydride 
prepared5 from cyclohexadiene and maleic an­
hydride. This is further evidence that the hydro­
carbon obtained by the dehydration of the hexa- 
dienol contained cyclohexadiene. While the pos­
sibility of a direct hexatriene —> cyclohexadiene 
transformation is still not excluded, it must be 
supposed tha t it occurs, if a t all, during the de­
hydration of the hexadienol rather than during 
the reaction with naphthoquinone or maleic an­
hydride a t 50 or 30°. However, it appears that 
the hexatriene prepared by this method is not 
always contaminated with so much cyclohexa­
diene, and the formation of the latter must de­
pend on small variations in procedure, because the 
hydrocarbon has been found6 not to yield, upon 
reaction with 5-acetoxy-l ,4-toluquinone, any of 
the adducts obtained from cyclohexadiene and 
this quinone.

(3) F arm er an d  W arren , J .  C h em . S o c ., 897 (1929).
(4) J .  W a sh . A c a d . S c i . ,  29, 548 (1939).
(5) I. G. F a rben industrie  A .-G ., C h em . Z e n tr . , 100, I I ,  2502 (1929).
(6) E . B utz  an d  L. B utz , J .  O rg . C h e m ., 7, 199 (1942).

B u r e a u  o f  A n im a l  I n d u s t r y
U . S . D e p a r t m e n t  o f  A g r i c u l t u r e
B e l t s v il l e , M a r y l a n d  R e c e i v e d  J u n e  13, 1942

The Condensation of /3-Cyclogeraniol with 
Leucoisonaphthazarin

B y  M a r s h a l l  D .  G a t e s  a n d  F e r n a n d a  M i s a n i

In a recent paper Fieser and Gates1 described 
the preparation of /3-geranolapachone, a member 
of the /3-lapachone series, by cyclization of 2- 
hydroxy-3-geranyl-1,4-naphthoquinone with con­
centrated sulfuric acid. The high melting point 
of this compound (234°) suggests that further 
cyclization of the side chain may have taken

(1) Fieser and  G ates, T h is  J o u r n a l , 63, 2948 (1941).

place to give structure I rather than the supposed 
structure II.

A choice between these two structures was 
readily made by synthesizing structure I by ap­
plication of the general scheme employed by 
Fieser and Gates.1

The /3-cyclogeraniol employed (m. p. 44°) was 
prepared by Meerwein-Ponndorf reduction of 0- 
cyclocitral according to Kuhn and Hoffer.2 Con­
densation with leucoisonaphthazarin gave the 
desired 2-hy droxy-3- (jö-cy clogeranyl) -1,4-naphtho­
quinone in rather poor yield, but in easily isolated 
form. On cyclization with sulfuric acid, /3-cyclo- 
geranolapachone (I) was obtained. I t  proved to 
be identical with /3-geranolapachone prepared ac­
cording to Fieser and Gates, and their /3-gerano- 
lapachone must therefore be regarded as 0-cyclo- 
geranolapachone (I).

The conditions used in the condensation of 
allylic alcohols with hydroxyhydroquinones in 
these syntheses are not sufficiently acidic (oxalic 
acid) to bring about cyclization of the geranyl 
group during the condensation. This is shown by 
the non-identity of the products obtained by the 
condensation of geraniol and /3-cyclogeraniol with 
leucoisonaphthazarin.

Experimental Part3
Isonaphthazarin.—The following procedure represents 

an improvement over that reported by Fieser and Gates.1 
A solution of 8.9 g. of 2-hydroxy-1,4-naphthoquinone

(2) K u h n  and  Hoffer, B e r ., 67, 357 (1934).
(3) All m elting  po in ts  are  corrected.
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(purified through the methoxy compound) in 500 cc. of 
water containing 4.3 g. of sodium bicarbonate was treated 
with 20 cc. of 30% hydrogen peroxide (superoxol). The 
solution rapidly darkened and, after standing for thirty- 
four hours, a crop of dull red large leaves had separated, 3.2 
g. (43% based on 2-hydroxy-1,4-naphthoquinone utilized). 
One crystallization from dioxane gave pure isonaphtha- 
zarin. Acidification of the aqueous filtrate yielded 2.1 g. 
of orange precipitate which consisted of unchanged 2- 
hydroxy-1,4-naphthoquinone plus a small amount of iso- 
naphthazarin. On several occasions, use of less pure 2- 
hydroxy-1,4-naphthoquinone as starting material led to 
much lower yields.

2-Hydroxy-3-(/3-cyclogeranyl) -1,4-naphthoquinone.—
Isonaphthazarin (2.0 g.) was reduced as described by 
Fieser and Gates1 and the leuco compound heated in the 
dark under nitrogen for forty-eight hours at 65-70° with
1.0 g. of /3-cyclogeraniol2 (m. p. 44°)„0.6 g. of anhydrous 
oxalic acid and 20 cc. of dioxane. The processing of the 
reaction mixture included the following steps: extraction 
of the unchanged leucoisonaphthazarin with aqueous hy­
drosulfite, reduction with concentrated aqueous hydro­
sulfite, and extraction from ether-petroleum ether with 
Claisen’s alkali. The crude phenolic portion thus ob­
tained was chromatographed after air oxidation on freshly 
ignited magnesium sulfate. On development with pe­
troleum ether, a weakly adsorbed bright yellow band 
readily passed into the filtrate. Similar filtrates from sys­
tematic readsorptions of the column eluate were com­
bined and on concentration to dryness under reduced 
pressure afforded 99 mg. of solid residue which after 
three crystallizations from ether-petroleum ether gave 36 
mg. of golden yellow rectangular plates, m. p. 135-135.5°. 
I t  is quite soluble in the ordinary organic solvents, fairly 
soluble in warm petroleum ether, much less soluble cold, 
and dissolves in dilute alcoholic alkali to give the beauti­
ful scarlet characteristic of alkali salts of 2-hydroxy-l,4- 
naphthoquinones. I t  dissolves in concentrated sulfuric 
acid to give a deep orange-red solution. Two further 
crystallizations to obtain a sample for analysis did not 
alter the melting point.

Anal. Calcd. for C20H22O3: C, 77.38; H, 7.15. Found: 
C, 77.50; H, 7.23. .

0-Cyclogeranolapachone (I).—A solution of 11 mg. of 2-
hydroxy-3-(/3-cyclogeranyl)- 1,4-naphthoquinone in ice-cold 
concentrated sulfuric acid (0.3 cc.) was allowed to stand 
several minutes, then diluted with ice water. The pre­
cipitated dark orange-brown material was taken into ether, 
washed with water, bicarbonate and brine, and concen­
trated to dryness. The residue was taken into benzene- 
hexane and chromatographed on freshly ignited magnesium 
sulfate. Development with 50% benzene-hexane left a 
broad salmon-pink band in the middle of the column which 
was sectioned out and eluted with ether. After evapora­
tion of the ether, the solid residue was crystallized twice 
from pure acetone to give 3.5 mg. of orange-red prismatic 
blades, m. p. 232-233.3°. A mixed melting point with 
/3-geranolapachone prepared according to Fieser and Gates1 
showed no depression.
D e p a r t m e n t  o f  C h e m is t r y
B r y n  M a w r  C o l l e g e  R e c e iv e d  M a y  29, 1942
B r y n  M a w r , P e n n s y l v a n i a

Riboflavin Estimation in Fruits and Vegetables
B y  G. M a c k i n n e y  a n d  J . M . S u g ih a r a

As part of a collaborative project,1 it was re­
cently necessary to make a series of chemical de­
terminations of thiamin and riboflavin in certain 
fruits and vegetables, and the Conner~Straub 
procedure2 was followed. Unfortunately, a t the 
beginning, Supersorb,3 the specific adsorbent for 
riboflavin was unavailable. An empirical method 
was, therefore, evolved, and we hoped, later, to 
correlate results into the series by concurrent 
assays on additional samples on arrival of the ad­
sorbent. This comparison may now be made 
and, subject to certain provisos, we believe the 
modification accurately reflects differences in 
riboflavin content within a series. With respect 
to absolute values, it is in accord with microbio­
logical assay by means of Lactobacillus casei. I t  
has, further, certain advantages: increased light 
stability, no adsorbent is needed and the ribo­
flavin in the aqueous buffer exhibits approxi­
mately twice the fluorescence found in pyridine- 
acetic solution, with consequent decrease in the 
percentage reading error.

The Conner-Straub procedure is followed in detail in 
extraction and preparation of the sample, except that, in 
the case of fruits, 10 ml. of pectinol (1 g. in 25 ml.) is added 
per 50-ml. of sample, in addition to the clarase. The 
whole is then incubated a t 45 ° for two hours. The pectinol 
is absolutely necessary for prunes, apricots, dates, etc., to 
produce a satisfactory solution. A 10-20 ml. aliquot is 
then heated to boiling with 5 ml. of 2% acetic, as in (1), 
made to volume, 50 ml., with buffer, and a 15-ml. aliquot 
treated for a minimum of three minutes with 1 ml. of 
potassium permanganate, and decolorized with 3 ml. of 
3% hydrogen peroxide. The solution is then filtered and 
compared with buffered standards at pH 6.0 in a Coleman 
fluorophotometer. The B2 filter for the exciting light (Hg 
arc) cuts out completely above 4900 A. and for the fluores­
cent light, below 5100 A. The cut-out is sharp, and, for 
the latter filter, the transmission rises from zero at 5100 to 
over 90% at 5400 A. Quinine sulfate and thiochrome have 
no effect on the galvanometer with these filters, at least in 
the concentrations used. In the majority of plant extracts 
treated as above, there appear to be no other water-soluble 
fluorescent compounds in sufficient quantities to interfere, 
though trouble might be anticipated in those botanical 
families where anthraquinone glucosides occur. However, 
since we do not know the behavior of these compounds on 
Decalso or Supersorb, similar difficulties might arise with 
either method.

(1) W ith  th e  D ep artm en t of H om e Economics.
(2) Conner and  S trau b , I n d .  E n g . C h em ., A n a l.  E d ., 18, 385 (1941).
(3) Supersorb, F lorisil or F lorid in  is a  Fu ller’s E a rth ; Decalso, a 

synthetic  zeolite, ob ta inab le  th rough  supply  houses, C larase (T ak- 
am ine L aboratories, N . Y.) and  Pectinol (R ohm  and  H aas, P h ila ­
delphia) are com m ercial enzym e preparations.
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T a b l e  I

R i b o f l a v in  E s t im a t e s  i n  F r u i t s  a n d  V e g e t a b l e s " i n  M ic r o g r a m s  p e r  G r a m

A queous buffer, 20 hours P y r id in e -ace tic 20 hours T hiam in ,
M ateria l no adsorption la te r adsorbed la te r M icrobiological^ Mg./g-

Asparagus, fresh 1.15 1.00 1.13 0.45 2.19
Asparagus, blanched 1.25 1.18 2.60
Broccoli, fresh 0.79 0.77
Broccoli, dehydrated 6.28 4.30 3.71
Broccoli, dehydrated 8.66 7.16 3.97
Broccoli, dehydrated 13.0 13.4 12.6 7.25
Peas, fresh 0.86 0.65 0.67 .22 1.5 1.16
Peas, fresh .80 .72 0.91
Peas, cooked .83 0.63 .78 .33 1.00
Peas, dehydrated 4.01 5.73 5.5 4.38
Peas, dehydrated 3.36 4.78 4.16
Spinach, dehydrated 23.4 18.6 23.7 10.2
Rice bran, coned. 7.74 6.85 5.44 2.71 141.0
Apricots, dried, sulfured 1.94 1.94 1.63 0.51 0.21
Prunes, dried 1.59 1.64 1.27 .20 1.24
Dates, Deglet Noors 1.14 0.30 0.53
Dates, Deglet Noors 0.73 0.77 0.40 .05 0.52
Grass, dehydrated 8.23 7.80 11.5 4.78 5.28
° It should be understood that the estimates on the materials assayed are valid only for these samples, purchased for 

the most part on the local market, without consideration of variety, maturity or possible abnormal local conditions 
caused by climate, Jan.-March, 1942. b We thank Miss M. B. Smith of the Department of Home Economics for these 
values.

Riboflavin estimates are given, Table I, in column 2 by 
the above procedure, and in column 4 after passage over 
Decalso and Supersorb, where the Conner-Straub pro­
cedure for both Bi and B2 is followed. The same samples 
measured twenty hours later, columns 3 and 5, after stand­
ing in the laboratory away from direct lighting, clearly 
show the higher light stability of our extract. We are 
greatly indebted to Professor Agnes Fay Morgan for per­
mission to include, in column 6, certain microbiological 
assays on the same samples with Lactobacillus casei. They 
indicate very satisfactory agreement with the chemical 
method over the range 1 to 20 jug. per gram of sample. We 
include thiamin values in column 7. The rice bran con­
centrate, a trade product, is of interest because the thiamin 
value is approximately 10% higher than the minimum 
stated on the label, the riboflavin roughly 8 or 35% lower, 
depending upon whether we take the value of column 2 or 4. 
The thiamin content of the sulfured apricot is low, as 
might have been predicted.

With two reproducible exceptions, grass and peas after 
dehydration, our simpler procedure yields consistently 
higher results. In the case of the dehydrated peas there 
is definitely interference, possibly from a compound which 
forms a discrete yellow zone on the Supersorb, not found 
in the fresh peas, removed with the riboflavin by the eluting 
solvent. The values listed in Table I for a given vegetable 
are from different samples, variously treated. In general, 
at levels of 20 fj,g. per g., the results are reproducible within
5-10%, and 5-20% at 1.0 jj,g. per g.

The effect of diffuse light on the standards is 
shown in Table II. The concentration used at 
zero time is approximately 0.1 t i g .  per ml.

Our simpler procedure is certainly worth con­
sideration where the adsorbent is unavailable, be-

T a b l e  I I

E f f e c t  o f  L i g h t  o n  P e r c e n t a g e  R e t e n t i o n  o f  R i b o ­
f l a v in  i n  S t a n d a r d s

Time in hours 0 3 6 24
Pyridine-acetic 100 81.1 64.9 32.4
Buffer, pH 6.0 100 91.5 88.1 76.3

cause comparative variations are reflected with 
accuracy in the figures. I t  is necessary to be more 
cautious in considering absolute values. Discuss­
ing specifically the vitamin A potency of foods, 
Booth4 suggests that physiological responses 
should be expressed in International Units, and 
that only chemical results should be based on the 
gram and the liter. We may also note th a t it does 
not follow a priori that either of the above pro­
cedures has been absolutely (as distinct from com­
paratively) calibrated against Lactobacillus or any 
other bio-assay. In other words, the true chemi­
cal concentration may not represent the real bio­
logical potency. This may be illustrated in the 
case of carrots and spinach, where the former 
may have 2 to 4 times the carotene content, but 
where there is still doubt concerning the rela­
tive biological potencies, in terms of vitamin A 
bio-assay.
D i v i s i o n  o f  F r u i t  P r o d u c t s  
U n i v e r s i t y  o f  C a l if o r n ia
B e r k e l e y , C a l i f . R e c e i v e d  M a y  4, 1942

(4) B ooth, Food M a nu f., 17, 60 (1942).
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The Dipole Moments of Cyclohexanol and Cyclo­
hexanone in Dioxane

By I. F. H alverstadt1 and W. D. K umler

In the course of an investigation on the struc­
ture of the bile acids it was desirable to know the 
dipole moments of cyclohexanol and cyclohexa­
none in dioxane. These compounds have been 
measured in benzene by Williams,2 the moments 
being cyclohexanol, 1.9, and cyclohexanone 2.9.3

P2o =  p2aM%
fi =  0.0127 V(P2o -  Pe*)T

P Ez values were calculated from the molar refrac­
tivities of the electron groups present in the mole­
cules.

The €i2~w2 curves were linear for both com­
pounds and the extrapolated value of was ap­
proximately equal to the observed value, indicat­
ing that the compounds are not associated in 
these solutions.

T a b l e  I
M easurements i n  D ioxane a t  25 °

--------.Cyclohexanol- ------- -----------C yclohexanone------
£02 Viz €12 £02 Viz €12

0.002696 0.97424 2.2237 0.002580 0.97422 2.2395
.005279 .97447 2.2337 .004785 .97448 2.2631
.007566 .97476 2.2432 .008013 .97472 2.2972
.010630 .97508 2.2554 .009462 .97491 2.3128
.012633 .97524 2.2639 .011496 .97512 2.3342
.014741 .97549 2.2723 .014441 .97546 2.3657

€1 €1 Vl
m easured ex trap o la ted  ex trapo lated a P 20 Pe2 m

Cyclohexanol 2.2123 2.2126 0.97395 4.05 0.104 97.8 29.2 1.82
Cyclohexanone 2.2128 2.2121 0.97395 10.63 0.102 202.2 27.7 2.90

The symbols in the equations and tables are the 
same as those given previously.4 The equations 
used in calculating the moments are4

p2o —
SocVi

(ei +  2)* +  (»i +  |8) («i ~  1)
(ei +  2)

(1) A braham  R osenberg  Fellow  in  Pharm aceu tica l Chem istry 
1941-1942.

(2) W illiam s, T h is  J o u r n a l , 52, 1831 (1930).
(3) T hrough  a  typograph ica l error, th e  m om ent of cyclohexanone 

is lis ted  in W illiam ’s artic le  as 2.8.
(4) H a lv e rs ta d t an d  K um ler, “A C ritical S tu d y  of D ielectric 

P o larization  C oncen tration  C urves,” in  publication .

Eastman Kodak Co. practical cyclohexanol was 
dried over “Drierite” and twice fractionally dis­
tilled through a Widmer column, b. p. 160.9- 
161.3° cor. a t 759 mm.

Eastman Kodak Co. practical cyclohexanone 
was twice fractionally distilled through a Widmer 
column, b. p. 157.0-157.5° cor. at 759 mm.
College of Pharmacy,
University of California
San Francisco, California R eceived M ay 5, 1942

NEW BOOKS

The Tools of the Chemist. Their Ancestry and American 
Evolution. By Ernest Child. Reinhold Publishing 
Corporation, New York, N. Y., 1940. 220 pp. Price,
S3.50.
‘Tools of the Chemist,” by Ernest Child is an historical 

account of the development of laboratory apparatus and 
ware with special emphasis on American enterprise. The 
book is divided into three parts. Part I, “People and 
Events in American Chemistry/’ is entirely historical and 
biographical and reviews the accomplishments of the 
pioneers of our science in this country. This part of the 
book is particularly valuable to the student of the history 
of chemistry and makes interesting and fascinating read­
ing.

The major portion of the book, Part II, describes the 
“Ancestry and Development of American Chemical Labo­
ratory Apparatus.” In turn, the following appliances, 
ware and other materials are taken up: balances, glass, 
porcelain and silica ware, filter paper, heating apparatus, 
metal laboratory ware, platinum, alundum, rubber ware 
and optical apparatus. The section on balances is by far 
the best presented and is given in greatest detail, the illus­
trations being particularly well chosen to show the earlier 
forms. One is forcibly reminded throughout the read­
ing of this section of the important and vital role the 
American chemist has had in developing and perfecting 
our modern chemical tools. More illustrations of present 
types of apparatus would have added interest to the book.
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The book closes with a short historical account of the 
leading supply houses and distributors of laboratory ap­
paratus.

The book is profusely and attractively illustrated with 
over one hundred illustrations. I t  is an admirable and 
valuable addition to our growing libraries on historical 
chemistry. Every chemist will delight and profit in perus­
ing it.

C a r l  J .  E n g e l d e r

Fluorescent Chemicals and their Applications. By
J a c k  d e  M e n t , Research Chemist, The Mineralogist 
Laboratories; Associate Editor, the Mineralogist Maga­
zine. With a Special Chapter on Ultraviolet Radiation 
Sources by H. C. Dake, Editor, the Mineralogist Maga­
zine. Chemical Publishing Company, Inc., 232 King 
Street, Brooklyn, N. Y., 1942. xiii +  240 pp. Illus­
trated. 14 X 22 cm. Price, $4.25.
During the last few years, fluorescence phenomena have 

been arousing scientific scrutiny because of the remarkable 
results obtained from them in fluorescent lighting and in 
cathode ray tubes. Such successful application has 
stimulated attempts to develop still other commercial 
uses. The author of the present book has evidently been 
diligent in conversing with many who are engaged in 
these developments, and he records some novel applica­
tions, though not all, which are quite up to the minute. 
Furthermore, he has examined a large number of chemical 
compounds and listed the color of their fluorescence.

It is in these two respects that interest in the book lies. 
Its discussion of the theory is inadequate to the needs of 
the scientist, and there is not to be found the critical view­
point that characterizes some older books on the subject.

The information given on the fluorescence of chemical 
compounds is no doubt helpful in chemical analysis as a 
guide, but the real value of fluorescence in this field can 
best be determined by the individual chemist for those 
specific cases with which he is confronted. The colors 
involved are generally subtle and, particularly at low in­
tensities, are influenced by the low visible transmission of 
the ultraviolet lamp filter employed. Consequently, the 
chemist must ultimately depend on judgments formed from 
his own observations.

While it is true that the book contains some information 
that may be interesting or helpful to the chemist, yet it is 
necessary to point out some serious deficiencies. Its style 
gives evidence of haste and carelessness in composition. 
The treatment is superficial and too often pseudo-scientific. 
Its discussions, which are sometimes poorly balanced, 
indicate a lack of comprehension and understanding of 
present scientific viewpoints. The price for such a small 
book seems inexcusably high.

G. R .  F o n d a

The Polarographic Method of Analysis. By O t t o  H. 
M ü l l e r , Department of Anatomy, Cornell University 
Medical College, New York City. Journal of Chemical 
Education, Easton, Pennsylvania, 1941. vi +  114 pp. 
30 figs. 13 X 20.5 cm. Price, $1.00.
Dr. Müller’s stated intention in writing this little mono­

graph on polarographic analysis has been “to present a

simple account of polarography in a form which can be used 
by teachers and students in courses of physical chemistry 
as well as in advanced courses of analytical chemistry.” 
The tone of the book is thus that of an elementary text, 
and the discussion is limited mainly to fundamental prin­
ciples with only cursory mention of practical applications.

The book comprises five chapters, the first of which is 
well described by its title, “Review of Electro-Analytical 
Methods.” The second chapter, entitled “Apparatus,” 
is devoted practically entirely to the description of simple 
home-made equipment that should be very useful for in­
structional purposes. The third chapter, “Fundamentals 
of Quantitative Analysis,” contains a discussion of the 
factors that govern the limiting current. The analysis of 
polarographic waves and the significance of the half-wave 
potential are treated in the fourth chapter under the title, 
“Fundamentals of Qualitative Analysis.” The last chap­
ter contains a good résumé of the types of analyses to which 
the polarographic method can be applied, and a discussion 
of various points that must be considered in practical work.

The following misstatements and errors have been no­
ticed. Opposite sign conventions are given on p. 21 and 
p. 39 for cathodic and anodic currents. The discussion on 
p. 52 of the relation between diffusion current and diffusion 
coefficient, and the comparison of observed and theoretical 
diffusion current ratios, lacks conviction because no men­
tion is made of the source of the diffusion coefficient data. 
It is unfortunate in this connection that the author did not 
make use of recent data in the literature that demonstrate 
conclusively the validity of the Ilkovic equation. In the 
statement at the top of p. 55 the author implies that the 
use of a “capillary constant” P/m  is less laborious than 
the use of m itself for characterizing and checking the 
behavior of a capillary, which is misleading. On p. 74, and 
again on p. 81, it is stated incorrectly that the cathodic 
and anodic half-wave potentials of a reversible oxidation- 
reduction system will only be identical if the diffusion coef­
ficients of the reduced and oxidized forms are identical. 
Actually the cathodic and anodic half-wave potentials will 
be identical regardless of any difference in the diffusion coef­
ficients. In stating on p. 79 that the theory regarding the 
shift of the half-wave potential of a metal ion by complex 
formation “has not yet been subjected to critical tests” the 
author has apparently overlooked recent work in this field.

On p. 84 the author discusses anodic waves that involve 
the oxidation of the mercury itself under the general head­
ing “Irreversible Reactions,” and he states that “The 
curves are not the usual S-shape and the half-wave poten­
tials are not independent of concentration.” I t is thus 
implied that such reactions are always irreversible, whereas 
certain waves of this type have actually been shown to 
correspond to reversible reactions. On p. 98 it is stated 
incorrectly that a polarogram of a mixture of thallous and 
cadmium salts in a potassium cyanide supporting electro­
lyte would only show the cadmium wave. Actually such a 
polarogram does show a wave and diffusion current for the 
thallium preceding the cadmium wave, but the position of 
the thallium wave corresponds to the potential at which 
cyanide ion depolarizes the dropping electrode rather than 
the true reduction potential of the thallous ion. In the 
discussion on p. I l l  of amperometric titrations in which the 
current changes sign, it is stated incorrectly that the end­
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point is indicated by zero current. Actually the end-point 
is reached when the current has become equal to the re­
sidual current of the medium.

The author's style is clear and easy to follow and the 
arrangement of topics is good. An outstanding feature of 
the book is the inclusion at numerous points throughout 
the text of directions for well-chosen experiments that illus­
trate important theoretical points. This feature, com­
bined with a laudable emphasis on simplicity of apparatus, 
should make this little monograph quite useful as an ele­
mentary text of the subject.

J a m e s  J. L in g a n e

Organic Reagents in Inorganic Analysis. By P a u l  v o n  
S t e i n , Director of Analytical Developments, Cadmium 
Residue and Pigment Department, Harshaw Chemical 
Company, Elyria, Ohio. Chemical Publishing Co., 
Inc., Brooklyn, N. Y., 1942. viii+  242 pp. 22 X 14.5 
cm. Price, $4.50.
In this book forty-seven elements and radicals are 

arranged in alphabetical order, and brief abstracts of the 
more pertinent methods of detection, using organic re­
agents, are given. Each abstract is accompanied by an 
average of only one or two references to the literature.

Although a majority of the more useful of the methods 
given can be found in brief form in the larger reference 
books of qualitative analysis and in Lange's ‘"Handbook of 
Chemistry,” such a compilation as the one under considera­
tion should be useful to the analytical chemist. Unfortu­
nately, the book is so replete with errors of omission and 
commission that its value is considerably lowered. Cer­
tainly in a book that the author states is intended to be “a 
complete reference work of organic compounds which yield 
indicative reactions with inorganic materials,” the omission 
of dimethylglyoxime as a precipitant for nickel is surprising, 
to say the least. The scantiness of the bibliography is also 
disappointing.

Typographical errors begin at the second line of the text 
and continue with alarming frequency throughout the 
book, including the appendix and index. On page 56, 
where the author sees fit to take time out to show us how to 
oxidize chromic ions to chromate, he makes two glaring 
grammatical errors in as many sentences.

The reviewer questions the implication that dimethyl- 
glyoxime precipitates so many metals from, acid solution 
that its use as a precipitant for palladium is of little im­
portance. But he is completely baffled to learn that the 
test for gold with dimethylaminobenzylidene rhodamine is 
specific only in the absence of gold, mercury and palladium. 
A great many other errors could be listed if space per­
mitted. The above merely serve as examples.

Most of the material in the appendix is either repetitious 
or could well be incorporated in the text. The index is 
incomplete.

Altogether, the impression the book gives is that it was
too hastily compiled and even more hastily printed.

S t e p h e n  G . S im p s o n

BOOKS RECEIVED
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Reinhold Publishing Corporation, 330 West 42nd 
Street, New York, N. Y. 550 pp. $7.50.
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H. J. S. Sand. “Electrochemistry and Electrochemical 
Analysis.” Vol. III. “Electrical Methods Applied 
to Titration, Moisture Determination and pH Measure­
ment.” Chemical Publishing Company, 234 King 
Street, Brooklyn, New York. 118 pp. $2.25.
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The Stereochemistry of Catalytic Hydrogenation. I. The Stereochemistry of the
Hydrogenation of Aromatic Rings

By R. P. Linstead, W. E. Doering, Selby B. Davis, Philip Levine and Richard R. Whetstone

This paper and the six th a t follow it give an 
account of the main results which have been ob­
tained from a stereochemical study of the catalytic 
hydrogenation of a number of aromatic com­
pounds. We have examined derivatives of phe­
nanthrene substituted in the central ring and the 
hydro-diphenic acids which can be obtained from 
them by oxidation. The key substances in the 
elucidation of the configuration were the perhy- 
drodiphenic acids. The six possible isomeric 
forms of these have been prepared and oriented, 
The information so obtained has been used to 
orientate the hydrogenation products of the 
phenanthrene derivatives.

The experimental results and the determination 
of configuration are given in Parts II to VII. The 
present paper summarizes the data, and analyzes 
their bearing on the phenomena of catalytic 
hydrogenation.

The system of nomenclature for these com­
pounds is the following. 1 When phenanthrene is 
completely hydrogenated, four (potential) asym­
metric carbon atoms appear. These are numbered 
11, 12, 13 and 14 in formula I. The configurations 
of the ring fusions AB and BC are designated cis 
or trans in the usual manner, according to whether 
the pair of hydrogen atoms on C13 and C14 (or Cu 
and C12) are on the same side of the molecule. 
The configuration of the backbone (the C12-C 13 

bond) is designated syn if the two hydrogens on
(1) L instead , Chemistry and Industry, 56, 510 (1937); L instead  

and  W alpole, J .  Chem. Soc., 842 (1939).

c o 2h  c o 2h
II I

C12 and C13 are on the same side of the molecule 
and anti if they are on opposite sides. The posi­
tions of the hydrogen atoms are represented in 
the formulas by black dots, a dot indicating tha t a 
hydrogen atom is above the molecule. A dot is 
always placed on C13. On this convention, 
formula II represents cis-syn-cis (c. s. c.) perhy- 
drophenanthrene. The related perhydrodiphenic 
acids are similarly named and represented, the 
molecule being written in the coiled state with the 
carboxyl groups together. Formula III  thus rep­
resents trans-anti-trans (t. a. t.) perhydrodiphenic 
acid.

The catalytic hydrogenations were carried out 
over Adams platinum oxide in acetic acid unless 
otherwise stated. The following compounds were 
hydrogenated to the corresponding perhydro 
products: diphenic acid2 (in alcohol as well as in 
acetic acid), diphenic ester , 2 diphenic anhydride , 2 

cis-hexahydrodiphenic acid , 3 trans-hexahydrodi- 
phenic acid , 3 9 -phenanthrol, 4 m-as-octahydro-9-

(2) L instead  and  Doering, T h is  J o u r n a l , 64, 1991, 2003 (1942).
(3) L instead  and  D avis, ibid., 64, 2006 (1942).
(4) L instead , W hetstone and  Levine, ibid., 64, 2014 (1942).
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phenanthrol4 (in alcohol as well), cis-9 -keto- 
octahydrophenanthrene4 (in alcohol), and 9,10- 
phenanthrenequinone .5

There is a remarkable regularity in these re­
sults. All the hydrogenations studied have given 
largely cis- and syn-material. The only compound 
which gives a main per-hydrogenation product 
containing a trans-linkage is the trans-hexahydro- 
diphenic acid which already contains such a link­
age. The results refer to the main stereoisomer 
formed, which constitutes 75% or more of the 
total perhydro product. Diphenic acid both in 
alcohol and in acetic acid gives a small amount of 
the cis-syn-trans and cis-anii-cis perhydro acids. 
Diphenic ester gives some anti-material. The
remaining compounds mentioned probably yield 
small quantities of stereoisomers containing dif­
ferent skeletal configurations, but these have not 
as yet been isolated in the pure state.

The regularity in these experiments invites a 
theoretical analysis. We propose three hypothe­
ses to account for the results: (1 ) that when 
one or more aromatic rings are hydrogenated dur­
ing a single period of adsorption, the hydrogen 
atoms add to one side of the molecule; (2 ) that 
the orientation of the adsorption of the aromatic 
molecule on the catalyst is affected by hindrance 
between the catalyst and the substrate (“catalyst 
hindrance’’) ; (3) that the derivatives of diphenic 
acid which have been studied are hydrogenated in 
the coiled phase. These will now be considered in 
turn.

(1) One-Sided Addition.—W illstatter in 19086 
made the basic discovery tha t aromatic com­
pounds could be hydrogenated a t room tempera­
tures over a platinum catalyst. I t  was some 
years before it was observed, mainly owing to the 
work of Skita7 and von Auwers, 8 that, when two 
or more nuclear substituents were present, the 
products obtained by the use of platinum were 
isomeric but not identical with those obtained by 
Sabatier hydrogenations of the same compounds 
over nickel at high temperatures. As is well 
known, it was generally accepted that the prod­
ucts were geometrical isomers of the von Baeyer 
type, the compounds prepared over platinum 
being cis, and those by the Sabatier method being 
trans. Moreover, Skita , 7 in particular, noted

(5) L instead  and  Levine, T h is  J o u r n a l , 64, 2022 (1942).
(6) W ills ta tter and  M ayer, Ber., 41, 1479 (1908).
(7) Skita, ibid., 53, 1792 (1920); S k ita  and  Schneck, ibid., 55, 144 

(1922); Skita, ibid., 56, 1014 (1923); Skita, H auber and Schön- 
felder, A nn ., 431, 1 (1923).

(8) v. Auwers, A n n ., 420, 84 (1920).

that in hydrogenations over platinum a cis- 
orientation was favored in acid media, a trans­
orientation in neutral or basic media.

Most of the configurations of the hydrogenation 
products in the early work were assigned on the 
basis of von Auwers’ generalization that, of a pair 
of stereoisomers of this type, the cis-compound 
has the higher density and refractive index but 
the lower molecular refractivity. This rule has 
been of considerable service, although the differ­
ences in the physical constants become slight 
among the more complicated molecules. For our 
present purpose, however, we wish to emphasize 
those results in which the configurations have been 
determined by absolute methods, depending 
(ultimately) on optical resolution. A number of 
examples of this kind are collected in Table I, 
which is not exhaustive. The evidence for the 
configuration of the product is outlined at the 
foot of the table, and is, in all cases, conclusive. 
The substances all owe their isomerism to the 
presence of carboxyl groups, fatty  acid residues or 
fused rings. Compounds in which one (or more) 
of the orientating groups is a hydroxyl, amino or 
similar group have deliberately been excluded, 
because of the danger of stereochemical inversions 
in these cases.

T a b l e  I

C a t a l y t ic  H y d r o g e n a t io n s  o v e r  P l a t in u m  i n  A c e t ic  
A c id

Substance C a ta ly s t

Configura­
tio n  of 

p roduct
R efer­
ences

1 (o-) Ph tha lic  acid W ills ta tte r P t cis 9
2 Phtha lic  anhydride W ills ta tte r P t cis 9
3 P hthalim ide W ills ta tte r P t cis 9

4 Isoph thalic  acid ƒ W ills ta tte r P t  
\  A dam s P t m ainly cis 9 ,10

5 T ereph thalic  acid f W ills ta tte r P t  
\  A dam s P t cis +  trans 9 ,10

6 Benzene-1 -acetic- W ills ta tte r P t cis 11

7
2/3-propionic acid 

/3-Naphthol S k ita  P t cis 11

8 flr-/3-Tetralol f W ills ta tte r P t  
( S k ita  P t cis 11

9 ac-/3-Tetralol f W ills ta tte r P t  
\  S k ita  P t cis 11

10 ac-a-T etralo l W ills ta tte r P t cis 11, 12
11 ar-a-T etra lo l W ills ta tte r P t cis 11,12
12 5-H ydroxy-hydrin- A dam s P t cis 13

dene

The configuration of the products is proved by 
the following evidence: nos. 1-3: From the reso­
lution of /r<ms-hexahydrophthalie acid (Werner

(9) W ills ta tter and  Jacquet, Ber., 51, 767 (1918).
(10) K uhn  and  W asserm ann, Helv. Chim. Acta, 11, 61 (1928).
(11) Hiickel, A n n ., 441, 1 (1925).
(12) Hiickel, Danneel, Gross an d  N aab , ibid., 502, 99 (1933).
(13) Cook and  L instead , J . Chem. Soc., 946 (1934).
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and Conrad14). No. 4: From the resolution of 
^raiw-hexahydro-isophthalic acid (Böeseken and 
Peek15). No. 5: From the work of Mills and 
Keats . 16 Nos. 6—11: From the resolution of 
£raws-cyclohexane-l,2-diacetic acid (Hiickel and 
collaborators17; Barrett and Linstead18). No. 
12: From the resolution of /nms-cyclopentane-
1,2-diacetic acid (Barrett and Linstead18).

Of the twelve compounds given in Table I, all 
except terephthalic acid hydrogenate nearly ex­
clusively cis- under these experimental conditions. 
I t  would be possible to bolster up the case by in­
cluding a great deal of confirmatory evidence 
from hydrogenations in which the configuration 
of the product was known with a high degree of 
probability but not with certainty. However, the 
clear-cut evidence obtained from our studies and 
that presented in Table I is sufficient to demon­
strate that aromatic compounds hydrogenate pre­
dominantly cis-, under the stated conditions. The 
new work summarized above is the most rigorous 
test of this generalization, because four asymmetric 
centers instead of two are involved. The general­
ization is restricted to the mildest type of catalytic 
hydrogenation, namely, th a t which occurs over 
platinum at room temperature, and in the solvent, 
acetic acid, which gives the most rapid addition.

This preferential addition can be explained by 
an application of the ideas of Farkas and Farkas . 19 

They have shown that the catalytic hydrogenation 
of benzene and the exchange of hydrogen and 
deuterium proceed by different mechanisms. The 
hydrogenation involves the simultaneous addition 
of pairs of hydrogen atoms, whereas the exchange 
involves a radical or atomic reaction. Farkas 
and Farkas20 have shown that these views can 
satisfactorily explain the preferential formation 
of cis-ethylenes in the half-hydrogenation of 
acetylenes over catalysts. I t  has been shown, 
notably by Bourguel, 21 th a t such hydrogenations 
yield initially cis-compounds but that trans- 
compounds may be formed if the hydrogenations 
are protracted.

In applying these conceptions to the aromatic 
series, we shall assume that the hydrogenation of

(14) W erner and  Conrad, Ber., 32, 3046 (1899).
(15) Böeseken and  Peek, Rec. trav. chim.., 44, 841 (1925).
(16) M ills an d  K eats, J . Chem. Soc., 1373 (1935); com pare M ala- 

chowski and  Jankiew iczówna, Ber., 67, 1783 (1934).
(17) Hiickel, et al., A n n ., 451, 132 (1926); 518, 155 (1935).
(18) B arre tt and  L instead, J . Chem. Soc., 1069 (1935).
(19) F arkas and  F arkas, Trans. Faraday Soc., 33, 827 (1937).
(20) F arkas and  F arkas, ibid., 33, 837 (1937).
(21) Bourguel, Bull. soc. chim. [4], 51, 253 (1932); Compt. rend., 

182, 224 (1926).

a compound containing one aromatic ring pro­
ceeds to completion during one period of adsorp­
tion of the molecule on the catalyst surface. This 
assumption simplifies the argument and is in 
harmony with the experimental fact tha t benzene 
derivatives, except phenols, normally hydro­
genate without yielding intermediates (see, for 
example, Vavon22). This is further connected 
with the fact tha t the hydrogenations of cyclo­
hexene and the cyclohexadienes are exothermic.

There is an increasing body of evidence th a t the 
adsorption of an organic molecule on a catalyst, 
and hence the ease of hydrogenation, is affected by 
stereochemical considerations. The recent work 
of Beeck, Smith and Wheeler23 has shown the im­
portance of the orientation of the metallic atoms 
in the lattice of the catalyst on its activity. I t  is 
possible that the catalytic hydrogenation of large 
aromatic molecules, which are planar and com­
paratively rigid, will be determined largely by 
the ability of the molecule to find an area in the 
catalyst which has sufficient size, suitable spacing 
of the metallic atoms, and sufficient flatness.

We Suggest th a t the stages in the hydrogenation 
which determine that the product shall have a 
^-configuration are: (1 ) the adsorption of the 
aromatic molecule upon a suitable part of the 
catalyst; and (2 ) the addition of the hydrogen to 
the molecule from the underside so that all the 
atoms appear on the same side of the asymmetric 
carbon atoms. This is illustrated diagrammati- 
cally below for the case of a phenanthrene nucleus. 
The arrows represent the approach of the hydro­
gen atoms from the catalyst.

In the case of polynuclear compounds, there is 
little doubt tha t this is an oversimplification. 
These substances may give rise to incompletely 
hydrogenated compounds which are compara­
tively stable, of the type of tetralin. In several of 
the hydrogenations studied in the present work 
such intermediate hydrogenation products were 
isolated from the reaction products; for example,

(22) Vavon, Bull. soc. chim., [4] 41, 1253 (1927).
(23) Beeck, S m ith  an d  W heeler, Proc. Roy. Soc. (L ondon), A177, 62 

(1940).
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diphenic acid yields some cis-hexahydrodiphenic 
acid and 9-phenanthrol gives the syw-octahydro 
derivative. There is no doubt, therefore, that de­
sorption of the organic molecule from the catalyst 
can occur a t an intermediate state of hydrogena­
tion, and it is reasonable to suppose that some of the 
perhydrogenated material is formed as a result of 
two (or even more) separate periods of adsorption.

Consider the final stage of the hydrogenation of 
the sym-octahydrophenanthrol (IV). Simple one­
sided addition of hydrogen to the remaining ben­
zene ring would determine the configuration of all 
four asymmetric carbon atoms, and a cis-syn-cis 
product would be expected. The isomeric as- 
octahydro compounds (V and VI), however, do 
not present such a simple case. We should expect

OH OH
IV V

\ ___/
OH

VI
the final hydrogenation to go cis- to both the 
cis-alcohol (V) and the trans-alcohol (VI), but the 
principle of one-sided addition does not enable us 
to predict the backbone configuration of the 
perhydro product. I t  appears equally possible 
for V to give a cis-syn-cis or a cis-anti-cis perhydro 
alcohol. The same is true of the diphenic acids, 
where the stable intermediate is a hexahydro acid 
with an unsymmetrical arrangement of hydrogen 
atoms. I t  is only possible to account for com­
pletely cis- and sy^-perhydrogenation of a 
phenanthrene or diphenic acid derivative on the 
basis of the principle of one-sided addition by 
making the following subsidiary postulates: (1 ) 
no desorption of the molecule occurs a t an inter­
mediate stage, or (2 ) the intermediate which is 
hydrogenated in the stage which determines the 
configuration has double bonds a t all the potential 
asymmetric carbon atoms. These are highly 
arbitrary and improbable assumptions, and a 
more reasonable suggestion is tha t a second deter­
mining factor, th a t of catalyst hindrance, comes 
into play. This is discussed later.

I t  has already been stated tha t Skita observed 
many cases in which cis-hydrogenation occurs in 
an acid, and trans- in a neutral or basic medium. 
I t  is true tha t the configurations of his products 
were often not conclusively proved, bu t there is

no doubt of the variability of the orientation of 
addition to the compounds which he studied. We 
have so far confined ourselves to one main set of 
hydrogenation conditions and have little experi­
mental evidence to offer in this connection. A 
few comments may, however, be made. (1) In 
most of our experiments either the solvent 
or the molecule undergoing hydrogenation was 
an acid. However, cis-as-octahydro-9-phenan- 
throl and the corresponding ketone both hydro­
genate cis- and syn- in a neutral (alcoholic) 
medium, and in the case of the phenanthrol the 
orientation was shown by direct comparison to be 
the same as th a t obtained in acetic acid solution. 
This is contrary to Skita’s generalization. (2) 
Many of the examples studied by Skita involved 
the hydrogenation of phenols and aromatic 
amines. We think this evidence of doubtful 
value in relation to the stereochemistry of hydro­
genation of the aromatic ring because of the 
possibility of the formation of hydroaromatic 
ketones (as has often been demonstrated experi­
mentally) or of ketimines. These substances are 
capable of stereochemical inversion by enolization 
or an analogous process, so that the final orienta­
tion, for example, of the hydroxyl group to the 
methyl in a perhydrocresol, has no necessary bear­
ing on the course of the hydrogenation of the 
aromatic ring.23a (3) In spite of these reserva­
tions there are a number of examples in which the 
acidity of the medium appears to affect the orienta­
tion of aromatic hydrogenation, and in which the 
orienting groups are alkyls or other groups in­
capable of inversion. Under suitable experi­
mental conditions /raws-hydrogenation can occur. 
I t  appears probable tha t in these reactions (and, 
indeed, in other cases of /ratw-hydrogenation) the 
mechanism of hydrogenation is different from the 
molecular addition involved in ^-hydrogenation. 
Atoms of hydrogen and organic radicals may well 
be involved, as in the exchange reactions studied 
by Farkas and Farkas . 19 The intervention of 
radicals is indeed strongly indicated in some of 
the hydrogenations of aromatic bases studied by 
Skita which readily yield compounds of the di­
cyclohexylamine type . 24

Particular reference may be made to Skita’s 
studies26 of the hydrogenation of the xylenols and

(23a) W ith  th e  hydrogenation  of hydroarom atic  ketones, which 
has been thorough ly  stud ied  by  Vavon, Skita, H iickel an d  others, 
we are n o t concerned in  th is  paper.

(24) S k ita  an d  B erendt, Ber., 52, 1519 (1919).
(25) Skita, Angew. Chem., 34, 230 (1921); Ber., 56, 2234 (1923).
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xylidines, especially of z^c-ra-xylenol (2 ,6 -di- 
methylphenol). In  this case good evidence was 
obtained tha t the methyl groups in the product 
were oriented trans to each other whether the 
hydrogenation was carried out in a neutral or an 
acid medium. This not only conflicts with the 
run of Skita’s own observations but also is 
opposed to the evidence summarized above and 
in Table I. We propose to undertake a 
further study of the hydrogenation of the 
xylenols when conditions permit. In the 
meantime it would seem that this is an 
example of the abnormal (atomic) mecha­
nism already mentioned.

The abnormal mechanism is much more 
evident in hydrogenation over nickel, and 
may be presumed to account for the forma­
tion of predominantly /rcms-products in 
Sabatier hydrogenations. In  the somewhat 
milder hydrogenations over Raney nickel the 
orientations are irregular, and it appears certain 
that both mechanisms may function. Thus we 
find that phenanthraquinone hydrogenates cis- 
syn-cis over platinum a t 25° and almost exclu­
sively cis-syn-cis over nickel a t 160°. A very 
small amount of a cis-syn-trans glycol is formed 
under the latter conditions. On the other hand, 
diphenic ester can yield considerable quantities 
of a^tó-perhydro material over nickel, 26 under 
very similar conditions, but here the results of a 
number of recent experiments show considerable 
variations and syn-perhydro ester has frequently 
been almost the sole product.

(2 ) Catalyst Hindrance.—As was pointed out 
above cïs-as-octahydro-9-phenanthrol (V), the 
corresponding ketone and the related cis-hexa- 
hydrodiphenic acid all yield cis-syn-cis per- 
hydro-products. Trews-hexahydrodiphenic acid
also undergoes cis- and syw-perhydrogenation. 
The simple hypothesis of one-sided addition is 
quite unable to account for these results, and also, 
as has already been pointed out, cannot explain 
the cis-syn-cis perhydrogenation of phenanthrene 
derivatives except on the basis of two unlikely 
postulates. The crux of the problem is th is: Why

should the position of
”a is* -

proportionation or a migration of the hydrogens 
already in position can be accepted, because the 
integrity of the configuration already established 
is preserved. In our view the determining factor 
is one of catalyst hindrance, i. e., a steric hindrance 
between the catalyst and the substrate. This is 
illustrated for the case of a cis-as-octahydrophe- 
nanthrene derivative in the diagrams given below:

- - 5 ®  -  ------- Catalyst— -
Preferred adsorption; Ring A clear of catalyst; 

tion occurs.
syw-hydrogena-

1 ©
A

12 C the hydrogen on Cis 
determine the position 
taken up by that which 

enters on Ci2? No explanation based on a dis-
(26) Vocke, A n n .,  508, 1 (1934); L instead  and W alpole, J . Chem . 

Soc., 850 (1939).

Hindrance between catalyst and ring A; adsorption in­
hibited; little or no aw&’-hydrogenation.

I t  may be taken th a t it is the aromatic part of 
the molecule which anchors it to the catalyst. 
Two arrangements are then possible, in which ring 
A is either inclined away from or toward the 
catalyst. In diagram I the A ring is away from 
the catalyst and the hydrogen atom on C13 toward 
it. The hydrogens adding to the molecule from 
the underside will therefore come from the same 
side as the hydrogen on C13. The hydrogen atom 
which attaches itself to C12 and determines the 
backbone configuration thus takes up a syn 
arrangement with respect to Ci3. In diagram II, 
the opposite state of affairs holds; ring A will be 
on the same side as the catalyst and any hydrogen 
which becomes attached to C12 (by the normal 
mechanism) will take up the cm^-configuration. 
I t  appears reasonable to suppose that the adsorp­
tion corresponding to I will be greatly preferred 
to th a t represented by II and therefore th a t syn- 
hydrogenation will preponderate. This is what is 
found experimentally.

The same argument can be applied to the di­
phenic acid derivatives, providing these sub-
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stances are considered as reacting in a coiled or 
“pseudo-tricyclic” state. This question is dealt 
with in the next section.

To the best of our knowledge, the proposal that 
there can be a steric hindrance between a metallic 
catalyst and its substrate is novel. There appears 
to be no other reasonable way of accounting for 
the regular occurrence of sy^-hydrogenation over 
platinum. There is a philosophical connection 
with Bergmann’s explanation27 of the selective 
action of proteolytic enzymes (peptidases) on 
polypeptides made from natural and unnatural 
amino acids, respectively.

I t  seems probable that catalyst hindrance is a 
determining factor in many other reactions. 
Vavon has proposed28 that the production of a 
cfs-alcohol in the catalytic hydrogenation of sub­
stituted hydroaromatic ketones, particularly those 
of the ortho series, is due to a steric hindrance be­
tween the substituent group R and the entering 
hydrogen. This, he suggests, makes the hydrogen

-OH

-R

attack the carbonyl double bond from the side 
removed from the group R, so that the hydroxyl 
group which is formed takes up the exposition 
with respect to this. We agree with Vavon that 
steric hindrance of the group R is the operative 
factor but regard it as acting at an earlier stage, 
namely, that of adsorption. The adsorption can 
most readily occur with the group R  inclined 
away from the catalyst so that the entering 
hydrogen on Ci takes up the exposition with 
respect to that on C2. The preferred reaction is 
illustrated below:

le a d in g

Catalyst

V -p
H H

Cis
Catalyst hindrance can also account in a simple 

way for a remarkable discovery made by Adkins 
and his co-workers in 1933.29 They studied the 
hydrogenation of various substituted diphenyls 
in which the rotation about the internuclear bond 
was restricted so tha t optical activity of the well­

es?) B ergm ann, Harvey Lectures, 31, 37 (1935-36); B ergm ann and  
Zervas, Z. physiol. Chem., 224, 11 (1934).

(28) Vavon, Bull. soc. chim., (4) 39, 668 (1926).
(29) W alde land , Z a rtm an  and  Adkins, T h is  J o u r n a l , 55, 4234 

(1933).

known type was possible. I t  was found to be 
quite impossible to hydrogenate these compounds 
over Raney nickel even under remarkably drastic 
conditions, in contrast to the comparatively easy 
hydrogenation of diphenyl derivatives in which 
free rotation was possible. We suggest that this 
reluctance to react originates with the fact that 
these restricted molecules cannot lie in one plane.

/ —<R r->__v±j>— v^>
\ r  r /

Hence if one ring lies flat on the catalyst, the 
other will interfere with it. Adsorption, and 
hence hydrogenation, is therefore inhibited. I t  
appears th a t the forces which would be involved 
in the complete adsorption of the molecule on 
the catalyst are too weak to overcome the repul­
sion between the substituent groups R. Adkins 
commented upon his results in the following 
words: “I t  is possible tha t the same factors which 
prevent the rotation of the rings . . .  in resolvable 
derivatives of diphenyl, also prevent the reaction 
(adsorption) of the benzenoid ring by the catalyst, 
and so inhibit the first step in the catalytic hydro­
genation of the former.” Our proposal in this 
connection is therefore an extension of Adkins’ 
suggestion.

(3) Coiling.—A remarkable feature of the 
new results is th a t diphenic acid and its ester 
hydrogenate in the same stereochemical manner 
as do its anhydride and the phenanthrene de­
rivatives to which it is related. The hexahydro 
acids also simulate their tricyclic counterparts. 
I t  is to be presumed th a t diphenic acid can exist 
in all the possible phases intermediate between 
the two extremes shown.

COOH COOH 
coiled

On the basis of the hypotheses already advanced, 
the coiled form would yield a cis-syn-cis perhydro- 
product and the zigzag form one with a cis-anti- 
cis configuration. We indeed anticipated that 
diphenic acid would yield a stereochemically 
different perhydro product from its anhydride, 
but this was found not to be true. Unfortunately, 
we have so far been unable to bring about cata­
lytic hydrogenation of the diphenate anion in water

COOH

COOH 
zigzag
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over platinum. The anion would be expected to 
exist preferentially in the zigzag form and to 
yield ö^tó-material on hydrogenation.

As it is unlikely that the agreement of the 
results is purely due to coincidence, it appears that 
the “open-chain” derivatives of diphenic acid (the 
acid itself, its ester and its two hexahydrides) all 
hydrogenate in the coiled or pseudo-tricyclic phase. 
This would mean th a t this phase is the one which 
is most readily adsorbed on the catalyst. We 
can see no particular reason for this preference. 
Hydrogen bonding between the carboxyl groups 
could be invoked for the acid but not for its ester.

The hypotheses which are advanced in this 
paper are tentative and require additional experi­
mental investigation from many points of view. 
This we hope to provide in due course. One aspect 
which has not yet been mentioned will have to be 
considered before these hypotheses could be 
applied generally. The present work has been 
almost completely confined to the ortho-sub­
stituted compounds. (This is to some extent in­
evitable in the study of polycyclic aromatic struc­
tures) . I t  may be found that the behavior of com­
pounds in which the orienting groups are further 
apart may be much less regular than those studied

in the present work. There are several indications 
in the literature that this may be true, for example, 
the considerable degree of trans-hydrogenation of 
terephthalic acid, as mentioned in Table I.

Summary
The stereochemistry of the hydrogenation of a 

number of derivatives of diphenic acid and of 
phenanthrene over a platinum catalyst is dis­
cussed. The nine compounds studied all hydro­
genate cis and syn.

The results are explained on the basis of three 
hypotheses.

1. When one or more aromatic rings are hydro­
genated during a single period of adsorption, the 
hydrogen atoms add to one side of the molecule.

2. The orientation of the adsorption of the 
aromatic molecule on the catalyst is affected by 
hindrance between the catalyst and the substrate.

3. The open-chain derivatives of diphenic acid 
are hydrogenated in the coiled phase.

Earlier work is discussed in the light of these 
views, and certain applications to related fields 
are indicated.
C o n v e r s e  M e m o r ia l  L a b o r a t o r y
Cambridge, M assachusetts R eceived April 30, 1942

[C o n t r i b u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r y  o f  H a r v a r d  U n i v e r s i t y ]

The Stereochemistry of Catalytic Hydrogenation. II. The Preparation of the Six
Inactive Perhydrodiphenic1 Acids
By R. P. Linstead and W. E. D oering

Earlier work by Linstead and A. L. Walpole2 
on the hydrogenation of diphenic acid had re­
vealed the following facts: (1) Catalytic hydro­
genation of the free acid in acetic acid solution 
over platinum gave a perhydro acid of m. p. 273°.
(2) Similar hydrogenation of dimethyl diphenate 
gave a solid perhydro ester, m. p. 73°, which on 
alkaline hydrolysis gave a perhydro acid of m. p. 
220°. (3) Hydrogenation of dimethyl diphenate
over Raney nickel by Adkins’ procedure gave a 
mixture of the ester of m. p. 73° and a liquid ester 
which on alkaline hydrolysis gave a third perhydro 
acid of m. p. 244°. Other early work on the per­
hydro acids is reviewed later in the present paper.

(1) T he com m on 2 ,2 '-d iphenic  acid is referred to  as diphenic acid 
for th e  sake of b rev ity  th ro u g h o u t these papers. I ts  hydrogenated 
derivatives are correspondingly nam ed w ithou t prefix.

(2) L instead  and  W alpole, J . Chem. Soc., 850 (1939).

We have now made a fuller study of the hydro­
genation of diphenic acid and its derivatives over 
platinum, and of the stereochemical inversion of 
the products. This has led to the isolation of 
eleven distinct optically inactive hydrodiphenic 
acids. Six of these are dodecahydro- (perhydro-) 
derivatives; three are decahydro-, containing 
one double bond; and the remaining two are 
hexahydro-, and contain one intact benzene ring. 
This paper is concerned only with the perhydro 
acids.

As pointed out by Linstead and Walpole,2 
perhydrodiphenic acid can exist in six inactive 
modifications, four of which are resolvable. All 
the possible forms have therefore been obtained. 
Experiments on their resolution are described in 
the following paper.
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The sy^-Series
When diphenic acid is exhaustively hydro­

genated in acetic acid solution over Adams 
catalyst, one main product and three by-products 
are obtained. The main product is a perhydro- 
acid, Ci2H20(CO2H)2, m. p. 289°. This is easily 
isolated and purified owing to its low solubility. 
Accompanying this, in low amounts, are two iso­
meric perhydro-acids melting a t 198 and 200°, 
respectively. Usually also there is a certain 
amount of a hexahydro-acid Ci2Hi4(C0 2H)2 of 
m. p. 242°, which occurs even when the uptake of 
hydrogen appears to have ceased completely. 
The proportions of the products appear to vary 
slightly with variations in the experimental pro­
cedure and in the catalyst, but the acid of m. p. 
289° always constitutes the bulk of the product.

The acid of m. p. 289° is a slightly purer form of 
the material of m. p. 273° already reported by 
Linstead and Walpole2 and by Hiickel.3 The 
m. p. varies with the rate of heating, and this fact 
may contribute to the lower m. p .’s previously 
recorded.

The same compound (accompanied by the same 
impurities) is formed when the hydrogenation of 
the acid is carried out in acetic acid containing 2% 
of hydrochloric acid. The hydrogenation also 
takes the same course in alcohol but in this case 
the reaction is much slower. When diphenic 
anhydride is hydrogenated over platinum and the 
product hydrolyzed, the perhydro acid of m. p. 
289° is also obtained. Sodium diphenate resisted 
catalytic hydrogenation in aqueous solution. 
Dimethyl diphenate, however, was exhaustively 
hydrogenated over platinum without difficulty, 
and, in agreement with Linstead and Walpole,2 
the main product was a perhydro ester, m. p. 73°. 
I t  is proved below that this is the dimethyl ester 
of the 289° acid and that its alkaline hydrolysis is 
anomalous. There is, therefore, a general ten­
dency for the diphenic acid system to be hydro­
genated over platinum to the perhydro form 
corresponding with the acid of m. p. 289°.

Because of the complicated inversions which 
can occur in the chemistry of the 289° acid and 
its derivatives, it was necessary to establish con­
clusively its relationship with its anhydride and 
esters. This was done as follows.

The perhydrodiphenic acid of m. p. 289° on 
treatm ent with acetic anhydride yielded a mixed 
anhydride, CHaCOOOCC^HaoCOOOCCHs, which

(3) Hiickel, no te  in  Vocke’s paper, A n n ., 508, 1 (1934).

on sublimation gave the simple perhydrodiphenic 
anhydride, Ci2H20(CO)2O, m. p. 146-147°. From 
this the parent acid could be regenerated. These 
results confirm those already reported.2 Treat­
ment of the anhydride with sodium methoxide 
yielded a monomethyl ester, m. p. 129°. When 
either the 289° acid or its monomethyl ester was 
treated with diazomethane, there was obtained a 
dimethyl ester of m. p. 73-74°. This was identical 
with the perhydro ester prepared by the direct 
hydrogenation of dimethyl diphenate. Fischer- 
Speier esterification of the 289° acid or of the 129° 
acid ester also yielded the 73° dimethyl ester, but 
the reaction was slow. The best preparative 
method for the esterification of the acid is to boil 
it for several days with methanol containing 2% 
of fuming sulfuric acid. Treatment of the an­
hydride with methanol and a trace of oleum gave 
a mixture of the 129° acid ester and the 73° di­
methyl ester. When the 289° acid was treated 
with one equivalent of diazomethane, the main 
reaction was the formation of the dimethyl ester, 
an approximately equivalent amount of the acid 
remaining unchanged. A small amount (10%) 
of the 129° acid ester was also formed. I t  there­
fore appears that the acid ester reacts more 
readily with diazomethane than does the dicar­
boxylic acid. Acid hydrolysis of the 73° ester 
yielded a mixture of the 289° acid and the 129° 
acid ester. Acid hydrolysis of the 129° acid ester 
gave the 289° acid.

I t  was shown by Linstead and Walpole2 that 
hydrolysis of the 73° dimethyl ester with alcoholic 
potash yielded an acid of m. p. 220°, identical 
with that formed by heating the 289° (273°) acid 
with hydrochloric acid a t 200°. In the present 
work, this result was confirmed and the perhydro- 
acid produced was found to melt, in the pure 
state, at 223°. This hydrolysis involved an in­
version of configuration at one or both of the 
carboxyl groups. I t  has frequently been ob­
served4 that esters, in which the carbalkoxyl 
group is directly attached to a cyclic carbon atom 
which carried a hydrogen, can be inverted in con­
figuration by treatm ent with sodium alkoxide. 
(This inversion normally proceeds in the direction 
cis-̂ trans; however, it is the existence rather 
than the direction of the inversion which we wish 
to stress a t the moment.) We therefore attempted 
to invert the 73° ester without hydrolysis by

(4) H iickel an d  G oth , Ber., 58, 447 (1925); Cook and L instead ,
J . Chem. Soc., 946 (1934).
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heating it with sodium methoxide. This was 
successful; the ester was converted almost com­
pletely into an isomeride of m. p. 57°. A small 
amount of another isomeride, m. p. about 1 0 °, 
also was formed. This is discussed later.

Acid hydrolysis of the 57° ester yielded the 
perhydrodiphenic acid of m. p. 223°. Esterifi­
cation of the 223° acid with diazomethane yielded 
the ester, m. p. 57°. The acid was also character­
ized by conversion into the anhydride, m. p. 106° 
(in agreement with Linstead and Walpole2) and 
thence the monomethyl ester, m. p. 116°. Acid 
hydrolysis of the latter regenerated the 223° 
acid, while treatm ent with diazomethane formed 
the dimethyl ester, m. p. 57°.

The inter-relationships between the substances 
so far mentioned are summarized.

the ester of m. p. 73° is converted into its isom­
eride of m. p. 57° ? We are concerned only with 
the stereochemistry a t carbons 1 and 4 (in the 
formula given below).

C02Me C02Me

The configuration a t C2 and C3—the “backbone 
configuration’'421—is fixed in the catalytic hydro­
genation and will not be affected by the experi­
mental conditions of our inversions. As regards 
Ci and C4, there are three possibilities. (1) Either 
these both have the same configuration in the 
289° acid (and 73° ester) and both centers are 
inverted (e. g., cis-cis- —»trans-trans-) ; or (2 ) both 
have the same initial configuration and only one

Diphenic Acid 

| h 2, Pt

Perhydrodiphenic acid 
m. p.289 0

HC1 at 
200 °

Perhydrodiphenic acid 
m. p. 223°

Anhydride m. p. 146 0 

----------- Monomethyl ester

Alcoholic KOH

-------------  Monomethyl ester
m. p. 116°

Z '
Anhydride m. p. 106°

Diphenyl diphenate

Pt j
-—> Dimethyl ester 
----- m. p. 73°

NaOMe

>  Dimethyl ester 
m. p. 57°

A curious anomaly in the literature should be 
mentioned at this point. Hiickel3 reported that 
his acid, m. p. 273°, on esterification with diazo­
methane gave an ester, m. p. 57°. There can be 
little doubt that Hiickel’s acid was substantially 
our 289° acid. We have performed this esterifi­
cation many times with diazomethane, as well as 
by the other methods already mentioned. Our 
product has always melted a t 73° and we are con­
vinced that this material is the authentic di­
methyl ester. I t  would appear most probable 
that Hiickel’s note contains a misprint. This is 
supported by the fact that our 73° ester crystal­
lizes in beautiful long needles, and this is the form 
described by Hiickel for his “57°” ester. On the 
other hand, our 5 7 ° ester has never crystallized in 
this form. From the agreement of the m. p. with 
that of the invert ester, an alternative explanation 
for Hiickel’s result is that an inversion due to 
some contamination by alkali may have occurred 
in his work.

The question now arises, what is the nature of 
the inversion of configuration which occurs when

center is inverted, because the cis-trans is the 
alkali-stable form, (e. g., cis-cis —» cis-trans) ; or
(3) they have different initial configurations and 
one center is inverted (e. g., cis-trans- —» trans- 
trans-). I t  is proved below that the first of these 
possibilities is correct.

I t  was first shown by direct experiment tha t the 
289° acid was stable to hot aqueous alkali. The 
inversion of the ester during treatm ent with 
alcoholic alkali therefore occurs in the unhydro­
lyzed ester, and cannot be brought about a t the 
carbon atom carrying the ionized carboxyl. 
(This is of course due to the difference in the ease 
of enolization of the two groups.) The half-ester 
of the 289° acid therefore contains one group 
which is capable of effecting an inversion. If 
possibility (1 ) is correct, treatm ent with alkali 
should yield either a new acid (inversion +  
hydrolysis) or a new half-ester (inversion) accord­
ing to the experimental conditions. If possibility
(2 ) is correct, then either there will be no inversion

(4a) See L instead  and  W alpole2 and  th e  preceding p ap er fo r a
general ou tline  of th e  stereochem istry.
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or inversion to the 223° acid series will occur; 
the same is true of possibility (3).

The monomethyl ester of the 289° acid (m. p. 
129°) was accordingly refluxed first with sodium 
methoxide, and the solution was then diluted 
somewhat with water and the heating continued. 
The product was a new perhydrodiphenic acid, 
m. p. 200°. (When the same acid ester was hydro­
lyzed with boiling aqueous alkali it gave the 
parent acid, m. p. 289°. The small amount of 
alcohol formed in this hydrolysis was clearly in­
sufficient to effect any appreciable inversion.) 
When the 129° monomethyl ester was refluxed 
with sodium methoxide in the absence of water, it 
was converted into an isomeride of m. p. 98°. 
Acid hydrolysis of the new monomethyl ester 
yielded the new acid, m. p. 200°. Esterification 
of both the 98° monomethyl ester and the 200° 
acid with diazomethane yielded a dimethyl per- 
hydrodiphenate, m. p. 14°. This material was 
identical with the by-product obtained in the 
inversion of the 73° dimethyl ester into the 57° 
isomeride.

An interesting observation which shows the ease 
of inversion in alkaline medium is the following. 
The anhydride of the 289° acid was boiled with 
some methanol which had been freshly distilled 
from baryta. I t  yielded mainly the corresponding 
monomethyl ester, m. p. 129°, but also, in 14% 
yield, the acid ester (m. p. 98°) of the half-invert 
acid. The partial inversion was traced to the 
presence of a small amount of barium methoxide 
in the methanol.

When the dimethyl ester (m. p. 14°) of the new 
acid was hydrolyzed for a comparatively short 
time with hydrochloric and acetic acids, it gave a 
mixture of the parent acid (m. p. 200°) and an 
acid ester. The latter melted at 102° and was not 
identical with that (m. p. 98°) described above; 
it depressed its m. p. and behaved differently on 
alkaline hydrolysis. I t  is clear therefore that this 
is the second acid ester which is theoretically 
possible for the half-invert acid, owing to the non­
equivalence of the two carboxyl groups. The car- 
bomethoxyl group preferentially hydrolyzed by 
acid is that on the inverted side of the molecule. 
To make this clearer we shall anticipate the 
assignment of the configuration to the acids. The 
200° acid has been conclusively proved to have 
the cis-syn-trans configuration (see Part III). 
To distinguish between its two acid esters we shall 
refer to the configuration on the ester side first.

Thus, in the trans-syn-cis half-ester, the hydrogen 
atom on the carbon which carries the carbo- 
methoxyl group is orientated trans- to that on the 
neighboring backbone carbon; whereas that on 
the carbon which carries the free carboxyl group is 
orientated cis- (II). The preparation and naming 
of the two acid esters is shown in the following 
scheme.

inversion ----------->

I I
I C02Me C02H 
cis-syn-cis half-ester

/
289 ° acid {cis-syn-cis)

II C02Me C02H 
trans-syn-cis half-ester, 

m. p. 98°
|C H 2N,

acid
-<----------r -
hydrolysis

IV C02H C02Me III
cis-syn-trans half-ester, 

m. p. 102°

C02Me C02Me 
trans-syn-cis 

di-ester
The cis-syn-trans acid with acetic anhydride 

yields a distinct anhydride, m. p. 104°, from which 
it can be regenerated. The anhydride is not in­
verted by prolonged boiling with acetic anhydride.

I t was pointed out above that the trans-syn-cis 
half-ester (II) was prevented from inverting 
further because its configurationally unstable 
(cis) ring carried the carboxyl group which was 
unable to provide a path for the inversion under 
the experimental conditions used. This is not true 
of the second half-ester (IV), for this carries the 
carbomethoxyl group on the unstable ring. I t  
was accordingly expected that this would invert 
on hydrolysis with alcoholic alkali and this was 
realized. The 102° half-ester yielded the fully 
inverted acid of m. p. 223°. This series of re­
actions makes it certain that the 200° acid is 
intermediate in configuration between its isomers 
of m. p. 289° and 223°. We can now answer the 
question raised a t the beginning of this section 
explicitly by saying tha t the inversion of the 73° 
to the 57° ester is a double inversion. We are not 
concerned a t the moment with the proof of the 
direction of this but it is shown in later papers 
that it is cis —> trans.

The acids of m. p. 289, 200 and 223° form one 
of the “backbone” series (syn- and anti-). I t  is 
proved later tha t this is the sy^-series of perhydro­
diphenic acids.

The awtó-Series
The acids of this group are less accessible than 

their syn-isomers. This is particularly true of the
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two members which contain configurationally 
unstable (cis-) arrangements.

I t  has already been stated that the catalytic 
hydrogenation of diphenic acid yields, besides the 
289° acid, minor quantities of other hydrogenation 
products. The separation of these was laborious 
and difficult. Little or no benefit was achieved by 
converting the acids into their esters and care­
fully fractionating these. Direct fractional crys­
tallization was useless in the early stages except 
for the isolation of the 289° acid. The following 
technique was of considerable assistance. The 
mixed acids were dissolved in sodium carbonate 
and the solution acidified in stages a t the boiling 
point with dilute hydrochloric acid. Successive 
small crops of acids were so obtained. The 
method depends upon differences in acidity as 
well as in solubility. By its use the perhydro 
acids separate first and incompletely hydrogen­
ated acids, which are aromatic and hence stronger, 
come down later. I t  was also possible by this 
means to separate a resinous ^-acidic material 
(probably a lactone) which was sometimes present.

As an example, when the product of the hydro­
genation of diphenic acid over platinum in al­
cohol was fractionated in the above manner, a 
succession of fractions were obtained, of which 
the principal components were
Crops 1-4: Perhydro acid, m. p. 289° (cis-syn-cis)
Crop 5: Perhydro acids, m. p. 289° and m. p. 198°

(cis-anti-cis)
Crop 6: Perhydro acid, m. p. 198°
Crop 7: Perhydro acids, m. p. 198° and m. p. 200°

(icis-syn-trans)
Crop 8: Perhydro acid, m. p. 200°, and hexahydro

acid, m. p. 242° (cis)
Crops 9-10: Mainly diphenic acid

The various fractions could subsequently be 
further purified by direct crystallization. This 
enabled an estimate to be made of the relative 
amounts of the various products. In the above 
mixture these were approximately
Perhydro acids: cis-syn-cis, 53%; cis-anti-cis, 10%: cis-

syn-trans, 7%
Hexahydro acid: 10%
Diphenic acid: 20%

The method was found superior to that used by 
Vocke5 for the separation of perhydro and hexa­
hydro diphenic acids, which involves the use of 
barium salts.

In material exhaustively hydrogenated over 
platinum in acetic acid solution, the amount of

(5) Vocke, A n n ., 608, 1 (1934).

unchanged or incompletely reduced acid was much 
lower. The proportion of cis-syn-cis material ex­
pressed as a percentage of the total perhydro 
acids was about the same, 70-80%, and the by­
products were the same, namely, the cis-anti-cis 
acid, m. p. 198°, and the cis-syn-trans acid m. p. 
200°. The isolation of these products is de­
scribed in detail in the experimental section. The 
two acids were quite distinct and gave different 
series of derivatives. The cis-syn-trans (200°) 
acid was identical with that obtained by the half­
inversion of the cis-syn-cis (289°) acid as de­
scribed above. The final purification of the new 
acid (m. p. 198°) was conveniently achieved 
through the anhydride (m. p. 100°). The acid 
yielded crystalline di- and mono-methyl esters, 
melting at 44 and 99 °, respectively. Acid hydroly­
sis of both these esters regenerated the parent acid.

I t  seemed reasonable to suppose th a t the new 
acid would have two configurationally unstable 
centers and would therefore be capable of half­
inversion and of double inversion, as in the case of 
the 289° acid and its derivatives. The methods 
used in the syfz-series were therefore applied to the 
new anti-acid. The monomethyl ester on hy­
drolysis with alcoholic potash yielded a new acid, 
m. p. 206°, which gave a distinct anhydride, m. p. 
93°. The dimethyl ester (m. p. 44°) on similar 
hydrolysis gave the known acid m. p. 244° of 
Vocke5 and of Walpole and Linstead.2 This is 
now found to melt at 246-248° and to yield a 
dimethyl ester, m. p. 86°. The fact tha t this 
acid has previously been obtained by the hy­
drolysis of perhydro esters with alcoholic alkali is 
understandable. I t  represents the final alkali- 
stable form of all the a^ -m a te ria l originally 
present in the ester.

The above results make it clear th a t the anti- 
series consists of the three acids of m. p. 198, 
206 and 248°, and that the acid of m. p. 206° is 
intermediate in configuration between the other 
two.

The melting points (in round numbers) of the 
six inactive perhydrodiphenic acids and of their
derivatives are summarized in the table. Un-

. c>c
Acid, probable 

(or certain) 
configuration

■~J\xGlting points, 

A nhydride

M ono­
m ethy l 
ester(s)

D i­
m ethy l

ester
cis-syn-cis 289 147 126 73
cis-syn-trans 200 (and 174) 104 98 an d  102 14
trans-syn-trans 223 106 117 57
cis-anti-cis 198 100 (and 96) 99 44
cis-anti-trans 206 93
trans-anti-trans 247 242 86
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stable dimorphous modifications are given in 
parentheses.

There is no doubt that these six isomers are 
distinct individuals. The three acids with very 
similar melting points (200°, 198°, 206°) depress 
each others’ melting points, and have distinctive 
crystalline forms. Their derivatives are also 
different. All the six inactive forms, which are 
theoretically possible, have therefore been made 
and interrelated.

There were on record in the literature, however, 
two other substances to which the perhydrodi­
phenic acid structure has been assigned. These 
are the acid of m. p. 213°, described by Vocke,5 
and tha t of m. p. 203°, prepared by Linstead and 
Walpole.2 After the present work had been com­
pleted, Marvel and White6 described what ap­
peared to be a further isomer, m. p. 174-175°. I t 
became necessary, therefore, to consider the 
nature of these compounds.

Vocke Acid, m. p. 213°.—This acid was ob­
tained by Vocke5 by alkaline hydrolysis of the 
product of the hydrogenation of dimethyl di­
phenate over nickel. I t  was separated from the 
trans-anti-trans (247°) acid, which was Vocke’s 
main perhydro-product, by a tedious fractional 
crystallization. We have never obtained a sub­
stance with these properties. I t  seems most 
probable tha t Vocke’s acid was an impure form of 
our trans-syn-trans acid (m. p. 223°). This would 
tally with the method of preparation, for all the 
syw-material would be expected to assume the 
trans-trans configuration during the alkaline 
hydrolysis. Moreover, there is no doubt that 
syw-material is formed in hydrogenations over 
nickel, because the solid cis-syn-cis-dimethyl ester 
can be isolated in quantity from the unhydrolyzed 
reaction product.2 The m. p. of Vocke’s anhy­
dride (80°) does not agree with ours (106°) but 
his compound was not analyzed and it is possible 
th a t it was a mixed anhydride with acetic acid, 
similar to that which Linstead and Walpole 
isolated from the cis-syn-cis acid.2 The other 
discrepancy lies in the ease of ketonization. Lin­
stead and Walpole2 were able to form a pyro- 
ketone from the 223° acid, whereas Vocke ob­
served th a t his acid and anhydride sublimed 
practically undecomposed. An alternative possi­
bility is th a t Vocke’s 213° acid may have con­
tained one double bond, i. e., it may have been a 
decahydrodiphenic acid. We have isolated a

(6) M arvel an d  W hite, T h is  J o u r n a l , 62, 2739 (1940).

decahydrodiphenic acid of m. p. 212° as a by­
product in certain hydrogenations. Vocke’s 
analytical figures, however, correspond with a 
perhydro product.

Linstead and Walpole Acid, m. p. 203°.—This 
differs from the six isomerides described above. 
The position with regard to it is more complicated. 
I t  was prepared2 by the nitric acid oxidation of a 
ketone, m. p. 51°, itself obtained7 by the hydro­
genation of two unsaturated ketones of m. p. 39 
and 94°. These two unsaturated ketones were 
first prepared by Marvel and co-workers8 by 
cyclization of di-A ̂ cyclohexenylacetylene with 
formic acid, and were considered by them to have 
a hydrophenanthrene structure. Linstead and 
Walpole7 reduced the two unsaturated ketones to 
hydrocarbons which were dehydrogenated to 
phenanthrene. Moreover, treatment of the 
saturated ketone with methylmagnesium iodide 
followed by dehydrogenation yielded 9-methyl- 
phenanthrene.7 This provided definite evidence 
in support of Marvel’s proposed skeletal structure. 
Further supporting evidence by the same method 
of attack has been reported by Marvel, Pearson 
and White.9 I t  appeared to follow that the 
saturated ketone was 9-keto-perhydrophenan- 
threne and the acid obtained from it by oxidation 
was a perhydrodiphenic acid.

Marvel8 was originally led to assign the hydro­
phenanthrene structure to his ketones from the 
behavior of a hydrocarbon obtained from one of 
them. This yielded on selenium dehydrogenation 
a product very similar in properties to what was 
at the time believed to be trans-as-octahydro- 
phenanthrene. Levitz, Perlman and Bogert10 
have conclusively proved th a t this substance is a 
spirane. They therefore suggested that Marvel’s 
ketones are also spiranes, a possibility earlier 
rejected by M arvel.11

The evidence summarized above on the struc­
ture of Marvel’s ketones is inconclusive. How­
ever, now th a t six distinct perhydrodiphenic 
acids have been prepared and interrelated, there 
are only two possibilities for the 203° acid. 
Either it has a different skeletal structure, or the 
perhydrodiphenic acid series contains more iso­
meric forms than are demanded by classical

(7) L instead an d  W alpole, J .  Chem. Soc., 842 (1939).
(8) M arvel and  co-w orkers, T h is  J o u r n a l , 58, 972 (1936); 59, 

2666 (1937).
(9) M arvel, P earson  and  W hite, ibid., 62, 2741 (1940).
(10) Levitz, P erlm an  and  B ogert, J .  Org. Chem., 6, 105 (1941).
(11) M arvel, M ozingo and  K irk p a trick , T h is  J o u r n a l , 61, 2003 

(1939); cf. M arvel and  W alton , J . Org. Chem., 7, 88 (1942).
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stereochemical theory. In the latter connection, 
the least unreasonable suggestion would be that 
there was a restriction of free rotation about the 
inter-nuclear bond, as in the case of various sub­
stituted diphenic acids. M any arguments could 
be raised against this possibility. I t  will be 
sufficient to quote the following direct experi­
mental evidence. We find tha t all the authentic 
perhydrodiphenic acids yield pyroketones, 
whereas the 203° acid does not. I t  is incon­
ceivable that the delicate isomerism due to 
restricted rotation could survive the high tempera­
tures (300°) involved in this reaction.

I t  is, therefore, concluded that the 203° acid 
cannot be a perhydrodiphenic acid. Hence the 51° 
ketone is not a perhydrophenanthrene derivative 
and the unsaturated ketones of Marvel cannot 
have a phenanthrene skeleton.

We, therefore, accept as probable the spirane 
skeleton proposed by Levitz, Perlman and Bo­
gert,10 which is most easily reconciled with the 
dehydrogenation results. The following further 
suggestions as to the structure are made. I t  was 
shown by Linstead and Walpole7 that both the 
unsaturated ketones have a:/3-double bonds and 
give the same pair of saturated ketones on hydro­
genation. The carbonyl group is now placed in 
the five-membered ring because of the consistent 
formation of 9-alkyl phenanthrenes after Gri­
gnard reaction and dehydrogenation, as noted 
above.7’9 Moreover, this offers a simple expla­
nation for the fact that the 203° acid forms 
an anhydride but no pyroketone.2 The three 
possible structures for the two unsaturated ke­
tones which came up for consideration are (V),
(VI) and (VII)

CO CO

VII VIII
c o 2h

IX

The structure corresponding to (VII) in the hy- 
drophenanthrene series was eliminated by a 
stereochemical argument (Linstead and Walpole7),

which is not valid in the spirane series. However,
(VII) can be ruled out because it cannot possibly 
give the same ketones on hydrogenation as either
(V) or (VI). Structures (V) and (VI), therefore, 
are the most acceptable for the two unsaturated 
ketones. Woodward12 has given spectrographic 
evidence which indicates tha t (VI) is to be pre­
ferred for the ketone of m. p. 94°, and (V) for the 
more common isomeride, m. p. 39°. Essentially 
the same spectrochemical deduction has inde­
pendently been drawn by Evans and Gillam13 
from Woodward’s generalization. They placed 
the bonds in the equivalent positions in keto- 
decahydrophenanthrene molecules.

The two saturated ketones of Linstead and 
Walpole now become the cis- and trans-iorms of
(V III) . I t  is probable that the more stable modi­
fication (m. p. 51°) is the m-form, judging from 
the relative stabilities of the a-hydrindanones. 
The acid of m. p. 203°, must have structure (IX) 
if the spirane skeleton is correct. I t  is therefore 
dicyclohexyl-1,2 '-dicarboxylic acid.

Marvel and White Acid, m. p. 174°.—A sample 
of this material was kindly sent us by Professor 
Marvel. I t  was found to be essentially a di­
morphic modification of the cis-syn-trans acid 
(m. p. 200°). When crystallized from dilute 
acetic acid it separated in the high melting form 
and was then identical with our material. More­
over, the melt of the 174° form soon solidified and 
then remelted a t 198-200°.

Before the present work was completed, two 
“perhydrodiphenic acids” were known which 
apparently broke the Blanc rule regarding the 
pyrolysis of adipic acids. These were the 203 
and 213° acids, which have been discussed above. 
I t  is now plain tha t the 203° acid is not a 
perhydrodiphenic acid a t all, and the validity 
of the work on the 213° acid is doubtful. 
We propose to reserve further discussion on 
this general topic until our investigation of the 
pyrolysis of the new perhydrodiphenic acids is 
complete.

The optical resolution of the perhydrodiphenic 
acids is described in Part III, and the evidence 
for the assignment of configuration is given in 
Parts I II  and V. The bearing of the new 
result on the stereochemistry of perhydrophe­
nanthrene derivatives is discussed in Parts VI and 
VII.

(12) W oodw ard, T h is  J o u r n a l , 64, 76 (1942); cf. ibid.., 63, 1123 
(1941).

(13) E vans  and  G illam , J .  Chem. Soc., 818 (1941).
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Experimental14
Intermediates

The following procedures, based on those of Oyster and 
Adkins15 and Linstead and Walpole,2 respectively, were 
found satisfactory for the routine preparation of pure di­
phenic acid from crude phenanthrene.

Potassium dichromate (300 g.) was dissolved in a mix­
ture of 500 cc. of concentrated sulfuric acid and 1500 cc. of 
water contained in a 4-1. beaker. Without cooling, 100 g. 
of crude phenanthrene was added with vigorous stirring. 
This operation requires caution as much heat is evolved. 
After the reaction had quieted, a further 300 g. of potas­
sium dichromate was added. The mixture was allowed to 
stand for one hour, and was then diluted with water (2 1.) 
and allowed to cool. The granular product was filtered 
off, washed thoroughly with water and dried; yield of 
crude phenanthraquinone, 89 to 94 g. (76-80%), m. p. 
190-194°.

The quinone was oxidized in 100-g. lots in a 2-1. flask, 
fitted with stirrer and condenser, by means of a mixture of 
120 cc. of 30% (100 vol.) hydrogen peroxide, 900 g. of 3% 
hydrogen peroxide and 300 cc. of glacial acetic acid. The 
mixture was boiled very gently for three hours. The prod­
uct was filtered hot (steam funnel) from a little unreacted 
anthraquinone, and allowed to crystallize overnight in the 
ice-box. The crude diphenic acid was filtered off and dried 
(45 to 48.5 g.). To obtain material capable of being read­
ily hydrogenated, the following procedure was used: 12 g.
of the crude acid was dissolved in 1.5 1. of boiling water, 
the solution filtered and boiled for one-half hour with 2 g. 
of Norit. The solution was then filtered and the treatment 
repeated twice, using thirty minutes of boiling with 2 g. 
and 1 g. of Norit, respectively. The final filtrate de­
posited on cooling 6-7 g. of glistening plates of diphenic 
acid, m. p. 232-233°. The over-all yield from the crude 
phenanthrene varied between 18 and 21 %.

The acid (25 g.) was esterified by five days of refluxing 
with 250 cc. of absolute methanol (freshly distilled from 
magnesium methoxide) containing 14 g. of dry hydrogen 
chloride. The product was separated by means of sodium 
carbonate into neutral and acid fractions. The neutral 
product was crystallized once from methanol which 
yielded 25.4 g. (91%) of pure dimethyl diphenate, m. p. 
73-74°. Acidification of the sodium carbonate extract 
yielded a small quantity of the monomethyl ester of diphenic 
acid, which does not appear to have been described previ­
ously. I t crystallizes from dilute alcohol in delicate plates, 
m. p. 110- 111°.

Anal, (material dried at 80° in vacuo). Calcd. for 
C15H12O4: C, 70.30; H, 4.72. Found: C, 70.45, 70.34; 
H, 4.80, 4.64.

syw-Series
289° Acid (cis-syn-cis1*).—-All the hydrogenations de­

scribed in this paper were carried out in a Parr apparatus 
using an initial gage pressure of hydrogen of about 60 lb./ 
sq. in. The glacial acetic acid was refluxed over, and then

(14) All m elting  po in ts  are corrected.
(15) O yster an d  A dkins, T h is  J o u r n a l , 43, 208 (1921).
(16) T he  configurations assigned are  discussed m ore fully in  the  

following papers. T h ey  have been added for convenience in  refer-

distilled from potassium permanganate. The Adams cata­
lyst was prepared following Bruce.17

A solution of 20 g. of diphenic acid in 250 cc. of acetic 
acid was shaken under hydrogen with 1 g. of catalyst. 
Most hydrogenations went to completion in from one to 
four days without the addition of more catalyst. Occa­
sionally a further gram of platinum oxide had to be added 
to complete the reduction. The bulk of the perhydro-acid 
separated from the solution during the reaction.

The catalyst and precipitate were filtered off from the 
product on a sintered-glass funnel and washed with 100 cc. 
of glacial acetic acid. The investigation of the filtrate (A) 
is described later. The solid acid was extracted from the 
catalyst by means of 5% aqueous alkali and was precipi­
tated by dilute hydrochloric acid. The crude product 
weighed 11.2-12.7 g. (56-63%) and melted at 282-284°. 
Recrystallization from 500 cc. of glacial acetic acid yielded 
the pure cis-syrc-cw-perhydrodiphenic acid, m. p. 287-289°.

The m. p. of this acid varies with the rate of heating ow­
ing to the formation of anhydride and to stereochemical 
inversion. For these reasons, also, very sharp values can­
not be obtained. The above constant was obtained by 
immersing the capillary at 280° and raising the tempera­
ture 1 ° every six seconds. A mixture with a sample of the 
acid of Linstead and Walpole2 (recorded m. p. 273-274°) 
melted under the same conditions at 285-287°.

Anal, (material dried at 110° in vacuo). Calcd. for C14- 
H22O4: C, 66.13; H, 8.72. Found: C, 66.21, 66.43;
H, 8.83, 8.88.

The hydrogenation in alcohol solution was much slower 
and required frequent addition of fresh catalyst. The 
main product was the 289° acid. The separation of the 
products is more conveniently considered later under the 
198° (1cis-anti-cis) acid. The cis-syn-cis acid can also be 
prepared by catalytic hydrogenation of cw-hexahydro- 
diphenic acid. This is described in Part IV.

Derivatives of the 289° Acid
Anhydride.—Following Linstead and Walpole,2 the acid 

(6 g.) was refluxed for twenty hours with 100 cc. of acetic 
anhydride. The excess of reagent was removed in vacuo 
and the solid residue sublimed onto a cold “finger” at 130° 
and 2 mm. After three sublimations, the acetic anhy­
dride had been practically all eliminated and 4.0 g. (72%) 
of a crude anhydride m. p. 137-142° remained. Crystal­
lization of this (1.6 g.) from 100 cc. of ligroin (b. p. 60-90°) 
gave 1.15 g. of the pure anhydride, shining plates, m. p. 
146-147°; 1.5 g. of unsublimable material, probably
polymeric anhydride, was also obtained.

Dimethyl Ester.—(1) The acid (5 g.) was refluxed for 
four days with 100 cc. of absolute methanol and 2 cc. of 
fuming sulfuric acid, containing 15% SO3. The alcohol 
was boiled off and the residue was stirred with 100 cc. of 
hot 10% sodium carbonate solution. On cooling the ester 
crystallized, and was filtered off (m. p. 67-72°, yield, 5.3 
g., 95%). One crystallization from dilute methanol gave
4.7 g. (85%) of long needles of pure cis-syn-cis dimethyl 
perhydrodiphenate, m. p. 73-74°. This material was 
identical with that prepared by Linstead and Walpole2 by 
hydrogenation of dimethyl diphenate. Acidification of 
the sodium carbonate solution gave 0.13 g. (2.5%) of the

ence. (17) Bruce, T h is  J o u r n a l , 58, 687 (1936).
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monomethyl ester, m. p. 124-126°, which is described more 
fully below.

(2) The acid (5.08 g.) dissolved in 150 cc. of dioxane was 
added to an ethereal solution of diazomethane, prepared 
from 1Q.3 g. of nitroso-methyl urethan. After two days at 
room temperature the product was treated with acetic 
acid, the solvent removed and the residue crystallized 
from methanol, yield 89%, m. p. and mixed m. p. 73-74°.

Monomethyl Ester.—The anhydride, m. p. 147° (3.22 
g.) was treated with a solution of sodium methoxide from
l. 26 g. (4 moles) of sodium in 60 cc. of methanol. After 
three hours at room temperature, the solvent was re­
moved, the residue taken up in water and the solution fil­
tered and acidified. The crude half-ester which separated 
was dried and recrystallized from ligroin, b. p. 60-90° 
{ca. 250 cc.). This yielded 2.80 g., 76.5%, of the pure 
monomethyl ester of c7s-syw-cA-perhydrodiphenic acid, 
small plates, m. p. 128.5-129.5°.

Anal, (material dried in vacuo at 110°). Calcd. for 
C1BH24O4: C, 67.14; H, 9.02. Found: C, 67.32, 67.12;
H, 9.09, 9.08.

An alcoholic solution of 2.54 g. of the 289° acid was 
treated with one equivalent of diazomethane (from 2.11 
cc. of nitrosomethyl urethan). The solution was immedi­
ately decolorized. I t  was extracted with 5% aqueous 
sodium hydroxide. The ethereal layer yielded 1.07 g. 
(38%) of the dimethyl ester, m. p. 72-74°. The alkaline 
extract was acidified and the crystalline precipitate so 
obtained was extracted with boiling ligroin (b. p. 60-90°). 
The residue (1.12 g., 44%) was the unchanged acid (m. p. 
270-277°). The ligroin extract yielded the acid ester 
(0.28 g., 11%) which melted at 127-129° after one crystal­
lization from ligroin.

When the monomethyl ester (150 mg., m. p. 129°) was 
treated with diazomethane in ether, it yielded the di­
methyl ester (150 mg., m. p. and mixed m. p. 73°).

The anhydride, m. p. 147° (470 mg.), was refluxed for 
sixty-four hours with 20 cc. of methanol containing a drop 
of fuming sulfuric acid (15% SO3), moisture being ex­
cluded. The methanol was removed and the residue ex­
tracted with boiling ligroin (b. p. 70-90°). Fractional 
crystallization of the ligroin solution yielded 160 mg. 
(30%) of the acid ester (less soluble) and 280 mg. (50%) 
of the dimethyl ester, identical with material already 
described.

Hydrolyses.—The dimethyl ester, m. p. 74° (500 mg.), 
was refluxed for twenty hours with 5 cc. of glacial acetic 
acid and 2 cc. of concentrated hydrochloric acid. The 
product was diluted with water and the precipitate so ob­
tained was extracted with aqueous sodium carbonate. 
The insoluble portion (170 mg.) was the unchanged di­
methyl ester. The carbonate solution was heated to the
■ boiling point and treated with hydrochloric acid in drops 
■until crystals began to appear. The acid ester (150 mg.,
m. p. 126-127.5°) then separated. Completion of the 

: acidification yielded the slightly impure dicarboxylic acid, 
:m. p. 270-272°, mixed m. p. 275-285° (140 mg.).

A similar acid hydrolysis of the monomethyl ester also 
yielded the cis-syn-cis acid (m. p. 282-285°, mixed m. p. 
284-287°). The acid ester (10.3 mg.) was refluxed for
■ fifty-two hours in a soft-glass apparatus with 2 cc. of 20% 
: aqueous sodium hydroxide. The acidic product, crystal­

lized from acetic acid, yielded 6.5 mg. (67%) of pure cis- 
syn-cis acid, m. p. and mixed m. p. 287-290°. No ap­
preciable inversion had therefore occurred. On the other 
hand, hydrolyses of both the dimethyl and monomethyl 
esters with alcoholic potash led to inversions. These are 
described below under the headings of the appropriate 
acids.

200 ° Acid (cis-syn-trans)
The monomethyl ester of cA-syw-cTs-perhydrodiphenic 

acid (1 g., m. p. 129°) was refluxed for seventeen hours 
with a solution of 2.0 g. of sodium in 20 cc. of absolute 
methanol. Water (2.5 cc.) was then added and the re­
fluxing continued for a further fifty-seven hours. The 
solution was diluted, acidified and extracted with ether. 
Removal of the ether left a solid residue which was ex­
tracted with three 20-cc. portions of boiling benzene. 
The united extracts, on cooling, deposited a crust of cis- 
syn-trans acid. One crystallization from dilute alcohol 
gave 430 mg. (46%) of the pure acid in small needles, 
m. p. 198-200°. A second crop (420 mg.) of less pure acid 
was isolated from the benzene mother liquors. For 
analysis the acid was crystallized from acetic acid con­
taining a trace of water, and was dried in vacuo at 110°, 
m. p. 199-200°.

Anal. Calcd. for Ci4H2404: C, 66.13; H, 8.72.
Found: C, 66.26, 66.22; H, 8.79, 8.72. Equivalent
(dibasic): Calcd., 127.2. Found, 124.6.

The isolation of the same acid as a by-product in the 
hydrogenation of diphenic acid is described below under 
the cis-anti-cis (198°) acid. The acid has also been pre­
pared by catalytic hydrogenation of £raws-hexahydro- 
diphenic acid (see Part IV).

A sample of the material of Marvel and White6 was sup­
plied by Dr. Marvel. I t  was a white powder, melting at 
173-175° alone and at 198-200° in admixture with the 
cis-syn-trans acid, m. p. 199-200°. This material (3 mg.) 
was dissolved in 0.2 cc. of acetic acid and the solution was 
diluted to 0.5 cc. with water. The acid then separated in 
needles, m. p. 197-199°, identical with our cis-syn-trans 
acid. We have had occasional examples of the separation 
of this low-melting dimorphous modification. When this 
material has melted (at about 174°) it will resolidify and 
then melt at 198-200 °.

Derivatives of the 200 ° Acid
trans-syn-cis Monomethyl Ester.—The acid ester of the 

cis-syn-cis acid (m. p. 129°, 540 mg.) was treated with 
sodium methoxide made from 460 mg. of sodium and 20 cc. 
of freshly dried methanol. The solution was refluxed for 
sixteen hours in a soft-glass apparatus. Some of the 
methanol was removed and the product acidified, diluted 
and extracted with ether. Evaporation of the ether left 
an oil which was taken up in 5 cc. of ligroin (b. p. 70-90 °) 
and the solution left to crystallize. A mixture of trans- 
syn-cis and unchanged cis-syn-cis half esters crystallized, 
the former in large prisms, the latter in small plates. They 
were separated partly manually, and partly by fractional 
crystallization.
Yield of crude cis-syn-cis half-ester: 230 mg., (44%), m. p. 

118-125°
Yield of purified cis-syn-cis half-ester: 140 mg., m. p. 125-

127.5°
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Yield óf crude trans-syn-cis half-ester: 180 mg., (33%), m.
p. 00-93°

Yield of purified trans-syn-cis half-ester: 130 mg., m. p. 
07-99°

For analysis, the trans-syn-cis-monomethyl perhydro- 
dlphenate was dried in vacuo at 56°. Calcd. for C10H24O4: 
C, 6.14; H, 9.02. Found: C, 67.37, 67.21; H, 9.14,
9.02.

The following experiment illustrates the ease of inversion 
öf the cis-syn-cis configuration. The cis-syn-cis anhy­
dride, m. p. 145° (5 g.) was refluxed for seventy hours with 
200 cc. of methanol which had been freshly distilled from 
barium oxide. (Subsequent examination showed that 
this methanol contained a trace of barium methoxide.) 
Removal of the solvent gave a residue, which on one crys­
tallization from dilute alcohol gave 2.87 g. of the cis-syn-cis- 
monomethyl ester (m. p. 127-129°). The mother liquors 
were freed from solvent and the residue crystallized from 
ligroin in the manner described above. In this way there 
WaS separated 220 mg. more of the cis-syn-cis half-ester and 
810 mg. of the trans-syn-cis half-ester. The latter after 
tWO more Crystallizations from dilute alcohol melted at 
97-99 °, alone, Or in admixture with that described above.

Acid hydrolysis of the 98° half-ester (13.3 mg.) with 
hydrochloric and acetic acids (1 :2) yielded the cis-syn- 
trafis acid (6 mg.) identified by m. p. and mixed m. p.

Dimethyl Ester.—Esterification of the acid (360 mg., 
m. p. 196-198°) was carried out with an excess of diazo­
methane in the usual way. The neutral product, an oil, 
was dissolved in a little petroleum ether and left at —70° 
to crystallize. After two days, ,prismatic clumps of the 
dimethyl ester separated. These melted at 12.5-14.5° 
alone and below 5 ° in admixture with the dimethyl ester 
(m. p. 57°) of the tfans-syn-trans acid (see below). The 
same material was formed by diazomethane esterification 
Of the trans-syn-cis-m.onometh.yl ester, yield 86%; m. p.
12.5-^14.5°. This dimethyl ester was also obtained as a 
by-product in the inversion of the cis-syn-cis dimethyl 
ester (q. v.).

cis-syn-tmns-WLonomethyl Ester.—The dimethyl ester 
(250 mg., m. p. 12-14°) was refluxed for eleven hours with 
2 cc. of concentrated hydrochloric acid and 3 cc. of glacial 
acetic acid. The product was evaporated to dryness and 
the acidic material extracted with hot 10% aqueous so­
dium carbonate solution. The extract was filtered through 
a layer of Norit, diluted to 30 cc. with water, and heated to 
boiling. The solution was then treated at the b. p. with 
10% hydrochloric acid, 2 drops at a time. The solution 
was cooled after each addition and any precipitate was 
filtered off. The first material to separate in this way was 
a new acid ester (60 mg.) which melted at 100-102.5° 
albne and at 80-90 ° in admixture with the acid ester (trans- 
syn-cis-) , m. p. 98°, described above. Three further 
crops separated on further acidification. These were 
united and separated into fractions soluble and insoluble 
in boiling hexane. The hexane-soluble fraction gave a 
further'80 mg. of the new acid ester. The hexane-insoluble 
fraction was essentially the cis-syn-trans acid. After two 
crystallizations from dilute acetic acid, 40 mg. was ob­
tained which melted at 194-196° alone and at 195-198° in 
admixture with a pure sample.

The pure cis-syn-trans-monomefhyi ester formed small

prismatic crystals from ligroin, m. p. 101.5-102.5°. The 
analytical sample was dried at 80° in vacuo. Calcd. for 
C16H24O4: C, 67.14; H, 9.02. Found: C, 67.30, 67.20; 
H, 9.20, 9.08.

The cis-syn-trans acid (300 mg., m. p. 196-198°) was 
refluxed for an hour with 3 cc. of acetic anhydride. The 
anhydride, obtained by removal of the reagent, crystallized 
from petroleum ether (b. p. 35-60°) in glistening prisms, 
m. p. 104-104.5°.

Anal Calcd. for C14H20O3: C, 71.16; H, 8.53.
Found: C, 71.44; H, 8.29.

An oily product, probably a polymeric anhydride, was 
also formed. Both the crystalline anhydride and the oil, 
when boiled with aqueous alkali, regenerated the parent 
acid, m. p. and mixed m. p. 198.5-199.5°.

The crystalline cis-syn-trans anhydride was refluxed for 
twenty-four hours with 30 parts of acetic anhydride. The 
reagent was removed, the product treated with alkali and 
the acid fractionally precipitated by careful addition of 
dilute hydrochloric acid. Only cis-syn-trans acid was 
isolated. The absence of cis-syn-cis and trans-syn-trans 
acid was confirmed by the fact that neither of these could 
be obtained by seeding the mother liquor with authentic 
samples. (Experiments by Mr. Selby Davis; analysis by 
Miss E. Werble.)

Marvel and White6 had described an anhydride, m. p. 
104°, made from their acid of m. p. 174°. This was un­
doubtedly identical with our anhydride, although we were 
unable to make a direct comparison as a sample provided by 
Dr. Marvel had already largely hydrated back to the acid.

223° Acid (trans-syn-trans)
(1) Double inversion and hydrolysis of cis-syn-cis ester. 

—cis^syn-cis-T)ïm.ethy\ perhydrodiphenate, m. p. 73- 
74°, (1 g.) was refluxed for fifty hours with a solution of 
7 g. of potassium hydroxide in 20 cc. of commercial 
methanol. The product was diluted, freed from neutral 
material with ether, acidified and again extracted with 
ether. The second extract was freed from solvent and the 
sticky residue dissolved in benzene. On standing, the 
solution deposited three successive crops (0.43 g., 48%) of 
almost pure trans-syn-trans-perhydrodiphenic acid, m. p. 
221-223° (Linstead and Walpole,2 give 220°).

Derivatives.—Esterification of this acid with an excess 
of diazomethane in the usual way gave, in practically 
quantitative yield, the dimethyl ester. This crystallized 
from light petroleum in small opaque rosets, m. p. 56- 
57.5 °. For analysis the material was dried in vacuo at 25 °.

Anal. Calcd. for C16H26O4: C, 68.05; H, 9.28. Found: 
C, 68.28, 68.36; H, 9.26, 9.35.

Acid hydrolysis of this ester (300 mg.) was carried out 
in the usual way (2 cc. acetic acid, 1 cc. hydrochloric acid, 
nineteen hours of refluxing). The product was evaporated 
to dryness and the residue dissolved in aqueous sodium 
carbonate. The solution was boiled with charcoal, filtered 
and fractionally acidified at the boiling point by the method 
already described. The first product to separate was an 
oil from which no crystalline material was isolated. 
Further acidification yielded 3 crops of crystalline trans- 
syn-trans acid, a total of 190 mg. (70%) melting above 
216°. One reerystallization of this gave the pure acid, 
m. p. and mixed m. p. 220- 222°.
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The anhydride, prepared by means of acetic anhydride, 
crystallized from ligroin (b. p. 70-90°) in flat rhombic 
prisms, m. p. 105-106.5°, in agreement with Linstead and 
Walpole.2 The anhydride (250 mg.) was refluxed for nine­
teen hours with 5 cc. of pure methanol, moisture being ex­
cluded. The product was evaporated to dryness, the 
residual oil taken up in ligroin and the solution filtered 
through a layer of charcoal. Removal of the solvent left 
an oil, which was dissolved in 4 cc. of petroleum ether 
(b. p. 20-40°) and the solution allowed to crystallize at 4°. 
Two types of crystals were obtained, which were separated 
by hand. The rarer type (20 mg., 7%) melted at 105- 
107° and was identified as unchanged anhydride. The 
common type (200 mg., 70%) melted at 109-114° and after 
three crystallizations from ligroin, formed hard prisms, 
m. p. 115.5-117.5°, of the pure monomethyl ester of the 
trans-syn-trans acid. For analysis it was dried at 80 ° in 
vacuo.

Anal. Calcd. for Ci5H240 4: C, 67.14; H, 9.02.
Found: C, 67.26, 67.17; H, 9.04, 9.14.

Acid hydrolysis of this material (10 mg.) gave in 84% 
yield the parent acid, m. p. and mixed m. p. 221-223°. 
The same result was obtained by alkaline hydrolysis but 
the reaction was more difficult and the purity low.

Esterification of the acid ester (13.4 mg.) with diazo­
methane yielded the dimethyl ester (11.6 mg., 82%). 
This crystallized from petroleum ether at —70° in white 
rosets, m. p. and mixed m. p. 55.5-57°.

(2) Inversion without Hydrolysis of cis-syn-cis Ester.— 
cw-syrc-as-Perhydrodiphenic dimethyl ester (m. p. 74°, 1 
g.) was refluxed for one hour with a solution of 0.1 g. of 
sodium in 4 cc. of dry methanol. The product was diluted 
and extracted twice with ether. The united extracts were 
washed with water, dried and evaporated to dryness. The 
oily residue was dissolved in 8 cc. of petroleum ether and 
the solution allowed to crystallize at — 70 °. The first two 
crops weighed 480 mg. (m. p. 51-56°) and 110 mg. (m. p. 
47-51°), respectively. Recrystallization yielded 400 mg. 
of pure trans-syn-trans dimethyl ester, m. p. and mixed 
m. p. 56-57.5°. The mother liquor from the second crop 
was cooled to —70° and seeded with the dimethyl ester 
(m. p. 14°) of the cis-syn-trans acid. The solution then 
deposited 70 mg. of this ester, separating in the character­
istic clumps, m. p. 8-11 °.

(3) Half-inversion and Hydrolysis of cis-syn-trans Half- 
ester.—A solution of 10.6 mg. of cis-syn-trans-monomothyl 
ester (m. p. 102°) and 400 mg. of potassium hydroxide in 
2 cc. of methanol was refluxed in soft glass for four days. 
The product was acidified, filtered from inorganic matter 
and the solvent removed. The residue was dissolved in 
ether and the solution washed with water. Removal of 
the ether left a crystalline solid which was crystallized 
from dilute acetic acid (charcoal). After the separation of 
a little oil, the solution deposited 3.6 mg. (36%) of trans- 
syn-trans acid crystallizing in prismatic needles, m. p. and 
mixed m. p. 220-223°.

anti Series—198° Acid (cis-anti-cis)
By-products in the Hydrogenation of Diphenic Acid.—

(a) Diphenic acid (5 g.) was catalytically hydrogenated in 
absolute alcohol (200 cc.) at 60 lb. pressure. In all, 7.6 g. 
of Adams catalyst, added in 7 portions, was required.

The precipitated acid was dissolved by heating and the 
catalyst was then filtered off. The first four crops which 
separated on concentrating the solution were the cis-syn- 
cis acid, m. p. 289° (see later), and no further crystalline 
material separated. The mother liquor on concentration 
gave a glass, which was dissolved in aqueous sodium car­
bonate and treated with charcoal. The filtrate was 
treated at the boiling point with 10% hydrochloric acid in 
drops until a faint permanent cloudiness could be seen. 
I t  was then left for fourteen days and the fifth crop of 
crystals was removed. The process of “fractional acidifi­
cation” was then continued and five further crops were 
obtained. I t  was necessary to allow the solution to stand 
for several days after each acidification. The amounts, 
melting points and main components of the various frac­
tions are summarized.

C rop W t., mg. M . p ., °C. M ain  com ponents

1 500 282-286 c.s.c. perhydro
2 850 274-284 c.s.c. perhydro
3 450 258-278 c.s.c. perhydro
4 400 250-270 c.s.c. perhydro
5 320 200-240 c.s.c. and c.a.c. perhydro
6 160 180-185 c.a.c. perhydro
7 240 90-130 c.a.c. and c.s.t. perhydro
8 600 165-205 c.s.t. perhydro and cis-

hexahydro
9 320 185-222 Diphenic acid

10 520 188-210 Diphenic acid

The total recovery of acid was 4.36 g. or 87%, by weight. 
Fraction 5 was separated by benzene into a soluble and 
insoluble portion. The insoluble portion (100 mg.), to­
gether with fractions 1-4, on crystallization from acetic 
acid yielded 1.35 g. of pure cis-syn-cis-perhydro acid, m. p. 
287-289° (26%). The benzene-soluble portion of fraction 
5, together with fraction 6 and a small sample, obtained 
from fraction 7 by crystallization, were fractionally crys­
tallized from dilute acetic acid. Eventually there was 
isolated a new perhydrodiphenic acid of m. p. 196-198° 
(120 mg., 2.3%). The mode of crystallization was charac­
teristic. On rapid separation from dilute acetic acid the 
acid came out in fine feathery needles. After three weeks 
of standing in contact with the mother liquor these changed 
into a stable dimorphic form, which was also obtained by 
slow crystallization. The stable variety formed small 
clear prismatic parallelepipeds, m. p. 197-198.5°. A 
mixture with the cis-syn-trans acid m. p. 200°, melted at 
162-182°. The analytical sample was dried at 110° in 
vacuo.

Anal. Calcd. for Ci4H220 4: C, 66.13; H, 8.72. 
Found: C, 66.21, 66.36; H, 8.74, 9.03.

The derivatives of this acid and another method of 
preparation are described later.

Fractional crystallizations of the remainder of fraction 7 
and of fraction 8, yielded 110 mg. (2.1 %) of cis-syn-trans- 
perhydrodiphenic acid, m. p. 197-199°, which was 
identified by a mixed melting point determination.

Fraction 8 gave as its main component 400 mg. (7.8%) 
of an acid, m. p. 241-242 ° (bath initially at 235 °). Analy­
sis showed that this was a hexahydrodiphenic acid. I t  
was identical with material prepared by Mr. Selby Davis 
and described more fully in a later paper (Part IV), and is
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presumably identical with Vocke’s hexahydro acid of the 
same m. p.5 The analytical sample was crystallized from 
acetic acid and dried in vacuo at 110°.

Anal. Calcd. for C14Hi60 4: C, 67.72; H, 6.50.
Found: C, 67.43, 67.68; H, 6.63, 6.65.

Fractions 9 and 10 yielded mainly impure starting 
material, melting at 222-227° alone and at 223-230° in 
admixture with diphenic acid (m. p. 232-233°). Even 
after a tedious series of crystallizations we were unable to 
separate the impurity which was obviously contaminating 
this.

Anal. Calcd. for Ci4Hi0O4: C, 69.42; H, 4.16.
Found: C, 69.24; H, 4.50.

(b) For preparative purposes the new (198°) acid was 
more easily obtained from the by-product of the catalytic 
hydrogenation of diphenic acid in acetic acid. Thus, 20 g. 
of diphenic acid was hydrogenated in the manner described 
under the cissyn-cis acid; this substance (12 g.) was 
filtered off and the mother liquor was evaporated in vacuo. 
The colorless glass so obtained was dissolved in 15 cc. of 
acetic acid, and the sirup was allowed to crystallize. The 
first crop separated spontaneously, weighed 420 mg. and 
was essentially the perhydro acid of m. p. 289°. The 
mother liquor was then seeded twice with the 200° acid 
(icis-syn-trans) and two crops mainly composed of this acid 
were removed. These weighed 800 and 230 mg., and 
melted at 200-218° and 187-199°, respectively. The 
mother liquor was concentrated to 10 cc., seeded with the 
desired 198° acid (<cis-anti-cis) and allowed to stand. A 
hard crust (3.25 g.) separated. An arduous series of frac­
tional crystallizations from acetic acid yielded the acid in a 
state of moderate purity (prisms, m. p. about 190°), but it 
was found that final purification was best effected through 
the anhydride. In a typical experiment, 150 mg. of acid 
of m. p. 187-192° was refluxed with 2 cc. of acetic anhy­
dride for thirty minutes. The excess of reagent was blown 
off in a stream of dry air and the residue crystallized from 2 
cc. of ligroin (b. p. 60-90°), which yielded 57.3 mg. of the 
cis-anti-cis anhydride, m. p. 94.5-96°. Boiling 10% 
aqueous alkali regenerated the acid from this, m. p. 195- 
197 °. In this manner a total quantity of 1.01 g. of the acid 
was prepared (4.8%).

Derivatives.—The pure acid, m. p. 198° (200.6 mg.), 
was refluxed for four hours with 3 cc. of acetic anhydride 
and the anhydride isolated and purified as described above, 
yield 156.1 mg., 83%. The anhydride is dimorphous; 
it separates in light needles, m. p. 95-96° and in prismatic 
needles, m. p. 99-100°. The melt of the lower melting 
form solidifies and the solid then remelts at 99-100°.

Anal. Calcd. for Ci4H20O3: C, 71.16; H, 8.52.
Found: C, 71.19; H, 8.77.

When boiled with methanol for forty-eight hours, the 
anhydride yielded the monomethyl ester in 87% yield. 
This first crystallized when its solution in petroleum 
ether was scratched and subsequently separated in heavy 
prisms, m. p. 97.5-99°. The analytical sample was dried 
in vacuo at 56 °.

Anal. Calcd. for Ci5H240 4: C, 67.14; H, 9.02. Found: 
C, 66.89; H, 9.09.

When the 198° acid (200 mg.) was esterified in the usual 
manner with diazomethane it gave an oil which soon crys­

tallized. The pure dimethyl ester (94% yield) separated 
from dilute alcohol in prismatic plates, m. p. 43-44.5°. 
The same dimethyl ester was obtained by treating the 
monomethyl ester with diazomethane (m. p. and mixed 
m. p. 42-44°).

Anal. Calcd. for Ci6H260 4: C, 68.05; H, 9.28. 
Found: C, 68.13; H, 9.30.

Hydrolysis both of the monomethyl ester, m. p. 98° and 
of the dimethyl ester, m. p. 44°, with hydrochloric and 
acetic acids, in the manner already described for isomeric 
compounds, yielded the parent cis-anti-cis acid, m. p. and 
mixed m. p. 196-198°.

206° Acid (cis-anti-trans)
This was prepared by a similar method to that used for 

the cis-trans acid of the syw-series, namely, by the half­
inversion and hydrolysis of the acid-ester of the cis-cis- 
acid. 25.0 mg. of the monomethyl ester of cis-anti-cis 
perhydrodiphenate (m. p. 99 °) was refluxed for 150 hours 
with 500 mg. of potassium hydroxide dissolved in 2.5 cc. of 
methanol. The product was acidified and evaporated to 
dryness. The residue was diluted with water and ex­
tracted with ether. Removal of the ether left a solid 
which was crystallized from dilute acetic acid, yield 14.2 
mg., 60%, irregular prisms, m. p. 200-204°. Two re­
crystallizations from acetic acid gave 7.3 mg. of prisms, 
m. p. 205.5-206.5°. The cis-anti-trans acid was also ob­
tained in the form of needles. For analysis it was dried in 
vacuo at 110°.

Anal. Calcd. for C14H220 4: C, 66.13; H, 8.72.
Found: C, 66.28, 66.26; H, 8.87, 8.94.

The anhydride was prepared in the usual way, by re­
fluxing the acid (80 mg.) for two and one-half hours with 2 
cc. of acetic anhydride. I t separated from ligroin in heavy 
prisms, m. p. 91.5-93° (yield, 53.7 mg.). A mixture with 
the cis-anti-cis anhydride (m. p. 99-100°) melted between 
70 and 87 °. For analysis it was dried in vacuo at 56 °.

Anal. Calcd. for Ci4H20O3: C, 71.16; H, 8.52.
Found: C, 71.16; H, 8.53.

The anhydride dissolved slowly in boiling 10% aqueous 
sodium hydroxide. Acidification of the solution regener­
ated the cis-anti-trans acid, m. p. and mixed m. p. 205.5- 
206.5°.

Acid, m. p. 247° (trans-anti-trans)
The racemic form of this acid has been described by 

Linstead and Walpole2 and by Vocke.5 It had been pre­
pared by alkaline hydrolysis of a perhydro-ester obtained 
by hydrogenation of diphenic ester over Raney nickel, and 
also by the oxidation of a 9-keto-perhydrophenanthrene.2 
It has now been observed that the pure acid melts at 246- 
248° after a preliminary sintering at 237°. The following 
preparative method involves a double inversion and hy­
drolysis.

Dimethyl cis-anti-cis-perhydrodiphenate (50 mg., m. p. 
42-44 °) was refluxed for four days with a solution of 400 
mg. of potassium hydroxide in 2 cc. of commercial meth­
anol. The product was partly neutralized and evaporated 
to dryness. The solid was then shaken with dilute hydro­
chloric aoid and ether. The ether layer was separated, 
washed, dried and evaporated to dryness. The residue 
was crystallized from dilute acetic acid. The first crop
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was a partially inverted acid (24.6 mg., m. p. 192-234°). 
The mother liquor yielded 11.3 mg. of beautiful prismatic 
needles. This acid melted at 237-240° alone and in ad­
mixture with the authentic trans-anti-trans acid softened 
at 237 ° and finally melted at 246-248 °.

The dimethyl ester of the trans-anti-trans acid was pre­
pared by means of diazomethane in the usual way in 89% 
yield. It formed prisms, m. p. 84.5-86°.

Anal. Calcd. for Ci6H260 4: C, 68.05; H, 9.28. 
Found: C, 67.85; H, 9.19.

Summary
All the six optically inactive forms of per­

hydrodiphenic acid, which are theoretically pos­
sible, have been prepared.

One of these, m. p. 289°, is the main product of 
the catalytic hydrogenation of diphenic acid over 
platinum, and its derivatives are similarly formed 
from the corresponding derivatives of diphenic 
acid. The monomethyl ester of the 289° acid is 
capable of half-inversion to an isomeric acid of 
m. p. 200°, or its derivatives. The dimethyl 
ester of the 289° acid is capable of double inver­
sion to an isomeric acid of m. p. 223°, or its 
derivatives. The acid of m. p. 200° has two 
monomethyl esters. One of these can be inverted

and hydrolyzed to the 223° acid. These three 
acids form the yy/z-stereoisomeric series. The 
200° acid is intermediate in configuration be­
tween the 289 and 223° acids.

The catalytic hydrogenation of diphenic acid 
gives as by-products the 200° acid and a fourth 
isomer of m. p. 198°. The 198° acid can be con­
verted by half-inversion into the fifth isomer of 
m. p. 206°, and by double inversion into the sixth 
isomer of m. p. 247°. The 198, 206 and 247° 
acids thus represent the second {anti-) stereoiso- 
meric series, the 206° acid being intermediate in 
configuration between the other two.

The formation of esters by diazomethane or by 
the Fischer-Speier procedure, the formation of 
anhydrides and the acid hydrolysis of esters pro­
ceed normally. The hydrolysis of esters with 
alcoholic alkali proceeds with inversion.

The results are correlated with previous in­
vestigations in the field. I t  is shown that the 
tricyclic ketones of Marvel cannot belong to the 
hydrophenanthrene series.
C o n v e r s e  M e m o r ia l  L a b o r a t o r y
C a m b r i d g e , M a s s a c h u s e t t s  R e c e i v e d  A p r i l  30, 1942

[C o n t r i b u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r y  o f  H a r v a r d  U n i v e r s i t y ]

The Stereochemistry of Catalytic Hydrogenation. III. Optically Active Perhydro­
diphenic Acids. A Proof of the Configuration of the Backbone

By R. P. L instead  a n d  W. E. D o ering

It has been shown in the preceding paper that 
the six perhydrodiphenic acids can be divided into 
two series of three members each. It has been 
found possible to interconvert the members within 
each series but not (as yet) to pass from one group 
to the other. These two series have the two 
possible backbone configurations, syn- and anti-. 
In order to assign the cor­
rect configuration to each 
of the six isomers, three 
questions must be answered:
(1) Which series is syn- and 
which anti-f (2) In each 
series which member is the 
intermediate with the unlike 
(<cis-trans) arrangement of 
the carboxyl groups ? (3) In 
the terminal or symmetrical members of each 
series, which has the two cis- arrangements and 
which the two trans-f The first two of these

questions are answered below. The third question 
is answered in Part V.

(1) Backbone Configuration.—As was pointed 
out by Linstead and Walpole,1 of the six isomeric 
acids, four are capable of existence in optically 
active forms and two are internally compensated. 
This is shown below

o
i i

c o 2h  c o 2h
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racemic
The two symmetrical molecules are both in the 
sy^-series. Two propositions therefore follow;

(1) L instead  and  W alpole, J . Chem. Soc., 850 (1939).,
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(1) That series which can be shown to contain 
more than one member capable of existing in 
optically active forms must have the anti-con- 
figuration of the backbone. (2) That series in 
which one (or more) member can be proved to 
have a meso configuration must be the syn-.

By both these tests it is proved below that the 
289-200-223° acid series is syn-y and the 198- 
206-247° acid series is anti-.

The 247° (trans-anti-trans) acid was the first 
perhydrodiphenic acid to be resolved. The 
experimental work was carried out in 1939 by 
Dr. F. H. Slinger of the University of Sheffield, 
England. The resolution was effected by means 
of ephedrine. The d-acid2 melted at 258° and had 
H d +77.5° .

The 198° acid was resolved by means of cin- 
chonidine into its enantiomorphs, which melted 
at 240° and had [a]D ±44°. The rf-enantio- 
morph was converted into the dimethyl ester by 
means of diazomethane. The ester had m. p. 
27°, [a]d +69°. When it was hydrolyzed by 
alcoholic potash it underwent a double inversion 
without racemization:

dextro-c.a.c. ester levo-t.a.t. acid

The product was a levorotatory acid, m. p. 258°,
[a] d —79°. This was shown to be the enantio- 
morph corresponding to the d-acid obtained by 
the direct resolution of the 247° acid. A mixture 
of the two yielded the racemic trans-anti-trans 
acid, m. p. 247°.

This provides a refined confirmation of the 
corresponding experiment with the inactive ma­
terials, described in the previous paper.3 The 
absence of racemization proves conclusively that 
the backbone carbon atoms are not involved in 
the reaction.

Attempts to resolve both the 289° and the 223° 
acids were fruitless. However, this does not 
prove the symmetry of their molecules, and to do 
this conclusively we made use of the principle 
used by Stoermer and Steinbeck4 to prove the 
symmetry of the molecule of m-hexahydro- 
phthalic acid. According to this, an element of 
dissymmetry is first introduced by modifying one

(2) T he  prefixes d- and  l- in  th is paper refer solely to  th e  observed 
ro ta tio n s  an d  do n o t im ply any  relationships in  configuration.

(3) L in stead  an d  D oering, T h is  J o u r n a l , 64, 1991 (1942),
(4) S toerm er an d  S teinbeck, Ber., 66, 413 (1932).

of the carboxyl groups, the compound is then 
resolved and the modifying group is removed by 
some mild reaction. If the resulting compound is 
inactive, then its molecule must be symmetrical.

The 289° acid was accordingly converted into 
its monomethyl ester. This was resolved by 
means of cinchonidine into two enantiomorphs of 
m. p. 134° and [a]D ±10°. When the l-acid 
ester was hydrolyzed by acetic and hydrochloric 
acids it yielded the inactive parent acid, m. p. 
289°. Even stronger evidence was provided by 
the fact that the /-acid ester on treatment with 
diazomethane yielded the inactive dimethyl ester, 
m. p. 73°, of the same acid. It will be recalled 
that the active form of the cis-anti-cis (198°) 
acid yielded the active ester on treatment with 
diazomethane. There is therefore nothing in the 
experimental conditions to cause racemization 
providing the molecule of the acid is unsymmet­
rical. These results prove that the 289° acid has 
a symmetrical structure. Hence the series to 
which it belongs has a syw-arrangement of the 
backbone.

We have also attempted to deduce the con­
figuration of the backbone from a study of the 
formation of pyroketones from the acids. This 
work, which is still incomplete, will be the subject 
of a future communication.

(2) Intermediate (cis-trans) Acids.—In the 
preceding paper3 it was shown by inversion ex­
periments that the 200° acid was intermediate in 
configuration between the 289 and 223° acids. 
If this is so, it must be the cis-syn-trans acid, and 
be the only member of the syn-series capable of 
exhibiting optical activity. The following experi­
ments confirm this view. The /-monomethyl 
ester of the 289° acid was inverted and hydrolyzed 
by treatment with sodium methoxide followed by 
the addition of a little water. This yielded a 
dextrorotatory acid, m. p. 173°, [a]D +75°. A 
similar series of reactions performed with the d- 
monomethyl ester of the 289° acid gave the 
Zm?-enantiomorph, m. p. 173°, [a]D —75°. A 
mixture of these acids gave the racemic acid of 
m. p. 200°, identical with that described in the 
preceding paper. This acid is thus conclusively 
proved to be cis-syn-trans-perhydrodiphenic acid. 
The existence of two acid esters3 is in harmony 
with this conclusion.

We have not as yet had sufficient material to 
perform a similar partial asymmetric synthesis 
in the anti-series, As, however, the 206° acid has
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been shown to stand in precisely the same relation 
to the other anti acids as does the 200° acid in the 
syn-seties, there can be no doubt that it has the 
cis-anti-trans configuration.

J. C. Speakman5 has recently determined the 
first and second dissociation constants of two of 
the perhydrodiphenic acids (m. p.’s 222 and 247°), 
and has explored the possibility of estimating the 
inter-carboxyl distances from their ApK  values, 
by the Bjerrum-Ingold method. This method 
has sometimes given significant results for cyclic 
dicarboxylic acids—a recent example is provided 
by Speakman’s measurement of the cis- and 
trans-forms of tetralin 2,3-dicarboxylic acid.5 
However, each perhydrodiphenic acid has so 
many configurational possibilities that no safe 
deduction can be made from the results. It is 
nevertheless interesting that the 247° acid has a 
ApK of 1.1 and therefore behaves very like adipic 
acid, whereas the 222° acid has the high ApK of
1.7, which, from the usual calculation, would 
indicate that the mean intercarboxyl distance is 
unusually small.

The properties of the various forms of the 
acids are summarized in Table I.

T a b l e  I

O p t ic a l l y  I s o m e r ic  P e r h y d r o d ip h e n i c  A c id s

C onfiguration
cis-syn-cis
cis-syn-trans

trans-syn-trans
cis-anti-cis

cis-anti-trans
trans-anti-trans

Inac tive  form ,
dex tro  F o rm  levo Form  m. p., °C.

N o t possible
m. p. 170-174°, m. p. 171-174°, 

[«] + 7 5 °  [a] - 7 5 °
N o t possible

m. p. 238-240°, m. p. 238-240°, 
[«] + 4 3 °  [«] - 4 5 °

N o t y e t p repared
m. p. 257-259°, m. p . 257-258 .5°, 

[«] + 7 7 .5 °  [a] - 7 9 °

288-289 (meso) 
199-^200 (rac.)

222-223 (meso) 
198-199 (rac.)

206-207 (rac.) 
246-247 (rac.)

Experimental Part6

syn-Series
cis-syn-cis Acid (289°).—The cinchonidine, brucine, 

quinine, ephedrine and i/'-ephedrine salts were also crystal­
line but no resolution was observed. (Experiments by 
Dr. F. H. Slinger.)

The monomethyl ester,7 m. p. 130° (3.80 g.), and 4.17 g. 
of cinchonidine were dissolved in 160 cc. of methanol and 
the solution diluted with 100 cc. of distilled water at the 
boiling point. On cooling the solution deposited long fine 
needles, which were filtered and washed with 50 cc. of 60% 
aqueous methanol. The dry salt weighed 3.55 g. (45% of 
the theoretical yield from both enantiomorphs) and melted 
at 186-188°. The acid ester was regenerated from it by 
means of 5% hydrochloric acid and crystallized from ligroin 
(b. p. 70-90°). The heavy prismatic needles so obtained

(5) J . C. Speakm an, J .  Chem. Soc., 490 (1941).
(6) All m elting po in ts  are  corrected.
(7) L instead  and  D oering, T h is  Jo u r n a l , 64, 1991 (1942).

weighed 1.35 g. (36%) and had m. p. 134° and [« P d — 
9.1°. This levo acid ester after one more crystallization 
from ligroin had m. p. 133.5-134.5°, [ « ] 27d  -10 .7  =*= 0.3° 
(1 % solution in alcohol containing 5 % water). Subsequent 
recrystallization failed to change the specific rotation.

The aqueous alcoholic mother liquor from the original 
precipitate, containing 190 cc. of methanol and 120 cc. of 
water, was diluted at the b. p. with 70 cc. of water. The 
solution then deposited 2.64 g. (33%) of heavy needles, 
m. p. 172-174°. From this there was regenerated 1.34 g. of 
d-acid ester, m. p. 134 9. The alcoholic mother liquor when 
boiled free from alcohol yielded a further 230 mg. of the d- 
acid ester and 270 mg. of the original racemate. The total 
dextro acid ester was crystallized to constant rotation 
from ligroin. I t  had m. p. 133.5-134.5°, [a]27D +10.3 =±= 
0.3° (1% solution in 95% alcohol). The i-acid ester was 
dried at 80 0 in vacuo and analyzed.

Anal. Calcd. for Ci5H240 4: C, 67.14; H, 9.02. 
Found: C, 67.27, 67.21; H, 9.09, 9.03.

Esterification of the levo-monomethyl ester (160 mg.) 
with diazomethane in the usual manner gave 102 mg. of 
long prismatic needles of the meso dimethyl ester, m. p. 
and mixed m. p. 73-74°. A solution in alcohol showed no 
activity.

The Zezw-monomethyl ester (450 mg.) was boiled with 3 
cc. of concentrated hydrochloric acid and 10 cc. of glacial 
acetic acid for twenty hours. The acid product was 
isolated by dilution and freed from starting material (160 
mg.) by extraction with hot ligroin. The insoluble residue 
(220 mg.) on crystallization from 15 cc. of 95% alcohol 
yielded 170 mg. of inactive cis-syn-cis acid, m. p. 286- 
288.5°. The m. p. was not depressed by admixture with 
the authentic inactive acid and the solution showed no 
optical activity.

cis-syn-trans Acid (200°).—The /-acid ester of the cis- 
syn-cis acid (1.11 g., m. p. 134°, [ck]27d —10.5°) was re­
fluxed with sodium methoxide from 2 g. of sodium and 20 
cc. of absolute methanol. After forty-eight, seventy-two 
and ninety-six hours 1 cc. of water was added. After five 
days the solvent was evaporated, and the residue acidified 
and extracted with ether. Evaporation of the ether left 
an oil which solidified when boiled with 40 cc. of ligroin. 
Recrystallization of the powder (980 mg.) from acetic acid 
failed to remove a small amount of the cis-syn-cis acid 
which was present. The impure acid was accordingly ex­
tracted with several small quantities of boiling benzene. 
This removed the cis-syn-trans acid and left the cis-syn-cis. 
After several further crystallizations from dilute acetic 
acid and from alcohol the pure dextro-cis-syn-trans acid 
crystallized in needles, m. p. 170-174°, [a p o  +75° (1% 
in alcohol).

A similar inversion and hydrolysis was carried out on the 
dextro-acid ester of the cis-syn-cis acid (780 mg.). The 
crude acid product weighed 760 mg. Extraction with hot 
benzene removed 530 mg. of levo-cis-syn-trans acid which 
was crystallized to constant rotation, m. p. 171-174°, 
[ a ] 28D -7 5 °  (1% in 95% alcohol).

trans-syn-trans Acid (223°).—The cinchonidine, quinine, 
ephedrine, ^-ephedrine and strychnine salts could not be 
obtained crystalline. The brucine salt crystallized well 
from alcohol but showed no sign of resolution (experiment 
by Dr. Slinger).
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The half methyl ester of this acid should be capable of 
resolution but we have been unable as yet to find a suitable 
salt. The cinchonidine, cinchonine, ephedrine, brucine, 
quinine and strychnine salts could not be obtained crystal­
line (experiments by Miss E. J. Cook, Radcliffe College).

anti- Series
cis-anti-cis Acid (198°).—To a solution of 454.1 mg. of 

the acid and 1.051 g. of cinchonidine in 10 cc. of methanol 
there was added at the boiling point, 2.5 cc. of water. 
The solution deposited 1.03 g. of light needles, m. p. 194- 
200°, on cooling (A). The mother liquor was evaporated 
to dryness, the residue treated with acid and extracted 
with ether. The residue from the ether was crystallized 
from acetic acid. This yielded 100 mg. of the dextro-acid 
in heavy prisms, m. p. 235-239°. Recrystallization to 
constant rotation yielded material with m. p. 238.5-240.5°, 
H 27d  +43 ±  1 °  (1% in 95% alcohol).

The salt (A) was recrystallized from 15 cc. of methanol 
and 2 cc. of water. This yielded 670 mg. of well-formed 
needles, m. p. 204.5-205.5°. Regeneration of the acid in 
the usual way gave the levo-acid which after two crystal­
lizations from acetic acid formed prisms, m. p. 239-241° 
(132.8 mg.). This material was submitted to a second 
treatment with cinchonidine but its properties were un­
altered (m. p. 238.5-240.5°). The specific rotation [ a ] 26D 
of a 1% solution in 95% alcohol was —45 =*= 1 °.

The dextro-cis-anti-cis acid was esterified in the usual 
manner with diazomethane, yield 75.1 mg. from 84.5 mg. 
The d-dimethyl ester crystallizes from light petroleum at 
— 70° in large prisms, m. p. 26-28°. [a] 25d  +69 =*= 1 °
(1% in 95% alcohol).

trans-anti-trans Acid (247°).—The above d-dimethyl 
ester (140 mg.) of the cis-anti-cis acid was refluxed for 112 
hours with 0.5 g. of potassium hydroxide in 2 cc. of meth­
anol. A little water was added from time to time. The 
acidic product was isolated by means of ether in the usual 
way. After two crystallizations from dilute acetic acid, 
the levo-trans-anti-trans acid was isolated with m. p. 257- 
258.5°, M 26d  -79 .5  ±  5° (1% in 95% alcohol).

Resolution of the 247° Acid (Experiments by Dr. 
Slinger).—The acid (3.0 g.) and ephedrine (1.98 g.) were

dissolved in 60 cc. of alcohol, 90 cc. of water was added and 
the mixture heated to effect solution. Slow cooling pre­
cipitated needles of a salt from which 950 mg. of a crude 
dextrorotatory acid was regenerated. This material was 
submitted to a second resolution with ephedrine. The 
product melted at 257.5-259° and had [a]20D +77.5° 
(1% in alcohol). A further resolution failed to alter the 
m. p. or specific rotation.

An equal mixture of the d- and /-acids (4 mg. of each) 
was dissolved in dilute acetic acid. The solution deposited 
needles, m. p. 237-239°, of the dl-trans-anti-trans acid. 
After resolidifying, these melted at 245-247° and did not 
depress a sample of authentic dl-acid, m. p. 245-247°.

Summary
The perhydrodiphenic acid of m. p. 289° gives 

an acid methyl ester which can be resolved into 
d- and Z-forms. Conversion of these into the acid 
or the dimethyl ester gives inactive material. The 
add therefore has a symmetrical molecule and 
must belong to the yy/z-series.

The perhydrodiphenic acid * of m. p. 198° 
(icis-anti-cis) can be resolved by means of cin­
chonidine. The dimethyl ester of the active ester 
on hydrolysis and double inversion with alcoholic 
alkali gives the Zm?-enantiomorph of the trans- 
anti-trans acid (m. p. 247°). The latter acid has 
been resolved to give the other enantiomorph. 
As two acids in this series can be resolved, it must 
be the anti-series.

The three acids of m. p.'s 289, 200 and 223°, 
therefore, constitute the syn-series and the acids 
of m. p.’s 198, 206 and 247°, the anti-series.

The acids of m. p.'s 200 and 206° are proved to 
be cis-syn-trans and cis-anti-trans, respectively.
C o n v e r s e  M e m o r i a l  L a b o r a t o r y
C a m b r i d g e , M a s s a c h u s e t t s  R e c e i v e d  A p r i l  30, 1942

[C o n t r i b u t i o n  f r o m  t h e  C h e m ic a l  L a b o r a t o r y  o f  H a r v a r d  U n i v e r s i t y ]

The Stereochemistry of Catalytic Hydrogenation. IV. Hexahydrodiphenic Acids
B y  R. P. L instead  and  Selby  B . D avis

Vocke1 reported that the hydrogenation of 
diphenic ester over Raney nickel yielded a mixture 
of perhydro- and hexahydro-diphenic esters. 
From the hydrolysis product of this he isolated 
two hexahydrodiphenic acids of m. p. 242 and 
220°. I t was shown that the 242° acid could be 
converted into the 220° isomer, and the acids were 
assigned the structures of cis- and trans- modifi­
cations of the hexahydrodiphenic acid with one 
intact aromatic ring.

(1) Vocke, A n n ., 508, 1 (1934).

We have investigated the partial hydrogen­
ation of diphenic acid in acetic acid solution over 
a platinum catalyst. If hydrogenation is stopped 
arbitrarily at the half-way stage, there is ob­
tained a mixture consisting substantially of cis- 
syn-cis-perhydrodiphenic acid, m. p. 289°,2 a 
hexahydrodiphenic acid and unchanged diphenic 
acid. The hexahydro acid melts at 242° and has 
other properties which show its identity with 
Vocke’s acid of similar m. p. The presence of an

(2) L instead  an d  Doering, T h is  J o u r n a l , 64, 1991 (1942).
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aromatic ring is shown by the absence of re­
activity with potassium permanganate and by 
the formation of a mono-nitro derivative, m. p. 
219°. The latter can be reduced to an amine 
which can be diazotized and coupled with /3-naph- 
thol.

The proportions of the three compounds in the 
hydrogenation product are approximately: c.s.c.- 
perhydro acid, 25%; hexahydro acid, 25%; un­
changed diphenic acid, 40%. The indications are 
therefore that the half hydrogenated compound 
is hydrogenated rather more readily than the 
original diphenic acid. When the hexahydrodi­
phenic acid, m. p. 242°, is further hydrogenated 
over platinum it yields cis-syn-cis-^erh.y6roóx- 
phenic acid, m. p. 289°. The yield of the pure 
cis-syn-cis acid is 77% and no isomers have as 
yet been isolated. Both the first and the second 
stages of the hydrogenation of diphenic acid under 
these conditions thus follow a substantially 
homogeneous steric course.

It is shown in the next paper that the 242° acid 
has the ^-configuration.

Treatment of the m-hexahydro acid with 
acetic anhydride yielded a liquid anhydride from 
which the parent acid could be regenerated. If 
the cis-acid was kept at its melting point for an 
hour, it was converted into an isomeric acid which 
melts at 221°. The conversion is reversible with 
an equilibrium well on the side of the new acid. 
Catalytic hydrogenation of the new acid over 
platinum gave rise to cis-syn-trans-^erhyóroóx- 
phenic acid (IV), m. p.
200°, identical with 
the material described 
in Part I I .2 The orien­
tation of this perhydro 
acid has been com­
pletely proved.3 The 
yield of the perhydro 
acid was at least 84% 
and a careful search 
failed to show the pres­
ence of any of the cis- 
anti-trans-isomer. A
small amount of a decahydrodiphenic acid, m. p. 
212°, was, however, isolated. It follows from 
these results that the new hexahydro acid, m. p. 
221°, is the trans-isomer (III) of the 242° acid.

The presence of an intact aromatic ring in the 
trans-acid was shown by its nitration to a mono-

(3) L instead and  Doering, T h is  Jo u r n a l , 64, 2003 (1942).

nitro derivative, not identical with that obtained 
from the as-isomer.

When the cis-hexahydro acid was inverted by 
heat and the crude trans-acid treated with acetic 
anhydride, there was formed the beautifully crys­
talline /ra^5-anhydride, which on hydrolysis 
yielded the parent acid, m. p. 221°. There can be 
no doubt that our trans-acid is identical with 
Vocke’s second hexahydro acid of m. p. 220° 
which he obtained by heating the 242° acid to 
about 300°.1 He reported the anhydride as melt­
ing at 120°, whereas the m. p. of our material 
could not be raised above 116°. When the trans- 
anhydride was heated for some time, and the 
product hydrolyzed, a mixture of cis- and trans- 
hexahydro acids was obtained, which contained 
about 70% of the trans-isomer.

An important general result from this work is 
that in the further hydrogenation of our hexa­
hydro acids over platinum at room temperature, 
the integrity of the configuration already estab­
lished is preserved, and the further hydrogenation 
goes almost entirely cis- and syn-. This presents 
an instructive contrast to Vocke’s observation on 
the perhydrogenation of the same acids over 
nickel at high temperatures. He observed the 
formation of two perhydro acids {trans-anti-trans 
and probably trans-syn-trans) from each of the 
hexahydro acids. Clearly, the use of nickel at high 
temperatures may lead to inversions of configu­
ration.

The results are summarized in the scheme

Experimental4

cA-Hexahydrodiphenic Acid.—“A solution of 10 g. of di­
phenic acid in 200 cc. of glacial acetic acid was hydrogen­
ated in a Parr apparatus by means of 1 g. of Adams cata­
lyst. After six and one-half hours, hydrogen equivalent to 
3.0 moles had been taken up. The solution was then

(4) All m elting po in ts  corrected. Analyses by  M iss E leano r 
W erble.

Pt, H
iT

Diphenic Acid 

thermal
cis
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nitro derivative 
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filtered. Extraction of the catalyst and insoluble material 
with alkali and reprecipitation with hydrochloric acid 
yielded 1.24 g. of cw-syw-cis-perhydrodiphenic acid, m. p. 
275-280°, identified by mixed m. p. The acetic acid fil­
trate was freed from solvent by vacuum evaporation and 
the solid residue dissolved in 100 cc. of 10% aqueous so­
dium carbonate. A second run on the same amount of 
material required eight and one-half hours for the absorp­
tion of 3.0 moles of hydrogen and yielded 1.48 g. of the cis- 
syn-cis acid, m. p. 278-286 °. The filtrate was treated as 
above. The combined carbonate solution was then sub­
mitted to the process of fractional acidification with 10% 
hydrochloric acid which has been described in Part II.2 
The hydrochloric acid was added to the boiling solution to 
incipient cloudiness. No precipitate appeared on cooling. 
After this successive 10-cc. portions of 10% hydrochloric 
acid were added to the boiling solution, and the solution 
allowed to stand for twelve to twenty-four hours after each 
addition, with the following results:
F rac ­ H C l Acid M . p. M ain
tion added, cc. p p td ., g. (crude), °C. com ponent

1 10.0 2.08 204-262 c.s.c. perhydro
2 10.0 0.70 80-95
3 10.0 5.39 212-227 cw-hexahydro
4 10.0 3.30 199-214 Diphenic acid
5 10.0 3.98 211-216 Diphenic acid

The total amount of acid isolated at this stage, including 
the cis-syn-cis acid which separated from the solution 
originally, was 18.17 g. Evaporation of the final mother 
liquor gave no useful material.

Recrystallization of fraction 3 from acetic acid contain­
ing about 20% water at the boiling point, yielded 3.90 g. of 
practically pure cw-hexahydrodiphenic acid, m. p. 238- 
240°. Another crystallization gave the pure acid, m. p. 
241-242 ° (bath preheated to 235 °). The acid was identical 
with that obtained as a by-product in perhydrogenations 
(see Part I I2). Fractions 4 and 5, after crystallization 
from acetic acid, yielded diphenic acid, m. p. and mixed 
m. p. 229-231°.

The subsequent preparations were done in a similar 
manner. In some cases the cfs-hexahydro acid appeared 
in the second fraction. Completion of the precipitation of 
perhydro acid was marked by a drop in the pH of the 
solution from 8 to 5. In one run a very small amount of 
material identified as the /raws-hexahydro acid was ob­
tained after the diphenic acid had been precipitated. The 
average yield of crude material from 20 g. of diphenic acid 
was cis-yyw-cis-perhydrodiphenic acid, 4.8 g.; a's-hexa- 
hydrodiphenic acid, 5.0 g.; recovered diphenic acid, 7.7 g.

cw-Anhydride.—The cis-acid (400 mg.) was refluxed for 
five hours with 4 cc. of acetic anhydride. The anhydride 
failed to solidify on standing in vacuo at 3 ° or on attempted 
crystallization from hexane. The oily anhydride on boiling 
with dilute hydrochloric acid regenerated the c^s-acid, m. p. 
and mixed m. p. 238-240 °.

Mono-nitro Derivative.—The cis-acid (100 mg.) was 
stirred into a mixture of 1 cc. of concentrated sulfuric acid 
with 1 cc. of concentrated nitric acid. The solution was 
heated to 60°, allowed to stand for thirty minutes, and 
then poured into 10 cc. of ice and water to give 104 mg. of 
crude nitro compound, m. p. 184-190°. From 90 mg. 
there was obtained 56 mg. of irregular prisms, m. p. 201-

202°, after two recrystallizations from acetone-benzene. 
Recrystallization from water, under such conditions that 
the substance separated as an oil and subsequently crystal­
lized, gave identical material. By slow crystallization of a 
dilute aqueous solution the nitro compound is obtained in a 
stable higher melting form, needles, m. p. 218-219°. The 
mixed m. p. with the low-melting material was 218-219 °.

Anal. Calcd. for ChH^ObN: C, 57.34; H, 5.16. 
Found: C, 57.53; H, 5.02.

The high-melting form of the nitro derivative (5 mg.) 
was dissolved in 15 cc. of distilled water and shaken with 
hydrogen in the presence of 5 mg. of Adams catalyst. 
The theoretical amount of hydrogen for reduction to the 
amine was absorbed in fifteen minutes. Removal of the 
catalyst and solvent left the product as a clear, glassy film. 
On diazotization and coupling with alkaline j8-naphthol in 
the usual manner, an immediate orange color was produced 
and a brown precipitate separated on standing.

Hydrogenation.—The ris-acid (2 g.) was hydrogenated 
in 200 cc. of acetic acid over 750 mg. of Adams catalyst. 
The theoretical quantity (3 moles) of hydrogen was taken up 
in thirty-five minutes and no further absorption was ob­
served in another half hour. This is a remarkably quick 
hydrogenation of an aromatic ring. The reaction product 
was worked up in the usual manner. The precipitate 
yielded 1.32 g. (64%) of pure cis-syw-as-perhydrodiphenic 
acid, m. p. 286-288°. Evaporation of the mother liquor 
yielded a solid residue, melting above 245°. Fractional 
crystallization of the latter yielded two successive crops of 
the cis-syn-cis acid and brought the total yield of this up 
to 77%. The small residue was not further examined.

/raws-Hexahydrodiphenic Acid.—The cis-acid (4 g.) was 
heated at 242 =*= 3 ° for one hour. The residue set to a pale 
yellow glass. Crystallization from glacial acetic acid 
yielded 2.48 g. of nearly pure trans-acid, m. p. 215-218°. 
This substance was more easily purified through the an­
hydride. The cis-acid (1.5 g.) was heated as before and 
the residue was refluxed with 5 cc. of acetic anhydride for 
four hours. The reagent was removed and the sirup 
stirred with a few cc. of light petroleum in which it was 
practically insoluble. The solid /ra/zs-anhydride (1.2 g.) 
was so obtained. The yield corresponds with one of 87% 
of trans-acid in the thermal inversion. After three crystal­
lizations from benzene the beautifully crystalline anhydride 
of the trans-acid was obtained, m. p. 115-116°. The m. p. 
could not be raised by further crystallization (compare 
Vocke1).

Anal. Calcd. for C14Hi40 3: C, 73.02; H, 6.13. 
Found: C, 73.28; H, 6.19.

A small portion of the anhydride was converted into the 
corresponding acid by means of alkali. The trans-acid so 
obtained melted a t 220-221.5° and failed to depress the 
m. p. (218-220°) of that isolated by crystallization. The 
mixed m. p. with the m-isomer was 197-210°. This is a 
good method for the final purification of the trans-acid, for 
repeated crystallization of the acid, which had not been 
taken through the anhydride, failed to raise the m. p. 
above 220°.

Anal.5 Calcd. for Ci4H160 4: C, 67.72; H, 6.50. 
Found: C, 67.89; H, 6.65.

(5) Analysis by  W . E . Doering.
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Mono-nitro Derivative.—The trans-acid (96 mg.) was 
nitrated in the same manner as the cis- (vide supra) to ob­
tain 116 mg. of the crude product, m. p. 212-217°. Two 
recrystallizations from acetone-benzene gave 65 mg. of 
irregular prisms, m. p. 218-219°. Further recrystalliza­
tion from water, under such conditions that the substance 
separated as an oil and subsequently crystallized, gave 
material of similar appearance and m. p. Crystallization 
of 40 mg. from water, with slow cooling, gave 32 mg. of 
needles, m. p. 224-225°. The mixed m. p. with the low- 
melting material was 224-225°. The mixed m. p.’s of 
both forms with either form of the nitro derivative from the 
cis-acid showed depressions to about 185 °.

A n al Calcd. for Ci4Hi50 6N: C, 57.34; H, 5.16. 
Found: C, 57.43; H, 5.12.

Hydrogenation.—The trans-acid (2 g.) in 200 cc. of acetic 
acid was hydrogenated over 550 mg. of Adams catalyst. 
The theoretical uptake of hydrogen (3 moles) occurred in 
one hundred minutes, after which there was no appreciable 
reaction. No precipitate separated. The catalyst was 
filtered and the solvent removed. The granular residue 
was crystallized from acetic acid, a seed of cis-syn-trans- 
perhydrodiphenic acid being introduced. The first crop, 
1.60 g. (78%), melted at 190-194° alone, at 192-197° in 
admixture with cis-syn-trans-perhydrodiphenic acid (m. p. 
198-200°) and at 192-196° after a further crystallization. 
As the m. p. of the cis-syn-trans acid is sensitive to traces of 
impurities, this material may be taken to be the nearly 
pure isomer. The mother liquor from this acid was sub­
mitted to an exhaustive fractional crystallization. It 
yielded three products: (a) more of the cis-syn-trans
perhydro acid, bringing the total yield up to 84%; (b) 
about 10 mg. of an unsaturated acid, m. p. 210-211.5°, 
identical with material already isolated by Mr. Doering; 
(c) about 3 mg. of what was apparently another unsatu­
rated acid. This formed soft needles of m. p. 261-264°, 
depressed the m. p. of the cis-syn-cis perhydro acid and 
readily reduced 0.5% potassium permanganate in aqueous

sodium bicarbonate solution. (Under the same conditions 
the hexahydro- and perhydrodiphenic acids require from 
eight to twenty-four hours for a discharge of the color of 
one drop of 0.5% permanganate.) During this fractional 
crystallization, the solution was frequently seeded with 
cis-anti-trans perhydrodiphenic acid (m. p. 206 °2), but iiO iic  
of this substance separated, and it can safely be concluded 
that it is either wholly or almost completely absent.

The pure tfraws-anhydride (150 mg.) was heated for one 
hour at 243 ±  3°. A little carbon dioxide was evolved, 
indicating the formation of some pyroketone. The acidic 
portion of the product was isolated by means of alkali and 
was crystallized from acetic acid. Seeding with the cis- 
hexahydro acid yielded three crops of this material (total, 
20 mg.) and further seeding gave no more of it. The 
solution was accordingly seeded with the Jraws-hexahydro 
acid, which yielded five crops of trans-acid, totalling 45 mg. 
The acids were identified by m. p. and mixed m. p.

Summary
Half-hydrogenation of diphenic acid over 

platinum yields ^-hexahydrodiphenic acid. 
Thermal inversion of this acid yields the trans-iso­
mer. Both the acids and their anhydrides yield 
mixtures rich in the trans-isomer when heated. 
The two acids yield distinct mono-nitro deriv­
atives.

Further catalytic hydrogenation of the cis- 
hexahydro acid yields cis-syn-cis-iper\ry6xo6x- 
phenic acid, and hydrogenation of the trans- 
hexahydro acid yields cis-syn-trans-^perhydrod\- 
phenic acid. The integrity of the configuration 
already established is therefore preserved, and 
further hydrogenation goes cis- and syn-.
C o n v e r s e  M e m o r i a l  L a b o r a t o r y
C a m b r i d g e , M a s s a c h u s e t t s  R e c e i v e d  A p r i l  30, 1942

[C o n t r i b u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r y  o f  H a r v a r d  U n i v e r s i t y ]

The Stereochemistry of Catalytic Hydrogenation. V. The Assignment of cis- and
frans-Configurations

By R. P. L in ste a d , S e lby  B. D avis a n d  R ichard  R . W h etsto n e

The stereochemical problem connected with the 
perhydrodiphenic acids which is left unsolved in 
the preceding papers is the allocation of cis- and 
/raws-configurations to the terminal acids.1 I t 
has been shown that the 289 and 223° acids be­
tween them constitute the cis-syn-cis and trans- 
syn-trans acids, and the 198 and 247° acids share 
the cis-anti-cis and trans-anti-trans-conügm&tions. 
There are many indications that the 289° and the 
198° acids are the m-members of the two series.

(1) L instead  an d  D oering, T h is  J o u r n a l , 64, 2003 (1942).

The work described in the present paper proves 
this to be true.

The 289° perhydro acid has two similar ar­
rangements of the carboxyl groups with respect 
to the backbone. I t is made by the hydrogenation 
of the hexahydro acid of m. p. 242° by a method 
not involving an inversion.2 Hence the configu­
ration of the 242° acid is repeated twice in the 289° 
acid.

We therefore examined the configuration of
(2) L instead  an d  D avis, ibid., 64, 2006 (1942).
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this hexahydro acid by oxidizing away the aro­
matic ring and leaving a cyclohexane derivative 
of known configuration. Treatment of the acid 
with a mixture of concentrated and fuming nitric 
acids gave only nitration in the aromatic ring and 
permanganate oxidation also yielded no useful 
products. Ozonization, however, gave the desired 
information.

The acid was treated in acetic acid solution with 
ozonized oxygen and subsequently with hydrogen 
peroxide. The acidic product was separated by 
means of the fractional acidification technique 
which has already been described.3 This effected 
a simple separation of the starting material and 
another acid which after one crystallization 
melted at 185-188° and was nearly pure cis- 
hexahydrophthalic acid (I). I t was identified 
by direct comparison of the free acid with authen­
tic material and by conversion into the known 
cis-dianilide, m. p. 238°.4b The cis-configuration 
of the latter was confirmed by the fact that it 
readily yielded the phenylimide (II) when boiled 
with acetic acid. The dianilide of ^m^s-hexahy- 
drophthalic acid, which was separately made for 
comparison, melted at 317-318° and failed to 
yield a phenylimide under the same conditions.

The cis-configuration of this form of hexahy- 
drophthalic acid is known with certainty.4 In the 
present work cis-hexahydrophthalic acid was 
formed in a yield of 44% by a mild series of 
operations in which there is no possibility of an 
inversion. Moreover, it must be borne in mind 
tha t the cis- is the unstable configuration and that 
any inversion would tend to yield a trans-product.

This evidence conclusively proves that the acid 
of m. p. 242° is as-hexahydrodiphenic acid (III). 
Hence the acid of m. p. 289° is cis-syn-cis-per­
hydrodiphenic acid (IV) and the double invert 
acid, m. p. 223°, has the trans-syn-trans-conügu.r- 
ation. It follows that among the diphenic acids, 
catalytic hydrogenation over platinum yields 
cis-products which can be inverted by chemical 
means into the trans-isomers. The usual rule-of- 
thumb generalizations are therefore correct in 
this series.

I t  is shown in the following paper5 that the 
289° acid is related to a 9-ketoperhydrophenan- 
threne of m. p. 44° (V). This ketone is easily

(3) Linstead and Doering, T h is  J o u r n a l , 64, 1991 (1942).
(4) (a) Werner and Conrad, Ber., 32, 3046 (1899); (b) Stoermer 

and Steinbeck, ibid., 65, 413  (1932).
* (5) Linstead, W hetstone and Levine, T h is  J o u r n a l , 64, 2014

(1 9 4 2 ).

inverted by the action of heat or bases into an 
isomer of m. p. 57°, which yields cis-syn-trans- 
perhydrodiphenic acid on oxidation. There is a 
complete analogy with Hiickel’s related experi­
ments with dicyclic compounds and the rearrange­
ment of the ketone corresponds precisely with the 
conversion of cis-a-decalone to its trans-isomer.

The chemical inversions of the ^y^-keto-hydro- 
phenanthrenes and of the yy?z-hydrodiphenic acids 
accordingly fall into line With those of related sub­
stances of simpler structure. We may therefore 
make the corresponding deductions in the anti- 
series with confidence, thus: (1) Among the anti 
compounds the perhydro acid of m. p. 198° is the 
direct hydrogenation product and yields the 
isomer of m. p. 247° by double inversion. Hence 
these substances are cis-anti-cis (VIII) and trans- 
anti-trans (IX), respectively.

(2) The 247° acid has been prepared6 by the 
oxidation of a 9-keto-perhydrophenanthrene of 
m. p. 49° which was stable to heat and alkali.7 
Hence the ketone will have a trans-fusion of the 
rings next to the keto group. Hence the 247° 
acid contains at least one trans-coxhoxyl] but as 
it is a terminal acid, it must have two such 
arrangements and be the trans-anti-trans-isomer. 
The 49° ketone must have the same configuration 
(X) and this is supported by the physical prop­
erties of the related perhydrophenanthrene.7

We have obtained independent evidence sup­
porting these configurations from the following 
experiments. The 49° ketone is made by the 
catalytic hydrogenation of an olefinic ketone, 
m. p. 89°, originally prepared by Rapson and 
Robinson.8 (The method of preparation of the 
unsaturated ketone itself supports a trans-con­
figuration for its one-ring fusion.) We find that 
ozonization of the unsaturated ketone gives a
5-keto acid, C13H20O3, isolated as a crystalline 
oxime. This is assigned the formula XII. Its 
formation shows the correctness of the A10-9- 
keto-dodecahydrophenanthrene structure (XI) 
assigned to the unsaturated ketone by Rapson and 
Robinson. On acetylation and subsequent pyroly­
sis by the general method of Thiele9 the keto 
acid was converted into an unsaturated lactone. 
This was not obtained as a homogeneous sub­
stance but contained some of the isomer (XIII) 
with the double bond adjacent to the backbone.

(6) Linstead and Walpole, J. Chem. Soc., 850 (1939).
(7) Linstead and Walpole, ibid., 842 (1939).
(8) Rapson and Robinson, ibid., 1285 (1935).
(9) Thiele, Tischbein and Lossow, Ann., 319, 180 (1901).
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On oxidation with permanganate the lactone gave 
£rans-hexahydrophthalic acid (XIV), in poor 
yield. Hence all the substances mentioned above 
have a /ra^-configuration. Some of the reactions 
used in this degradation were comparatively 
vigorous and the final product has the stable 
configuration. Hence, we do not regard this evi­
dence as so unequivocal as that given above for 
the oxidation of cis-hexahydrodiphenic acid.

The most important configurational evidence 
in the anti-series is summarized in the following 
scheme

H N03 ------- >

AC2O 
------>

threne (VI). When the octahydro ketone was 
treated with nitric acid it yielded the mono-nitro 
derivative of as-hexahydrodiphenic acid (VII). 
Hence it must have the cis-configuration. Its 
trans-isomer has been similarly oxidized and 
nitrated to the nitro- derivative of trans-hexa­
hydrodiphenic acid. (A number of nitro-ketones 
are obtained as by-products in these oxidations. 
They are described in the experimental section.)

The stereochemical relationships between the 
tricyclic and dicyclic compounds are therefore 
firmly established by a number of independent

IX VIII
(m. p.247 °) (m. p. 198°)

XIII O

K M 1 1 O 4  
---------------------->

C02H

C02H
XIV

Finally, we have been able to establish two links. The more important connections in the 
other stereochemical connections between the syw-series are indicated in the scheme

^ • x c O a H

O.

\

/CO

N C O

>NPh

II

J ) '
I c o 2h

^ • n'C02H
III
H N O a j

/ \
NOj

Pt, H ------- >.

C02H

VII

H N O s

I c o 2h  
'•''COsH

IV

Pt, H

V
CrOaf jp t ,  H

" N / N mi

tricyclic compounds and the hydrodiphenic acids. 
I t  has already been pointed out that the 289 and 
200° acids are related to the 44 and 57° perhydro 
ketones, respectively. In the next paper it is 
shown that the 44° ketone can be formed (through 
the corresponding perhydro alcohol) by the 
hydrogenation of a 9-keto-as-octahydrophenan-

Experimental10
Ozonization of as-H  exahy dr 0 diphenic Acid.—The acid, 

m. p. 240-241°,2 (1.00 g.) was dissolved in 20 cc. of warm 
glacial acetic acid and ozonized for four hours. The prod­
uct was allowed to stand overnight with 50 cc. of 3% 
hydrogen peroxide and evaporated almost to dryness on the

(10) All melting points corrected. Analyses by M iss Eleanor 
Werble.



2012 R. P. Linstead, Selby B. D avis and Richard R. Whetstone Vol. 64

steam-bath in a current of air. The residue was then 
heated on the steam-bath for two hours with a further 25 
cc. of 3% hydrogen peroxide and evaporated to dryness. 
The mainly crystalline residue was dissolved in 15 cc. of 
10% aqueous sodium carbonate, a trace of insoluble ma­
terial filtered off and the solution washed with ether. 
The alkaline solution was heated to boiling and concen­
trated hydrochloric acid added in drops to incipient 
crystallization. The subsequent fractional acidification 
by the method described in earlier papers2'3 gave the 
following results

Frac­
tion

Approx, vol. 
of coned. 
HC1, cc.

W eight,
mg. M. p., °C.

1 2.5 260 234-237
2 0.5 240 237-239
3 0.5
4 0.5 9.1 174-181
5 1.0 82.2 177-184
6 1.0 36.5 181-186

Identity
m-Hexahydrodi- 
phenic acid

Trace of tar 
c w -H ex ah y d ro - 

phthalic acid

A further 0.5 cc. of hydrochloric acid was added to the 
final mother liquor and the solution extracted with ether 
to give 0.11 g. of semi-crystalline residue.

Fractions 1 and 2 were identified as unchanged starting 
material by mixed m. p. Fractions 4, 5 and 6 in admixture 
with authentic cis-hexahydrophthalic acid (m. p. 191.5- 
192.5°) melted at about 185°. After one recrystallization 
from 80% acetic acid, nearly pure cw-hexahydrophthalic 
acid was obtained, m. p. 185-188°, mixed m. p. 186-189°. 
Recrystallization of the residue from the ether extract 
yielded 23 mg. of additional cw-hexahydrophthalic acid, 
m. p. 183-188°, mixed m. p. 185-189°.

The crystallized acid (53 mg.) was converted into the 
acid chloride by means of phosphorus pentachloride (130 
mg.) in dry ether (3 cc.). After twenty minutes the sol­
vent was removed and the residue evacuated at the water 
pump for half an hour. The residue was dissolved in 2 cc. 
of ether and treated with 120 mg. (2 mols) of aniline in 2 cc. 
of ether. The mixture was freed from solvent, the residue 
taken up in the minimum quantity of 95% alcohol {ca. 4 
cc.), the solution filtered and allowed to cool. The di­
anilide of cis-hexahydrophthalic acid (43 mg.), so obtained, 
melted at 227-229 ° and after one crystallization from alco­
hol formed colorless needles, m. p. 237.5-238°.

Anal. Calcd. for C2oH2202N2: C, 74.50; H, 6.88.
Found: C, 74.75; H, 6.70.

The dianilide was further identified by refluxing it for 
eighteen hours with 80% acetic acid which yielded the 
phenylimide (II), flat prisms from methanol, m. p. 131- 
132°. The m. p.’s of the dianilide and phenylimide pre­
pared from authentic cTs-hexahydrophthalic acid were the 
same and were not depressed by admixture with the above 
samples. For these substances Stoermer and Steinbeck415 
give m. p.’s 234° (dianilide) and 132° (phenylimide).

Attempted oxidation of ^-hexahydrodiphenic acid with 
a mixture of fuming and concentrated nitric acids gave an 
acidic product, from which the only homogeneous sub­
stance which could be isolated was nitro-cis-hexahydro- 
diphenic acid, m. p. 219-220°. This was identical with 
the material described in Part IV.2 Treatment of cis- 
hexahydrodiphenic acid with alkaline permanganate at

60-80°, left it largely unchanged and no useful products 
were isolated.

Oxidation of £raws-A10-9-Keto-dodecahydrophen- 
anthrene (XI).—The unsaturated ketone was prepared 
from acetylcyclohexene by the method of Rapson and 
Robinson.8 Preliminary experiments on the oxidation 
with nitric acid, permanganate, hypobromite and ozone 
indicated that the last-named reagent was the most suit­
able.

The ketone (8.9 g.) dissolved in 15 cc. of glacial acetic 
acid was treated with a current of ozonized oxygen for 
three hours. The product was refluxed for forty minutes 
with 45 cc. of water and 0.5 cc. of concentrated hydrochloric 
acid and then separated into neutral and acid fractions. 
The neutral fraction yielded 5.36 g. which was again ozo­
nized and the product separated as before. The combined 
acid product from the two ozonizations was treated with 
50 cc. of alcohol, 50 cc. of 10% aqueous sodium hydroxide 
and 4.6 g. of hydroxylamine hydrochloride. The mixture 
was refluxed for two hours, cooled, acidified with acetic 
acid and left overnight a t 5°. An oxime separated, 3.07 
g., m. p. 160-161°. Evaporation of the filtrate yielded 
material which separated as an oil and subsequently solidi­
fied in brown lumps, m. p. ca. 100-130°, 3.15 g. Crystal­
lization of the first fraction from alcohol gave the pure 
oxime of /raws-2-keto-1,1'-dicyclohexyl-2'-carboxylic acid 
(XII), m. p. 162-163°.

Anal. Calcd. for Ci3H210 3N: C, 65.24; H, 8.85.
Found: C, 65.64, 65.61; H, 8.92, 8.99.

When the oxime (3.07 g.) was refluxed with 10% hydro­
chloric acid (100 cc.) for two hours it regenerated the keto- 
acid as a pale yellow liquid which failed to solidify (yield: 
2.45 g.). The keto-acid (1.31 g.) was refluxed for five 
hours with acetic anhydride (6 cc.), and the excess of re­
agent was then removed at about 65 °, under reduced pres­
sure. The residue was dissolved in ether, freed from acids 
by means of sodium bicarbonate solution, and isolated by 
removal of the ether, 1.12 g. of an orange oil being obtained. 
This lactone (partly XIII) was insoluble in aqueous sodium 
hydroxide in the cold but dissolved slowly on warming. 
Dissolved in acetone it decolorized alkaline permanganate. 
The equivalent was determined by warming the lactone 
for an hour with an excess of 0.1 N  alkali and back-titra­
tion. Anal. Calcd. for Ci3Hi803: equiv., 206.3.
Found: equiv., 203.

The unsaturated lactone (1.1 g.) was suspended in a mix­
ture of 100 cc. of acetone and 50 cc. of 5% sodium bicar­
bonate solution. To the solution, mechanically stirred at 
0°, 100 cc. of 0.5% potassium permanganate solution was 
added during one-half hour, followed by 100 cc. of 1 % per­
manganate solution during one hour and, finally, 60 cc. of 
3% permanganate solution during one hour. Reduction 
of the permanganate was slow after the addition of the 1 % 
solution. The mixture was finally allowed to come to 
room temperature and, after standing for two hours, 
was freed from manganese dioxide by filtration, and 
the filtrate and washings evaporated nearly to dryness. 
This residual solution was filtered, acidified with acetic 
acid and freed from carbon dioxide by boiling. A solution 
of barium acetate was then added which precipitated a 
mixture of barium salts, including that of /raws-hexahydro- 
phthalic acid. After various attempts by other methods
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this acid was isolated as follows. The free acids were 
obtained as a glassy solid (1.02 g.) by treatment of the 
precipitate and filtrate with hydrochloric acid and extrac­
tion with ether. The glassy solid (0.70 g.) was dissolved in 
10 ml. of boiling 10% sodium carbonate solution and the 
insoluble portion discarded. The solution was then frac­
tionally acidified by the standard procedure. The early 
fractions were glassy solids, but the final fraction consisted 
of 9 mg. of a light brown, microcrystalline powder melting 
at 203-213 ° in the crude state and 216-223 ° after crystal­
lization from water. The mixed m. p. of the crude ma­
terial with authentic /raws-hexahydrophthalic acid (m. p. 
227-229°) was 212-217°, but the m. p. of cw-hexahydro- 
phthalic acid was considerably depressed. The identity 
was confirmed by conversion to the anhydride with acetyl 
chloride, m. p. and mixed m. p. 142-144°. Extraction of 
the mother liquor from the fractional precipitation with 
ether gave a semi-crystalline residue from which 21 mg. of 
additional tfraws-hexahydrophthalic acid, m. p. 219-223°, 
was obtained by crystallization from aqueous acetic acid. 
This was treated with phosphorus pentachloride and 
aniline, as previously described for the preparation of the 
cw-compound, and the product crystallized from glacial 
acetic acid to give 10 mg. of the dianilide, colorless needles, 
m. p. (block preheated to 260°) 317-318°. The mixed m. 
p. with the dianilide of similar m. p. prepared from authen­
tic £raws-hexahydrophthalic acid showed no depression.

Anal. Calcd. for CaoH^Ns: C, 74.50; H, 6.88. 
Found: C, 74.27; H, 6.78.

It may be observed in passing that the m. p.’s of trans- 
hexahydrophthalic acid given in the literature are in the 
range 215-220° (see e. g., reference 4). We find that by 
repeated crystallization from water it is possible to isolate 
the acid as prisms, m. p. 227-229°. The m. p. of the im­
pure acid is considerably affected by the rate of heating, 
that of the pure acid less so. The above m. p. was ob­
tained by introducing the acid into a bath at 200°. The 
pure acid of m. p. 227-229° yields the anhydride with the 
m. p. (142.5-144°) recorded in the literature.

Action of Nitric Acid on cis- and trans-9-Keto-as-octa.- 
hydrophenanthrenes.—The two stereoisomeric 9-keto-as- 
octahydrophenanthrenes were prepared essentially by the 
methods of Cook and his co-workers11 as described in the 
following paper.5 The liquid ketone (cis-) (0.4 g.) was 
heated on the steam-bath for fifteen minutes with 5 cc. of 
concentrated nitric acid and 3 cc. of fuming nitric acid. 
The product was poured on ice and separated into neutral 
and acidic fractions by means of sodium carbonate solu­
tion. Acidification of the sodium carbonate solution 
yielded 20 mg. of cw-nitro-hexahydrodiphenic acid (VII) as 
a yellow solid, which was isolated by means of ether. It 
melted at 200-208 ° in the crude state, at 208-210 ° after one 
crystallization from acetone-benzene and at 217-219° in 
admixture with an authentic sample of the high-melting 
form (m. p. 218-219°) prepared as described in the pre­
ceding paper.2 The neutral fraction from this reaction 
yielded 0.1 g. of a crystalline trinitro-ketone, which formed 
clear plates, m. p. 151.5-152° from hexane.

Anal. Calcd. for Ci4H13N30 7: C, 50.15; H, 3.91. 
Found: C, 50.57; H, 4.18.

(11) Cook, H ew ett and  Law rence, J .  C h em . S o c ., 71 (1936); Cook, 
H ew ett and  Robinson, ibid., 168 (1939).

This substance agrees in m. p. but not in analysis with 
the mononitro ketone reported by Cook, et al.11 When 
the cw-octahydro ketone (500 mg.) was heated for thirty 
minutes on the steam-bath with 1 cc. of concentrated and 1 
cc. of fuming nitric acid in 10 cc. of acetic acid, it gave 300 
mg. of a neutral solid. After recrystallization from acetic 
acid and then from benzene-hexane, this formed colorless 
plates, m. p. 95-96.5°, and analysis showed it to be a 
dinitro-ketone. Its m. p. was depressed by admixture 
with the nitro-ketone of m. p. 152°.

Anal. Calcd. for Ci4H14N20 6: C, 57.93; H, 4.86. 
Found: C, 57.87; H, 4.55.

Further treatment of the dinitro-ketone with nitric acid 
on the steam-bath yielded the trinitro-ketone of m. p. 152°.

The dinitro-ketone very probably contains the nitro- 
groups ortho- and para- to the backbone. The introduc­
tion of a third nitro-group is abnormal and it is probable 
that it corresponds with an attack on the alicyclic portion 
of the molecule.

Oxidation of cw-9-keto-as-octahydrophenanthrene with 
hot chromic acid in acetic acid, or with alkaline per­
manganate, gave no useful products.

/raws-9-Keto-as-octahydrophenanthrene (350 mg., m. p. 
95°) was heated for fifteen minutes with 4 cc. of concen­
trated and 4 cc. of fuming nitric acid. The product was 
separated as before. Crystallization of the acid fraction 
from acetic acid yielded Jraws-nitro-hexahydrodiphenic 
acid (100 mg.). This melted crude at 211-221° and from 
dilute acetic acid gave thin yellowish plates, m. p. 224-225° 
alone or in admixture with the authentic trans-nitro acid. 
The neutral fraction from this reaction (100 mg.) crystal­
lized in bold needles from acetic acid, m. p. 182-184°, and 
in thin plates from hexane, m. p. 182.5-183.5°. Analysis 
showed it to be a trinitro-ketone. It was not identical 
with either of the nitro-ketones derived from the cis- 
ketone.

Anal. Calcd. for C14Hi3N30 7: C, 50.15; H, 3.91. 
Found: C, 50.30; H, 3.67.

Summary
Ozonization of the hexahydrodiphenic acid of 

m. p. 242° yields cis-hexahydrophthalic acid. 
Ozonization of trans- A10-9-keto-dodecahydro- 
phenanthrene yields a keto-acid which can be 
converted into an unsaturated lactone. The 
latter on oxidation with permanganate gives 
/ra^s-hexahydrophthalic acid.

Taken in conjunction with work described in 
the preceding papers, these facts establish the 
^-configurations for the following substances: 
hexahydrodiphenic acid, m. p. 242°; perhydro­
diphenic acids, m. p. 289° (syn) and 198° (anti) ; 
and the /ra^-configurations for the following: 
hexahydrodiphenic acid, m. p. 221°; perhydrodi­
phenic acids, m. p. 223° (syn) and 247° (anti).

Two additional stereochemical links between 
the hydrodiphenic acids and the hydrophenan- 
threnes have been established by the conversion
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of the cis- and trans-forms of 9-keto-as-oct.ahydro- 
phenanthrene into the corresponding nitro-hexa- 
hydrodiphenic acids.

The stereochemical implications of these results

are discussed and it is shown that they are in 
agreement with other, less exact, evidence.
C o n v e r s e  M e m o r i a l  L a b o r a t o r y
Cambridge, M assachusetts R eceived April 30, 1942

[C o n t r i b u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r y  o f  H a r v a r d  U n i v e r s i t y ]

The Stereochemistry of Catalytic Hydrogenation. VI. The Hydrogenation of 9- 
Phenanthrol and Related Substances and the Identification of Three of the Possible 

Stereoisomeric Forms of the Perhydrophenanthrene Ring
By R. P. L in st e a d , R ichard R. W h etstone  a n d  P h ilip  Le v in e

Perhydrophenanthrene can theoretically exist 
in six (inactive) stereoisomeric modifications.1 
Corresponding to each of four of these hydro­
carbons (the cis-syn-cis, trans-syn-trans, cis-anti- 
cis and trans-anti-trans forms), there will be one 
ketone with the carbonyl group at C9. Corre­
sponding to each of the other two hydrocarbons 
(the cis-syn-trans and cis-anti-trans forms), there 
will be a pair of C9 ketones, the additional forms 
being possible because the carbonyl can lie next to 
either a cis- or a trans-junction. All the ketones, 
and all the hydrocarbons except the cis-syn-cis and 
trans-syn-trans isomers, are capable of existence in 
enantiomorphic forms. Furthermore, each ketone 
can give rise to a pair of epimeric alcohols, so that 
eight inactive ketones and sixteen inactive 
alcohols become possible. The possibilities for 
the ketones are shown.

V. c.a.c. VI. c.a.t.

VII. t.a.c. VIII. t.a.t.
(1) L instead and W alpole, J .  C h em . S o c ., 842 (1939).

This is parallel to the half esters of the perhydro­
diphenic acids2 and we use a similar convention 
for the nomenclature of the cis-trans forms, the 
configuration on the side of the ketone group 
being named first.

It is also convenient for the sake of clarity to 
use dotted formulas3 to designate the configuration 
of the alcohols. Thus of the two possible cis-syn-

cis alcohols the compound IX has the hydrogen 
atom on carbon 9 on the same side of the central 
ring as the four hydrogen atoms at the points of 
ring fusion.

The first perhydrophenanthrene derivatives of 
definite configuration to be discovered were the 
9-ketone, m. p. 49°, and the related secondary 
alcohol, m. p, 119°, prepared by Linstead and 
Walpole.1 This ketone, a stable crystalline solid, 
m. p, 49°, was oxidized to a perhydrodiphenic 
acid of m. p. 244°. This has now been proved to 
have the trans-anti-trans configuration.4 Hence 
the ketone has the same configuration (VIII). 
Two other compounds which were believed1 to 
be 9-keto-perhydrophenanthrenes have now been 
shown2 to have a different skeleton structure.

In the present paper we describe the prepara­
tion of two new stereoisomeric modifications 
(icis-syn-cis and trans-syn-cis) of 9-keto-perhydro- 
phenanthrene. Half of the possible stereoisomeric 
forms of the perhydrophenanthrene ring have 
therefore been prepared and orientated.

(2) L instead  and  D oering, T h is  J o u r n a l , 64, 1991 (1942).
(3) L instead, C h e m is try  a n d  I n d u s tr y , 56, 510 (1937); L instead  

and W alpole, loc. c i t .;  R uzicka, F u r te r  and  Goldberg, H e lv . C h im . 
A cta , 21, 498 (1 9 3 8 ) ; L instead , et a l., T h is  J o u r n a l , 64, 1985 (1942).

(4) L instead  and  Doering, ib id . ,  64, 2003 (1942); L instead , 
D avis and W hetstone, ib id ., 64, 2009 (1942).
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The new isomers were obtained in a study of 
the catalytic hydrogenation over platinum of 
9-phenanthrol and of the as-octahydro-9-phe- 
nanthrols. Marvel and collaborators53"513 have 
recently made some observations on the perhydro- 
genation of 9-phenanthrol over nickel. We shall 
discuss their results later in this paper.

When 9-phenanthrol was hydrogenated over 
platinum in acetic acid, there were formed (1) 
sym-octahydro-9-phenanthrol (XI), m. p. 135°,
(2) a cis-syn-cis-perhydro-9-phenanthrol (IX or 
X), m. p. 111°, and (3) a hydrocarbon fraction. 
The sym-octahydro compound (which was isolated 
in very small amount) was identical with material 
prepared by hydrogenating 9-phenanthrol over 
Raney nickel. The hydrogenation over a different 
nickel catalyst has already been carried out by 
von Braun and Bayer6 who had obtained the 
same compound. The structure of sym-octa- 
hydro-9-phenanthrol was proved by its synthesis 
from Schroeter’s syra-octahydrophenanthrene7 by 
sulfonation and fusion with alkali. The hydro­
genation of 9-phenanthrol over Raney nickel is 
the best preparative method.

investigated by J. W. Cook and his collaborators9 
were suitable intermediates for such an investi­
gation. These substances were accordingly pre­
pared essentially by Cook’s methods. In con­
firmation of the earlier results,9a we found that the 
dehydration of 2-phenylcyclohexanol-1 -acetic 
ester, followed by hydrolysis, yielded the 0,y-un- 
saturated acid, m. p. 93° (probably XII), and 
that catalytic hydrogenation of this gave almost 
exclusively a 2-phenylcyclohexane-l-acetic acid of 
m. p. 170°. The evidence which we present below 
proves the correctness of Cook’s view9b that this 
saturated acid has the cis-configuration (XIII).
2-Phenylcyclohexane-l-acetic acid can exist in a 
second geometrical form, and various reports of 
this have been made. Cook, Hewett and Law­
rence951 obtained it in an impure form (m. p. 
65-85°) from the mother liquors of the cis-acid. 
They also reported an acid of m. p. 84-85° which 
was obtained in poor yield by a malonic ester 
synthesis. Ghose10 has described an acid of m. p. 
69-70°, made by a different method. Cook, 
Hewett and Robinson90 reported that 2-phenyl- 
cyclohexylideneacetic acid (XIV, made by de-

r ~
OH

H2------ ->
(Pt and Ni)

I
OH

XI
S03Na

The main oxygen-containing product of the 
platinum hydrogenation of 9-phenanthrol was a 
perhydro alcohol, m. p. 110-111°. This was 
easily separated from the octahydro-compound 
as it was lower boiling and more soluble. On 
oxidation with nitric acid it yielded cis-syn-cis 
perhydrodiphenic acid, m. p. 289°. This at once 
proved both its structure and its configuration 
(apart from the orientation of the hydroxyl group 
at C9). We discuss the chemistry of this alcohol 
more fully below.

It was observed by Linstead and Davis8 that in 
the perhydrogenation of cis- and /rans-hexahydro­
diphenic acids over platinum the integrity of the 
already established configuration was preserved, 
and the subsequent hydrogenation went syn- and 
cis-. I t was of great interest to see if the same 
principle held in the tricyclic series. The cis- and 
/rans-9-keto-ns-octahydrophenanthrenes recently

(5) (a) M arvel and  W hite , T h is  J o u r n a l , 62, 2739 (1940); com ­
pare  (b) M arvel an d  P a tte rso n , ib id . ,  63, 2218 (1941).

(6) von B raun  and  B ayer, B e r ., 58, 2667 (1925).
(7) Schroeter, ib id . ,  57, 1990 (1924).
(8) L instead  an d  D avis, T h is  J o u r n a l , 64, 2006 (1942).

hydrating the hydroxy acid with acetic anhy­
dride) on hydrogenation failed to give the second 
{trans-) saturated acid in useful amount. We can 
confirm that the a,/3-acid (XIV) hydrogenates 
cis- under most conditions. When, however, the 
hydrogenation is carried out over palladium in 
benzene solution there is obtained a mixture of 
saturated acids from which 57% of the aVacid 
(m. p. 170°) and 33% of an isomer, m. p. 114°,10a 
can be separated without difficulty. The latter 
is undoubtedly the pure /ra^5-2-phenylcyclo- 
hexane-1-acetic acid (XV). On cyclization with 
sulfuric acid, it gives the {trans-) 9-keto-as- 
octahydrophenanthrene, m. p. 96°, which Cook9a 
had obtained from his impure acid, m. p. 65-85°. 
The latter material must therefore have contained 
the trans-acid; the structure of the other low- 
melting acids described in the literature is doubt-

(9) (a) Cook, H ew ett and  Law rence, J .  C h em . S o c ., 71 (1936); 
(b) Cook, H ew ett and  Robinson, ib id . ,  168 (1939).

(10) Ghose, S c ien ce  a n d  C u ltu re , 1, 299 (1935).
(10a) I t  has ju s t come to  our a tte n tio n  th a t  G. B lum enfeld, Ber.,  

74B, 524 (1941), recently  p repared  th is  acid by  a different series of 
reactions. H is acid m elts a t  112° and  gave th e  sam e as~octahydro- 
phenan throne , m. p. 96°.
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ful. The position of the double bond in the a,/3- 
acid (XIV) was proved by its oxidation by means 
of alkaline permanganate to 2-phenylcyclohexa- 
none.

C 6H 5

C H 2 C O 2H

X I I

m. p. 93 0

C 6H 5

•^CHaCOaH
X I I I

m. p. 170°

C 6H 5

c h -c o 2h  

X I V

m. p. 169°

The route through phenylcyclohexylideneacetic 
acid (XIV) provides the best preparative method 
for the trans-acid (XV) but is still unsatisfactory 
owing to the difficulty of obtaining the a,/3-acid. 
The yield of the latter from the acetic anhydride 
dehydration of the corresponding /3-hydroxy acid, 
following Wallach, is low. A somewhat better 
yield is obtained by the use of n-butyric anhy­
dride. If the /3,7 -acid is equilibrated with alkali 
the amount of the a,/3-isomer formed is very 
small. This is to be expected, because not only is 
cyclohexylideneacetic acid unstable with respect 
to its /3,7 -isomer11 but the 7 -phenyl group further 
stabilizes the /3,7 -form.12

Cyclization of the two saturated acids (XIII 
and XV) by means of sulfuric acid gave the two 
9-keto-as-octahydrophenanthrenes reported by 
Cook.9,12a Catalytic hydrogenation of each of 
the two ketones yielded the corresponding pair of 
secondary alcohols. The ^5-ketone gave almost 
completely a 9-hydroxy-ö^-octahydrophenan- 
threne, m. p. 115-116°, evidently identical with 
the alcohol described by Cook, Hewett and 
Lawrence.9a An epimeric cis-octahydro alcohol, 
m. p. 133°, was isolated from the products of the 
perhydrogenation of the m-ketone. On the 
hypothesis of “catalyst hindrance’’ discussed in 
Part I ,13 it seems probable that the more easily 
prepared epimer has the three hydrogen atoms on 
the asymmetric carbon atoms, located on the 

same side of the central 
ring (XVI). The trans- 
ketone gives two epimeric 
alcohols, m. p.’s 91° and 
101°, the proportion of 

which appears to vary with the method of hydro­
genation. Reduction of the c^-ketone by means 
of sodium and alcohol gave a mixture of secondary

(11) Linstead, J .  Chem . Soc., 355 (1927).
(12) Linstead and Williams, ibid., 2735 (1926).
(12a) The assignment of the cis- and /rcws-configuration to these is 

proved by the evidence reported in the preceding paper (Part V).
(13) Linstead, Doering, Davis, Levine and Whetstone, T h is 

J o u r n a l , 64, 1985 (1942).

O H
X V I

, C 6H 5

^ c h 2 c o 2h

X V

m. p. 114°

alcohols from which the 116° epimer was isolated. 
Reduction with aluminum isopropoxide gave an 
epimeric mixture.

The perhydrogenation of the octahydro-ketones 
and alcohols was difficult 
because of the ease with 
which oxygen was elimi­
nated over the active 
catalysts required to ef­
fect the reaction. This is 

true in particular of hydrogenation using palla­
dium, and using platinum in acetic acid. The use 
of platinum in alcohol, however, gave a slow 
hydrogenation with little elimination of oxygen. 
In this way eA-9-keto-as-octahydrophenanthrene 
yielded a complex mixture from which four 
products were separated. . These melted at 110, 
114, 133 and 86°, severally. The first of these 
was identical with the perhydro-alcohol already 
obtained by the exhaustive hydrogenation of 
9-phenanthrol. I t is undoubtedly a cis-syn-cis- 
perhydro-9-phenanthrol and has the configuration 
represented by IX or X, probably the former. 
The second product was identical with the cis-as- 
octahydro-9-phenanthrol, m. p. 115-116°, de­
scribed above (XVI). The product of m. p. 133° 
was the epimer of this. It has almost the same 
m. p. as syw-octahydro-9-phenanthrol (XI), but 
is not identical with this substance and depresses 
its melting point by some 35°. The fourth sub­
stance, m. p. 86°, crystallized well but was not 
homogeneous. Analysis indicated that it was a 
mixture of perhydro- and octahydro- compounds, 
and the absorption spectrum also showed the 
presence of aromatic material. After repeated 
crystallizations had failed to effect a purification, 
a method was devised (see experimental part) 
whereby the substance was separated into the 
three homogeneous products of the reaction, 
namely, the perhydro alcohol, m. p. 110° (10%), 
and the two octahydro-alcohols, m. p. 116° (10%) 
and m. p. 133° (30%).

Catalytic hydrogenation of the cis-as-octa- 
hydro-9-phenanthrol, m. p. 116°, over Adams 
catalyst in alcohol gave mainly the same cis-syn- 
m-perhydrophenanthrol, m. p. 110°, and a little 
of the mixture, m. p. 86°.

Very interesting results were obtained from a 
study of the oxidation of the cis-syn-cis-Qexhyóxo- 
alcohol. When this compound was treated with a 
mixture of chromic and acetic acids at room tem­
perature, it yielded a 9-keto-perhydrophenan-
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threne, m. p . 44°. This ketone formed a rather un­
stable oxime, m. p. 150°. I t  is undoubtedly cis-syn- 
m -9-keto-perhydrophenanthrene (I) because on 
catalytic hydrogenation with platinum in ethyl 
alcohol it reformed the parent alcohol, m. p. 110°, 
and on oxidation with nitric acid it yielded cis-syn- 
cis-perhy drodiphenic acid, m. p . 2890. On the other 
hand, when the same alcohol was oxidized with 
chromic and acetic acids on the steam-bath a 
stereoisomeric ketone was obtained. This melted 
at 57°, depressed the m. p. of the 44° ketone and 
gave an oxime, m. p. 225°, from which it could be 
regenerated. Catalytic hydrogenation of the 
ketone yielded a perhydro-alcohol of m. p. 88-89° 
and oxidation with nitric acid gave cis-syn-trans- 
perhydrodiphenic acid, m. p. 199°. The new 
ketone has therefore been formed by inversion of 
the configuration of one asymmetric carbon atom, 
and clearly this must be the one adjacent to the 
carbonyl group. I t must therefore have the 
trans-syn-cis configuration (III), and so must the 
derived alcohol, m. p. 88-89°.

These two ketones are precisely analogous to 
the ct-decalones, studied by Hiickel and his 
collaborators.14 The cis-syn-cis ketone is easily 
inverted by heat, alkali, and to some extent in the 
formation of the usual carbonyl derivatives. The 
fact that the inversion only proceeds at one ring 
fusion, i. e., to trans-syn-cis and not to trans-syn- 
trans, provides clear evidence that it proceeds 
through an enolization of the carbonyl group from 
the hydrogen atom on the neighboring bridge­
head. The below summarizes the properties of 
the c issy n -c is  ketone in comparison with those
of cis a-decalone.

a’5-5yw-c«5-9-Keto-perhydro- cis-a-
phenanthrene Decalone14

Preparation Cold Cr03 on secondary
alcohol Same

Catalytic hydrogen­ Reforms the alcohol
ation without inversion Same

Nitric acid Oxidizes without inver­
sion Same

Vacuum distillation Unchanged Same
High temperatures Inverted at 2000 Inverted at

Oxime Gives (unstable) cis-
- 227°
Gives trans-

syn-cis-derivative, m. derivative

2,4- Dinitrophenyl­
p. 150°

Gives trans-syn-cis-de­
hydrazone rivative, m. p. 236°

Alcoholic alkali Inverted Inverted

(14) Hiickel and Brinkmann, A n n . ,  441, 21 (1925); Hiickel, Dan- 
neel, Gross and Naab, ib id .,  502, 99 (1933).

The formation of cis-sy^-m-perhydrodiphenic 
acid by the nitric acid oxidation of the cis-syn-cis  
ketone (and alcohol) shows the reliability of this 
method in the determination of configuration. 
There could have been no reversible enolization 
and inversion under the experimental conditions 
and the ketone, in spite of the instability of its 
configuration, yielded the corresponding acid.

We are now in a position to review the results of 
Marvel and White5a on the hydrogenation of 
9-phenanthrol over nickel. They obtained a 
perhydro-alcqhol as a waxy solid, m. p. 67°. 
This on oxidation with chromic acid, finally on 
the steam-bath, yielded a ketone of m. p. 57° 
which was later prepared by another method.50 
The ketone yielded an oxime, m. p. 219-220°, and 
a dinitrophenylhydrazone, m. p. 232-233°. On 
oxidation it gave an acid of m. p. 174°, which 
Linstead and Doering2 have shown to be a dimor­
phous form of cis-syn-trans-perhydrodiphenic 
acid. I t  is therefore very probable that the 
ketone of Marvel and White is identical with our 
trans-syn-cis ketone which has the same m. p., 
and very similar m. p.’s for the derivatives. The 
configuration of the original hydrogenation prod­
uct, m. p. 67°, of Marvel and White is, however, 
uncertain. I t may be a cis-syn-cis, or a trans- 
syn -cis alcohol, because the conditions of oxida­
tion were such that an inversion was possible. I t 
is obviously not identical with any of our alcohols 
but there are vacancies for one epimer in each 
series.

Some preliminary work has been carried out on 
the perhydrogenation of tran s-as- octahydro- 
phenanthrene derivatives, but it has not yet 
reached a stage suitable for report.

The present state of knowledge of the 9-sub- 
stituted hydrophenanthrenes of known structure 
is summarized.

Ketones

9-Keto-as-öctahydrophe- 
nanthrenes

cis liquid (C.H.L., L.W.L.)

trans m. p. 96 ° (C.H.L., L.W.L.)

9-Keto-perhydrophenanthrenes

Alcohols
sy ra~Octahy dr o - 9 - 

phenanthrone, 
m. p. 133° 

(B.B., L.W.I .) 
<zs-Octahydro-9- 
phenanthrols

^ m .  p. 116° (C.H.L., 
L.W.L.)

■^m.p. 133° (L.W.L.) 
^ m .  p. 910 (L.W.L.)

^ m .p .  101° (L.W.L.)
Perhydro-9-phenanthrol s

^ m .  p. I l l  ° (L.W.L.)
cis-syn-cis m. p. 44° (L.W.L.)
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K etones A lcohols
9-K eto-perhydrophenan threnes Perhyd ro -9 -phenan th ro ls

trans-syn-cis m. p. 57° (M.W., 
L.W.L.)

m. p. 89° (L.W.L.)

? m. p. 67° (M.W.)

trans-anti-trans m. p. 49° (L.W.)
m. p. 119° (L.W.)

References: B.B. = von Braun and Bayer6
L. W.L. — Linstead, Whetstone and Levine, 

this paper
C.H.L. == Cook, Hewett and Lawrence9a
M. W. = Marvel and White5a 
L.W. = Linstead and Walpole1

An interesting incidental observation was made 
during attempts to find a better method for the 
preparation of /ra?w-2-phenylcyclohexaneacetic 
acid. 2-Phenylcyclohexanone was condensed 
with cyanoacetic ester and the 2-phenylcyclo- 
hexylidenecyanoacetic ester (XVII) so formed 
was reduced, both by aluminum amalgam and 
catalytically, and subsequently hydrolyzed. The 
acid isolated in this way was the common (cis)
2-phenylcyclohexaneacetic acid, m. p. 169-170°
(XIII). The method therefore was of no prepara­
tive value as the yield was worse than that ob­
tained by the Reformatsky procedure. The 
feature of interest was that the initial product of 
the cyanoacetic ester condensation always de­
posited a small amount of a crystalline solid on 
standing and that its analytical values were high 
both in carbon and hydrogen. I t was found that 
the same solid could be formed by heating the 
unsaturated cyano ester at 210°. The solid gave 
figures corresponding to the formula C15H13ON,
i. e.y to those required for the unsaturated cyano 
ester less the elements of ethyl alcohol. I t 
yielded a sodium salt with sodium carbonate, a 
mono-benzoate and a picrate. I t is accordingly 
assigned the structure l,2,3,4-tetrahydro-10- 
cyano-9-phenanthrol (XVIII)

EtOOC—C
I
CN

XVII

/  \  
OH CN

XVIII

Analogous ring-closures have been observed by 
McRae and Marion,15 and by Cope and his 
collaborators.16

(15) M cR ae and  M arion, Can . J .  Research, 15B, 480 (1937); 
M arion  and  M cR ae, ibid., 18B, 265 (1940).

(16) Cope, H ofm ann, W yckoff and  H ardenbergh , T his J o u r n a l , 
63, 3452 (1941).

Experimental17

1. Hydrogenation of 9-Phenanthrol.18—9-Phenanthrol 
was prepared essentially by the method of Fieser, Jacobsen 
and Price.19 I t was found that very poor yields were 
obtained unless the sodium (or potassium) acetate was 
omitted from the reaction mixture. The phenanthrol (9.5 
g.) in 200 cc. of glacial acetic acid was hydrogenated in a 
Parr apparatus using 1.74 g. of Adams catalyst. The 
theoretical uptake of hydrogen was reached after 188 
hours. The product was evaporated to small bulk under 
reduced pressure in a stream of nitrogen, the residual acid 
was neutralized and the oil isolated by means of ether. 
Vacuum distillation separated the product into 4.54 g. of a 
low fraction (b. p. 120-125° (3 mm.)), 3.22 g. boiling be­
tween 150-160° (3 mm.) and 0.54 g. of a residue. Careful 
fractional distillation of the low fraction yielded a liquid 
with b. p. 121° (3 mm.), d26A 0.9587, n™-*D 1.5088. This 
material, which is undoubtedly a highly hydrogenated 
phenanthrene, awaits further investigation.

The high-boiling fractions from the above slowly de­
posited crystals. Fractional crystallization from hexane 
yielded c£s-syw-ciy-perhydro-9-phenanthrol (IX or X), 
white needles, m. p. 110.5-111°. The yield of this material 
from a total of 14.4 g. of 9-phenanthrol was 1.26 g.

Anal Calcd. for Ci4H240 : C, 80,71; H, 11.61. 
Found: C, 80.82; H, 11.61.

The alcohol (125 mg.) was added to a mixture of 0.75 cc. 
of fuming nitric acid and 2.2 cc. of concentrated nitric acid. 
The mixture was at first warmed gently and then heated 
on the steam-bath for five minutes. The product was 
poured into water (15 cc.) and extracted with benzene. 
The benzene layer was then extracted with sodium car­
bonate solution. Acidification of the sodium carbonate 
gave a solid which was purified by a second extraction with 
sodium carbonate and was then crystallized from acetic 
acid. The white crystals melted at 278-283° alone, and 
at 282-285 ° in admixture with cw-syw-cL'-perhydrodiphenic 
acid.

The further investigation of the cis-syn-cis-alcohol is 
described later.

The highest boiling fraction of the original hydrogena­
tion, and the residue, on crystallization from hexane 
(charcoal) yielded sym-octahydro-9-phenanthrol (XI). 
This crystallized from hexane in needles and melted at
134.5-135° (von Braun and Bayer6 give 133°).

Anal. Calcd. for Ci4H isO: C, 83.12; H, 8.97. Found: 
C, 83.22; H, 9.19.

9-Phenanthrol (5 g.) was hydrogenated with 2 cc. of 
Raney nickel made up to 20 cc. with alcohol, at 120 ° and an 
initial pressure of 123 atmospheres. The hydrogen up­
take was about 20% above the theoretical for the formation 
of the octahydro compound. The alcoholic solution of the 
product turned dull red on exposure to the air. From it 
there was isolated sym-octahydro-9-phenanthrol, m. p. 
132-134°, which did not depress the m. p. of the product 
obtained in the hydrogenation over platinum.

(17) All m elting  po in ts  corrected . Analyses by M iss E leanor 
W erble.

(18) T he experim ents described in  th e  first parag raph  were carried 
ou t by M r. D. P . J . G oldsm ith, to  w hom  our thanks a re  due.

(19) Fieser, Jacobsen  and  Price, T h is  J o u r n a l , 58, 2163 (1936).
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sym-Octahydrophenanthrene was prepared from tetralin 
by Schroeter’s method,7 and converted into the sodium 
salt of the 9-sulfonic acid.7 The salt was fused with potas­
sium hydroxide at 290-300° in the usual manner. The 
efficiency of the reaction was greatly reduced by secondary 
decomposition and the escape of organic vapors (possibly 
the desired product). At the end, the alkali was dissolved 
in water neutralized with acid, and the product was ex­
tracted with chloroform. The solution was clarified with 
charcoal, dried and freed from solvent. The residue was 
crystallized from hexane containing a little activated clay 
and then deposited sym-octahydro-9-phenanthrol, m. p.
133.5-135°. An attempt to carry out the same fusion in 
an autoclave failed. The phenol is very difficult to free 
from colored impurities. I t  separates from pale solutions 
in shades ranging from light brown to black. The best 
method of removing the color is to boil a solution in ligroin 
(b. p. 90-120°) with activated clay.

2. 2-Phenylcyclohexaneacetic Acids.—2-Phenylcyclo- 
hexanone was condensed with bromoacetic ester following 
Cook, Hewett and Lawrence.9a The hydroxy ester, ob­
tained in 80% yield, was dehydrated by refluxing it (90 g.) 
for three and a half hours with 60 g. of phosphorus pent­
oxide and 300 cc. of benzene. A 77% yield of unsaturated 
ester, b. p. 146-153° (3 mm.), was obtained. This was 
hydrolyzed with alkali to the 0,7-acid (XII), yield 93%; 
b. p. 180-190° (3 mm.); m. p. 80-85° (crude); 92-93° 
after one crystallization from light petroleum (lit., 93°).9a 
The crude unsaturated acid (18 g.) in 75 cc. of glacial 
acetic acid was hydrogenated with 0.5 g. of palladium 
catalyst.20 After eighteen hours at atmospheric pressure, 
the uptake of hydrogen corresponded to 1.12 mols. The 
solution was filtered, heated to boiling and diluted with 
water. The average yield was 63% of the pure cis-2- 
phenylcyclohexaneacetic acid (XIII), m. p. 168-170° (lit., 
169-170°).9a The mother liquors from this acid, con­
taining the trans-isomer, were used in the crude state for 
the preparation of £ra«5-9-keto-as-octahydrophenanthrene.

2-Phenylcyclohexanol-l-acetic ester was hydrolyzed 
with boiling alkali. The corresponding hydroxy acid, 
obtained in 75% yield, melted at 128-129 °. The acid was 
converted into 2-phenylcyclohexylidene-acetic acid (XIV) 
following Cook, Hewett and Robinson.9b The yield of the 
pure a,(3-acid, m. p. 168-170°, was only 17%. The by­
products of this reaction are still under investigation. 
When the hydroxy acid was refluxed with «-butyric anhy­
dride for one and one-quarter hours, the a, /8-acid was 
obtained in 35% yield. Both the (3,7- and a,(3-acids read­
ily decolorized permanganate in sodium carbonate solution. 
When the carbonate solutions of the acids were treated 
with iodine in potassium iodide,21 the (3,7-acid reacted 
immediately but the a,/3-acid showed no sign of reaction. 
This difference is in keeping with the structures assigned 
by Cook.9 The structure of the a,(3-acid was proved by 
oxidizing 450 mg. of it in sodium carbonate solution with 
potassium permanganate. The product yielded 220 mg. of 
2-phenylcyclohexanone, identified by m. p. and mixed m. p.

The a,(3-acid (210 mg.) in 10 cc. of benzene was hydro­
genated over 120 mg. of palladium catalyst. In four hours

(20) Shriner and  Adam s, T h is  J o u r n a l , 46, 1683 (1924).
(21) See B ougault, A n n . chim., [8] 14, 145 (1908); L instead and

M ay, J . Chem. Soc., 2565 (1927).

1.1 mols of hydrogen was taken up. The product was 
fractionally crystallized from benzene-hexane. I t  yielded 
120 mg. of the cis-acid (XIII), m. p. 158-164°; followed 
by 70 mg. (33%) of a solid melting at 110-114°. Three 
crystallizations of the latter from hexane gave trans-2- 
phenylcyclohexaneacetic acid (XV) as thin plates, m. p.
113.5-114.5°.

Anal. Calcd. for Ci4H180 2: C, 77.03; H, 8.31. 
Found: C, 77.33; H, 8.38.

Cyanoacetic Ester Condensations.—Following the gen­
eral technique of Cope,22 a mixture of 3.0 g. of 2-phenyl­
cyclohexanone, 2.5 g. of cyanoacetic ester, 0.5 g. of ammo­
nium acetate, 0.75 g. of acetic acid and 5 cc. of benzene was 
heated in a bath at 140-160° for six hours, the benzene 
being continually replaced. The product was taken up in 
ether, washed with water and 5% aqueous sodium hy­
droxide. The solvent was removed and the residue dis­
tilled, yield 2.4 g. (52%) of a colorless viscous oil, b. p. 
167-174° (3 mm.). The product did not decolorize bro­
mine in carbon tetrachloride but reduced permanganate in 
acetone. The redistilled product boiled at 174° (4 mm.) 
and analysis showed that it was mainly 2-phenylcyclo- 
hexylidenecyanoacetic ester (XVII).

Anal. Calcd. for C17H19O2N: C, 75.81; H, 7.11.
Found: C, 76.46; H, 7.37.

The last drops obtained in the distillation of the above 
ester solidified to a mass of crystals of 1,2,3,4-tetrahydro- 
10-cyano-9-phenanthrol (XVIII), and some of the same 
solid slowly separated when the original reaction mixture 
was allowed to stand in the cold. I t was also obtained by 
acidifying the alkaline extracts from the cyano ester. The 
total yield of the by-product was 8%. It could be pre­
pared by heating the unsaturated cyano ester (XVII) for 
one and three-quarters hours at 200-220 °. It crystallized 
from benzene in fine white needles, m. p. 230-231 °. I t was 
sparingly soluble in alcohol, ether and benzene, and in­
soluble in sodium bicarbonate solution. With 5% aqueous 
sodium carbonate it gave an insoluble sodium salt. It gave 
no color with ferric chloride. Sundry attempts to hy­
drolyze it failed.

Anal. Calcd. for C15H13ON: C, 80.72; H, 5.83; N,
6.28. Found: C, 81.16; H, 5.79; N, 6.19.

The benzoate, made by the Schotten-Baumann pro­
cedure, crystallized from benzene-hexane in needles, m. p. 
183-184°.

Anal. Calcd. for C22H17O2N: C, 80.71; H, 5.24. 
Found: C, 80.61; H, 5.23.

When warmed with alcoholic picric acid, the cyano- 
phenol yielded a picrate, which separated in yellow crys­
tals, m. p. 185-190°, with decomp.

Anal. Calcd. for C21H160 8N4: C, 55.75; H, 3.56. 
Found: C, 55.77; H, 3.37.

The picrate regenerated its components when heated 
with alcohol.

The unsaturated cyano ester (XVII, 1.68 g.) was hydro­
genated in alcohol over Adams catalyst, the uptake of 
hydrogen being 1.03 mols in seven hours. The product 
was refluxed with 20 cc. of concentrated hydrochloric acid 
and 5 cc. of water for thirty-six hours. The bulk of the

(22) Cope and  H oyle, T h is  J o u r n a l , 63, 733 (1941).
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ester survived hydrolysis; the acid formed melted at 165- 
168° and was identified as cis-2-phenylcyclohexaneacetic 
acid. Another portion of the unsaturated cyano ester was 
reduced with aluminum amalgam in moist ether for three 
days. Hydrolysis as before gave the cis-acid, again in 
poor yield.

3. Derivatives of the as-Octahydrophenanthrenes.—
«s-2-Phenylcyclohexane-l-acetic acid (12.0 g.) was cy- 
clized by means of sulfuric acid following Cook.9 cis-9- 
Keto-as-octahydrophenanthrene (average yield 96%) was 
obtained as a colorless liquid, b. p. 162-163° (5 mm.).

The ketone (3.5 g.) in 25 cc. of alcohol was treated with 1 
mol of hydrogen over Adams catalyst. The product 
yielded 3.3 g. (93%) of soft, feathery crystals which dried 
to a chalky mass, m. p. 112-114°. Two recrystallizations 
from cyclohexane raised the melting point of the cL-octa- 
hydro-9-phenanthrol to 115-116° (lit., 114-115°).9 The 
ultraviolet absorption spectrum was measured in alcohol 
by Mr. J. J. Leavitt. I t had two bands of equal intensity 
at 266 and 273 mju with log £max. 2.54.

Anal. Calcd. for ChHisO: C, 83.12; H, 8.97. Found:
C, 83.10; H, 8.90.

Reduction of the ketone with sodium in alcohol yielded 
a product melting initially at 60-69 °. After a number of 
crystallizations from cyclohexane this gave some of the 
same octahydro-alcohol, m. p. 115-116°. Reduction of 
the ketone with aluminum isopropoxide in isopropyl 
alcohol gave a solid melting at about room temperature, 
from which no pure alcohol could be isolated. The ketone 
(6.0 g.) was hydrogenated over 0.62 g. of palladium cata­
lyst in alcohol, 1.95 mols of hydrogen being taken up in 
three hours. A small amount (200 mg.) of the 115° 
alcohol was isolated from the product, but the bulk was a 
hydrocarbon (4 cc.) which distilled at 121-122° (4-5 mm.) 
and was presumably cis-as-octahydrophenanthrene. The 
reported boiling point of the latter is 129° (6 mm.).23

The isolation of the second epimeric form of the cis- 
alcohol is described below under the perhydrogenations.

Jra^-9-Keto-as-octahydrophenanthrene.—The com­
bined mother liquors from the crystallization of cis-2- 
phenylcyclohexylacetic acid were evaporated to a red sirup 
(25 cc.). This was treated with sulfuric acid as before and 
the neutral product was crystallized first from light petro­
leum and then several times from alcohol. The yield of 
trans-ketone was 4.3 g.; m. p. 95-96°, in agreement with 
Cook, Hewett and Lawrence.9a The same ketone was 
obtained in 74% yield by cyclization of the pure trans­
acid, m. p. 114°.

The trans-ketone (610 mg.) in alcohol, over 120 mg. of 
Adams catalyst took up 1.0 mole of hydrogen in nineteen 
hours at atmospheric pressure. Crystallization of the prod­
uct from hexane and cyclohexane yielded 400 mg. (63%) 
of a /raws-as-octahydro-9-phenanthrol, sturdy needles 
melting at 90-91°, and a few milligrams of an epimer 
which formed cotton-like fibers, m. p. 100-101°. A mix­
ture of the two alcohols melted at 84-88°. When a larger 
preparation was carried out over the same catalyst under a 
pressure of 3 atmospheres for four days, the proportions of 
the two alcohols were reversed, the ratio of 101° to 91° 
form being about 2 : 1.

(23) D urland  an d  Adkins, T h is  J o u r n a l , 60, 1501 (1938).

Anal. Calcd. for Ci4Hi80 : C, 83.12; H, 8.97. Found
(m. p. 90-91°): C, 83.29; H,9.19; (m. p. 100-101 °): C, 
83.06; H, 9.12.

4. Derivatives of Perhydrophenanthrene.—Hydrogena­
tion of the aromatic ring in the cL-octahydro compounds 
was carried out by means of Adams catalyst in alcoholic 
solution. The use of acetic acid as a solvent led to elimina­
tion of the oxygen atoms. This occurred even when very 
little acetic acid was present, as is shown by the following 
experiment. The m-octahydro-9-phenanthrol, m. p. 116 °, 
(2.1 g.) in 15 cc. of acetic acid and 185 cc. of alcohol took up 
2.9 mols of hydrogen in five days under an initial pressure 
of 50 lb. The product was mainly a liquid hydrocarbon 
but yielded a little solid which on crystallization from hex­
ane gave needles of e7s-sy7z-cw-perhydro-9-phenanthrol 
(100 mg.). This melted at 110-111 ° alone or in admixture 
with that prepared from 9-phenanthrol.

Anal. Calcd. for C14H24O: C, 80.71; H, 11.61.
Found: C, 80.63; H, 11.54.

The hydrocarbon boiled at 109-111° (4 mm.), failed to 
solidify, and was insoluble in cold concentrated sulfuric 
acid. Hence it was presumably a perhydrophenanthrene.

cL-9-Keto-as-octahydrophenanthrene (10.7 g.) in alcohol 
was hydrogenated over 0.9 g. of catalyst added in three 
portions. The uptake of hydrogen was 3.4 mols in eight 
days. Removal of the solvent and catalyst, followed by 
crystallization from hexane, yielded 7 g. of solid melting at 
about 70-85°. On fractional crystallization from cyclo­
hexane, 2.9 g. of the cTs-octahydro alcohol, m. p. 112-114°, 
was obtained. The residue was crystallized from ether, 
which yielded 2.4 g. of the cis-syn-cis-perhydro alcohol, m. 
p. 108-110°. These substances were identified by mixed 
m. p. determinations. The ethereal mother liquors de­
posited 0.2 g. of the epimeric cw-as-octahydro-9-phe- 
nanthrol, m. p. 126-128°, which after repeated crystalliza­
tion from hexane gave fine needles, m. p. 132.5-133.5°. A 
mixture of this with the cis-as-octahydro alcohol (m. p. 115- 
116 °) melted at 95-100 °. A mixture with sym-octdhydxo-
9-phenanthrol (m. p. 133°) melted at 95-105°. The new 
cfs-as-octahydro alcohol differs from the isomeric sym- 
octahydro phenol of the same m. p. in that it is readily 
obtained and kept in a pure white crystalline form. The 
sym-octahydro phenol discolors very readily, as already 
noted.

Anal. Calcd. for CuH180  (alcohol, m. p. 132.5-133.5°) : 
C, 83.12; H, 8.97. Found: C, 82.94; H, 8.82.

The mother liquor from the original 7 g. of solid slowly 
deposited a further 1.4 g. of solid, which crystallized in 
rosets of thick spikes, m. p. 85-87°. Repeated crystal­
lization from alcohol, ether and hydrocarbon solvents 
failed to alter this. This substance, however, gave ana­
lytical figures (C, 81.08; H, 10.41) intermediate between 
those required for an octahydro and a perhydro alcohol. 
The ultraviolet absorption spectrum (for which we are in­
debted to Mr. J. J. Leavitt) showed the two equal bands, 
with maxima at 266 and 273 m/j, which are present in the 
spectrum of cL-a^-octahydro-9-phenanthroL The inten­
sity (log emax. 2.2) corresponded to the presence of about 
50% of this compound. The solid, m. p. 85-87°, was dis­
solved in acetic acid and the solution diluted with small 
portions of water. Crude cis-syn-cis perhydro alcohol
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(10% of solid) then separated, and, after crystallization 
from ether, melted at 108-110°. Further dilution of the 
acetic acid gave the common cis-ow-octahydro alcohol 
(10%), which melted at 115-116 ° after crystallization from 
cyclohexane. Removal of the acetic acid left an oil which 
was hydrolyzed with cold 10% alcoholic potash for forty- 
eight hours. Acidification and crystallization of the solid 
product yielded the epimeric m-as-octahydro alcohol, m. 
p. 133°, (30%). The three components were identified by 
mixed m. p. determinations.

The cis-as-octahydro-9-phenanthrol of m. p. 112-114° 
was hydrogenated over platinum in alcohol in the same 
way. It yielded 47% of cis-syn-cis-perhydro-9-phe- 
nanthrol, m. p. 108-110°, and 10% of the mixture of m. p.
85-87°.

aVsyw-cw-9-Keto-perhydrophenanthrene.—Chromic 
acid (1.0 g.), dissolved in 5 cc. of 80% acetic acid, was 
added to an ice-cooled solution of 2.3 g. of cis-syn-cis- 
perhydro-9-phenanthrol, m. p. 110-111 °, in 30 cc. of glacial 
acetic acid. The mixture was left overnight at room 
temperature, poured into water and extracted with ether. 
The ether was washed with water and sodium carbonate 
solution. Evaporation of the dried ether solution in vacuo 
left 2.0 g. (87%) of an oil which crystallized to a solid, m. p. 
35-38°. The material could be distilled unchanged at 
about 130° (3 mm.). Six crystallizations from cold 
petroleum ether gave short needles of the cis-syn-cis-per­
hydro ketone, m. p. 43-44°.

Anal. Calcd. for Ci4H220 : C, 81.50; H, 10.75.
Found: C, 81.69; H, 10.42.

The oxime was obtained by leaving the ketone in cold 
aqueous alcoholic solution with hydroxylamine hydro­
chloride and sodium acetate for four hours. The crystals 
so obtained melted at 150-151° and were rendered less 
pure by crystallization, presumably owing to the occurrence 
of inversion. For analysis the first precipitated crystals 
were washed with water and petroleum ether and dried.

Anal. Calcd. for C14H23ON: C, 75.97; H, 10.47. 
Found: C, 76.24; H, 10.28.

Recrystallization from hot alcohol lowered the m. p. to 
143-146°. When an alcoholic solution was boiled for 
three hours, the crystals which separated melted at 135- 
141°.

The 2,4-dinitrophenylhydrazone formed orange plates 
from hot alcohol, m. p. 236-238°, decomp. The semi­
carbazone melted at 195-205° without crystallization, at 
205-220 ° after one crystallization from hot alcohol, and at 
210-218° after four hours of boiling with alcohol.

The ketone (200 mg.) was heated for fifteen minutes on 
the steam-bath with 3 cc. of a mixture of 5 cc. concentrated 
and 3 cc. fuming nitric acid. The product was poured on 
ice, the yellow resin taken up in ether. The ethereal solu­
tion was extracted four times with saturated aqueous 
sodium bicarbonate. The extract was acidified, the acid 
isolated by means of ether, boiled with charcoal in acetone 
and crystallized from benzene. cis-syw-as-Perhydrodi- 
phenic acid (10 mg.) separated, m. p. 275-280°, mixed m. 
p. 279-284°. The identity was confirmed by converting 
the acid (3 mg.) into the dimethyl ester, which melted at 
66-69° alone and at 71-73° in admixture with authentic 
material.

Catalytic hydrogenation of the ketone over Adams cata­

lyst in alcohol yielded the cis-syn-cis-perhydro-9-phe- 
nanthrol of m. p. 110°.

/raws-syw-cM-9-Keto-perhydrophenanthrene.—cis-syn- 
cis-Perhydro-9-phenanthrol, m. p. 110°, was oxidized with 
chromic and acetic acids in the manner described above 
with the difference that after the initial reaction, the mix­
ture was heated on the steam-bath for fifteen minutes. 
The trans-syn-cis-ketone, isolated in the same way as its 
isomer, crystallized from petroleum ether in needles, m. p.
56.5-57.5°. A mixture of the two ketones was liquid at 
room temperature.

Anal. Calcd. for Ci4H220 : C, 81.50; H, 10.75.
Found: C, 81.65; H, 10.80.

The same perhydro alcohol (1.9 g.) was oxidized follow­
ing Oppenauer’s method by refluxing it for eight hours with
l. 4 g. of aluminum /-butoxide in a mixture of acetone and 
benzene. The product was a mixture of the two ketones 
melting at about 25° and not easily separable by crystal­
lization. It was accordingly heated in an atmosphere of 
nitrogen at 200° for one and three-quarters hours. The 
product was the nearly homogeneous trans-syn-cis ketone,
m. p. 48-52°, identified by a mixed m. p. determination. 
The same inversion was achieved by refluxing the mixed 
ketone, m. p. 25°, with alcoholic sodium ethoxide for one 
and one-half hours.

The oxime of the trans-syn-cis ketone formed immedi­
ately at room temperature and crystallized in fine needles, 
m. p. 224-225°. A mixture with the cis-syn-cis oxime (m. 
p. 150-151°) melted over the range 143-180°.

Anal. Calcd. for Ci4H23ON: C, 75.97; H, 10,47.
Found: C, 76.25; H, 10.38.

When the oxime was boiled for six hours with 5% sulfuric 
acid, it regenerated the trans-syn-cis ketone, m. p. 57°.

The 2,4-dinitrophenylhydrazone formed red plates from 
hot alcohol, m. p. 236-237°, decomp. The color was more 
intense than that of the corresponding derivative made 
from the cis-syn-cis ketone but the mixed m. p. was the 
same (236-237° decomp.) and it is probable that both 
ketones give the same derivative.

The ketone (200 mg.) was oxidized with nitric acid as 
described for the cis-syn-cis-isom&c. The product yielded 
30 mg. of cis-syw-/raws-perhydrodiphenic acid, m. p. 196- 
198° alone, and 197-198° in admixture with an authentic 
sample (m. p. 198-199°). Hydrogenation of the ketone 
(130 mg.) over Adams catalyst in alcohol led to a theoreti­
cal uptake of hydrogen. The trans-syn-cis-perhydro-9- 
phenanthrol so obtained was crystallized first from hexane 
and then from ether, from which it separated in rosets of 
long prisms, m. p. 88-89°.

Anal. Calcd. for Ci4H240 : C, 80.71; H, 11.61.
Found: C, 80.19, 80.21; H, 11.38, 11.33.

Summary
Catalytic hydrogenation of 9-phenanthrol over 

platinum yields cis-syn-cis-perhydro-9-phenan- 
throl, m. p. 1 1 1°, together with a small amount of 
yym-octahydro-9-phenanthrol. The latter sub­
stance was also obtained over nickel at 120°. Its 
structure was proved by its synthesis from sym- 
octahy drophenanthrene.
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cw-9-Keto-as-octahydrophenanthrene yields 
two secondary alcohols, m. ps. 116° and 133°. 
The isomeric trans-ketone also yields two epi­
meric alcohols, m. ps. 91° and 101°.

Hydrogenation of m -9-keto-as~octahydrophe- 
nanthrene over platinum in alcohol gives cis-syn- 
m-perhydro-9-phenanthrol and the two octahydro 
alcohols. Hydrogenation of cis-as-octahydro-9- 
phenanthrol gave the same cis-syn-cis-perhydro 
alcohol. When the cis-syn-cis-perhydro alcohol 
was oxidized by chromic acid at 0-25° it yielded 
cis-syn-cis-9-keto-perhydrophenanthrene. How­
ever, when the same oxidation was completed at 
100° the product was the isomeric ketone with 
the trans-syn-cis configuration, presumably identi­
cal with a ketone isolated by Marvel and co­
workers. The inversion of the cis-syn-cis ketone

has been studied and is correlated with that of 
cis-a-de  calone.

The c is -syn -c is-^ r\ryd ro  alcohol and ketone 
were oxidized by nitric acid to cis-syn-cis-perhy­
drodiphenic acid. The trans-syn-cis ketone 
yielded cis-syn -tran s-pcrh y drodi^henic  acid on 
nitric acid oxidation and a new perhydro alcohol 
on catalytic hydrogenation.

Three forms of the perhydrophenanthrene ring 
have therefore been made and oriented.

Pure /r<ms-2-phenylcyclohexaneacetic acid has 
been obtained, m. p. 114°. When heated to 200°,
2-phenylcyclohexylidenecyanoacetic ester spon­
taneously cyclizes to tetrahydro-10-cyano-9-phen- 
anthrol.
C o n v e r s e  M e m o r ia l  L a b o r a t o r y
Cambridge, Massachusetts Received April 30, 1942

[C o n t r i b u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r y  o f  H a r v a r d  U n i v e r s i t y ]

The Stereochemistry of Catalytic Hydrogenation. VII. The Complete Hydrogena­
tion of Phenanthraquinone

B y  R. P. L instead  and  P hilip  Le v in e

The catalytic hydrogenation of 9,10-phenan- 
thraquinone has already been investigated by von 
Braun and Bayer1 and by Skita,2 but they did not 
succeed in bringing about the complete hydro­
genation of the molecule. Skita observed a reduc­

tion over colloidal platinum to yym-decahydro-9, - 
10-dihydroxyphenanthrene (II). von Braun and 
Bayer, working with a nickel catalyst at high 
temperatures, also observed a preferential hydro­
genation of the lateral rings, but their products 
suffered a partial or complete removal of the 
oxygen atoms.

We find that phenanthraquinone can be com­
pletely hydrogenated both over platinum at room 
temperature and over Raney nickel at 160° with­
out loss of oxygen. Eight molecular proportions

(1) von B raun  an d  B ayer, Ber., 58, 2667 (1925),
(2) Skita, ib id„ 58, 2685 (1925),

of hydrogen are taken up and the products are 
perhydro-9,10-dihydroxyphenanthrenes (I). Four 
beautifully crystalline stereoisomers of this struc­
ture have been obtained.

When the hydrogenation was carried out under 
about 4 atmospheres pressure over Adams plati­
num oxide in acetic acid solution, a homogeneous 
glycol, m. p. 174°, was obtained. Over Raney 
nickel in ethanol at 160° and about 170 atmos­
pheres the reaction yielded principally two iso­
meric glycols, melting at 174 and 155°, respec­
tively, together with a very small amount of a 
fourth isomer of m. p. 184°. The glycol of m. p. 
174° obtained over nickel differed in crystalline 
form from that of the same m. p. obtained by the 
use of platinum, depressed its melting point, and 
gave a different dibenzoate. All the four products 
gave analyses corresponding to the perhydro- 
glycol structure, C14H24O2, and yielded distinct 
dibenzoates. They gave positive Criegee tests 
for 1,2-glycols.3

Corresponding to the six inactive stereoiso­
meric forms of the fundamental perhydrophe­
nanthrene skeleton4 there are twenty inactive
9,10-glycols. Each of the cis-cis and trans-trans

(3) Criegee, ibid., 64, 260 (1931).
(4) L instead  and  W alpole, J . Chem. Soc., 842 (1939); L instead , 

W hetstone and Levine, T h is  J o u r n a l , 64, 2014 (1942).
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forms (i. e., the cis-syn -cis , cis-anti-cis, trans-syn- 
trans and trans-anti-trans configurations) can give 
rise to three glycols (see III below). The remain­
ing two perhydrophenanthrene structures (cis- 
syn-trans and cis-anti-trans) can give rise to four 
glycols each. The extra isomer comes from the 
fact that both when the two hydroxyl groups are 
cis and when they are tran s, two forms are possible 
(see IV below). These possibilities are outlined 
below for the cases of the cis-syn-cis and cis-syn- 
trans series. Only the central ring is shown, for 
brevity.

I l l c.s.c.
series

V - X0--- /• V--V

V-/
V

-4X /

\•—
<

/—0X0—/

X
0—

OH OH OH OH OH OH
(a) Meso (b) Meso (c) Racemic

IV c.s.t.
series

V-u V- 0̂---4 X
0 -

\ _ \ _ V -< ■
V-
OH ^ H

\ _/
OH OH

>-<f
OH OH

>
OH \  

OH
Racemic Racemic Racemic Racemic

[The dots represent hydrogen atoms above the plane of the ring.4

To determine the configuration of the per­
hydrophenanthrene skeleton, the oxidation of the 
four glycols to the corresponding perhydrodi­
phenic acids was studied. The configurations of 
the latter are known.5 The following reagents 
were successful for this purpose: lead tetraacetate, 
potassium periodate, Beckmann’s mixture, 
chromic and acetic acids, and peracetic acid. The 
following reagents failed: potassium perman­
ganate, nitric acid and potassium hypobromite.
In no case was the yield particularly good. The 
same product was obtained from the three easily 
obtained glycols (Pt 174°, Ni 174°, Ni 155°).
This was the «Vsy^-^s-perhydrodiphenic acid, 
m. p. 289°,6 and in each case was identified by 
direct comparison and by conversion into the 
dimethyl ester, m. p. 73°.

It is thus established that these three glycols 
have the same skeletal configuration and differ 
only in the orientation of the hydroxyl groups.
They therefore correspond with the three formulas 
III (a), (b), and (c) given above, and all the 
possible members of this series (c.s.c.) have been 
prepared.

The rare glycol, m. p. 184°, obtained in small
(5) L instead  an d  Doering, T h is  J o u r n a l , 64, 2003 (1942).
(6) L instead  an d  Doering, ibid., 64, 1991 (1942); L instead and 

W alpole, J . Chem. Soc., 850 (1939).

amount from the hydrogenation over nickel, was 
oxidized by chromic and acetic acids to cis-syn- 
/raws-perhydrodiphenic acid,5’6 m. p. 198-200° 
This was further identified by conversion into the 
anhydride,6 m. p. 104°.

As far as the evidence from the isolated products 
is concerned, therefore, it may be deduced that 
phenanthraquinone is hydrogenated cis-syn-cis  
over platinum, and almost completely cis-syn-cis  
over nickel. A small amount of cts-syn-trans  
hydrogenation occurs under the conditions of our 
experiments over the latter catalyst.

In view of the work 
of Tiffeneau7 (compare 
Bartlett8) on cyclohex- 
ane-l,2-diols, it ap­
peared that it might be 
possible to dehydrate 
the glycols obtained 
from phenanthraqui­
none into 9-ketoper- 
hydrophenanthrenes. 
For example, Tiffeneau 
has shown that cis- 
cy clohexane-1,2  - di o 1 

yields cyclohexanone when its vapor is passed over 
alumina at 250-300°. Attempts were therefore 
made to carry out a parallel dehydration of the 
reduction products of phenanthraquinone, using 
both activated alumina and a precipitated alumina 
catalyst prepared according to Adkins and 
Krause.9 In all cases the yield of carbonyl com­
pound was very low. A positive test was ob­
tained by means of Brady's reagent but no oxime 
or semicarbazone could be isolated. Neither could 
a ketone be obtained by dehydration with 
potassium bisulfate, and further experiments in 
this direction were abandoned.

When the hydrogenation of phenanthraquinone 
over Raney nickel was carried out at a tempera­
ture of 120°, the main product was an incom­
pletely hydrogenated glycol, apparently identical 
with that of Skita,2 to which he assigns the 
decahydro-9,10-dihydroxyphenanthrene structure
(II).

Experimental10
Phenanthraquinone.—For the purpose of hydrogenation, 

the quinone was prepared and purified as follows.11 To a
(7) T iffeneau and  T choubar, Compt. rend., 199, 1624 (1934); 202, 

1931 (1936).
(8) B a r tle tt  and  Rosenw ald, T h is  J o u r n a l , 56, 1990 (1934).
(9) Adkins and  K rause, ibid., 44, 385 (1922).
(10) All m elting poin ts are corrected , unless otherw ise sta ted .
(11) C om pare O yster and  Adkins, T h is  J o u r n a l , 43, 208 (1921).
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hot mixture of 500 cc. of concentrated sulfuric acid and 
1500 cc. of water in a 4-1. beaker, 100 g. of crude phenan­
threne was added. Potassium dichromate (300 g.) was 
then added slowly with mechanical stirring and the mixture 
subsequently stirred for one hour. The product was 
diluted to ca. 4 1. and the crude quinone collected and 
washed. The products from two such reactions were 
united and re-oxidized using 1300 cc. of water, 500 cc. of 
sulfuric acid and 350 g. of potassium dichromate. The 
final product was worked up as before and dried, yield 185 
g. from 200 g. of crude phenanthrene.

This crude quinone was purified through the bisulfite 
addition product, by heating 75 g. with 1500 cc. of satu­
rated sodium bisulfite solution. The product was filtered 
and decomposed with an excess of a concentrated aqueous 
solution of sodium hydroxide. This regenerated phe­
nanthraquinone (58 g.) which was filtered, washed and crys­
tallized from acetic acid (charcoal), yield 47 g., m. p. 205- 
207 °. As a further precaution, in the case of the hydro­
genation over platinum, the quinone was again recrystal­
lized from xylene-acetic acid, and from acetic acid before 
hydrogenation.

Hydrogenation over Platinum.—The quinone (7.5 g.) in 
190 cc. of acetic acid was shaken with 1 g. of Adams 
platinum oxide under about 4 atmospheres of hydrogen. 
At first the pressure fell very rapidly, and the orange color 
changed to a blue fluorescence. The reaction later became 
slower and an additional gram of catalyst was added on the 
second day. The theoretical amount of hydrogen was 
taken up on the fifth day, On exposure to air the resulting 
solution turned yellow and then a deep red. Removal of 
the solvent left an intensely red residue, which on crystal­
lization from either benzene or toluene gave colorless crys­
tals (2.3 g.). After several crystallizations from toluene a- 
cis-syw-cL-perhydro-9,10-dihy droxyphenanthrene was ob­
tained as bold colorless needles, m. p. 173.9-174.4°.

Anal. Calcd. for Ci4H260 2: C, 74.93; H, 10.80. 
Found: C, 74.92; H, 10.79.

A mixture of 0.3 g. of the a-glycol, 4 cc. of dry pyridine 
and 0.6 cc. of benzoyl chloride was heated at 50° for one 
week. The mixture was poured into dilute acid and ex­
tracted with chloroform. The extract was washed with 
aqueous sodium carbonate and with water, warmed with 
charcoal, and dried with sodium sulfate. The solvent was 
removed and the residue crystallized from hexane. The 
yield of the a-dibenzoate was 0.5 g., m. p. 153.5-154°.

Anal. Calcd. for C28H32O4: C, 77.71; H, 7.46. 
Found: C, 77.40; H, 7.53.

Hydrogenation over Nickel.—A preliminary experiment 
indicated that at 1 1 0 ° and 80 atmospheres, the hydrogena­
tion of phenanthraquinone over Raney nickel came to a 
stop after about two hours when about 60% of the theo­
retical amount of hydrogen had reacted. This would 
correspond approximately to the formation of Skita’s 
compound (II) which involves the reaction of 6 of the total 
8 mols of hydrogen (75%). On raising the temperature 
to 160° the reaction was resumed and the full amount of 
hydrogen was taken up in just under two days.

The preparation was accordingly carried out as follows. 
A steel bomb of 1-1. capacity was charged with a mixture of 
26 g. of pure phenanthraquinone, 150 cc. of absolute alcohol 
and 6 cc. of Raney nickel. The hydrogenation was al­

lowed to proceed at 160° and 170 atmospheres and took 
nearly thirty-six hours. The resulting solution turned 
dark brown on exposure to air. It was diluted to about 
200 cc. with alcohol and filtered hot through a column of 
charcoal and alumina. This removed almost all the color. 
The filtrate deposited 3.75 g. of crystals, m. p. 170-172°. 
Two crystallizations of this material from benzene yielded 
pure (3-cis-syn-cis-perhydro-9,10-dihy droxyphenanthrene, 
m. p. 173.9-174.4°. The crystals are denser and more 
massive than those of the «-isomer. A mixture of the two 
compounds melts at 142-150°.

The filtrate from the above material was evaporated to 
100 cc. and seeded with the /3-glycol. This yielded a 
further 2.5 g. of nearly pure /3-glycol. On further evapora­
tion a little more /3-glycol separated together with a second 
product which crystallized in large, clear prisms. These 
were separated partly mechanically and partly by taking 
advantage of the fact that the /3-glycol dissolved faster in 
warm alcohol. The prisms melted at 148-152° and after 
three recrystallizations from benzene yielded the pure 7 - 
cis-syn-cis- perhy dro-9,10-dihy droxyphenanthrene, m. p.
154.5-155°.

The final residue from the fractional crystallizations was 
submitted to vacuum distillation. After removal of a 
viscous liquid boiling up to 180° (8 mm.) (which is proba­
bly partially de-oxygenated), the main portion distilled at 
198-200° and set to a glassy solid. Crystallization of this 
from benzene with suitable seeding yielded more of the /3- 
and 7 -glycols.

The fraction boiling between 180 and 198° was mixed 
with hexane and allowed to stand. A crystalline solid was 
slowly deposited. The first crop was recrystallized from 
benzene. The crystals so obtained (60 mg.) melted at 179- 
183° and after two further crystallizations from benzene 
gave pure oc-cis-syn-trans-perhy dro-9,10-dihy droxyphe­
nanthrene, long clear prisms, m. p. 184-184.5°. Further 
fractional crystallization of the remainder of the material 
led to the separation of more of all three forms (/3- and 7 - 
cis-syn-cis, m. p.’s 174 and 155°, and a-cis-syn-trans, 
m. p. 184°).

The total yield of crystalline glycols was 7.54 g. of the /3- 
form, m. p. 174°, 3.96 g. of the 7 -form, m. p. 155°, and 138 
mg. of the cis-syn-trans form, m. p. 184°.

Anal. Calcd. for Ci4H2402: C, 74.93; H, 10.80.
Found—for the /3-glycol: C, 74.86; H, 10.94; for the 7 - 
glycol: C, 75.05; H, 10.91; for the cis-syn-trans-glycol12: 
C, 74.81; H, 10.56.

By the method described above for the «-glycol, the /3- 
and y-glycols were converted into their dibenzoates. 
These melted at 115.5-116° (/3), and 114.2-115° (7 ), 
respectively. A mixture melted at 102-106 °.

Anal. Calcd. for C28H320 4: C, 77.71; H, 7.46.
Found— for the /3-dibenzoate: C, 77.46; H, 7.55; for the 
7 -dibenzoate: C, 77.50; H, 7.53.

Oxidation of the Glycols, (a) a-cis-syn-cis-Glycol (m. p. 
174°).—This glycol (500 mg.) and 1.20 g. of lead tetra­
acetate were added to 50 cc. of benzene. The solid gath­
ered in a lump which was crushed. After a few minuter 
the product was filtered and the insoluble solid washed 
with benzene. The filtrate and washings were freed from

(12) A naly sis  b y  M iss E le a n o r  W erb le .
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solvent and the oily residue was allowed to stand for two 
days at 4° with 3 cc. of 33% hydrogen peroxide and 5 cc. of 
10% aqueous sodium hydroxide. The product was ex­
tracted with ether and the aqueous layer acidified. This 
precipitated a gummy mass, which was boiled with benzene 
and the insoluble portion crystallized from alcohol. This 
yielded m-syw-cfs-perhydrodiphenic acid (10 mg.), m. p. 
273-280°, mixed m. p. 280-285°. The acid was further 
identified by conversion into the dimethyl ester, m. p. 69- 
71 °, mixed m. p. 71-73 °.

An attempt at the oxidation of the same glycol with 
potassium permanganate in acetone and with nitric acid at 
50 ° failed to yield a solid acid.

(b) fi-cis-syn-cis-Glycol (m. p. 174°).-—The glycol (500 
mg.) was dissolved in 50 cc. of hot benzene and the solution 
treated at 34° with 1.25 g. of lead tetraacetate. A very 
small temperature rise occurred. The mixture was allowed 
to stand overnight, filtered and the filtrate treated with al­
kaline hydrogen peroxide as described above. cis-syn-cis- 
Perhydrodiphenic acid was isolated in the manner already 
described, yield 30 mg., m. p. 275°, mixed m. p. 280°. 
The dimethyl ester had m. p. 72-73°, mixed m. p. 73-74°.

The same glycol (250 mg.) was shaken with potassium 
periodate (230 mg.) and dilute methanol, and then left at 
55° overnight. Most of the methanol was removed, a 
solution of bromine in potassium hydroxide was added, 
and the product was extracted with ether. Acidification 
of the alkaline solution gave 40 mg. of acid melting at 
about 250°, and after one crystallization at 260-267°.

The /3-glycol (300 mg.) was dissolved in acetic acid (10 
cc.) and a solution of 900 mg. of chromic acid in a little 
water was added slowly. The solution was divided in half. 
The first half was allowed to stand at 0 ° for two hours, and 
the second half was kept at 75° for the same time. On 
dilution with water both portions gave cis-syn-cis-per­
hydrodiphenic acid [m. p. (crude) 275-277°] but the yield 
from the cold oxidation (30 mg.) was twice that from the 
reaction at 75°.

A very small yield of the same acid was obtained by 
oxidizing the /3-glycol with Beckmann’s mixture. No solid 
acid could be isolated by oxidations from potassium hypo- 
bromite.

(c) y-cis-syn-cis-Glycol (m. p. 155°).—The glycol (100 
mg.) was suspended in 1 cc. of acetic acid and a solution of 
chromic acid (120 mg.) in 2 cc. of dilute acetic acid was 
added during one hour at room temperature. The product 
was warmed on the steam-bath for five minutes. Addition 
of 10 cc. of water precipitated 18 mg. of cis-syn-cis-per­
hydrodiphenic acid, m. p. 270-274°. The identity was 
confirmed by the preparation of the dimethyl ester, m. p. 
67-70°, mixed m. p. 70-72°.

The same acid was obtained by the oxidation of the 152° 
glycol (109 mg.) with peracetic acid (1.5 g. of 11.2%) for 
two months at room temperature. Evaporation of the 
solvent left a gum and a small amount of crystalline solid. 
The gum was removed by washing with cold benzene. 
There remained 5 mg. of cw-syw-cw-perhydrodiphenic acid, 
which was identified by m. p. and mixed m. p. Oxidation 
of the y-glycol with lead tetraacetate or with potassium 
periodate did not yield a crystalline acid.

(d) oL-cis-syn-trans-Glycol (m. p. 184°).—The glycol 
(100 mg.) was dissolved in glacial acetic acid (4 cc.) and a

solution of 130 mg. of chromic acid in 1 cc. of acetic acid 
and 1 cc. of water was added slowly. The solution was 
allowed to stand at 4° overnight, diluted to 20 cc. with 
water and extracted four times with 5-cc. portions of ether. 
The ether was extracted with aqueous sodium hydroxide 
and the alkaline extract acidified and again extracted with 
ether. The ether was removed and the residual acetic acid 
solution was diluted with water. This yielded 41 mg. of 
cw-syw-Zraws-perhydrodiphenic acid, m. p. 197.5-199.5°, 
either alone or in admixture with authentic material. The 
second crop of acid was identical and equally pure. The 
identity was confirmed by the preparation of the anhydride, 
m. p. and mixed m. p. 103-104°.

Dehydration of the Glycols.—The method used was 
essentially that of Tiffeneau.7 None of the three cis-syn- 
cis glycols yielded a ketone in sufficient amount to permit 
of the isolation of an oxime or semicarbazone, although 
indications of a positive reaction with 2,4-dinitrophenyl- 
hydrazine were obtained.

The 7-glycol, m. p. 155°, (150 mg.) was heated with 600 
mg. of fused potassium bisulfate for four hours at 150- 
160°. The product was partitioned between chloroform 
and water. Evaporation of the chloroform layer left a 
mixture of an oil and a crystalline solid, which was washed 
with cold methanol. The methanol solution gave a very 
small amount of an oxime in the cold; this melted at 190- 
200° without crystallization. The residual crystals were 
almost insoluble in boiling alcohol, but easily soluble in 
hexane and benzene. After three crystallizations from 
ethyl acetate a pure compound was isolated which analyzes 
to C14H22O, or a polymer of this. I t  melts at 202-203° 
and is not affected by bromine in chloroform. This last 
property and the high m. p. do not agree with the deca- 
hydro-9-phenanthrol structure suggested by the analysis. 
A bimolecular structure with two ethereal oxygen atoms is 
possible, but the solubility in hydrocarbons seems high for 
so large a molecule.

Anal,12 Calcd. for Ci4H220 : C, 81.49; H, 10.75. 
Found: C, 81.53; H, 10.55.

syra-Decahy dro-9,10-dihy droxyphenanthrene.—Phe­
nanthraquinone (3 g.) and 0.8 cc. of Raney nickel were 
treated with 20 cc. of alcohol and hydrogenated at 120°. 
Nearly exactly 5 mols of hydrogen was taken up. The 
resulting solution turned brown and later red in air. The 
solvent was removed under reduced pressure and the prod­
uct crystallized from hexane. Fine white needles of the 
decahydro-glycol separated, m. p. 135-136° (Skita2 gives 
m. p. 136°), yield 1.5 g. A mixture with syra-octahydro-9- 
phenanthrol (m. p. 135°) melted at 110-125°. Acetyla­
tion with sodium acetate and acetic anhydride gave a prod­
uct of m. p. 160-161 °. Skita2 describes the diacetate as 
melting at 160°. Attempts to convert the decahydro- 
glycol to syra-octahydro-9-phenanthrol by means of potas­
sium bisulfate and ^-toluenesulfonic acid were unsuccess­
ful. Oxidation of the decahydro-glycol with peracetic 
acid by Böeseken’s method failed to yield an octahydro- 
diphenic acid.

Summary
The possibilities of stereoisomerism among the 

perhy dro-9,10-dihy droxyphenanthrenes are indi­
cated.
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Phenanthraquinone is per-hydrogenated over 
platinum at 25° to a perhy dro-9,10-dihy droxy­
phenanthrene, m. p. 174°, and over nickel at 160° 
to a mixture of three stereoisomers of the above, 
with m. p.'s 174° (not identical with the platinum 
product), 155 and 184°, respectively. The first 
three products have the cis-syn-cis configuration 
and may be oxidized to cis-syn-cis-perhy& toói- 
phenic acid. The glycol of m. p. 184°, which is 
obtained in very small yield, has a cis-syn-trans

configuration as it gives the cis-syn-trans-pex- 
hydrodiphenic acid on oxidation. The three 
cis-syn-cis glycols differ in the orientation of their 
hydroxyl groups and represent all the forms with 
this skeletal configuration which are theoretically 
possible. Over nickel at 120°, phenanthra­
quinone yields mainly Skita’s decahy dro-9,10- 
dihydroxyphenanthrene.
C o n v e r s e  M e m o r ia l  L a b o r a t o r y

C a m b r i d g e , M a s s a c h u s e t t s  R e c e i v e d  A p r i l  30, 1942

[C o n t r i b u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r y  o f  T h e  O h i o  S t a t e  U n i v e r s i t y ]

O-PentaacetyW-gluconates of Polyhydric Alcohols and Cellulose1
B y  M. L. W olfrom and  P . W . M organ2

To our knowledge, only the methyl3 and ethyl4 
esters of {/-gluconic acid pentaacetate have been 
reported. The object of the present investigation 
was to prepare and characterize the O-penta- 
acetyl-d-gluconates of polyhydric alcohols and 
cellulose. Such esters were prepared from 
ethylene glycol, propanediol-1,3 (trimethylene 
glycol), bis-(2-hydroxyethyl) ether (diethylene 
glycol), glycerol, {dextro)-sorbitol, {/-mannitol, 
oemethyl-{Z-glucoside, mercerized cotton linters 
and a modified cellulose acetate by reaction of 
these substances with an excess of {/-gluconyl 
chloride pentaacetate in pyridine solution.

Ethylene glycol, propanediol-1,3 and bis-(2- 
hydroxyethyl) ether formed crystalline di-esters. 
Glycerol, {dextro) -sorbitol, {/-mannitol and a- 
methyl-{/-glucoside yielded fully esterified prod­
ucts in the form of colorless, amorphous powders. 
This lack of crystallizing power is not surprising, 
as the molecular weights of these esters are very 
high. Thus the ethylene glycol derivative has a 
molecular weight of 839 and the hexitol derivative 
(C102H134O72, shown below) has a molecular weight 
of 2512.

H2COCO(HCOCOCH3)4CH2OCOCH3 

(HCOCO(HCOCOCH3)4CH2OCOCH3)4 

H2COCO(HCOCOCH3)4CH2OCOCH3 

In the case of mercerized cotton linters, pyri-
(1) P resen ted  in essentially  th e  p resen t form  before the D ivision 

of Cellulose C hem istry  a t  th e  101st M eeting  of th e  American Chem i­
cal Society, S t. Louis, M issouri, A pril 9, 1941.

(2) D u  P o n t Cellulose R esearch  Fellow.
(3) G. B. R obbins and  F . W. U pson, T h is  J o ur n a l , 62, 1076 

(1940).
(4) (a) F . Volpert, Ber., 19, 2622 (1886); (b) R . T. M ajor and  E. 

W. Cook, T h is  J o u r n a l , 68 , 2474, 2477 (1936).

dine was found unsatisfactory as a reaction me­
dium because the intense coloration developed by 
the acid chloride and pyridine, even at room 
temperature, was very strongly adsorbed on the 
fibers. Of several other tertiary bases tried as a 
substitute for pyridine in the reaction with cellu­
lose, triethylamine in an inert solvent was found 
most satisfactory for the elimination of color. 
Using triethylamine as the base, a cream-colored, 
fibrous cellulose O-pentaacetyl-J-gluconate was 
obtained containing 0.45 0-pentaacetyl-{/-glu- 
conyl group per anhydroglucose unit. In pyri­
dine, a modified cellulose acetate (1.72 acetyl 
group per anhydroglucose unit) yielded a mixed 
ester containing 0.75 0-pentaacetyl-{/-gluconyl 
group per anhydroglucose unit, while with tri­
ethylamine in chloroform a product with 0.33
0 -pentaacetyl-{/-gluconyl groups was produced. 
The former was obtained as a cream-colored 
powder that was acetone and chloroform soluble 
and formed brittle films. The latter product was 
colorless, was acetone and chloroform soluble, 
and formed strong, flexible, transparent films.

Experimental
Preparation of the O-PentaacetyM-gluconates of 

Several Polyhydric Alcohols.—The anhydrous polyhydric 
alcohol (0.5 g.) was dissolved in dry pyridine (50 cc.). 
Gluconyl chloride pentaacetate4b (9 g.) was quickly ground 
and added in approximately 1-g. portions to the solution 
with shaking. The mixture became warm and slowly 
turned deep orange in color. A crystalline water-soluble 
pyridine-complex separated after a few minutes. After 
standing overnight, the reaction mixture was diluted to 
incipient turbidity with water and the material crystal­
lized. More water was added gradually until the volume 
was about 1 liter. This procedure was followed for the
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T a b l e  I
O - P e n t a a c e t y l - J - g l u c o n a t e s  o f  P o l y h y d r ic  A l c o h o l s

Substance,
(O -pentaacetyl- M . p.,

[ a ]25D,
c 4, 
abs.

Yield,®
g ;

pure

,-------------------------Analyses, % —
✓--------C alcu la ted ----- — ■-------

Saponi­
fication

-F o u n d
S ap o n i­
fication

d-gluconate) F o rm ula S ta te ° C . CHCU p ro d u c t C H value*» C H value*»
E thy lene  glycol di- C 2H 4 0 2 ( C 6H 6 0 6 ( C 0 C H 3 ) 6 ) 2 crystalline 94-95 +  15° 5 .2 4 8 .6 9 5 .5 3 14.3 48 .50 5 .6 3 14 .3
Propanediol-1,3 di- 
Bis (2-hydroxyethyl)

C s H c O z C C e H e O e C C O C H s b h crystalline 88-89 +  1 8 .5 4 .5 4 9 .3 0 5 .6 8 14.1 49 .22 5 .8 4 1 4 .2

ether di- G t H s O s C C e H e O e C C O C H a b h crystalline 111-112 +  12 3 .8 4 8 .9 8 5 .71 13.6 48 .70 5 .7 8 1 3 .7
Glycerol tri- C a H g O s C C e H e O e C C O C H s ^ h w hite 58-65c + 2 0 4 .5 4 8 .7 4 5 .4 5 14 .3 48 .66 5 .6 0 1 4 .3
{dextro) -Sorbitol hexa- C e H s O e C C e H e O e C C O C H a b le pow der 65-78c + 3 0 4 .0 4 8 .7 5 5 .3 8 14 .3 49 .02 5 .2 9 14 .3
d-M annito l hexa- C e H s O e C C e H e C M C O C H s ^ l e w hite

pow der
65-78c +  37 2 .0 4 8 .7 5 5 .3 8 14 .3 48 .6 8 5 .3 3 1 4 .3

or-Methyl-d-gluco- 
pyranoside te tra - CvHioOeCCeHeOeCCOCHslsh

w hite
pow der

68-72c +  57 2 .0 4 8 .8 6 5 .42 13 .7 49 .01 5 .41 1 3 .7

a From 0.5 g. of the polyhydric alcohol. b Method of A. Kunz and C. S. Hudson, This J o u r n a l , 48, 1982 (1926); 
recorded as cc. 0.1 N  NaOH per 100 mg. of substance. c Softening point.

first three products of Table I, where the alcohols were 
ethylene glycol, trimethylene glycol (propanediol-1,3) and 
diethylene glycol (bis-(2-(hydroxyethyl) ether). Crystal­
line products were obtained in each case and were purified 
by recrystallization from ethanol (decolorizing charcoal) 
and methanol-water. I t  was found that the addition of 
ethylene glycol to a solution of gluconyl chloride penta­
acetate in pyridine gave no water-insoluble product and 
the solution became nearly black in color.

For the last four products of Table I (esters of glycerol, 
dextro-sorbitol, ^-mannitol and a-methy 1-d-glucopyrano­
side), the final products were obtained in the form of white, 
amorphous powders that resisted crystallization but were 
of analytical purity. These substances were isolated by 
pouring the reaction mixture through a small orifice into 
800 cc. of a rapidly stirred mixture of ice and water. Puri­
fication was effected by solution in acetone (decolorizing 
charcoal) and precipitation by the addition of water. 
Colloidal solutions sometimes formed which were easily 
broken by the addition of a small amount of electrolyte. 
Drying was carried out slowly and below 45°. The esters 
of mannitol and of a-methyl-glucoside were purified from 
methanol (decolorizing charcoal)-water. In the case of 
mannitol, the reaction mixture was heated initially to 50° 
for five minutes and was then kept at room temperature 
overnight. The a:-methyl-glucoside reaction mixture was 
kept at room temperature for seven days. All of the esters 
were soluble in the common solvents except petroleum 
ether and water.

Cellulose 0-Pentaacetyl-d-gluconate.—High viscosity 
cotton linters5 (0.5 g.) were mercerized for one hour at 20° 
in 25 cc. of 18% sodium hydroxide solution. The fibers 
were washed with water until free of alkali and placed in 50 
cc. of dry nitrobenzene after solvent interchange with 
acetone and nitrobenzene. Triethylamine (0.7 cc.) and 
gluconyl chloride pentaacetate (5.2 g.) were added and the 
mixture heated at 80° for sixteen hours. The fibers were 
well dispersed but undissolved at the end of this time. 
The liquor showed no turbidity when diluted with large 
amounts of ethanol. The fibrous product was collected, 
thoroughly washed with acetone, water and ethanol, and 
then dried; yield 0.70 g. I t  was cream colored and re­
sembled the original linters in texture.

(5) Furn ished  by  th e  courtesy  of th e  H ercules Pow der Co., Hope- 
well, Va.

A saponification was made according to the procedure 
of Malm and Clarke6 for cellulose acetate. A blank was 
run on the solvent and on gluconic acid pentaacetate and 
corrections were made for a small absorption of alkali by 
the cellulose. The material was prepared for analysis by 
drying at 100° for three hours. The saponification 
equivalents found were 124.3 and 125.0 (8.04 cc. and 8.00 
cc. of 0.1 N  NaOH per 100 mg.). These correspond to 
0.45 and 0.44 O-pentaacetyl-d-gluconyl group per an­
hydroglucose unit.

Cellulose Acetate O-Pentaacetyl-d-gluconate. Pro­
cedure A.—Cellulose acetate7 (1.72 acetyl groups per 
anhydroglucose unit, 1.0 g.) was dissolved in 50 cc. of dry 
pyridine with 6.0 g. of gluconyl chloride pentaacetate and 
then kept at room temperature for one hundred and 
twenty hours. Upon pouring the mixture into rapidly 
stirred, cold water, a flesh-colored precipitate was obtained. 
The product was purified by precipitation with water from 
acetone solution and from pyridine solution (decolorizing 
charcoal), giving a cream-colored, amorphous powder; 
yield 1.53 g., spec. rot. +2.5° (24°, D line, c 3, CHC1»), 
spec. rot. —10° (21°, c 1.5, dry pyridine). The substance 
was soluble in acetone, pyridine, glacial acetic acid, chloro­
form and warm tetrachloroethane. It was incompletely 
soluble in warm 75% ethanol. I t  formed dark yellow, 
brittle films. The original cellulose acetate was insoluble 
in acetone and chloroform, but was easily soluble in pyri­
dine and warm 75% ethanol, and its specific rotation was 
— 13° (24°, D line, c 3, dry pyridine).

The saponification equivalents6 determined in acetone 
were 84.1 and 84.0 (11.89 cc. and 11.91 cc. 0.1 N  NaOH per 
100 mg.). These values correspond to 0.75 O-pentaacetyl- 
d-gluconyl group per anhydroglucose unit.

Procedure B.—Another sample of the same cellulose 
acetate (1.0 g.) was placed in 60 cc. of absolute chloroform 
with 1.0 cc. of triethylamine and 5.2 g. of gluconyl chloride 
pentaacetate and heated for forty-two hours at 60°. The 
mixture became orange in a short time and the cellulose 
acetate slowly went into solution. The solution was fil­
tered and poured into 300 cc. of absolute ethanol, giving a 
gelatinous precipitate, which, after thorough washing with 
ethanol and water, dried to a colorless, amorphous powder;

(6) C. J . M alm  an d  H . T . Clarke, T h is  J o u r n a l , 51, 274  (1929).
(7) Furn ished  th ro u g h  th e  courtesy  of th e  D u  P o n t R ay o n  Co., 

W aynesboro, Va.
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yield 1.22 g., spec. rot. +1° (24°, D line, c 3.5, CHC13) and 
—9° (23°, D line, c 3.5, dry pyridine).

The product was soluble in acetone, chloroform, glacial 
acetic acid, pyridine, warm dioxane and benzene. It dis­
solved somewhat in warm 75% ethanol accompanied by 
strong swelling. I t formed strong, flexible, colorless films 
from acetone or chloroform solutions.

The saponification equivalents6 determined in acetone 
were 99.1 and 99.7 (10.09 cc. and 10.03 cc. 0.1 N NaOH 
per 100 mg.). These values correspond to 0.33 and 0.29 
O-pentaacetyl-d-gluconyl groups per anhydroglucose unit. 
Repeated esterification of cellulose acetate under condi­
tions similar to those described above did not raise the 
substitution above 0.37 O-pentaacetyl-d-gluconyl group 
per anhydroglucose unit.

Summary
1 . Crystalline di-(O-pentaacetyl-d-gluconates) 

of ethylene glycol, propanediol-1,3 and bis-(2- 
hydroxyethyl) ether have been prepared by the 
reaction of the corresponding glycol with d-

gluconyl chloride pentaacetate in pyridine.
2. Under similar conditions glycerol, (dextro) - 

sorbitol, ^-mannitol and a-methyl-^-glucoside 
formed fully esterified O-pentaacetyl-d-gluconates 
in the form of colorless, amorphous powders.

3. Mercerized cotton linters were esterified in 
the presence of triethylamine and nitrobenzene, 
forming a fibrous product containing 0.4 O- 
pentaacetyl-d-gluconyl group per anhydroglucose 
unit.

4. A modified cellulose acetate (1.72 acetyl 
groups per anhydroglucose unit) in pyridine gave 
a mixed ester containing 0.7 O-pentaacetyl-d- 
gluconyl group per anhydroglucose unit and in 
chloroform and triethylamine, a mixed ester con­
taining 0.3 O-pentaacetyl-d-gluconyl group per 
anhydroglucose unit was formed.
C o l u m b u s , O h i o  R e c e i v e d  A p r i l  6 , 1942

[C o n t r i b u t i o n  f r o m  t h e  D e p a r t m e n t  o f  C h e m i s t r y  o f  C o l o r a d o  U n i v e r s i t y ]

The Glyoxalines. II. A Study of the Reaction between Benzamidine and Phenyl-
glyoxal

B y R ich ard  C. W a u g h ,* J ohn B .

A reaction between benzamidine and phenyl­
glyoxal was reported by Kunckell and Bauer1 in 
which a compound described as “phenacal benz­
amidine” (m. p. 224°) was isolated. When 
repeated by us the reaction proceeded exactly as 
described by them. The product obtained, 
recrystallized from ethyl alcohol, melted at 225°. 
Nitrogen analyses, however, failed to check the 
value for “phenacal benzamidine.” The value 
obtained (13.65%) was so close to the value for 
kyanphenin (13.60%) that a melting point of the 
mixture was taken. The melting point found was 
228° (m. p. of pure kyanphenin 230-231°). The 
solubilities and physical appearance of “phenacal 
benzamidine’’ and kyanphenin were also identical. 
The experiment was repeated many times with 
the same result. Hence, the work of Kunckell 
and Bauer was considered to be in error and the 
reaction between benzamidine and phenylglyoxal 
was re-investigated.

The products obtained from the reaction be­
tween benzamidine and phenylglyoxal under 
different conditions are shown in Chart I. Com­
pound I was formed when the two reactants were

* N ow w ith  E astm an  K odak  Co.
(1) K unckell and  Bauer, B er.y 34, 3029 (1901).

E k eley  a n d  A nth o n y  R . R onzio

treated with base in cold alcohol solution. Re­
crystallized from ethyl acetate, the product gave 
analyses corresponding to the formula C17H18O3N2. 
Since the compound formed readily in cold solu­
tion, it appeared likely that it was a simple addi­
tion product. The compound contains one-half 
molecule of ethyl acetate of crystallization.

Compound I is converted to Compound II by 
dissolving in basic solution, heating for a short 
time, then carefully neutralizing with acid. Re­
crystallized from dioxane, the analyses correspond 
to a compound C17H16O2N2.2 The compound 
contains one-half molecule of dioxane of crystal­
lization as proved by a cryoscopic determination.

When a basic solution of either Compound I 
or II is treated with an excess of hydrochloric 
acid, a voluminous precipitate of the hydrochlo­
ride of Compound III is formed. This compound 
is very unstable in the absence of acids. Analyses 
gave results corresponding to the formula C15H14- 
0 2N2-HCL

(2) In  th e  first paper of th is  series [Fisher, E keley  and  Ronzio, 
T h is  J o u r n a l , 64, 1434 (1942) ] i t  has been shown th a t  phenylglyoxal 
and  urea reac t to  form  4-phenyl-hydanto in . Should a  sim ilar reac­
tion  take  place w hen benzam idine is used instead  of urea, th e  form ula 
for Com pound II , would th en  be the  second s tru c tu re  shown on 
C hart I.
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C h a r t  I
OH OH
I I
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N NH-HC1
V /

r
c 6h 6

C i6H 140 2N 2-H C 1
III

(C15H12ON2)0
I V

H
c 6h 6— c — c — n h -c — c 6h 6

II I II
O  O H  N H

C15H14O2N2
I

C6H6C-----CH
I II

N N
^ c /

c 6h 6 
II. c15h 12o n ;

c 6h 5c — n h 2-h c i

II
NH

OHv 
I OH 

C6H5C-----CH

CeH gC— C H — N  N
II I W
O  O H  r

CeHfi
V. C23H2o0 4N2

Upon standing in solvents containing traces of 
base, Compound II changes to Compound IV. 
This compound was insoluble in all the solvents 
tried. Analyses gave results corresponding to 
the empirical formula C15H12ON2. I t will be 
seen that this formula is identical to the formula 
for Compound II without any solvent of crys­
tallization. The analyses and insolubility indi­
cate that Compound IV is a polymer of Com­
pound II.

Phenylglyoxal and benzamidine hydrochloride 
dissolved in a strong water solution of sodium 
acetate yields Compound V as an orange powder. 
When this powder is dissolved in hot alcohol, it 
almost instantly separates as yellow needles of 
Compound II. Analyses gave values which could 
not be formulated into any logical structure. The 
results were, however, close to those given by a 
reaction between two molecules of phenylglyoxal 
and one molecule of benzamidine. I t is probable 
that the orange powder is Compound V mixed 
with a small amount of Compound II.

A compound of unknown structure (VI) giving 
analyses for C22H16N2 was obtained by boiling 
benzamidine hydrochloride together with phenyl­
glyoxal for several hours. Since a strong odor of 
ammonia was noted, it is probable that the prod­
uct is formed from fragments of benzamidine and 
phenylglyoxal.

Experimental
Compound I. Hydroxyphenacylbenzamidine.—Con­

centrated potassium hydroxide was added to a cooled 95% 
alcohol solution containing 3 g. (0.02 mole) of phenyl­
glyoxal hydrate and 3.8 g. (0.02 mole) of benzamidine 
hydrochloride until the solution was distinctly basic. The 
precipitated potassium chloride was filtered off and the 
filtrate was cooled in an ice-salt mixture.

Dropwise addition of water precipitated a colorless com­
pound which was filtered off, dried and recrystallized from 
ethyl acetate containing just enough absolute ethyl alcohol 
to dissolve the compound. The compound must be dried 
in air. Either heat or a drying agent cause decomposition. 
The compound is soluble in acids, bases, alcohol, acetone 
and dioxane; insoluble in ether, hydrocarbons and chloro­
form; m. p. 112-115° with decomp., yield, 2.4 g. (40%).

Anal. Calcd. for 2(C15H140 2N2)C H 3-C00-C2H5: C, 
68.60; H, 6.05; N, 9.30. Found: C, 68.83; H, 5.99; 
N, 9.40.

Compound II. 2,4-Biphenyl-4-hydroxyglyoxaline (or 
2,4-Diphenyl-5-ketodihydroglyoxaline).—Three grams of 
phenylglyoxal hydrate (0.02 mole) and 3.8 g. of benzami­
dine hydrochloride (0.02 mole) were dissolved in 200 ml. of 
warm water. The addition of 1 ml. of 50% potassium 
hydroxide and boiling caused a deep brown color to form. 
After fifteen minutes the solution was cooled and carefully 
neutralized, whereupon a flocculent yellow solid formed. 
Recrystallized from dioxane, the sparkling yellow needles 
melted at 251-252°; the yield was 64%.

Anal. Calcd. for 2(C1öHi20N 2)-C4H80 2: C, 72.90;
H, 5.72; N, 10.00. Found: C, 72.80; H, 5.80; N, 10.03.

A molecular weight determination by the method of 
Smith and Young3 gave a value of 189. Calcd. for 2(Ci5-

(3) J. Sm ith  and W. Young, J . Biol. Chem., 75, 289 (1927).
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Hi20N2)-C4H502: mol. wt., 189. The compound is solu­
ble in base, alcohol, dioxane and ethyl acetate; insoluble 
in ether, acetone and the hydrocarbons; soluble in acids 
but reprecipitates in a short time. A basic alcohol solution 
of the compound shows a blue fluorescence upon the addi­
tion of ether.

The same compound may be prepared by dissolving 
Compound I in hot base, followed by neutralization of the 
solution with acid.

A portion of this compound boiled with acetic anhydride 
yielded a gummy solid, which, recrystallized from a mixture 
of dioxane and water, yielded colorless plates of the mono­
acetyl derivative melting at 174°.

Anal. Calcd. for Ci7Hi40 2N2: C, 73.40; H, 5.05; N,
10.07. Found: C, 73.50; H, 5.00; N, 9.95.

Compound III. 2,4-Diphenyl-4,5~dihydroxydihydro~ 
glyoxaline.—A solution of 3 g. (0.02 mole) of phenylglyoxal 
hydrate and 3.8 g. (0.02 mole) of benzamidine hydro­
chloride in 50 ml. of glacial acetic acid was refluxed. 
Within ten minutes a white precipitate began to form. 
After being heated for an hour the mixture was cooled and 
filtered. The solid gave a positive chloride test. The 
product was recrystallized from glacial acetic acid contain­
ing enough concentrated hydrochloric acid to prevent the 
formation of a yellow color. The colorless needles ob­
tained in this manner melted at 282° after darkening at 
260°; the yield was 62%.

2400 3200 4000
Wave length in A.

Fig. 1.

The compound was also prepared by adding a large ex­
cess of concentrated hydrochloric acid to a basic solution of 
either Compound I or Compound II. This method of 
preparation is less convenient.

In the absence of acid the compound quickly forms Com­
pound II.

Anal. Calcd. for C15Hi402N2HC1: C, 62.00; H, 5.17;
N, 9.65. Found: C, 61.90; H, 5.20; N, 9.50.

Compound III refluxed with acetic anhydride yielded a 
gummy product which, when recrystallized from dioxane-

water mixture, yielded colorless plates of the diacetyl de­
rivative which melted at 181° after three recrystallizations.

Anal. Calcd. for CwHigOaN*: C, 70.85; H, 5.95; N, 
8.70. Found: C, 70.90; H, 5.65; N, 8.85.

Compound IV (CisH^O^A.—When an alcohol or di­
oxane solution of Compound II containing a trace of base 
was allowed to stand, it gradually lost its yellow color and a 
white powder was deposited. Insoluble in the solvents 
tried, the powder was washed successively with boiling 
alcohol, ethyl acetate, methyl alcohol, dioxane and acetone. 
After this treatment the compound darkened at 250° and 
melted at 262°.

2400 3200 4000 4800
Wave length in A.

Fig. 2.

Attempts at acetylation produced an unrecrystallizable 
gum. Solution in hot base regenerated Compound II 
which was precipitated upon neutralization.

Anal. Calcd. for (Ci5Hi2ON2)x: C, 76.30; H, 5.08; 
N, 11.80. Found: C, 76.20; H,4.73; N,11.85.

Compound V. 2,4-Diphenyl-4,6-dihydroxy-3-(/3-hy- 
droxyphenacyl)-dihydroglyoxaline.—A water solution
made by dissolving 3.8 g. (0.02 mole) of benzamidine hydro­
chloride, 3 g. (0.02 mole) of phenylglyoxal hydrate and 10 g. 
of sodium acetate in 200 ml. of water was allowed to stand 
for three days at room temperature. A brilliant orange 
powder was formed which defied all attempts at recrystal­
lization; weight 3.3 g. (87%). The compound dissolved 
easily in alcohol, then, upon standing about one minute, 
yellow needles of Compound II precipitated out. The 
only purification that could be carried out was solution in 
benzene followed by precipitation of the compound by 
adding petroleum ether. The melting point of the product 
thus purified was 73-80°,

Anal. Calcd. for C23H20O4N2: C, 71.10; H, 5.16; N, 
7.23. Found: C, 72.80; H, 5.14; N, 7.50.

Partial decomposition to Compound II is the only ex­
planation which can, at present, be offered for these anoma­
lous results.
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Compound VI, C22Hi6N2.—When 3 g. (0.02 mole) of 
phenylglyoxal hydrate and 3.8 g. (0.02 mole) of benz­
amidine hydrochloride in 300 ml. of water were boiled for 
three hours, a gummy substance formed which was filtered 
from the hot solution and recrystallized three times from 
ethyl alcohol. The colorless needles obtained melted at 
170-172°. The yield was less than 1%.

Anal. Calcd. for C22Hi6N2: C, 85.70; H, 5.19; N,
9.09. Found: C, 85.83; H, 5.38; N, 9.18.

No structure could be assigned to fit the formula and 
which would explain its formation. I t  would appear that

Table I
Absorption Spectra Curves (1-cm. Cell)
Com­ W t. used, Solvent,

P la te pound F orm ula g- ml. Curve
I IV (C i6H i2O N 2)x 0.00277 50 1% K O H 1
I II 2(Ci5Hi20N2) '

C4H 80 2
.00250 50 1% K O H 2

I II I Ci5H i402N 2*HCl .00266 50 1% K O H 3
I VI C22H 16N 2 .00338 50 abs. E tO H 4
II I 2(C i5H u02N 2)-

c 4h 8o 2
.00250 50 abs. E tO H 1

II I I I Ci5H i402N 2-HCl .00112 50 E tO H  
contg. 5 ml. 
coned. HC1

2

II II 2(C i5H i2O N 2)-
c 4h 8o 2

.00198 50 abs. E tO H 3

the compound is the result of reaction between decomposi­
tion fragments.

Absorption spectra data were obtained using a Hilger E3 
spectrograph, Hilger Sector photometer and Eastman 
Wrattan and Wainwright Panchromatic plates. An 
under-water spark served as a light source.

I t may be seen that Curves II and III, Plate I, and Curve 
I, Plate II are identical. This clearly demonstrates the 
formation of Compound II when base is added to a solution 
of either Compound I or Compound III.

Summary
1. The reaction between benzamidine and 

phenylglyoxal has been studied and found to 
yield a 2,4-diphenyl-4-hydroxyglyoxaline (or 2,4- 
diphenyl-5-keto-dihydroglyoxaline).

2. Intermediate, unstable compounds have 
been isolated and studied, and formulas proposed 
for them.

3. Absorption spectra curves in the ultra­
violet and visible have been obtained for the com­
pound studied.
Boulder, Colorado R eceived June 16, 1942

[Contribution from the William G. Kerckhoff Laboratories of the B iological Sciences, California Institute 
of T echnology, Pasadena, and the Chemistry D epartment of the U niversity of California at Los Angeles]

Some Analogs of Synthetic Tetrahydrocannabinol
By G ordon  A. A lles , R oland N. I cke and  G eorge A. F eig en

The recent elucidation of the structure of 
cannabinol by Adams and co-workers,1 and the 
discovery of marihuana activity in synthetic 
tetrahydrocannabinol2a and hexahydrocanna- 
binol2b has opened the field for study of relation­
ships between chemical constitution and this type 
of physiological action. The optically active 
tetrahydrocannabinols and hexahydrocannabinols 
derived by isomerization of cannabidiol3 are of 
considerable interest in this connection, though 
their exact structure is in some doubt. Similarly, 
pulegone-5-w-alkylresorcinol products studied by 
Todd and co-workers,4 and by Adams and co­
workers6 are of much interest, though the com­
position of such products is not yet certain.

Several series of compounds of known structure 
that are analogs or homologs of synthetic tetra-

(1) (a) Adams, B aker and  W earn , T h is  J o ur n a l , 62, 2204 (1940); 
(b) A dam s and  B aker, ibid., 62, 2401 (1940).

(2) (a) Adam s and  B aker, ibid., 62, 2405 (1940); (b) Adams,
Loewe, Pease, Cain, W earn, B aker and  Wolff, ibid., 62, 2566 (1940).

(3) (a) Adam s, Pease, C ain and  C lark, ibid., 62, 2402 (1940); 
i(b) Adams, Cain, M cPhee and  W earn , ibid., 63, 2209 (1941).

(4) Ghosh, T odd  and  W right, J . Chem. Soc., 137 (1941).
(5) (a) Adams, Sm ith  and  Loewe, T h is  J o u r n a l , 63, 1973 (1941); 

((b) Adams, Loewe, Sm ith  and  M cPhee, ibid., 64, 694 (1942).

hydrocannabinol and hexahydrocannabinol have 
been prepared by Adams and co-workers,5’6 by 
Todd and co-workers4,7 and by Bembry and 
Powell.8 The object of the present work was to 
prepare and study the physiological activity of a 
series of analogs of synthetic tetrahydrow^r- 
cannabinol6’7’8 (Series 1) and of tetrahydrocanna­
binol (Series II) that lack a hydroxyl group in the
1-position.

Series I, Ri = H 
Series II, Ri = CH,

The series of compounds were prepared in which 
the R2 group in the 3-position was amyl, methyl, 
hydroxy, butyloxy, butyroxy, ethoxy and ace­
toxy. Of these, the hydroxy and acetoxy com-

(6) A dam s, Loewe, Jelinek  and  Wolff, ibid., 63, 1971 (i941).
(7) (a) G hosh, T odd  and  W ilkinson, J . Chem. Soc., 1121 (1940); 

(b) Russell, T odd , W ilkinson, M acD onald  and Woolfe, ibid., 826 
(1941).

(8) (a) B em bry and  Powell, T h is  J o u r n a l , 63, 2766 (1941); 
(b) B em bry, Colum bia Univ. D isserta tion  (1941).
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pounds had been previously prepared7"1 and 
reported to be inactive in the rabbit up to a dosage 
of 5 mg. per kg. intravenously, but were included

Fig. 2. The corresponding butyloxy pyrans were 
prepared both from the butyloxy pyrones and by 
direct butylation of the hydroxy pyrans.
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in the present work for testing in dogs and exten­
sion of the rabbit testing. Synthetic tetrahydro­
cannabinol was prepared for use as a physiological 
test standard by making l-hydroxy-3-w-amyl-9- 
methyl-7,8,9,10-tetrahydro-6-dibenzopyrone fol­
lowing the method of Adams and Baker,lb then 
converting this pyrone into the desired 6,6-di- 
methylpyran by the method of Ghosh, Todd and 
Wilkinson.7a

The synthesis of 3-w-amyl-6,6-dimethyl-7,8,9,- 
10-tetrahydro-6-dibenzo-pyran (VI) and 3-n- 
amyl - 6,6,9 - trimethyl - 7,8,9,10 - tetrahydro-6-di- 
benzopyran (VIII) required the previously un­
known 3-w-amylphenol (IV), which was prepared 
by two different routes, as shown in Fig. 1.

The amyl pyrones were prepared by the con­
densation of 3-n-amylphenol (IV) with the prop­
erly substituted cyclohexanone-2-carboxylate in 
accord with Sen and Basu.9

The butyl ethers of the hydroxy pyrones were 
prepared by two different methods as outlined in

(9) Sen and Basu, J . In d ian  Chem. Soc., 5, 467 (1928).

Experimental
3-M ethoxyphenyl-w-butylcarbinol (I).—A solution of 

69.5 g. of 3-methoxybenzaldehyde in 150 ml. of ether was 
added slowly to a Grignard reagent prepared from 25 g. of 
magnesium and 101.5 g. of n-butyl chloride in 300 ml. of 
ether. After refluxing for one-half hour, the solution was 
poured into an excess of ice-sulfuric acid. On distillation, 
there was obtained 90.8 g. (92% yield) of a viscous, color­
less oil, b. p. 115-125° (1 mm.). Redistillation gave, with 
very little loss, the product b. p. 128.5-129° (5 mm.), d254
1.009.

Anal. Calcd. for C12H180 2: C, 74.16; H, 9.34. Found:
C, 74.2; H, 9.50.

l-(3-Methoxyphenyl)-amylene-l (II).—A mixture of 54 
g. of I and 10 g. of finely powdered potassium bisulfate was 
heated in an oil-bath at 135-160° for one hour. After all 
the water, which readily split out during the heating, had 
been removed, the product was distilled without further 
treatment, yielding 33.7 g. of a colorless liquid, b. p. 92- 
99° (1mm.), d254 0.985.

3-Methoxy-w-amylbenzene (III).—A.—A solution of 
29.3 g. of II in 100 ml. of ethanol with 100 mg. of palladium 
oxide catalyst was reduced at room temperature under 3 
atmospheres pressure of hydrogen, absorbing nearly the 
theoretical quantity in twenty minutes. After filtering off
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the catalyst and distilling the ethanol, there was obtained
24.1 g. (81.5% yield) of a colorless liquid, b. p. 97-98° (3 
mm.), d*h 0.947.

B.—3-Methoxybenzyl alcohol was prepared by Raney 
nickel and hydrogen reduction of the aldehyde at 90° 
under 90 atmospheres pressure. Treatment of 138 g. of 
the alcohol with 200 ml. of concentrated hydrochloric acid 
and 30 g. of anhydrous calcium chloride yielded 3-methoxy- 
benzyl chloride, b. p. 75° (2 mm.), 78.3 g. of this in 100 ml. 
of dry benzene was added to a Grignard reagent prepared 
from 24.3 g. of magnesium, 92.5 g. of w-butyl chloride and 
200 ml. of anhydrous ether. After distilling the ether and 
adding 200 ml. of dry benzene, the mixture was refluxed for 
thirty hours, then decomposed with ice-sulfuric acid. 
The benzene extract was separated, washed with dilute 
alkali, then water, and finally distilled to yield 15.2 g. of a 
colorless liquid, b. p. 96-99° (3 mm.), d254 0.947.

Anal. Calcd. for Ci2H i80 : C, 80.8; H, 10.17. Found:
C, 79.6; H, 10.11.

Preparations A and B were demethylated separately 
and in each case the resultant phenol had the same proper­
ties.

3-w-Amylphenol (IV).—A mixture of 22 g. of III and 100 
g. of 30% hydrobromic acid in glacial acetic acid was 
sealed in a bomb tube and heated for 3.5 hours in a boiling 
water-bath. The mixture became homogeneous during the 
heating period. After cooling, five volumes of water and 
about 5 g. of sodium bisulfite were added, then the solution 
was neutralized with sodium bicarbonate. Ether was 
added, the ether extract washed well with water, then the 
phenol extracted with excess 10% potassium hydroxide 
solution. Ether extraction of the alkali extract after 
acidification yielded 10 g. of a colorless viscous liquid, b. p. 
103-108° (2 mm.). Upon redistillation this gave a main 
fraction, b. p. 99-100° (1 mm.), d254 0.964. Yields by de- 
methylating with constant boiling hydriodic acid were 
practically the same and the product identical.

Anal. Calcd. for CnHieO: C,80.35; H, 9.81. Found:
C, 79.94; H, 9.73.

The 3,5-dinitrobenzoate, recrystallized from isopropanol, 
melted at 70°.

Anal. Calcd. for Ci8H i8N20 6: C, 60.5; H, 5.06.
Found: C, 60.7; H, 5.12.

Excepting this dinitrobenzoate, all the preceding com­
pounds proved to be difficult to analyze, since all had a 
tendency to explode during combustion.

3-rc-Amyl-7,8,9,10-tetrahydro-6-dibenzopyrone (V).—
To a mixture of 8.2 g. of IV and 8.7 g. of ethyl cyclohexa- 
none-2-carboxylate cooled below 0°, was added slowly 40 
ml. of concentrated sulfuric acid (also cooled to 0°), keep­
ing the temperature below 25° by means of an ice-bath 
during the addition. The solution was allowed to stand 
for two hours in the cold-bath, poured onto crushed ice, 
and the salmon-colored viscous oil extracted with benzene. 
The benzene solution was washed with water, any unre­
acted phenol was extracted with 10% potassium hydroxide 
solution and washed again with water until the washings 
were neutral to litmus. After drying over magnesium 
sulfate, the benzene was removed, the unreacted ester 
(about 3 g.) was recovered under reduced pressure and, 
finally, the product was distilled under a mercury vapor

pump vacuum (10 m) with 180-185° oil-bath. A yield of 
3.72 g. of pale yellow viscous liquid was obtained.

Anal. Calcd. for Ci8H220 2: C, 79.96; H, 8.20.
Found: C, 79.99; H, 8.20.

3-7z-Amyl-6,6-dimethyl-7,8,9,10-tetrahydro-6-dibenzo- 
pyran (VI).—To a Grignard reagent prepared in the usual 
manner from 5.1 g. of magnesium and 30.2 g. of methyl 
iodide in anhydrous anisole was added a solution of 3.7 g. 
of V in 50 ml. of anisole. This solution was heated at 100° 
for eight hours with continuous mechanical stirring, cooled, 
poured onto ice containing 50 ml. of 12 N  sulfuric acid and 
the anisole steam distilled. The residue was extracted 
with ether; the ether extract was washed with dilute 
sodium bicarbonate and then with water, dried over mag­
nesium sulfate, and after removal of the solvent the prod­
uct was distilled under 0.5 fx with a 140-145° bath, ob­
taining 3.5 g.(90% yield) of a pale yellow viscous liquid.

Anal. Calcd. for C2oH280: C, 84.45; H, 9.92. Found:
C, 83.93; H, 9.86.

3-w-Amyl-9-methyl-7,8,9,10-tetrahydro-6-dibenzopyrone
(VII).—This compound was prepared in the same manner 
as V from 10.8 g. of IV, 14.7 g. of ethyl 5-methyl-cyclo- 
hexanone-2-carboxylate, and 40 ml. of concentrated sul­
furic acid. The yield was 5.9 g. of a viscous, pale yellow 
liquid, distilling at 3 m with 200-205° bath.

Anal. Calcd. for Ci9H240 2: C, 80.24; H, 8.51.
Found: C, 80.28; H, 8.54.

3-^-Amyl-6,6,9-trimethyl-7,8,9,10-tetrahy dro-6-dibenzo- 
pyran (VIII).—This compound was prepared by the same 
method as VI in 88% yield, distilling at 2 m with a 155- 
160° bath.

Anal. Calcd. for C21H30O: C, 84.51; H, 10.13.
Found: C, 84.50; H, 10.35.

3-M ethyl-7,8,9,10-tetrahy dro-6-dibenzopyrone (IX)9
and 3,9-dimethyl-7,8,9,10-tetrahydro-6-dibenzopyrone (X)
were prepared in the same manner as the amyl pyrones. 
Product X melted at 105-106°.

Anal. Calcd. for Ci5H160 2: C, 78.93; H, 7.07. 
Found: C, 78.94; H, 7.60.

3,6,6-Trim ethyl-7,8,9,10-tetrahy dr o-6-dib enzopyran (XI) 
and 3,6,6,9-tetramethyl-7,8,9,10 - tetrahydro - 6 - dibenzo- 
pyran (XII) were made by the same method as the amyl 
pyrans. XI distilled at 0.5 m with a 100-105° bath.

Anal. Calcd. for Ci6H20O: C, 84.10; H, 8.83. Found:
C, 83.80; H, 8.55.

XII distilled at 10 p with 130-135° bath.
Anal. Calcd. for Ci7H220: C, 84.24; H, 9.15. Found:

C, 84.40; H, 9.11.
3-Hydroxy-7,8,9,10-tetrahydro-6-dibenzopyrone (XIII) 

and 3-hydroxy-9-methyl-7,8,9,10-tetrahy dro-6-dibenzo- 
pyrone (XIV) were made by Adams and Baker’s2* modifica­
tion of the method of Ahmad and Desai,10 in yields of 86 
and 80%, respectively.

3-Hydroxy-6,6-dim ethyl-7,8,9,10-tetrahy dro-6-dibenzo- 
pyran (XV) and 3-hydroxy-6,6,9-trimethyl-7,8,9,10-tetra- 
hydro-6-dibenzopyran (XVI) were made by the method of 
Todd and co-workers,7 a except that the hydroxy pyrones, 
rather than the acetates, were converted into the pyrans.

(10) A hm ad and  Desai, J . U viv. Bombay, 6, P t. I I ,  89 (1937).
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3-w-Butyloxy-7,8,9,10-tetrahy dro-6-dibenzopyrone 
(XVII)—A.—Ethyl cyclohexanone-2-carboxylate and re­
sorcinol mono-w-butyl ether, obtained in 65% yield,11 were 
condensed with phosphorus oxychloride in dry benzene.2a 
The product boiled at 240-243 ° under 3 mm. pressure and 
crystallized in the condenser. Crystallization from 95% 
ethanol gave fine white needles, m. p. 86-87°.

Anal. Calcd. for C17H20O3: C, 75.02; H, 7.41.
Found: C, 75.4; H, 7.31.

B.—Slightly more than 0.01 mole of di-w-butyl sul­
fate12 was added to a mechanically stirred solution of 0.01 
mole of X III dissolved in 6 ml. of 2 N  sodium hydroxide 
solution. After warming in an oil-bath at 90-110° for 1.5 
hours, the mixture was allowed to cool slowly with con­
tinued rapid stirring. The excess sulfate was destroyed 
with concentrated ammonium hydroxide solution, and the 
precipitate was filtered off and crystallized from 95% 
ethanol in long, white, glistening needles. The yield was 
2.2 g. of product, m. p. 87-88°. A mixture of this product 
with that from method A, m. p. 86- 88°.

Anal. Calcd. (Same as A). Found: C, 74.4; H, 
7.41.

3-M-Butyloxy-6,6-dimethyl-7,8,9,10-tetrahydro-6-di- 
benzopyran (XVIII).—To a Grignard reagent, prepared 
from 2.8 g. of magnesium and 16.5 g. of methyl iodide in 25 
ml. of anisole, was added 4.5 g. of XVII. This solution 
was heated at 100° with continuous stirring for eight hours 
and then worked up in the same manner as VI. The yield 
was 3.4 g. of colorless viscous liquid distilling at 1 m with a 
133-134° bath.

Anal Calcd. for Ci9H2602: C, 79.68; H, 9.15. 
Found: C, 79.52; H, 9.24.

3-w-Butyloxy-6,6,9-trimelhyl-7,8,9,10-tetrahydro-6-di- 
benzopyran (XIX).—A solution of 2.44 g. of XVI in 10 ml. 
of 2 N  sodium hydroxide solution was heated with 2.1 g. of 
di-w-butyl sulfate in an oil-bath at 90-110° for 1.5 hours 
with continuous mechanical stirring. The solution was 
cooled, extracted with ether, the extract washed well with 
water, and dried over magnesium sulfate. The yield was 
2.9 g. of viscous yellow oil, distilling at 5 m with 162-168° 
bath.

Anal. Calcd. for C2oH280 2: C, 79.96; H, 9.39. Found: 
C, 80.65; H, 9.15.

3-rc-Butyroxy-6,6-dimethyl-7,8,9,10-tetrahydro-6-di- 
benzopyran (XX).—To 2.3 g. of XV was added 6.3 g. of n- 
butyric anhydride. Upon the addition of one drop of con­
centrated sulfuric acid, the hydroxypyran went into solu­
tion with a slight amount of spontaneous warming. After 
standing at room temperature for one hour the mixture was 
heated at 100° for 1.5 hours, cooled, considerable water 
added, and the organic layer separated. Any unreacted 
anhydride was hydrolyzed in accordance with Smith, 
Bryant and Mitchell's13 pyridine-sodium iodide method. 
The resulting solution was cooled, diluted with 4 volumes of 
water and acidified with 4 N  hydrochloric acid. The 
organic layer was separated with the aid of some ether, 
washed with water, and finally dried over magnesium sul­

(11) K larm ann , G atyas and S hternov, T h is  J o u r n a l , 53, 3404 
(1931).

(12) "O rganic Syn theses,” 19, 27 (1939).
(13) Sm ith, B ry an t and  M itchell, T h is  J o u r n a l , 63, 1700 (1941).

fate. The yield was 2.1 g. of colorless, viscous liquid, dis­
tilling at 1 m with 155-160° bath.

Anal. Calcd. for Ci9H240 3: C, 75.97; H, 8.06.
Found: C, 76.04; H, 8.49.

3-ra-Butyroxy-6,6,9-trimethyl-7,8,9,10-tetrahy dro-6-di- 
benzopyran (XXI).—This was prepared in the same way as 
XX from 2.44 g. of XVI and 6.33 g. of /^-butyric anhydride. 
The yield was 2.6 g. of colorless, viscous liquid, distilling at 
2 m with 160-165° bath.

Anal. Calcd. for C2oH260 3: C, 76.40; H, 8.34.
Found: C, 76.60; H, 8.56.

3-Ethoxy-6,6-dim ethyl-7,8,9,10-tetrahy dro-6-dibenzo- 
pyran (XXII).—This was prepared in the same manner as 
XIX, except that ethyl sulfate was used. The product, a 
pale yellow viscous liquid, was obtained in 91% yield, dis­
tilling at 5 m with 120-125° bath.

Anal Calcd. for Ci7H220 2: C, 78.96; H, 8.56.
Found: C, 78.32; H, 8.50.

3-Ethoxy-6,6,9-trimethyl-7,8,9,10-tetrahy dro-7-diben- 
zopyran (XXIII).—This was also prepared by the' same 
method as for XIX. The product, a viscous yellow liquid, 
was obtained in 78.6% yield, distilling at 10 m with 145- 
150° bath.

Anal. Calcd. for Ci8H240 2: C, 79.37; H, 8.88.
Found: C, 78.70; H, 8.82.

3-Acetoxy-6,6-dimethyl-7,8,9,10-tetrahy dro-6-dibenzo- 
pyran (XXIV) and 3-acetoxy-6,6,9-trimethyl-7,8,9,10- 
tetrahydro-6-dibenzopyran (XXV) were prepared from XV 
and XVI by treatment with acetic anhydride and pyridine, 
yielding products corresponding to those of Todd and co­
workers,7 a which melted at 65-66° and 59-60°, respec­
tively.

These pyrans that were synthesized in this work were 
tested for their marihuana activity in dogs by the method 
of Dixon.14 Oral administration of each of the compounds 
of both Series I and II in doses of 50 and 100 mg. per kg. 
was tried, without the production of ataxia or the other 
symptoms of marihuana activity. In these same animals 
8 mg. per kg. orally of synthetic tetrahydrocannabinol did 
produce notable ataxia.

The same pyrans were tested for their ability to produce 
corneal anesthesia in rabbits, following the method of 
Gayer15 for testing of marihuana activity. Intravenous 
administration of each of the compounds of both Series I 
and II in 10% solution in acetone in doses of 10 and 20 mg. 
per kg. was tried, without the production of corneal anes­
thesia. These findings of inactivity in rabbits with regard 
to XV, XVI, XXIV and XXV extend the similar observa­
tions on these compounds made by Ghosh, Todd and Wil­
kinson.7 a The testing of different preparations of syn­
thetic tetrahydrocannabinol with doses of 1, 2, 4, 8, 16 and 
32 mg. per kg. intravenously, each given to two different 
animals, did not cause any corneal anesthesia, though with 
the highest dosages there was some sluggishness of re­
sponse. Ghosh, Todd and Wright4 reported this com­
pound to be active at 1 mg. per kg. intravenously in rab­
bits, and we are unable to explain the discrepancy between

(14) Dixon, B rit. M ed . J .,  2, 1354 (1899); and  Pharm. J ., 705 
(1905).

(15) G ayer, Arch. exp. Path. Pharmakol., 129, 312 (1928).
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these findings. Two different lots of synthetic tetrahydro­
cannabinol were prepared, and the rabbits used were 
shown to be responsive on subsequent days to fresh ex­
tracts of charas made with ethanol, evaporated, and taken 
up with acetone for testing.

We are indebted to Dr. C. E. Redemann for the 
analyses reported in this paper, and wish to thank 
him for many helpful suggestions made during the 
course of this work.

Summary
1. 3-^-Amylphenol has been prepared by two 

methods.

2. Derivatives of 6,6-dimethyl-7,8,9,10-tetra- 
hydro-6-dibenzopyran substituted in the 3-posi­
tion by ^-amyl, methyl, hydroxy, butyloxy, buty- 
roxy, ethoxy and acetoxy groups have been pre­
pared.

3. Corresponding derivatives of 6,6,9-tri- 
methyl-7,8,9,10-tetrahydro-6-dibenzopyran have 
also been prepared.

4. Neither of these two series of pyrans ex­
hibits any significant degree of marihuana activity 
in dogs or rabbits.
P a s a d e n a , C a l i f o r n i a  R e c e i v e d  M a y  12, 1942

[C o n t r i b u t io n  f r o m  t h e  L a b o r a t o r y  o f  P h y s io l o g ic a l  C h e m i s t r y , U n i v e r s i t y  o f  M i n n e s o t a , M i n n e a p o l i s ]

The Optical Configuration of Glutamic Acid Isolated from Casein Hydrolyzates by
Six Procedures1

By J ea n ette  C. Opsahl and L. E arle  Arn o w 2

Kögl, et a/.,3>4>5 have claimed that the modifi­
cation of the Foreman procedure employed by 
Chibnall, et al.,G isolates preferentially /('+)-glu­
tamic acid, leaving much of the d,/-glutamic acid 
in the mother liquor. For example, they5 iso­
lated 2.472 g. of /(+ ) -glutamic acid from 23.4 g. 
of pig kidney protein by Chibnall’s procedure. 
Two grams of d,/-glutamic acid then was added 
to the mother liquor, and the isolation was re­
peated. 1.290 g. of glutamic acid was isolated; 
the sample was found to contain 0.9335 g. of /(+ )- 
glutamic acid and 0.3569 g. of d(-)-glutamic 
acid. The interpretation of this type of experi­
ment is complicated by the possibility that the 
original isolation might not have been quantita­
tive. In other words, the material recovered in 
the second isolation conceivably might have re­
flected more or less accurately the composition of 
the glutamic acid present in the mother liquor. 
Chibnall and his collaborators6 isolated small 
amounts of d,/-glutamic acid from both normal 
and malignant tissue protein hydrolyzates by 
their procedure. However, they did not report

(1) T he  d a ta  p resen ted  in  th is  pap er were tak en  from  a thesis sub­
m itted  by  Jean e tte  C. O psahl to  th e  G radua te  F acu lty  of th e  U ni­
versity  of M innesota  in  p a rtia l fulfillm ent of the  requirem ents for the  
M .S. degree.

(2) P resen t address: M edical-R esearch  Division, Sharp  &
Dohm e, G lenolden, P a.

(3) F . Kögl and  H . E rxleben, N atu re ,  144, 111 (1939).
(4) F. Kögl, H. E rxleben and  A. M . A kkerm an, Z. physio l.  Chem., 

261, 141 (1939).
(5) F. Kögl and  H. Erxleben, ib id .,  264, 198 (1940).
(6) A. C. Chibnall, M . W. Rees, E . F . W illiams and E. Boyland, 

Biochem. J. ,  34, 385 (1940).,

experiments in which d,/-glutamic acid had been 
added to the hydrolyzate prior to isolation.

Graff, Rittenberg and Foster7 added d,/-glu­
tamic acid to protein hydrolyzates, and found 
that the material isolated by their modified 
Foreman procedure contained both optical forms 
of glutamic acid. However, they were investi­
gating the optical composition of the glutamic 
acid in the hydrolyzates by means of an isotope 
(N15) dilution method, and the percentages of 
d ( ~ ) -glutamic acid in the material actually iso­
lated were not given in their paper.

I t has been shown in several laboratories8'9»10 
that glutamic acid slowly racemizes in boiling 
hydrochloric acid solutions. Several reports 
describing the isolation of glutamic acid contain­
ing small percentages of ^-isomer have been 
recorded.6»11'12'13 This latter finding casts some 
doubt on the accuracy of the isotope dilution 
method as employed by Graff, et al.7 If the figure 
reported by these workers for the d-isomer content 
of the glutamic acid of tissue protein hydrolyzates 
(not more than 0.5 =±= 0.5%) is accepted, it then 
becomes necessary to assume that the methods

(7) S. Graff, D. R itten b erg  and  G. L.  Foster, J .  Bio l .  Chem.,  133, 
745 (1940).

(8) L. E. A rnow and  J. C. Opsahl, ibid.,  133, 765 (1940).
(9) J. M . Johnson, ibid.,  134, 459 (1940).
(10) O. K . Behrens, F. L ipm ann, M. Cohn and  D. B urk , Science,  

92, 32 (1940).
(11) J. M . Johnson, / .  Biol. Chem., 132, 781 (1940).
(12) G. E. W oodw ard, F. E. R ein h art and J. S. D ohan, ib id .,  138,, 

677 (1941).
(13) B. W- Town, Biochem.. J .,  35, 417 (1941)..
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T a b l e  I

Glutamic Acid H ydrochloride Isolated from Casein by Various Procedures

M ethod, w ith  p relim inary
T o ta l crude 

yield, g.
Final 

yields, g. c a  % H ," % N,« % [«]+
d-Isom er,

%

Calcd.
final

yields, %
1 : clarification with Cu20 1.782 32.79 5.57 7.70 +28.4 5.1 46
2: pptn. as Ca salt 2.330 1.979 32.53 5.61 7.62 +29.9 2.7 51
3 : pptn. as Ba salt 3 .302c 1.715 d d 7.58 +29.0 4.1 44
4: extn. with butanol 1.750 1.129 32.50 5.54 7.54 +30.0 2.5 29
5 : clarification with ZnO 1.300 32.73 5.75 7.63 +27.7 6.2 34
6 : sepn. as pyrrolidone- 

carboxylic acid 2.697 2.389 33.13 5.51 7.58 +29.9 2.7 62
a Theoretical: C, 32.71%; H, 5.49%; N, 7.63%. Carbon and hydrogen analyses were done by the Organic Micro-

analytical Laboratory, University of Minnesota. b Theoretical: +31.6°, calculated for free /(T)-glutamic acid in 9%
hydrochloric acid. c Grossly contaminated with barium chloride. d This sample accidentally lost prior to carbon and
hydrogen analyses.

employed by others preferentially concentrate 
the d-isomer. Since the d,/-form is about twice as 
soluble as the /-form in the hydrochloric acid 
solution usually used for crystallization,4»7 it 
seems unlikely that such a preferential concen­
tration occurs, at least in cases in which seeding 
is not employed.

Experimental Plan and Results
In the first group of experiments, glutamic acid 

was isolated from aliquots of a single casein 
hydrolyzate by means of the 6 different procedures 
listed in Table I. The results indicate that 
casein hydrolyzates contain small percentages of 
d( —)-glutamic acid. The figures recorded for 
the d-isomer contents of the isolated samples can­
not be explained by assuming a large experi­
mental error in the determinations of specific 
optical rotations. The figures obtained by us for 
the specific optical rotation of pure /(+ )-glu­
tamic acid (in 9% hydrochloric acid) have ranged 
from +31.0 to +32.5°. The average figure ob­
tained in a large number of determinations was 
+31.6°.

The possibility that drying the casein at 110° 
might have caused some racemization of the com­
bined glutamic acid was investigated. A sample 
of casein was heated at 110° for one week. The 
glutamic acid subsequently isolated by the pyr­
rolidone-carboxylic acid method was found to con­
tain only 2.5% of +isomer. This is essentially the 
same figure as that obtained after a much shorter 
period of drying (Table I).

In calculating the yields listed in Table I (last 
column), it has been assumed that the hydrolyzate 
prepared from 100 g. of thoroughly dried casein 
contains 21.77 g. of glutamic acid. This figure 
was reported by Foreman14; and figures approxi-

(14) F. W. Forem an, Biochem . J . ,  8 , 463 (1914),

mating this have been obtained also with the 
butyl alcohol extraction method15 and by the 
pyrrolidone-carboxylic acid method.16

In this Laboratory, the pyrrolidone-carboxylic 
acid method has given the highest yields of pure 
material. Moreover, the initial crude material 
obtained with this procedure contains smaller 
amounts of contaminants than is the case for any 
of the other methods used. Since the pyrrolidone- 
carboxylic acid procedure involves prolonged heat­
ing in aqueous solution at 100°, it might be 
supposed that some racemization would occur. 
However, numerous experiments with solutions of 
/(+ )-glutamic acid have demonstrated that no 
detectable racemization occurs. I t has been 
found also that samples isolated from glutamic 
acid solutions by this method reflect accurately 
the optical composition of the original racemic 
mixture. For example, a sample composed of 25 
parts of / (+ ) -glutamic acid hydrochloride and 75 
parts of d,/-glutamic acid hydrochloride was 
partly neutralized with sodium hydroxide until 
the resulting solution was green to brom cresol 
green (approximately, pH 5). At this pH, as 
Wilson and Cannan17 have shown, the conversion 
to pyrrolidone-carboxylic acid is not complete. 
After boiling for fifty hours, extraction with 
ethyl acetate, and isolation of the hydrochloride, 
the material obtained consisted of 26% /(+ )- 
glutamic acid hydrochloride and 74% d,l- 
glutamic acid hydrochloride. Therefore, even 
though conditions purposely were adjusted so 
that recovery was far from complete (yield, 37%), 
nevertheless, within experimental error, the re­
covered glutamic acid hydrochloride had the same 
optical composition as the original sample.

(15) H . D. D akin , ibid .,  12, 1290 (1918).
(16) H . B. V ickery, Carnegie Ins t.  Washington Yearbook,  35, 308 

(1936).
(17) H. W ilson an d  R. K .  C nnnan, J .  B i o l  Chem., 119, 309 (1937).
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T a b l e  I I

G l u t a m ic  A c id  H y d r o c h l o r id e  I s o l a t e d  f r o m  C a s e i n  +  d , / - G l u t a m ic  A c id  b y  V a r i o u s  P r o c e d u r e s

M ethod* T o tal crude yields, g. F ina l yields, g.

N itrogen 
(theory, 

7 .63% ), %

5.184 2.896 7.60
1 0.337 7.67

2 4.198 2.970
0.341

7.65
7.56

1.593 7.69
3 4.107 0.572 7.69

0.549 7.55

4 3.083 1.821
0.138

7.55
7.68

3.056 1.285 7.655 0.4316 0.353° 7.71
2.803 7.68

6 3.980 0.418 7.68
0.289 7.60

a See Table I. b Isolated from “insoluble fraction.”

The data recorded in Table II were obtained by 
isolating glutamic acid hydrochloride from a 
casein hydrolyzate to which had been added a 
known amount of d,/-glutamic acid. Since 12 g. 
of dry d,/-glutamic acid was added to hydrolyzate 
equivalent to 95 g. of dry casein, the theoretical 
d-isomer content of the glutamic acid in the mix­
ture was 18.4%. This calculation involves the 
assumption that no ^-isomer was formed during 
the hydrolysis. If it is assumed that the hydroly­
sis caused a racemization of 10% of the glutamic 
acid originally present, the theoretical content of 
d-isomer becomes 21.5%. Foreman’s figure for 
the glutamic acid content of casein has been used 
for these calculations.

It appears justifiable, therefore, to assume that 
the dkisomer content of the glutamic acid in the 
casein hydrolyzate was something between 18.4 
and 21.5%. The data recorded in Table II indi­
cate that the methods yielding samples most 
closely approximating the theoretical value were 
the pyrrolidone-carboxylic acid method and the 
cuprous oxide (Abderhalden-Fuchs) method. The 
two variations of the Foreman procedure used in 
this investigation (methods 2 and 3) yielded 
samples containing, respectively, 76-89% and 
82-96% of the calculated theoretical d-isomer 
content. The least efficient method was the zinc 
oxide procedure, which yielded a sample contain­
ing only 50-58% of the calculated amount of 
^-isomer.

Chibnall and his collaborators6 have claimed 
that the cuprous oxide method preferentially

[«Id® d-Isom er, %
A verage 

d-Isom er, %
T otal final 
yields, g.

Calcd.
final

yields, %

+22.7  
-  1.4

14.1
52.2 18.1 3.233 53

+23.9  
-  2.1

12.2
53.3 16.4 3.311 54

+28.7 4.6
+ 1 4 6 26.9 17.7 2.714 44
+  2.3 46.3
+22.6  
+  11.5

14.2
31.8 15.4 1.959 32

+24.0
+27.9

12.0
5.9 10.7 1.638 27

+24.1 11.9
+  6.1 40.3 18.8 3.510 57
-  3.0 54.8

isolates dy/-glutamic acid; i. e., that the first 
fraction crystallizing from the clarified hydroly­
zate contains a higher percentage of ^-isomer than 
do subsequent fractions. The data in Table II 
appear to indicate that the initial material 
isolated by this method does contain a higher 
percentage of <i-isomer than do the first samples 
isolated by the Foreman or pyrrolidone-carboxylic 
procedures. However, in our experience, in­
variably it has been found that the first purified 
fractions obtained from hydrolyzates clarified 
with cuprous oxide contain less d(-)-glutam ic 
acid than do fractions isolated from the original 
mother liquor. For example, the first fraction 
isolated from the hydrolyzate to which had been 
added d,/-glutamic acid contained 14.1% d-isomer. 
A crystalline fraction isolated subsequently from 
the mother liquor had a much higher d-isomer 
content (52.2%). Seeding has not been em­
ployed in our isolations.

It is possible that the type of results obtained 
with casein would not have been obtained if crude 
tissue protein had been used. In other words, 
substances absent from casein, but present in 
tissue, may influence the yield of d-isomer. We 
plan to investigate this possibility.

Experimental
Preparation of Hydrolyzates.—A sample of casein 

(Hoffman-LaRoche) was dried for thirty-six hours in an 
oven (105°). Ninety-five grams of the dry protein was 
mixed with a liter of 20% hydrochloric acid, and the mix­
ture was boiled gently under reflux for twenty hours. 
After the removal of the majority of the hydrochloric acid
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by several distillations under reduced pressure, the 
hydrolyzate was diluted to a volume of 200 cc. Thirty cc. 
aliquots then were used for each of the procedures sum­
marized in Table I.

A second sample of the dry casein (95 g.) was treated as 
just described, except that 12 g. of dry d ,/-glutamic acid 
was added to the hydrolyzate before final dilution to a 
volume of 200 cc. Thirty-cc. aliquots of this hydrolyzate 
were employed in obtaining the results listed in Table II.

The d,/-glutamic acid was prepared from /(-f-)-glutamic 
acid by the method of Arnow and Opsahl.18

Isolation of Glutamic Acid Hydrochloride. Method 1.— 
The modification of the Abderhalden-Fuchs procedure19 20 
employed by Kögl, Erxleben and Akkerman4 was used, 
except that crystallization was allowed to proceed without 
seeding.

Method 2.—The method used was that of Chibnall, et 
al.6 No attempt was made to isolate aspartic acid.

Method 3.—-Graff, et al.7,20 did not publish the details of 
their procedure. The procedure used by us is illustrated 
by the following description of the isolation of glutamic 
acid hydrochloride from the hydrolyzate to which had been 
added d ,/-glutamic acid.

Thirty cc. of hydrolyzate was added to 100 cc. of water. 
A slight excess of barium hydroxide was added with stir­
ring, and the volume of the alkaline solution was made to 
185 cc.; 925 cc. of 95% alcohol was added with stirring, 
and the mixture was placed in the refrigerator for four days. 
The insoluble material then was filtered off, and dissolved 
in warm water (volume now 310 cc.); 1550 cc. of 95% 
alcohol was added with stirring, and the mixture allowed to 
remain in the refrigerator for three days. The insoluble 
barium salts were filtered off and dissolved in warm water 
containing sufficient hydrochloric acid to cause complete 
solution. Barium then was removed with sulfuric acid. 
The precipitated sulfate was washed several times with hot 
water, and the washings were combined with the amino 
acid solution. The combined solutions were evaporated 
to a small volume (approximately 20 cc.) under reduced 
pressure. This concentrated solution was saturated with 
dry hydrogen chloride gas at ice-bath temperature, and was 
stored at 0° for several days. The precipitated glutamic 
acid hydrochloride was filtered off (sintered glass filter); 
washed successively with cold concentrated hydrochloric 
acid, absolute alcohol, and ether; and dried in a desiccator 
over calcium chloride and potassium hydroxide. After its 
weight had been recorded, it was recrystallized from a 
minimum quantity of 20% hydrochloric acid. The other 
fractions listed in Table II were isolated from the mother 
liquor filtrates.

Method 4.—Thirty cc. of hydrolyzate was diluted with 
10 cc. of water, and solid calcium hydroxide was added 
until the pH  of the solution reached 6.1, as indicated by the 
glass electrode. This solution was extracted in a con­
tinuous extractor with butyl alcohol for seventy-four 
hours. The butanol-insoluble fraction was filtered (pH  of 
solution now 8.0), and was freed of calcium with oxalic acid 
solution. The calcium-free solution was concentrated

(18) L. E. Arnow and  J . C. Opsahl, J .  Biol .  Chem.,  134, 649 (1940).
(19) E. A bderhalden and  D. Fuchs, Z. phys iol.  Chem., 57, 339 

(1908).
(20) S. Graff, J .  Biol.  Chem.,  130, 13 (1939).

under reduced pressure to a volume of approximately 20 
cc., and was saturated with cold hydrogen chloride gas at 
ice-bath temperature. After the solution had remained 
for several days at 0°, glutamic acid hydrochloride was 
isolated and purified in the usual way.

Method 5.—The procedure will be illustrated by a brief 
description of the isolation of the material recorded in 
Table II.

Thirty cc. of hydrolyzate and 20 g. of zinc oxide were 
added to 100 cc. of water. The mixture was heated to 
boiling for a few minutes, after which it was allowed to re­
main at 0° for one week. The insoluble material was fil­
tered off, and washed with hot water. (This precipitate 
was saved for further investigation.) Zinc was removed 
from the filtrate and washings with hydrogen sulfide, and 
the filtrate was evaporated under reduced pressure to a 
volume of approximately 20 cc. After the addition of 5 cc. 
of concentrated hydrochloric acid, the solution was heated 
under reflux for two hours (to convert any pyrrolidone- 
carboxylic acid present to glutamic acid). After satura­
tion of the solution with dry hydrogen chloride gas at ice- 
bath temperature, and storage of the concentrated hydro­
chloric acid solution in the refrigerator for several days, 
glutamic acid hydrochloride was isolated in the usual 
manner.

The original insoluble material (see above) was dissolved 
in 10% acetic acid. After removal of the zinc with 
hydrogen sulfide, it was evaporated to dryness under re­
duced pressure (to remove acetic acid). The residue was 
dissolved in 20 cc. of 9% hydrochloric acid; 5 cc. of con­
centrated hydrochloric acid was added; and the solution 
was heated under reflux for two hours. The small fraction 
of glutamic acid indicated in Table II was isolated and 
purified as already described.

Method 6.—This procedure was based on the suggestive 
experiments of Wilson and Cannan17 and of Pucher and 
Vickery.21 It will be illustrated by a brief description of 
the isolation of the material listed in Table II.

Thirty cc. of hydrolyzate was diluted with 30 cc. of 
water. The pH  of this solution was adjusted to 3.3 (glass 
electrode) with 15 N  sodium hydroxide. This neutralized 
solution was boiled gently under reflux for fifty hours (to 
convert glutamic acid to pyrrolidone-carboxylic acid). 
After concentration to a volume of about 30 cc., insoluble 
material was filtered off and washed with a small amount of 
cold water. The combined filtrate and washings were 
adjusted to pH  2.5 (glass electrode) with hydrochloric acid, 
after which pyrrolidone-carboxylic acid was removed by 
extracting with ethyl acetate for fifty hours. Further ex­
traction for fifty hours did not increase the yield. Ethyl 
acetate was removed from the crude pyrrolidone-carboxylic 
acid by evaporation on a water-bath. The crude material 
was dissolved in 40 cc. of 9% hydrochloric acid, and the 
solution was heated under reflux for two hours (to convert 
pyrrolidone-carboxylic acid to glutamic acid hydro­
chloride). The condenser was removed, and heating was 
continued until the volume of the solution was approxi­
mately 20 cc. After saturation with hydrogen chloride gas 
at ice-bath temperature and storage at 0°, glutamic acid 
hydrochloride was isolated and purified.

(21) G. W. P ucher and  H . B. Vickery, I n d .  E n g .  C h em .,  A n a l .  E d . ,
12, 27 (1940).
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Nitrogen Analysis.—-The nitrogen contents of the iso­
lated samples were determined by the method of Cavett.22 
Each recorded nitrogen value represents the average of at 
least two independent determinations.

This investigation was financed in part by a 
grant from the Cancer Institute Fund, University 
of Minnesota.

Summary
1. Glutamic acid hydrochloride was isolated 

from hydrolyzed casein by six different proce­
dures. The percentages of d-isomer in the isolated 
samples varied from 2.5 to 6.2%.

2. The isolations were repeated, using this time 
a casein hydrolyzate to which had been added a

(22) J. W. C av e tt, J .  Lab. Clin. M ed . , 17, 79 (1931).

known amount of d,/-glutamic acid. The methods 
yielding samples having d-isomer contents closest 
to the theoretical content were the pyrrolidone- 
carboxylic acid procedure and the cuprous oxide 
procedure. Two modifications of the Foreman pro­
cedure yielded samples containing, respectively, 
76-89 and 82-96% of the theoretical content of 
d-isomer. The poorest percentage yields of d-iso- 
mer were obtained with the zinc oxide procedure.

3. Methods for isolating glutamic acid by the 
pyrrolidone-carboxylic acid procedure and the 
zinc oxide clarification procedure, and modifi­
cations of the barium salt and butyl alcohol 
extraction procedures are described.
G l e n o l d e n , P a . R e c e i v e d  M a y  8, 1942

[C o n t r i b u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m i s t r y , N e w  Y o r k  U n i v e r s i t y ]

Products from the Wurtz Reaction and the Mechanism of their Formation1
B y Alfred  Saffer  and T. W. D avis

The combination of methyl radicals with each 
other does not seem to occur under conditions 
where other combinations proceed readily.2 The 
symmetrical approach of two methyl groups ac­
cording to calculations of Kimball3 and of Kassel4 
leads to a product of very short life. There is 
a possibility that methyl and ethyl* radicals, being 
unlike, may combine more readily than like 
radicals, in which event the cross combination 
would result in a preponderant formation of pro­
pane, for example, in a Wurtz synthesis involving 
a methyl and an ethyl compound. The Wurtz 
reactions seem to offer a way to generate free 
radicals in any desired proportions so that one 
may study the relative probability of particular 
free radical combinations. The results of such a 
study are reported in this paper.

Von Hartel and Polanyi5 found the reaction of 
methyl iodide with sodium vapor to proceed with 
zero energy of activation, and the reaction ought 
to go at every collision, therefore, regardless of 
the temperature. But below 300°, there is no

(1) Presen ted  a t  the  A tlan tic  C ity  m eeting of the  American 
Chem ical Society, Sept. 10, 1941. Original m anuscrip t received 
N ovem ber 5, 1941.

(2) (a) D avis, J ah n  and  B urton , T h is  J o u r n a l , 60, 10 (1938);
(b) H. A. T ay lor and M . B urton , J .  Chem. Phys.,  7, 675 (1939);
(c) B urton, T ay lor and D avis, ib id .,  7, 1080 (1939); (d) A. Gordon 
and H. A. T ay lor, T h is  J o u r n a l , 63, 3435 (1941).

(3) G. E. K im ball, J . Chem. P h ys . , 5, 310 (1937).
(4) L. S. Kassel, ibid., 5, 922 (1937); cf. E. Teller, An n als  New  

York Academ y of  Sciences, 41, 173 (1941).
(5) H . v. H arte l and M. Polanyi, Z. phys ik . Chem., B l l ,  97 (1930).

measurable reaction because of the low vapor 
pressure of the metal. Above 300° with pressures 
of iodide in the neighborhood of 100 mm., the 
reaction with methyl or ethyl iodide proceeds at a 
convenient rate. Our experiments were conducted 
at 320° and in the absence of solvent because the 
compounds used as solvents in the ordinary 
Wurtz syntheses often enter into the reactions.6 
Consequently, in undertaking a study of mixed 
free radical reactions, we have found it convenient 
and desirable to depart markedly from the con­
ventional details of the Wurtz synthesis.

Experimental
Method.—The apparatus for this study was used 

in the following way. About nine grams of sodium 
was placed in the large bulb of the addition tube, 
D, and the open end, E, was sealed off. The sys­
tem was evacuated and the sodium melted by 
heating with a flame until it flowed into the lower 
and smaller bulb, where it was further melted 
and allowed to run into the reaction vessel, C.

During a run, the sodium was kept at 320° by 
means of the furnace, B. The reactant vapors 
were introduced by dropping liquid from the

(6) Hiickel, K raem er and  Thiele, J.  prakt.  Chem., N . F . 142, 207 
(1935); W. E . B achm ann  and  T . H . C larke, T h is  J o u r n a l , 49 , 2089 
(1927); A. A. M orton  and  F. Fallw ell, ibid.,  59, 2387 (1937); R . B. 
R ichards, Trans.  F a ra d a y  Soc., 36, 956 (1940); W hitm ore , P opk in , 
B ernstein  and  W ilkins, T h is  J o u r n a l , 63, 124 (1941); P . Schorigin, 
Ber.,  41, 2711 (1908); A. A. M orton  and  I. H echenbleikner, T h is  
J o u r n a l , 58, 2599 (1936).
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dropping funnel, A, into the trap maintained 
above 100°. The vapors passed into the reaction 
vessel, spattering molten sodium over the walls. 
The alkyl iodide remained in contact with the 
sodium for ten minutes at a pressure of about 200 
mm. Then on opening stopcock F, the products 
and unreacted iodide were drawn over into trap 
G, which was cooled in liquid nitrogen. This 
batch treatment was continued until enough 
halide had been sent through the apparatus in the 
course of several hours to produce on complete 
reaction an anticipated two liters of gaseous 
product, but under such circumstances reaction 
was only 10 to 40% complete as determined by 
Volhard titration of the sodium iodide formed.

The gaseous products volatile at liquid nitrogen 
temperatures were removed by a mercury piston 
and analyzed in a gas analysis apparatus of the 
Orsat type. The condensed material was warmed 
in turn to —131, —78 and —45° and the vapors 
released at the several temperatures were pumped 
off for analysis. The following table shows the 
products withdrawn from the condensate at the 
several temperatures.

T a b l e  I

F r a c t i o n a t io n  o f  P r o d u c t s  f r o m  R e a c t io n  M i x t u r e s

Temp., Products released from
Refrigerating agent °K. mixture

Liquid nitrogen 77 h 2 c h 4
^-Butyl chloride mush 142 c h 4 C2H4 C2Ü6 (C2H2)
Dry-ice 4" toluene 195 c2h 4 c2h 6 c3h 6 c3h 8
Chlorobenzene mush 228 c3h 6 c3h 8 c4h 8 C4H io

The gas analyses were carried out in the usual 
way. The unsaturated hydrocarbons were dis­
solved in fuming sulfuric acid. The hydrogen 
(which appeared only in the fraction uncondensed 
by liquid nitrogen) and saturated hydrocarbons 
were estimated by burning with excess oxygen. 
I t was assumed in compiling the data that the 
unsaturated components in any sample of gas had 
the same average number of carbon atoms per 
molecule as the saturated gases in the same 
sample, for the boiling points of unsaturated 
hydrocarbons are fairly close to the boiling points 
of the corresponding alkanes. Complete identi­
fication of the alkenes could be accomplished by 
catalytic hydrogenation of the samples followed 
by combustion and carbon dioxide determination 
but, since the proportion of these products is so 
low, the more lengthy procedure was not adopted.

The results of the parallel analyses of gas from 
the reaction mixtures, as recorded in Table III,

indicate the general consistency of the analytical 
results. To check further on the gas analysis 
methods, a mixture of tank gases was made up, 
mixed with about the quantity of methyl iodide 
used in our experiments and was fractionated in 
the usual manner. The tank gases were them­
selves analyzed before use. The results appear 
in Table II. There is clearly some uncer-

T a b l e  I I

A n a l y s e s  o f  K n o w n  G a s  M i x t u r e s
.--------- M ixt ure I ---------v ---------- M ixt :ure I I ------ -—-

Gas T aken , ml. Found , ml. T aken, ml. Found, ml.
c2h 4 6 6
c2h 6 191 192
c3h 6 18 16 9 9
c3h 8 91 93 168 146
c4h 8 1 5 2 9
C 4 H 1 0 96 62 148 146

Total 403 374 327 310

tainty, amounting to about 15 to 30 ml. total, in 
the butane and propane figures. This arises 
largely from the solubility of these heavier gases 
in the methyl iodide, from which they cannot be 
completely recovered. The magnitude of the un­
certainty, however, is not so large as to modify 
seriously the interpretation of the reaction.

The consistent trends in the values of n in suc­
cessive samples of gas drawn from the various 
mixtures give basis for confidence in the combus­
tion methods for analyzing the heavier hydro­
carbons, where n is the average number of carbon 
atoms per molecule of alkane gas. With pure 
propane or pure butane, combustion gave the 
expected values of 3 and 4, respectively, for n.

Materials.—Methyl and ethyl iodides to be 
used in the experiments were prepared by treat­
ing the corresponding alcohols with red phos­
phorus and iodine. The crude products were 
dried over calcium chloride and fractionally dis­
tilled. Their final boiling points of 42.2-42.7° 
and 71.5-72.1° are in agreement with accepted 
values.

Results
The analyses of the products secured from 

typical reactions of sodium with methyl iodide and 
ethyl iodide, both singly and in equimolecular 
mixture, are shown in Table III.

The large amount of methane from the methyl 
iodide is relatively unexpected as is the appear­
ance of hydrogen, methane and propane in the 
gases from the ethyl compound. We have noted 
the formation of carbon in all of these experiments.
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T a b l e  III
D i s t r i b u t i o n  o f  P r o d u c t s  f r o m  W u r t z  R e a c t io n s

H alide u sed ..................
E xp t. n o ........................

. . . C H s I

. . .  20
C 2H 5I

14

C H s I  +  
C 2H 5I  

1 5

C H s I  +  
C 2H 5I  

2 4

% h 2 7.0 5.5 2.3 4.5
%  c h 4 64.1 3.9 42.7 42.9
%  C 2H 4 1.9 12.7 8.3 6.8“
% c2h 6 27.0 51.1 20.3 19.9
% CsH6 2.7 1.7 0.8
% CsH8 15.2 16.1 12.5
% c4h 8 1.3 0.9 0.8
% c4h 10
Total gaseous

7.6 7.7 11.8

products,  ̂ml. 
Black residue,

591.2 226.9 666.2 1231.5

mg. 96.4 35.2 93.4 173.4
Nal formed, g. 6.290 2.255 7.173 12.71
% reaction 23.5 8.4 26.8 47.5

a In this experiment acetylene was determined by ab­
sorption in ammoniacal silver nitrate solution. It made 
up 1.3% of the sample. This is included in the figure for 
% C2H4. 6 At S. T. P.

When all the volatile products had been distilled 
from the reaction vessel, methyl alcohol was added 
to the residual sodium iodide and excess sodium. 
The alcohol extract was always observed to con­
tain much suspended material resembling carbon 
in appearance. This product was not introduced 
as an impurity in the sodium, for sodium melted 
into the apparatus, but not exposed to the halide 
vapors, yielded no carbon at all. Several of the 
black suspensions were filtered and the insoluble 
material was dried and weighed. The product 
had no observable solubility in ethyl alcohol, 
diethyl ether, tetralin, acetone or benzene and 
certainly is not to be confused with methylene 
polymer.

The carbon and hydrogen contents of some 
of the dried carbon samples were determined in a 
micro-combustion apparatus.7 The ratio of the 
two elements varied fairly widely, not only from 
specimen to specimen, but different samples from 
a single specimen were sometimes in bad agree­
ment with each other. The ratios varied from 
C0.9H1 to C4H1. Evidently the carbon had ad­
sorbed fairly large and variable amounts of hydro­
carbon gases.

While the color of iodine vapors was not ob­
served in any of our experiments, a dark liquid, 
not easily volatile, condensed in the leads above 
the reaction vessel. This fluid probably con­
sisted of polyiodide containing some dissolved 
iodine. The excess and unreacted halide collected 
with the reaction products was distilled after the

(7) W e are indebted  to  D r. R . B ruce V an O rder for these analyses.

hydrocarbon gases had been removed for analysis. 
While the material boiled at the temperature of 
the original reactants, there may have been 
present several per cent, of some higher iodide or 
hydrocarbon that would not be detected in our 
procedure.

In an effort to check on the completeness with 
which the chief reaction products were recovered, 
and to gain some idea of the nature of any missing 
products, a materials balance was set up for some 
of the runs. From the amount of sodium iodide 
formed, the quantities of carbon and hydrogen 
expected in, the products may be computed, 
assuming further that in the mixture runs equi- 
molecular amounts of the two halides enter into 
the original reaction. The detailed data for 
Experiments 15 and 24 appear in Table IV. The

T a b l e  I V

M a t e r ia l s  B a l a n c e  i n  W u r t z  R e a c t io n s

Expt. 15 24
C expected, g. 0.861 1.526
H expected, g. .190 0.339
C in gases .664 1.229
H in gases .161 0.305
C in black residue .085 .119
H in black residue .008 .0025
C recovered, % 87.6 88.5
H recovered, % 89.0 90.6

incomplete recovery of butane is sufficient to 
account for most of the hydrogen and carbon 
deficiencies, but possibly the formation of higher 
monohalides and hydrocarbons also contribute a 
little to the deficiency. Some of these products 
may arise from reactions like

C H 2 I  4 -  C 2 H 5 I  — ^  C 3 H 7I  4 -  I  ( 1 )

or by hydrogen exchange reactions.8 These cal­
culations are important in eliminating from the 
reaction scheme chain-producing reactions9 of the 
type

C H 3 +  C H s I  — 5 -  C H 4 4 -  C H 2I

C H 2I  4- C H s I ---------> -  C H 2 I 2  4- C H s ,  etc. (2)

Were such chain reactions a source of appreciable 
amounts of free radicals, the hydrogen and carbon 
content of the recovered products would be more 
than equivalent to the sodium iodide remaining 
in the reaction flask, for if the dihalide formed in 
reaction (2) contains a greater percentage of 
iodide than the original reactant, its appearance

(8) A. O. Allen [T h is  J o u r n a l , 63, 708 (1941)] found  th ese  reac ­
tions to  be of im portance  during  th e  photolysis of acetone in  th e  p res­
ence of propane.

(9) P. Fugasi an d  F . D aniels [ ib id . ,  60, 771 (1938)] observed no 
chains in e thy l brom ide decom position a t  395°,
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in the products would correspond to additional 
amounts of both carbon and hydrogen brought 
into the reaction but not accompanied by an 
equivalent production of sodium iodide. Other 
experiments not reported here indicate that the 
dihalides react about as readily with sodium as 
the monohalides at 320°.

Mechanism
Methyl Iodide.—-There is little doubt that the 

initial reaction involves the formation of sodium 
iodide and methyl radicals at the surface of the 
metal. Some of the radicals are doubtless held 
on the surface, but the instability of the sodium 
alkyls10 makes unlikely the confining of the re­
action to the sodium surface.

The most obvious second step in the reaction 
course is the union of the free radicals, but the 
multiplicity of products and their unexpected 
distribution indicates that such a picture is too 
simple, and a calculation of free radical concen­
trations shows that reactions between two alkyls 
are probably unimportant. Assuming the uni­
form production of the radicals and uniform dis­
tribution throughout the reaction vessel, and that 
the free radicals disappear in a chemical change 
with the alkyl iodide involving an energy of acti­
vation of 16 kcal., a steric factor of 0.1 and 
ordinary collision diameters, the partial pressure 
of the methyls will reach a steady state concen­
tration of about 3 X 10“ 4 mm., when by contrast 
the pressure of halide is about 200 mm. If the 
bimolecular free radical reactions, either asso­
ciations or disproportionations,11 require an 
appreciable energy of activation, they will not 
contribute largely to the final products. On the 
other hand, the more probable free radical- 
molecule reactions lead to new free radicals which 
will meet halide molecules more frequently than 
any other species in the system. The occurrence 
of reaction chains of any considerable length, 
however, is not expected.8 The chains must be 
interrupted either by unimolecular decomposition 
to give unreactive fragments or by two-radical 
reactions of some sort. I t  becomes a matter of 
some importance to observe not only whether the 
principal products can be accounted for in terms 
of reactions that are inherently probable, but also

(10) W . H . C aro thers  and  D. D . Coffman, T h is  J o urn al , 52, 
1254 (1930); ib i d . ,  51, 588 (1929).

(11) D ispropo rtiona tion  p robab ly  requires a  higher energy of 
ac tivation  th an  com bination , cf.  C. E . H . Bawn, T r a n s .  F a r a d a y  Soc . ,  
35, 898 (1939); and  J . C. Jungers and  H. S. T ay lor, J .  Chem. P h y s . ,  
6 , 325 (1938).

to find some reasonable way to account for the 
termination of the reaction chains.

On collision with methyl iodide, methyls can 
capture another methyl, an iodomethyl, a hydro­
gen atom or an iodine atom as shown by the 
equations

C H 3 4  C H 3I  — >  C H 3 C H 3 4  I  ( 3 )

C H 3 4  C H 3I --- ^  C H 3 C H 2I  4  H  ( 4 )

C H 3 4  C H 3I ---C H 4  4  C H 2 I  ( 5 )

C H 3 +  C H 3 I ---C H 3 I  4  C H 3 ( 6 )

Probably all of these reactions proceed with an 
energy of activation around 16 kcal, with the 
exception of (4) which, because of its endothermal 
character, will require a greater activation energy. 
Reaction (5) should be favored over (3) on steric 
grounds in the ratio of 3 to 1 approximately, 
which is roughly the proportions of the stable 
products, CH4 and C2H6. If hydrogen atoms are 
formed at all, they would probably yield molecu­
lar hydrogen in a combination on the walls. 
The iodine atoms for the most part end up as 
sodium iodide and the iodomethyls may either 
lose iodine at the surface of the sodium (the re­
action going more easily than the original iodide- 
sodium reaction) or may unite to form ethylene 
and molecular iodine. If the CH2I loses iodine at 
the sodium surface, the CH2’s apparently react 
there

C H 2 4 -  C H 2 — ^  C H 4 4  C  \  .

C H 2  +  C H 2  — >  2 C  4  2 H 2 ƒ  K }
The carbon is almost certainly formed on the 

surface for, at the conclusion of the reactions, it 
is found intimately mixed with the sodium. The 
reacting vapors never appeared smoky as they 
would if the carbon was formed in the gas phase. 
Usually carbon is formed only at rather high 
temperatures and as a result of slow reactions; 
its appearance at such low temperatures is un­
common. Several investigators, however, have 
mentioned in passing the appearance of carbon 
from reactions of iodide near these temperatures12 
without discussing the manner of its formation.

Ordinarily methylene does not react to give 
free carbon13 but at higher temperatures such 
reactions may be important, as in the decomposi­
tion of ketene at 530° as suggested by William­
son.14 The general scheme proposed for the

(12) H orn, P olanyi and  Style, T r a n s .  F a r a d a y  Soc. ,  30, 189 (1934); 
E. W. R. Steacie and  R. D. M cD onald, C a n .  J .  R e s . ,  10, 591 (1934); 
H . P. M eissner and  H. J. Schum acher, Z .  p h y s ik .  C h em .,  A 185, 435 
(1940).

(13) W. F. Ross and  G. B. K istiakow sky, T h is  J o u r n a l , 56, 1112 
(1934); B urton , D avis, G ordon and  T ay lor, ibid., 63, 1956 (1941).

(14) A. T. W illiam son, ibid., 56, 2216 (1934).
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reaction accounts for all the observed products by 
means of reasonable intermediate reactions.

Ethyl Iodide and Mixed Halides.—The possi­
bilities in the ethyl iodide reaction are much 
more numerous than with methyl iodide alone. 
The ethyl radical on colliding with ethyl iodide 
may combine with hydrogen (from either of the 
two carbon atoms in ethyl iodide), with iodine, 
methyl, iodomethyl, iodoethyl, or ethyl groups. 
None of these reactions can be eliminated as com­
pletely impossible. The formation of propane 
and butane is indicated by the equations

C2H5 +  CH3CH2I — >  C3H8 +  CH2I 
C2H5 +  C2H5I — ^  C4H10 +  I

These reactions are expected to be about equally 
probable. Unsaturated products, including car­
bon, arise as before from CH2I. The appearance 
of a little methane in the gases collected from the 
ethyl iodide reaction means either that the C-C 
chain is broken in the original reaction or, what is 
more likely, in a subsequent reaction of the type 
shown in equation (8) below.

C 2 H 5  +  C 2H 5 I  — ^  C 2H 5 C H 2I  +  C H 3  ( 8 )  

That the propane is not formed by union of 
methyl and ethyl radicals is shown by the experi­
ments with the mixed halides where the greatly 
increased concentration of methyls does not 
result in any appreciable increase in propane. 
That the propane production is not diminished 
by addition of methyl iodide to ethyl iodide 
means that methyls can enter into some propane- 
producing reaction with ethyl iodide, and ethyls 
can enter into a propane-producing reaction with

methyl iodide, the most obvious suggestions being
CH3 +  C2H5I — >  C3H8 -f I 
C2H5 +  CH3I — > C3H8 +  I

There is no evidence for the union of either like 
or unlike alkyl radicals under the conditions of 
our experiments and it is possible in certain other 
reaction systems where saturated hydrocarbons 
have been attributed to this kind of process, that 
alternative sources are responsible.

Acknowledgment.—The authors express their 
thanks to Dr. Milton Burton for helpful discus­
sion of many aspects of the work reported in this 
paper.

Conclusions and Summary
On the basis of a free radical mechanism, one 

would expect a gas phase Wurtz reaction to be 
very complicated, and this is found to be true 
experimentally. The reaction of methyl iodide or 
ethyl iodide or a mixture of the two at a pressure of 
about 200 mm. at 320° produces hydrogen, free 
carbon, saturated and unsaturated hydrocarbons 
and possibly smaller amounts of higher halides. 
The character of the products is in harmony with 
current views concerning free radical reactions.

Combinations of two alkyl radicals to give 
saturated molecules seem not to occur in this 
system. Most of the primarily formed free radi­
cals disappear by reaction with excess halide 
molecules, and the secondary radicals containing 
iodine disappear either by reacting with each other 
or by reaction with sodium.
U n i v e r s i t y  H e i g h t s , N e w  Y o r k

R e c e iv e d  J u n e  3, 1942

[C o n t r i b u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r y  o f  H a r v a r d  U n i v e r s i t y ]

Alkylation of ^Naphthoquinones with Esters of Tetravalent Lead
B y  Lo uis  F . F ie se r  and  F red er ic  C. Ch a n g 1

This investigation originated in a chance ob­
servation made by one of us in attempting to im­
prove a known procedure2,3 for converting buta- 
diene-toluquinone (I) into 2-methyl-1,4-naphtho­
quinone. Treatment of the isomerization product 
II with silver oxide affords the highly sensitive 
quinone III, and powerful oxidizing agents lead 
to some destruction. With chromic anhydride,

(1) On leave of absence from  th e  D ep artm en t of C hem istry, Ling- 
nan  U niversity , C anton , China.

(2) Fieser, T ish ler and  W endler, T h is  J o u r n a l , 62, 2861 (1940).
(3) T ishler, F ieser and  W endler, ibid., 62, 2866 (1940).

as in comparable cases,4 II can be converted into 
IV in about 50% yield.

The use of lead tetraacetate was thought to 
offer a possibility for improvement, for the inter­
mediate quinone III might undergo acetoxyla- 
tion in one of the activated methylene groups or 
give a glycol diacetate by an addition to the double 
bond, and either intermediate should lose acetic 
acid readily with the formation of IV. When the 
hydroquinone II was warmed on the steam-bath

(4) F ieser, C am pbell and  F ry , ibid., 61, 2206 (1939).
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III IV

in acetic acid with just two moles of lead tetra­
acetate, there was obtained a crystalline product 
which melted slightly above the melting point of 
pure 2-methyl-1,4-naphthoquinone (m. p. 106- 
107°) and seemed reminiscent of the intermediate 
yellow products of unknown nature isolated on 
partial oxidation of other 5,8-dihydro-1,4-naph- 
thohydroquinones with chromic acid.4 Since 
these intermediates are convertible to the naph­
thoquinones by further oxidation, the experiment 
was repeated with three moles of lead tetraace-

It was ascertained that the result is the same when 
the hydroquinone II is first oxidized with silver 
oxide to the quinone III, and this is then treated 
with lead tetraacetate. When either II or III is 
employed as the starting material, the reaction 
with lead tetraacetate in acetic acid at the steam- 
bath temperature is characterized by a rapid 
evolution of gas containing carbon dioxide in 
amounts corresponding to approximately 1.4 moles 
per mole of hydroquinone II. When methyl- 
naphthoquinone was submitted to similar treat­
ment (thirty-six hours), there was no gas evolu­
tion or consumption of the reagent, and the start­
ing material was recovered unchanged. I t was 
observed also that when the quinone III is re­
fluxed with lead tetraacetate in benzene solution 
it is converted in moderate yield into methyl- 
naphthoquinone (IV), and affords none of the di­
methyl compound V.

In a further investigation of the unusual reac­
tion, the action of lead tetraacetate on 5,8-di­
hydro-1,4-naphthohydroquinone was found to give 
a small amount of 2,3-dimethyl-l,4-naphthoqui­
none. 2,6,7-Trimethyl-5,8-dihydro-l,4-naphtho- 
hydroquinone (VI) was prepared by the isomeri-

^ C H 2 
CH3CX

c h 3c
+

%c h 2

o

|CH3

'c h 3

o

tate, all of which was consumed. The reaction 
product melted at 126.5-127.5°, and analyses of 
the substance and of its sharply melting hydro­
quinone diacetate pointed to the formula C12H10O2, 
whereas methylnaphthoquinone is CnHsCb. The 
Craven test5 was found to be completely negative, 
indicating the absence of a free position in the 
quinonoid ring, and the substance was identified 
by direct comparison as 2,3-dimethyl-l,4- 
naphthoquinone (V).

O

The action of excess lead tetraacetate on 
2 - methyl - 5,8 - dihydro -1,4 - naphthohydroquinone 
thus involves a remarkable methylation reaction.

(5) C raven, J .  C h e m .  S o c . ,  1605 (1931).

zation of the addition product from 2,3-dimethyl- 
butadiene and toluquinone and treated with ex­
cess lead tetraacetate. The reaction product cor­
responded in melting point with 2,3,6,7-tetra- 
methyl-1,4-naphthoquinone (VII), as described 
by Bergmann and Bergmann,6 and its identity 
was established by comparison with a sample of 
this substance synthesized by adding 2,3-di- 
methylbutadiene to o-xyloquinone and oxidizing 
the isomerized product with chromic acid. The 
oxidation was also conducted with lead tetra­
acetate, and in this case the reaction proceeded 
normally and likewise yielded the tetramethyl- 
naphthoquinone VII. The methylation of the 
trimethyl compound VI in the lead tetraacetate 
reaction bears some resemblance to the conversion 
of 2,6,7-trimethyl-l,4-naphthoquinone to the 2,3,-
6,7-tetramethyl compound VII by the action of 
diazomethane, observed by Bergmann and Berg-

(6) E. Bergm ann and F. Bergm ann, J .  O r g .  C h e m . ,  3, 125 (1938).
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mann.6’7 The resemblance is superficial, however, 
for the latter reaction very probably proceeds 
through the formation and decomposition of a 
pyrazoline, as in the example studied in this Lab­
oratory.8

That the methyl group introduced in the course 
of the curious reaction comes from lead tetra­
acetate was initially discounted because of the ob­
servation that the reagent is without action on 
methylnaphthoquinone at the same temperature 
(steam-bath). That the 5,8-dihydride III under 
the same conditions enters into a brisk reaction, 
suggested that it may serve the dual role of pro­
viding the carbon substituent, through an allylic 
intermediate,9 as well as acting as acceptor of the 
methyl group.

In an attempt to separate the two functions, 
malonic acid was selected as a component having 
an activated methylene group, and methylnaph­
thoquinone was employed as an acceptor which it­
self is not attacked under the conditions of the 
experiment. When an acetic acid solution of ap­
proximately equivalent amounts of methylnaph­
thoquinone and malonic acid was heated on the 
steam-bath and treated with successive portions 
of lead tetraacetate, a stead}  ̂ gas evolution en­
sued, nearly five moles of reagent were consumed, 
and the reaction product proved to be 2,3-di­
methyl-1,4-naphthoquinone. Since the product is

Pb(OAc)4
CH2(C02H)2

O
II

|CH3

ICHa

o  o

easily isolated in a pure condition and the yield is 
45-50% of the theoretical amount, this consti­
tutes a practical method of methylation. The fact 
that no reaction occurred in the absence of malonic 
acid seemed to indicate that this substance had 
functioned as the methylating agent even though 
it is itself attacked by lead tetraacetate, probably 
in a reaction analogous to the conversion of ma­
lonic ester into acetylmalonic ester.10’11

Other active-hydrogen components were tried 
with varying results. Ethyl acetoacetate was

(7) W e do n o t agree w ith  th e  in te rp re ta tio n  which these authors 
advance of th e  n a tu re  of th e  p ro d u c t ob ta ined  from  2,6-dim ethyl-1,4- 
naph thoquinone and  diazom ethane by  Fieser and  Seligman, T h is 
J o u r n a l , 56, 2690 (1934).

(8) F ieser and H artw ell, T h is  J o u r n a l , 57, 1479 (1935).
(9) Fieser, ibid., 61, 3467 (1939).
(10) D im ro th  and Schweizer, Ber., 56, 1375 (1923).
(11) Bak, A n n ., 537, 291 (1938).

found to function about as satisfactorily as ma­
lonic acid, but when diethyl malonate was em­
ployed the starting material was recovered un­
changed. In experiments conducted under the 
same conditions (90-95°), triphenylmethane, cy- 
clopentadiene, acenaphthene and dimethylmalonic 
acid proved ineffective in comparison with malonic 
acid, and at least a large part of the starting ma­
terial was recovered. Methylmalonic acid was 
then tried and found to promote a characteristic 
gas evolution and to afford a transformation prod­
uct in yield as high as that obtained with malonic 
acid. If the alkyl group introduced is derived 
from the malonic acid, methylmalonic acid should 
afford 2-methyl-3-ethyl- 1,4-naphthoquinone. The 
product obtained, however, proved to be the 2,3- 
dimethyl compound (V). Therefore, although 
the active-hydrogen component promotes the al­
kylation, it is not the alkylating agent. This 
conclusion was confirmed by the observation that 
methylnaphthoquinone can be converted into the
2,3-dimethyl derivative by the action of lead 
tetraacetate in combination with C-ethyl ethyl 
acetoacetate as promoter.

A method of testing the possibility that lead 
tetraacetate functions as the methylating agent 
was to attempt the introduction of higher alkyl 
groups by means of appropriate esters of tetra­
valent lead. Thus lead tetrapropionate would be 
expected to afford an ethyl substituent. Since 
preformed lead tetraacetate is not required in 
typical oxidations with this reagent but can be 
replaced by a combination of red lead and acetic 
acid,12 we adopted this method of operation both 
as a matter of convenience and in order to extend 
the scope of experimentation. Thus methyl­
naphthoquinone was dissolved in propionic acid, 
an equivalent amount of ethyl acetoacetate was 
added as a promoter, and red lead was added in 
portions, with heating and stirring. A smooth 
reaction ensued, affording in 49.5% yield a prod­
uct melting at 72-72.6° and having the composi­
tion of the methylethyl compound. Karrer and 
Epprecht13 observed the melting point 73° for a 
sample of 2-methyl-3-ethyl-1,4-naphthoquinone
(VIII) synthesized from ar.-/3-methyltetralin. As 
a possible means of obtaining a sample for di­
rect comparison, we attempted the methylation of
2-ethyl-1,4-naphthoquinone (IX) with lead te tra­
acetate in the presence of malonic acid. The re-

(12) W ard , T h is J o u r n a l , 60, 325 (1938); F ieser an d  C ason , 
ibid., 62, 432 (1940); Scanlan and Swern, ibid., 62, 2305 (1940).

(13) K arre r and E pprech t, Ilclv. Chim. Acta, 23, 272 (1940).
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action proceeded satisfactorily and the product 
obtained proved to be identical with that resulting 
from the ethylation experiment. The organo- 
metallic ester is thereby identified as the alkylat­
ing agent.

The behavior of methylnaphthoquinone under 
the same conditions with red lead in combination 
with ^-butyric acid and with isobutyric acid was 
then investigated. Each reaction yielded a dif­
ferent, fully substituted quinone (negative Cra­
ven test), and these melted at 65° and 112°, re­
spectively, and had the expected composition of 
the methylpropyl compounds. I t was established 
that these substances have the structures X and 
XI, respectively, corresponding to normal alkyla-

O O

O  O
X XI

tions, and that the substituent does not suffer 
isomerization in the course of the reaction, by the 
above expedient of introducing the groups in the 
alternate order. 2-w-Propyl-1,4-naphthoquinone,4 
when treated with lead tetraacetate and malonic 
acid, afforded a product identical with the lower 
melting isomer, obtained in the propylation ex­
periment employing n-butyric acid. One of the 
two routes to the disubstituted compound shows 
that it contains a normal propyl group in the quin- 
onoid ring, and the other indicates the presence 
of a similarly situated methyl group; the struc­
ture X therefore is fully established. Evidence 
was likewise obtained in support of formula XI 
for the isomer. A small sample of /3-isopropyl- 
naphthalene was oxidized with chromic acid and 
the crude, oily quinone obtained was methylated

with lead tetraacetate; this afforded a product 
identical with the higher melting methylpropyl 
compound. In the preparation of these com­
parison samples, it was observed that the methyla­
tion reaction proceeds less readily when the 
quinonoid ring carries an ethyl or propyl sub­
stituent than when a 2-methyl group is initially 
present. A higher temperature is required, and 
the yields are lower.

No comparable limitation was observed with re­
spect to the introduction of higher alkyl groups 
into 2-methyl-1,4-naphthoquinone. The above 
ethylation and propylation reactions proceeded 
as smoothly as the methylation of this compound, 
giving yields as high as 59%, and alkylation of the 
same quinone with ^-caprylic acid and red lead 
was conducted with success. When a stirred mix­
ture of the quinone, the fatty acid and malonic 
ester was treated with red lead at 120-130°, the 
oxide dissolved steadily if slowly, and the reaction 
afforded in 34% yield a quinone of composition 
and properties consistent with the structure of 2- 
methyl-3-^-heptyl-1,4-naphthoquinone (XII). 
Quinones of this type heretofore have been ob­
tainable only in a rather elaborate sequence of 
synthetic operations.13’14 By a similar process,

|CH2CH2C6H5

Ic h 3

O
XIV

phenylacetic acid afforded in 65% yield a product 
which was fully identified as the 2-methyl-3- 
benzyl compound X III by direct comparison with 
a sample of the substance obtained previously in 
this Laboratory by another synthesis.15 An alkyla­
tion utilizing hydrocinnamic acid yielded a new 
quinone which, in analogy with the other ex­
amples of the reaction, can be assigned the prob­
able structure of 2-methyl-3-/Lphenylethyl~ 1,4- 
naphthoquinone (XIV). Attempted alkylation

(14) Fernholz, A nsbacher and  M acPhillam y, T h is  J o u r n a l , 62, 
430 (1940).

(15) Fieser, C am pbell, F ry  and G ates, ibid., 61, 3216 (1939).
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with 7 -phenylbutyric acid thus far has been un­
successful.

The alkylation of naphthoquinones with esters 
of tetravalent lead is at least a fairly general 
phenomenon, and it is evident that the alkyl 
group introduced is derived from an acyl radical 
of the ester. The carbon dioxide evolved evi­
dently is derived from the same source, and it ap­
pears that under certain conditions lead tetra­
acetate suffers decomposition to lead acetate, car­
bon dioxide and either actual or potential methyl 
radicals. Of significance in this connection is the 
early observation by Dimroth and Schweizer10 
that when lead tetraacetate is heated with acetic 
acid and acetic anhydride at the reflux tempera­
ture a small amount of an inflammable gas is 
evolved, which presumably is ethane. A considera­
tion of the mechanism of the breakdown of the 
lead tetraacetate molecule will be deferred to re­
ports of further investigations being conducted 
by other workers in this Laboratory. An obser­
vation made by R. C. Clapp and W. H. Daudt 
suggested the possibility of initiating the alkyla­
tion reaction without the use of an active-hydro­
gen promoter, and it was found that, although 
methylnaphthoquinone is recovered unchanged 
after a prolonged period of warming with lead 
tetraacetate and acetic acid on the steam-bath, 
alkylation sets in, with evolution of carbon di­
oxide, if the temperature is raised to the point of 
refluxing. The 2,3-dimethyl compound is thus 
obtainable without the use of a promoter, although 
malonic acid or similar reagent definitely facili­
tates the reaction. Criegee16 found that the veloc­
ity of the cleavage of glycols by lead tetraacetate 
in acetic acid solution is accelerated enormously 
by the addition of another solvent such as meth­
anol or water. Following an observation by S. T. 
Putnam that the activating effect applies to still 
other reactions of lead tetraacetate, we discovered 
that methanol can be used to promote the alkyla­
tion reaction at 90-95°. When acetic acid is em­
ployed as the sole solvent, crystals of added lead 
tetraacetate remain colorless and undissolved until 
the reaction is initiated by adding a promoter or 
by raising the temperature to the boiling point. 
Although the alkylation appears to be subject to 
catalysis, it seems from the present results to re­
quire being maintained in progress, as well as 
being initiated.

I t is now evident that, in the initial experiment
(16) Criegee, B e r . t 73, 563 (1940).

which led to the discovery of the remarkable al­
kylating action of lead tetraacetate, the unsatur­
ated compound II played the dual role of provid­
ing a source of methylnaphthoquinone and of func­
tioning as a promoter of the methylation reaction.

Experimental P art17
Action of Lead Tetraacetate on 2-Methyl-5,8-dihydro-

l , 4-naphthohydroquinone, II (L. F. F.).—In a first trial, 
0.18 g. of II2 (in. p. 173-174°) in 5 cc. of acetic acid was 
treated with 0.95 g. of lead tetraacetate, and the mixture 
was warmed until solution was complete and allowed to 
stand for two days, when the test for tetravalent lead was 
negative. The product, when crystallized from methanol, 
melted at 107-110.5° and showed a depression (ca. 90°) 
when mixed with 2-methyl-l,4-naphthoquinone. In an­
other experiment a solution of 0.70 g. of II in 10 cc. of acetic 
acid was heated on the steam-bath and treated in the 
course of about four hours with a total of 5.54 (3.1 equiva­
lents) of lead tetraacetate, added in portions. The reagent 
was all consumed, and on adding water there was precipi­
tated a slightly sticky solid, m. p. 117-119°. One crystal­
lization from methanol gave yellow needles, m. p. 124- 
125°, and after four more crystallizations the substance 
melted constantly at 126.5-127.5°; the Craven test was 
negative. In another experiment, 1.4 g. of II in 25 cc. of 
acetic acid took up a total of 13.9 g. (3.92 equivalents) of 
reagent under similar conditions and the once crystallized 
product (0.38 g.) melted at 124-126°. The fully purified 
material melted at 126.5-127.5° and gave no depression 
when mixed with 2,3-dimethyl-l,4-naphthoquinone. 
Analyses of the two preparations were carried out with the 
following results.

Anal. Calcd. for Ci2Hi0O2: C, 77.40; H, 5.41.
Found: C, 77.37, 77.36; H, 5.66, 5.82.

The hydroquinone diacetate, prepared by reductive 
acetylation of the quinone with zinc dust, acetic anhydride 
and pyridine, melted initially at 189.5-190.5°. The sub­
stance crystallized from alcohol in the form of diamond­
shaped, laminated plates, m. p. 190-190.5°.

Anal. Calcd. for CieHieO  ̂ C, 70.57; H, 5.92.
Found: C, 70.70; H, 6.16.

The following experiments were run in parallel at the 
steam-bath temperature. In the first, 0.70 g. of II in 15 
cc. of acetic acid was heated with 7.08 g. (4 equiv.) of lead 
tetraacetate. Carbon dioxide was evolved steadily and 
the starch-iodide test was negative only after four hours, 
when 0.5 g. more reagent was added. The test was nega­
tive after three hours, and the product was precipitated 
with water, extracted with ether and crystallized from 
methanol. The yield of 2,3-dimethyl-l,4-naphthoquinone,
m. p. 124-125°, was 0.21 g. (28%). In the second experi­
ment, 0.70 g. of II in 15 cc. of dry ether was shaken for one- 
half hour with 2 g. of silver oxide and magnesium sulfate, 
and the yellow solution was filtered and evaporated. The 
residue was a bright yellow, light-sensitive solid, m. p. 86- 
87°, consisting of the quinone III. This was dissolved in 
15 cc. of acetic acid and treated as above with 5.32 g. (3

(17) M icroanalyses by  Lyon S outhw orth  and E . W erb le . All 
m olting po in ts  are  corrected,.
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equiv.) of lead tetraacetate. Gas was evolved at first and 
tetravalent lead was still present after heating for seven 
hours. After destroying the excess reagent by the addi­
tion of 3 drops of glycerol, the product was precipitated 
and worked up as above. The once crystallized product, 
m. p. 124.5-125.5°, was identified as the 2,3-dimethyl 
compound by mixed melting point determination; yield
0.16 g. (22%).

Another 0.70-g. lot of II waè oxidized with silver oxide 
to the quinone and a solution of this in 15 cc. of benzene 
was refluxed with 5.32 g. of lead tetraacetate for fifteen 
hours. The mixture was filtered and the solution shaken 
with dilute hydrochloric acid until the precipitated lead 
dioxide was dissolved. The crude product (0.7 g.) ob­
tained on evaporation afforded, on crystallization from 
methanol, 0.20 g. of yellow needles, m. p. 103-104°. The 
recrystallized material melted at 106-107° and did not 
depress the m. p. of 2-methyl-1,4-naphthoquinone. 
Treatment of 0.70 g. of II in acetic acid with a slight excess 
of chromic anhydride afforded 0.40 g. of methylnaphtho­
quinone, m. p. 102-103°. When pure methylnaphtho­
quinone (0.69 g.) was heated on the steam-bath in acetic 
acid with one equivalent of lead tetraacetate, there was 
no gas evolution, and unconsumed reagent was still present 
after thirty-six hours. The collected product proved to 
be unchanged starting material, m. p. 106-106.5°.

Extension of the Experiments.—Some improvements 
were made in the preparation of the starting material. 
The addition of butadiene (16 g.) to toluquinone (20 g., 
steam distilled) was conducted in the presence of benzene 
(20 cc.) in a capped bottle at 70° for six hours. The re­
sulting solution was clarified with Norit, concentrated and 
diluted with ligroin (70-90°). The addition product I 
which crystallized was obtained after washing with ligroin 
as pale yellow crystals, m. p. 80-81°; yield 24.4 g. (84%). 
When this substance was heated with lead tetraacetate in 
acetic acid, there was no gas evolution, and no dimethyl- 
naphthoquinone could be isolated. Isomerization to 2- 
methyl-5,8-dihydro-1,4-naphthohydroquinone was ac­
complished satisfactorily by the method reported2 only 
when working with small quantities. With larger amounts 
it was found best to reflux the addition product for a few 
minutes in acetic acid containing about 1% of concen­
trated hydrochloric acid and a trace of stannous chloride; 
a colorless crystalline product invariably resulted, and 
either separated from the boiling medium or crystallized 
on dilution with water. A typical methylation experiment 
conducted with four equivalents of lead tetraacetate 
afforded 2,3-dimethyl-1,4-naphthoquinone in 28% yield; 
the hydroquinone diacetate melted at 190.5-191.5°.

Approximate determinations of the amount of carbon 
dioxide evolved in the course of the reaction were made. 
In one experiment with 3.1600 g. of II, the net weight of 
carbon dioxide evolved was 1.0910 g., whence the ratio 
moles CCb/moles II — 1.38. In another run, 2.1397 g. of 
II gave rise to 0.7526 g. of carbon dioxide, corresponding 
to the molecular ratio 1.41:1.

Methylation of 5,8-Dihydro-l,4-naphthohydroquinone.— 
The starting material18 was obtained by isomerization of 
the corresponding addition product with boiling acetic acid 
containing hydrochloric acid and stannous chloride; the

(18) Diels and Alder, B er .,  62, 2361 (1929).

substance crystallized on dilution in elongated prisms, m. 
p. 212-214°. A solution of 1.62 g, of the hydroquinone 
was treated with 16 g. (3.6 equivalents) of lead tetra­
acetate at 90 °. Rapid gas evolution had ceased after one 
hour, although the test for oxidizing agent was negative 
only after four hours. The collected product was an oil 
which partially crystallized. Washing with methanol 
afforded 0.1 g. (5%) of brown crystals, m. p. 112-115°, and 
the recrystallized material melted at 122-124 ° and did not 
depress the melting point of 2,3-dimethyl-l,4-naphtho- 
quinone.

2,3,6,7-Tetramethyl-l,4-naphthoquinone, VII. (a) By 
the Methylation Reaction.—For the preparation of the 
starting material, 8.6 g. of toluquinone was refluxed with 
13.5 cc. of 2,3-dimethylbutadiene in 15 cc. of alcohol for 
four hours. The product6 which separated on ice cooling 
was recrystallized once from alcohol and afforded 9.3 g. 
(67%) of material melting at 91-92°; this was isomerized 
by the method described above to 2,6,7-trimethyl-5,8- 
dihydro-1,4-naphthohydroquinone6 (VI), m. p. 214-215°. 
Methylation of 1.43 g. of VI was accomplished by treat­
ment with lead tetraacetate as in the previous experiments. 
The sticky solid obtained as the crude reaction product on 
crystallization from methanol gave 0.32 g. (21%) of the 
tetramethyl compound VII in two crops (m. p. 164- 
165.5°). Recrystallization afforded well-formed yellow 
crystals melting at 167-168.5°. Bergmann and Berg­
mann6 report the melting point 167-168°.

(b) By Synthesis.—ö-Xyloquinone was prepared from 
tf-xylidine by oxidation with manganese dioxide.19 A 
mixture of 1.65 g. of the quinone, 4 cc. of 2,3-dimethyl­
butadiene, and 5 cc. of absolute alcohol was refluxed for 
eight hours. The addition product, 2,3,6,7-tetramethyl-
5,8,9,10-tetrahydro-1,4-naphthoquinone, separated on cool­
ing as small, colorless needles, m. p. 105-106.5°; yield 2.22 
g. (80%).

Anal. Calcd. for Ci4H180 2: C, 77.03; H, 8.31.
Found: C, 76.87; H, 8.24.

This was isomerized in the usual way to 2,3,6,7-tetra- 
methyl-5,8-dihydro-1,4-naphthohydroquinone, which when 
purified from dioxane-ligroin melted at 269-270.5° (Berg­
mann and Bergmann6 obtained in a different way a sub­
stance melting at 232 ° which they regarded as having this 
structure).

Oxidation of the hydroquinone with chromic acid in 
acetic acid gave a product which crystallized from meth­
anol in yellow leaflets melting at 169.5-170°, and this did 
not depress the melting point of the quinone obtained by 
method (a). Oxidation of the hydroquinone with lead 
tetraacetate likewise afforded VII (m. p, 166-168°). 
Samples of the quinone prepared by methods (a) and (b) 
were submitted to reductive acetylation and in each case 
afforded a colorless hydroquinone diacetate melting at 
216-217°; the samples when mixed showed no depression.

Anal. Calcd. for Ci8H2o04: C, 71.98; H, 6.71.
Found: C, 71.84; H, 6.54.

Action of Lead Tetraacetate on 2-Methyl-l,4-naphtho­
quinone, IV, (a) with Malonic Acid.—A solution of 0.86 g. 
(0.005 mole) of IV and 0.6 g. of malonic acid in 15 cc. of

(19) Fieser, “ E xperim ents in Organic C hem istry ,” D. C. H eath  
and Co., Boston, M ass., 1935, p. 228.
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acetic acid was treated with 5 g. of lead tetraacetate and 
heated on a water-bath to 50-60°, when a brownish solid 
soon began to separate from the upper part of the solution 
and gas bubbles began to appear. After heating for about 
one hour, the precipitate had lightened in color and appeared 
as a curdy white solid which filled the entire solution. The 
same substance is formed in the absence of methylnaphtho­
quinone and probably is a lead salt of malonic acid. 
After heating for another hour at 75° the solid had all dis­
solved, no more gas was evolved, and the test with starch- 
iodide paper was negative. When an additional 2-g. por­
tion of lead tetraacetate was added it was consumed rather 
rapidly, with further gas evolution. When the reaction 
slackened, another 2-g. portion was added. This process 
was repeated until, at the end of six and one-quarter hours 
(total), no more gas was evolved, the solution was of a 
clear, golden color, and excess reagent was present; a total 
of 10.5 g. (4.7 equivalents) of lead tetraacetate had been 
used. The excess reagent was destroyed with glycerol (6 
drops) and the solution was poured into water. The 
crystalline yellow precipitate on one crystallization from 
methanol yielded 0.45 g. (49%) of yellow needles, m. p. 
118-125°. On recrystallization, the sample melted at 
122-124 ° and was identified by mixed melting point deter­
mination as 2,3-dimethyl-l,4-naphthoquinone. A trace 
of starting material (m. p. 102-104°) was recovered from 
the aqueous filtrate by extraction with ether and crystal­
lization. In later experiments conducted at the steam- 
bath temperature, no starting material was detected and 
the yield of methylated product was better.

(b) With Ethyl Acetoacetate.—In an experiment with 
0.86 g. of IV and 0.6 cc. of acetoacetic ester in 15 cc. of 
acetic acid, heated on the steam-bath, no solid intermediate 
appeared, but gas was evolved and a total of 4.16 equiva­
lents of lead tetraacetate was consumed. The product 
was identified as the 2,3-dimethyl compound. Other 
experiments indicated that the results are better when a 
full molecular equivalent of the promoter is used than 
with 0,4 equivalent.

(c) With C-Ethyl Ethyl Acetoacetate (L. F. F.).—The
following rapid procedure gave good results with this 
promoter but was less satisfactory when malonic acid or 
acetoacetic ester was used. A mixture of 0.86 g. of IV, 8.8 
g. (3.7 equiv.) of lead tetraacetate, and 10 cc. of acetic acid 
was heated on the steam-bath and a solution of 1.03 g. 
(1.3 equiv.) of C-ethyl ethyl acetoacetate in 5 cc. of acetic 
acid was run in from a dropping funnel in the course of one- 
half hour, during which time gas was evolved steadily. A 
few remaining crystals of lead tetraacetate subsequently 
dissolved, but after heating for one and one-half hours 
excess reagent was still present. This was discharged 
with glycerol (4 drops) and the solution was diluted and 
extracted with ether. The ethereal extract was washed 
with dilute nitric acid and with sodium carbonate solution 
and shaken with aqueous sodium hydrosulfite solution to 
effect reduction of the quinone. The hydroquinone was 
then extracted with three portions of 5% potassium 
hydroxide containing 2% of sodium hydrosulfite and the 
yellow vat solutions were drawn off under ether, com­
bined and acidified. 0 The hydroquinone was extracted 
with ether and the solution was washed with soda solution,

(20) C om pare.procedure for th e  iso lation of v itam in  K i.9

dried, shaken with silver oxide and magnesium sulfate, 
filtered and evaporated. The residue was a bright yellow 
solid, m. p. 120-122° (recrystallized: 124-125°); yield 
0.43 g. (46%).

(d) With Diethyl Malonate.—In an experiment con­
ducted as in (a) except for the substitution of malonic 
ester in place of malonic acid, there was but little gas 
evolution at the steam-bath temperature and after heating 
for twelve hours a considerable part of the initial 5-g. lot of 
lead tetraacetate remained unconsumed and crystallized 
when the solution was cooled. The filtered solution 
afforded only starting material, m. p. 103-104°.

In another run performed in the same way but at the 
reflux temperature and with excess lead tetraacetate, 
methylation proceeded satisfactorily and the dimethyl 
compound was produced.

(e) With Methylmalonic Acid.—This reagent, when em­
ployed under the conditions defined for malonic acid (a), 
gave entirely comparable results and afforded 2,3-dimethyl-
1,4-naphthoquinone in good yield. The only difference 
noticed was that no intermediate white salt precipitated, 
although at the beginning of the reaction the solution was 
slightly cloudy.

(f) With Tartronic Acid.—When tartronic acid11 (m. p. 
159 °, dec.) was used, a curdy white solid at first separated 
and then dissolved on the addition of more reagent. Di- 
methylnaphthoquinone again was a product of the reac­
tion.

(g) With Dimethylmalonic Acid.—With this reagent,20 21 
employed under the conditions of (a), about half the usual 
amount of lead tetraacetate was consumed, there was 
relatively little gas evolution, and the product after one 
crystallization melted at 95-100 ° and after a second at 99- 
102°. This, apparently, consisted largely of starting ma­
terial, but on reëxamination it was found to afford after 
further crystallizations a small amount of material melting 
at 113-115°; a mixture with the dimethyl compound 
melted at 115-120°.

(h) With Methanol.—A solution of 0.86 g. of the quinone 
IV in 15 cc. of acetic acid and 5 cc. of methanol was treated 
at the steam-bath temperature with a total of 9 g. (4.1 
equiv.) of lead tetraacetate, added in portions. At the 
end of the reaction the clear solution was decanted from a 
small amount of dark precipitate and processed as usual. 
After two crystallizations the product melted at 120-122 ° 
and was identified as the dimethyl compound VII.

(i) Without a Promoter.—When a mixture of 5.16 g. of 
methylnaphthoquinone, 30 cc. of acetic acid, and 25 g. of 
lead tetraacetate was heated to the reflux temperature, the 
reaction started promptly, with vigorous gas evolution. 
As the reagent was used up, further 5-g. portions were 
added until, when a total of 67 g. (5 equiv.) of lead tetra­
acetate had been added, the reaction subsided. Refluxing 
was continued for a total of five hours. The dark brown 
mixture was poured into water and the product extracted 
with ether and processed as usual. The solid material 
obtained from the residual oil when purified afforded 0.42 
g. of 2,3-dimethyl-l,4-naphthoquinone, m. p. 123-125°; 
the mother liquor remained as an oil even on sublimation 
and yielded no additional product. Better results were

(21) B artle tt, F rase r and  W oodw ard, T h is  J o u r n a l , 63, 495 
(1941).
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obtained in an earlier experiment employing less reagent (4 
equiv.) and more acetic acid; the yield was not deter­
mined accurately but appeared to be comparable with 
those in the experiments with added malonic acid.

(j) With Reactive Hydrocarbons.—In trials with cyclo- 
pentadiene and with acenaphthene as possible promoters, 
the starting material was recovered unchanged. With 
triphenylmethane, the reaction seemed to proceed as in the 
successful methylations, but the only crystalline product 
isolated from the oily reaction mixture was a colorless 
solid, m. p. 88-90° (probably triphenylmethyl acetate, 
m. p. 87-88°).

2-Methyl-3-ethyl-1,4-naphthoquinone, (a) By Ethyla­
tion.—A solution of 3.44 g. (0.02 mole) of 2-methyl-1,4- 
naphthoquinone and 3.2 cc. (0.025 mole) of ethyl aceto­
acetate in 50 cc. of propionic acid was heated with stirring 
on the steam-bath and 60 g. (4.37 equiv.) of red lead was 
added in 5-g. portions. The reaction started on the 
addition of the first lot of oxide, as evidenced by the rapid 
evolution of gas. After a time the gas evolution noticeably 
lagged. The first 40 g. of red lead was consumed within 
forty-five minutes and the remainder had largely dis­
appeared after a total time of about two hours, when the 
reaction appeared to be at an end. Heating and stirring 
were continued for a total of three hours. In this and simi­
lar alkylations it seems advisable to continue heating for 
about one hour after evident gas evolution ceases. The 
mixture, which gave a positive test for tetravalent lead, 
was cooled somewhat, with continued stirring, and ether 
was added to extract the product. The ethereal solution 
was decanted and the semisolid residue containing red lead 
and lead salts was extracted several times with fresh por­
tions of ether. The combined ethereal solution was washed 
with saturated sodium bicarbonate solution until neutral, 
dried with calcium chloride, and evaporated. A volumin­
ous white precipitate of a basic lead salt sometimes appears 
in the washing with sodium bicarbonate solution; in this 
case the ethereal solution is acidified, shaken thoroughly 
with 10% nitric acid, and then washed again with bicar­
bonate solution. The residual oil obtained from the ether 
crystallized when cooled and manipulated. The crystal­
line product was transferred to a Hirsch funnel and washed 
with methanol, giving 0.75 g. of yellow needles, m. p. 69- 
70.5°. Concentration of the mother liquor and washings 
afforded 0.87 g. of material melting at 66-70.5°. The 
total amount collected represents a yield of 40.5%; addi­
tional material is retained in the mother liquor. After 
two further crystallizations the quinone melted at 72- 
72.6° and sublimation of the sample produced no change 
(Karrer, et al.,13 73°).

Anal. Calcd. for C13Hi20 2: C, 77.98; H, 6.04.
Found: C, 78.36, 78.38; H, 6.48, 6.44.

The hydroquinone diacetate crystallized from dilute 
acetic acid in needles melting at 106-108°, and remelting 
at 116-117°.

Anal. Calcd. for Ci7Hi80 4: C, 71.37; H, 6.34.
Found: C, 71.69; H, 6.34.

(b) By Methylation.—2-Ethyl-1,4-naphthoquinone (1.86 
g.) was methylated with lead tetraacetate in acetic acid in 
the presence of malonic acid (1.3 g.) by the procedure de­
scribed above. The yield of once crystallized product, 
in. p, 65-68ö, was 0.3 g. (15%). Sublimation, followed by

crystallization from ether-petroleum ether raised the 
melting point to 71.4-72.4° and admixture of the sample 
with that described in (a) did not depress the melting point. 
The second crop of crystals from the mother liquor melted 
below 60° and contained a considerable amount of starting 
material.

2-Methyl-3-w-propyl-l,4-naphthoquinone, (a) By Pro­
pylation.—The reaction was conducted with 1.72 g. of 
methylnaphthoquinone, 1.5 g. of malonic acid (1.4 equiv.), 
45 cc. of w-butyric acid, and 35.7 g. (5.2 equiv.) of red lead. 
The mixture was poured into water and the viscous oily 
layer which appeared was washed with water by decanta­
tion and extracted with ether. The crude reaction product 
was obtained as a yellow oil which crystallized on cooling. 
Crystallization from methanol afforded the following crops 
of material: 0.07 g. (m. p. 65-65.5°), 0.72 g. (64-64.5°), 
0.21 g. (63-64.2°); combined yield 47%. Sublimation at 
53-58° at 1 mm. gave quinone melting at 65-65.4°.

Anal. Calcd. for Ci4Hi40 2: C, 78.48; H, 6.59.
Found: C, 78.69; H, 6.90.

The hydroquinone diacetate was prepared by reductive 
acetylation of the quinone with acetic anhydride, zinc dust 
and a trace of pyridine. It separated from methanol in 
diamond-shaped crystals, m. p. 93.5-95°.

Anal. Calcd. for C18H20O4: C, 71.98; H, 6.71.
Found: C, 72.00; H, 7.11.

(b) By Methylation.—The 2-w-propyl- 1,4-naphthoqui­
none required as starting material was prepared by hydro­
genating a sample of the 2-allyl compound,4 oxidizing the 
resulting hydroquinone, crystallizing the quinone from 
ether-petroleum ether, and finally subliming the sample 
slowly at 40 ° and 8 mm. This gave canary-yellow material 
melting at 40.5-41° (compare 39-39.5°4). Methylation 
with lead tetraacetate (and malonic acid) was first attempted 
at steam-bath temperature, but the starting material was 
recovered unchanged. The reaction proceeded success­
fully, however, when conducted at the boiling point of the 
acetic acid solution. The crude product melted at 50-55 °, 
and recrystallization gave well formed needles, m. p. 58- 
60°. Slow sublimation afforded in the terminal fraction 
material melting at 61-63.5°, and a mixture of this with 
the sample (a) melted at 63.5-65°.

2-Methyl-3-isopropyl-l,4-naphthoquinone, (a) By Pro­
pylation.—The alkylation of methylnaphthoquinone (1.72 
g.) with isobutyric acid and red lead afforded 1.27 g. (59%) 
of satisfactory product in two crops, m. p. 106-108° (0.95 
g.) and 104-107° (0.32 g.). Recrystallization from
methanol and sublimation at 80-85 ° and 1 mm. afforded 
canary-yellow material, m. p. 110-111.2°.

Anal. Calcd. for Ci4Hi40 2: C, 78.48; H, 6.59.
Found: C, 78.61; H, 6.77.

The hydroquinone diacetate crystallized from methanol 
in colorless, diamond-shaped needles, m. p. 115-116°.

Anal. Calcd. for Ci8H20O4: C, 71.98; H, 6.71.
Found: C, 72.20; H, 7.03.

(b) By Methylation.—The method first tried for the 
preparation of the required /3-isopropylnaphthalene proved 
unsuccessful. Dimethyl-j8-naphthylcarbinol was obtained 
by the reaction of /3-acetonaphthalene (24.6 g.) with 
methylmagnesium iodide (from 3.5 g. of magnesium) in 
ether; the acid-hydrolyzed and washed ethereal layer was
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neutralized with sodium bicarbonate solution, decolorized 
with Darco, concentrated to about 100 cc., and diluted 
with petroleum ether, which caused the separation of 19.7 
g. (72%) of crystalline carbinol, m. p. 60-63°. Recrystal­
lization from ligroin (70-90°) gave colorless leaflets, m. p. 
65-65.5°.

A nal. Calcd. for C13H,40: C, 83.83; H, 7.58. Found: 
C, 84.08; H, 7.88.

Reduction was attempted by refluxing the carbinol in 
acetic acid and shaking the resulting solution with hydro­
gen and Adams catalyst,22 but very little hydrogen was 
absorbed and the hydrocarbon appeared to have polymer­
ized. Reduction with red phosphorus and potassium 
iodide23 likewise gave a polymer.

/3-Isopropylnaphthalene finally was prepared by the 
Friedel and Crafts reaction according to Haworth and co­
workers,24 although the reaction proceeded poorly and 
afforded a hydrocarbon fraction boiling at 120-135 ° (8 
mm.) in only 14% yield. The crude hydrocarbon (4.5 g.) 
was oxidized with chromic anhydride15 and the quinone 
extracted by the vatting procedure,9 which afforded 1.5 g. 
of crude 2-isopropyl-1,4-naphthoquinone as a dark yellow, 
viscous oil. The entire product was methylated in boiling 
acetic acid solution with lead tetraacetate and malonic 
acid. The oily product partially crystallized when 
cooled, and the crystals when collected and washed with 
methanol melted at 95-110 °. Fractional sublimation gave 
material melting progressively higher, and the best sample 
melted at 109-110°. A mixture with the 2-methyl-3- 
isopropyl-1,4-naphthoquinone described in (a) melted at
108.5-110°, while the substance strongly depressed the 
melting point both of 1,4-naphthoquinone and its 2- 
methyl derivative.

2-Methyl-3-w-heptyl-l,4-naphthoquinone.—The n-ca-
prylic acid used was obtained by fractional distillation of 
commercial 90% acid; b. p. 120-126° (12 mm.). The 
alkylation of methylnaphthoquinone (1.72 g.) with n- 
caprylic acid (30 cc.), red lead (35 g.) and diethyl malonate 
(1.5 cc.) was conducted in an oil-bath maintained at 120- 
130°. The hot reaction mixture was poured into water 
and the nearly solid cake which separated was disintegrated 
by prolonged manipulation with ether and dilute nitric acid 
(see next section for a better method of processing the reac­
tion mixture). The material recovered from the washed 
and dried ethereal solution afforded, on crystallization 
from methanol, 0.55 g. of product, m. p. 77-78°, and 0.36 
g., m. p. 75-78°; total yield 34%. Sublimation at 70-76° 
(1 mm.) gave canary-yellow crystals, m. p. 80.4-80.8°. 
Malonic acid also was found satisfactory as the promoter.

Anal. Calcd. for C18H220 2: C, 79.96; H, 8.20.
Found: C, 80.22, 80.20; H, 8.55, 8.58.

The hydroquinone diacetate separated from methanol as 
colorless silken needles, m. p. 64-65°.

Anal. Calcd. for C22H280 4: C, 74.13; H, 7.92.
Found: C, 74.44; H, 8.25.

2-Methyl-3-benzyl-1,4-naphthoquinone.—The reaction 
was conducted with 1.72 g. of methylnaphthoquinone, 35 
g. of phenylacetic acid, 1.7 cc. of ethyl acetoacetate, and

(22) See procedure of F ieser and  Joshel, T h is  Jo u r n a l , 62, 957 
(1940).

(23) M iescher and Billeter, Helv. C him . Acta, 22, 601 (1939).
(24) H aw orth . L etsky and  M avin , J . Chem. Soc., 1790 (1932).

excess red lead. The mixture was stirred in an oil-bath 
kept at 110-120° and toward the end of the reaction ben­
zene was added to facilitate stirring of the otherwise pasty 
mixture. The addition of a diluent before the melt cools 
and solidifies also simplifies the processing of the reaction 
mixture. When benzene has been added as a thinning 
medium, the mixture can be cooled, with continued stir­
ring, and enough ether added to dissolve the organic ma­
terial. The solution is then filtered from oxides and salts 
of lead, washed with 10% nitric acid and then with sodium 
bicarbonate solution, dried and evaporated. In the pres­
ent instance the crude product weighed 1.7 g. (65%), m. 
p. 98-104°. Crystallization from ethanol gave 1.13 g. of 
product melting at 107-108° but having the odor of phenyl­
acetic acid. The odor was not removed entirely by sub­
limation at 80° (1 mm.), but two recrystallizations from 
ether-petroleum ether gave odorless, hexagonal, yellow 
prisms, m. p. 108-108.5°.

Anal. Calcd. for Ci8Hh0 2: C, 82.41; H, 5.38.
Found: C, 82.08; H, 5.60.

No depression in the melting point was observed when 
the material was mixed with a sample of the quinone (m. p.
107.5- 108°) prepared by a different method.15 The 
hydroquinone diacetate crystallized from methanol in 
clusters of colorless needles, m. p. 163-164.5°.

Anal. Calcd. for C22H20O4: C, 75.84; H, 5.79.
Found: C, 75.63; H, 5.50.

2-M ethyl-3-/3-phenylethyl-1,4-naphthoquinone.—The 
reaction was carried out with 1.7 g. of methylnaphtho­
quinone, 25 g. of hydrocinnamic acid, 1.7 cc. of ethyl 
acetoacetate, and excess red lead in a bath at 120-130° 
(four hours). The crude product when washed with 
methanol amounted to 0.40 g. (14.5%), m. p. 72-73° 
(additional material was retained in the mother liquor but 
was not recovered). After sublimation and crystallization 
from ether-petroleum ether, the substance was obtained as 
yellow crystals, m. p. 73-73.5°.

Anal. Calcd. for Ci9Hi60 2: C, 82.58; H, 5.86. 
Found: C, 82.46; H, 5.90.

The hydroquinone diacetate formed microcrystals,
140.5- 141.2°, from ether-petroleum ether.

Summary
Under certain experimental conditions lead 

tetraacetate is capable of functioning as a methyl­
ating agent. Thus 2-methyl-1,4-naphthoquinone 
can be converted into 2,3-dimethyl-1,4-naphtho­
quinone in yields as high as 50% by interaction 
with this reagent. The reaction can be caused to 
occur in acetic acid solution by operating at the 
reflux temperature, but proceeds more smoothly 
and at a lower temperature in the presence of a 
promoter such as malonic acid, methylmalonic acid 
acetoacetic ester or methanol. 2-Methyl-5,8-di- 
hydro- 1,4-naphthohydroquinone functions both as 
acceptor of the methyl group and as a promoter of 
the alkylative decomposition of lead tetraacetate.

Other alkyl groups can be introduced into the
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naphthoquinone nucleus by treatment with an 
acid, a promoter and excess red lead. The 3- 
ethyl, 3-^-propyl and 3-isopropyl derivatives of
2-methylnaphthoquinone were synthesized with 
the use of propionic, ^-butyric, and isobutyric 
acid, respectively, and the structures were es­
tablished by the preparation of identical sub­

stances by the action of lead tetraacetate on 2- 
ethyl, 2-w-propyl, and 2-isopropyl-1,4-naphtho­
quinone. The 3-^-heptyl, 3-benzyl, and 3-/3- 
phenylethyl derivatives of 2-methyl-1,4-naphtho­
quinone were synthesized by the new method.
C o n v e r s e  M e m o r i a l  L a b o r a t o r y

C a m b r id g e , M a s s a c h u s e t t s  R e c e i v e d  A p r i l  29, 1941

[C o n t r i b u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r y  o f  H a r v a r d  U n i v e r s i t y ]

Methylation of Aromatic Nitro Compounds with Lead Tetraacetate
By Louis F. F ieser, Richard C. Clapp and W illiam H. D audt

In an initial experiment, 2,4,6-trinitrotoluene 
was treated in acetic acid solution with lead tetra­
acetate in the expectation of introducing an ace- 
toxyl group into the reactive methyl substituent. 
Much to our surprise, the only pure reaction prod­
uct isolated proved to be trinitro-m-xylene. The 
reaction appears to constitute a second instance

CHs
o2n / \ no2

C H s

Pb(OCOCHs)4 0 2N rA ]N 02

V CH3
n o 2

of the methylating action of lead tetraacetate, ob­
served in this Laboratory as applied to various 
«-naphthoquinones.1 In further analogy with the 
naphthoquinone methylation, it was found that 
carbon dioxide is evolved copiously in the reaction 
with trinitrotoluene and that a large excess of lead 
tetraacetate is consumed. Since an efficient 
method of methylating nitrohydrocarbons might 
have practical applications of value in the produc­
tion of high explosives, an exploratory survey was 
made to test the applicability and efficiency of the 
novel reaction.

At the time the study was commenced, the par­
allel work in the quinone field was at a stage where 
it appeared that the methylating function of lead 
tetraacetate is evoked only in the presence of an 
active-hydrogen component such as malonic acid, 
which is itself attacked by the reagent. We 
thought at first that a part of the trinitrotoluene 
might be undergoing acetoxylation in the methyl 
group and thereby serving as the initiator of the 
methylation reaction. In the first applications of 
the reaction to 5-trinitrobenzene and to m-dini- 
trobenzene, a suitable amount of malonic acid 
was incorporated in the reaction mixture compris­

(1) Fieser and Chang, T his Journal, 64, 2043 (1942).

ing the nitro compound, lead tetraacetate and ace­
tic acid. Although the reactions proceeded under 
these conditions, it was subsequently discovered 
that the malonic acid serves only as a promoter of 
reactions which can be realized in the absence of 
this or similar component. The methylation 
reaction, which becomes quite evident from the 
gas evolution as well as by a marked darkening of 
the solution, often can be initiated by brief re­
fluxing of the mixture, or by local heating of the 
flask with a free flame. Once the reaction has been 
set in progress, it will proceed briskly at a tem­
perature previously found insufficient to cause it 
to start promptly. No significant differences, in 
this respect, were observed between trinitroben­
zene and trinitrotoluene. In one experiment with 
the latter compound which was conducted 
throughout at the steam-bath temperature, the 
reaction started only after an induction period of 
about five hours but then proceeded easily to 
completion. Malonic acid, added as a promoter, 
promptly induces reaction at the temperature of 
the steam-bath, and methanol has the same in­
fluence. These reagents, however, seem to have 
no advantages over the method of initiating the 
reaction by heat, and they merely consume an 
additional mount of lead tetraacetate. In several 
parallel experiments the yields were essentially 
the same whether or not a promoter was used.

The conversion of trinitrotoluene to trinitro-ra- 
xylene constitutes a particularly favorable case 
for study because the product is much less soluble 
and higher-melting than the starting material. 
The dimethyl compound also appears to be an 
end-product, for lead tetraacetate was found to be 
without action on trinitro-m-xylene in refluxing 
acetic acid. On treating trinitrotoluene with 
varying amounts of lead tetraacetate in the ab-
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sence of a promoter, no evident stopping point 
was found and as much as 4.7 equivalents of the 
reagent was consumed readily. The yield of tri- 
nitro-m-xylene (19%) was not as high, however, 
as when a more moderate amount of reagent was 
used. In three experiments employing 2.5-3 
equivalents of lead tetraacetate, yields of 28- 
32% were obtained, and this appears to be ap­
proximately the optimum proportion of reagent 
for the yield dropped to 20% when but one equiva­
lent was used. The methylation was accom­
plished also by adding red lead to a warm solution 
of trinitrotoluene in acetic acid, and by prolonged 
refluxing of the nitro compound with lead dioxide 
in acetic acid, but the resulting mixtures were not 
as easily processed and these methods have no ad­
vantages over the use of lead tetraacetate.

The action of lead tetraacetate on 1,3,5-trini­
trobenzene was found to result in the formation of 
both trinitrotoluene and trinitro-m-xylene. Be-

CH3 CHs

0 2N (^^N 02 Pb(OCOCH3)4 0 2N | / \ n 0 2 0 2N |j^ N 0 2
I JcHs

n o 2 n o 2 n o 2
cause of the more complicated nature of the mix­
ture and the less favorable solubility relationships, 
the yields are less easily determined; orienting 
experiments indicate merely that the reaction af­
fords more of the monomethyl than of the di­
methyl compound, and that the extent of total 
methylation is perhaps slightly less than found 
with trinitrotoluene.

In trials with m-dinitrobenzene, the reaction 
mixture was characterized after submitting it to 
nitration with mixed acid at 120°, for methyla­
tion products are thereby nitrated and converted 
to less soluble products, whereas any starting ma­
terial is left unchanged. The crude products ob­
tained by the action of lead tetraacetate on the 
dinitro compound, both with and without the use 
of a promoter, were nitrated and processed as 
follows. Crystallization from alcohol-acetone af­
forded trinitro-m-xylene, and addition of /3- 
naphthylamine to the mother liquor gave an easily 
separated complex of this amine with trinitrotol­
uene, from which the nitro compound is recover­
able by treatment with acid; unchanged m-dini-

Pb(OCOCH3)4---------------- >
and nitration

CH3
o2n / \ n o 2

+

c h 3
o2n / \ n o 2

trobenzene was recovered from the acidified 
mother liquor. The results show that 1,3-dinitro­
benzene is converted in part by lead tetraacetate 
into its 4-methyl and 2,4- or 4,6-dimethyl deriva­
tives. The extent of total methylation appears to 
be of the same order of magnitude as with the tri­
nitro compounds.

The reaction was found applicable also to nitro­
benzene, although this substance is attacked some­
what less readily than the polynitro compounds. 
In the first trials, carried out both with lead tetra­
acetate (3 equivalents) and with red lead and ace­
tic acid, the reaction product was characterized 
subsequent to nitration, and trinitrotoluene was 
isolated from the final mixture in 4.9% yield 
through the /3-naphthylamine complex. In an­
other experiment, conducted on a large scale with 
equivalent amounts of nitrobenzene and lead 
tetraacetate, the bulk of the unchanged starting 
material was eliminated by fractionation and the 
slightly higher-boiling terminal fraction was char­
acterized by oxidation with permanganate, p- 
Nitrobenzoic acid was isolated in a pure condition 
and a second acidic product was characterized as 
crude o-nitrobenzoic acid; the ortho isomer ap-

n o 2 n o 2 n o 2

0 Pb(OCOCH3)4 /^jCOOH

KMn°< u + u
COOH (crude)

pears to predominate but the para compound is 
more easily separated from the mixture. The ex­
tent of the reaction, as indicated by the amounts 
of the two nitrobenzoic acids isolated, represented 
4.3% methylation.

We next ventured to try the new reaction on 
benzene. When a solution of benzene (10 g.) in 
acetic acid (60 cc.) was refluxed with lead tetra­
acetate there was little change at first but, after an 
induction period of four to five hours, a rapid re­
action set in and a total of 2.4 equivalents of re­
agent was consumed. The reaction mixture con­
tained little if any benzene but consisted almost 
entirely of high-boiling material. The main con­
stituent of the mixture, isolated by a simple and 
inefficient distillation technique in 18% yield, 
proved to be essentially pure benzyl acetate. The 
reaction evidently involves the separate steps of

Pb(OCOCH3)4 ----------------- ^

CH2OCOCH3
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methylation and acetoxylation. The oxidative 
step has already been demonstrated, for Dimroth 
and Schweizer2 found that toluene can be con­
verted to benzyl acetate by the action of lead tet­
raacetate in refluxing acetic solution (four hours) 
under conditions very similar to those employed 
in the present work. Our yield of the product 
from benzene is even slightly better than theirs 
obtained starting with toluene (11.5%). The 
methylation step, therefore, must have proceeded 
with particular efficiency. Another point of in­
terest is that Dimroth and Schweizer state that 
benzene is very stable to lead tetraacetate and 
cite in evidence an experiment in which a mixture 
of 15 cc. of benzene and 1 cc. of acetic acid was 
refluxed with the reagent for five and one-half 
hours with no more than 1% loss in the oxidation 
value. That they did not encounter the striking 
reaction observed in the present investigation, 
may have been because the refluxing was stopped 
somewhat short of the end of the induction period. 
Perhaps of greater importance is the difference in 
the relative amounts of benzene and acetic acid 
and the consequent difference in the reflux tem­
peratures; the mixture containing an excess of 
acetic acid as the solvent would be more favorable 
for initiation of the reaction. It remains to be de­
termined whether the nature of the solvent is of 
any consequence beyond controlling the boiling 
temperature. In past instances in which benzene 
has been employed as solvent for reactions con­
ducted with lead tetraacetate, some attack of the 
solvent may well have occurred, only to remain 
undetected.

Chlorobenzene was found to react in a manner 
similar to benzene, giving a mixture probably con­
sisting of isomeric chlorobenzyl acetates. After 
saponification, ^-chlorobenzyl alcohol was iso­
lated and identified, but no other component of 
the mixture was characterized. The behavior of 
naphthalene was different for, under the usual 
conditions of the methylation reaction, this hydro­
carbon was converted in at least 26% yield into
1-acetoxynaphthalene. Thus naphthalene is suf­
ficiently susceptible to oxidative attack to give 
this reaction precedence over methylation. Still 
more reactive hydrocarbons such as acenaph­
thene,3 anthracene4 and 3,4-benzpyrene5 are known 
to undergo acetoxylation at temperatures well be-

(2) D im ro th  and  Schweizer, Ber., 56 , 1375 (1923).
(3) Fieser and  Cason, T h is  J o u r n a l , 62 , 432 (1940).
(4) K . H . M eyer, A n n .,  379, 73 (1911).
(5) Fieser and  H ershberg, T h is  J o u r n a l , 60 , 1893, 2542 (1938).

low that at which the methylative action of lead 
tetraacetate becomes operative.

In completion of this survey of the applica­
bility of the reaction to available starting mate­
rials, we tested the action of lead tetraacetate on 
various mono-, di-, tri- and tetra-nitronaphtha- 
lenes, but with invariably unpromising results. 
The reactions proceeded rather destructively, and 
a product of methylation was isolated in only one 
case and in small amounts.

Although any interpretations of the unusual re­
action are at present necessarily tentative, it may 
be noted that the substances which thus far have 
been found capable of being methylated by lead 
tetraacetate all conform to the general definition 
of unsaturated cyclic compounds which are rather 
resistant to ordinary aromatic substitutions and 
which do not appear to be susceptible to the ace- 
toxylating action of the reagent. This roughly de­
fined category includes such otherwise widely di­
vergent types as 2-methyl-1,4-naphthoquinone, 
nitro- and chloro-benzene, the polynitro benzenes 
and even benzene itself. Toluene and naphtha­
lene fall outside the category, for they are subject 
to acetoxylation in the side-chain and in the 
nucleus, respectively. 2-Methyl-1,4-naphthoqui­
none is associated in behavior with the polynitro 
compounds in the respect that the yields are favor­
able and that the methyl group introduced resists 
subsequent attack. The quinone resembles trini­
trobenzene in that the nuclear position undergoing 
methylation is flanked by unsaturated groups, 
and a certain similarity is indicated by the fact 
that a hydroxyl group situated at this position is 
in each case endowed with pronounced acidic 
characteristics. The fact that in the series of ben­
zene derivatives the substituting methyl group 
enters positions ortho and para to the nitro group 
and the halogen atom, indicates that the reaction 
is in a class entirely distinct from the usual aro­
matic substitution.

The reaction has certain other characteristic 
peculiarities, including the marked induction pe­
riod frequently noted, and the promoting effect of 
active-hydrogen compounds and of heat. The 
evolution of carbon dioxide must be an index of 
the breakdown of the lead tetraacetate molecule 
or of some product derived from it, possibly with 
the direct liberation of methyl radicals. Once 
this breakdown is initiated, it appears to proceed 
autocatalytically and to an extent which is exces­
sive in comparison with the amount of methylated
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material formed, for the yield is not improved be­
yond a certain point by increasing the amount of 
lead tetraacetate, and starting material almost 
always is recovered. Certain substances of ade­
quate stability, when present at the time of the 
decomposition, seem capable of acting as accep­
tors of a certain amount of the actual or potential 
methyl radicals.

There may be a certain analogy between the 
catalyzed decomposition of this lead salt of acetic 
acid to carbon dioxide and possible hydrocarbon 
radicals and the electrolytic decomposition of 
sodium acetate in the Kolbe synthesis, and from a 
consideration of this possible analogy we were led 
to investigate two other lines of experimentation. 
One of these was suggested by Dr. A. E. Oxford 
and has been applied by him in an extension of the 
parallel work in progress in this Laboratory in the 
quinone field. Since, according to one of the cur­
rent views concerning the mechanism of the Kolbe 
synthesis,6 the reaction may proceed through the 
intermediary formation of the acyl peroxide, it 
might be supposed that lead tetraacetate under­
goes decomposition to the same intermediate. In

CHsCOOv /OCOCH3 ? CHsCOO T)COCH3
>Pb< — > | +  Pb<

CH3COCK NDCOCH3 CH3COO x ococh3

a trial made of the action of acetyl peroxide (3 
equivalents) on trinitrotoluene in acetic acid solu­
tion, a reaction set in without delay at 85° and 
proceeded with steady gas evolution and darken­
ing of the solution, in marked resemblance to the 
lead tetraacetate reaction. Processing of the re­
action mixture afforded trinitro-m-xylene in 
10.6% yield. The alkylation of quinones with 
acyl peroxides has been conducted with distinct 
success in several instances.

The second idea was that methylation might 
be realized by conducting the electrolytic decom­
position of sodium acetate in the presence of a 
suitable acceptor. Initial trials were made with a 
solution of trinitrotoluene in acetic acid saturated 
with sodium acetate placed in a porcelain cell 
which constituted the anode chamber of the cell. 
On electrolysis over a period as long as twelve 
hours, some of the nitro compound was lost by 
diffusion, but there was little destruction of the 
material remaining in the anode chamber, and 
trinitro-m-xylene was isolated as a reaction prod­
uct in yields up to 9%.

(6) R eview  papers: F ich ter, Trans. Electrochem. Soc., 75, 309 
(1939) ; G lasstone and H ickling, ibid., 75, 333 (1939).

These few exploratory experiments demon­
strate that alkylations of a novel type may be ac­
complished by three different experimental meth­
ods which probably are interrelated and which 
may involve manifestations of the same general 
phenomenon. As for possible practical applica­
tions, the present survey indicates that methyla­
tion with either lead tetraacetate or acetyl per­
oxide is more likely to find uses in the synthesis of 
rare chemicals than in the quantity-production of 
polynitro alkylbenzenes. The electrolytic method 
of methylation has not been evaluated fully but 
does not appear promising for practical applica­
tion.

Experimental Part7
Conversion of Trinitrotoluene into Trinitro-m-xylene
Identification of the Product.—In an initial experiment 

carried out by Dr. E. B. Hershberg, a mixture of 3 g. of
2,4,6-trinitrotoluene, 6.2 g. (1 equiv.) of lead tetraacetate, 
and 20 cc. of glacial acetic acid was heated gently at first 
and then refluxed for one-half hour. The product precipi­
tated with water (1.7 g.) on one crystallization from alcohol 
afforded 0.6 g. of material, m. p. 145-165°. After six 
further crystallizations from benzene-hexane, the purified 
substance melted at 182.7-183.2°, and a mixture with a 
sample of authentic trinitro - m-xylene (m. p. 180.5-182°) 
melted at 180.5-182°.

Anal. Calcd. for CsH70 6N3: C, 39.84; H, 2.93; N, 
17.43. Found: C, 40.34; H, 3.06; N, 17.27.

With Red Lead and Acetic Acid.—Methylation also can 
be accomplished by the addition of red lead in portions to a 
stirred solution of trinitrotoluene in acetic acid at 95 °, 
with subsequent gentle refluxing, and the formation of 
trinitro-w-xylene under these conditions was established. 
The reaction mixture is not as clean as when lead tetra­
acetate is used, and the processing is therefore less easily 
accomplished; the separation of lead dioxide from the 
acetic acid solution makes it difficult to follow the progress 
of the reaction. For these reasons, lead tetraacetate was 
employed in most of the exploratory experiments. Pre­
liminary attempts to ethylate trinitrotoluene and trinitro­
benzene with lead tetrapröpionate or with propionic acid 
and red lead were unpromising.

With Lead Tetraacetate.—In trial runs made with 1.0,
2.5, and 4.7 equivalents of lead tetraacetate, which in each 
case was completely consumed, the yields of trinitro-m- 
xylene of comparable purity were 19.8, 28.2, and 18.8%, 
respectively. The product was more difficult to purify in 
the experiment utilizing the largest amount of reagent than 
in the other runs.

The most satisfactory of these experiments was carried 
out by adding 14.6 g. (0.033 mole) of lead tetraacetate to a 
solution of 3.0 g. (0.132 mole) of trinitrotoluene (m. p.
80.4-81.8°) in 40 cc. of acetic acid. The reaction was not 
initiated by heating the mixture on the steam-bath (90- 
95°), for no gas was evolved, and the originally undissolved 
lead tetraacetate remained colorless and showed no ten-

(7) M icroanalyses by  L yon S outhw orth  and  E. W erble.
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dency to go into solution. When the mixture was heated to 
the reflux temperature, however, a yellow coloration soon 
appeared at one spot in the lead tetraacetate crystals and 
soon spread over the entire mass, and there was a rapid 
evolution of gas containing carbon dioxide. After reflux­
ing for about fifty minutes the evolution of gas had ceased 
and a test with moistened starch-iodide paper was nega­
tive. By this time the originally light yellow solution had 
acquired a rather deep red-orange color. The hot solution 
was diluted with water and cooled, when 1.4 g. of crude 
product separated; this melted at 135-165°. Two 
crystallizations from benzene-hexane (Norit) gave 0.90 g. 
(28.2%) of yellow needles of trinitro-m-xylene, m. p. 174- 
178°. A further crystallization from alcohol-acetone 
afforded 0.66 g. (20.7%) of long, light yellow needles, m. p,
178-180°, and the more fully purified material melted at
182.7-183.2° and did not depress the melting point of an 
authentic sample.

Effect of Promoters.—An experiment parallel to that 
just described was carried out with the same amounts of 
reagents (4.7 equiv. of lead tetraacetate) but with the 
addition of one equivalent of malonic acid. This func­
tioned as a promoter, for the reaction started, as evidenced 
by the gas evolution, when the mixture was heated on the 
steam-bath. The reaction proceeded to completion at this 
temperature, and the test for lead tetraacetate was nega­
tive after one hour. The yield was practically the same as 
when no malonic acid was used. In other trials with 
varying proportions of lead tetraacetate, the yields tended 
to be slightly lower with malonic acid present than when no 
promoter was employed.

Methanol (1 cc. in 40 cc. of acetic acid, 3 equivalents of 
lead tetraacetate) also functioned as a promoter and in­
duced a prompt reaction at the steam-bath temperature; 
the yield of trinitro-m-xylene, m. p. 177-179.5°, in this case 
was 28%. When an absolute methanol solution of tri­
nitrotoluene and lead tetraacetate (3 equiv.) was refluxed, 
reaction set in immediately and was complete in about fif­
teen minutes. However, only starting material was re­
covered, indicating that the consumption of reagent was 
due to oxidation of the solvent.

Conversion at a Moderate Temperature.—A mixture of 
1.0 g. of trinitrotoluene, 5.9 g. (3 equiv.) of lead tetra­
acetate, and 10 cc. of acetic acid was heated on the steam- 
bath without a promoter and without stirring. After an 
induction period of about five hours, gas evolution became 
discernible and the lead tetraacetate began to dissolve. 
After continued heating overnight on the steam-bath, the 
reaction was found to have gone to completion. The 
product which separated on adding water to the light red 
solution and cooling gave, on crystallization from acetone- 
alcohol (Norit), 0.37 g. of needles, m. p. 174-177°. Re­
crystallization afforded 0.34 g. (32%) of trinitro-m- 
xylene, m. p. 176-178.5°. The high yield and quality of 
the product may be due to the mild conditions of the reac­
tion.

With Lead Dioxide and Acetic Acid.—A suspension of 10 
g. (3.2 equiv.) of lead dioxide in a solution of 3 g. of tri­
nitrotoluene in 50 cc. of acetic acid was heated under re­
flux, when a slow evolution of carbon dioxide was observed. 
After refluxing for twelve hours, all of the reagent had dis­
solved and the starch-iodide test was negative. The red­

dish solution was filtered from a small amount of black 
residue and diluted with water. The precipitated material 
on crystallization afforded 0.54 g. (17%) of trinitro-m- 
xylene, m. p. 175-178°, and from the mother liquor there 
was recovered 0.64 g. of trinitrotoluene, isolated through 
the /3-naphthylamine complex.

In another trial acetic anhydride was added to a similar 
reaction mixture. This caused the lead dioxide to dissolve 
rapidly, and the reaction was completed in a much shorter 
time; the yield, however, was distinctly lower. The yield 
was also lower when the above experiment was repeated 
with the use of a larger excess of lead dioxide.

Stability of Trinitro-m-xylene to Lead Tetraacetate.—A 
solution of 0.5 g. of trinitro-m-xylene and 0.92 g. (1 equiv.) 
of lead tetraacetate in acetic acid was refluxed for four and 
one-half hours, but there was no pronounced gas evolution, 
lead tetraacetate was still present at the end of the period 
of refluxing, and unchanged starting material crystallized 
from solution on cooling. In another trial an acetic acid 
solution of equimolecular amounts of trinitro-m-xylene and 
malonic acid was heated on the steam-bath and treated 
with lead tetraacetate until a total of 4.7 equivalents of 
the reagent had been consumed. Practically all of the 
starting material was recovered unchanged.

Methylation with Acetyl Peroxide.—The reagent was 
prepared essentially according to Gambarjan8 by adding 
ice with shaking to a cooled mixture of acetic anhydride, 
sodium peroxide and petroleum ether, and separating and 
evaporating the hydrocarbon layer. A solution of 4 g. of 
trinitrotoluene and 6.2 g. (3 equiv.) of acetyl peroxide in 50 
cc. of acetic acid was warmed gradually in a water-bath to a 
temperature of 85°, when a steady gas evolution was noted. 
After heating for one hour at 85-95°, and for one hour 
longer at 95-100°, the evolution of gas had become feeble, 
and after one hour more at 95-100° it had ceased com­
pletely. The orange-red solution was diluted well with 
water, and the semisolid material which precipitated was 
collected, dried, and leached with about 100 cc. of warm 
alcohol. This dissolved the bulk of the material and left 
0.32 g. of powdery, light brown solid, m. p. 170-177°. 
Crystallization of this material from acetone-alcohol gave 
0.28 g. of characteristic needles of trinitro-m-xylene, m. p. 
177-180°, and 0.17 g. of product of the same melting point 
was recovered from the alcoholic mother liquor; total yield 
10.6%. Only a very small amount of trinitrotoluene could 
be recovered from the mother liquors.

Methylation by Electrolysis.—The electrolysis was con­
ducted in a 400-cc. beaker in which was suspended a 4-inch 
porcelain cell about 1.5 inches in diameter to contain the 
anode liquid. The anode and cathode were made of bright 
platinum foil. A solution of 1 g. of trinitrotoluene in acetic 
acid saturated with sodium acetate was placed in the 
anode chamber and the cathode chamber was filled with a 
concentrated solution of sodium acetate in 50% aqueous 
acetic acid. The electrolysis was conducted for twelve 
hours with an average current of about 0.9 ampere and at 
a temperature maintained with minor exceptions at 35-45 ° 
by thorough external cooling with salt-ice. Additional 7- 
8 cc. portions of acetic acid containing sodium acetate were 
added after four and nine hours. The anodic solution ac­
quired a light orange-yellow color soon after the reaction

(8) G am barjan , B e r . ,  42, 4003 (1909).
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was initiated. The cathodic solution, after remaining 
essentially colorless for several hours, gradually turned 
light orange-red, indicating loss of material from the anode 
compartment.

On pouring the anodic solution into water, there sepa­
rated rather slowly a solid precipitate weighing 0.24 g. and 
melting from 80 to 130°. Crystallization from alcohol- 
acetone afforded 95 mg. (9%) of characteristic needles of 
trinitro-m-xylene, m. p. 155-170°, representing 40% of the 
material collected. In another experiment, in which 
electrolysis was continued for only five and one-half hours, 
the yield was lower but there was less diffusion and con­
siderable starting material was present in undamaged con­
dition. When a lead anode was used there was no gas 
evolution in the anode chamber and only starting material 
was recovered.

Other Trials.—Hydrogen peroxide (1.5 cc. of Superoxol,
3.8 equiv.) proved to be without effect on trinitrotoluene 
(1 g.) in acetic acid solution (10 cc.) at the temperature of 
the steam-bath. Gas was evolved only very slowly and 
after six hours the starch-iodide test had become faint. On 
cooling, 0.8 g. of trinitrotoluene (m. p. 80-82°) crystallized.

Mercuric acetate was tried in place of lead tetraaceta te in 
refluxing acetic acid (twelve hours), but no methylation 
was observed.

Solutions of trinitrotoluene in acetic acid containing 3 
equivalents of tetraethyllead or tetramethyllead were 
heated on the steam-bath, but although there was some gas 
evolution and a darkening of the solutions, nearly all of the 
original trinitrotoluene was recovered unchanged in each 
case.

Methylation of 1,3,5-Trinitrobenzene
With a Promoter.—A mixture of 2.5 g. of trinitrobenzene 

(m. p. 122-123°), 1.25 g. of malonic acid, 26 g. (5 equiv.) of 
lead tetraacetate, and 60 cc. of acetic acid was heated on 
the steam-bath until all of the solids had dissolved, includ­
ing a lead salt which formed at first, and until the evolution 
of carbon dioxide had ceased and the starch-iodide test 
was negative. On pouring the red solution into water and 
allowing the mixture to stand for several hours in the cold,
l. 85 g. of material separated, m. p. 50-60°. One crystal­
lization from benzene-hexane and two from alcohol 
(Norit) afforded 0.13 g. of trinitrobenzene as plates, m. p. 
120-122° (no depression). Processing of the mother 
liquor gave a small amount of trinitro-m-xylene (needles,
m. p. 173-178°, after several crystallizations from alcohol- 
acetone) and, after several crystallizations, 0.15 g. of tri­
nitrotoluene, m. p. 76.5-78.5°. The mono and dimethyl 
derivatives were identified by mixed melting point deter­
minations. Additional small amounts of trinitrobenzene 
were recovered from the mother liquors as the phe­
nanthrene complex (yellow needles, m. p. 155-158°).

Without a Promoter.—A mixture of 2.5 g. of trinitro­
benzene, 21.6 g. (4.15 equiv.) of lead tetraacetate, and 60 
cc. of acetic acid was heated on the steam-bath for four 
hours without visible sign of reaction; the colorless crystals 
of lead tetraacetate remained largely undissolved and no 
gas was evolved. When the mixture was refluxed, a yellow 
color soon appeared in one part of the crystal mass and 
soon spread, the solution turned yellow and then red, and 
carbon dioxide was evolved. The gas evolution ceased in 
about one-half hour and the test for tetravalent lead was

negative. Precipitation with water gave a total of 1.35 g. 
of material melting at about 80-130°. Systematic frac­
tional crystallization afforded in all 0.11 g. of trinitro-m- 
xylene needles, m. p. 178-180°, and 0.26 g. of trinitro­
toluene plates, m. p. 78-80°. No trinitrobenzene could 
be recovered, either as such or as the phenanthrene com­
plex.

Methylation of m-Dinitrobenzene
In preliminary methylation experiments with twice re­

crystallized commercial m-dinitrobenzene, the reaction 
mixtures were found to contain small amounts of trinitro- 
m-xylene. Since this may well have arisen from a trace of 
trinitrobenzene present in the starting material as an im­
purity, the m-nitrobenzene employed in the final experi­
ments was purified carefully by repeated crystallization, 
when it melted constantly at 89.8-90.5° and had the analy­
sis: C, 42.90; H, 2.43 (calcd.: C,42.86; H, 2.40). Since 
the preliminary trials had indicated that the separation of 
dinitrobenzene and dinitrotoluene presents considerable 
difficulty, the crude reaction mixtures (which with pure 
starting material afforded no trinitro-m-xylene) were, in 
subsequent experiments, submitted to nitration before be­
ing fractionated.

With a Promoter.—A stirred mixture of 3 g. of pure m- 
dinitrobenzene and 38 g. (4.8 equiv.) of lead tetraacetate 
in 40 cc. of acetic acid was maintained at 85-90° on the 
steam-cone and a portion of a solution of 1.9 g. (1 equiv.) of 
malonic acid in 40 cc.e of acetic acid was added slowly by 
drops. When a little more than half of the solution had 
been added (in about thirty minutes), a marked deepening 
in the color of the liquid indicated that the reaction had 
started and no more malonic acid was added. After stir­
ring at 95° for two and one-quarter hours the lead tetra­
acetate had all reacted and the solution was consequently 
poured into ice-water. The powdery precipitate was dis­
solved in ether and the cloudy aqueous solution was ex­
tracted three times with ether. The total ethereal solution 
was filtered from a trace of flocculent precipitate, washed 
well with water, dried over calcium chloride, and evapo­
rated to a dark reddish brown, viscous oil. This was dis­
solved in 20 g. of concentrated sulfuric acid and treated 
dr op wise at 75-95° with a mixture of 5 g. of fuming nitric 
acid and 30 g. of concentrated sulfuric acid. The tempera­
ture was raised to 110° in about twenty-five minutes and 
held at 110-120° for three and one-quarter hours. The 
crude, precipitated product (1.65 g.) was a brownish solid, 
m. p. 55-63°. The first crop from alcohol (0.18 g., m. p. 
120-150°) afforded on further purification 80 mg. (1.9%) 
of crude trinitro-m-xylene, m. p. 168-175°. Treatment of 
the remaining mother liquor with 1.5 g. of /3-naphthyl- 
amine afforded 0.78 g. of the trinitrotoluene-j3-naphthyl- 
amine complex as red needles, m. p. 112-113°. Decom­
position of the complex with dilute hydrochloric acid gave 
a total of 0.43 g. (10.6%) of trinitrotoluene, m. p. 77-79°. 
The mother liquor from the amine complex, after treat­
ment with dilute hydrochloric acid, afforded 0.2 g. of m- 
dinitrobenzene, m. p. 90-92° (6.7% recovery).

Without a Promoter.—In this experiment a solution of 
5 g. of analytically pure m-dinitrobenzene in 50 cc. of acetic 
acid was treated with 50 g. (3.9 equiv.) of lead tetraacetate 
in 5-g, portions, largely at the temperature of the steam- 
bath, It was discovered that the reaction can be initiated
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either by refluxing the mixture for a short time at the out­
set or by application of localized heat. The reaction then 
proceeded at the temperature of the steam-bath (but not 
lower) at a moderate rate (about two bubbles of gas per 
second). The reaction product was collected and nitrated 
as described above, giving 2.35 g. of crude yellow solid, m. p. 
75-85°. Systematic fractionation from alcohol-acetone 
afforded in all 0.7 g. of crude trinitro-m-xylene, m. p. 160- 
170°, which when recrystallized formed needles, m. p. 175- 
178° (no depression). The mother liquor material when 
processed as above gave 1.05 g. of red needles of trinitro- 
toluene-/3-naphthylamine complex from which 0.53 g. of 
pure trinitrotoluene was obtained, m. p. 79-80° (no de­
pression). The aqueous acid liquor was extracted with 
benzene and the solution was washed and concentrated and 
the residue taken up in alcohol, from which 150 mg. of m- 
dinitrobenzene (m. p. 89-91°) crystallized; a small 
amount of trinitrotoluene, m. p. 75-78°, was isolated from 
the mother liquor through the /3-naphthylamine complex.

Methylation of Nitrobenzene
In one experiment a mixture of 5 g. of purified nitro­

benzene (steam distilled and redistilled), 40 cc. of acetic 
acid, and 18 g. (1 equiv.) of lead tetraacetate was heated 
on the steam-cone and, when an attempt to initiate a re­
action by local heating with a free flame failed, 0.1 g. of 
malonic acid was added. Heating on the steam-cone was 
continued for two hours, but gas was evolved only very 
slowly. When a second equivalent of reagent was added, 
however, a steady evolution of gas ensued and the color of 
the solution deepened to a red-orange. Four hours later, 
the addition of a third equivalent of lead tetraacetate fur­
ther accelerated the reaction, and the reagent was all con­
sumed in a total time of twelve hours. The crude product 
collected by dilution with water and extraction with ether 
was nitrated in the usual way, giving 2.67 g. of crude solid, 
m. p. 43-75°. This was treated in alcoholic solution with 
an equal weight of /3-naphthylamfiie and yielded 0.79 g. of 
crude trinitrotoluene complex, m. p. 107-111°, which on 
cleavage with acid afforded 0.45 g. (4.9%) of trinitrotolu­
ene, m. p. 79-81°. The mother liquor from the amine 
complex yielded, after acid treatment, a total of 1.88 g. 
(27.5%) of m-dinitrobenzene and a very small amount of 
high-melting material which probably is trinitro-m-xylene. 
The /3-naphthylamine complex of trinitrotoluene was also 
isolated, after nitration, in a methylation experiment car­
ried out with red lead, added in portions to a refluxing 
solution of nitrobenzene in acetic acid and acetic anhy­
dride.

In another experiment designed to permit characteriza­
tion of the methylated material as such, a total of 300 g. 
(0.68 mole) of lead tetraacetate was added in three por­
tions, at intervals of about one hour, to a refluxing solution 
of 80 g. (0.65 mole) of purified nitrobenzene in 200 cc. of 
acetic acid. The reaction proceeded rapidly (gas evolu­
tion, darkening) at the reflux temperature, and each por­
tion of reagent was consumed in about one hour. The 
very dark reddish brown solution was poured into water 
and the organic material extracted with ether and steam 
distilled (dark, tarry residue). The straw-colored distil­
late was washed in ether solution with water and with soda 
solution, and dried. The residual liquid (78 g.) was then 
fractionated in a 1-meter column packed with glass helices.

The first fraction consisted chiefly of 55.7 g. of nitroben­
zene, b. p. 102.8-106.3° at 25 mm. Further distillation 
gave 2.8 g. of material boiling at 106.3-109.5° (25 mm.) 
before exhaustion of liquid in the boiling flask. This was 
combined with the hold-up liquid recovered by washing 
the column, and distillation from a modified Claisen flask 
yielded 10.7 g. of straw yellow liquid, b. p. 105-112° (17.5 
m m .) .

Attempted characterization of the liquid by reduction of 
the nitro group and preparation of acyl derivatives proved 
unpromising, for mixtures were obtained which could not 
be separated satisfactorily by fractional crystallization. 
Oxidation with permanganate provided a more effective 
means of identification and of obtaining a measure of the 
extent of methylation. Following a procedure9 which has 
been shown to afford tf-nitrobenzoic acid from ö-nitrotolu- 
ene in 90% yield, a mixture of 2.5 g. of the liquid product 
and 100 cc. of water containing 5.4 g. of potassium per­
manganate was stirred on the steam-cone for seven and 
one-half hours. The aqueous liquor was made alkaline 
with soda, the manganese dioxide was removed by filtra­
tion, and some unoxidized liquid was extracted with ether. 
Since no precipitate appeared on acidification of the alka­
line solution, the product was collected by five extractions 
with ether. Evaporation of the ether left a white solid 
which, on crystallization from alcohol, gave in the first crop 
0.3 g. of long, flat needles, m. p. 230-236 °. Recrystalliza­
tion raised the melting point to 238-239.5°, and a mixed 
melting point determination with authentic ^-nitrobenzoic 
acid showed no depression. Further crops yielded a total 
of 0.79 g. of crude needles, m. p. 133-138°. The melting 
point of this material could not be raised above 138.5- 
142°, but a mixture of this sample with o-nitrobenzoic acid 
(m. p. 144-145.5°) showed no depression, whereas a mix­
ture with m-nitrobenzoic acid (m. p. 138.5-140.5°) melted 
from 106 to 119°.

The unoxidized material recovered from the ethereal 
extract of the neutral fraction was reduced with stannous 
chloride and the crude amine treated with benzoyl chloride. 
This afforded 0.79 g. of solid which was identified after 
purification as benzanilide. The amount of this derivative 
collected corresponds to the presence of 23.7% of nitro­
benzene in the product submitted to oxidation. The 
amounts of the two nitrobenzoic acids isolated indicate the 
presence in the product of 9.8% of ^-nitrotoluene and 
26.0% of o-nitrotoluene. On the basis of the oxidation 
experiment, the total yield of identified nitrotoluenes 
produced in the reaction with lead tetraacetate is 3.85 g., 
representing 4.3% methylation (compare 4.9%, found 
after nitration).

In view of the low yields in these experiments, it seemed 
desirable to examine the purified nitrobenzene employed as 
starting material for the possible presence of nitrotoluenes. 
For this purpose, 490 cc. of the nitrobenzene used was 
fractionated through the 1-m. column, when 465 cc. of 
material distilled at 97.9-98.1° at 20 mm. The tail frac­
tion was recovered from the pot residue and the column by 
ether extraction. One 5-g. portion of the residual material 
was nitrated and gave 5.0 g. of crude m-dinitrobenzene, 
m. p. 75-83 °; this when recrystallized afforded 2.72 g. of the 
dinitro compound, m. p. 89.5-90°, and on processing of the

(9) Ullmaxm an d  U zbachian, B e r . t 36, 1799 (1903).
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mother liquor with /3-naphthylamine no indication was 
obtained of the presence of trinitrotoluene. Another por­
tion (5 cc.) of the tail fraction was oxidized with permanga­
nate exactly as described above and the alkaline filtrate 
was acidified and extracted thoroughly with ether; there 
was no significant residue on evaporation of solution.

Other Actions of Lead Tetraacetate
Conversion of Benzene to Benzyl Acetate.—A mixture of 

10 g. of thiophene-free benzene in 60 cc. of acetic acid with 
57 g. (1 equiv.) of lead tetraacetate was refluxed for two 
and one-half hours with but little sign of reaction (light 
yellow solution), although toward the end of this period a 
slight evolution of carbon dioxide was noted. An addi­
tional 80-g. lot of lead tetraacetate (total — 2.42 equiv.) 
was added, together with 20 cc. more acetic acid. After a 
total time of about four hours of refluxing, the gas evolution 
became somewhat stronger and the color began to deepen. 
At about five hours, the solution was yellow-orange and the 
reaction began to proceed very rapidly. Within another 
half hour the solution had turned dark red-brown and all 
of the lead tetraacetate was found to have been consumed.

The mixture was drowned and extracted with ether, and 
the product collected, after washing with water and soda, 
was distilled at atmospheric pressure from a Claisen flask. 
Only 1.5 g. of distillate was obtained up to 190°, and the 
main fraction was taken at 190-250° and consisted of 7.0 
g. of a slightly yellow liquid with a pleasant odor; a gummy 
residue of about 2 g. remained undistilled. The main frac­
tion was redistilled and a cut taken of 3.45 g. (18%) of 
colorless liquid boiling at 95-110° (20 mm.); most of this 
distilled at 105-107°. Hydrolysis of this fraction with 
10% sodium hydroxide gave a liquid which was identified 
as benzyl alcohol by the preparation of the a-naphthyl­
urethan; this derivative melted at 131.4-132.0° and did 
not depress the melting point of an authentic sample. 
The alkaline solution from the hydrolysis was steam dis­
tilled for several hours and then acidified carefully with 
phosphoric acid and distilled. The Duclaux numbers 
found by the usual procedure10 for three fractions were 
7.04, 7.40, and 8.05, which demonstrates the presence of 
acetic acid. The reaction product is thereby identified 
completely as benzyl acetate.

A check run, in which all of the lead tetraacetate was 
added at the start, proceeded similarly and afforded benzyl 
acetate, b. p. 93-104° at 16 mm., in 16.2% yield (the bulk 
of the product distilled at 102-103°). The undistilled 
residues from the two runs were combined and hydrolyzed, 
but the only product recognized was a small additional 
amount of benzyl alcohol. It was noticed that the acidi­
fied aqueous solution obtained after hydrolysis of the main 
fraction has a phenolic odor, but no test for phenol could 
be obtained.

Action of Lead Tetraacetate on Chlorobenzene.—A mix­
ture of 10 g. of chlorobenzene, 80 g. (2 equiv.) of lead tetra­
acetate, and 80 cc. of acetic acid was refluxed until the 
reagent was consumed; as with benzene, there was an 
induction period of three to four hours before the reaction 
became rapid. Distillation of the collected product gave
2.9 g. of material boiling at 115-140° at 12.5 mm., and re­

(10) Shriner and  Fuson , “ Iden tification  of Organic: C om pounds," 
2nd ed., John  W iley and  Sons, Inc., New Y ork, N . Y., 1940, p. 120.

distillation of this fraction afforded 2.12 g. (12.9%) of 
clear, pleasant smelling liquid, b. p. 115-130° at 12.5 mm. 
(chiefly at 120-123°). Hydrolysis with dilute alcoholic 
alkali yielded 1.25 g. of material, b. p. 112-117° (11 mm.), 
which partially crystallized. Crystallization of the dis­
tillate from ligroin (70-90°) gave 0.45 g. (3.5%) of irregular 
plates, m. p. 60-63°, and the recrystallized sample formed 
flat needles, m. p. 69.4-70.4°. The melting point is close 
to that of ^-chlorobenzyl alcohol (m. p. 71-72.5°n), but 
not far from that of the ortho isomer (m. p. 64-65 °n), 
and consequently a sample of the alcohol melting at 60- 
63 ° was oxidized to the acid with refluxing permanganate 
solution. This afforded an acid which on recrystallization 
formed small plates melting at 238-240° and gave no de­
pression when mixed with authentic ^-chlorobenzoic acid. 
Since the yield of crystallized para acid was low (10-15%), 
it is quite possible that more soluble isomers may have been 
present. Oxidation of the crude product of hydrolysis 
gave evident mixtures of acids from which, however, only 
^-chlorobenzoic acid was isolated.

Acetoxylation of Naphthalene.—A mixture of 20 g. of 
naphthalene, 50 g. of lead tetraacetate and 100 cc. of acetic 
acid was heated with a flame adjusted so as to maintain a 
steady and moderate gas evolution. When the reagent 
had been consumed, another 50-g. portion was added 
(total, 2.9 equiv.) and heating was continued until it had 
all reacted (very dark solution). After collection of the 
product by drowning and extraction with ether, distillation 
at 10 mm. gave 7.8 g. of low-boiling material (to 140°), 
from which there was obtained 4.1 g. of naphthalene by 
crystallization. The next fraction taken (140-180° at 10 
mm.) was redistilled and a middle fraction, b. p. 150-175° 
at 10 mm. (insoluble in alkali), was saponified with 10% 
sodium hydroxide and alcohol. Two distillations of the 
dark product of hydrolysis gave 4.0 g. of phenolic product, 
b. p. 140-150° (10 mm.). Crystallization from ether- 
hexane yielded 2.9 g. (26%) of crude a-naphthol, m. p. 91- 
94 °, and two further crystallizations gave plates, m. p. 94- 
96 °, which gave no depression when mixed with authentic 
a-naphthol.

Preliminary Trials with Nitronaphthalenes.—Trial ex­
periments carried out essentially as described above with 
a-nitronaphthalene, 1,5- and 1,8-dinitronaphthalene, 1,3,8- 
and 1,4,5-trinitronaphthalene, and 1,3,6,8-tetranitronaph- 
thalene gave unpromising results; oxides of nitrogen were 
evolved in some cases, the reaction mixtures were very 
dark, and brief processing afforded a pure transformation 
in only one instance. The reaction mixture from 1,8- 
dinitronaphthalene and lead tetraacetate yielded a very 
small amount of crystalline material melting at 207-210 °. 
The substance corresponds in melting point and composi­
tion to l,8-dinitro-2-methylnaphthalene.

Anal. Calcd. for CuHgCbNa: C, 56.90; H, 3.47. 
Found: C, 56.74; H, 3.22.

Summary
Aromatic nitro compounds can be methylated 

in low or moderate yield by the action of lead 
tetraacetate in acetic acid solution. The reaction 
is akin to the recently observed alkylation of

(II) Cafottiexs and Adams, T his Jouen  al, 46, 1675 (1924).
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methylnaphthoquinone by the same reagent and 
is similarly initiated by the use of active-hydrogen 
promoters or by heating. By this method tri­
nitrotoluene has been converted in yields as high 
as 32% into trinitro-m-xylene, which appears to 
be an end product. Trinitrobenzene affords 
trinitrotoluene and trinitro-m-xylene as reaction 
products, and the same two substances were ob­
tained from m-dinitrobenzene by treatment with 
lead tetraacetate, followed by nitration. Nitro­
benzene is converted in low yield into o- and p- 
nitrotoluene, identified as the corresponding nitro- 
benzoic acids.

Under similar conditions, benzene is converted 
by lead tetraacetate in acetic acid into benzyl ace­
tate in yields up to 18%. Chlorobenzene behaves 
similarly and yields a mixture which has been

characterized as containing ̂ -chlorobenzyl acetate. 
Naphthalene is converted into the 1-acetoxy de­
rivative in 26% yield. The reaction does not ap­
pear promising as applied to nitro and polynitro- 
naphthalenes.

Analogies to the electrolytic decomposition of 
metal salts of carboxylic acids in the Kolbe syn­
thesis have led to the discovery of related meth­
ods of alkylation consisting in the treatment of 
the nitro compound in acetic acid solution with 
acetyl peroxide and the electrolysis of a solution 
of the nitro compound in acetic acid containing 
sodium acetate. Trinitrotoluene was converted 
by both methods into trinitro-m-xylene in low 
yields.
C o n v e r s e  M e m o r i a l  L a b o r a t o r y
C a m b r id g e , M a s s a c h u s e t t s  R e c e i v e d  A p r i l  29, 1942

[C o n t r i b u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r y  o f  H a r v a r d  U n i v e r s i t y ]

Alkylation of Para Quinones with Acyl Peroxides
By L o uis  F. F ie se r  and  A lbert  E. Ox f o r d 1

In continuation of previous work in this Labora­
tory on the alkylating action of esters of tetra­
valent lead,2’3 a few exploratory experiments were 
made to see if the reaction of lead tetraacetate 
with 2-methyl-1,4-naphthoquinone in acetic acid 
solution to give 2,3-dimethyl-1,4-naphthoquinone 
can be promoted by the addition of substances 
other than active-hydrogen reagents and meth­
anol.2 I t was found that a number of solvents, 
including some which do not themselves appear 
to be attacked, not only promote the methylation 
reaction but also, in the absence of a quinone or 
other methyl acceptor, exert a presumably cata­
lytic effect and promote the decomposition of 
lead tetraacetate to carbon dioxide and an in­
flammable gas.

In experiments conducted with 0.005 mole of 
methylnaphthoquinone in 14 cc. of acetic acid at 
90-1.00° with excess solid lead tetraacetate present 
throughout, no reaction occurred in the absence 
of a promoter, as previously observed,2 but a 
usually vigorous gas evolution ensued, with dark­
ening of the solution and ultimate production of 
the 2,3-dimethyl compound, on the addition of

(1) In te rn a tio n a l Fellow  of th e  R ockefeller F oundation  on leave 
of absence from  the  London School of H ygiene and  T ropical M edi­
cine.

(2) F ieser and  C hang, T h is  J o u r n a l , 64 , 2043 (1942).
(3) Fieser, C lapp and  D au d t, ibid., 64, 2052 (1942).

1-3 g. of any one of the following substances: 
methanol,2 water, isopropyl alcohol, /-butyl alco­
hol (thirty-minute lag, then gentle effervescence), 
isopropyl ether, benzene, toluene, cyclohexane 
(benzene-free), ^-octane (synthetic). Under the 
same conditions but in the absence of methyl­
naphthoquinone, all of these substances except 
/-butyl alcohol brought about a steady if somewhat 
less vigorous decomposition of lead tetraacetate 
in the acetic acid solution. The gas evolution was 
particularly rapid and vigorous in the presence of 
added benzene, while with toluene as the promoter 
there was a prolonged induction period followed 
by a very slow gas evolution. Cyclohexane is a 
slightly less effective promoter for the decomposi­
tion than benzene, and ^-octane produces, after 
a brief lag, a still more moderate gas evolution. 
The cyclohexane employed as a promoter was 
found to be largely recoverable unchanged after 
a reaction period of eight hours, in which time a 
considerable amount of lead tetraacetate had suf­
fered decomposition before the reaction had come 
to a standstill. Although the action of the hy­
drocarbon somewhat resembles that of a true 
catalyst, it is noteworthy that the reaction slows 
down after a time and that a given quantity of 
cyclohexane brings about the decomposition of 
only a limited amount of lead tetraacetate. The
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decomposition has been observed to come to a 
stop with a considerable amount of recoverable 
cyclohexane still present, and yet to be set in 
motion again by the addition of a fresh lot of this 
hydrocarbon. I t was found further that the heat­
ing of lead tetraacetate with cyclohexane in the 
absence of acetic acid resulted in no evident de­
composition and that methylnaphthoquinone 
could not be methylated under these conditions. 
The slowing down of the decomposition in acetic 
acid-cyclohexane may be due to some extent to 
the accumulation of lead diacetate, for the addi­
tion of this reagent to a mixture of methylnaph­
thoquinone, acetic acid, toluene and cyclohexane 
retarded the methylation reaction but did not pre­
vent it.

The gas evolved in the course of the decomposi­
tion of lead tetraacetate in the presence or ab­
sence of an acceptor contains both carbon dioxide 
and an inflammable gas not absorbed in alkali. 
The amount of the neutral gas is often consider­
able (Table I, Experimental Part) and was found 
in one experiment conducted in the absence of 
an acceptor to be approximately 1/2.3 the volume 
of carbon dioxide, which is close to the ratio to be 
expected if the gas is pure ethane.

The decomposition therefore appears analogous 
to the Kolbe reaction. As noted in the second 
paper of this series,3 the consideration that di­
acetyl peroxide is regarded by some as an inter­
mediate in the electrolysis of potassium acetate, 
coupled with the possibility that lead tetraacetate 
may initially dissociate to give this substance and 
lead acetate, led us to attempt the alkylation of 
quinones with diacyl peroxides in place of esters 
of tetravalent lead. This indeed can be accom­
plished; 2-methyl-1,4-naphthoquinone and di­
acetyl peroxide, for example, afforded 2,3-di- 
methylnaphthoquinone when warmed together in 
acetic acid at about 90°. In this and many other 
instances the reaction proceeds readily and cleanly 
and under conditions of dilution, solvent and tem­
perature similar to those found favorable for ef­
fecting analogous alkylations with the tetravalent 
lead derivatives. In the reaction with diacyl per­
oxides, however, no promoter is required, there is 
no induction period,3 and one equivalent of the 
reagent gives better results than a 3-4 fold ex­
cess.2,3 Inferences concerning the mechanisms of 
the two reactions and the question of a possible 
correlation between them can best await quanti 
tative studies.

Many instances are on record of the thermal de­
composition of diacyl peroxides in the presence of 
solvents which serve as acceptors of the hydrocar­
bon residue. This type of reaction has been in­
vestigated extensively, particularly as applied to 
diaroyl peroxides, by the Dutch workers Böeseken, 
Gelissen and Hermans, et al., and by Wieland and 
collaborators, as summarized in an excellent re­
view by Hey and Waters.4 Recent applications 
to the peroxides of aliphatic acids are reported 
by Kharasch, Kane and Brown.5 The present ob­
servations appear novel in that the reaction is ap­
plied to a type of acceptor so favorable for the re­
action that the alkylation can be conducted with 
equivalent amounts of reactants in a solvent es­
sentially inert to the peroxide.

The introduction of higher saturated alkyl 
radicals is illustrated by the smooth reaction of 2- 
methyl-1,4-naphthoquinone in ligroin solution 
with dipalmitoyl and distearoyl peroxide to give 
the 3-pentadecyl and 3-heptadecyl derivatives I 
and II. These quinones both melt about 4° lower 
than 2-methyl-3-octadecyl-1,4-naphthoquinone, 

O  O

I, R = C16H3l 
II, R = C17H35

which has been prepared by a much longer syn­
thesis.6 As applied to the derivatives of the 
higher fatty acids, the present method is probably 
more convenient than the process of alkylation 
with a mixture of red lead and the fatty acid.2 
Furthermore, it can be employed for the intro­
duction of at least certain types of unsaturated 
hydrocarbon residues. Thus the peroxides from 
erucic, chaulmoogric and undecenoic acids were 
employed successfully for the synthesis of the 
quinones III-V. 2-Methyl-3-norchaülmoogryl-
1,4-naphthoquinone (IV) is of interest because of

O
III, R *  —(CH2)iiCH=CH(CH2)7CH3
IV, R = —(CH2)i2—
V, R = — (CH2)8CH=CH2 

VI, R = — CH=CH(CH2)i3CH;

(4) H ey and  W aters, Chem. Rev., 21, 186 (1937).
(5) K harasch , K ane and  Brow n, T h is  J o u r n a l , 63, 526 (1941).
(6) K arre r and  E pprech t, Helv. Chim. Acta, 23, 272 (1940); 

Fernholz, A nsbacher and  M acPhillam y, T h is  J o u r n a l , 62, 430 
(1940).
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the presence in a structure related to that of the 
K vitamins of the hydrocarbon residue of an acid 
employed in the treatment of leprosy. The syn­
thesis has the advantage of convenience and wide 
scope, since the diacyl peroxides required are ob­
tainable by the action of sodium peroxide on a 
solution of the acid chloride in petroleum ether, 
and the examples cited show that a double bond 
remote from the carboxyl group does not interfere 
with either the formation or utilization of the per­
oxides. The «, /3-unsaturated 2-heptadecenoic 
acid likewise afforded a peroxide which on inter­
action with methylnaphthoquinone gave a prod­
uct, m. p. 72-73°, having the composition of 2- 
methyl - 3 - hexadecenyl(l') -1,4 - naphthoquinone
(VI). The substance does not give the Dam- 
Karrer test7 with alcoholic alkali and hence the 
double bond cannot have shifted to the /5-posi­
tion. The quinone is bright yellow, whereas com­
pounds III-V, which are of comparable molecular 
weight but which do not possess a double bond 
in the «-position in the side-chain, are very pale 
yellow, and hence there is some analogy to the 
relationship between the 3-«-alkenyl (orange) and
3-/3-alkenyl (yellow) derivatives of 2-hydroxy-1,4- 
n aphthoquinone.8

Paralleling results obtained by the alternate 
method of alkylation,2 it was found that a higher 
alkyl group present at the 2-position of a 1,4- 
naphthoquinone, in contrast to a methyl group, 
impedes the introduction of a second alkyl sub­
stituent. Thus, although «-naphthoquinone on 
treatment with diacetyl peroxide afforded only 
the 2,3-dimethyl derivative in low yield, the re­
action of the quinone with dipalmitoyl peroxide 
provided a satisfactory method for the synthesis 
of 2-pentadecyl-l,4-naphthoquinone. The ap­
plicability of the diacyl peroxide method in the 
benzoquinone series was established by the con­
version of cumoquinone into duroquinone and 
into 2,3,5-trimethyl-6-pentadecylquinone by in­
teraction with diacetyl peroxide and with dipalmi­
toyl peroxide, respectively.

On extending the study to quinones having sub­
stituents other than alkyl groups, we were sur­
prised to find that 2-methoxy-1,4-naphthoquinone 
could be recovered unchanged from the attempted 
reaction with diacetyl peroxide, whereas 2-hy­
droxy-1,4-naplithoquinone afforded phthiocol in 
good yield. Similarly 2,5-dih)^droxybenzoquinone

(7) D am , Geiger, G lavind , P. K arre r, W. K arrer, R othschild  and 
vSalomon, Helv. C him . Acta, 22, 310 (1939),

(8) Hooker, T h is  J o u r n a l , 08, 1163 (1936),

h o !

reacted satisfactorily with dipalmitoyl peroxide 
in acetic acid solution to give the mono substitu­
tion product VII, while under the same condi­
tions the dimethyl ether was largely recovered un­
changed. 2,5-Dihydroxy-3-pentadecylbenzoqui- 
none (VII) is a higher homolog of 
the naturally occurring anthelmintic 
pigment embelin9 (R =  C1.1H23), to 
which the same synthesis may be 
applicable. 2,6-Dimethoxybenzo- 
quinone gave at least a very small 
amount of the monomethyl deriva­
tive, but from the present observations it ap­
pears that methoxy quinones are definitely more 
inert to the products of the thermal decomposition 
of diacyl peroxides than hydroxy quinones and 
that the latter are perhaps somewhat more reac­
tive than unsubstituted or alkylated quinones. 
The one bromoquinone investigated also reacted 
very readily in an appropriate solvent. Tribro- 
moquinone was converted into tribromotoluqui- 
none in acetic acid solution in about 68% yield but 
only in poor yield with the use of ligroin. This 
example of the reaction should offer a particularly 
favorable case for quantitative study because of 
the ease with which the high melting and sparingly 
soluble product can be separated from the reac­
tion mixture. To test the possibility of using 
bromine to block temporarily nuclear positions 
and thus expand the scope of the synthetic 
method, we made a trial of the hydrogenation of 
tribromotoluquinone in acetic acid in the presence 
of palladium-barium sulfate and sodium acetate10 
and indeed isolated toluhydroquinone.

Arylation with dibenzoyl peroxide was tried in 
a few instances with unpromising results. In ex­
periments with methylnaphthoquinone conducted 
in both acetic acid and ligroin the starting ma­
terial was consumed but no reaction product 
could be isolated. 2,5-Dihydroxybenzoquinone, 
however, afforded in very small yield a substance 
corresponding in properties to the 
fungus pigment polyporic acid11 
(VIII). Dicinnamoyl peroxide
gave only negative results in at­
tempted reaction with methylnaph­
thoquinone, while with 2,5-dihy- 
droxybenzoquinone it gave only a 
trace of material forming lustrous plates and ex-

(9) S tructu re : Asano and Y am aguti, J .  Pharm . Soc. Ja p a n , 60, 
105 (1940) [C . A .  34, 5069 (1940)].

(10) Com pare Fieser and  Holm es, ibid., 60, 2553 (1938).
(11) Kögl, A nn ., 447, 78 (1926).
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hibiting brilliant colors in ligroin (purple) and in 
sulfuric acid (green). The poor results may be due 
in part to the choice of unsuitable experimental 
conditions; it may also be significant that diben­
zoyl and dicinnamoyl peroxide are notably prone 
to enter into decompositions leading to esters and 
diaryls.12

Experimental P art13
Gas Evolution Attending the Decomposition of Lead 

Tetraacetate.—In the exploratory experiments summarized 
in Table I the gases were swept from the reaction vessel to 
an azotometer with a stream of carbon dioxide and the 
volume of unabsorbed gas measured.

Another experiment (0.6 g. water, 10 g. lead tetraacetate, 
7 cc. acetic acid) was carried out in a stream of dry oxygen 
and the gases collected over water (total, 92 cc.). The 
carbon dioxide (46 cc.) was then absorbed in strong caustic 
potash; the oxygen (26 cc.) was absorbed in alkaline pyro- 
gallol and the residual hydrocarbon gas measured (20 cc.).

T a b l e  I
P r o d u c t io n  o f  H y d r o c a r b o n  G a s  i n  t h e  D e c o m p o s i­

t io n  o f  L e a d  T e t r a a c e t a t e

Experiments conducted in glacial acetic acid solution 
(14 cc.) at 80-100° for 1.5 hr. or until visible reaction had 
ceased.

Lead
tetraacetate, g. Neutral

Quinone (0.005 mole)
Promoter,

g. Added
Re­

covered
gas,
cc.

None Malonic acid, 14 none 104

None
0 .8

Malonic acid, 14 8 .3 79

None
0.15

Malonic acid, 10 6 .5 71

None
0 .05

Water, 1 .2 20 trace 155
M ethylnaphthoquinone none 6 none
M ethylnaphthoquinone Malonic acid, 14 5 .4 81

M ethylnaphthoquinone
0 .15

Water, 1 .2 20 trace 141
Trimethylbenzoquinone none . 10 8 .2 2
Trimethylbenzoquinone Malonic acid, 10 6 .3 17.5

Benzoquinone
0 .05

Water, 1.1 19 trace 109

Preparation of the Peroxides.—The various diacyl per­
oxides were prepared for the most part by vigorously 
shaking a solution of the acid chloride (usually made by 
the phosphorus trichloride method) in petroleum ether (b. 
p. 20-40°) with a solution of sodium pei oxide (large excess) 
in ice-water in a stoppered flask. The upper layer con­
taining the peroxide was separated from the alkaline liquor 
or soap solution, dried, and allowed to evaporate. Usually 
the crude peroxide was found to evolve gas upon heating at 
90-100 ° and to give no acid reaction when a cold solution in 
methanol was tested with moistened litmus paper. In this 
event, the crude material was regarded as satisfactory for 
use without further purification. The peroxides were 
stored and weighed out in the cold room (5°), where they 
could be safely scraped from a glass dish with a silver 
spatula.

(12) Wieland and Rasuwajew, Ann., 480, 157 (1930).
(13) Microanalyses by Miss Eleanor Werble. The melting points

are uueorreeted.

The following procedure for the preparation of dipal­
mitoyl peroxide is typical. A solution of 3.3 g. of crude 
palmitoyl chloride in 10 cc. of petroleum ether was added 
with ice cooling to a solution of 1 g. of sodium peroxide in a 
few cc. of ice-water. After the addition of a little ice the 
flask was corked and shaken well for a minute or two. 
More solid sodium peroxide (1 g.) was added, together with 
more ice and petroleum ether, and the corked flask was 
shaken thoroughly for at least ten minutes with the intro­
duction of small amounts of ice from time to time and 
with short periods of cooling in a freezing bath. The 
mixture was then transferred with about 100 cc. of added 
petroleum ether to a separatory funnel, and after shaking 
for a few minutes a little ether was added to facilitate 
separation of the layers. The top layer was separated as 
far as possible, dried over calcium chloride, filtered into a 
glass dish and allowed to evaporate spontaneously at room 
temperature. The residue consisted of 1 g. of colorless 
crystals, m. p. about 65°, and this was used directly for an 
alkylation. A sample of the peroxide recrystallized from 
methanol melted at 67-68°.

The crude distearoyl peroxide melted at 63-64° and a 
sample crystallized from methanol, in which it is not very 
soluble, melted at the same temperature. The crude 
peroxides from erucic and 2-heptadecenoic acid melted at 
30° and 45°, respectively, and that from undecenoic acid 
was liquid at room temperature and solidified in the cold 
room. An attempted conversion of chaulmoogric acid into 
the chloride with thionyl chloride gave a resin and it was 
found better to warm the acid with the calculated amount 
of phosphorus trichloride on the steam-bath, pour off the 
top layer from the phosphorous acid, and remove hydrogen 
chloride by evacuation at the water pump. The residue 
afforded a peroxide melting at 50-55°. Dicinnamoyl per­
oxide was prepared by the above procedure rather than in 
acetone solution12; 5 g. of acid chloride afforded 3.0 g. of 
peroxide, m. p. 127-130°.

Diacetyl peroxide was prepared best according to 
Gambarjan14 from acetic anhydride in ether. With an 
initial reaction temperature of —5° instead of —15°, the 
yield was only 5.5 g. (G., 9 g.), and unless the evaporation 
was carried out in the cold room about half of the volatile 
peroxide was lost. The yield was much lower when the 
solvent ether was replaced by petroleum ether, in which 
acetic anhydride is only sparingly soluble.

Methylation of 2-Methyl-1,4-naphthoquinone.—In par­
allel experiments conducted to determine the optimum 
proportion of the reactants, tubes containing 1-g. samples 
of the quinone in 14 cc. of acetic acid were charged with 0.4 
g. (0.6 equiv.), 0.75 g. (1.1 equiv.), and 1.4 g. (2 equiv.) of 
diacetyl peroxide, respectively, and heated together in the 
same bath at 90-95° until effervescence ceased. The solu­
tions were cooled, poured into water and the products 
crystallized from methanol. The first experiment afforded 
much unchanged starting material and only 0.1 g. of im­
pure 2,3-dimethyl-l,4-naphthoquinone, m. p. 112-118°, 
after several crystallizations. The second yielded 0.55 g. 
of the once crystallized dimethyl derivative, m. p. 118- 
123 °, while the third gave a gummy product yielding only 
0.1 g. of dimethylnaphthoquinone, m. p. 118-122°, after 
recrystallization. The ratio 1:1.1 therefore seems to be

(14) Gambarjan, Ber., 42, 4010 (1909).
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T a b l e  II
A l k y l a t i o n  o f  Q u i n o n e s  w i t h  D ia c y l  P e r o x i d e s  (1.1-1.3 E q u i v a l e n t s )

-1 ,4 -naph tho ­
D iacyl

peroxide
Solvent

P roduct,
-1 ,4 -naph tho­ Iso la tion , C ryst. M . p., Analyses,

quinone from quinone % yield from °C. A ppearance %  C and  H
2 -M ethy l P alm itic  acid Ligroin 2-M ethyl-3-penta- A, 60 Ligroin (70-- 95-97 V ery  pale yel. C26H 38O2: 81.61;

2-M ethyl S tea ric  acid Ligroin

decyl
(Form ula I) 

2-M ethyl-3-hepta- A, 60

100°)

Ligroin (50- 96

needles 10.02
F ound: 81.69; 9.90 

V ery pale yel. C28H 42O2: 81.89;

2-M ethyl E rucic  acid Ligroin

decyl
(Form ula II) 

2 M ethyl-3-hen- D, sm all

70°)

Alcohol (six 3 9 -8 l a

needles 10.31
F ound : 81.44; 10.19 

Yel. c ry s t. aggre- C 32H 48O2: 82 .69 ;

2-M ethy l C haulm oogric Ligroin

eicosenyl(12')- 
(Form ula I I I )  

2- M ethy l - 3 - nor- C, 40

tim es)

M ethanol (1), 65—686

gates 10.42
F ound : 82 .57 ; 10.37 

Pale  yel. needles C28H 38O2: 82.70;

2-M ethy l

acid

U ndecenoic Ligroin

chaulm oogryl-
(IV)

2-M ethyl-3-dece- C, 40

alcohol (3) 

Alcohol 68

9.43
Found: 82.47; 9.27 

C oarse, pale yel. C21H 26O2: 81.24;

2-M ethy l

acid

2-H eptadecen- Ligroin

n y l(9 ')-  (V) 

2-M ethyl-3-hexa- D, 25 Alcohol, 72-73

needles 8.45
Found: 81.29; 8.18 

B rig h t canary  yel. C27 H 38O2: 82.17;

2-H ydroxy

oic acidc 

A cetic acid AcOH

d ecen y l( l ')-  (VI) 

P hth iocol Add

m ethanol

Alcohol 167-169

m icrocrystals 9.71
Found: 82.33; 9.71 

G olden needles

a -N ap h th o q u in - P alm itic  acid Ligroin 2-Pen tadecyl-
w ater, 50 
D, small Alcohol 71-72 Pale  yel. needles C25H 36O2: 81.46;

one

-1,4-benzo-
quinone

T rim ethy l Acetic acid Ligroin
-1,4- benzoquinone 
T e tram e th y l B, sm all Alcohol 108-111

9.86
F ound: 81.63; 9.94

T rim e thy l Pa lm itic  acid Ligroin
(D uroquinone) 

2 ,3 ,5-Trim ethyl-6- C, 25 Alcohol 74 Pale yel. needles C 2 4 H 4 0 O 2 :  79 . 93 ;

2,6-D im ethoxyd Acetic acid AcOH

pentadecy l 

2 - M ethy l- 3,5-di- B, sm all ecu 123-124*

11.18
F ound: 80.17; 11.04 

Golden needles C 9H 10O4: 59.31;

2,5- D ihydroxy f Benzoic acid AcOH

m ethoxy

3,6-Diphenyl-2,5- A, very AcOH Dec. above

5.55
F ound: 59.01; 5.61 

Purple-bronze C18H 12O4: 73.95;

2,5-D ihydroxy P alm itic  acid AcOH

dihydroxy (Poly- 
poric acid, V III) 

3-Pentadecyl-2,5-

small 

A, small Ligroin; alco­

280°

136-138

p lates 4.14
Found: 73.53; 4.32 

O range p lates0 C21H 34O4: 71.94;
d ihydroxy (VII) hol; CHCls 9.79

Found : 71.82; 10.16

a This may be a mixture of the cis- and trans- forms. The erucic acid used (Eastman Kodak Co.) was not purified but 
converted directly to the acid chloride by means of thionyl chloride. 6 Softening from 57°. c The acid was prepared 
according to Lauer, Gensler and Miller, T h i s  J o u r n a l , 63, 1153 (1941). d Graebe and Hess, Ann., 340, 237 (1905). 
c Anslow, Ashley and Raistrick, / .  Chem. Soc., 441 (1938), report them. p. 125° (4,6-dimethoxytoluquinone). f Knoeven- 
agel and Bückel, Ber., 34, 3995 (1901). 0 The quinone gives a light violet color in dilute alkali.

the best. The second experiment was duplicated except 
that half of the peroxide was added at the beginning 
and the rest when the first effervescence had ceased; the 
yield was the same (0.60 g., m. p. 115-119°). In another 
experiment w-propyl alcohol was employed successfully as 
the solvent.

Methylation of Tribromoquinone.—A mixture of 2.4 g. 
of tribromoquinone15 (m. p. 147°), 0.85 g. of diacetyl per­
oxide and 24 cc. of acetic acid was warmed gently in a 
water-bath, when solution soon took place, and the tem­
perature was slowly raised to 90° and kept there for one 
hour and at 100° for one-half hour longer, when efferves­
cence had ceased. Pale yellow plates of tribromotolu- 
quinone had begun to separate from the hot solution and, 
after cooling, the copious crystallizate was collected and 
amounted to 1.3 g., m. p. 230°, dec. The material pre­
cipitated from the mother liquor with water afforded after 
crystallization a further 0.4 g. of product, m. p. 210-220°;

(15) Sarauw , A n n . ,  209, 120 (1881); D atta  and Bhoumik, T his
J o u r n a l , 43, 309 (1921).

total yield 68%. A sample recrystallized from alcohol 
melted at 232-235°, dec. (lit., 235-236°).

Anal. Calcd. for C7H302Br3: C, 23.40; H, 0.84. 
Found: C, 23.85; H, 1.10.

When tribromoquinone (3 g.) was treated with diacetyl 
peroxide (1.1 g.) in purified ligroin16 (40 cc., b. p. 95-100°) 
at 95-100° for one and one-half hours, the reaction mixture 
afforded only a trace of tribromotoluquinone and consisted 
largely of brown-red gums and a brown sandy product of 
indefinite melting point which could not be purified.

For catalytic hydrogenation, a solution of 0.65 g. of tri­
bromotoluquinone and 0.65 g. of anhydrous sodium 
acetate was shaken with hydrogen in the presence of 8 g. of 
palladium-barium sulfate. The reaction stopped after the 
absorption of 200 cc. of gas in one-half hour. The solution 
was filtered and evaporated to dryness in vacuum and the 
residue extracted with ether in the presence of a little

(16) T he so lvent was shaken w ith  a solution of potassium  p e r­
m anganate in d ilu te  sulfuric acid and  th en  w ith  a m ixture of concen­
tra ted  sulfuric and  n itric  acids.
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dilute sulfuric acid. Evaporation of the solvent left a 
dark gum which when dissolved in benzene and treated 
with petroleum ether afforded crystalline material, m. p. 
120-121° (0.15 g.). Recrystallized from benzene-ligroin, 
the substance formed colorless plates, m. p. 124° (tolu- 
hydroquinone, m. p. 124-125°). The sample was free 
from bromine.

Anal. Calcd. for C7H80 2: C, 67.69; H, 6.49. Found: 
C, 67.91; H, 6.56.

Other Alkylations.—The principal results of the syn­
thetic experiments are summarized in Table II. The pro­
cedure generally employed for the introduction of higher 
alkyl and alkenyl groups may be illustrated by the follow­
ing account of the preparation of 2-methyl-3-pentadecyl- 
1,4-naphthoquinone. A solution of 1 g. of dipalmitoyl 
peroxide in 10 cc. of purified ligroin (95-100°) in a boiling 
tube was treated with 0.25 g. of methylnaphthoquinone, a 
chip of porous pot was added, and the mixture was warmed 
and stirred until the quinone had dissolved. The bath 
temperature was gradually raised until effervescence set in 
at 90°, and after one hour the temperature was raised to 
100 ° during thirty minutes and then allowed to fall to 90 °, 
when gas evolution had ceased.

The reaction products were isolated in one of the follow­
ing ways.

A. Separation as a solid from the cooled solution was 
followed by recrystallization.

B. When no material crystallized on cooling, other 
than the fatty acid derived from the peroxide, the solution 
sometimes was evaporated to dryness and the residue 
fractionally crystallized (not recommended for quinones 
with long alkyl side chains).

C. As in B, but the residue was dissolved in alcohol and 
treated with aqueous sodium hydrosulfite solution accord­

ing to the procedure of Fieser17; the reduced mixture was 
shaken with ligroin (b. p. 30-60°), when the substituted 
hydroquinone usually appeared as a white solid at the 
interface and could be collected by suction filtration. The 
solid was dried and oxidized with silver oxide in ethereal 
solution in the presence of sodium sulfate.

D. As in C, except that after reduction the hydro­
quinone did not separate from the water-ligroin mixture as 
a solid but remained in the hydrocarbon layer. In this 
case the ligroin solution was washed with aqueous alkali- 
hydrosulfite and extracted with Claisen’s alkali, etc., ex­
actly as in a procedure described for the isolation of vitamin 
Ki from alfalfa concentrates.17

Each of the analytical samples of fully substituted qui­
nones gave a negative test with Craven’s reagent.18

Summary
Both the methylation of quinones by lead te tra­

acetate in acetic acid solution and the decomposi­
tion of the tetraacetate to carbon dioxide and hy­
drocarbon gas in the absence of an acceptor are 
promoted by a number of hydroxylic and hydro­
carbon solvents.

Diacyl peroxides are excellent agents for the al­
kylation of p -benzo- and 1,4-naphthoquinones 
having a free position in the quinonoid ring, and a 
number of new or difficultly accessible quinones 
have been prepared with ease by this method.

(17) Fieser, T h is  J o u r n a l , 61, 3467 (1939).
(18) C raven, J . Chem. Soc., 1605 (1931).

C o n v e r s e  M e m o r i a l  L a b o r a t o r y
C a m b r i d g e , M a s s a c h u s e t t s  R e c e i v e d  A u g u s t  14, 1941

[C o n t r i b u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m is t r y  a n d  C h e m i c a l  E n g i n e e r i n g  o f  t h e  U n i v e r s i t y  o f
P e n n s y l v a n ia ]

Relative Acid Strengths of Formic, Acetic, and Propionic Acids in Alcohols and Di-
oxane-Water Mixtures

By M a r t in  K il p a t r ic k  a n d  R. D e a n  E a n e s

The determination, in various alcohols, of the 
acid strengths of substituted benzoic acids rela­
tive to benzoic acid, has shown that the logarithm 
of the acid strength varies linearly with the re­
ciprocal of the dielectric constant of the medium 
over the range D = 78.5 to D — 24.2.1 On the 
other hand, in dioxane-water mixtures, the loga­
rithm of the acid strength does not vary linearly 
with the reciprocal of the dielectric constant. The 
present paper shows that these conclusions are 
also valid for certain aliphatic acids.

The acetic and propionic acids, free from homo­
logs, were refluxed with the pure anhydrides and 
fractionally distilled. Formic acid was treated

(1) F o r references see K ilpatrick , Chem. Rev., 30, 159 (1942).

with boric anhydride to remove water and distilled 
under reduced pressure. The purification of 
methyl and ethyl alcohol, ethylene glycol, and diox­
ane and the preparation of the solutions have been 
described in the earlier papers as has the e. m. f . 
method by which the experiments were carried out.2

Table I gives the ratio of the dissociation con­
stant of formic acid to that of acetic acid in the 
various solvents containing lithium chloride. 
The ratio of the dissociation constants is the 
equilibrium constant, KAxb0> f°r the reaction 

Ax +  Bo Ao +  Bx (1)

where Ax is formic acid and B0 acetate ion.
(2) E llio tt and  K ilpa trick , J . Phys. Chem., 45, 454, 466, 472, 485 

(1941).
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T a b l e  I
R a t io  o f  t h e  D i s s o c ia t i o n  C o n s t a n t  o f  F o r m ic  A c id

TO THAT OF ACETIC
C alculated

D ielectric Ionic
•KaxBo

^■AxBo
S o lv en t c o n stan t s tren g th by eq. (2)

Water 78.5 0.00 io . r 10.4
.10 10.36

Ethylene glycol 37.7 .05 14.0 14.0
Methyl alcohol 31.5 .05 17.3 16.4
Ethyl alcohol 24.2 .05 19.6 20.5
Dioxane-water 25 .05 19.4 19.8

a From the thermodynamic dissociation constants of 
Harned and co-workers, ref. 4. b Solvent salt potassium 
chloride.

The logarithm of the ratio of the dissociation 
constants is plotted against the reciprocal of the 
dielectric constant in Fig. 1. The results for the 
pure solvents may be expressed by the equation

If) Q
log XAxBo = 0.887 +  ^

Values thus calculated are given in column five of 
Tabled. In agreement with our previous findings 
the relative acid strength in dioxane-water mix­
tures (D =  25) closely approximates that in 
ethyl alcohol.2»3 Figure 1 also includes the values

Fig. 1.—Formic acid vs. acetic acid: A, Harned and co­
workers; O, pure solvents, this investigation; □, dioxane- 
water, this investigation.

of the constant, K AxBo, calculated from the ther­
modynamic dissociation constants at 25 ° of formic 
and acetic acids in water and dioxane-water mix­
tures of dielectric constant 60.8, 88.5, 17.7 and

(3) M inn ick  and  K ilpa trick , J .  Phys, Chem., 43* 259 (1938),

9.3.4 It is evident that log i t AxBo 1S nat a linear 
function of the reciprocal of the dielectric con­
stant, and that we are dealing with the same 
phenomenon observed in the case of the substi­
tuted benzoic acids.5

T a b l e  II
R a t io  o f  t h e  D i s s o c ia t i o n  C o n s t a n t  o f  P r o p i o n i c  

A c id  t o  t h a t  o f  A c e t ic
C alculated

Solvent
D ielectric
c o n stan t

Ion ic
s tre n g th •^AxBo

# A xBo 
by  eq. (3)

Water 78.5 0.00 0.762® 0.773
Ethylene glycol 37.7 .05 .637 .617
Methyl alcohol 31.5 .05 .566 .566
Ethyl alcohol 24.2 .05 .477 .484
Dioxane-water 25 .05 .521 .495

° From the results of Harned and co-workers, refs. 4 and
5.

Table II and Fig. 2 present the corresponding 
results for the ratio of the dissociation constant 
of propionic acid to that of acetic.

Fig. 2.—Propionic acid vs. acetic acid: A, Harned and 
co-workers; O, pure solvents, this investigation; □, 
dioxane-water, this investigation.

The result for the dioxane-water mixture of di­
electric constant 25 lies above the value for the 
solvent ethyl alcohol, but fits nicely on the 
smooth curve through the values for the other 
dioxane-water mixtures calculated from the recent 
data on the thermodynamic dissociation constant 
of propionic acid,6 and that of acetic acid.4 In the

(4) H arned and  Ehlers, T h is  J o u r n a l , 54, 1351 (1932); H arned  
and  K azanjian , ibid., 58, 1912 (1936); H arned  and  F allon , ibid., 61, 
2377 (1939); H arned  and  E m bree, ibid., 56, 1042 (1934); H arned 
and Done, ibid., 63, 2579 (1941).

(5) E llio tt and  K ilpa trick , J . Phys. Chem., 45, 485 (1941).
(6) H arned and  Dedell, ibid., 63, 3308 (1941).
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pure solvents, the results may be expressed by the 
equation

log A'axb0 = -0.022 -

and the values thus calculated are given in col­
umn five of Table II.

It should be emphasized that the values of 
^AxBo f°r the experiments reported in this paper 
are direct determinations of the equilibrium con­
stant for the reaction 
C2H5COOH +  CH3COO-

CH3COOH +  C2HöCOO“ (4)
and the corresponding reaction for formic acid. 
The measurements were made in the presence of
0.045 mole per liter of lithium chloride with a 1.0 
molar bridge solution of the same salt. For a 
reaction of the charge type of equation (4), the 
equilibrium constant would be expected to be in­
dependent of ionic strength, for the same solvent 
salt, and comparable to the thermodynamic 
equilibrium constant. This is borne out by the 
results at various ionic strengths given in the fol­
lowing table.

In addition, the value of AAxBo calculated from 
the thermodynamic constants in water given in

T a b l e  III
T h e  E f f e c t  o f  I o n i c  S t r e n g t h  o n  t h e  E q u i l i b r i u m  

C o n s t a n t  o f  t h e  R e a c t io n  

HCOOH +  CH3COO- 7 - ^  CH3COOH +  HCOCT
Aaxb0

Solvent fj. =  0.05 0 . 1 0 0.20 0.50 LOO 2.00

Water 10.3 10.3 10.3 10.3 10.3
Methyl alcohol 17.3 17.8 17.6
Ethyl alcohol 19.6 19.5 19.8

Table I, agrees with the value in 0.095 molar 
potassium chloride.

The authors would like to take this opportunity 
to thank the Faculty Research Committee of the 
University for a grant.

Summary
In dioxane-water mixtures, the logarithm of 

the acid strength of formic acid relative to acetic, 
or of propionic relative to acetic, is not a linear 
function of the reciprocal of the dielectric con­
stant of the medium. In the pure solvents stud­
ied—water, ethylene glycol, methyl alcohol and 
ethyl alcohol—a linear relationship holds. 
This same phenomenon has been observed in the 
case of the substituted benzoic acids.
Philadelphia, Penna . R eceived June 22, 1942

[C o n t r i b u t io n  f r o m  t h e  G e o r g e  H e r b e r t  J o n e s  C h e m ic a l  L a b o r a t o r y  o f  t h e  U n i v e r s i t y  o f  C h ic a g o  a n d  t h e
R e s e a r c h  L a b o r a t o r y  o f  A r m o u r  a n d  C o m p a n y ]

Studies on High Molecular Weight Aliphatic Amines and their Salts. VIII. Soluble 
and Insoluble Films of the Amine Acetates. A. The Surface Tension of Aqueous

Solutions of Dodecylamine Acetate
By Everett J. H offman, G. E. B oyd and A. W. Ralston

Introduction
In the fifth paper of this series1 we reported the 

results of an investigation of the surface properties 
of a simple, long chain cationic colloidal electro­
lyte, namely, dodecylamine hydrochloride. The 
present paper deals with a study of the surface 
properties of aqueous solutions of dodecylamine 
acetate. In this case the time effects of long dura­
tion which were observed for dilute solutions of 
dodecylamine hydrochloride were not found. In 
the case of 5 X 10~3 N  solutions at 25°, constant 
values of the surface tension were obtained within 
thirty minutes. No time effects were observed at 
other temperatures for this same solution. With 
a solution of concentration 7.5 X 10 "3 N  (critical

(1) E. J. H offm an, G. E. Boyd and  A, W. R alston , T h is  J o u r n a l , 
64, 498 (I942L

micelle concentration = 1.2 X 10~~2 N) no time 
effects were observed at any temperature. In 
contrast to this behavior, in the case of dodecyl­
amine hydrochloride a steady decrease was ob­
served even after five hours.

The absence of aging effects with unbuffered n- 
alkylamine acetate solutions may not, however, 
reflect the behavior in general of solutions con­
taining this type of colloidal electrolyte. Pre­
liminary experiments on a 5 X 10~3 N  solution of 
dodecylamine acetate in the presence of 10-2 N  
acetic acid-sodium acetate revealed an appreciable 
variation of surface tension with time. I t is pos­
sible that the surface active species in our experi­
ments consists of free amine in equilibrium with 
amine acetate in the interior of the solution.
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Fig. 1.—(a) Surface tension-concentration curves for aqueous solutions of dodecylamine acetate; (b) film pressure- 
concentration values for aqueous solutions of dodecylamine acetate: O, 25°; Q, 30°; Ö, 35°; C, 40°; 3, 45°; 
•  , 50°.

Experimental Part
Preparation of Materials. Dodecylamine 

Acetate.—Dodecylamine acetate was prepared 
by the method previously described.2 Solutions 
were made with triple distilled water as described 
in an earlier communication.1 Densities of the 
solutions were determined by means of a 25-ml. 
pycnometer by C. W. Hoerr of the Armour 
Research Laboratories.

Apparatus and Procedure.—Surface tensions 
were determined at five degree intervals from 25 
to 50° by the ring method with the apparatus used 
by Harkins and Jordan.3 The ring used was 
made of platinum-iridium, and its mean radius 
was 0.6402 cm.; the value of R /r  was 45.64, where 
R  is the mean radius of the ring, and r is the mean 
radius of the wire.

(2) A. W. R alston , C. W. H oerr and  E. J. Hoffm an, T h is  Jo u r n a l , 
63, 2576 (194.1) 4

(3) W, D. H ark ins an d  B . F , Jo rdan , ih U ,t 52, 1751 (1930).

Experimental Results
Surface tension-concentration curves at five- 

degree intervals from 25 to 50° are shown in 
Fig. 1. A plot of the film pressure, ir = — Ay = 
To “  Y> where to is the surface tension of water and 
7 is the surface tension of the solution, against 
concentration is also shown. The latter plot has 
the advantage that the values are separated so 
that the effect of temperature is more clearly 
demonstrated.

Discussion
It is evident from an examination of the curves 

in Fig. 1 that the surface tension of solutions of 
dodecylamine acetate of concentrations above 
that exhibiting a minimum value decreases with 
increasing temperature. At lower concentrations 
this is true except for the surface tension at 40°. 
A slightly deeper minimum is obtained at 40° 
than at any other temperature investigated. A
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similar behavior was observed in the study of the 
surface tension of aqueous solutions of dodecyl­
amine hydrochloride.1

An examination of the values for the film pres­
sure (Fig. 1) shows that at a given concentration 
it decreases with increasing temperature and that 
the value of — Aw/AT is fairly constant in the 
range 25 to 50°. The fact that, at a constant 
concentration, the film pressure decreases with 
increasing temperature shows that adsorption of 
dodecylamine acetate in the surface is less at 
higher temperatures. Between concentrations of 
approximately 3 X 107"2 and ÏO' 1 N  the film pres­
sure does not change greatly with the concentra­
tion although this change is slightly greater at 
higher temperatures than at 25°.

The surface tension-concentration curves for 
aqueous solutions of dodecylamine acetate are 
similar to those obtained by us for dodecylamine 
hydrochloride1 and by other investigators for 
anionic colloidal electrolytes.4 A comparison of 
the concentration for minimum surface tension 
with that for the break in the conductance curve5 
shows that they are essentially the same. This is 
the so-called critical micelle concentration.

B. Pressure-Area Relations of Docosylamine 
Acetate Monolayers on Acetic Acid

Introduction
In a previous publication1 we have reported a 

systematic study of the effect of inorganic anions 
on insoluble films of long-chain amines. In 1930,
N. K. Adam6 reported an extensive study of the 
variation of the character of amine films with pH 
in which the importance of the nature of the anion 
was noted. A portion of this investigation dealt 
with the use of an acetate buffer (pH 4.0) in 
which the total acetate concentration was 5 X 
10“ 2 N. Adam reports that the insoluble films, 
even of eicosylamine, were gaseous and that that 
of hexadecylamine was one of the most perfect 
gaseous films ever found with insoluble sub­
stances. This last statement appears to be er­
roneous on the basis of our results since the film 
of octadecylamine acetate was so soluble that sat­
isfactory pressure readings could not be obtained. 
Several trial runs were made by rapid compres­
sion of films of octadecylamine acetate to a con-

(4) J. W. M cB ain  and  G. F . M ills, “ R eports on Progress in 
Physics,” V, 30 (1939).

(5) A. W . R a lsto n , C. W . H oerr and E . J. Hoffman, T h is  J o ur n a l , 
64, 97 (1942).

(6) N. K. Adam , Proc. Roy. Soc. (London), A126, 526 (1930).

stant area and observing the change in pressure 
with time. There was a continuous decline of 
pressure with time with an approximately con­
stant final value regardless of the initial pressure. 
Films spread on sub-solutions from which a film 
from a previous experiment had been removed by 
sweeping invariably gave higher pressures than 
the first film spread on 10_1 N  acetic acid. In 
order to eliminate this difficulty, octadecylamine 
acetate was replaced by docosylamine acetate. 
The solubility effect was not observed in this case.

Experimental Part
Preparation of Materials. Docosylamine 

Acetate.—Docosylamine acetate was prepared 
by Dr. F. M. Garland of the Armour and Co. Re­
search Laboratories by a method similar to that 
described for the preparation of octadecylamine 
acetate.2

Preparation of Sub-solutions.—Sub-solutions 
were prepared by diluting glacial acetic acid with 
double distilled water1 to a concentration of
10 "1 N.

Apparatus and Procedure.—The film balance 
was that described in detail by Nutting and Har­
kins.7 One degree of the divided circle corre­
sponded to 0.0634 dyne cm.-1 pressure on the 
float; the circle was read to 0.2°.

Docosylamine acetate (ca, 23 mg.) was weighed 
by means of a semi-micro analytical balance into a 
calibrated 25-ml. volumetric flask, dissolved in 
ethanol (95%, ca. 4 ml.), and diluted with puri­
fied benzene to 25 ml. This solution was stored 
in a 50-ml. ground-glass stoppered volumetric 
flask. Solutions were spread from a pipet (0.0722 
ml. capacity) of the type described by Harkins 
and Anderson.8 A period of fifteen minutes after 
the spreading of the film was permitted before the 
experiment was started. Pressure readings were 
made at one-minute intervals on compression to 
various areas and also, in separate experiments, as 
rapidly as possible at a much smaller number of 
areas. Good agreement of results between these 
two methods was obtained. This indicates that 
loss due to solubility was negligible.

Experimental Results
Pressure-area isotherms for films of docosyl­

amine acetate on a 10 ~1 N  acetic acid sub-solution 
at 14.8, 19.9 and 24.9° are given in Fig. 2. At

(7) G. C. N u ttin g  and  W. D. H arkins, T h is  J o u r n a l , 61, 1180 
(1939).

(8) W. D. H ark ins and  T. F . A nderson, ibid., 59, 2189 (1937)
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Fig. 2.—Pressure-area isotherms for docosylamine acetate monolayers on 10 1 N  acetic
acid.

large areas per molecule the film is vapor ex­
panded in all three cases, but increased pressure 
produces condensed films.

The extrapolated area per molecule at zero 
pressure, at 14.8° is 27.9 sq. A., at 19.9° it is 29.4 
sq. A. and at 24.9° it is 30.4 sq. A.

The entropy of spreading is defined by the 
equation9

A plot of 7r against T  for cr =  35 sq. A. gives a 
value of 0.44 erg cm. " 2 deg.-1 for ss.

The increase of heat content on spreading may 
be calculated by use of the equation9

*. = (f) - - [M l\  5cr J T  Ld(l'/r)Jcr

At <r — 35 sq. A., hs = 140 ergs cm.-2. This 
value is much lower than that obtained for octa­
decylamine hydrochloride.1

Discussion
A comparison of the curves in Fig. 2 shows the 

effect of temperature on the pressure-area relations 
of monolayers of docosylamine acetate. They 
show the normal trend, the film becoming more

(9) W. D. H arkins, T . F . Young and  G. E. Boyd, J . Chem. Phys., 
8» 954 (1940).

expanded with increasing temperature. The 
change between 14.8 and 19.9° is much greater 
than that in the range 19.9 to 24.9°. The iso­
therm at 14.8° much more closely approximates 
that of a true condensed film than does either one 
of the others.

Summary
1. The variation of surface tension of solutions 

of dodecylamine acetate with concentration has 
been investigated at a series of temperatures by 
the ring method.

2. A time effect was observed only at 25° in 
one solution below the critical concentration for 
micelle formation. This is in sharp contrast to 
the behavior of dodecylamine hydrochloride solu­
tions previously reported.

3. I t has been pointed out that monolayers of 
octadecylamine acetate are too soluble to permit 
investigation by means of the film balance.

4. Insoluble monolayers of docosylamine ace­
tate spread on an acetic acid sub-solution have 
been investigated by means of the film balance.

5. An increase in temperature causes docosyl­
amine acetate films to become more expanded. 
The heat of spreading at an area of 35 sq. A. per 
molecule was estimated to be 140 ergs cm."2. 
C h ic a g o , I l l i n o i s  R e c e i v e d  A p r i l  6 , 1942
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The Elimination of Liquid Junction Potentials. IV. The Conditions of Extrapola­
tion1*1

B y Benton Brooks Owen and Stuart R . Brinkley, Jr .11>

AgCl [satd.] 
KNOs [(1 -  x)m] 
KC1 [xm]

In the preceding communications2,3’4 of this 
series it is shown experimentally that accurate 
thermodynamic information can be derived from 
cells with heterionic li­
quid junctions by suit- Ag, AgCl (s) 
able extrapolations. In 
each of these investigations the following condi­
tions were fulfilled.

I. The composition of the liquid systems in 
contact are so chosen that, in a series of measure­
ments, these systems can be made to approach by 
extrapolation either absolute identity, or some 
condition which may be treated by present ther­
modynamic methods.

II. The ionic strengths of the liquid systems 
in contact are the same, and the extrapolation is 
performed at constant ionic strength.

These conditions are the subject of the present 
communication.

Condition I
The necessity of Condition I scarcely requires 

comment, but it will be useful to distinguish be­
tween and to classify several types of junctions 
which can fulfill this condition. The classifica­
tion of junctions will be based upon their char­
acteristics in limiting states attained by extra­
polation, because it is ordinarily these characteris­
tics which justify their use in thermodynamic 
calculations. The concentration of one or more 
solutes at every junction will be expressed in 
terms of a variable, x (1 ^ x ^ 0), 
which will always be reduced to 
zero by the extrapolation. There 
fore when the properties, or types of any junctions 
are referred to, it is implied that the condition, 
x —> 0, has been imposed.

Limiting Liquid Junctions, Type A.—The two 
liquid systems comprising Type A junctions be­
come absolutely identical in the limit when x  —» 
0, and their junction potentials are zero. The

( la ) P resented  A pril, 1941, a t  the  S a in t Louis m eeting of the  
American Chem ical Society.

( lb ) P resen t address, M allinck rod t C hem istry  L aborato ry , H a r­
v a rd  U niversity .

(2) B. B. Owen, T h is  J o u r n a l , 60, 2229 (1938).
(3) B. B. Owen and  S. R. B rinkley, J r .,  ibid., 60, 2233 (1938).
(4) B. B. Owen and  E, J . R ing , ibid., 63, 1711 (1941).

following cells illustrate this type of junction.
H2 [ H2 [satd.] |H2 [satd.] I 

[ HC1 [m] |HC1 [(1 4- x)m] | H2
AgCl [satd.] 
KNOg [ m ]

AgCl [satd.] 
KNOs [(1 -  x)m ] 
AgNOa [xm]

AgCl (s), Ag II

I t is characteristic of such cells that each con­
stituent of the limiting junction solutions, in­
cluding soluble components of the electrodes, is 
present in both solutions at the same concentra­
tion. The electromotive forces of these cells are 
therefore independent of standard electrode po­
tentials. In other respects such cells may be 
widely dissimilar. Thus, Cell I is homo-ionic, and 
its liquid junction potential is thermodynamically 
defined at all values of x. The e. m. f. of this cell 
is a simple function of transference numbers and 
activities at all values of x, and is independent of 
the geometry of the junction. Cell II  is heter­
ionic for values of x different from zero, and its 
junction potential is thermodynamically defined 
only in the limit.

Limiting Liquid Junctions, Type B. The two 
liquid systems comprising Type B junctions do 
not become identical in the limit when x —» 0, but 
differ only with respect to the soluble components 
of the two electrodes. The following cells will 
serve as illustrations.

Hg, HgCl (s)
HgCl [satd.]
KC1 [m]

H2 [satd.]
KC1 [(1 -  x)m] 
HC1 [xm]

H2

Ag, AgCl(s)
AgCl [satd.] 
KC1 [xm] 
KNOs [(1 - x)m]

KNO3 [m] AgN03 [xm] 
KN03 [(1, x)m]

Ag

III

IV

Although the limiting liquid junction potentials 
of these cells are not zero, they are of the type 
which is always present when the so-called “cells 
without liquid junctions” are used to compare 
standard electrode potentials. Such junction 
potentials are neglected in thermodynamic prac­
tice, and are therefore integral parts of all meas­
ured standard electrode potentials. For exam­
ple, the replacement of potassium chloride by 
hydrogen chloride throughout Cell III would lead 
to the familiar cell

Hg, HgCl(s)
HgCl [satd.] 
HC1 [m]

H2 [satd.] 
HC1 [m] B.2 V
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without changing the nature5 of the liquid junc­
tion. Note that the Type A junction of Cell II 
changed to Type B in Cell IV by elimination of 
the silver chloride from the right-hand electrode 
and solution.

Limiting Liquid Junctions, Type C.—The fol­
lowing cells give rise to Type C junctions

I AgCl [satd. ] I AgCl [satd. ] I
Ag, AgCl(s) I KC1 [xm] | HC1 [xm] | AgCl (s), Ag VI

right hand solution and electrode of Cell VII, 
extrapolation to x —> 0 results in a junction with 
characteristics of both Types C and B. This com­
posite junction might be termed Type CB, but 
since the asymmetry of the B variety is absorbed 
in the standard electrode potentials, it will not be 
necessary to distinguish between Types C and CB 
in the following discussion.

The estimation of a liquid junction potential,

Ag, AgCl (s)
AgCl [satd.]
KNOs [xm(l -  y)] 
KC1 [xmy]

AgCl [satd.] 
KNOs [xm]

AgCl [satd.]
KNOs [xm( 1 -  y)] 
AgNÖ3 [xmy]

AgCl (s), Ag VII

The variable y (1 ^ y ^ 0) in the last cell is used 
to express changes in the ratio of the solute con­
centrations. In this respect, y plays the same role 
in Cell VII that x plays in Cell II, but the condi­
tions of extrapolation in these otherwise similar 
cells are quite different. In the operation of Cell 
II, m is kept constant during a given extrapola­
tion to x * 0, and the limiting junction becomes 
two identical solutions of potassium nitrate of 
concentration, m. In the operation of Cell VII, 
y and m are kept constant during a given extra­
polation to x —> 0, and the junction consists of two 
solutions which do not become identical in the 
limit so long as y is different from zero.

Thus, in general, the solutions composing Type 
C junctions contain constituents which are not 
shared by both in common, and this asymmetry is 
not eliminated by extrapolation. The liquid junc­
tion potential produced by this asymmetry when 
x —» 0 is not of the type inherent in “cells without 
liquid junctions/' and cannot logically be neg­
lected. Fortunately there are both experimental 
and theoretical grounds for believing that it is 
possible to estimate the magnitudes of such resi­
dual junction potentials within reasonable limits. 
This possibility argues the practical utility of cells 
which lead to this “calculable" type of junction 
potential, but does not permit the use of such 
junctions with the same confidence with which 
Types A and B are employed in thermodynamic 
calculations. This category can be made to in­
clude cells whose limiting junction potentials are 
partly calculable and partly neglected. For ex­
ample, if the silver chloride is eliminated from the

(5) T he  m agnitude of th e  junc tion  p o ten tia l w ould vary  to  some 
ex ten t depending upon th e  properties of th e  e lectro ly te  a t th e  con­
cen tra tio n  m, b u t th is  v a ria tio n  is also neglected. Thus, in  d e te r­
m ining  th e  activ ity  coefficient of HC1 in  sa lt solutions, th e  sam e 
v a lue  of E° is used regardless of th e  n a tu re  of th e  salt. Since E° 
con tains th e  junc tion  p o ten tia l of Cell V a t  m  =  0, th e  calculated  
ac tiv ity  coefficient con tains th e  varia tion  of th is  junc tion  po ten tia l 
w ith  th e  com position of th e  solutions a t  finite concentrations.

£j, is based upon the expression6

- d  Ei = V "  E  f  d In « 1% (1)

in which Tif mif and 7{ are the transference num­
ber, molality and activity coefficient óf any ionic 
constituent, i. The valence, zif carries the sign of 
the charge. The activity coefficients may be dis­
regarded, as the equation will be employed only 
in the limit, ju —> 0. The summation extends over 
all the ion constituents present, except those pro­
duced by dissociation of the solvent.7

Ordinarily, the exact values of 7\ and are 
not known at all points throughout the region of 
the junction, and some assumptions are required 
before equation (1) can be integrated. For this 
purpose Planck8 assumed “constrained diffusion" 
across the junction, and Henderson9 assumed a 
“continuous mixture boundary" which leads to 
linear concentration gradients. Both of these as­
sumptions, as well as those employed in more 
elaborate treatments10,11,12 of the problem, yield 
values of Ey which are in reasonable agreement 
(plus or minus a few tenths of a millivolt) with 
each other and with experiment, if the solutions 
are dilute and differences in ionic mobilities are 
not extreme. So long as the objectives do not de­
mand more than this reasonable agreement, it is 
not necessary to decide which, if any, of these as­
sumptions is strictly valid.

With this in mind, and purely as a matter of
(6) D. A. M aclnnes, “ T he  P rinciples of E lec trochem istry ," R ein­

hold Publishing Corp., N ew  Y ork, N . Y., 1939, pp. 220-245.
(7) F . O. K oenig [7. Phys. Chem., 44, 101 (1940)] has shown th a t  

the  quan tities  7 i in equation  (1) are  properly  th e  H itto rf tran sfe r­
ence num bers, corrected fo r th e  conductiv ity  of th e  solvent.

(8) M . Planck, W ied. A n n .,  40, 561 (1890); H . Pleijel, Z. p h y s ik .  
Chem., 72, 1 (1910).

(9) P. H enderson, Z. physik. Chem., 59, 118 (1907); 63, 325 
(1908); M . Gouy, J .  chim. phys., 14, 185 (1916).

(10) P . B. T ay lor, J .  Phys. Chem., 31, 1478 (1927); K. S itte , Z. 
Physik, 91, 622 (1934).

(11) J . J . Hermans, D isserta tion , Leiden, 1937.
(12) F . O. K oenig, / .  P h ys . Chem:, 44, 101 (1940).
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convenience, the Henderson assumption will be 
used in the present discussion because it leads to 
the relatively simple expression

—E° — Lim R T  S(X?/2i)(mi ml)
F — ml) (2)

at infinite dilution. This choice does not imply 
that the authors can dispose of the theoretical 
objections11 to the general application of this as­
sumption to heterionic junctions. The primes 
and double primes in equation (2) refer to concen­
trations in the immediate neighborhood of the 
left and right hand electrodes, respectively, and 
X? is the limiting conductance of the i-ions.

In order to evaluate the limit appearing in this 
equation, the ionic concentrations m[, m ”, etc., 
may be expressed as fractions

Pi' == m[/m , pf =  m 'l/m ', etc. (3)

of the total ionic concentrations, m' and m". In 
the limit, as x —» 0

m” - - m- = 0 (4)
m* +  m' K }

for the Type A and C junctions. The applica­
tion of this equation to Type B and CB junctions 
can only be considered permissible in view of the 
convention of disregarding the soluble constituents 
of the electrodes in cells containing these junc­
tions.

Combination of equations (2), (3) and (4) leads 
to the following result at infinite dilution.

-E ? = R T  2(X9/*ï)(pr -  Pi') , SXW
F S t?(p " -  X/) In

iPi
(5)

For Type A junctions, p{ = pf, etc., and the log­
arithmic factor is zero. According to the conven­
tion referred to above, this factor is also zero 
for Types B and CB junctions. For the simplest 
Type C junctions (Cell VI), equation (2) reduces 
to the familiar equation of Lewis and Sargent.13

Maclnnes and Yeh14 investigated cells of Type 
VI which contained pairwise combinations of the 
chlorides of hydrogen, ammonium and the alkali 
metals. Unfortunately, only two concentra­
tions (0.1 and 0.01) were used, but the values of 
E- obtained by linear extrapolation for all com­
binations (except those involving potassium chlo­
ride) are in reasonable agreement with equation (5) 
the average deviation being 0.11 mv. For the 
potassium salts the disagreement is of the order 
of 1.2 mv. Data are available which can be used

(13) G. N . Lewis and  L. W . Sargent, T h is  J o ur n a l , 31, 363 
(1909).

(14) D . A. M ac lnnes  and  Y. L. Yeh, ibid,, 43, 2563 (1921).

for a similar “two point” (m — 0.05 and 0.03) 
extrapolation for the system KC1 (m) j KBr (m), 
and this also is not in accord with equation (5). 
The disagreement in this case amounts to 0.25 
mv.

In order to determine whether the discrepancies 
obtained with potassium salts represent a failure 
of the equation or of the “two point” extrapola­
tion, the family of straight lines shown in Fig. 2 
of the first paper of this series2 has been used to 
obtain interpolated values of E  — 2 k log (xmy) 
+  2 k a which would be applicable to Cell VII.
The constants k = 0.05915 and a =  0.506 at 25°. 
The addition of k log K  (— —0.5768) to these 
values yields the values of k log 7clYAg. +  2 k a 
■s/Jjl +  Ej which are plotted as ordinates in Fig. 1.

M-
£  0 0.01 0.02 0.03 0.04 0.05

Fig. 1.—Extrapolation of the results for Cell VII. 
Values of y are indicated on the curves; m is constant and 
equal to 0.05 mole per kg. of water. The intercepts, Ej, 
were calculated by equation (5).

The abscissa is expressed in terms of x at the bot­
tom, and jjt, at the top of the figure. Two impor­
tant conclusions may be drawn from this plot. 
First, for all values of y greater than zero the plots 
are not linear, and as the system KCl|AgN03 is 
approached (y = 1), a very pronounced curvature 
appears in the neighborhood of /x =  0.025. Sec­
ond, the extrapolated portions of the curves have 
been drawn to intercepts, E], calculated by equa­
tion (5) without producing any apparent discon­
tinuity with the experimental curves. These re­
sults supply a reasonable explanation of the dis­
crepancies referred to above, and appear to jus­
tify the use of equation (5) in estimating E ? for 
practical purposes. The rigorous validity of this 
equation is, of course, a question which cannot be 
decided by such curved extrapolations from so few 
data.
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The classification of liquid junctions according 
to their limiting characteristics (x —> 0) is helpful 
in determining the propriety of using a given cell 
for thermodynamic purposes.

The use of Type A junctions assumes the possi­
bility of a suitable extrapolation to x —» 0. If 
the accuracy of this extrapolation is not inferior 
to that of the data upon which it is based, the ex­
trapolated quantity is subject to rigorous ther­
modynamic treatment. The accuracy of such ex­
trapolations appears to fulfil this condition, but 
only one system with Type A junctions has been 
investigated.2

The extrapolation required for Type B junctions 
is similar to that for Type A, and appears equally 
accurate,3,4 but the extrapolated quantity derived 
from a Type B junction contains an unknown resid­
ual junction potential. Although this unknown 
potential is disregarded in the use of all of the so- 
called “cells without liquid junctions,” this con­
vention does not always permit a rigorous ther­
modynamic interpretation of the data. For ex­
ample, the values of E° and the activity coef­
ficients calculated from the electromotive forces 
of Cell V are somewhat ambiguous for this rea-

Fig. 2.—Departures of several extrapolations from 
linearity in dilute solutions. I. Cell VIII: abscissa,
chloride (or silver) molality: potassium nitrate concentra­
tion constant, 0.01 molal. II. Cell IX: abscissa, total 
iron wt. normality: hydrochloric acid concentration con­
stant, 0.05 wt. normal. III. Cell III: abscissa, hydro­
chloric acid normality: ionic strength constant, 0.1 nor­
mal.

son.5 On the other hand, the modern electro­
metric determination of ionization constants of 
weak electrolytes is free from this defect, because 
the residual junction appears twice in the pro­
cedure (in the extrapolations for £° and for K) and 
cancels out.

The extrapolations which result in Types A 
and B are practically linear when performed at 
constant ionic strength.2’3*4 Type C (CB) junc­
tions are produced by extrapolation to zero ionic 
strength, and may depart widely from linearity, 
as in Fig. 1. In addition to the uncertainty caused 
by this curvature, the use of Type C (CB) junc­
tions is under the disadvantage of requiring an 
estimate of E®. Furthermore, all of the equations 
proposed for this purpose involve some extra- 
thermodynamic assumption that is difficult to 
justify per se, and attempts to verify the equa­
tions may have to contend with non-linear ex­
trapolations such as those encountered in systems 
containing potassium salts. These considera­
tions make it undesirable to employ Type C (CB) 
junctions for any purpose for which Types A and 
B, or cells “without liquid junctions” can be util­
ized, and leave room for doubt that condition I is 
rigorously fulfilled by Type C (CB) junctions.

Condition II
While the extrapolations (x —> 0) are not neces­

sarily performed at constant total ionic strength, 
it appears that this condition must be fulfilled 
if a linear extrapolation is to be obtained, or even 
approximated. In the three systems investigated 
by the authors2’3 and E. J. King,4 the deviations 
of the experimental results from linearity are of the 
order of the reproducibility of the electromotive 
forces (0.05 mv.). The liquid junction potentials 
in these systems were small because of the choice 
of ions with nearly equal mobilities,2,4 and the use 
of buffers3 when acids were present. In cells 
containing high liquid junction potentials, there 
is evidence of only a slight departure from linear­
ity. For example, the available data15 on Cell III 
(m = 0.1; x — 0.1, 0.5, and 1.0) show a maximum 
deviation of 0.25 mv. from a straight line drawn 
through the points corresponding to x =  0 and 
x = 1. This curvature is illustrated by curve III 
in Fig. 2, which was constructed as follows: (1)
a large-scale plot of the function E — k log {mx) 
against mx was made from measurements on Cell 
III, (2) a smooth curve was drawn through these ex-

(15) A. Unmack and E. A. Guggenheim, Kgl. Danske Videnskab. 
Selskab. Math.~fys. M edd., X , 8 (1930).
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perimental results, and extrapolated to the limit, 
mx — 0, (3) a chord was drawn from mx = 0 to 
mx = 0.04, and (4) vertical distances between this 
chord and the curve were scaled off at several 
values of mx, and plotted as the ordinates of Curve 
III, in Fig. 2, against mx as abscissa. Curve III 
therefore represents the departure of the experi­
mentally determined function, E — k log {mx), 
from linearity at acid concentrations {mx) be­
tween 0 and 0.04 mole per liter. In this particular 
case the ionic strength is constant (0.1 mole per 
liter at 18°), and the departure from linearity is 
very small.

On the other hand, the upper curves16 in Fig. 
2 illustrate the relatively enormous curvatures 
encountered when the extrapolation is not per­
formed at constant ionic strength. Curve I shows 
the departures of the function, E — 2 log {xm) 
+  2ka^/]x, from linearity for the cell

Ag, AgCl (s)
AgCl [satd.] AgCl [satd.]
KC1 [xm] K N 03 [xm +  mo] 
KNOs [w0]

AgCl [satd.] 
AgN03 [xm] 
KNOs [m0]

at a constant concentration of potassium nitrate 
(w0 — 0.01). These results were obtained graph­
ically from the family of straight lines given in 
Fig. 2 of the first paper in this series.2 The 
temperature is 25°, and m = 0.05 molal. I t is 
evident that this extrapolation at varying ionic 
strength is almost useless for practical purposes, 
although the ionic strength is uniform throughout 
the cell [equation (4)], and the mobilities of all 
of the ions are very nearly equal. In this case 
the departure from linearity is obviously due to 
variations in activity coefficients, rather than to 
large changes in Ey

Curve II in Fig. 2 shows the departures of the 
function, E  +  k log (cFe+++/£Fe++), from linearity 
for the cell

(16) The construction of Curves I and II is analogous to that just 
described for Curve III, but differs in the nature of the plotted ex­
perimental functions.

H2 [satd.] FeCl2 +  FeCls [m]

HC1 [mo] HC1 [m0]

used by Popoff and Kunz.17 The constant acid 
concentration, m0, is 0.05 mole per kilo of solu­
tion, and the total iron concentration, m, is here 
expressed in equivalents per kilo of solution to re­
duce the concentration range covered by the 
plot.18 The temperature is 25°. The curvature 
in this case is probably due to considerable varia­
tions in Ej as well as in the activity coefficients.

Summary and Conclusions
In the elimination of liquid junction potentials 

by extrapolation, it is useful to classify junctions 
according to their characteristics in the limit ob­
tained by extrapolation. This depends upon the 
fact that a given pair of junction solutions may 
lead to quite different limiting cell potentials de­
pending upon the nature of the electrodes em­

ployed and the manner in
AgCl (s), Ag VIII which the limit is approached.

Thus, the limiting potential 
of the liquid-liquid system K N 03, KC1 | K N 03, 
AgN03 can be Type A {E] = 0, as in Cell II), 
Type B {E] neglected, as in Cell IV), or Types 
C and CB {E\ calculable, as in Cell VII as written, 
or modified by elimination of silver chloride from 
the right-hand electrode).

New evidence (Fig. 1) is produced to show that 
the Henderson equation yields values of E\ in reason­
able agreement with experiment. An explanation 
is suggested for the previous failure of this equation 
in some systems involving the potassium salts.

The practical necessity of performing the ex­
trapolations at constant ionic strength is illus­
trated by means of graphs (Fig. 2).
N e w  H a v e n , C o n n . R e c e iv e d  D e c e m b e r  31, 1941

(17) S. Popoff and A. H . Kunz, T h is  J o u r n a l , 51, 382 (1929).
(18) If the molar concentration of iron had been used th e  m axim um  

of Curve II would have been over tw ice as high. The experim ental 
point a t 0.025 normal was disregarded in drawing the curve because it  
was inconsistent with the data at higher concentrations.
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Electric Moments of Inorganic Halides in Dioxane. II. Chlorides of Boron, Alumi­
num, Iron, Silicon, Germanium and Tin1

B y  T . J. L a n e , P. A. M cCu sk er  and  B . C olum ba  Cu r r a n

In the first paper2 of this series, the degree of 
coordination of phosphorus, arsenic and antimony 
halides with dioxane was estimated from electric 
moment data. Further similar studies on the 
chlorides of some other trivalent elements and 
some of the tetravalent elements of Group IV B 
have been made. The number of compounds suit­
able for such study was limited either by low solu­
bility in dioxane or by the occurrence of reactions 
other than coordination between the halide and 
dioxane. Whereas the chlorides of boron and 
aluminum caused no decomposition of dioxane, 
the corresponding bromides were found to react 
with this solvent to form decomposition products, 
the reaction with boron bromide taking place 
violently. In the case of titanium tetrachloride 
electric moment data of sufficient accuracy were 
unobtainable due to the low solubility of the diox- 
anate in dioxane.

Experimental
Preparation and Purification of Compounds.—Boron 

chloride was prepared from boron fluoride and aluminum 
chloride by the method of Gamble, Gilmont and Stiff.3 
The product was purified by several distillations and was 
finally absorbed in weighed amounts of cold dioxane, the 
composition of each solution being checked by analysis for 
chlorine. All manipulations were carried out under condi­
tions which effectively prevented absorption of moisture.

Anhydrous aluminum chloride, a Baker c. p. product, was 
resublimed three times in a current of carbon dioxide, using 
an all-glass apparatus. The final product was sublimed 
directly into weighing bottles and anhydrous dioxane 
added.

Anhydrous ferric chloride was prepared by passing dry 
chlorine over heated standard iron wire in an all-glass 
apparatus. The apparatus was so designed that the prod­
uct could be sublimed in an atmosphere of chlorine, with­
out removal from the apparatus, through two glass wool 
plugs in series directly into weighing bottles. The chlorine 
atmosphere in the receivers was replaced by drawing a slow 
current of dry air over the sublimate. Analysis for chlorine 
indicated a purity of 99.8% for the product. Samples 
were prepared by direct addition of dioxane.

Silicon tetrachloride was prepared and purified by a 
standard method.4 The product was fractionally distilled

(1) Presented in part at the Atlantic City meeting of the American 
Chemical Society, September, 1941.

(2) McCusker and Curran, T h is  J o u r n a l , 64, 614 (1942).
(3) Gamble, Gilmont and Stiff, ibid., 62, 1257 (1940).
(4) Biltz, Hall and Blanchard, “Laboratory M ethods of Inorganic 

Chem istry,” 2nd ed., John W iley and Sons, Inc., New York, N . Y., 
1928, p. 80.

and a middle fraction boiling at 57° was used in sample 
preparation.

Germanium tetrachloride was obtained by the purifica­
tion of a sample furnished through the courtesy of the 
Eagle-Picher Lead Company. Dissolved chlorine was 
removed by treatment with mercury and the chlorine-free 
liquid fractionally distilled through a glass-helix packed 
column. The middle fraction, boiling at 83.6 ° at 751 mm., 
was used in sample preparation. Analysis of this fraction 
for chlorine by the method of Baxter and Cooper5 indicated 
a purity above 99%.

Anhydrous stannic chloride, a Baker c. p . product, was 
fractionally distilled several times in an atmosphere of 
carbon dioxide and a sample of the distillate sealed off in a 
glass tube. Absorption of moisture was prevented by 
opening the glass tube and making up the dioxane solutions 
in a dry-atmosphere chamber fitted with long-sleeved rub­
ber gloves.

Dioxane for all purposes was purified by refluxing the 
commercial product over sodium for twenty-four hours 
and fractionally distilling.

Measurements and Calculations.—Densities and dielec­
tric constants were measured as previously described.2 
The solute polarizations at infinite dilution were calculated 
by the method of Hedestrand.6 The Ae/C2 ratio for the 
dioxane solutions of boron chloride, germanium tetra­
chloride and stannic chloride showed a slight variation 
with concentration. The average value of this ratio, 
rather than an extrapolated value, was used in calculating 
the total polarization of each compound. The difference 
in the moments calculated from the average ratio and from 
that for the most dilute solution is in every case within the 
limit of accuracy indicated in Table II.

The distortion polarizations listed in Table II were de­
termined in the following manner. The value for germa­
nium tetrachloride is the polarization of the pure liquid.7 
The values for boron chloride and stannic chloride are the 
total polarizations at infinite dilution in benzene solution,8 
The value for silicon tetrachloride is the molar refraction 
for the sodium D line in the vapor state,9 plus ten per cent. 
The values for aluminum chloride and ferric chloride are 
the molar refractions for the sodium D line determined in 
water solution,10 plus ten per cent.

Attempts to measure the dielectric constants of dioxane 
solution of boron bromide gave values which changed con­
tinuously with time. That decomposition of dioxane re­
sults from its interaction with boron bromide was shown by 
the incomplete precipitation of bromine, as silver bromide, 
from the hydrolyzed solutions.

Dielectric constants and densities are listed in Table I.
(5) B axter and  Cooper, J . Phys. Chem., 28, 1049 (1924).
(6) H edestrand , Z. physik. Chem., B2, 428 (1929).
(7) M iller, T h is  J o u r n a l , 56, 2630 (1934).
(8) Ulich and  N espita l, Z. Elektrochem., 37, 559 (1931).
(9) G oldschm idt a nd  H olem ann, Z. physik. Chem., B24, 199 (1934).
(10) L im ann, Z. P hysik , 8 , 13 (1922).
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The calculated polarizations and electric moments are 
listed in Table II. Electric moments are expressed in 
Debye units.

T a b l e  I

D i e l e c t r i c  C o n s t a n t s  a n d  D e n s i t i e s  o f  D i o x a n e

Ci

S o l u t i o n s  a t  25 °
e a

0.00000
Boron Chloride 

2.211 1.0279
.01158 2.599 1.0355
.01342 2.674 1.0368
.01880 2.880 1.0408

0.00000
Aluminum Chloride 

2.211 1.0280
.00805 2.264 1.0352
.01045 2.284 1.0373
.01291 2.297 1.0395
.01510 2.309 1.0414

0.00000
Ferric Chloride 

2.211 1.0279
.00556 2.232 1.0350
.01378 2.257 1.0452
.01601 2.267 1.0479

- .00000
Silicon Tetrachloride 

2.223 1.0279
.01618 2.228 1.0369
.02242 2.230 1.0430

0.00000
Germanium Tetrachloride 

2.213 1.0280
.01031 2.224 1.0394
.01930 2.228 1.0494
.02530 2.231 1.0567

0,00000
Stannic Chloride 

2.214 1.0279
.00504 2.337 1.0391
.00646 2.358 1.0419
.00654 2.360 1.0425
.00859 2.394 1.0471

T a b l e  11

P o l a r iz a t io n s  a n d  E l e c t r i c  M o m e n t s

P2ro PE  + A
Boron chloride 517 24.5 4.86 =t 0.07
Aluminum chloride 112 27.0 2.02 =fc .05
Ferric chloride 67 33.0 1.27 db .05
Silicon tetrachloride 30 31.9 0.0
Germanium tetrachloride 47 37.1 0.67 =fc .08
Stannic chloride 345 42.5 3.82 .15

Discussion
The symmetrical planar configuration of boron 

chloride in inert solvents, as evidenced by its 
zero moment in benzene,8 gives way to a tetra­
hedral complex in donor solvents. The value ob­
tained by Ulich and Nespital8 for the moment of 
the etherate of boron chloride, ^H ^O -B C h , is 
5.98 D. Assuming that the ether moment vector,

2077

1.2, makes an angle of 125° with the +0-B “ bond, 
the sum of the +0-B~ bond moment and the re­
sultant of the three B-Cl dipoles is 5.2. This 
value should be equal to the moment of the dioxa- 
nate of boron chloride, ChHsCVBCh. Compari­
son of the observed moment of boron chloride in 
dioxane, 4.86, and the moment calculated for the 
complex, 5.2, indicates that coordination of boron 
chloride with dioxane is almost complete.

A similar calculation for aluminum chloride 
from the moment of its etherate,8 6.54, yields a 
value of 5.6 for the moment of CéHgCVAlCla. The 
observed moment of aluminum chloride in dioxane 
is 2.02. This low moment indicates either that 
the extent of coordination is small, or that in a 
large number of the complexes two dioxane mole­
cules coordinate with each aluminum atom to form 
trigonal bipyramids having the three chlorine 
atoms in the equatorial plane. Such complexes 
would have zero moments. Since aluminum 
chloride may be expected to exist as a dimer in 
completely inert solvents, indications of interac­
tion were sought in cryoscopic measurements on 
the solutions listed in Table I. These measure­
ments indicated that aluminum chloride is mono- 
molecularly dispersed in dioxane solution. I t  is 
difficult to understand how dioxane could break 
up the aluminum chloride dimers without a t the 
same time forming coordinate bonds with alu­
minum.

The apparent lack of coordination between fer­
ric chloride and dioxane, as evidenced by the low 
moment, 1.27, is surprising. The structure of the 
isolated ferric chloride molecule is not known. 
The magnetic moment of this compound in the 
solid state11 indicates five unpaired electrons. 
The most probable bond types for a ferric chlo­
ride molecule with five unpaired electrons are sp2 
and dsp, the former resulting in a trigonal planar 
structure having a zero moment, and the latter 
in an unsymmetrical planar structure having a 
low moment. Coordination complexes of ferric 
chloride and dioxane having various configura­
tions are possible, most of which would have large 
moments. I t appears from the observed low 
moment that only a small percentage of ferric 
chloride molecules coordinate with dioxane in 
solution.

The complete lack of coordination between di­
oxane and silicon tetrachloride, as evidenced by

(11) Pauling , “ N a tu re  of th e  C hem ical B ond ,” C ornell U n ive rs ity
Press, I th aca , N . Y ., 1939, p. 107.

Electric M oments of Some Inorganic Halides in D ioxane
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the zero moment of this compound in dioxane, is 
of importance in connection with the mechanism 
of the hydrolysis of silicon tetrachloride. This 
reaction has been interpreted12 as resulting from 
the formation of +0-Si“ bonds with the subsequent 
splitting off of hydrogen chloride. A mechanism 
involving the formation of Cl-H bonds would 
appear more probable unless the smaller size of 
the water molecule, compared to dioxane, makes 
the formation of an +0-$i“ bond possible in this 
special case.

The low moment of germanium tetrachloride 
in dioxane reveals that only a small amount of 
interaction takes place between these compounds 
in solution. Efforts to isolate a solid dioxanate 
of germanium tetrachloride have been unsuccess­
ful and this confirms the view that very little 
tendency exists for germanium to expand its 
valence shell in forming coordinate bonds with 
dioxane. A comparison of the behavior of ger­
manium and titanium tetrachlorides toward di­
oxane is of interest. While the solubility of the 
complex of titanium tetrachloride in dioxane is 
too small to permit determination of its moment 
in dioxane, the existence of the crystalline complex 
indicates that coordination readily occurs, at 
least in the solid state. The greater size of the 
titanium atom is probably responsible for the 
difference in the behavior of titanium and ger­
manium tetrachlorides.

The effect of atomic radius is further shown in 
the case of stannic chloride. A solid coördina-

(12) Sidgwick, J .  Chem. Soc., 125, 2672 (1924).

tion complex having the composition SnCl4* 
2C4H80 2 has previously been reported.13 That co­
ordination persists in solution is evident from a 
comparison of the zero moment obtained for 
stannic chloride in benzene8 with the value, 3.82, 
in dioxane. The values14 reported for (C^H^O 
SnCl4 and 2(CH3)2CO-SnCl4 are 3.60 and 7.7, 
respectively. The possible arrangements of the 
chlorine atoms and dioxane molecules in the octa­
hedral complexes would permit various configura­
tions having moments ranging from 0 to about 6. 
For this reason it is not possible to estimate from 
the data the degree of coordination of stannic 
chloride with dioxane, but it is evident that di­
oxane coordinates to a greater extent with stannic 
chloride than with germanium tetrachloride.

Summary
Electric moments have been determined for 

boron chloride, aluminum chloride, ferric chlo­
ride, silicon tetrachloride, germanium tetra­
chloride and stannic chloride in dioxane. Co­
ordination between dioxane and boron chloride 
in solution is almost complete. Ferric chloride 
appears to interact only slightly with dioxane. 
The extent of coordination of the group IV B 
elements increases with increasing size of the 
central atom, silicon tetrachloride having a zero 
moment and stannic chloride a moment of 3.8 in 
dioxane.

(13) R heinbo ld t and  Boy, J . prakt. Chem., 129, 268 (1931).
(14) Ulich, H erte l and  N esp ita l, Z. physik. Chem., B17, 21 (1932).

N o t r e  D a m e , I n d i a n a  R e c e i v e d  J u n e  26, 1942

[C o n t r i b u t i o n  f r o m  t h e  D e p a r t m e n t  o f  C h e m i s t r y , W a y n e  U n i v e r s i t y ]

The Effect of Temperature on the Surface Tension and Density of Some Halogen
Substituted Acetic Acids

B y Joseph J. Jasper and Lewis Rosenstein

In a recent investigation carried out in this 
Laboratory, accurate surface tension-temperature 
data were required for the comparison of certain 
physico-chemical properties of the halogen sub­
stituted acetic acids. Search of the literature re­
vealed the apparent unavailability of such data 
for most of the compounds involved. To supply 
this deficiency, the surface tension-temperature 
data for monobromoacetic acid and monoiodo- 
acetic acid were determined over an appreciable 
temperature range in their molten states.

Experimental
Materials.—The compounds were Eastman Kodak 

Company reagent quality. The melting point of the 
monobromoacetic acid was 49.7° and that of monoiodo- 
acetic acid 81.9°. No decomposition of the latter was 
observed below 130 ° during the measurements. The 
decomposition of this compound below its boiling point is 
believed to be dependent upon traces of mineral acids and 
moisture present1; therefore, great care was used to prevent 
traces of those impurities from reaching the molten mono- 
iodoacetic acid.

(1) E astm an  K odak  C om pany, p riv a te  com m unication.



Sept., 1942 Effect of Temperature on Surface T ension and D ensity of Acetic Acids 2079

Procedure.-—Because of the relative simplicity of the 
process and the necessity of excluding moisture from the 
molten compounds, the capillary rise method was em­
ployed for the surface tension measurements. The appa­
ratus used was a slight modification2 of that described by 
Richards and Coombs.3 To ensure a plane reference 
liquid surface, the dimensional specifications suggested by 
Richards and Carver4 were adopted. The diameter of the 
reference surface was 45 mm. The capillary tube of the 
apparatus was calibrated according to the method sug­
gested by Harkins and Brown,5 in which the focusing 
method described by Wolff, Shoemaker and Briggs6 was 
employed, using a “cold” fluorescent light source. The 
radius of the capillary was found to be 0.019168 cm.

Density determinations were made with a 20-ml. Pyrex 
pycnometer, which was provided with an expansion bulb 
and a ground-glass stopper. This was calibrated with 
mercury.

The constant-temperature system consisted of a thick- 
wall Pyrex jar of eighteen liters capacity and an electronic 
relay controlled by a mercury regulator having a bulb of 
250-ml. capacity. The Pyrex jar was insulated with 
magnesia-asbestos, one inch thick. Two small openings 
in the insulation, cut diametrically opposite, provided the 
necessary observation windows. Petroleum oil, the liquid 
medium of the bath, was found to provide a slower heat 
transfer than water. Although this effect was largely 
overcome by increasing the efficiency of stirring, the best 
temperature precision obtainable was =*=0.2°.

The capillary rise was measured with a short range 
cathetometer. To ensure thermal equilibrium between 
the measured liquid and the surrounding oil-bath, at least 
thirty minutes were allowed. During this time the appa­
ratus was agitated constantly. To equalize the pressure 
within the system with that of the prevailing atmosphere, 
the stopcock with which the apparatus was equipped was 
opened to the air from time to time through a calcium 
chloride drying tube. Between readings, the capillary was 
wet by drawing the liquid to the full length of the bore and 
allowing it to recede spontaneously to its static equilibrium 
position.

Experimental Results
The equation7

(h +  (r/3))(d\ -  da)gr 
7 = ------------ 2----------- -

was used to calculate the surface tension y. In 
this equation, h is the capillary rise, r the capillary 
radius, and d\ and t/a, respectively, the densities of 
the liquid and air during the experiment. Each

(2) J . R . B righ t and  J . J . Jasper, T h is  J o u r n a l , 63, 3486 (1941).
(3) T . W. R ichards and  L. B. Coombs, ibid., 37, 1656 (1915).
(4) T . W. R ichards and E . K . C arver, ibid., 43, 827 (1921).
(5) W . D. H ark ins and  F . E . Brown, ibid., 41, 499 (1919).
(6) WoJff, Shoem aker and  Briggs, Bull. Bureau o f Standards, 12, 

432 (1915).
(7) N . E . D orsey, “ N a tio n a l R esearch Council B ull.,” No. 69, p. 

56.

recorded measurement is the average of ten to 
fifteen readings. Experimental results are pre­
sented in Tables I and II.

T able I
Density and Surface T ension D ata for M olten

M onobromoacetic A cid

Temp.,
°C.

Density,
g./ml.

{h +  (r/3)), 
cm. (<*1 -  da)

Surface 
tension, 

dynes/cm.
55 1.9017 2.2561 1.9007 40.30
70 1.8778 2.1870 1.8768 38.57
85 1.8531 2.1230 1.8522 36.96

100 1.8286 2.0454 1.8277 35.13
120 1.7955 1.9648 1.7947 33.14
145 1.7542 1.8446 1.7535 30.40
170 1.7123 1.7237 1.7117 27.72

T able II
D ensity and Surface T ension D ata for M olten

M onoiodoacetic Acid

Temp.,
°C.

Density,
g./ml.

(h +  (r/3)), 
cm. (di -  da)

Surface
tension,

dynes/cm.
85 2.2694 1.8119 2.2685 38.63
90 2.2606 1.7908 2.2597 38.03
95 2.2519 1.7653 2.2510 37.35

100 2.2430 1.7488 2.2421 36.85
110 2.2250 1.7161 2.2242 35.87
120 2.2070 1.6659 2.2062 34.54
130 2.1893 1.6278 2.1886 33.41

These data give straight line relationships. 
Using the method of least squares, the equations 
for the best curves were calculated and are given 
in the following:

For monobromoacetic acid
d = 1.93302 -  0.0016482* (1)
7 -  46.20552 -  0.10901* (2)

For monoiodoacetic acid
d = 2.42118 -  0.0017837* (3)
7 = 48.35779 -  0.11483* (4)

The average deviation of the data from these 
curves is as follows: (1) 0.024%; (2) 0.15%;
(3) 0.024%; (4)0.14%.

Summary
The effect of the temperature on the density 

and the surface tension of monobromoacetic acid 
and monoiodoacetic acid in the molten state was 
determined over an appreciable temperature 
range. The data obtained gave straight line re­
lationships. The equations were calculated by 
using the method of least squares.

R eceived July 2, 1942D etroit, M ichigan
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[C o n t r i b u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m i s t r y , D e P a u w  U n i v e r s i t y ]

The Preparation of Substituted Mandelic Acids and their Bacteriological Effects.
Ill

By J. L. R iebsomer, D ale Stauffer, Francis Glick and Frederick Lambert

Up to the present publication in this series,1,2 
we have confined our attention essentially to the 
preparation of halogen and alkyl substituted 
mandelic acids in which substitution has been on 
the benzene ring. This paper not only extends 
the series of ring substituted compounds but also 
describes eight compounds in which the hydroxy 
groups of certain mandelic acids have been 
changed to acetyl or propionyl. This type of 
compound was considered of interest because its 
efficacy as a bacteriocide might give some indica­
tion concerning the bacteriological significance 
of the hydroxyl group in the original molecule.

The Ando synthesis which may be summarized 
as follows

c ^-o c 2h 5

c^-o c 2h 5

H

SnCl4
R

OH

C^-OC2H5 

C—OH

OC2H5

. j o  
C—OK

was used with a number of aromatic compounds 
such as diphenylmethane, diphenyl, /3-methyl- 
naphthalene, a-methylnaphthalene, triphenyl- 
methane, fluorene, acenaphthene and anthracene, 
hoping to prepare the corresponding hydroxy ace­
tic acids. While the acids prepared from these 
more complex hydrocarbons may require a stretch 
of the rules of nomenclature to regard them as 
derivatives of mandelic acid, yet it seems appro­
priate to consider them here. Of the eight hydro­
carbons listed above, only the first two of the 
series reacted as expected.

Experimental
The method used for the preparation of the 

nuclear substituted mandelic acids was the same 
as previously described.1,2 The same method was

(1) R iebsom er, Irv in e  and  A ndrews, T h is  J o u rn al , 60 , 1015 
(1938).

(2) R iebsom er, B aldw in, B uchanan  and  B u rk e tt, ibid., 60, 2974 
1938).

used for ft - niethylnaphthalene and the other 
more complex hydrocarbons except that a solvent 
(usually chloroform) was used either to make a 
suspension or solution of the solid hydrocarbons.

To prepare the acetyl or propionyl derivatives 
the appropriate mandelic acid and twice the theo­
retical amount of ’ acid chloride were refluxed 
gently for ten to twelve hours. The resulting mix­
ture was cooled and poured into cracked ice. 
In most cases a solid separated at once. The solid 
was filtered, dried and crystallized from benzene 
or benzene-petroleum ether mixtures. Table I 
summarizes the properties, yields, analyses and 
bacteriological data for the substituted mandelic 
acids. The bacteriological activity of each acid is 
compared with mandelic acid as unity. These 
tests were made in vitro on B. coli.

The intermediates for the ^-benzyl, 2,4-, 3,4- 
and 2,5-dimethyl mandelic acids boiled under a 
pressure of 4-5 mm. at 225-230, 150-155, 157- 
160, and 154-156°, and were obtained in yields 
of 51, 47, 51, and 47%, respectively. The inter­
mediate from the ^-phenyl derivative was not 
distilled, so its yield could not be ascertained.

I t will be noticed that no mention is made in 
Table I of derivatives from a-methylnaphthalene, 
(3-methyInaphthalene, acenaphthene, fluorene, an­
thracene or triphenylmethane. When «-methyl- 
naphthalene was subjected to the usual reaction 
conditions, the mixture turned almost black. 
Upon washing with water and distilling, 7 g. of a 
viscous oil was produced, b. p. 180-230° at 2 mm. 
pressure, which apparently was the expected in­
termediate, but upon saponification and subse­
quent acidification only a thick oil was formed 
from which no crystals could be obtained. Essen­
tially the same observations were made with 
acenaphthene. /LMethylnaphthalene gave a very 
low yield of an acid, m. p. 146.5-147.5°, neutrali­
zation equivalent 217.8, and a carbon-hydrogen 
analysis which corresponded with a /3-methyl- 
naphthylhydroxyacetic acid. We were unable 
to prove the identity of this product.

In the cases of fluorene and anthracene the mix­
tures became deep purple in color when stannic 
chloride was added but none of the expected
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B acteriological
a c tiv ity

M andelic acid (m andelic
deriva tive  acid  =  1)

2.4- Dimethyl 3.5
3.4- Dimethyl 3.5
2.5- Dimethyl 3.5

Phenyl 0
^-Benzyl < 1
Acetyl 1
Acetyl-2,4-dimethyl 0.5
Acetyl-2,5-dimethyl < 1
Acetyl-^-phenyl < 1
Acetyl-^-methyl 0.5
Propionyl 2
Propionyl-2,5-dimethyl < 1
Propionyl-^-phenyl 0

T a b l e  I
Y ield of 

acid, 
%

M . p. of acid, 
°C.

N eu t. equiv. 
Calcd. F ound

44 113-115 180.1 180.6
37 135 180.1 179.3
37 116.5-117 180.1 180.0
63 192 228.1 229.3
26 133.5-134.5 242.1 238.6
94 76-76.5 194.1 192.6
74 92 222.2 222.0
72 112-113 222.2 221.2
63 133 270.2 269.9
71 104-105 208.2 207.0
55 58 208.2 208.0
89 86 236.2 236.2
64 107 284.2 284.0

----- C om bustion  analyses, % —
C alcd. F ound

C arbon H ydrogen C arbon H ydrogen

66.6 6.7 67.1 6.8
66.6 6.7 66.4 6.8
66.6 6.7 66.4 6.8
73.7 5.3 73.7 5.6
74.4 5.8 74.3 6.4
61.8 5.2 61.5 5.3
64.8 6.4 65.3 6.4
64.8 6.4 64.5 6.4
71.1 5.2 70.6 5.1
63.5 5.8 63.2 5.9
63.5 5.8 63.9 5.9
66.1 6.8 66.0 6.7
71.8 5.6 72.3 5.6

products were obtained. The appearance of this 
purple color is typical of many of these reactions 
which do proceed as desired.

When triphenylmethane was run through the 
usual reaction routine, an acidic compound which 
crystallized from benzene (m. p. 90-95°) was 
formed but we were unable to get a product with 
a sharp melting point upon further crystalliza­
tions. The neutral equivalent was 335.5; cal­
culated for the expected compound, 318.2, This 
material discolored upon standing. Its identity 
was not established.

The structures of the three dimethylmandelic 
acids described in Table I were determined pre­
viously3 by careful permanganate oxidation to the 
corresponding dimethylbenzoic acids. The 2,4- 
and 3,4-dimethylmandelic acids were previously 
prepared by Ando but not tested bacteriologieally.

The mandelic acid prepared from diphenyl was 
oxidized with dilute permanganate and produced 
diphenyl-4-carboxylic acid, m. p. 228°, thus indi­
cating this product to be ^-phenylmandelic acid. 
The compound prepared from diphenylmethane 
was shown to be p - b enzylmandelic acid by per­
manganate oxidation to p  -b enzylb en zoic acid, 
m. p. 154-155°.

Discussion
The mixture of isomeric dimethylmandelic 

acids, which may be obtained using a commercial
(3) R iebsom er and  B u rk e tt, Ind iana  Acad. Sci., 48, 75 (1939).

xylene mixture in the Ando synthesis, shows the 
same bacteriological activity as the pure isomers 
(3.5). This mixture would therefore appear to be 
better than mandelic acid in treating urinary tract 
infections, especially since its cost of production 
could be relatively low. Unfortunately, when the 
mixture of isomers was injected intravenously into 
rabbits it proved to be somewhat more toxic than 
mandelic acid. Accordingly its use in medicine 
is prohibited.

I t  was hoped that converting the hydroxy group 
of some of these mandelic acids to the acetyl or 
propionyl group would throw some light on the 
significance of the hydroxy group in the bacterio­
logical activity of mandelic acids. I t  is obvious 
from the results shown in Table I that the data are 
conflicting and that no conclusions are justifiable.

The authors wish to express their indebtedness 
to Dr. R. S. Shelton of the William S. Merrell Co., 
who kindly carried out the bacteriological and 
pharmaceutical studies. The funds to support 
this work were partially provided from the Wil­
liam M. Blanchard Memorial Research Fund.

Summary
1. The synthesis and bacteriological activity 

of thirteen mandelic acids are reported.
2. Only the dimethyl derivatives show mark­

edly greater activity than mandelic acid, but they 
proved to be too toxic to be used medicinally. 
G r e e n c a s t l e , I n d . R e c e iv e d  J u n e  17, 1942
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C6H6NHN=

T h e  s y n th e s is  o f ^ / -m e th io n in e  f ro m  th e  b e n z o y l 
d e r iv a t iv e  o f a - a m in o - 7 -b u ty ro la c to n e ,  d e sc r ib e d  
b y  H ill  a n d  R o b s o n ,1 d o e s  n o t  r e q u ire  th e  u se  of 
th e  s t r o n g ly  v e s ic a n t  /T c h lo ro e th y lm e th y l su lfid e  
e m p lo y e d  in  t h e  s y n th e s e s  o f W in d u s  a n d  M a r v e l2 
a n d  of B a r g e r  a n d  W e ic h s e lb a u m .3 H o w e v e r, 
a - a m in o - 7 -b u ty ro la c to n e  h a s  b e e n  
d if f ic u lt to  p r e p a r e  a n d  c o n s e q u e n t ly  
h a s  n o t  b e e n  m u c h  u s e d  in  th e  p r e p ­
a r a t io n  o f m e th io n in e . R e c e n tly , 
c e r ta in  d e r iv a t iv e s  o f a - a m in o - 7 - 
b u ty r o la c to n e  h a v e  b e e n  p re p a r e d  
fro m  th e  e a s i ly  a v a i la b le  a - a c e to - 7 - 
b u ty r o la c to n e .4 F e o f i la k to v  a n d  
O n is h c h e n k o 5 h a v e  o b ta in e d  th e  h y ­
d ro c h lo r id e  o f t h e  a m in o la c to n e  b y  
re d u c t io n  o f a-o x im in o - 7 - b u ty  ro  - 
la c to n e  w i th  t i n  a n d  h y d ro c h lo r ic  
a c id . T h e y  re d u c e d  th e  p h e n y lh y -  
d ra z o n e  o f a - k e to - 7 -b u ty ro la c to n e  
in  th e  s a m e  m a n n e r  a n d  o b ta in e d  
th e  h y d ro c h lo r id e  o f a - a m in o - 7 -h y -  
d ro x y b u ty r ic  a c id . T h e  o x im e  a n d  
p h e n y lh y d r a z o n e 6 w e re  p r e p a r e d  b y  
th e  a c t io n  o f n i t r o u s  a c id  a n d  b e n  
z e n e d ia z o n iu m  c h lo r id e , r e s p e c ­
tiv e ly , o n  a -a c e to -  7 -b u ty ro la c to n e .

T h e  a v a i l a b i l i ty  o f a - a m in o - 7 - 
b u ty r o la c to n e  f ro m  th e s e  re a c t io n s  
s u g g e s te d  a  r e - e x a m in a t io n  o f th e  
u se  o f i t s  a c y l  d e r iv a t iv e s  in  th e  
s y n th e s is  o f ^ / -m e th io n in e . H o w ­
e v e r , a  p o s s ib le  r o u te  to  dZ -m eth io- 
n in e  in v o lv in g  th e  c o n v e rs io n  o f th e  
a m in o la c to n e  to  3 ,6-bis-(/3-h y d ro x y -  
e th y l) -2 ,5 - d ik e to p ip e ra z in e  w a s  c o n ­
s id e re d  m o re  a t t r a c t iv e .  F is c h e r  
a n d  B lu m e n th a l7 h a v e  o b s e rv e d  t h a t  
th e  a m in o la c to n e  r e a d i ly  c h a n g e s  to  th e  d ik e to -

(1) Hill and  R obson, Biochem. J ., 30, 246 (1936).
(2) W indus and  M arvel, T h is  J o u r n a l , 52, 2575 (1930).
(3) B arger and  W eichselbaum , “ Organic Syntheses,” X IV , 58 

(1934).
(4) K n u nyan tz , Compt. rend. acad. sci. (U . R. S. S.), N . S. 1, 312 

(1934).
(5) Feofilaktov an d  Onishchenko, J .  Gen. Chem. (U. S. S. R .) , 9, 

304, 314 (1939).
(6) P reviously p repared  by H arradence  an d  Lions, J. Proc. Royal 

Soc. N . S . Wales, 72, 221 (1938).
(7) Fischer and  B lum enthal, B e r . ,  40, 111 (1907).

piperazine. In the accompanying scheme path
III (R = Cells) represents the synthesis of Hill 
and Robson,1 who employed a-aminobutyrolac- 
tone prepared by a more tedious method; path
IV represents the projected synthesis by way of 
the diketopiperazine.
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In the present study the phenylhydrazone of 
a-keto-7 -butyrolactone (A) was prepared by the 
method of Harradence and Lions6 and was sub­
jected to catalytic reduction. When the reduc­
tion was carried out in ethanol over Raney nickel, 
temperatures of 100-150° were required and the 
product was not the aminolactone (C) but the di­
ketopiperazine (F). When the reduction was 
carried out in ethyl acetate containing acetic an-
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hydride, a mixture of acetanilide and a-acet- 
amino-7-butyrolactone (D, R = CH3) was pro­
duced. It was possible to separate these by water 
extraction and distillation and thus to obtain 
a-acetamino-7 -butyrolactone in yields of about 
30%. When this substance was treated with hy­
drogen chloride and ethanol according to the 
method of Hill and Robson1 for the corresponding 
benzamino derivative, the acetyl group was re­
moved and the hydrochloride of a-amino-7 - 
butyrolactone was produced; none of the desired 
ethyl a-acetamino-7 -chlorobutyrate (E) was iso­
lated.

a-Oximino-7 -butyrolactone (B) was prepared 
from ethyl nitrite and a-aceto-7 -butyrolactone in 
methanol solution. The oxime was hydrogenated 
over either Raney nickel or palladium-charcoal in 
methanol or ethanol solution. The resulting solu­
tion, after removal of the catalyst, was heated 
under reflux for twenty-four hours to effect the 
conversion of a-amino-7 -butyrolactone (C) to the 
dihydroxydiketopiperazine (F). This substance 
was obtained from the oxime in yields of 55-60%. 
It was identical with the diastereoisomeric modi­
fication previously obtained by Fischer and Blu­
menthal.7 I t was converted to 3,6-Ws-(/3-chloro~ 
ethyl)-2,5-diketopiperazine (G), in yields of 90- 
95%, by treatment with excess thionyl chloride.
3,6 - Methy lthiolethy 1) -2,5- diketopiperazine
(H) was obtained in 63% yield from the reaction 
of the chloro derivative with sodium methylmer- 
captide. Hydrolysis of this diketopiperazine 
gave dl-methionine in 85-95% yield. These 
reactions constitute a convenient and economical 
method for the preparation of the amino acid.

Experimental
1. Hydrogenation of the Phenylhydrazone of a-Keto- 

7-butyrolactone in Ethanol.-—Acetobutyrolacton e was pre­
pared by the method of Knunyantz.4 I t was converted to 
the phenylhydrazone of a-keto-7-butyrolactone by the 
procedure described by Harradence and Lions.6 The crude 
phenylhydrazone was washed with water until the washings 
were free of halide ion, then dried and extracted with 
boiling ethanol or ethyl acetate to remove colored impuri­
ties. In one reduction 70 g. of the phenylhydrazone and 
250 cc. of absolute ethanol were placed in a bomb with 
Raney nickel. Hydrogen under 1700 lb. pressure was 
admitted and the bomb was heated to 100 0 for four hours. 
During this period hydrogen was absorbed slowly, so the 
temperature was raised to 150° for eight hours. The 
ethanol was removed from the filtered solution by distilla­
tion under diminished pressure. The residue was a mix­
ture of an oil (aniline) and a white solid (the diketopiper­
azine). The oil was removed by extraction with ether and

the residual solid was crystallized from ethanol; it melted 
at 178-180°. The yield was 20 g. (54%). However, in 
other runs in which the temperature was kept constant at 
various temperatures between 100° and 150° the yield 
did not exceed 20%.

2 . Hydrogenation of the Phenylhydrazone of <x-Keto- 
7-butyrolactone in the Presence of Acetic Anhydride.—
A mixture of the phenylhydrazone (115 g.), acetic an­
hydride (170 cc.), and ethyl acetate (350 cc.) was placed 
in the bomb with Raney nickel and heated at 125° until 
hydrogen (initial pressure, 2000 lb.) was no longer ab­
sorbed. The solution contained nickel salts which were 
removed by treatment with hydrogen sulfide. The solvent 
was removed from the filtered solution by evaporation 
under 20 mm. pressure from a water-bath maintained at 
90 °. The residue was added to 500 cc. of cold water and 
the mixture was stirred rapidly and warmed to 40 °. The 
aqueous solution was separated from the undissolved acet­
anilide (m. p. 113°) and evaporated to dryness under 20 
mm. pressure. The sirupy residue was distilled and the 
fraction boiling at 175-178° (2 mm.) was collected as a 
pale yellow sirup which crystallized on standing; m. p. 82- 
84°. The yield was 29 g. or 30%.

Anal. Calcd. for C6H90 3N: C, 50.35; H, 6.30; N, 
9.79. Found: C, 50.43; H, 6.40; N, 9.72.

3. Reaction of o:-Acetamino-7-butyrolactone with 
Ethanol and Hydrogen Chloride.—The procedure of Hill 
and Robson1 was used, except that an equivalent weight of 
a-acetamino-7-butyrolactone was substituted for the 
benzamino derivative. The sirup remaining after evapora­
tion of the ethanol was insoluble in ether. After crystal­
lization from acetone it melted at 200- 201° (lit.,5 201°) 
and analysis showed it to have the composition of a- 
amino-7-butyrolactone hydrochloride; the yield was 40%.

4. Preparation of a-Oximino-7-butyrolactone.—To a 
cold (0 to — 5 °) solution of 256 g. (2 moles) of acetobutyro- 
lactone in 500 cc. of methanol was added 300 g. (4 moles) of 
ethyl nitrite prepared from hydrochloric acid, sodium 
nitrite and ethanol.8 The reaction flask was packed in 
ice-salt and allowed to stand for fifteen to twenty hours, 
during which time the ice melted and the temperature of 
the reaction mixture reached that of the room. The mix­
ture was cooled and the crystalline solid was collected on a 
filter. The filtrate was concentrated under diminished 
pressure and the dark-colored residue was heated on the 
steam-bath with 100 cc. of n-butyl alcohol. The mixture 
was cooled and filtered. The two crops of crystals were 
combined, washed twice with 100-cc. portions of cold n- 
butyl alcohol and then with ether. The a-oximino-7- 
butyrolactone weighed 196-209 g. (85-91%) and melted 
at 183-185° (lit.,5 192°).

5. 3,6- bis- Hydroxy ethyl) -2,5 - diketopiperazine.—
Solutions of the oxime in methanol (about 4 cc. per g.) 
were hydrogenated over a palladium catalyst. The cata­
lyst was prepared by evaporating to dryness a mixture of 
charcoal, previously washed with nitric acid, and aqueous 
palladium chloride. Quantities were chosen so that the 
dry catalyst contained the equivalent of 5% of metallic

(8) E v id en tly  th e  reaction  is catalyzed  by  a trace  of hydrogen 
chloride, for reactions em ploying e thy l n itr ite  m ade from  sulfuric acid 
have been found to  proceed very  slowly unless a sm all am o u n t of an  
acid is added. F o r these observations th e  au tho rs  are  in d eb ted  to  
Dr. E . E, Howe of M erck  and Co., Inc., R ahw ay , N . J ,
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palladium. Two grams of the impregnated charcoal was 
used for each 100 cc. of methanol. The reductions were 
carried out at low pressure (50 lb. at start). They pro­
ceeded very rapidly (thirty minutes for a 25-g. run) and 
with the evolution of heat. When the hydrogen absorp­
tion was complete the catalyst was removed and the solu­
tion was heated under reflux for forty-eight hours, then 
stored in a refrigerator overnight. The crystalline solid 
was collected and washed with cold alcohol and cold ether; 
it melted at 186° with decomposition (lit.,7 189°). The 
yields were from 55-60%.

6. 3 , 6 - b i s - ( (3-Chloro ethyl) -2,5-diketopiperazine.—The
following procedure has given the best yields. In a 500-cc. 
flask fitted with a stirrer and reflux condenser 110 cc. of 
thionyl chloride was cooled to 0 to —5°, and 15 g. of 3,6- 
&w-(jÖ-hydroxyethyl)-2,5-diketopiperazine was added in 
one lot. The mixture was stirred and allowed to come to 
room temperature slowly. The flask was then immersed in 
a water-bath which was very slowly warmed until the 
thionyl chloride began to reflux. The mixture was cooled 
and diluted with 75 cc. of dry ether. The solid was col­
lected on a filter and washed twice with ether, then twice 
with water. Drying of the product may be facilitated by 
washing with alcohol and ether. The dry product was a 
very light yellow or white solid of m. p. 230-231°; the 
yield was 15.8-17 g. (90-95%). The substance can be 
recrystallized from ethanol or acetic acid, but the amount of 
solvent required is large (about 50 cc. per g.) and the 
melting point is not changed.

Anal. Calcd. for C8H12O2N2CI2: N, 11.7. Found:
N, 11.4.

Larger runs have been made in the same way, but there 
is danger of uncontrollable boiling of the thionyl chloride 
when the reaction sets in. Addition of thionyl chloride to 
the hydroxyl compound suspended in an inert solvent, such 
as chloroform, gave lower yields and the product was of a 
dark color. The use of thionyl chloride and pyridine re­
sulted in very poor yields.

7. 3,6-bis-( /3-Methylthiolethyl) -2,5-diketopiperazine.—
The chloro compound was mixed with a solution contain­
ing a 10% excess of sodium methylmercaptide (2.2 moles 
per mole of chloro compound) in absolute ethanol. Abso­
lute ethanol was added until the total volume was about 
three liters per mole of chloro compound. This mixture, 
in a flask provided with a reflux condenser, was heated 
cautiously on the steam-bath. As soon as the reaction 
began the steam was turned off. Refluxing continued for 
about ten minutes without external heating; when boiling 
subsided steam was again applied until the total period of

reflux was one hour. The boiling solution was filtered 
through a heated funnel and the filtrate was cooled in ice- 
water. The crystals were collected and the mother liquor 
was used for a second hot extraction of the original residue. 
The total yield from three such extractions was 63%. 
The material could be freed of a yellow-colored impurity, 
which was sometimes present, by washing with water, and 
the white diketopiperazine so produced melted at 225-226 °. 
It could be recrystallized from ethanol to yield a product 
melting at 231-232°, but the crude material is satisfactory 
for the next step.

Anal. Calcd. for Ci0H18O2N2S2: C, 45.9; H, 6.9. 
Found: C, 46.0; H, 7.0.

8. ^//-Methionine.—The 3,6-&w-(/Tmethykhiolethyl)-
2,5-diketopiperazine was mixed with concentrated hydro­
chloric acid (15 cc. per g.). The clear solution which 
resulted when the mixture was warmed was heated under 
reflux for three hours. The solution was evaporated to 
dryness under diminished pressure and the residue was 
dissolved in boiling absolute ethanol (20 cc. per g. of diketo­
piperazine used). This solution was clarified with char­
coal and, while still hot, was treated with pyridine (1-2 cc. 
per g. of diketopiperazine) until an excess was present. 
Crystallization of ^//-methionine began immediately. The 
mixture was allowed to stand in a refrigerator (0-5 °) over­
night and the product was collected, washed with cold 
absolute alcohol and then with absolute ether. The yield 
of ^/-methionine was 85-95%.

Summary

A convenient and economical synthesis of dl- 
methionine is described. a-Aceto-7 -butyrolac- 
tone is converted to a-oximino-7 -butyrolactone 
by treatment with ethyl nitrite in the presence 
of a trace of mineral acid; the a-oximino-7 -buty­
rolactone is reduced catalytically to a-amino-7 - 
butyrolactone which changes to 3,6-Z>is-(/3-hy- 
droxyethyl)-2,5-diketopiperazine; S fi-bis-(fi-chlo- 
roethyl)-2,5-diketopiperazine is prepared by the 
action of thionyl chloride on the corresponding 
hydroxy compound and is converted to the anhy­
dride of methionine by treatment with sodium 
methylmercaptide; dl-methionine is obtained by 
acid hydrolysis of the anhydride.
U r b  a n a , I l l i n o i s  R e c e i v e d  J u n e  29, 1942
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The Behavior of Pyrogallol Trimethyl Ether and 3,4,5-Trimethoxybenzonitrile toward
Grignard Reagents

B y Charles D. Hurd and H. E. W inberg

Recently Haller and Schaffer1 investigated the 
course of reaction between isobutyhnagnesium 
bromide and 3,4,5-trimethoxybenzonitrile at the 
refluxing temperature of toluene. In addition to 
the expected 3,4,5-trimethoxyphenyl isobutyl 
ketone there was obtained a phenolic ketone and a 
second neutral ketone. On the basis of the reac­
tions of these compounds, analytical data, and the 
known reactivity of the methoxyl group in the
4-position of trimethylpyrogallol derivatives, it 
was suggested that they were 3,5-dimethoxy-4- 
hydroxyphenyl isobutyl ketone and a 3,5-di- 
methoxy-4-butylphenyl isobutyl ketone.

At Dr. Haller’s suggestion we continued this 
problem. We confirmed the observations of 
Haller and Schaffer and have obtained additional 
evidence for cleavage of the vicinal ether linkage. 
By increasing the molar ratio of the Grignard 
reagent from two and one-half to four-fold excess 
and the reaction time from three to five hours at 
a temperature of 110°, the yield of hydrolysis 
products may be greatly increased at the expense 
of the trimethoxy ketone. However, at 40° and 
with the longer reaction period cleavage of the 
ether linkage does not occur, the only product 
being the trimethoxy ketone.

The cleavage of ethers by Grignard reagents 
usually requires a reaction temperature of the 
order of 200°2 but with more active linkages as 
in phenyl allyl ether cleavage occurs at 50 to 
75°.3 In trimethylpyrogallol derivatives the
methoxyl group in the 4-position can be replaced 
with hydrogen4 or hydrolyzed by sulfuric acid5,6 to 
the corresponding dimethoxy phenol. It may be 
anticipated that at 110° Grignard reagents would 
cause a cleavage of the activated ether linkage.

The structure of the phenolic product resulting 
from the action of isobutylmagnesium bromide 
on 3,4,5-trimethoxybenzonitrile was shown to be

(1) H aller and  Schaffer, T h is  J o u r n a l , 61, 2175 (1939).
(2) G rignard, Compt. rend., 151, 322 (1910); Simonis and Rem - 

m ert, Ber., 47, 269 (1914); S p a th , ibid., 47, 766 (1914); Spath , 
Monatsh., 35, 319 (1914); H irao, J . Chem. Soc. Japan, 54, 991 (1933), 
and  earlier articles; G rignard  and  R itz , Bull. soc. chim., 3, 1181 
(1936); Challenger and  M iller, J . Chem. Soc., 894 (1938).

(3) L ü ttringhaus, Saë.f and  H auschild , Ber., 71, 1673 (1938).
(4) H ouben, “ Die M ethoden  der organischen Chem ie,” p t. 3, 

1930, p. 179.
(5) A lim chandani, J . Chem. Soc., 125, 539 (1924).
(6) A sahina and  K usaka, Ber., 69, 454 (1936).

the suggested 3,5-dimethoxy-4-hydroxyphenyl iso­
butyl ketone by hydrolysis of 3,4,5-trimethoxy­
phenyl isobutyl ketone with sulfuric acid to yield 
the same phenol obtained from the Grignard reac­
tion. Oxidation of the phenol with chromic an­
hydride in glacial acetic acid produced the known
2,6-dimethoxybenzoquinone, showing the location 
of the phenolic group. Several attempts were 
made to oxidize the neutral ketone to 3,5-dimeth- 
oxyterephthalic acid,7 but only intractable tars 
resulted.

The formation of a phenol is the characteristic 
reaction in the cleavage of an aryl alkyl ether by 
a Grignard reagent but in the case of trimethyl­
pyrogallol cleavage may occur at the aryl-oxygen 
linkage, accounting for the formation of the neu­
tral ketone in which a butyl group has apparently 
replaced the methoxyl group. When pyrogallol 
trimethyl ether was heated at 110° with methyl­
magnesium iodide the only product was 2,6-di- 
methoxyphenol, obtained in 84% yield. Possibly 
an activating group in the para position is neces­
sary to sufficiently weaken the aryl-oxygen to 
cause its cleavage.

Experimental
Trimethoxygallic acid was prepared in 91% yield by 

methylation of alkaline sodium gallate with methyl sul­
fate.8 The acid chloride was prepared readily with phos­
phorus pentachloride by heating equimolar amounts of the 
two reagents for fifteen minutes at 100 °, whereas attempts 
to bring about this conversion with thionyl chloride gave 
far less satisfactory yields. In the former case, phos­
phorus oxychloride and unused pentachloride were dis­
tilled off at 18 mm. and an excess of concentrated ammo­
nium hydroxide was added to the residue. The amide, m. 
p. 177°, was prepared in 81% yield. It was converted in 
93% yield to 3,4,5-trimethoxybenzonitrile, m. p. 86-89°, 
by heating in benzene solution with phosphorus penta­
chloride. Neither vacuum distillation nor crystallization 
from aqueous alcohol was effective in raising the melting 
point of this material, but isopropyl ether proved to be an 
efficient solvent. After one crystallization from it, the 
material melted at 90-92 ° (literature, 93 °).

Reaction of 3,4,5-Trimethoxybenzonitrile with 
Isobutylmagnesium Bromide

First Experiment.—Haller and Schaffer’s1 conditions 
were duplicated, starting with 19.3 g. of the nitrile (0.1

(7) B runner, M onatsh., 50, 224 (1928).
(8) “ Organic S yn theses,” Vol. VI, 1926, p. 96.
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mole) and 0.25 mole of isobutylmagnesium bromide. 
Refluxing in toluene solution, after displacement of the 
ether as solvent, was for three hours. The yield of 3,4,5- 
trim ethoxyphenyl isobutyl ketone, b. p. 164-166° at 6 
mm., was 3.8 g. Haller and Schaffer reported its b. p. as 
147-150° (1 mm.) and did not; observe its solidification. 
On standing, our product crystallized spontaneously. 
These crystals melted at 37-39°. The yield of phenolic 
product, 3,5-dimethoxy-4-hydroxyphenyl isobutyl ketone, 
m. p. 93-93.5°, was 4.5 g.

Second Experiment.—The points of difference in pro­
cedure were a greater excess of Grignard reagent and a 
longer period of refluxing. The mixture of 19.3 g. of ni­
trile and 0.4 mole of Grignard reagent (from 55 g. of iso­
butyl bromide) was made in ether as before, then the 
solvent ether was replaced by toluene, and the mixture re­
fluxed for five hours. Only 1.50 g. of 3,4,5-trimethoxy- 
phenyl isobutyl ketone was isolated, but 10.0 g. of 3,5- 
dimethoxy-4-hydroxyphenyl isobutyl ketone was formed. 
From the toluene solution there was obtained 6.18 g. of oil 
boiling at 163-167° (5 mm.) and 1.58 g. boiling at 167-177° 
(5 mm.). This is presumably 3,5-dimethoxy-4-isobutyl- 
phenyl isobutyl ketone. Its semicarbazone melted at 
183-184V

Third Experiment.—By carrying out the reaction at 
40° only the trimethoxy ketone was obtained. To the 
Grignard reagent prepared from 17.1 g. (0.125 mole) of 
isobutyl bromide in 65 cc. of ether and 3.04 g. (0.125 mole) 
of magnesium in 100 cc. of ether was added 19.3 g. (0.100 
mole) of the nitrile dissolved in 200 cc. of dry toluene. 
The mixture was maintained at 40° for five hours. It was 
then poured onto ice containing 30 cc. of concentrated 
hydrochloric acid. The organic layer was separated, 
washed with water, and dried over sodium sulfate. Evapo­
ration of the solvents gave 9.26 g. of the unreacted 
nitrile. The water layer was refluxed for two hours, 
cooled, and then the resulting oil extracted with ether. 
The extract was washed with 5% sodium hydroxide, with 
water, and dried over sodium sulfate. After removal of 
the solvent the residue boiled at 163-168° (7 mm.) and 
solidified at room temperature. The yield was 10.7 g. 
The sodium hydroxide extract contained no alkali-soluble 
material; hence, hydrolysis to 3,5-dimethoxy-4-hydroxy- 
phenyl isobutyl ketone had not taken place during the 
reaction.

Oxidation of 3,5-Dimethoxy-4-hydroxyphenyl Isobutyl 
Ketone to 2,6-Dimethoxybenzoquinone.—To 0.5 g. of the
phenol dissolved in 20 cc. of glacial acetic acid was gradu­
ally added 1.25 g. of chromic anhydride. After the re­
action had subsided, the solution was heated on the water- 
bath for fifteen minutes, cooled, and 35 cc. of water was 
added. The resulting solution was extracted three times 
with chloroform and the extract dried over sodium sulfate. 
After removal of the solvent, the oil was treated with a 
small quantity of ether and the insoluble material removed 
by filtration. The precipitate was recrystallized from 
glacial acetic acid; m. p. 253-254°. When mixed with an 
authentic sample of 2,6-dimethoxybenzoquinone9 there 
was no depression of the melting point.

3,5-Dimethoxy-4-hydroxyphenyl Isobutyl Ketone from
3,4,5-Trimethoxyphenyl Isobutyl Ketone.—One gram of

the trimethoxyphenyl isobutyl ketone was dissolved in 
4 cc. of concentrated sulfuric acid. The solution was 
maintained at 35-4.0° for twenty hours and then poured 
onto ice. The resulting mixture was extracted with ether 
and the extract washed with 5% sodium hydroxide. The 
alkaline solution was acidified, then extracted with ether 
and the ether solution dried over sodium sulfate. Evapo­
ration of the ether gave 0.80 g. of the phenol. After one 
recrystallization from 50% ethanol, it melted at 93°. A 
mixed melting point with the phenol obtained from the 
Grignard reaction on the nitrile showed no depression.

Reaction of Pyrogallol Trimethyl Ether with Methyl­
magnesium Iodide.—To the Grignard reagent prepared 
from 85.2 g. (0.60 mole) of methyl iodide in 110 cc. of 
ether and 14.6 g. (0.60 mole) of magnesium in 175 cc. of 
ether was added 25.2 g. (0.15 mole) of pyrogallol trimethyl 
ether dissolved in 200 cc. of dry toluene. The reaction 
mixture was then heated in an oil-bath and the ether 
removed by distillation, toluene being added gradually to 
maintain the original volume. After all of the ether had 
been replaced with toluene, the mixture was refluxed for 
ten hours with constant stirring. The reaction mixture 
was then poured on ice containing 80 cc. of concentrated 
hydrochloric acid. The organic layer was separated, the 
water saturated with sodium chloride and extracted with 
ether. The combined organic solution was extracted with 
5% sodium hydroxide and dried over sodium sulfate. 
Evaporation of the solvents left no residue. The alkaline 
extract was acidified, the water saturated with sodium 
chloride and extracted with ether. After drying over 
sodium sulfate, removal of the ether gave 19.4 g. of 2,6- 
dimethoxyphenol, b. p. 106-108° (4 mm.). When re­
crystallized from butyl ether the melting point was 55-56 °. 
When treated with benzoyl chloride in pyridine the phenol 
gave a benzoate10 melting at 116-117° and with picric acid 
formed a picrate11 melting at 61 °.

Summary
In the reaction of isobutylmagnesium bromide 

and 3,4,5-dimethoxybenzonitrile, the yield of ab­
normal products (3,5-dimethoxy-4-hydroxyphenyl 
isobutyl ketone and 3,5-dimethoxy-4-isobutyl- 
phenyl isobutyl ketone) is favored by a 4 :1 excess of 
Grignard reagent and by a prolonged reaction time 
at 110°. At 40°, only the normal product (3,4,5- 
trimethoxyphenyl isobutyl ketone) was obtained.

The structure of 3,5-dimethoxy-4-hydroxy- 
phenyl isobutyl ketone was established by oxi­
dizing it to 2,6-dimethoxybenzoquinone.

Conversion of 3,4,5-dimethoxyphenyl isobutyl 
ketone into 3,5-dimethoxy-4-hydroxyphenyl iso­
butyl ketone was effected by the action of sulfuric 
acid.

Methylmagnesium iodide reacted with pyro­
gallol trimethyl ether at 110°, to yield 2,6-di- 
methoxyphenol.
E v a n s t o n , I l l i n o i s  R e c e i v e d  J u n e  11, 1942

(10) H ahn and  W asm uth , Ber., 67, 701 (1934).
(11) G raebe and  H aas, A n n ,, 340, 236 (1905),(9) G raebe and  M artz , A nn ,, 340, 221 (1905),
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Optically Active Synthetic Tetrahydrocannabinols; d- and /-1 ~Hydroxy-3-/z-amyl- 
6,9,9-trimethyl-7,8,9,10-tetrahydro-6-dibenzopyrans. XIV1

B y R oger  A dams, C. M. Sm ith  and  S. L oew e

The tetrahydrocannabinol resulting from the 
isomerization of cannabidiol has been postulated 
as having structure I and is optically2 active. A 
synthetic, racemic tetrahydrocannabinol obtained 
by the condensation of ethyl 5-methylcyclohexa- 
none-2-carboxylate with olivetol, followed by 
treatment of the resulting pyrone with excess 
methylmagnesium iodide has the formula I I .3

I

\ c —c / -
/ \

CHS CH3 
II

Compound II has about one-seventh the po- 
tency of I, which was derived from a natural 
source.

This investigation was undertaken to prepare 
the optically active forms of II and to compare 
them in physiological activity. Optically active 
d- and /-3-methylcyclohexanone were obtained 
and subjected to the same series of reactions pre­
viously used for converting the ^/-modification to 
dl-tetrahydrocannabinol. Pulegone, upon hydroly­
sis according to the procedure of Wallach,4 
yielded d-Tmethylcyclohexanone in what appears 
to be optical purity. The l-form is much less 
accessible and was finally obtained by the resolu­
tion of the d/-form through the 1-menthydra- 
zone.5 The less soluble menthydrazone was the 
/,/-modification, which was readily hydrolyzed to 
/-3-methylcyclohexanone of rotation only slightly

(1) For previous paper see A dam s, Loewe, Sm ith and  M cPhee, 
T h is  J o u r n a l , 64, 694 (1942).

(2) Adams, Loewe, Pease, Cain, W earn, B aker and Wolff, ibid., 62, 
2566 (1940).

(3) Adam s and B aker, ibid., 62, 2405 (1940).
(4) W allach, A n n ., 289, 340 (1896).
L5) W oodward, K ohm an and H arris, T h is  J o ur n a l , 63, 122 

(1941).

lower than that observed for the tZ-form from 
pulegone. The intermediates in the preparation 
of the tetrahydrocannabinols derived from the 
d- and /-3-methylcyclohexanones showed essen­
tially parallel rotations, but the final products 
differed considerably. The /-pyran happened to 
be a little more highly colored than usual and was 
decolorized by refluxing in ethanol with activated 
charcoal for a longer period than was used in the 
case of the d-ïorm. This apparent racemization 
was checked using a sample of the tZ-pyran,
[a] 25d  +147° in ethanol. After prolonged re­
fluxing in ethanol with activated charcoal, this 
substance had [c*]28d +123°. It is not improb­
able that either disproportionation or an actual 
dehydrogenation may take place. Assuming the 
^-tetrahydrocannabinol to be optically pure, the 
/-modification finally obtained was 87% pure.

Pharmacological tests revealed that the d-form 
is about 40% as active as the racemic and that the 
/-form has between four and five times the physio­
logical potency of the tZ-form. The precise results 
are shown in Table I.

T a b l e  I

P o t e n c y  o f  O p t ic a l l y  A c t iv e  T e t r a h y d r o c a n n a b in o l s 0
N u m ­
ber of 
expts. Potency

R ange of 
v a ri­
a tion

dextro-Pyran (II) [oi] 20d +155 11 0.38 =*=0.025
levo-Pyran (II) [ a ] 2«D -114 9 1 .6 6 =*= .2 1

a ^/-Tetrahydrocannabinol was used as standard.

I t is pertinent that both the tetrahydrocanna­
binol (I) from cannabidiol and the purified active 
fractions from red oil of hemp are6,7 levorotatory.

Before this investigation was complete, Leaf, 
Todd and Wilkinson8 published a description of 
the d-form of the tetrahydrocannabinol (II), made 
in essentially the same way as herein reported. 
On the basis of their pharmacological results, 
using the Gayer test, they estimate the d-form to 
be one-sixth to one-eighth as active as the racemic 
modification. This discrepancy in their results 
and ours (about one-third the potency) lies prob-

(6) Adam s, Pease, Cain and C lark, ibid., 62, 2402 (1940).
(7) W ollner, M atc h e tt, Levine and Loewe, ibid., 64, 26 (1942).
(8) Leaf, Todd and  W ilkinson, J . Chem . Soc., 185 (1942),

>C5H„(»)
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ably in the method of testing. The Gayer test 
used by these investigators, in our hands, has been 
much less quantitative and less reliable an index of 
potency than the dog-ataxia method used by us 
for determining the activity of these substances.

In this recent paper of Leaf, Todd and Wilkin­
son, exception is taken to a previous statement 
made by us9 that migration of a double bond from 
conjugation with a benzene nucleus is without 
precedent. They consider this statement ill- 
advised in view of the numerous cases of decon­
jugation in the literature. They cite as refer­
ences merely well-known cases of deconjugation 
in the terpene series which can hardly be con­
sidered refutatory to our statement about mole­
cules of the type under consideration, where the 
double bond is conjugated to a benzene ring and 
no other group is present in the molecule to which 
the double bond might conjugate preferably.

Experimental
(/-3-M ethylcyclohexanone.—The details for the prepa­

ration of this product from pulegone are described since 
Wallach gave none.

From 200 g. of pulegone and 160 cc. of water, heated at 
250° for six hours, an organic layer was obtained which 
was shaken with saturated aqueous sodium bisulfite until 
solidification occurred. The cake was broken up, about 
one-third of its volume of ether added, and the whole was 
shaken, water being added gradually until the bisulfite 
compound just dissolved. Treatment of the aqueous layer 
with one-half its volume of saturated sodium carbonate 
solution yielded 39 g. of (/-3-methylcyclohexanone or 26.5% 
of the theoretical. The constants observed were b. p. 
164-168°; n20d 1.4445; d2\  0.9179.

Rotation. c*20d 4-12.21° (pure liquid); Z, 1; [a]20D
4-13.3°. Wallach reported [«]15d +13.38°.

The semicarbazone purified from ethanol had a m. p. 
181 ° (cor.); Wallach reported 180 °.

Rotation. 0.3625 g. made up to 25 cc. with ethanol at 
20° gave a n -0.60°; /, 2; [a]20D -20.7°.

+3-Methylcyclohexanone-/-menthydrazone.—A mix­
ture of 1.5 g. of (Z-3-methylcyclohexanone, 3.0 g. of 1-men- 
thydrazide, 0.2 g. of sodium acetate, 0.1 cc. of acetic acid 
and 20 cc. of ethanol was refluxed for two hours, diluted 
with water and the product allowed to crystallize. It was 
purified from 50% ethanol; white needles, softening at 
126-130 °. and melting at 130-136 ° (cor.).

Anal. Calcd. for C, 70.06; H, 10.46.
Found: C, 70.00; H, 10.39.

Rotation. 0.2700 g. made up to 5 cc. with ethanol at 25 ° 
gave an -3 .31°; l, 1; M 25d -61.3°. The product 
from the mother liquors from the last crystallization gave 
the same rotation.

Z-3-Methylcyclohexanone.—By following the procedure 
just described, 162 g. of (ZZ-3-methylcyclohexanone and

(9) Adams, Sm ith  and Loewe, T h is  J o u r n a l , 63, 1973 (1941).

310 g. of Z-menthydrazide in 400 cc. of ethanol gave a 
product which after filtering and recrystallizing from 1800 
cc. of 65% ethanol, amounted to 195 g. This was re­
crystallized several times from the same solvent, then re­
peatedly from petroleum ether (b. p. 60-110°). When 
much of the more soluble derivative was present, the latter 
solvent could not be used as the substance tends to sepa­
rate as a gel. I t was found desirable not to heat the 
compound too much in the solvent and to remove the 
solvent under diminished pressure. After twenty crystal­
lizations, there was obtained 13 g. of product of very 
nearly constant rotation, m. p. 146° (cor.).

Anal. Calcd. for C i s ^ O ^ :  C, 70.06; H, 10.46.
Found: C, 70.18; H, 10.94.

Rotation. 0.298 g. made up to 5 cc. with ethanol at 25° 
gave aD —1.90°; l, 1; [+|254 —31.3°.

Hydrolysis by warming with 10% sulfuric acid followed 
by steam distillation gave 3.7 g. of ketone; b. p. 164-168 °; 
w20d 1.4449; d2\  0.9133; d2\  0.9108.

Anal. Calcd. for C7Hi20 : C, 74.94; H, 10.79.
Found: C, 74.84; H, 10.69.

Rotation. ct20D —11.54° (pure liquid); l , 1; [ « ] 20d

-12.64°.
The semicarbazone, purified from ethanol, melted at 

181° (cor.).
Rotation. 0.1154 g. made up to 10 cc. with ethanol at 

27° gave a n  +0.24°, l, 1; [« ]27d  +20.8°.
d- and /-Ethyl 5-Methylcyclohexanone-2-carboxylate.— 

A solution of 5.95 g. of sodium in 120 cc. of absolute 
ethanol was cooled to 3 ° in an ice-bath and with stirring a 
mixture of 29 g. of d- or /-3-methylcyclohexanone and 38 g. 
of pure ethyl oxalate was added gradually. The tempera­
ture was maintained at 3-5 ° during the addition and for an 
hour thereafter. After standing overnight at room 
temperature, the reaction mixture was hydrolyzed by 
pouring onto a mixture of 15 cc. of sulfuric acid and cracked 
ice. The pale yellow oil was separated and the aqueous 
solution extracted with chloroform. The combined oil 
and extracts were washed with water plus a little sodium 
bicarbonate solution until neutral to Congo red, dried and 
distilled in the presence of powdered soft glass and a trace 
of iron powder.

The (/-product boiling at 100-140 ° (24-28 mm.) was 
collected and fractionated. The large middle fraction, 
b. p. 122-124° (15 mm.) was colorless, weighed 29 g. 
(61%) and had n20d 1.4722; d2h  1.040.

Anal. Calcd. for Ci0H16O3: C, 65.18; H, 8.76. 
Found: C, 64.93; H, 8.68.

Rotation, a 20d  +94.4° (pure liquid); Z, 1; [ a ] 20D
+90.8°.

After standing two months, this material had [» ]28d 
+73°. This decrease in rotation was probably due to re­
establishment of the keto-enol equilibrium, since the value 
of +90.8° was obtained on freshly distilled material.

Gardner, Perkin and Watson10 prepared the (/-modifica­
tion of this compound from an optically impure sample of 
(/-3-methylcyclohexanone by carboxylation of the ketone 
with sodamide and carbon dioxide followed by esterifica­
tion; they reported [«]d +84.2 in ethanol. Leaf, Todd 
and Wilkinson used a sample [a]19d +79.2° (pure liquid).

(10) G ardner, Perk in  and W atson, J .  C h em . S oc . ,  97, 1768 (1910).
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Assuming the ester has a maximum rotation of +90.8°, 
this product corresponds to 93% purity.

The Z-product was collected at 126-130° (17 mm.); 
n20d 1.4730; d2\  1.043.

Anal. Calcd. for Ci9H160 3: C, 65.18; H, 8.76.
Found: C, 65.41; H, 8.69.

Rotation. a20D —88.26° (pure liquid); l, 1; [ a ] 20D
-84.6°.

d- and Z-1-Hydroxy-3-w-amyl-9-methyl-7,8,9,10-tetra- 
hydro-6-dibenzopyrone.—These were prepared from the 
previously described d- and Z-ethyl 5-methylcyclohexanone- 
2-carboxylates in a synthesis identical with that for the 
^-modification.3

The d- and Z-products were purified from methanol, m. p. 
177° (cor.) in each case.

Anal. Calcd. for C19H24O3: C, 75.97; H, 8.03.
Found: (dextro form) C, 75.97; H, 7.98; (levo form) C,
76.17; H, 8.13.

Rotation, (d-form) 0.3936 g. made up to 25 cc. with 
ethanol at 28° gave «d +4.20°; Z, 2; [a]27D +133°.
0.0205 g. made up to 5 cc. with chloroform at 25° gave am 
+0.56°; Z, 1; [ô d + 137°. Leaf, Todd and Wilkinson8 
gave [a:] 24d +130.3° in chloroform. (Z-form) 0.1214 g. 
made up to 25 cc. with ethanol at 27° gave am —1.23°; 
1,2; [a]27D —127°.

d- and Z-1-Hydroxy-3-?z-amyl-6,6,9-trimethyl-7,8,9,10- 
tetrahydro-6-dibenzopyran.—These were prepared from the 
optically active pyrones with rotations given above by use 
of excess methylmagnesium iodide as previously described 
for the (//-modification.

The d-form had a b. p. of 175-185° (0.1 mm.), bath temp. 
205-210°; n20d 1.4550; the Z-form had identical b. p. and 
index of refraction.

Anal. Calcd. for C2iH3o02: C, 80.20; H, 9.62.

Found: (d-form) C, 80.01; H, 9.63. (Z-form) C, 80.07; 
H, 9.67.

Rotation. ((/-form) 0.1742 g. made up to 5 cc. with 
ethanol at 20° gave am +5.41°; Z, 1; [o:]20d +155°’.
0.1456 g. of a sample which had [o:]25d +147° in ethanol, 
made up to 5 cc. with chloroform at 25° gave aD +4.32°; 
Z, 1; [a]25D +147.5°. Leaf, Todd and Wilkinson8 report
[a] 20d  +134.8°. (/-form) 0.0873 made up to 5 cc. with 
ethanol at 26 ° gave a d —1.99°; Z, 1; [a]26D —114°.

Pharmacological Tests.—These were performed by the 
dog-ataxia method as described in previous papers.7'11’12

Summary

1. The d- and /-forms of 3-methylcyclohexa­
none have been synthesized; the former was pre­
pared by hydrolysis of pulegone; the latter by 
resolution of the t//-methylcyclohexanone through 
the l-menthydrazone.

2. These were converted to the active ethyl
5-methyl-cyclohexanone-2-carboxylates, which 
were condensed with olivetol to form the d- and /- 
pyrones. By the action of excess methylmag­
nesium iodide, the d- and Z-1-hydroxy-3-n-amyl- 
6,6,9- trimethyl -7,8,9,10- tetrahy dro - 6 - dibenzopy- 
rans resulted.

3. The /-modification had four to five times 
the marihuana activity of the J-form.

(11) Loewe, J .  Pharm . Rxper. Therap., 66, 23 (1939); J . A m . 
Pharm. S o c .,  28, 427  (1939).

(12) M a tc h e tt and  Loewe, i b id . ,  30, 130 (1941).

U r b a n a , I l l i n o i s  R e c e i v e d  J u l y  6, 1942

[C o n t r i b u t io n  f r o m  t h e  S c h o o l  o f  C h e m is t r y  a n d  P h y s i c s  o f  t h e  P e n n s y l v a n ia  S t a t e  C o l l e g e ]

Sterols. CLI. Rearrangement of 17,21 -Dibromo-a//o-pregnan-3(/3)-ol-20-one
Acetate1

By Russell E. M arker, H arry M. Crooks, Jr ., R. B. Wagner and Emerson L. Wittbecker

Recently,2 we have shown that an equimolecu- 
lar quantity of bromine with 20-keto-pregnane 
compounds introduces a bromine atom at C-17. 
Further bromination of these compounds substi­
tutes a second bromine atom at C-21. Studies 
with these compounds have shown them to be 
particularily susceptible to rearrangement. The 
monobromo derivative3 treated with methanolic 
potassium bicarbonate rearranges to place methyl 
and carbomethyoxyl groups at C-17. The 17,21- 
dibromo derivatives2 under more vigorous alkali

(1) O rig in a l m a n u s c r ip t rece iv ed  J u ly  16, 1941.
(2) M a rk e r  a n d  co -w orkers , T h is  J o u r n a l , 64, 210, 213, 817, 822 

(1942).
(3) M a rk e r  a n d  W a g n er, i b i d . ,  64, 216, 1273 (1942).

treatment yield A17~20-pregnen-21-oic acids. The 
latter rearrangement products are particularly 
interesting since they can be degraded easily to 
the etio-cholane series. This fact has given sup­
port for their structure. We have now extended 
some of these reactions to a//0-pregnan-3(/3)-ol-2O~ 
one as a further study of the 17,21-dibromo-20- 
keto-pregnane rearrangement in the alio series.

a/Zo-Pregnan-3(i0)-ol-20-one or its acetate (I) 
with an equimolecular quantity of bromine readily 
forms a 17-monobromide (II) which can be re­
converted to the parent compound or converted 
to 16-&//0-pregnen-3(j8)-ol-2O-one by reactions de­
scribed before.2 In the same manner 17-bromo-
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a//ö-pregnan-3,20-dione obtained by the cold 
chromic anhydride oxidation of the unacetylated 
monobromide can be readily debrominated to give 
the corresponding saturated or 16,17-unsaturated 
compounds. In addition the latter can be reduced 
to the former by zinc and acetic acid.

<2//ö-Pregnan-3(/3)-ol-20-one acetate (I) with 
twice the molecular quantity of bromine forms 
17,21-dibromo-pregnan-3(/3)-ol-20-one acetate
(III). The latter can be formed equally well by 
the treatment of the monobromide (II) with an 
equimolecular quantity of bromine.

By the same alkali treatment used for the re­
arrangement of its C-5 isomer,2 the dibromide
(III) rearranges to give 3 (/3)-hydroxy- A17-20- 
a//p-pregnen-21-oic acid (VI). Oppenauer oxida­
tion of the latter followed by a Meerwein reduc­
tion of the resulting keto-acid gives the epimeric 
pregnenoic acid (V). The structures of these 
acids are now established by ozonolysis. The 
3 (/3) -hydroxy acid (VI) yields isoandrosterone
(VII) and the 3(a)-hydroxy acid (V) yields andro- 
sterone (IV). As early as 1913 Faworskii3 showed 
that 3-methyl-l,3-dibromobutan-2-one reacting 
with alcoholic potassium hydroxide readily under­
goes a rearrangement to give /3,/V-dimethylacrylic 
acid. As a model experiment we have shown that 
the corresponding dibromide of methyl cyclo­
hexyl ketone in a like manner is converted to cy- 
clohexylidene acetic acid. The pregnenoic acids

O
CHS ||

are analogous to this acid and to that obtained by 
Faworskii.4

The reactions are summarized in the accom­
panying chart.

We thank Parke, Davis and Company for their 
generous assistance.

Experimental Part
17-Bromo-a//ö-pregnan~3(/3)-ol-20-one Acetate (II).—

To a solution of 11 g. of a//o-pregnan-3(/3)-ol-20-one acetate 
(I) in 500 cc. of acetic acid was added 31 cc. of molar bro­
mine in acetic acid solution, dropwise at room temperature. 
The solution was allowed to stand for one hour. Ice and 
cold water were added, and the monobromide was ex­
tracted with ether. The ethereal layer was washed suc­
cessively with water, dilute sodium carbonate solution and 
water. The solvent was removed and the monobromide 
acetate was crystallized three times from methanol, m. p. 
155°; yield 6.0 g.

Anal. Calcd. for Css^öOsBr: C, 62.9; H, 8.0.
Found: C, 62.6; H, 8.0.

17-Bromo-a//o-pregnan-3(/3)-ol-20“One.—To a solution of 
17 g. of a//ö-pregnan-3(/3)-ol-20-one in 11. of acetic acid was 
added dropwise 54 cc. of molar bromine in acetic acid solu­

(4) Faw orskii, J . Russ. Phys.-Chem, Soc., 44, 1358 (1913); J . 
prakt. Chem., [2] 88, 658 (1913).
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tion at room temperature. The solution was allowed to 
stand ten minutes, and then 1 1. of water was added. The 
monobromide was extracted with ether. The ether layer 
was washed well with water and evaporated. The mono­
bromide was crystallized once from dilute methanol and 
then from ether-pentane, ni. p. 93-96 °; yield 9 g.

Anal. Calcd. for C2iH3302Br: C, 63.5; H, 8.4,
Found: C, 63.6; H, 8.1.

aZZo-Pregnan-3(jö)-ol-20-one Acetate from 17-Bromo- 
a/Zö-pregnan-3(j3)-ol-20-one.-—A mixture of 2 g. of the 
bromo compound (II) in 500 cc. of methanol-dioxane mix­
ture and 3 cc. of pyridine was hydrogenated at 40 pounds 
pressure for two hours using 2 g. of palladium catalyst. 
The catalyst was filtered off and the filtrate concentrated. 
An ethereal solution of the residue was washed successively 
with water, dilute hydrochloric acid solution and water, 
and then evaporated. The residue was crystallized from 
methanol, m. p. and mixed m. p. with a/Zo-pregnan-3(p)-ol- 
20-one acetate (I), 142-144°; yield 1 g.

Anal. Calcd. for C23H360 3: C, 76.6; H, 10.1. Found: 
C, 76.4; H, 10.0.

Reduction of 17-Bromo-a//<?-pregnan-3(£)-ol-20-one 
with Iron.—A mixture of 0.20 g. of the bromo compound
(II), 1 g. of powdered iron and 10 cc. of glacial acetic acid 
was heated on a steam-bath for two hours. After filtering, 
water was added and the product extracted with ether. 
After evaporation of the solvent, the residue was crystal­
lized from methanol, m. p. and mixed m. p. with alio- 
pregnan-3(/3)-ol-20-one, 193-194°; yield 0.12 g.

Anal, Calcd. for C2iH3402: C, 79.2; H, 10.8. Found:
C, 78.9; H, 10.8.

Catalytic Reduction of 17-Bromo-a//(?-pregnan-3( /3)-ol-
20-one.—A mixture of 0.50 g. of the bromo compound (II), 
5 cc. of pyridine, 50 cc. of dioxane and 1 g. of palladium- 
barium sulfate catalyst was shaken with hydrogen for 
three hours at 40 pounds pressure. The catalyst was 
filtered and the filtrate was vacuum distilled. An ethereal 
solution of the residue was washed well with water and 
evaporated. The product was crystallized from methanol, 
m. p. and mixed m. p. with aZ/o-pregnan-3(j8)-ol-20-one, 
193-194°; yield 0.26 g.

Anal. Calcd. for C2iH340 2: C, 79.2; H, 10.8. Found:
C, 79.0; H, 10.7.

16-a//o-Pregnen-3(/3)-ol-20-one Acetate from 17-Bromo- 
a//o-pregnan-3(/3)-ol-20-one Acetate.—A mixture of 1 g. of
the bromo compound (II) and 5 cc. of pyridine was refluxed 
for five hours. Water was added and the mixture was 
extracted with ether. The ether layer was washed with 
water, dilute hydrochloric acid and water. The solvent 
was removed and the residue was treated with Norite in 
methanol. I t  was crystallized, m. p. and mixed m. p. with 
16-#//0-pregnen-3(/3)-ol-2O-one acetate, 163-165°; yield
0.6 g.

Anal. Calcd. for C23H34Os: C, 77.0; H, 9.6. Found:
C, 77.0; H, 9.2.

Treatment of 17-Bromo-a//o-pregnan-3(/3)-ol-20-one 
with Pyridine.—A mixture of 0.50 g. of 17-bromo-a//<9- 
pregnan-3(/?)-ol-20-one and 5 cc. of pyridine was refluxed 
for six hours. The product was extracted with ether, 
washed with dilute hydrochloric acid and crystallized

from methanol, m. p. and mixed m. p. with 16-a/Zo-pregnen- 
3(/3)-ol-20-one, 202-204°; yield 0.25 g.

Anal. Calcd. for C2iH320 2: C, 79.7; H, 10.2. Found:
C, 79.6; H, 10.1.

aZ/o-Pregnan-3 ((3 )-ol-20-one Acetate from 16-aZZo-Preg- 
nen-3(jft)-ol-20-one Acetate.—A mixture of 3 g. of the un­
saturated acetate and 6 g. of zinc dust in 150 cc. of acetic 
acid was heated on the steam-bath for two hours. The 
zinc was filtered and water was added to the filtrate. This 
was then extracted with ether. The ethereal solution was 
washed with water, dilute sodium carbonate solution and 
again with water. The solvent was removed and the resi­
due was crystallized from methanol and from acetone, m. p. 
and mixed m. p. with a//0-pregnan-3(j8)-ol-2O-one acetate, 
143°; yield 2.6 g.

Anal. Calcd. for C23H360 3: C, 76.6; H, 10.1. Found:
C, 77.0; H, 9.9.

Oxidation of 17-Bromo-a//ö-pregnan-3(/3)-ol-20-one.—
To a solution of 3 g. of the bromo compound in 50 cc. of 
acetic acid was added a solution of 1.5 g. of chromic 
anhydride in 15 cc. of 80% acetic acid at room tem­
perature. After standing for thirty minutes, water was 
added and the product was extracted with ether. The 
acetic acid was washed out. Attempts to crystallize the 
product gave material with a melting point range.

(a) To a solution of 0.5 g. of the above product was added 
10 cc. of dry pyridine and the mixture was refluxed for six 
hours. Water was added and the product was extracted 
with ether. The pyridine was removed and the residue 
was crystallized from ether, m. p. and mixed m. p. with 16- 
aZZo-pregnen-3,20-dione, 210-212°; yield 0.3 g.

Anal. Calcd. for C2iH3o02: C, 80.1; H, 9.6. Found:
C, 80.1; H, 9.7.

(b) A solution of 0.50 g. of the crude bromo product in 25 
cc. of acetic acid was refluxed for two hours with 1 g. of 
anhydrous potassium acetate. The solvent was removed 
and the residue was extracted with ether. Upon concen­
tration, it crystallized, m. p. and mixed m. p. with 16-allo- 
pregnen-3,20-dione, 211-212°; yield 0.30 g.

(c) A solution of 0.50 g. of the crude bromo product was 
heated on a steam-bath for two hours with 1 g. of iron dust 
and 20 cc. of acetic acid. It was filtered and the filtrate 
was extracted with ether. The ethereal solution was 
washed with water and evaporated. The residue was 
crystallized from acetone, m. p. and mixed m. p. with allo- 
pregnan-3,20-dione, 200°; yield 0.27 g.

Anal. Calcd. for C21H320 2: C, 79.7; H, 10.2. Found:
C, 79.6; H, 10.0.

aZ/o-Pregnan-3,20-dione from 16-aZZo-Pregnen-3,20-di-
one.—A solution of 0.50 g. of 16-a//0-pregnen-3,2O-dione in 
20 cc. of acetic acid was heated with 1 g. of zinc dust on a 
steam-bath for one hour. The zinc was filtered and water 
was added to the filtrate. The solid was filtered and 
crystallized from acetone, m. p. and mixed m. p. with allo- 
pregnan-3,20-dione, 200°; yield 0.35 g.

17,21-Dibromo-a/Zö-pregnan-3(/3)-ol-20-oiie Acetate
(III).—To a solution of 18 g. of 17-bromo-aZZo-pregnan- 
3(/3)-ol-20-one acetate (II) in 1 1. of acetic acid was added 
41.0 cc. of molar bromine in acetic acid at 40°. Water 
was added and the dibromide was extracted with ether. 
The ether layer was washed with water, dilute sodium
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carbonate solution and water. The solvent was removed 
and the dibromide acetate was crystallized from methanol, 
m. p. 174°; yield 12 g.

Anal. Calcd. for C23H3403Br2: C, 53.4; H, 6.6.
Found: C, 53.0; H, 6.7.

3(/3)-Hydroxy-A17_2O-aZ/0-pregnen-21-oic Acid (VI).—A
solution of 1.5 g. of 17,21-dibromo-a//tf-pregnan-3(/3)-ol-20- 
one acetate (III) in 200 cc. of methanol was heated with 5 
g. of potassium hydroxide on the steam-bath for two hours. 
After adding water, the mixture was extracted with ether. 
The aqueous layer was acidified and the organic acid (VI) 
was extracted with ether and crystallized from methanol, 
in. p. 249°; yield 0.8 g.

Anal. Calcd. for C2iH320 3: C, 75.8; H, 9.7. Found:
C, 75.7; H, 9.5.

Isoandrosterone (VII) from 3(0)-Hydroxy-Al7~20-allo- 
pregnen-21-oic Acid (VI).—A chloroform solution of 6.7 g. 
of the acetate of 3 (/3)-hydroxy- A17"20-a/fo-pregnen-21-oic 
acid (VI) was treated with oxygen containing about 6% 
ozone at the rate of 30 liters of oxygen per hour for three 
hours. The chloroform solution was poured into 300 cc. of 
water and stirred for forty-five minutes. The chloroform 
was distilled on a steam-bath and the water layer extracted 
with ether. The ether was evaporated and the residue 
hydrolyzed with 6 g. of potassium hydroxide in 200 cc. of 
methanol for twenty minutes. Water was added and the 
mixture extracted with ether. The ether layer was washed 
with water and then evaporated. The residue was dis­
solved in 200 cc. of ethanol and refluxed with 4 g. of semi­
carbazide hydrochloride and 5 g. of sodium acetate in 10 cc. 
of water for one hour. Water was added and the precipi­
tate was filtered and washed with water and ether. The 
semicarbazone was crystallized twice from ethyl alcohol- 
chloroform mixture, m. p. 260-262 ° dec.; yield 2.1 g.

Anal. Calcd. for C20H33O2N3: C, 69.1; H, 9.6.
Found: C, 69.2; H, 9.6.

A mixture of 0.2 g. of the above semicarbazone in 50 cc. 
of alcohol was refluxed for an hour with 50 cc. of alcohol 
containing 5 cc. of coned, sulfuric acid and 10 cc. of water. 
Water was added and the product was extracted with 
ether. The ether was evaporated and the residue was 
crystallized from aqueous methanol, m. p. and mixed m. p. 
with isoandrosterone (VII), 173-174°; yield 0.1 g.

Anal. Calcd. for Ci9H30O2: C, 78.6; H, 10.4. Found:
C, 78.2; H, 10.3.

3(ö')-Hydroxy-A17~20-a/Zo-pregnen~21-oic Acid (V).—A
mixture of 3 g. of 3(/3)-hydroxy- A17~20-a//o-pregnen-21-oic 
acid (VI), 10 g. of aluminum tertiary-butoxide, 100 cc. of 
dry toluene and 25 cc. of dry acetone was refluxed for six 
hours. Ether and hydrochloric acid were added. The 
ether layer was washed with water and evaporated. The 
residue was refluxed with 200 cc. of dry isopropyl alcohol 
and 10 g. of aluminum isopropylate overnight. The sol­
vent was then slowly distilled off over a period of five hours.

Ether and hydrochloric acid were added. The ether layer 
was washed with water and evaporated. The 3(a)- 
hydroxy acid (V) was dissolved in ether and crystallized. 
It appears to be much more soluble than the /3-form. It 
was also crystallized from ethyl acetate and finally again 
from ether, m. p. 232-235°. It gave a depression of 18° 
when mixed with a sample of 3(/3)-hydroxy-A17_20-aZ/ö- 
pregnen-21-oic acid (VI). I t did not precipitate with 
digitonin.

Anal. Calcd. for C2iH320 3: C, 75.8; H, 9.7. Found:
C, 75.8; H, 9.7.

Androsterone (IV) from 3(«)-Hydroxy-A17“20-a//o-preg- 
nen-21-oic Acid (V).—-A solution of 1 g. of the above acid 
in 200 cc. of chloroform was treated with ozone and the 
product worked up as described for the /3-acid. I t gave a 
semicarbazone, m. p. 260-264° dec.; yield 0.4 g.

Anal. Calcd. for C20H33O2N3: C, 69.1; H, 9.6.
Found: C, 69.4; H, 9.5.

A solution of 0.4 g. of the above semicarbazone was re­
fluxed for one hour with 50 cc. of ethanol containing 5 cc. of 
sulfuric acid and 10 cc. of water. Water was added and 
the product was extracted with ether. The ether was 
evaporated and the residue was crystallized from aqueous 
methanol, m. p. 182-183°. There was no depression in 
melting point when mixed with an authentic sample of 
androsterone (XI).

Anal. Calcd. for C19H30O2: C, 78.6; H, 10.4. Found: 
C, 78.4; H, 10.4.

Cyclohexylidene-acetic Acid from Methyl Cyclohexyl 
Ketone.—To 31.5 g. of methyl cyclohexyl ketone was 
added 8.0 g. of bromine at 0°. To this mixture was added 
a solution of 80 g. of potassium hydroxide in 11. of absolute 
ethanol. This was allowed to stand at room temperature 
overnight. Water was added and the mixture was then 
extracted with ether. The water layer was acidified and 
the acid was extracted with ether. The ether was evapo­
rated and the residue was distilled. The cyclohexylidene 
acetic acid was solid and was crystallized from dilute 
methanol, m. p. 89-91°.

Anal. Calcd. for CgH^Cb: C, 68.5; H, 8.6. Found:
C, 68.8; H, 8.7.

Summary
The 17-monobromide (II) of a//p-pregnan-3(/5)-

ol-20-one and its acetate (I) has been prepared 
and its dehalogenation reactions studied.

The 17,21-dibromide (III) of a/Zo-pregnan-3- 
(/3)-ol-20-one acetate (I) has been shown to 
undergo a Faworskii rearrangement to give 3(/3)- 
hydroxy- A17~20-a//o-pregnen-21-oic acid (VI). The 
structure has been established by conversions to 
isoandrosterone (VI) and androsterone (V).
S t a t e  C o l l e g e , P e n n a . R e c e i v e d  J u n e  11, 1942



Sept., 1942 R e a r r a n g e m e n t  of 16,17-Dibromopregnan-3(/3)-ol-20-one 2093

[C o n t r i b u t i o n  f r o m  t h e  S c h o o l  o f  C h e m i s t r y  a n d  P h y s i c s  o f  t h e  P e n n s y l v a n ia  S t a t e  C o l l e g e ]

Sterols. CLII. Rearrangement of lójlT-Dibromopregnan-S^-ol^O-one1
B y R u ssell  E . M a rk er , R . B. W agner  and E m erson  L. W it t b e c k e r

During the course of our recent studies of bro- 
mopregnan-20-keto compounds, we found that 
17,21 -dibromopregnan-3 (/?) -ol-20-one acetate2 
under vigorous alkali treatment yields 3 (13)- 
hydroxy- A17_20-pregnen-21-oic acid. We now 
find that 16,17-dibromopregnan-3(/3)-ol-20-one 
acetate undergoes a rearrangement to give this 
same product and the corresponding methyl ester.

Bromination of 16-pregnen-3(/3)-ol-20-one ace­
tate (I) in acetic acid solution gives a good yield 
of the 16,17-dibromide (II). That the formation 
of the latter was not attended by any rearrange­
ment was shown by the simple debromination of 
the product (II) with methanolic sodium iodide 
to give the original olefinic compound (I) in almost 
quantitative yield. The debromination was ef­
fected equally well with boiling pyridine. Since 
the dibromo compound (II) was easily converted 
to 3 (/3)-hydroxy- A17_20-pregnen-21-oic acid (IV) 
under exactly the same conditions as those re­
quired for the formation of IV from 17,21-dibro- 
mopregnan-3(/5)-ol-20-one acetate2 it was neces­
sary to show that these two dibromo compounds 
were really different. For this purpose, 16,17- 
dibromopregnan-3(/3)-ol-20-one acetate (II) was 
refluxed with potassium acetate in acetic acid 
solution. The product isolated was 16-pregnen- 
3(/3)-ol-20-one acetate (I). Similar treatment of 
17,21-dibromopregnan-3(/3)-ol-20-one acetate has 
been previously shown3 to give 21-bromo-16- 
pregnen-3(/3)-ol-20-one acetate. Thus the 16,17- 
dibromide is readily debrominated to give the ole­
finic compound, whereas the 17,21-dibromide 
loses hydrobromic acid under the same conditions 
to give an unsaturated monobromide. The pe­
culiar reactivity of the 16,17-dibromide is further 
shown by its action with hydrogen and palladium- 
barium sulfate catalyst in the presence of dioxane 
and pyridine to give compound I.

When 16,17 - dibromopregnan - 3(ft) - ol - 20-one 
acetate (II) is treated with a boiling solution of 
methanolic potassium hydroxide, it gives a mix­
ture of 3 (/3)-hydroxy- A17_20-pregnen-21-oic acid
(IV) and the corresponding methyl ester (III). 
The unsaturated acid agrees in properties and

(1) Original m an u sc rip t received Ju ly  16, 1941.
(2) M arker, C rooks and W agner, T h is  J o u r n a l , 64, 817 (1942).
(3) Ibid., 64, 213 (1942).

composition with that obtained by similar treat­
ment of 17,21 -dibromopregnan-3 (/3)-ol-20-one ace­
tate. Although the reaction of the latter with al­
coholic potash is similar to a reaction reported 
by Faworskii,4 who obtained /3,/T-dimethylacrylic 
acid from 3-methyl-l,3-dibromo-2-butanone, we 
have been unable to find in the literature any 
analogous rearrangement for <r,/5-dibromo ke­
tones. Whereas a,/3-dibromo ketones are known 
to hydrolyze to a,/3-diketones, it was impossible 
for our compound to take such a course.

The unsaturated acid (IV) is converted to the 
unsaturated methyl ester (III) by diazomethane 
in ether. This methyl ester (III) is identical with 
the ester isolated in the neutral fraction of this 
reaction. The ester was not found by us in our 
previously described rearrangement2 of the 17,21- 
dibromo compound, and its isolation here may 
have an important bearing on any mechanism 
which might be proposed.

Catalytic hydrogenation of the acid (IV) with 
Adams catalyst gave a lower melting saturated 
acid which was identified by composition and 
physical properties as 3 (f3) -hydroxypregnan-21-oic 
acid, previously described by us.2 Similar hydro­
genation of the unsaturated methyl ester (III) 
followed by alkaline hydrolysis gave the same 
saturated acid. Both the saturated and the un­
saturated (III) methyl esters, acetylated and un- 
acetylated, agree in melting points and properties 
with the corresponding esters obtained by subse­
quent treatment of the acid from the rearrange­
ment of the 17,21-dibromide acetate. The satu­
rated methyl ester depresses the melting point of 
the methyl ester of 3 ((3)-hydroxy- 17-methyl-etio- 
cholanic acid obtained from the reaction of 17- 
bromopregnan-3(/3)-ol-20-one with alcoholic po­
tassium bicarbonate.5

In order to furnish additional proof of the iden­
tity of this unsaturated acid (IV) it was oxidized 
by ozonolysis in chloroform to give etio-cholan- 
3(/3)-ol-17-one (V) which was isolated as the semi­
carbazone. Acid hydrolysis of the latter gives the 
free hydroxy-ketone (V) which was the same as 
the compound described before.2

(4) Faw orskii, J . Russ. Phys.-Chem., 44, 1358 (1913); J . p rakt. 
Chem., [2] 88, 658 (1913).

(5) M arker and W agner, T h is J o u r n a l , 64, 216 (1942).
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The reactions discussed are summarized in the 
chart.

The easy attainment of 3 (/3)-hydroxy- A17-20- 
pregnen-21-oic acid by the rearrangement of 17,- 
21-dibromopregnan-3 (/3)-ol-20-one5 has encour­
aged further studies on this acid. Furthermore, 
it was desirable to prepare several derivatives 
which would ensure the identity of the rearrange­
ment products from the 16,17-dibromo compound
(II).

While we previously5 reported the degradation 
of this unsaturated acid (IV) to tótf-cholan-3(/3)-
ol-17-one (V) by the method of ozonolysis or chro­
mic anhydride oxidation, we have now found a 
much better method for this conversion, namely, 
alkaline potassium permanganate oxidation. The 
product (V) is isolated directly in the free state 
and does not have to be purified in the form of the 
semicarbazone as previously reported. This modi­
fication results in a greater over-all ) ield and 
furnishes a good source of the hydroxy-ketone.

In order to obtain the hydroxy-ketone having 
the epi-configuration, the methyl ester of the un- 
saturated acid (III) was successively oxidized and 
reduced by the Oppenauer and Meerwein proce­
dures. The methyl ester of 3 (a)-hydroxy-A17-2 °- 
pregnen-21-oic acid was not isolated but was ozon­
ized to give 6/i0-cholan-(3)a-ol-17-one isolated as 
the semicarbazone. Hydrolysis of the semicarba­
zone gave the free hydroxy-ketone which agreed 
in properties and composition with the reported

values for this compound. I t was further identi­
fied by mixed melting point with an authentic 
sample of ^h-cholan-3(a)-ol-17-one.

The fact that «, /3-unsaturated acids are easily 
reduced by sodium and alcohol was used to ad­
vantage when the unsaturated acid (IV) was 
simultaneously reduced at the 17,20-position and 
epimerized at C-3 by sodium and amyl alcohol to 
give 3(a0-hydroxy-pregnan-21-oic acid. Oxida­
tion of 3(|0)-hydroxy-pregnan-21-oic acid gave the
3-keto acid which by neutral hydrogenation 
(Adams catalyst) gave 3(a)-hydroxypregnan-21- 
oic acid. The methyl esters of these acids were 
prepared to further characterize them and these 
were reduced by a Bouveault-Blanc reduction to 
the corresponding pregnan-3,21-diols.

Experimental Part
16,17-Dibromo-pregnan-3(/3)-ol-20-one Acetate (II).— 

To a solution of 5 g. of 16,17-pregnen-3(/?)-ol-20-one acetate 
(I) in 200 cc. of acetic acid was added 14 cc. of molar bro­
mine in acetic acid solution. The mixture was poured into 
water and filtered. The dibromide was crystallized twice 
from methanol, m. p. 137-140°; yield 4.8 g.

Anal. Calcd. for C23H3403Br2: C, 53.3; H, 6.6.
Found: C, 53.5; H, 6.7.

Debromination of 16,17-Dibromopregnan-3(/3)-ol-20-one 
Acetate (II)—(a) With palladium hydrogen and pyridine:
a solution of 1 g. of the dibromide (II) in 125 cc. of dioxane 
and 3 cc. of pyridine was shaken with hydrogen and 2 g. of 
palladium-barium sulfate catalyst for two hours at room 
temperature and three atmospheres. The catalyst was 
filtered, and the solution was evaporated in vacuo. An
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ethereal solution of the residue was washed with dilute 
hydrochloric acid and water, and then evaporated. The 
residue was crystallized three times from methanol, m. p. 
and mixed m. p. with 16-pregnen-3(/3)-ol-20-one acetate
(I) , 143-144°; yield 0.5 g.

Anal. Calcd. for C23H34O3: C, 77.0; H, 9.6. Found: 
C, 77.1; H, 9.7.

(b) With pyridine: a solution of 1 g. of the dibromide
(II) in 5 cc. of pyridine was refluxed for three hours. 
Water was added, and the mixture was extracted with 
ether. The ether layer was washed with water, dilute 
hydrochloric acid and water, and then evaporated. The 
residue crystallized from methanol, m. p. and mixed m. p. 
with 16-pregnen-3(/3)-ol-20-one acetate (I), 141-144°; 
yield 0.1 g.

Anal. Calcd. for C23H34O3: C, 77.0; H, 9.6. Found:
C, 77.0; H, 9.7.

(c) With alcoholic sodium iodide: a solution of 2.1 g. of
the dibromide (II) in 100 cc. of methanol was refluxed with 
2.2 g. of sodium iodide for one hour. A solution of sodium 
bisulfite was added and the mixture extracted with ether. 
The ether layer was washed with water and evaporated. 
The residue was recrystallized twice from methanol, m. p. 
and mixed m. p. with 16-pregnen-3(d)-ol-20-one acetate, 
141-144°; yield 1.2 g.

Anal. Calcd. for C23H34O3: C, 77.0; H, 9.6. Found:
C, 76.7; H, 9.5.

(d) With potassium acetate: a solution of 1 g. of 16,17- 
dibromo-pregnan-3(/3)-ol-20-one acetate (II) in 15 cc. of 
acetic acid was refluxed with 1.5 g. of fused potassium 
acetate for one hour. The solution was evaporated in 
vacuo and the residue was extracted with ether. The ether 
layer was washed and evaporated. The residue was 
crystallized twice from methanol, m. p. and mixed m. p. 
withl6-pregnen-3(/3)-ol-20-one acetate, 140-143°.

Anal. Calcd. for C23H34O3: C, 77.0; H, 9.6. Found:
C, 76.9; H, 9.7.

Reaction of Methanolic Potassium Hydroxide with 16,17- 
Dibromopregnan-3(/3)-ol-20-one Acetate (II).—A solution 
of 5 g. of the dibromide (II) in 1 1. of methanol was refluxed 
with 25 g. of potassium hydroxide for one hour. Water 
was added and the mixture was extracted with ether.

Acid Fraction.—The alkaline water layer was acidified 
with dilute hydrochloric acid and extracted with ether. 
The ethereal solution was washed with water and evapo­
rated. The crystalline residue was recrystallized from 
methanol, m. p. and mixed m. p. with 3 (d)-hydroxy-A17*"20- 
pregnen-21-oic acid, 254-256 0 dec.; yield 2.0 g.

Anal. Calcd. for C21H32O3: C, 75.8; H, 9.7. Found:
C, 76.2; H, 9.7.

(a) Methyl Ester (III).—When treated with an ethereal 
solution of diazomethane, the above unsaturated acid 
formed a methyl ester, m. p. and mixed m. p. with the 
methyl ester of 3 (/3)-hydroxy- A17,20-pregnen-21-oic acid, 
153-156°.

Anal. Calcd. for C22H34O3: C, 76.2; H, 9.9. Found:
C, 76.4; H, 9.8.

(b) Acetate of (IV).—The acetate was prepared by the 
action of pyridine and acetic anhydride on the above un­
saturated acid. It was crystallized from dry methanol to 
give white crystals, m. p. 161-163 °.

Anal. Calcd. for C23H34O4: C, 73.7; H, 9.2. Found:
C, 73.7; H, 9.2.

(c) Reduction of Unsaturated Acid (IV).—A mixture of 
200 mg. of the above unsaturated acid was hydrogenated 
with Adams catalyst at room temperature and three atm. 
for two hours. The product was crystallized from meth­
anol, m. p. and mixed m. p. with 3(d)-hydroxypregnan-21 - 
oic acid, 219-220°.

Anal. Calcd. for C21H34O3: C, 75.4; H, 10.3. Found:
C, 75.5; H, 10.2.

(d) Acetate of the Saturated Acid.—When the saturated 
acid from (c) was treated with pyridine-acetic anhydride 
mixture it gave an acetate which crystallized from meth­
anol, m. p. and mixed m. p. with 3 (d)-acetoxypregnan-21- 
oic acid, 219-221 °.

Anal. Calcd. for C23H36O4: C, 73.3; H, 9.6. Found:
C, 73.6; H, 9.7.

(e) Methyl Ester of Saturated Acid.—An ethereal solu­
tion of 200 mg. of the unacetylated saturated acid from (c) 
was treated with an ethereal solution of diazomethane to 
give the methyl ester, m. p. and mixed m. p. with the 
methyl ester of 3(d) -hy dr oxypr egnan-21 -oic acid, 141- 
143 °.

Anal. Calcd. for C22H36O3: C, 75.8; H, 10.4. Found:
C, 76.0; H, 10.4.

(f) Acetate of Saturated Methyl Ester.—A solution of 
100 mg. of the saturated methyl ester from (e) in pyridine- 
acetic anhydride yielded a product which crystallized 
from methanol as large white plates, m. p. and mixed m. p. 
with the methyl ester of 3(jS)-acetoxy-pregnan-21-oic acid, 
105-106°.

Anal. Calcd. for C24H38O4: C, 73.8; H, 9.8. Found:
C, 74.2; H, 9.9.

Neutral Fraction.—The neutral fraction was obtained 
by evaporating the ether from the alkaline hydrolysis 
product and crystallizing the residue from methanol, m. p. 
and mixed m. p. with the methyl ester of the above un­
acetylated unsaturated acid from (a), 153-156°; yield 0.3 
g. This also did not give any depression of melting point 
when mixed with the methyl ester of 3(d).-hydroxy- A17~20- 
pregnen-21-oic acid.

Anal. Calcd. for C22H34O3: C, 76.2; H, 9.9. Found:
C, 76.4; H, 9.8.

(g) Acetate of the Unsaturated Methyl Ester (III).—An
acetate formed by the pyridine-acetic anhydride procedure 
crystallized from methanol, m. p. and mixed m. p. with 
the methyl ester of 3 (/3)-acetoxy- A17’20-pregnen-21-oic 
acid, 103-105°.

Anal. Calcd. for C24H36O4: C, 74.2; H, 9.3. Found:
C, 74.1; H, 9.1.

(h) Reduction of the Acetylated Unsaturated Methyl 
Ester (III).—A solution of 150 mg. of the acetate from (g) 
in acetic acid was hydrogenated with Adams catalyst at 
room temperature and three atm. for two hours. The 
product was crystallized from methanol to give fine white 
needles, m. p. and mixed m. p. with the methyl ester of 
3(d)-acetoxy-pregnan-21 -oic acid and with the acetylated 
saturated methyl ester from (f), 102-105°.

Anal. Calcd. for C24H38O4: C, 73.8; H, 9.8. Found:
C, 74.1; H, 9.9.
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(i) Hydrolysis of the Saturated Methyl Ester.—A solu­
tion of 100 mg. of the saturated methyl ester from (h) in 
20% ethanolic potassium hydroxide was refluxed for six­
teen hours, the mixture cooled and diluted with water. 
The solid suspension was washed with ether, acidified, and 
ether-extracted. The product crystallized from methanol 
to give white needles, m. p. and mixed m. p. with (3)- 
hydroxypregnan-21-oic acid and the saturated acid from 
(c), 218-220°.

Anal. Calcd. for C2lH340 3: C, 75.4; H, 10.3. Found:
C, 75.3; H, 10.2.

Ozonolysis of 3(/?)-Hydroxy- A17_20-pregnen-21-oic Acid
(IV) Obtained by Rearrangement of the 16,17-Dibromide 
(II).-—Through a solution of 2.1 g. of the unsaturated acid
(IV) in chloroform was bubbled oxygen containing 7% 
ozone at the rate of 30 1. per hour for ninety minutes. 
The mixture was decomposed with water and the chloro­
form steam distilled. The product was extracted with 
ether and the ethereal solution was washed with 10% 
potassium hydroxide and evaporated. The residue with 
an ethanolic solution of semicarbazide acetate yielded a 
semicarbazone which crystallized from methanol, m. p. 
and mixed m. p. with the semicarbazone of eta’o-cholan- 
3(/3)-ol-17-one (V), 251-253 ° dec.; yield 0.8 g.

Anal. Calcd. for C20H33N3O3: C, 69.1; H, 9.6.
Found: C, 69.4; H, 9.6.

A solution of the semicarbazone dissolved in 50 cc. of 
ethanol containing 5 cc. of coned, sulfuric acid and 10 cc. of 
water was refluxed for one hour. The product was crystal­
lized from ether-pentane to give long needles, m. p. and 
mixed m. p. with etio-cholan-3(/3)-ol-l7-one, 150-152°.

Anal. Calcd. for Ci9H 3o02: C, 78.6; H, 10.4. Found:
C, 78.7; H, 10.3.

In the following experiments only 3 (jS)-hydroxy- A17”20- 
pregnen-21-oic acid from the rearrangement of 17,21- 
dibromopregnan-3 (0)-ol-20-one acetate2 was used.

Conversion of 3(/3)-Hydroxy- A17“20-pregnen-21-oic Acid
(IV) to etio-Cholan-3(/3)-ol-17-one (V).—To 0.5 g. of 
3(/3)-hydroxy-17' '20-pregnen-21-oic acid (IV) suspended in 
20 cc. of water was added a solution of 0.5 g. of potassium 
hydroxide in 20 cc. of water. The mixture was stirred at 
0° until all of the acid dissolved. To this solution was 
added 30 cc. of 2% potassium permanganate, which was 
the amount necessary to give a permanent pink color. 
The excess permanganate was destroyed with sodium bi­
sulfite and the mixture extracted with ether. The ethereal 
solution was washed with water and evaporated. The 
solid residue was crystallized from ether-pentane to give 
long needles, m. p. and mixed m. p. with ^n-cholan-3(j8)- 
ol-17-one (V), 150-152°; yield 0.3 g.

Anal. Calcd. for Ci9H3o0 2: C, 78.6; H, 10.4. Found:
C, 78.7; H, 10.3.

Methyl Ester of 3(/3)-Hydroxy-A17“20-pregnen-21-oic 
Acid*—A solution of 50 mg. of 3(/3)-hydroxy-17~20 
pregnen-21-oic acid (IV) in ether was treated with a cold 
ethereal solution of diazomethane. The ethereal solution 
after standing sixteen hours was evaporated and the residue 
was Crystallized from methanol to give white flat plates, 
m. p. 153-155°.

Anal. Calcd. for C22H340 3: C, 76.2; H, 9.9. Found:
C, 76.2; H, 9.9

Conversion of the Methyl Ester of 3(0)-Hydroxy-A 17~2°- 
pregnen-21-oic Acid to ^io-Cholan-3(a)-ol-17-one.—To a
solution of 4 g. of the methyl ester of 3 (a)-hydroxy-17~20- 
pregnen-21-oic acid in 200 cc. of dry toluene was added 25 
cc. of dry acetone and 20 g. of aluminum isopropylate. 
The mixture was refluxed six hours, cooled, and acidified 
with dilute hydrochloric acid. The product was extracted 
with ether. After evaporation of the solvent, the residue 
was again treated with 200 cc. of dry isopropyl alcohol and 
20 g. of aluminum isopropylate at reflux temperature for 
sixteen hours. The solution was slowly distilled over a 
period of five hours. The residue was acidified with dilute 
hydrochloric acid and extracted with ether. The product 
from the removal of the solvent was suspended in water 
and the volatile oils removed by steam distillation. The 
water was decanted and the remaining solid was dissolved 
in methanol and treated with digitonin in the usual manner. 
The non-digitonin precipitated fraction was dissolved in 
200 cc. of chloroform. Through this solution was bubbled 
oxygen containing 7 % ozone for fifteen minutes at the rate 
of 30 1. per hour. At the end of this time no more ozone 
was absorbed. The reaction mixture was decomposed 
with water and the chloroform removed by steam distilla­
tion. After cooling, the residue was dissolved in ether and 
the ethereal solution was washed well with 10% potassium 
hydroxide. The product from ether was converted to the 
semicarbazone, which crystallized from ethanol, m. p. 235° 
dec.; yield 0.5 g.

Anal. Calcd. for C20H33N3O2: C, 69.1; H, 9.6.
Found: C, 68.7; H, 9.6.

The above semicarbazone was dissolved in 25 cc. of 
ethanol containing 2 cc. of concentrated sulfuric acid and 5 
cc. of water. The mixture was refluxed for one hour and 
then poured into water. The product was crystallized 
from ether, m. p. and mixed m. p. with ^o-cholan-3(«)-ol-
17-one, 147°.

Anal. Calcd. for Ci9H30O2: C, 78.6; H, 10.4. Found:
C, 78.5; H, 10.3.

Epimerization and Reduction of 3(/3)-Hydroxy^A17~2°- 
pregnen-21-oic Acid (IV). (a) With Sodium and Amyl
Alcohol.—To a solution of 0.5 g. of the unsaturated acid
(IV) in 200 cc. of w-amyl alcohol was added 10 g. of sodium. 
The mixture was heated under reflux for nine hours. The 
cooled reaction mixture was acidified with dilute hydro­
chloric acid and extracted with ether. The residue from 
the ether was warmed with 50 cc. of 10% methanolic 
potassium hydroxide and the alcohol removed. The re­
maining oily layer was removed with ether. . The aqueous 
layer was acidified and any volatile acids were removed by 
steam distillation. The cooled mixture was extracted with 
ether and the product was crystallized from methanol, m. p. 
224-226°; yield 0.2 g. This substance is 3 (a)-hy dr oxy­
pr egnan-21-oic acid. I t  depressed the melting point of 3(d)- 
hydroxy-pregnan-21-oic acid and the starting material (IV).

Anal. Calcd. for C2iH340 3: C, 75.4; H, 10.3. Found:
C, 75.1; H.10.2;

The methyl ester was prepared in the usual manner with 
diazomethane and crystallized from 80% methanol as 
white needles, m. p. 118-119°.

Anal. Calcd. for C22H360 3: C, 75.8; H, 10.4. Found:
C, 75.6; H, 10.3.
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The acetate of the above methyl ester was prepared by 
the pyridine-acetic anhydride procedure. It was crystal­
lized from aqueous methanol as white platelets, m. p. 85- 
87°.

Anal. Calcd. for C24H380 4: C, 73.8; H, 9.8. Found:
C, 73.7; H, 10.0.

(b) By Catalytic Reduction Followed by Epimerization. 
—A solution of 0.3 g. of the unsaturated acid in acetic acid 
was shaken with hydrogen and Adams catalyst for two 
hours at room temperature and three atm. pressure. This 
gave 3(/3)-hy dr oxy-pr egnan-21-oic acid, previously de­
scribed.2 The product was dissolved in 90 cc. of ^-amyl 
alcohol and treated with 6 g. of sodium as described in (a). 
The product was crystallized from methanol, m. p. and 
mixed m. p. with the material from (a), 224-226°.

3-Keto-pr egnan-21-oic Acid.—To a solution of 1 g. of 
3(fi) -hydroxy-pregnan-21 -oic acid in 50 cc. of acetic acid 
was added a solution of 0.5 g. of chromic anhydride in 50 cc. 
of 90% acetic acid. After standing one hour at room 
temperature, the mixture was diluted with water. The 
precipitated solid was extracted with ether and the ethereal 
solution was washed thoroughly with water to remove the 
acetic acid. The solvent was removed and the residue was 
crystallized from acetone, m. p. 170-172°; yield 0.7 g.

Anal. Calcd. for C21H3203: C, 75.9; H, 9.7. Found:
C, 75.5; H, 9.7.

The methyl ester was prepared as described above and 
crystallized from aqueous methanol to give white crystals, 
m. p. 121-123°.

Anal. Calcd. for C22H8403: C, 76.2; H, 9.9. Found:
C, 76.2; H, 10.0.

Reduction of 3-Keto-pr egnan-21 -oic Acid.—A solution 
of 200 mg. of the keto acid in dioxane was shaken with 
hydrogen and Adams catalyst for two hours at room tem­
perature and 3 atm. pressure. The reaction mixture was 
filtered and the filtrate was evaporated in vacuo. The 
residue was crystallized from methanol, m. p. and mixed 
m. p. with the above 3(<x)-hydroxypregnan-21-oic acid, 
223-226°.

Anal. Calcd. for C2iH340 3: C, 75.4; H, 10.3. Found:
C, 75.6; H, 10.3.

Methyl Ester of 3 (d )-Hy dr oxypr egnan-21 -oic Acid.—A
solution of 200 mg. of 3(j8)-hydroxypregnan-21-oic acid in 
ether was added to a cold ethereal solution of diazometh­
ane. The product was crystallized from methanol as 
white plates, m. p. 141-143°.

Anal. Calcd. for C22H360 3: C, 75.8; H, 10.4. Found:
C, 75.8; H, 10.5.

The above mother liquor was evaporated to dryness and 
the residue was treated with pyridine and acetic anhydride. 
The product was crystallized from methanol as white 
crystals, m. p. 102-104°. This is the acetate of the methyl 
ester of 3(j3)-hydroxypregnan-21-oic acid.

Anal. Calcd. for C24H3804: C, 73.8; H, 9.8. Found:
C, 74.2; H, 9.9.

Pregnan-3(|3),21-diol.—To a solution of 0.5 g. of the 
methyl ester of 3(|8)-hydroxypregnan-21-oic acid in 100 cc. 
of absolute ethanol was added 10 g, of sodium metal. 
After the vigorous reaction had ceased, the mixture was 
refluxed for thirty minutes. The excess sodium was dis­
solved with aqueous ethanol and the reaction mixture was 
acidified with hydrochloric acid. The product was ex­
tracted with ether and the ethereal solution was washed 
with 10% potassium hydroxide. Acidification of the latter 
aqueous solution gave a small acid fraction. The neutral 
fraction from the ether was crystallized from aqueous 
methanol, m. p. 164-166°; yield 0.1 g.

Anal. Calcd. for C2iH360 2: C, 78.7; H, 11.3. Found:
C, 7.2; H, 11.5.

The diacetate was prepared by the pyridine-acetic 
anhydride procedure and crystallized from aqueous 
methanol, m. p. 76-79°

Anal. Calcd. for C25H4o0 4: C, 74.4; H, 10.0. Found:
C, 74.3; H, 10.0.

Pregnan-3(«),21-diol.—A solution of 0.5 g. of the
methyl ester of 3(a)-hydroxypregnan-21-oic acid in 100 cc. 
of absolute ethanol was treated as described above. The 
product crystallized from methanol as white platelets, 
m. p. 205-206°.

Anal. Calcd. for C2iH360 2: C, 78.7; H, 11.3. Found:
C, 78.8; H, 11.3.

Summary

Bromination of 16-pregnen-3(jö)-ol-20-one ace­
tate (I) yields 16,17-dibromopregnan-3(/3)-ol-
20- one acetate (II). Alkali treatment of the latter 
yields a mixture of 3 {&)-hydroxy- A17“20-pregnen-
21- oic acid (IV) and the corresponding methyl 
ester (III) by a new rearrangement.

3 (/3)-Hydroxy-A17-2 °-pregnen-21-oic acid (IV) 
has been converted to e/7p-cholan-3(/5)-ol-17-one
(V) by a new method and also to e^o-cholan-3(a)-
ol-17-one. Simultaneous reduction and epimeri­
zation of (IV) gave 3(a)-hydroxypregnan-21-oic 
acid. The latter was also prepared by neutral 
catalytic hydrogenation of 3-keto-pregnan-21-oic 
acid and by epimerization of 3(/^-hydroxy-preg­
n a n t 1-oic acid. Bouveault-Blanc reduction of 
the methyl esters of the pregnanoic acid (IV) and 
its epimer gave the corresponding pregnan-3,21- 
diols.
S t a t e  C o l l e g e , P e n n a . R e c e i v e d  J u n e  11, 1942
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[Co n t r ib u t io n  from  t h e  C hem ical  L aboratory  of t h e  J o h n s  H o p k in s  U n iv e r sit y ]

The Determination of the Bridge Structure of Dipyrrylmethanes. 
A New Method for the Estimation of Active Hydrogen1

By Alsoph H. Corwin and Rudolph C. Ellingson2

The preceding paper of this series3 showed that 
the imide hydrogens of certain dipyrrylmethanes 
do not react with molten sodium and potassium. 
Conceivably, these peculiarities could be due to 
the absence of imide hydrogens as a result of 
N-C-N bridges instead of C-C-C bridges as 
usually formulated. A suitable tool for the in­
vestigation of this problem would be a method for 
the determination of active hydrogens which 
would permit a demonstration that no rearrange­
ment of the carbon-nitrogen skeleton had taken 
place during the course of the determination. 
This could be accomplished by regeneration of the 
original compound if an active hydrogen reagent 
could be found which would not alter ester or car­
bonyl groups.

A convenient reagent which has the properties 
specified above was suggested by the work of 
Conant and Wheland4 and that of McEwen.5 
The method involves the titration of a solution of 
the compound in question with a standardized 
solution of sodium triphenylmethyl, using the color 
of the reagent as the end-point indicator. This 
reagent has the added advantage that it provides 
a convenient means for the preparation of deriva­
tives, for example, methyl homologs, by reaction 
with the sodium salt formed during the titration.

To learn whether or not sodium triphenyl­
methyl is a specific reagent for imide hydrogens, 
this new method was used on various simple pyr­
roles. The results of this survey are summarized 
in Table I.

Perusal of the table establishes the following 
facts: sodium triphenylmethyl is unreactive
toward nuclear methyl groups, carbethoxy groups, 
bromine or hydrogen on carbon; it is reactive 
toward imide hydrogens and hydroxyl groups. 
I t  is interesting to note that compound V, which 
is inert to sodium, reacts with this reagent. Com­
pound VII shows more than one active hydrogen

(1) S tudies in th e  Pyrro le  Series. IX . This paper is from the 
doc to ra l d isserta tion  of R udolph C. E llingson, T he Johns H opkins 
U niversity , 1938, and  was p resented  a t  th e  B altim ore M eeting of the 
A m erican Chem ical Society, April, 1939.

(2) P resen t address, R esearch L abora to ry , M ead  Johnson and 
C om pany, Evansville , Ind .

(3) Corwin, B ailey and  Viohl, T h is  J o u r n a l , 64, 1267 (1942).
(4) C onan t an d  W heland, ibid., 54, 1212 (1932).
(.5) M cEw en, ibid., 58, 1124 (1936).

T a b l e  I
A ctive H y d r o g e n  D e t e r m in a t io n  on S im ple  P yrroles
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N nk
.99

H
III C2H 5OOC||-------- nCH*

.0
c h J  JIh .0

c h 3
IV C2PI5OOC|| ||CH3 1.07

1.03
c h A J h 1.17

1.00

0.98
.97

> 1.0

1.94

1.04

and on titration no sharp end-point could be 
reached. Up to the first mole the color of the 
reagent disappeared immediately. After that 
point had been passed, there was a slow fading 
of the color after each addition of the reagent. 
MxEwen4 has shown that the pK  value of aceto­
phenone is about 19 while that of triphenyl- 
methane is approximately 33. By analogy, the 
pK  value of the eno' form of this acetyl pyrrole 
should be near to that of acetophenone and the
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slowly fading color may be ascribed to slow forma­
tion of the enol catalyzed by the strong base used.

The sodium salt of pyrrole II, formed during the 
titration, can be converted to compound I by reac­
tion with dimethyl sulfate. In the same manner, 
the mono- and di-N-methyl derivatives of 8,5,- 
S'jö'-tetracarbethoxy-djd'-dimethyldipyrrylmeth- 
ane (X, Table II) may be prepared by successive 
alkylations after the formation of sodium salts by 
the sodium triphenylmethyl. This duplicates 
the reaction series described by Corwin, Bailey 
and Viohl.3 In every case the sodium salts were 
hydrolyzed with water and the starting dipyrryl­
methanes were recovered unchanged by the rea­
gent.

The final methane in this methylation series, 
methane XII, Table II, exhibits peculiarities 
under the conditions of the reaction. On treat­
ment with sodium triphenylmethyl, the end­
point color appears as soon as the amount of 
reagent equivalent to the solvent blank has been 
added. When one mole of reagent is added, a 
flocculent orange precipitate settles out. Treat­
ment of this solution with water regenerates the 
starting dipyrrylmethane. Attempts to methyl­
ate the precipitate with dimethyl sulfate failed 
and in each case starting material and triphenyl- 
methane were isolated. The isolation of triphenyl- 
methane shows that the orange precipitate is not 
sodium triphenylmethyl because methylation of 
this substance gives 1,1,1-triphenylethane.

We interpret the peculiarities noted by the as­
sumption that one of the bridge hydrogens of the 
di-N-methylmethane is sufficiently acidic to react 
with sodium triphenylmethyl but that the steric 
relations of the sodium salt formed make methyla­
tion difficult.6 The color obtained upon addition 
of sodium triphenylmethyl, according to this ex­
planation, would be that of the substituted di- 
pyrrylmethyl ion. From the broadest point of 
view, such a reaction as this constitutes a limita­
tion to the method which we use. Actually, how­
ever, since the N-sodium salts are colorless, the 
formation of the colored C-sodium salt does not 
interfere with the determination of active imide 
hydrogens.

A variety of dipyrrylmethanes was studied with 
this reagent. The summary of the titrations is 
given in Table II.

I t  should be noted that methane XVII, which 
was inert to sodium,3 shows two active hydrogens

(6) See Brunings and. Corwin,. T h i s  J o u r n a l , 64, 593 (1942)..

with sodium triphenylmethyl and that the titra­
tion values on compound XX confirm the inert­
ness of a pyrryl CH toward this reagent.

The disodium salt of compound X III, obtained 
by this titration, methylates nicely at room tem­
perature to give 1,3,5,1 ',3 ',5 '-hexamethyl-4,4'- 
dicarbethoxydipyrrylmethane (XXI). The com­
pound prepared by this method shows no melting 
point depression with that obtained by the con­
densation of l,2,4-trimethyl-3-carbethoxypyrrole 
with formaldehyde.7

On treating compound X III with one mole of 
sodium triphenylmethyl and subsequently methyl­
ating, one obtains a mixture of the mono- and 
di-N-methyldipyrrylmethanes (XIV and XXI) 
which can be separated by fractional crystalliza­
tion since the mono-N-methylmethane is the less 
soluble in alcohol. Methane XIV, after titration, 
can be methylated in good yield to give methane 
XXI. In each case the sodium salts were hydro­
lyzed to the original compound to make certain 
that no condensation or cleavage was caused by 
sodium triphenylmethyl.

The possibility that methane X III might be 
N-C-N and show active hydrogens due to an ac­
tive bridge CH group was eliminated by com­
paring compound XIV with methane XV ob­
tained by the condensation of 2,4-dimethyl-3-car- 
bethoxypyrrole with acetaldehyde.8 Although 
these two substances melt only four degrees apart, 
mixed melting point shows a marked depression.

Mixed melting points of two of the three possible 
combinations of methanes XIII, XIV and XXI 
show depressions; the mixture of X III and XIV 
shows no definite depression, however. In spite 
of this, the evidence is overwhelming that com­
pound XIV is one pure compound. Its analysis 
agrees well with the calculated values and the 
possibility of its being an equimolar mixture 
of X III and XXI was eliminated by comparison 
with such a mixture prepared artificially: the 
artificial mixture melts at 148-150° and its 
mixed melting point with the methane XIV de­
presses to 141-142°. Finally, such a mixture can 
be separated into its components by crystalliza­
tion while repeated recrystallizations of compound 
XIV fail to effect any separation.

The several lines of evidence summarized above 
establish the bridge structure of methane X III 
and its methyl derivatives as C-C-C and illus-

(7) Corwin and  Q uattlebaum , ibid., 58, 1085 (1936).
CS) F ischer an d .B a rth o lo m au s ,Z. physiol. Chem., 87, 264 (1913).
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a The low values for this compound are undoubtedly due to the use of benzene as a solvent since the mono-sodium salt 

was later found to precipitate out of the benzene. Our later procedure was to use dioxane as solvent in such cases.

trate the use of the combined titration and methyl- structure, furnishes illustrations of the specificity 
ation technique in a structural investigation. which may be obtained by the control of reaction

The study of methane XVII and its methylation conditions and of an unexpected limitation to the 
products, besides providing proof of its bridge method of titration with sodium triphenylmethyl.
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Methane XVII was synthesized by application product indicates that a condensation has taken 
of the following general method place. The further investigation of the structure
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in which both R and R' were H. Its melting 
point is 158°.

Reaction of this compound with one mole of 
sodium triphenylmethyl should give a mono­
sodium salt by replacement of the more acidic 
hydrogen, which, because of the electron-attract­
ing influence of the carbethoxy groups, would be 
predicted to be that on ring I. Methylation gives 
a mono-N-methylmethane XXII; m. p. 113°, 
identical with that prepared by Quattlebaum and 
Corwin9 by the method of Chart I in which R is 
CH3 and R' is H. This confirms the prediction 
as to the relative acidities of rings I and II.

Since the imide hydrogen of ring II is less acidic 
than that of ring I, its sodium salt will be a 
stronger base than the sodium salt of ring I, and 
methylation of the disodium salt should take 
place most rapidly on ring II as a consequence 
of the greater availability of electrons at this 
point. This course of the reaction is that found 
by experiment. Compound XVIII is formed 
by monomethylation of the disodium salt. The 
structure is confirmed by the reaction of Chart 
I in which R is H and R' is CH3. Thus either 
ring may be selected for specific methylation.

The low solubility of the sodium salt of methane 
XVIII prevents ready methylation at room tem­
perature. If, however, the disodium salt of XVII 
is refluxed with two moles of dimethyl sulfate or 
the monosodium salt of XVIII is refluxed with one 
mole of dimethyl sulfate, complete N-methyla- 
tion is accomplished. The structure of the prod­
uct XXIII melting at 129°, was confirmed by the 
reaction of Chart I.

When methane XXII was treated in dioxane 
solution with sodium triphenylmethyl, an intense 
red-violet color with a blue fluorescence appeared 
long before one mole of reagent per mole of meth­
ane had been added.3 There was no appreciable 
precipitate in this solution. Hydrolysis of the 
solution with water or treatment with dimethyl 
sulfate gave the same compound in the form of 
yellow plates melting at 204°. Analysis of the

(9) Quattlebaum and Corwin, T h is  J o u r n a l , 64, 922 (1942).

of this substance will be the subject of a later 
communication.

When methane XXII is treated with sodium 
triphenylmethyl in benzene solution, in which 
sodium salts are generally much less soluble than 
in dioxane, a colorless, soap-like precipitate is 
formed and indications of the condensation reac­
tion appear when nearly one mole of reagent per 
mole of methane has been added. The violet color 
and blue fluorescence make it impossible to deter­
mine the end-point visually and therefore we 
cannot titrate accurately for the number of ac­
tive hydrogens in the molecule. If the solution 
with its precipitate is immediately treated with 
water, the sodium salt is hydrolyzed and one ob­
tains an 85% recovery of the starting mono-N- 
methylmethane XXII. If the solution is treated 
immediately with dimethyl sulfate, a 60% yield 
of methane XXIII is obtained.

The anomaly recorded above, while illustrating 
a limitation of the sodium triphenylmethyl titra­
tion, emphasizes one of the advantages of the rea­
gent, namely, that the possibility of regeneration 
of the starting compound permits a check upon 
the presence or absence of an undesired side-reac­
tion and thus furnishes a more reliable means for 
the investigation of structure than the usual 
active hydrogen determination.

The authors wish to acknowledge their deep 
indebtedness to Dr. F. Y. Wiselogle for his gener­
ous aid and consultation in the manipulation of 
sodium triphenylmethyl.

Experimental Part
Purification of Nitrogen.—In using standardized solu­

tions of sodium triphenylmethyl, it is necessary to prepare 
and manipulate the compound under nitrogen that has 
been freed from carbon dioxide, moisture and oxygen. A 
convenient purification train is shown in Fig. 1.

Tank nitrogen is passed through a series of six Fried­
rich’s spiral wash bottles. The first two contain 150 cc. 
each of Fieser’s solution.10 This solution is very effective 
for removing oxygen. When the first bottle has become 
exhausted, as evidenced by the change in color, it is refilled 
with fresh solution and placed in position 2, while bottle 2

(10) F ieser, ib id ., 46, 2639 (1924).



2102 Alsoph H. Corwin and Rudolph C. Ellingson Vol. 64

Fig. l.
is placed in the first position. The third wash bottle 
contains a saturated lead acetate solution to remove any 
hydrogen sulfide that may be liberated from the Fieser’s 
solution; in the fourth bottle there is concentrated 
sulfuric acid to remove water; in the fifth a deep blue 
toluene solution of the sodium ketyl of benzophenone pre­
pared by dissolving a few grams of benzophenone in 
dry toluene and adding a small amount of 2% sodium 
amalgam. This solution removes the last traces of water 
and oxygen and serves as an indicator for the purity of the 
nitrogen. The sixth wash bottle contains Nujol in which 
paraffin has been dissolved to catch the toluene vapors 
swept from the benzophenone bottle. The train is so 
constructed that nitrogen can be led to two systems and so 
arranged that each can be evacuated and filled with nitro­
gen as many times as necessary, independently of the other. 
The ground joints of the wash bottles are secured with 
paraffin during operation.

Preparation of Sodium Triphenylmethyl Solution.—The
apparatus in which the sodium triphenylmethyl is prepared 

consists of a 500-cc. round-bottom flask with 
a ground joint connection to a filling and 
sweeping apparatus as shown in Fig. 2, We 
are indebted to Dr. F. Y. Wiselogle for the 
design of this apparatus.

The solvents, benzene and ether, are care­
fully dried over 45% sodium amalgam, dis­
tilled and distilled again from 2% sodium 
amalgam and benzophenone immediately be­
fore being used. The blue color of the metal 
ketyl indicates when the solvents are abso­
lutely dry. The stopcocks and ground joints 
are lubricated with a lubricant reported by 
Meloche and Frederick.11 All parts are baked 
at 110° for several hours before being used.

In the flask is placed 100 cc. of dry ether and about 20 g. 
(9-10 cc.) of 45% sodium amalgam is added. In the 
separatory funnel a solution of 12 g. of pure triphenyl­
methyl chloride in 100 cc. of dry benzene is placed. The 
two parts are evacuated and filled with nitrogen three or 
four times to replace the air. The benzene solution is 
then run into the flask below. The stopcock is turned so 
that the lower part is connected to the nitrogen current 
and the flask shaken for about one-half hour. The flask is 
left on the nitrogen current to take care of the pressure 
built up due to vaporization of ether. The stopcock is 
closed, the separatory funnel removed and the flask placed 
on a shaking wheel for twelve to fourteen hours.

The sodium triphenylmethyl solution is filtered from 
sodium chloride and mercury through a 3G4 sintered glass 
funnel into the storage vessel which is a one liter flask with

(11) Meloche and Frederick, T h is  J o u r n a l , 54, 3264 (1932).

a delivery tube and inlet neck, each carrying ground glass 
stopcocks (Fig. 3). On the side arm of the reaction vessel 
is placed a rubber stopper which fits into the top of the 
sintered glass funnel and the stem of this has a rubber 
stopper fitting into the inlet neck of the storage vessel.

The reaction flask and storage vessel are placed in the tilted 
position (Fig. 4) ready for filtration but are allowed to 
stand for three or four hours so the finely divided salt, 
mercury and sodium amalgam have time to settle. This 
is important or the sintered glass funnel will become 
stopped up immediately. After the settling, the stopcocks 
A and B are opened and the vessel evacuated and filled 
with nitrogen three times; finally stopcock A is closed, the 
vessel evacuated and the stopcock B is closed. Stopcock C 
is opened and after the glass funnel has liquid over the 
bottom, A is opened. The whole apparatus is tilted so 
liquid always fills the neck of the reaction vessel, R. The 
filtering proceeds rapidly at first but slows considerably 
toward the end. After filtering, stopcock A is closed and 
B opened allowing nitrogen to enter, relieving the vacuum.

The separatory funnel is placed in the neck of the storage 
vessel and a mixture of 125 cc. of dry ether and 125 cc. of 
dry benzene is run in. The solution is shaken and is then 
ready for use. In this way a sodium triphenylmethyl 
solution of 0.07 to 0.08 molarity is obtained and can be kept 
for weeks with very little change in strength.

Apparatus for the Titrations.—The apparatus for the 
titrations is shown in Fig. 5. The storage vessel is mounted 
high on a ring stand. A tube about four inches long and 
drawn out at one end is attached to the delivery tube of the 
vessel by a slip-over rubber seal making the union nearly 
glass to glass. The narrow end leads into the top of a 10- 
cc. buret and is also sealed by a slip-over rubber tube. 
The buret has a side arm about half an inch above the zero 
mark and is connected to the nitrogen purification train.

The most satisfactory stopcock grease for the buret is 
graphite and tin amalgam. The two parts of the stopcock 
are well coated with graphite by rubbing with an extra soft 
lead pencil and then with a piece of tin that has been 
dipped in mercury. This lubricant holds the ether-ben­
zene solution very well and will hold a water-pump vacuum 
quite well. The stopcock does not freeze and may be used 
several days without relubricating.

The end of the buret carries a rubber stopper that fits 
into the neck of the reaction flask which is a 50-cc. suction 
flask to which an “L” side arm has been added. The 
regular side arm is connected to the purification train while 
the “L ” arm is used for introducing the solvent and the 
methylating agent.
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The solvent, dioxane or benzene, is refluxed in the flask 
over 2% sodium amalgam and benzophenone until dry as 
indicated by the blue color. It is then distilled into the 
buret, B2, from which the solvent is measured directly into 
the reaction vessel. The tip of B2 fits into the “L” arm of 
the reaction flask and is sealed with a slip-over rubber tube.

Another reaction vessel was constructed from a 50-cc. 
suction flask with the “L” side arm and a two-inch glass 
condenser (Fig. 6). This was used when methylation did 
not take place at room temperature but required heat. 
The flask was heated by a small electric furnace.

Directions for Performing a Titration. A. Standard­
ization of Sodium Triphenylmethyl Solution.—The buret is 
evacuated and filled with nitrogen three times and finally 
evacuated. Stopcock B of the storage vessel is opened so 
that a few cc. of solution runs into the buret. B is closed 
and nitrogen again led into the buret. This amount of 
reagent is run out and discarded, serving merely to remove 
any water that may not have been removed on cleaning 
and drying the buret. The buret is then filled and a defi­
nite volume of the solution run into a 50-cc. Erlenmeyer 
flask containing 20 cc. of distilled water. This flask is 
heated on a steam-cone to remove the solvents, ether and 
benzene, cooled and the solution titrated with standard 
hydrochloric acid using methyl orange as the indicator. 
Duplicate titrations are run and from these the strength of 
the reagent solution is calculated.

B. Blanks on the Solvent.—The reaction flasks are 
dried at 110° to remove all moisture. The empty flask is 
attached, evacuated and sealed with paraffin at the 
stopper and rubber slip-over seals while under vacuum. 
Nitrogen is then allowed to pass in and the evacuation and 
refilling repeated three times. The flask is evacuated 
slightly and 5 cc. of solvent measured in from buret B2 and 
the stopcock turned to the nitrogen current again. In the 
meantime the reagent buret has been filled as described 
earlier. The reagent is then added dropwise, the flask 
being shaken gently until the permanent orange color

appears in the solvent. Duplicates also are performed for 
this step. For 5 cc. of benzene the blank is 0.22 to 0.26 cc. 
when the strength of the reagent is 0.07 to 0.08 molar. 
For 5 cc. of dioxane it is 0.80 to 1.00 cc. for the same 
strength of reagent. Dioxane that is used as a solvent is 
purified by storing over calcium chloride for several days, 
refluxing over sodium for several hours, distilling, and 
finally distilling from 2 % sodium amalgam and benzo­
phenone in the titration apparatus.

C. Titration of the Sample and Methylation.—The 
pure, dry sample is weighed into the reaction flask and 
attached to the apparatus. The solvent is introduced as 
described above for the blank determinations and the 
reagent buret filled. The reagent is added slowly to the 
permanent end-point. The number of active hydrogen 
atoms per molecule of the compound can then be calcu­
lated.

If one wishes to hydrolyze the reaction product to see 
whether or not the starting material will be recovered, the 
flask is removed, the product treated with water and the 
material worked up as will be described in the individual 
experiments.

If one wishes to methylate the reaction product, the 
solution of dimethyl sulfate is passed into buret B2, the 
reaction flask is evacuated slightly and as much of this 
solution is added as desired. Since the molar quantities 
used are very small, 1 cc. of dimethyl sulfate is made up to 
10 cc. with dry solvent used in the titra­
tion to allow a more accurate measure­
ment of the amount of methylating 
agent. The dimethyl sulfate is also dis­
tilled through a small column under vac­
uum just before being used. For those 
methylations where heat must be applied 
the reaction vessel shown in Fig. 6 is used.

Titrations were performed by this 
method on all the substances listed in 
Tables I and II with the results shown.
In the succeeding section only experiments other than the 
titrations are described.

l,2,4-Trimethyl-3,5-dicarbethoxypyrrole (I) 2,4-Di-
methyl-3,5-dicarbethoxypyrrole (II), (146 mg.) was
titrated as described above. The sodium salt formed was 
methylated by adding 3.5 cc. of dimethyl sulfate. After 
standing two hours the solution was filtered, the solvent 
removed and excess dimethyl sulfate destroyed by steam 
distillation; yield, 110 mg. or 71% of colorless crystals; 
m. p. 109-111°. The compound gives no melting point 
depression with a pure sample of the N-methylpyrrole.

Activity of the Reagent toward Nuclear Methyl and 
Carbethoxy Groups.—-To make certain that no reaction 
had taken place with nuclear methyl and carbethoxy 
groups, compounds I and III were recovered after the titra­
tion by evaporation of the solvent and compound II by 
hydrolysis of the solution. None showed any depression 
on mixed melting point with the starting material.

Reactions with 3,5,3',5'-Tetracarbethoxy-4,4'-dimethyl- 
dipyrrylmethane (X). A. Recovery after Titration.—The 
tetracarbethoxymethane (212 mg.) was titrated in benzene 
solution. The reaction mixture was shaken with water, 
the benzene layer separated, dried over sodium sulfate, 
filtered and evaporated. The residue was extracted with

F ig . 6.



2104 Alsoph H. Corwin and Rudolph C. Ellingson Vol. 64

hexane to remove the triphenylmethane. The crude 
material (133 mg. or 63%) was crystallized from ethanol; 
m. p. 134-135°, no depression of m. p. with starting 
material.

B. Monomethylation.—Two hundred and twenty- 
eight milligrams of methane X was treated with 11.70 cc. 
(including 0.40 cc. solvent blank) of 0.0445 molar sodium 
triphenylmethyl solution. 2.00 cc. of dimethyl sulfate was 
added and the solution warmed for ninety minutes. The 
solution was filtered and the solvents removed by steam 
distillation. The insoluble solid was dried and extracted 
with 5 cc. of hot hexane to remove the triphenylmethane; 
yield, 133 mg. or 56%. After recrystallization from alcohol 
and water the m. p. was 139-140 °. There was no depres­
sion with compound XI prepared with sodium and di­
methyl sulfate but there were marked depressions with 
methanes X and XII.

C. Dimethylation.—One hundred and ninety-nine 
milligrams of methane X was treated with 20.19 cc. (in­
cluding 0.40 cc. solvent blank) of 0.0445 molar sodium 
triphenylmethyl solution; 3.00 cc. of dimethyl sulfate was 
added and the solution warmed for ten minutes. The 
solvents were removed by steam-distillation. The residue 
was dried and extracted with hexane to remove triphenyl­
methane; yield, 186 mg. or 91% of the di-N-methyl- 
methane XII.

Reactions with 1,4,4'-Trimethyl-3,5,3',5'-tetracarbeth- 
oxydipyrrylmethane (XI). A. Recovery after Titration.—
The procedure was identical with that described for meth­
ane X; no depression with starting material.

B. Methylation.—The procedure was identical with 
that for the monomethylation of compound X with the 
proper correction for the change in molecular weight; 
yield, 70-90%. No depression with methane XII.

Reaction with l,4,l',4'-Tetramethyl-3,5,3',5'-tetracarb- 
ethoxydipyrrylmethane (XII). A. Treatment with One 
Mole of Reagent and Hydrolysis.—Three hundred and 
seven milligrams (0.000635 mole) of the dipyrrylmethane 
XII in 5 cc. of benzene was treated with enough reagent 
solution to furnish 0.00064 mole of sodium triphenyl­
methyl. The permanent end-point appeared as soon as 
enough solution for the blank had been added. As the 
addition proceeded a deep red, transient precipitate formed 
as the drops hit the surface. By the time one mole of re­
agent had been added there was an orange-yellow substance 
suspended in the red solution. This solution was treated 
with water and the product isolated in the usual manner, 
giving 175 mg. of a colorless solid which after two crystal­
lizations from alcohol melted at 144-145 ° and did not show 
a depression with the starting methane.

B. Attempted Methylations.—Two hundred and fifty- 
six milligrams (0.00053 mole) of methane XII in 5 cc. of 
benzene was treated with 0.00053 mole of sodium tri­
phenylmethyl; 1 cc. of dimethyl sulfate was added and the 
solution allowed to stand several hours. It was then 
shaken with an 8 % sodium carbonate solution, washed 
with water, dried, filtered and evaporated. The residue 
was extracted with hexane leaving 125 mg. of colorless 
material which melted at 141-143 ° and did not depress on 
mixed m. p. with the starting methane.

The experiment was repeated using 265 mg. of the 
methane and twice the amount of sodium triphenyl­

methyl; 85 mg. of material was isolated which proved to 
be the starting methane.

Two hundred and nineteen milligrams (0.00045 mole) of 
the dipyrrylmethane in 5 cc. of benzene was treated with 
0.00045 mole of sodium triphenylmethyl and 0.0011 mole of 
dimethyl sulfate and allowed to stand for twelve hours. 
The solution was filtered and evaporated in vacuum. The 
residue was boiled with hexane, filtered, and 42 mg. of a 
pink solid that melted at 92-96 ° was isolated. The hexane 
filtrate was evaporated down leaving 200 mg. of residue 
which was crystallized from alcohol and water; m. p. 87- 
90°. It showed no depression on mixed melt with tri­
phenylmethane but gave a 30° depression with 1,1,1-tri- 
phenylethane. This demonstrated that sodium triphenyl­
methyl was not present in the solution after treatment 
with methane XII.

Reactions with 3,5,3',5'-Tetramethyl-4,4'-dicarbethoxy- 
dipyrrylmethane (XIII). A. Recovery after Titration.—
The procedure was identical with preceding recoveries; 
53 mg. was obtained from 98 mg. and was identical with 
the starting material.

B. Monomethylation.—Four hundred and thirteen 
milligrams (0.0012 mole) of methane XIII was dissolved in 
10 cc. of dioxane and treated with 0.0012 mole of sodium 
triphenylmethyl; 1.0 cc. of dimethyl sulfate was added 
and the sodium salt went into solution rapidly leaving a 
small amount of sodium methyl sulfate suspended. The 
solution was washed with water, the benzene-ether layer 
separated, dried over sodium sulfate, filtered, evaporated 
and the residue extracted with hexane, leaving 450 mg. of a 
tan powder. The powder was boiled with 30 cc. of 2:1 
alcohol-water and filtered, leaving 290 mg. of undissolved 
material melting at 150-160°. This was crystallized 
several times from alcohol and water; m. p. 176° with de­
composition. The compound crystallized in colorless 
plates and depressed with di-N-methylmethane XXI. 
Mixed m. p. with the starting material (XIII), m. p. 229°, 
was 178-179° thus showing no definite depression. The 
filtrate from the first crystallization gave, on cooling, 85 
mg. of impure di-N-methylmethane XXI.

Anal. Calcd. for C20H22N2O4 (methane XIV): C, 
66.65; H, 7.83. Found: C, 66.58; H, 7.79.

C. Dimethylation.—Three hundred and fifty milli­
grams (0.00101 mole) of methane XIII in 10 cc. of dioxane 
was treated with 0.0020 mole of sodium triphenylmethyl; 
1.0 cc. of dimethyl sulfate was added and the solution al­
lowed to stand for several hours. It was then treated in 
the same manner as for the monomethylation; 255 mg. or 
67% of crude di-N-methyl methane XXI was isolated. 
After five recrystallizations from alcohol and water its 
melting point rose to 150-152° and showed no depression 
on mixed melt with a sample prepared by the method of 
Corwin and Quattlebaum.7

Methylation of 1,3,5,3 ',5'-Pentamethyl-4,4 '-dicarbeth­
oxy dipyrrylmethane (XIV).—After titration in 5 cc. of
dioxane, the sodium salt from 123 mg. of methane XIV was 
treated with 0.0007 mole of dimethyl sulfate and warmed 
gently. After standing for several hours the solution was 
shaken with water, the benzene-ether layer separated, 
dried over sodium sulfate, filtered and evaporated in a 
vacuum. The residue was extracted with 5 cc. of warm 
hexane; yield, 78 mg. or 61%; m. p. 153°. The melting
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point was raised to 157-158° by repeated recrystallizations 
from alcohol and water. No depression with methane 
XXI, m. p. 153°, prepared by the method of Corwin and 
Quattlebaum.7

Comparison of Methane XIV with XV.—The bridge 
methylated methane XV was prepared by the method of 
Fischer and Bartholomaus.8 After recrystallization from 
alcohol and water the melting point was 170°. The 
melting point of methane XIV was 176 °; mixed m. p. 153 °.

Reactions of 3,5,4 '-T rimethyl-4,3', 5 '-tr icarb ethoxy di­
pyrrylmethane (XVII). A. Recovery after Titration.— 
The solution obtained by titrating 174 mg. of methane 
XVII was poured into 50 cc. of water, heated on the steam- 
cone to remove the ether and benzene, cooled and the solid 
filtered off. This solid was boiled with hexane, the solution 
cooled and filtered; recovery, 163 mg. or 94% of crude 
starting material. After one crystallization from alcohol 
and water the compound melted at 156-158° and gave no 
depression with starting material, m. p. 158-159 °.

B. Monomethylation of XVII on Ring I.—Two hundred 
and four milligrams (0.000505 mole) of methane XVII was 
dissolved in 5 cc. of dioxane and treated with 0.00051 mole 
of sodium triphenylmethyl. To the clear solution, 0.9 cc. 
of a 10% solution by volume of dimethyl sulfate and ben­
zene was added and the reaction mixture allowed to stand 
overnight; 50 cc. of water was added and the mixture 
heated on the steam-cone to remove the ether and benzene, 
cooled, the solid removed and dried. The solid was ex­
tracted with cold hexane; yield, 153 mg. (72%) of a color­
less powder; m. p. 105°. After two crystallizations from 
water and alcohol, m. p. 110°; mixed m. p. with methane 
XXII prepared by the method of Quattlebaum and Cor­
win,9 no depression.

C. Monomethylation of XVII on Ring II.—Two hun­
dred and two milligrams of methane XVII (0.00050 mole) 
was dissolved in 5 cc. of dioxane and 0.00104 mole of sodium 
triphenylmethyl beyond the solvent blank was added. 
The sodium salt came out as a gelatinous mass; 1.8 cc. of 
dimethyl sulfate solution (1 cc. in 9 cc. of dioxane) was 
added. Within two minutes the solution had become 
apparently clear and within the next few seconds a large 
amount of a white precipitate separated—much more than 
the sodium methyl sulfate could account for. The flask 
was allowed to stand attached to the apparatus overnight; 
40 cc. of water was added, the mixture heated on the 
steam-cone to remove the solvents, cooled and the solid 
separated and dried. The solid was boiled with 3.0 cc. of 
hexane, the solution cooled, filtered and the residue washed 
with cold hexane; yield, 145 mg. or 68%; m. p., after one 
crystallization from alcohol and water, 96°. Repeated 
crystallizations raised this to 97°; no depression with 
methane XVIII prepared by the method given below.

D. Synthesis of l,3,5,4'-Tetramethyl-4,3',5'-tricar- 
bethoxydipyrrylmethane (XVIII) by Condensation.—Two 
and seventy-three hundredths grams of 2-chloromethyl-
3,5-dicarbethoxy-4-methylpyrrole was dissolved in 10 cc. 
of methanol and 1.81 g. of l,2,4-trimethyl-3-carbethoxy- 
pyrrole in 5 cc. of methanol. The solutions were combined 
and refluxed two hours. The reaction mixture was cooled 
until crystallization was complete and the solid filtered off; 
yield, 2.60 g. or 62%; m. p. 92-94°. No attempt was 
made to recover the product in the mother liquors from the

condensation; m. p., after one crystallization from water 
and alcohol, 96-97°. For analysis, crystallized twice from 
hexane; m. p. 97°.

Anal. Calcd. for C22H3oN20 6: C, 63.14; H, 7.22. 
Found: C, 63.08; H, 7.26.

E. Dimethylation of Methane XVII.—One hundred 
and five milligrams (0.00026 mole) of methane XVII in 
5.0 cc. of benzene was treated with 0.000556 mole of sodium 
triphenylmethyl; 3.0 cc. of dimethyl sulfate solution (1 cc. 
in 9 cc. benzene) was added and the solution refluxed for 
forty minutes. The sodium salt dissolved and deposited 
sodium methyl sulfate; 50 cc. of water was added, the 
solution heated to remove the benzene and ether, cooled 
and filtered. The solid was extracted with hexane; yield, 
85 mg. or 75%; m. p. 125°; after crystallizing from hex­
ane, m. p. 128-129°; no depression with methane XXIII 
prepared by the condensation below.

F. Synthesis of l,3,5,T,4'-Pentamethyl-4,3',5'-tricar- 
bethoxydipyrrylmethane (XXIII) by Condensation.—Two 
and eighty-seven hundredths grams of l,4-dimethyl-2- 
chloromethyl-3,5-dicarbethoxypyrrole and 1.81 g. of 1,2,4- 
trimethyl-3-carbethoxypyrrole were each dissolved in 5 
cc. of methanol. The solutions were combined and re­
fluxed for two hours. On cooling the dipyrrylmethane 
crystallized out; yield 3.85 g. or 89%; m. p. 128-129°. 
The analytical sample was crystallized twice from alcohol 
and water and once from hexane; m. p. 129 °.

Anal. Calcd. for C23HB2N 2Og: C, 63.87; H, 7.46.
Found: C, 63.88, 63.80; H, 7.46, 7.38.

Reactions for Methane XVIII. A. Recovery after 
Titration.—The recovery was performed as for methane 
XVII; 166 mg. or 79% was recovered from 211 mg. 
One recrystallization brought the m. p. to 96 °; mixed m. p. 
with XVIII, no depression.

B. Methylation.—The sodium salt obtained by titrat­
ing 202 mg. of methane XVIII in benzene was treated 
with 3.0 cc. of dimethyl sulfate solution and the mixture 
refluxed for two hours. The product was treated as 
described under the dimethylation of XVII; yield, 180 mg. 
or 86%. After two recrystallizations from hexane, m. p. 
125-127°; no depression with methane XXIII, m. p. 
129°.

Reactions of 3,5,1 ',4 '-Tetramethyl-4,3 ',5 '-tricarbethoxy- 
dipyrrylmethane (XXII). A. In Benzene; Attempted 
Titration.—One hundred and ninety-nine milligrams 
(0.000475 mole) of methane XXII was dissolved in 5 cc. of 
benzene and treated with 0.00047 mole of sodium tri­
phenylmethyl. As the addition was made, the colorless 
sodium salt settled out as a soapy mass and as time passed 
the solution took on a blue fluorescence and violet color 
indicating that condensation had taken place to some 
extent.3 On adding water to the solution, the violet color 
disappeared. The mixture was warmed to remove the 
benzene and ether, cooled and filtered. The solid was 
extracted with a small amount of hexane leaving 170 mg. of 
a yellow powder melting at 95-105°; after two crystal­
lizations from alcohol and water, m. p. 110°; no depression 
with starting material.

B. Methylation.—Two hundred and twenty-eight 
milligrams (0.000545 mole) of methane XXII in 5.0 cc. of 
benzene was treated with 0.0005 mole of sodium triphenyl­
methyl and 1.0 cc. of dimethyl sulfate solution was added
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immediately. Within a few minutes the sodium salt of the 
dipyrrylmethane had dissolved. The flask was allowed to 
stand overnight and the product isolated in the usual 
manner; yield, 210 mg. of crude material which after two 
crystallizations from hexane melted at 125°; no depression 
with methane XXIII, m. p. 129°.

C. Condensation Reaction in Dioxane. 3—Five hundred 
and fifteen milligrams (0.00123 mole) of methane XXII 
was dissolved in 10 cc. of dioxane and treated with 0.00123 
mole of sodium triphenylmethyl. After the first drop of 
reagent had been added, the blue fluorescence noted above 
appeared. As the addition progressed the solution be­
came cherry-red and finally deep violet. No precipitate 
was deposited. After ten minutes the flask was removed 
and the contents poured into water. The violet color dis­
appeared leaving a yellow ether-benzene layer with a blue 
fluorescence. The mixture was warmed to remove the 
ether and benzene, cooled, filtered and the yellow solid 
extracted with hexane, leaving 430 mg. of a yellow powder 
which melted at 150-192°. After crystallizing .twice from 
ethanol the compound melted at 203-204°; yield, 300-400 
mg.

Anal. Calcd. for C2öH24N20 5: C, 64.50; H, 6.49;
mol. wt., 372. Found: C, 64.46, 64.44; H, 6.40, 6.43;
mol. wt., 388, 369, 379 (b. p. elevation in chloroform).

When the violet solution was treated with dimethyl 
sulfate, the deep color disappeared immediately but the 
compound isolated from the reaction was identical with

that prepared above. Evidently this material shows a 
resistance to methylation similar to that of methane XII.

Summary
1. It is shown that a standardized solution 

of sodium triphenylmethyl may be used to titrate 
for active hydrogens.

2. This reagent is inert to ester groups, C-Br 
links and most CH groups.

3. The > CH-CO- linkage is active to sodium 
triphenylmethyl.

4. The reagent permits a check upon possible 
condensations by regeneration of the starting 
material.

5. A dipyrrylmethane with a bridge hydrogen 
acidic to sodium triphenylmethyl has been dis­
covered.

6. Titration followed by methylation has been 
used to confirm the structures of a number of 
dipyrrylmethanes.

7. A method for specific, selective methyla­
tion of bifunctional weak acids is presented.

8. A new pyrrole condensation is recorded.
B a l t i m o r e , M a r y l a n d  R e c e i v e d  M a y  28, 1942

[C o n t r i b u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r y  o f  t h e  J o h n s  H o p k i n s  U n i v e r s i t y ]

Rearrangements of Pyrrole Rings in the Oxidation of Dipyrrylmethanes1
B y  A lsoph  H. Corw in  and  K arl J. B r u n in g s2

Previous papers of this series3 have developed 
the fact that certain pyrrole-carbon single bonds 
which can cleave to give stable resonating sys­
tems are rapidly split by acid at room tempera­
ture and below. Brunings and Corwin4 extended 
this study with the observation that, under even 
milder conditions, it is possible to cleave a pyrryl- 
carbon bond belonging to the resonating system 
of a pyrrole pigment. This observation provides 
a starting point for the systematic study of pyrrole 
pigments which may be of significance with re­
spect to the catabolic processes which these sub­
stances undergo in biological systems. The con­
version of hemoglobin to bile pigments and the

(1) Studies in the Pyrrole Series, X . Paper IX , Corwin and 
Ellingson, T h is  J o u r n a l , 64, 2098 (1942).

(2) A portion of this paper is taken from the doctoral dissertation 
of Karl J. Brunings, The Johns Hopkins University, 1939, and was 
presented at the Baltimore M eeting of the American Chemical Society 
in April, 1939.

(3) Corwin and Andrews, T h is  J o u r n a l , 58, 1086 (1936);
Andrews and Corwin, ibid., 59, 1973 (1937); Paden, Corwin and 
Bailey, ibid., 62, 418 (1940).

(4) Brunings and Corwin, ibid., 64, 593 (1942).

problem of the reactions causing varying sequences 
of substituents on naturally occurring porphyrins 
are examples of fundamental biological processes 
which may be elucidated by studies upon the 
stability of variously substituted pigments. This 
paper reports a study of an even readier cleavage 
of a pyrrole pigment system than that previously 
discussed.

Our earlier papers show that attempts to pre­
pare mono-N-methyldipyrrylmethenes by the 
condensation of pyrryl aldehydes with a-free pyr­
roles yield either symmetrical N-free methenes or 
products which have not been identified. That 
this peculiarity is not due to the impossibility of 
preparing an N-methyl methene was demon­
strated by the preparation of l^^l'jS'jö'-hexa- 
methyl-4,4 '-dicarbethoxydipyrrylmethene salts
(I).4 Among the reactions generally used in di- 
pyrrylmethene synthesis, the oxidation of dipyr­
rylmethanes would appear to be the most reliable 
for preparing and establishing the structures of
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these pigments. This method was successful in 
the preparation of methene I.

To study mono-N-methylmethane bromination 
on a comparable system, l,3,5,3',5'-pentamethyl- 
4,4'-dicarbethoxydipyrrylmethane (IV, Chart I) 
was prepared by the unsymmetrical condensation 
of the N-methylated and NH a-free pyrroles II 
and III (Chart I) with formaldehyde. The meth­
ane was then brominated under the conditions 
that had successfully produced the di-N-methyl 
methene (I). Instead of the expected mono-N- 
methylmethene (XIII, Chart II) the symmetrical 
di-NH-methene (V) was obtained in about 60% 
yield based on the amount of NH-pyrrole ring in 
the starting methane (IV). Investigation of 
the mother liquor showed that l,3,5-trimethyl-2- 
bromo-4-carbethoxypyrrole (XI, Chart II) was a 
by-product of the reaction. It was then found 
that by using only one-half mole of bromine with 
one mole of methane a practically quantitative 
yield of pure crystalline di-NH-methene (V) was 
obtained. Di-N-methyl dipyrrylmethane (VII) 
was isolated from the mother liquor. The di-NH- 
methene (V) obtained by this anomalous reaction 
may be prepared in quantitative yield by the bro­
mination of the corresponding di-NH-methene
(VI). These reactions are given in Chart I.

The possibility that the dipyrrylmethane (IV) 
might be a mixture of the unmethylated and di-N- 
methylated methanes (VI and VII) was excluded 
by bromination of actual mixtures of the two sym­
metrical methanes and by a thorough investiga­
tion of the structure of this compound.1 Any 
explanation based on the removal of the methyl 
groups from the nitrogens is excluded by the isola­
tion of the di-N-methyl methane (VII) and N-

methyl- a-bromopyrrole (XI) as by-products of 
the half-molar and molar brominations, respec­
tively, and by the quantitative yield based on 
the amount of NH-pyrrole in the starting meth­
ane.

Assured then of the structure of the starting 
dipyrrylmethane and the stability of the methyl 
groups on the nitrogens, it is apparent that a 
cleavage of the C-C bond (IV, a or b) takes 
place. The motivating force of the reaction is sup­
plied by the hydrobromic acid. Realizing the pos­
sibility of acid cleavage, a score of oxidation reac­
tions in neutral and basic medium were tried 
in an effort to obtain the mono-N-methylmethene. 
In every case either no reaction occurred or the 
methane was degraded to products no longer 
identifiable as pyrrole derivatives. On the other 
hand, acidic oxidizing agents of low activity, 
e. g., formic acid or oxygen and mineral acid, are 
capable of giving the reaction. The rate and com­
pleteness of the reaction depend both on the oxi­
dizing agent and the strength of the acid. For 
example, air in the presence of hydrobromic acid 
gives a low yield of the methene (V) at a slow rate, 
while the bromination gives a 75% yield in less 
than five minutes. The rate of bromine con­
sumption is too fast to measure with accuracy by 
ordinary techniques. Chlorination results in a 
rather complete and very rapid reaction but the 
rate of appearance of the methene is slow.

Cleavage of a dipyrrylmethene system to pyr­
role fragments has been shown to take place as a 
by-reaction in the bromination of the di-N-methyl­
methane (VII) to the corresponding methene 
(I) in paper VI of this series. Evidence was pre­
sented there to show that the steric interference
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of the methyl groups on the nitrogens reduces the would be considerably less, the lack of symmetry 
stability of the methene system. Although 'the in the Kekulé resonance forms would also lead to 
steric interference between the methyl group and a decrease in the stability of the dipyrrylmethene 
the hydrogen in the mono-N-methylmethene system. Finally, the possibility of the pyrrole
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A and B
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* The substituents present in the 3, 4 and 5 positions of compound VII are understood to be present on all the re- 
ma'ning pyrrole rings of the chart.

fragments forming insoluble crystalline end-prod­
ucts might be expected to bring about complete 
cleavage by disturbance of the equilibria.

Fischer and Riedl5 have demonstrated acid 
cleavage of two unsymmetrical dipyrrylmethanes 
under non-oxidizing conditions, and thus the pos­
sibility of cleavage of the methane by hydro­
bromic acid produced in the early stages of the 
reaction must also be considered in formulating 
a mechanism for the anomalous bromination 
of mono-N-methyldipyrrylmethane IV. This 
alternative may be shown to be untenable by tests 
on the stability of the methane in the presence of 
hydrobromic acid under conditions considerably 
more drastic than those of the bromination. 
In order to test for cleavage products the methane 
dissolved in alcohol was boiled with formaldehyde 
in the presence of both hydrochloric and hydro­
bromic acids. If the bonds a or b were broken 
under this treatment, «-free pyrrole II or III 
would result. Since both the NH- and N-methyl- 
pyrroles condense with formaldehyde to produce 
dipyrrylmethanes, the mono-N-methylmethane 
would disproportionate to the di-NH- (VI) and 
the di-N-methyl- (VII) methanes. Such a dis­
proportionation was not observed.

The di-NH-methene and N-methylpyrrole frag­
ments are also obtained when the mono-N-methyl­
methane is treated with formic acid in the presence 
of hydrobromic acid. This reaction might be 
formulated as resulting from a condensation of 
formic acid with the «-free pyrrole produced by 
acid cleavage, a standard methene condensation. 
However, it can be shown that this explanation is 
not valid, since formic acid will not condense with 
the «-free NH-pyrrole under the conditions of the 
reaction. These experiments show that the cleav­
age does not occur on the methane and thus oxi-

(5) Fischer and  R iedl, Z. physiol. Chem., 207, 200 (1932).

dation of the methane must be the initial reaction 
of the bromination.

The extremely fast rate of the reaction and the 
failure of all methods intended to stop the reac­
tion after the initial bromination make isolation 
of NH-intermediates in the formation of the di- 
NH-methene (V) impossible. However, in the 
case of the bromination of the di-N-methylmeth­
ane (VII), previously referred to,4 the pyrrole 
fragments resulting from cleavage are actually 
isolated in addition to the expected di-N-methyl- 
methene from the normal oxidation. Moreover, 
this reaction lends itself to careful study and 
evidence has been presented4 to show that the 
cleavage does not occur on the methene salt but on 
an intermediate in the bromination. The chemi­
cal and physical properties of the sterically hind­
ered methene suggested that the covalent dipyr- 
rylmethyl bromide (VIII, Chart II) is the inter­
mediate in the reaction. The steps involved in the 
cleavage of the di-N-methylméthane are given in 
the first series of reactions in Chart II.

If one assumes that the cleavage of the mono- 
N-methylmethane proceeds analogously to that of 
the di-N-methyl system, the problem of settingup 
a mechanism becomes one of finding established 
reactions involving the pyrrole derivatives which 
may be present in the bromination solution and 
which will produce the di-NH-methene (V) and 
the N-methylated by-products. Two alternative 
mechanisms, A and B, are described in the second 
series of reactions in Chart II. Reactions 1, 2 and 
3 of this series are identical with those of the di-N- 
methyl system in the first series. Cleavage of the 
dipyrrylmethyl bromide (XII) is postulated to 
occur at bond b to give the a - dibr omomethy 1 pyr­
role (IX) and the «-free pyrrole (III) (Set Y), 
since cleavage at bond a would yield pyrrole frag­
ments which cannot condense according to known
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reactions to produce the products obtained in the 
bromination.

One mole of bromine cleaves two moles of the 
methane in the over-all reaction, and, therefore, 
one of the cleavage products must react with the 
starting methane (IV). In mechanism A this 
reaction is preceded by a disproportionation of the 
primary cleavage products (Reaction 4) to yield 
a-bromomethylpyrrole (XIV) and the a-bromo- 
pyrrole (XV) (Set Z). Reactions of this type 
have not been studied as yet in the pyrrole series 
since dihalomethyl derivatives are very difficult to 
prepare. However, it is reasonable to assume that 
the intermediate bromopyrrole would be a very 
good brominating agent and it can be shown that 
the «-free pyrrole brominates with extreme rapid­
ity. The reaction between the mono-N-methyl­
methane (IV) and the a-bromopyrrole (XV) (Re­
action 5) can be carried out under the conditions 
of the bromination to give a quantitative yield of 
the di-NH-methene (V) with a rate which is com­
patible with that of the bromination. In analogy 
to similar reactions in the pyrrole series it is rea­
sonable that this reaction should have tripyrryl- 
methane (XVI) as an intermediate. The cleavage 
of this tripyrrylmethane with hydrogen bromide 
(Reaction 6) has also been carried out under com­
parable conditions3 to give the expected methene 
(V) with both the rate and the yield in agreement 
with those of the bromination. The N-methyl 
a-free pyrrole (II) has been isolated from both 
reactions.

The fundamental reaction of the alternative 
mechanism B is the condensation of the primary 
cleavage product, the «-free pyrrole (III) and 
the mono-N-methyldipyrrylmethene (XIII) (Re­
action 7) to yield the di-NH-methene (V) through 
the tripyrrylmethane (XVI). Since the methene 
(XIII) has not been isolated, this reaction could 
not be imitated. However, the condensation 
has well-established analogies in the pyrrole series 
and its mechanism has been thoroughly worked 
out.3 As described above, Reaction 6 may be 
carried out under conditions of the bromination. 
The reactions thus far account for only one-half 
of the yield of the di-NH-methene and, therefore, 
another oxidation of the starting methane must 
occur. The dibrornomethylpyrrole (IX) is the 
only oxidizing agent remaining and thus Reaction 
8 is postulated to provide an additional mole of 
mono-N-methylmethene which then reacts ac­
cording to the preceding scheme, leading to a chain

mechanism. This reaction is without analogy in 
the pyrrole series for the reasons mentioned above. 
However, the oxidizing action of this type of di­
halomethyl derivative can be demonstrated by the 
reaction between 2-dichloromethyl-3,5-dicarbeth- 
oxy-4-methylpyrrole and the mono-N-methyl­
methane (IV) which again yields the anomalous 
di-NH-methene. This reaction is very slow and 
incomplete, a behavior which might be predicted 
on the basis of the effect of the carbethoxy groups 
on the pyrrole ring.

Common to both mechanisms (A and B) is the 
final reaction 9 which accounts for the isolation of 
the di-N-methylmethane (VII) from the bromina­
tion reaction. The isolation of the «-free pyrrole 
from the formic acid oxidation and the incomplete 
yield of the di-N-methyl methane from the bromi­
nation are in agreement with the generally slow 
rate of this methane condensation.

Essentially, the question as to which of these 
two proposed mechanisms is the correct one be­
comes a problem of determining whether the «-free 
pyrrole (III) or the starting methane (IV) reacts 
more rapidly with the dibrornomethylpyrrole
(IX). Lacking the dibrornomethylpyrrole, a 
selection between the two mechanisms can only 
be made on indirect evidence. No difference in 
bromination rate of the pyrrole and methane 
could be found by the techniques at our disposal, 
both reactions going to completion in less than 
five seconds. It is significant, however, that in 
the cleavage of the di-N-methyl system, «-free 
pyrrole is never isolated. This is easily inter­
preted by assuming that the rate of bromination 
(£4) of the pyrrole is faster than that of the meth­
ane (ki). It must be pointed out, however, that 
the comparative rates of bromination may depend 
upon the type of brominating agent in question 
and thus might be reversed in going from bromine 
to «-dibrornomethylpyrrole.

Strong positive support is given mechanism A 
by the low yields obtained when one mole of 
bromine per mole of methane is employed. In 
mechanism A the formation of methene depends 
on the presence of unoxidized starting methane 
(Reaction 5), while in mechanism B the methene 
is formed from the oxidation intermediate (XIII) 
and one of its cleavage products (Reaction 7). 
Therefore the use of an extra half mole of bromine 
should either give no methene or at least a greatly 
diminished yield if mechanism A is valid. Accord­
ing to mechanism B, however, one molar bromina-
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tion should not affect the yield of methene but 
rather the state of oxidation of the pyrrole frag­
ments. Actually, the yield is depressed almost 
a half and a considerable amount of unidentifiable 
by-product is obtained. The fact that a 60% 
yield of the methene is obtained instead of one 
mole of a-bromomethylpyrrole (XIV) and one 
mole of the a-bromopyrrole (XV) may be ac­
counted for by the rapidity with which the bromo- 
pyrrole-dipyrrylmethane condensation (Reaction 
5) takes place.

Until the mono-N-methylmethene can be pre­
pared and its properties studied, the validity of 
either one of these mechanisms cannot be uniquely 
established. It is possible, of course, that both 
mechanisms operate, the importance of each de­
pending on the conditions under which the 
bromination is carried out. As indicated above, 
dibrornomethylpyrrole derivatives are unknown 
and a study of their properties would do much 
toward elucidating the present unusual reaction.

The anomalous course of the bromination of 
the mono-N-methylmethane must destroy our 
confidence in the absolute reliability of this syn­
thetic method as a proof of the structure of di- 
pyrrylmethenes. In order to determine whether 
this anomalous reaction is in any way general for 
unsymmetrical methanes, a series of dipyrryl­
methanes6 was subjected to bromination. Of 
those tried, one other example, the 1,4,3',5'- 
tetramethyl-3,5,4'-tricarbethoxy dipyrrylmethane 
(XIX, Chart III) was observed to give the sym­
metrical methene (V). Bromination of the di- 
NH-methene (XVII) of the corresponding con­
figuration gave a normal result, while the methane 
having a methyl group on the other pyrrole ring

(6) Corwin and Q uattlebaum , T h is  J o u r n a l , 64, 922 (1942).

yielded unidentifiable products. The reactions 
are given in Chart III.

The oxidation of unsymmetrical dipyrrylmeth­
anes has not been extensively employed as a 
method of preparing dipyrrylmethenes. How­
ever, in a few cases the method has been applied7,8 
successfully to give normal results. On the basis 
of the studies made on the mono-N-methyl and 
the di-N-methyl systems,4 it may be stated that an 
anomalous course of the methane bromination 
may be looked for whenever there is reason to 
believe that the corresponding methene will be 
unstable. Unfortunately, no reliable criteria 
exist for predicting the stability of dipyrryl­
methenes. The three examples which have been 
shown to be subject to acid cleavage all contain 
methyl groups on the nitrogens and it has been 
shown that the steric interference of these groups 
gives rise to a reduction in the stability of the di- 
pyrryl systems. Lack of symmetry and the elec­
trical effect of groups on the pyrrole rings are 
other factors which must be considered in pre­
dicting the stability of dipyrrylmethenes but 
their use must await an orderly correlation of the 
physical and chemical properties of the many 
dipyrryl systems now available.
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to the Rockefeller Foundation which has sup­
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Experimental Section
Preparation of l,3,5,3',5'-Pentamethyl-4,4'-dicarbeth- 

oxydipyrrylmethane (IV).—A solution of 20 g. of 1,2,4-
(7) F ischer and  Adler, Z. physiol. Chem., 200, 220 (1931).
(8) Fischer and Baum ler, A n n ., 468, 74 (1929).
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trimethyl-3-carbethoxypyrrole (II) in 100 cc. of alcohol 
and a solution of 20 g. of 2,4-dimethyl-3-carbethoxypyrrole 
(III) in 100 cc. of alcohol are mixed in a 500-cc. Erlenmeyer 
flask and 28 cc. of formalin added. After the temperature 
has been raised to 45°, 10 cc. of concentrated hydrochloric 
acid is run in. The temperature is kept below 60° by 
cooling the flask from time to time in running water. 
After standing in the cold for several hours, 40 g. of crude 
product is filtered from the mixture and washed with cold 
50% alcohol-water. The material is then refluxed in 50% 
alcohol-water for one hour and again filtered. Recrystal­
lization of the precipitate from alcohol yields 30 g. of large 
crystalline plates, melting irreversibly at 178-179°; yield, 
75%. Mixed melt with mono-N-methyldipyrrylmethane 
prepared by Dr. R. C. Ellingson by a different method,1 
178-179°.

One Molar Bromination of Mono-N-methyldipyrryl­
methane (IV).—A solution of 100 mg. of the mono-N- 
methylmethane (IV) in 10 cc. of dry carbon tetrachloride is 
placed in a 25-ce. Erlenmeyer flask; 0.05 g. of bromine dis­
solved in 0.5 cc. of carbon tetrachloride is added quickly 
while the flask is vigorously twirled. The mixture is 
allowed to stand several hours in the cold to ensure com­
plete precipitation and then filtered; 35 mg. (58% of the 
theoretical) of yellow methene-like needles is obtained. 
This material on treatment with concentrated ammonia 
and subsequent recrystallization from hexane-benzene 
yields long red needles, melting with decomposition at 189- 
190°. Mixed melt with 3,5,3',5'-tetramethyl-5,5'-dicar- 
bethoxydipyrrylmethene (V), 189-190° with decomposition. 
Reduction of the original product with palladium-hydrogen 
gives the dipyrrylmethane corresponding to the configura­
tion of di-NH-methene V.

Isolation of l,3,5-Trimethyl-2-bromo-4-carbethoxypyr- 
role (XI) from the One Molar Bromination of Mono-N- 
methyldipyrrylmethane IV.—The mono-N-methylmethane 
(1.5 g.) is dissolved in 150 cc. of dry carbon tetrachloride 
and placed in a 250-cc. Erlenmeyer flask; 200 cc. of water 
containing 20 g. of potassium carbonate is placed in a 
separatory funnel and 0.61 g. of bromine dissolved in 6.1 
cc. of carbon tetrachloride is then run into the methane 
solution quickly and the flask shaken for thirty seconds. 
The mixture is poured immediately into the separatory 
funnel containing the potassium carbonate solution and 
shaken vigorously for several minutes. The carbon tetra­
chloride layer, which is highly colored, is drawn off and 
dried with anhydrous potassium carbonate. A chromato­
graph is then prepared using a six-inch column of activated 
alumina (150-200 mesh) as adsorbent. The solution is 
passed through the chromatograph developing a bright 
yellow band of di-NH-methene V on the alumina. In 
addition to the yellow band of the di-NH-methene another 
red band develops indicating an additional methene as by­
product. After 200 cc. has been collected, a new receiver 
is used and additional carbon tetrachloride is passed 
through until a second fr&ction of 200 cc. is collected. The 
first fraction is evaporated to dryness and leaves 125 mg. of 
fine white needles which melt at 54-55°, decompose with 
gas evolution at 145-150° and give no depression with N- 
methyl-o'-bromopyrrole (XI).4 The second fraction gives 
a larger amount of solid with a yellow tinge. On warming 
to about 60° the whole mass turns blood red. If the mix­

ture is not warmed but recrystallized more o'-bromopyrrole 
may be isolated. This behavior is indicative of the pres­
ence of another compound. Since the two pyrroles must 
be equivalent in state of oxidation to a dipyrrylmethene, 
the accompanying compound is assumed to be the a- 
bromomethylpyrrole (XIV, see Chart II). A highly 
colored third fraction gives a resinous solid which has not 
been identified.

Half-Molar Bromination of Mono-N-methyldipyrryl­
methane IV.—The methane (1.5 g.) is dissolved in 300 cc. 
of dry carbon tetrachloride and brominated according to 
the directions given above using 0.37 g. of bromine in 3.7 
cc. of carbon tetrachloride; 850 mg. of fine orange-yellow 
needles is obtained. When submitted to the tests de­
scribed in the one molar bromination the product is shown 
to be di-NH-dipyrrylmethene V. The yield is 96% of the 
theoretical based on the amount of NH-pyrrole in the 
starting methane.

Isolation of l^^l'^^S'-HexamethyM ^'-dicarbethoxy- 
dipyrrylmethane (VII) from the Half Molar Bromination.—
The mother liquor of the above reaction is evaporated in a 
suction flask at room temperature. The resinous residue 
is taken up in about 25 cc. of dry hexane, decolorized with 
Norite A and allowed to crystallize. On repeated recrys­
tallization a colorless compound is obtained; m. p. 156- 
157°. Mixed melt with ljS^l'^'^'-hexamethyl^A'- 
dicarbethoxy dipyrrylmethane 156-157 °.

Oxidation of Mono-N-methyldipyrrylmethane IV with 
Formic Acid and Hydrobromic Acid.—A solution of 500 
mg. of mono-N-methylmethane IV in 100 cc. of carbon 
tetrachloride is placed in a 250-cc. glass-stoppered Erlen­
meyer flask. After the solution has cooled to room tem­
perature 0.2 cc. of formic acid and 5 cc. of aqueous (45%) 
hydrobromic acid is run in. The flask is then stoppered, 
wired and placed on a rotary shaker for four hours. At the 
end of this time the precipitate of red needles is filtered; 
yield, 200 mg. The precipitate is ground in a mortar with 
concentrated ammonia. The free base thus formed is 
recrystallized from hexane-benzene; m. p. (dec.) 190°; 
mixed melt with di-NH-dipyrrylmetherie (V) (free base) 
190° (dec.).

Reaction of Formic Acid with 2,4-Dimethyl-3-carbeth- 
oxypyrrole (III).—The «-free pyrrole (III) (230 mg.) is 
dissolved in 100 cc. of carbon tetrachloride and placed in a 
250-cc. Erlenmeyer flask; 0.1 cc. of formic acid and 5 cc. of 
aqueous hydrobromic acid (45%) are run in as above. 
After four hours of shaking, no crystals are noted and the 
color of the solution remains light yellow. On heating to 
40° and shaking, the reaction mixture does not change 
color. If the solution is heated to 65° the solution turns 
deep red, and on cooling a crop of fine red needles is 
obtained. The product is the expected di-NH-methene 
(V).

Isolation of l,2,4-Trimethyl-3-carbethoxypyrrole (II) 
from Formic Acid Oxidation of Mono-N-methyldipyrryl- 
methane IV.—The mono-N-methyl methane (500 mg.) is 
treated with formic acid and hydrobromic acid in the man­
ner described above. After the methene is filtered off, 
the carbon tetrachloride solution is shaken with saturated 
sodium bicarbonate solution, separated and filtered. The 
filtrate is then evaporated to dryness in a filter flask at 
room temperature. When the residue appears dry, the
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filter flask is fitted with a cold finger and the suction con­
tinued while the filter flask is warmed to 60-70° on a 
water-bath. A heavy coating of N-methyl-a-free pyrrole 
(II) sublimes onto the cold finger; m. p. 61-62°; mixed 
melt with N-methyl-o'-free pyrrole (II), 61-62 °.

Chlorination of Mono-N-methyldipyrrylmethane IV.—A 
solution of chlorine in carbon tetrachloride is prepared by 
bubbling chlorine slowly through dry carbon tetrachloride. 
The resulting stock solution is stored over calcium chloride 
in a glass-stoppered Erlenmeyer flask. Just before using, 
the solution is standardized using excess potassium iodide 
and titrating with 0.1 N  thiosulfate solution. The solution 
used in the present experiment is 0.56 N.

A solution of 100 mg. of dipyrrylmethane IV dissolved in 
10 cc. of dry carbon tetrachloride is placed in a 25-cc. 
Erlenmeyer flask and 1.1 cc. of 0.56 N  chlorine-carbon 
tetrachloride (1 mole plus 10%) is added quickly. The 
solution turns red immediately and then gradually a 
deep brown. After fifteen minutes fine yellow needles 
begin to separate; precipitation is complete after standing 
four hours in the cold. Yield of the di-NH-dipyrryl- 
methene (V) hydrochloride is 35 mg. or 70% of the theo­
retical.

Rate of Bromine and Chlorine Consumption in the 
Bromination and Chlorination of Mono-N-methyldipyrryl­
methane IV.—The following standard solutions were pre­
pared: (1) 0.0055 M  mono-N-methylmethane IV in carbon 
tetrachloride; (2) 0.0284 N  bromine in carbon tetrachlo­
ride; (3) 0.028 N  chlorine in carbon tetrachloride; (4) 
0.0300 N  thiosulfate solution.

Approximately 1 g. of potassium iodide was dissolved in 
20 cc. of concentrated acetic acid in a 50-cc. glass-stop­
pered Erlenmeyer flask; 10 cc. of the 0.0055 M  mono-N- 
methylmethane solution was pipetted into a 50-cc. glass- 
stoppered Erlenmeyer flask. To this solution 3.9 cc. of the 
0.0284 N  bromine solution (1 mole) was added quickly, the 
flask shaken vigorously for five seconds and the potassium 
iodide solution added immediately. The flask was shaken 
again and the resulting solution titrated with 0.0300 N  
thiosulfate solution, using starch as an indicator; 3.0% of 
the bromine remained, indicating 97 % consumption in five 
seconds. A series of experiments gave values ranging 
from 96-100% consumption of bromine in five seconds.

A similar experiment was run using 11.7 cc. of the stand­
ard bromine solution (3 moles). The reaction was termi­
nated after five seconds as described above. Titration with 
standard thiosulfate solution showed that 92% of 2 moles 
of bromine had been consumed.

Identical rate measurements were made on the di-N- 
methyldipyrrylmethane (VII) and the corresponding di- 
NH-methane (VI). No difference could be observed be­
tween the rates of bromine consumption of the di-N- 
methyl and the mono-N-methyldipyrrylmethanes. A 
slightly slower rate was observed in the case of the di-NH- 
methane. An accurate difference could not be ascertained 
with the methods at our disposal but the difference could be 
qualitatively reproduced in a series of experiments.

The rate of chlorine consumption by the mono-N- 
methylmethane was studied in an analogous manner. 
Titration for chlorine after five seconds reaction time gave 
a blank in a series of experiments. The rate was thus too 
fast to measure by this technique.

The rate of bromination of the a-free pyrrole (III) has 
been measured by other workers9 in this Laboratory and 
found to be similar to that of the mono-N-methylmethane.

Behavior of Mono-N-methylmethane IV with Respect to 
Neutral and Alkaline Oxidation.—As mentioned in the 
theoretical part of this paper, many attempts were made to 
carry out the oxidation of the mono-N-methylmethane IV 
in neutral or basic medium using different reagents under 
different conditions. In order to test the applicability of 
the methods to general methene synthesis, every reaction 
was run on SjöjS'jö'-tetramethyl^d'-dicarbethoxydipyrryl- 
methane (VI). All results on the mono-N-methylmethane
(IV) were negative. The most interesting of the reagents 
tried was neutral permanganate which, when applied to the 
di-NH-methane, gives a good yield of very pure dipyrryl- 
methene in the form of its free base. This method appears 
to be the best so far developed for preparing the free base 
of the di-NH-methene V in a high state of purity.

Oxidation of S^^'^'-TetramethyM^'-dicarbethoxy- 
dipyrrylmethane (VI) by Means of Potassium Permanga­
nate.—The methane (150 mg.) was dissolved in 50 cc. of 
pure acetone in a 100-cc. Erlenmeyer flask fitted with a re­
flux condenser. (The acetone used in this reaction was 
obtained by refluxing commercial acetone for four hours 
over potassium permanganate.) 100 mg. of c. p . potassium 
permanganate was dissolved in the smallest amount of dis­
tilled water possible. The acetone solution was brought 
to a boil, the potassium permanganate solution added, and 
the mixture refluxed for five minutes. The reddish purple 
solution containing manganese dioxide was then filtered 
through asbestos; 125 mg. of the di-NH-methene (V) free 
base was obtained from the highly colored solution by 
rapid evaporation of the acetone. This material may then 
be recrystallized by dissolving in very little acetone, adding 
a small amount of water and allowing to stand overnight. 
It may also be recrystallized in the usual manner from 
hexane-benzene; m. p. (dec.) 190°.

The amount of potassium permanganate used in the 
above experiment was fixed by trial. The use of smaller 
amounts resulted in an impure product containing starting 
material; the use of larger amounts lowered the yield 
considerably. By following the pH  of the reaction by 
means of a pH  meter it was found that the pH  rose rapidly 
to 13 and beyond when the methane solution and per­
manganate were mixed. By passing a stream of carbon 
dioxide through the reaction mixture, the pH  could be 
maintained between 8 and 9. The reaction proceeded in 
this case much more slowly and considerably less per­
manganate was necessary. The product was of high purity 
but the yields were not so satisfactory as in the reaction 
just described. By using large excesses of permanganate 
and extending the reflux time, the methane was entirely 
converted to water soluble, colorless products.

When this technique was applied to the mono-N- 
methylmethane (IV) a white, crystalline product which 
was coated by a yellowish oil was obtained. On purifica­
tion this product was found to consist largely of starting 
material.

Although many trials were made, no modification could 
be found whereby the expected methene could be prepared. 
Starting material was always obtained in decreasing

(9) C orw in and co-w orkers, u n p u b lish ed  work.
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amounts with the use of large excesses of potassium per­
manganate. On the basis of work by Sackur and Tae- 
gener10 it was hoped that the use of a calculated amount of 
potassium permanganate in slightly alkaline solution 
would provide the methene. The results were disappoint­
ing since no reaction took place with increasing sodium 
hydroxide until a point was reached where the solvent it­
self was oxidized. In such cases the methane was com­
pletely destroyed.

Attempted Basic Bromination of Mono-N-methyldi­
pyrrylmethane (IV).—A solution of 2.5 g. of potassium 
hydroxide dissolved in 100 cc. of methyl alcohol was cooled 
to —10°; 2 g. of mono-N-methylmethane (IV) was dis­
solved in 200 cc. of carbon tetrachloride and placed in a 
500-cc. three-necked flask equipped with a stirrer and 
dropping funnel. The methene solution was then cooled 
in a salt-ice mixture and stirring begun. The potassium 
hydroxide solution was poured into the flask and 0.9 g. of 
bromine dissolved in 25 cc. of carbon tetrachloride was 
added by means of the dropping funnel. After all the 
bromine solution had been added the stirring was con­
tinued for two hours. At the end of this time the solution 
had a bright yellow tinge. The solvent was evaporated off 
and water added to dissolve the potassium hydroxide. 
The yellowish residue after one crystallization proved to be 
the starting material; 2.25 g. was recovered. Warming 
the solution had no effect.

Formaldehyde Test on the Cleavage of the Mono-N- 
methyldipyrrylmethane in the Presence of Hydrobromic 
Acid.—The methane (500 mg.) was dissolved in 30 cc. of 
alcohol. To the solution 0.7 cc. of formaldehyde and 2 cc. 
of 45% hydrobromic acid were added. The solution was 
refluxed for one hour and the flask set aside to cool. The 
methane was precipitated by pouring the solution into cold 
water and filtering. The precipitate was dried and then 
refluxed with 66% alcohol. The mixture was filtered and 
the residue recrystallized from alcohol; yield, 425 mg. of 
beautifully white crystals; m. p. 178-179° (irreversible); 
mixed melt with starting methane, 178-179°. The 
filtrate (66%) alcohol was evaporated down and a small 
precipitate obtained (50 mg.) which melted at 161-162°; 
mixed melt with starting methane 170-174° (irreversible).

The same treatment was carried out in boiling carbon 
tetrachloride solution with the same results. It was 
assumed, therefore, that an appreciable cleavage of the 
methane under the influence of acid in boiling solvent does 
not take place.

Bromination of an Equimolar Mixture of the Di-NH- 
dipyrrylmethane (VI) and Di-N-methyldipyrrylmethane 
(VII).-—The di-NH methane (VI) (250 mg.) is dissolved in 
500 cc. of dry carbon tetrachloride by refluxing until the 
solution becomes clear. 275 mg. (1 mole) of di-N-methyl­
methane (VII) is then added. After the methane has 
completely dissolved, the solution is allowed to cool to 
room temperature and 0.16 g. of bromine dissolved in 1.6 cc. 
of dry carbon tetrachloride is run from a 10-cc. buret. The 
flask is then placed in an icebox overnight. The solution 
on filtering yields 380 mg. of red crystals covered with an 
appreciable amount of red oil. The crystals are treated 
with water which dissolves out the red oil (di-N-methyl- 
methene). Weight of the dried crystals is 370 mg. or

(10) vSackur and  Taegener, Z. E'lektrochrm., 18, 718 (1912).

85.4% of the theoretical based on one molar bromination 
of the di-NH-methene. The free base of the methene 
melts at 190° (dec.).

At the same dilution the yield of the di-NH-methene on 
half molar bromination of mono-N-methylmethane is 96%. 
The experiment shows that formation of these two meth­
anes by cleavage of mono-N-methylmethane and recom­
bination of the cleavage products to give a mixture of the 
two symmetrical methanes cannot account for the anoma­
lous bromination of mono-N-methylmethane.

The apparent contradiction between the results of this 
experiment and those obtained from the preliminary rate 
studies, indicating a more rapid bromine consumption by 
the di-N-methylmethane than by the di-NH-methene may 
be explained by the greater stability and insolubility of the 
di-NH-methene. These factors tend to shift the equi­
librium of the dipyrrylmethenes and their cleavage prod­
ucts in favor of the di-NH-methene.

Condensation of Mono-N-methyldipyrrylmethane (IV) 
with 2-Bromo-3,5-dimethyl-4-carbethoxypyrrole (XV) (Re­
action 5 Chart II).—The mono-N-methyldipyrrylmethane 
(360 mg.) is dissolved in 100 cc. of carbon tetrachloride. 
After cooling the solution to room temperature gaseous 
hydrogen bromide is passed in for one-half minute. A 
solution of Q'-bromopyrrole (XV) in carbon tetrachloride 
(250 mg. in 25 cc. of carbon tetrachloride) is run into the 
methane solution. After standing in the cold four hours, 
the solution on filtering yields 400 mg. of red crystals. 
The free base melts at 190° (dec.) and gives no depression 
with di-NH-methene (V); yield, 95%. Evaporation of 
the mother liquor yields N-methyl-a-free pyrrole.

Comparative Rates of Methene Formation in Mono-N- 
methyldipyrrylmethane-a-Bromopyrrole Condensation 
(Reaction 5) and Dipyrrylmethane Bromination.—A solu­
tion of 180 mg. of methane (IV) dissolved in 20 cc. of dry 
carbon tetrachloride (A) and a solution of 100 mg. of the 
methane (IV) in 15 cc. of dry carbon tetrachloride (B) 
were prepared in separate 50-cc. Erlenmeyer flasks. Dry, 
gaseous hydrogen bromide was then passed through each 
for thirty seconds. To solution A, 45 mg. of bromine 
dissolved in 0.5 cc. of carbon tetrachloride was added and 
the flask stoppered; 123 mg. of a-bromopyrrole (XV) in 5 
cc. of carbon tetrachloride was then added to solution B. 
Each solution was allowed to stand for five minutes and 
then filtered. Solution A gave 70 mg. of the di-NH- 
methene (V) or 65% of the theoretical. Solution B yielded 
165 mg. of methene (V) or 77% of the theoretical. Thus it 
could be shown that the condensation was a feasible reac­
tion in the bromination.

Cleavage of l,3,5,3',5',3",5"-Heptamethyl-4,4',4"-tricar- 
bethoxytripyrrylmethane (XVI) by Hydrogen Bromide 
under the Conditions of the Bromination of the Mono- 
N-methyldipyrrylmethane (IV) (Reaction 6).—A solu­
tion of 100 mg. of the tripyrrylmethane (XIV) is pre­
pared in a 50-cc. Erlenmeyer flask. Dry, gaseous hydro­
gen bromide is then passed through the solution for thirty 
seconds. After five minutes the solution is filtered; 75 mg. 
or 90% of the theoretical yield is obtained. Evaporation 
of the mother liquor yields N-methyl- a-free pyrrole (II).

Oxidation of Mono-N-methyldipyrrylmethane (IV) by 2- 
Dichloromethyl - 4 - methyl - 3,5 - dicarbethoxypyrrole.—A 
solution of 180 mg. of the methane (IV) in 5 cc. of rectified
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dioxane is prepared in a 25-cc. Erlenmeyer flask. To this 
solution is added 160 mg. of the dichloromethylpyrrole dis­
solved in 5 cc. of rectified dioxane. Dry gaseous hydrogen 
chloride is then passed in until the solution is saturated 
and the stoppered flask allowed to stand in the cold for 
several days; 35 mg. of deep red needles is obtained. 
Tests described above show the product to be the di-NH- 
methene (V); m. p. (dec.) of the free base 190°.

Bromination of 3,5,4'“Trimethyl-4,3 ,5'-tricarbethoxy- 
dipyrrylmethane (XVII).—The dipyrrylmethane (XVII) 
(500 mg.) is dissolved in 500 cc. of dry carbon tetrachloride; 
0.2 g. of bromine dissolved in 5 cc. of carbon tetrachloride is 
added to this solution at room temperature. After stand­
ing for several hours 500 mg. of fine red needles is filtered 
from the mixture. On conversion to the free base, by 
treatment of the solid methene salt with dilute ammonium 
hydroxide, this compound is shown to be identical with the 
unsymmetrical 3,5,4'-trimethyl-4,3 ',5'-tricarbethoxydi-
pyrrylmethene (XVIII), synthesized by independent 
methods; m. p. of free base 125° (dec.); yield 83%.

Bromination of l,4,3',5'-Tetramethyl-3,5,4'-tricarbeth- 
oxydipyrrylmethane (XIX).—The mono-N-methylmethane 
(XIX) (0.5 g.) is dissolved in 500 cc. of dry carbon tetra­
chloride; 0.2 g. of bromine dissolved in 5 cc. of carbon 
tetrachloride is added quickly to this solution with stirring. 
The dark red solution is allowed to stand in the cold over­
night. On filtration 100 mg. of fine yellow-red needles is 
obtained. In addition, a large amount of red oil is found 
on the walls of the flask. No identifiable products have 
been obtained from this residue. Tests described above 
showed the red crystals to be the symmetrical di-NH- 
methene (V).

Summary
1. The oxidation of the leuco base of an unsym­

metrical pyrrole pigment to a symmetrical pyr­
role pigment having the sequence of substituents 
which corresponds to one of the pyrrole rings in 
the base has been observed.

2. This anomalous reaction has been shown 
to result from a reshuffling of intact pyrrole 
rings rather than by attack on the pyrrole sub­
stituents.

3. The application of this reaction to the 
study of the regrouping of pyrrole rings in natu­
rally occurring pyrrole pigments is suggested by 
the mild conditions under which the reaction takes 
place.

4. The transformation has been shown to in­
volve a cleavage of a carbon-carbon bond in the 
aromatic system of an intermediate in the reac­
tion.

5. Two similar mechanisms have been pro­
posed and supported by experimental evidence.

6. The oxidation of a number of unsymmetri­
cal dipyrrylmethanes has been studied to test the 
generality of the anomalous reaction. Another 
example has been found.
Baltimore, M aryland R eceived M ay 28, 1942
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The Preparation and Dehydration of 6-Methoxy-i-norcholenyldiphenylcarbinol
By Byron R iegel, M elvin F. W. Dunker1 and M cCalip J. T homas2

For the systematic degradation of the side 
chain of methyl 3-hydroxy-5-cholenate (I), an 
investigation involving the use of the so-called 
Tmethyl ether, primarily to protect the hydroxyl 
group and the double bond, has been made. The 
dehydration of the carbinol, resulting from the 
reaction with the Grignard reagent, proved to be 
a critical reaction provided the Tether structure 
is retained. Hence, this reaction was studied.

Methyl 3-£-toluenesulfonoxy-5-cholenate (II)3 
was converted to methyl 6(a)-methoxy-Tchole- 
nate (III) by the usual method, namely, by heating 
a methanol solution containing anhydrous potas­
sium acetate. The reaction of this Tmethyl

(1) Rockefeller Foundation  R esearch Associate, 1940-1941. 
P resen t address: School of P harm acy, U niversity  of W isconsin.

(2) A b b o tt-G lidden -U p john  R esearch  Associate, 1941-1942.
(3) B. Riegel, J . A. V anderpool and  M , F. W. D unker, T ip s  

J ournal* @3* 1630 (1941b

ether methyl ester (III) with phenylmagnesium 
bromide gave the desired 6(a)-methoxy-Tnor- 
cholenyldiphenylcarbinol (IV) which melted at
139.0-140.2° and gave a specific rotation of 
+43.9°. Carbinol (IV) could not be dehydrated 
in a solution of boiling glacial acetic acid without 
changing the Tmethyl ether structure to the 
normal acetate, thus giving 3~acetoxy-24,24-di- 
phenyl-5,23-choladiene (VII). Even heating a 
glacial acetic acid solution of carbinol (IV) for a 
short time caused dehydration with a simultane­
ous loss of the Tether configuration. Because of 
the lability of the Tsteroid structure, particularly 
toward acidic reagents, many dehydrating agents 
cannot be used if this structure is to be retained. 
Although Heilbron, Beynon and Spring4 had dem-

(4) I. H eilbron, J . H . Beynon and  F, S. Spring, J . Chem , .Soc., 907 
(1936); 406, 1469 (1937),
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C h a r t  I
R'

R  -  HO, £-C H 3C6H 4S 0 3, AcO, 
CH 30  or I

R' -  R6 R2 or Ri 
CHs

Ri = Asteroid structure, usually 
with a 6(a or /3?)-methoxyl group

CHs OH

&2 = —CHCH2CH2C(C6H5)2 
CHs

R' = —CHCH2CH2COOCH3 |
Rs = —CHCH2CH=C(C6H5)2

V ^ --------------------------  x -------------------- ---- >  II

C6H4SOs

onstrated that bromine destroys the Asteroid 
structure an iodine-catalyzed dehydration of 
carbinol (IV) in boiling xylene was attempted. 
Both the analysis of the resulting product and 
method of preparation suggest that this sub­
stance is 3-iodo-5-norcholenyldiphenylcarbinol 
(XIII). Refluxing a xylene solution of the car­
binol containing activated alumina did cause de­
hydration, but as will be indicated later also pro­
duced an isomerization. The product recovered 
from this treatment melted at 161.8-163° and 
gave a specific rotation of —39°. Previously all 
Aether structures have given positive rotations, 
but as will be pointed out, structure (IX) seems to 
best explain our experimental data. The car­
binol (IV) could not be dehydrated by the follow­
ing methods and was recovered in each case un­
changed; vacuum sublimation, slow distillation 
of benzene, toluene or xylene solutions and heat­
ing to 215° for three hours with anhydrous potas­
sium bisulfate under nitrogen.

To help elucidate the isomerization caused by 
the aluminum oxide, each important intermediate

was synthesized by an independent method as 
outlined in Chart I, thus substantiating their as­
signed structures. 3-Hydroxy-5-norcholenyldi- 
phenylcarbinol (V) was produced by treating 
methyl 3-hydroxy-5-cholenate3 with phenylmag- 
nesium bromide. Carbinol (V) was converted 
to 3 -p- toluenesulf onoxy-5-norcholenyldiphenyl-
carbinol (VI) which in turn was converted to the 
Amethyl ether carbinol (IV). This substance was 
identical with that obtained from III as previ­
ously described where the Aether configuration 
was introduced before the Grignard reaction. 
When carbinol (V) was acetylated at room tem­
perature 3-acetoxy-5-norcholenyldiphenylcarbinol
(VIII) was obtained and subsequently converted 
to the acetoxy-diene (VII) upon refluxing in 
glacial acetic acid. The latter compound could 
also be obtained in one step from carbinol (V) 
merely by refluxing its acetic acid-acetic anhy­
dride solution. The readily available acetoxy- 
diene (VII) was saponified and the resulting
3-hydroxy-24,24-diphenyl-5,23-choladiene (X) 
was converted to the ^-toluenesulfonate (XI).
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Heating an anhydrous methanol solution of com­
pound (XI), containing fused potassium acetate, 
gave 1,1 -diphenyl-2 [6 (a) -methoxy-Tbisnorcho-
lenyl]-ethylene (XII). It melted at 109.1-110.1° 
and gave a specific rotation of +67.8°. The fact 
that compounds (IX) and (XII) were not iden­
tical stimulated further study of their structures.

One characteristic of Tmethyl ethers is the ease 
with which they may be rearranged to the normal 
methyl ethers. Both compounds (IX) and (XII), 
on refluxing their anhydrous methanol solutions 
containing a few drops of sulfuric acid, gave 3- 
methoxy-24,24-diphenyl-5,23-choladiene (XIV), 
m. p. 114.5-115.3°, rotation -11.55°. The nor­
mal methyl ether (XIV) was independently pre­
pared from compound (II) by the following reac­
tions. On heating the ^-toluenesulfonate (II) in 
anhydrous methanol, methyl 3-methoxy-5-chole- 
nate (XV) was obtained which on reacting with 
phenylmagnesium bromide gave 3-methoxy-5- 
norcholenyldiphenylcarbinol (XVI). This car­
binol was dehydrated in the usual manner to give 
the normal methyl ether (XIV) which was identi­
cal with that made by the rearrangement of com­
pounds (IX) and (XII). Another characteristic 
reaction of Tethers is their smooth conversion to 
normal acetates by heating their glacial acetic acid 
solutions. Both compounds (IX) and (XII) were 
converted by this treatment into the acetoxy- 
diene (VII); however the conversion was effected 
with greater ease with XII than with IX.

The methods of preparation, analyses and reac­
tions of compounds (IX) and (XII) strongly indi­
cate that they contain the reactive configuration 
where one carbon atom is common to three rings, 
one of which is a cyclopropane ring. Steroidal 
compounds possessing this peculiar structure, 
first suggested by Wallis, Fernholz and Gephart,5 
are called Tsteroids. Compound (IX) seems to 
be an Tsteroid but contrary to all others possesses 
a negative rotation. Further study will be neces­
sary to determine the structural changes pro­
duced by the alumina. A tentative explanation 
might be the epimerization of the 6-methoxyl 
group. We have indicated steroids of this struc­
ture with 0 and the ordinary Tsteroids (dextro­
rotatory) with a. Consequently, an attempt was 
made to isomerize compound (XII) to (IX) by 
treatment with alumina in xylene; however, a 
hydrocarbon (XVII) resulted. It melted at

(5) E . S. Wallis, E . Fernholz and F. T. Gephart, T h is  J o urn al ,
69, 137 (1937).

162.0-163.0°, gave a specific rotation of —18.5° 
and analysis for C36H44. We suggest as a pro­
visional structure for this hydrocarbon (XVII)

CHs

CHCH2CH=C(C6H5)2

XVII

The /5-form of the Tmethyl ether appears to be 
more stable than the a-form, and this may explain 
why it does not give the hydrocarbon on treat­
ment with alumina. As previously stated, heat­
ing glacial acetic acid solutions of Tsteroids usually 
destroys the Tstructure, hence, the hydrocarbon 
(XVII) was subjected to this treatment and 
curiously enough gave the well-known 3-acetoxy- 
24,24-diphenyl-5,23-choladiene (VII). It is inter­
esting and unusual that an acetate should be 
formed by the uncatalyzed addition of acetic acid 
to a hydrocarbon. The hydrocarbon (XVII) may 
represent a type of conjugated system where a 
carbon-carbon double bond is conjugated with the 
potentially unsaturated cyclopropane ring. Thus, 
a possible mechanism for this reaction would be 
the 1,4 (or 1,5)-addition of acetic acid across this 
system.

The authors wish to thank the Abbott Labora­
tories, the Glidden Company, the Rockefeller 
Foundation, and the Upjohn Company for re­
search grants which made this work possible.

Experimental6
Methyl 6(a ) -MethoxyT-cholenate (III).—A solution of

3.85 g. of methyl 3-£-toluenesulfonoxy-5-cholenate3 and
3.85 g. of fused potassium acetate in 175 ml. of anhydrous 
methanol was refluxed for eight hours. After most of the 
solvent was removed, water and ether were added. The 
aqueous layer was extracted two more times with ether 
and the combined ether extracts were washed with water, a 
solution of sodium bicarbonate and finally with water. 
On drying the ether solution with anhydrous sodium sulfate 
and removing the ether, 2.77 g. of light yellow sirup re­
mained. The yield varies from 97-100%. The sirup was 
dissolved in hexane and shaken with finely powdered 
activated alumina. This seemed to remove some of the 
color. After filtering off the alumina and removing the 
hexane under reduced pressure, an almost colorless sirup 
remained. All attempts to crystallize it failed, [a]21D

(6) All melting points are corrected. M icroanalyses are by Dr.
T. S. Ma, University of Chicago.
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4-44.1° (79 mg. in 2.42 ml. of chloroform ao 4-1-44°; /, 
1 dm.).

Anal. Calcd. for C26H420 3: C, 77.56; H, 10.52.
Found: C, 77.66; H, 10.20.

6(a)-Methoxy-^'-norcholenyldiphenylcarbinol (XV) from 
Compound (XII).—An ether solution of 2.69 g. of the 
preceding compound was slowly added to an ether solu­
tion of phenylmagnesium bromide prepared from 11 g. of 
bromobenzene and 1.68 g. of magnesium. The mixture 
was refluxed for one and one-half hours and then decom­
posed with ice and a solution of ammonium chloride. The 
aqueous layer was extracted with ether and the combined 
ether extracts washed with water, dilute alkali and with 
water. The ether solution was dried with anhydrous so­
dium sulfate. Removal of the ether left 4 g. of a yellow 
sirup. From acetone-petroleum ether 1.972 g. (57%) of 
crystalline material was obtained. In subsequent runs 
the yields were above 80%. Crystallization of crude ma­
terial from acetöne-methanol gave white crystals melting 
at 139.0-140.2°, [a]27d +43.9° (38 mg. in 2.42 ml. of 
chloroform «d 4-0.69°, /, 1 dm.).

Anal. Calcd. for C37H50O2: C, 84.36; H, 9.57.
Found: C, 84.17; H, 9.55.

3 - Hydroxy - 5 - norcholenyldiphenylcarbinol (V).—On
treating 5.5 g. of methyl 3-hydroxy-5-cholenate3 (I) with 
an excess of phenylmagnesium bromide as described above, 
a viscous sirup was obtained. All volatile material was 
removed by steam distillation; the residue was extracted 
with ether, dried and the solvent removed. There re­
mained 8.3 g. of sirup from which 3.4 g. of crystalline ma­
terial was isolated using acetone and methanol as the 
solvent. Several crystallizations gave white platelets 
with a peculiar and characteristic m. p. behavior which may 
be due to the dehydration of the carbinol. The crystals 
soften at 95°, melt with effervescence, resolidify at 108° 
and remelt at 169.4-172.2°.

Anal. Calcd. for C36H48O2: C, 84.32; H, 9.44.
Found: C, 83.82; H, 9.16.

3 - p -  Toluenesulf onoxy - 5 - norcholenyldiphenylcarbinol 
(VI).—A mixture of 1.4 g. of the previously described 
carbinol (V), 1.08 g. of ^-toluenesulfonyl chloride and 
3 ml. of dry pyridine was warmed slightly to effect solu­
tion and allowed to stand at room temperature for twenty- 
four hours. Water and ether were added to the crystal­
line mass and the ether layer extracted with water, dilute 
hydrochloric acid, water, dilute alkali and water. After 
drying and removing the ether an almost colorless sirup 
remained. From acetone-petroleum ether 1.47 g. (81%) 
of crystals, m. p. 143.2-144.0°, were obtained. Several 
crystallizations again gave material with a peculiar m. p. 
behavior probably due to the loss of water. It melts at 
62°, resolidifies and remelts at 136-137°.

Anal. Calcd. for C43H540 4S: C, 77.44; H, 8.16.
Found: C, 77.73; H, 8.33.

6(a) -Methoxy-f-norcholenyldiphenylcarbinol (IV) from 
Compound (VI).—A mixture of 622 mg. of the above 
£-toluenesulfonate (VI), 625 mg. of fused potassium acetate 
and 100 ml. of anhydrous methanol was refluxed for four 
hours. The reaction mixture was worked up in the usual 
manner to give 369 mg. (75%) of white crystals identical 
with those prepared as described above,

3-Acetoxy-5-norcholenyldiphenylcarbinol (VIII) .7—A
1.32-g. portion of the crude 3-hydroxy-5-norcholenyl- 
diphenylcarbinol (V) was dissolved in 6 ml. of acetic 
anhydride and 10 nil. of dry pyridine and allowed to stand 
at room temperature overnight. The solvent was re­
moved under reduced pressure. The residue was dis­
solved in acetone and gave 1.17 g. (82%) of crystalline ma­
terial on standing in the refrigerator. Recrystallization 
from acetone gave large, clear, flat plates, m. p. 163.2- 
165.5°. Hattori and Nakamura prepared this compound 
by a similar method and gave its m. p. as 172-172.5°.

Anal. Calcd. for CsgĤ Cb: C, 82.26; H, 9.08.
Found: C, 82.49; H, 9.00.

3-Acetoxy-24,24-diphenyl-5,23-choladiene (VII).—(a)
By dehydration of carbinol (VIII): A solution of 1.1 g. 
of the above carbinol (VIII) in 7 ml. of glacial acetic acid 
was refluxed for three hours. The acetic acid was removed 
in vacuo and the residue dissolved in acetone from which
1.01 g. (95%) of crystalline material was obtained. Re­
crystallization from acetone gave brilliantly sparkling, 
small cubes, m. p. 166.6-167.4°.

Anal. Calcd. for CssHUsCb: C, 85.02; H, 9.01.
Found: C, 85.18; H, 9.05.

(b) By dehydration and acetylation of carbinol (V): 
The crude carbinol (V) made from 5.5 g. of methyl 3- 
hydroxy-5-cholenate,3 as described above, was dissolved in 
40 ml. of glacial acetic acid and 60 ml. of acetic anhydride 
and refluxed for two hours. The excess acetic anhydride 
was decomposed by the careful addition of alcohol and 
heating continued for fifteen minutes, after which the 
solvent was removed in vacuo. The residue crystallized 
from acetone giving 6.66 g. (88%) of material sufficiently 
pure, m. p. 165°, for further reactions.

(c) By dehydration, acetolysis and rearrangement of 
carbinol (IV): When 1.2 g. of carbinol (IV) was dissolved 
in 15 ml. of glacial acetic acid, refluxed for two hours and 
worked up in the usual manner, 959 mg. (80%) of the 
acetoxy-diene was obtained. It gave no melting point 
depression when mixed with samples prepared by other 
methods.

3-Hydroxy-24,24-diphenyl-5,23-choladiene (X).—One
gram of sodium was dissolved in 150 ml. of 1-propanol 
to which was added 3.7 g. of the previously described 
acetoxy-diene (VII). The solution was diluted with 
water after refluxing two hours. Most of the alcohol was 
removed under reduced pressure and the product extracted 
with ether. The ether extract was washed with water, 
dried and concentrated. On cooling a crystalline mass 
formed which was separated by filtration and washed with 
a small quantity of cold acetone. The product weighed
3.01 g. (89%) and melted at 172.2-173 °.

Anal. Calcd. for C36H460: C, 87.39; H, 9.37. Found:
C, 87.37; H, 9.13.

To 254 mg. of the acetoxy-diene (VII) in 53 ml. of xylene 
6 g. of powdered activated alumina was added and the mix­
ture was refluxed for three hours. The alumina was 
separated by filtration and washed with acetone and ether. 
The filtrates were combined and the solvents completely 
removed in vacuo. The sirupy residue was dissolved in

(7) J. H a tto ri and  K , Nafearawra, J , Pharm. Soc, (Japan ), $0, 126 
(1940).
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acetone-methanol from which several crops of crystals 
were obtained. The first crop weighed 71 mg. and on 
recrystallization gave white crystals melting at 173-174°. 
They gave no melting point depression when mixed with 
those made by alcoholic saponification.

Anal. Calcd. for Cs6H460: C, 87.39; H, 9.37. Found:
C, 87.20; H, 9.24.

3-£-Toluenesulfonoxy-24,24-diphenyl-5,23-choladiene 
(XI).—A mixture of 3 g. of the well-dried hydroxy-diene
(X), 3.01 g. of ^-toiuenesulfonyl chloride and 6 ml. of 
pyridine was treated as described for the preparation of 
the p-toluenesulfonate (VI) above. The viscous oil, left 
after the removal of the ether, was dissolved in acetone 
and cooled, which caused the formation of fine white 
crystals. They were removed by filtration and washed 
with petroleum ether; yield 3.35 g. (85%), m. p. 130.6 
131.5°.

A n a l .  Calcd. for C43HÖ203S: C, 79.59; H, 8.08.
Found: C, 79.31; H, 7.80.

1 . 1  - Diphenyl - 2  - [6 (oe) - methoxy - i -  bisnorcholenyl] -
ethylene (XII).—A solution of 1 g. of the ^-toluenesul- 
fonate (XI), 1 g. of fused potassium acetate in 100 ml. of 
anhydrous methanol was refluxed for nine hours. The 
reaction mixture was worked up as described for the prepa­
ration of the 7-methyl ether (III). Removal of the ether 
gave 878 mg. (100%) of an almost colorless sirup which 
crystallized from methanol-acetone to give 638 mg. (82%) 
of large thick needles, m. p. 106-108°. Recrystallization 
of the needles raised the m. p. to 109.1-110.1°; [a]23D
+67.8° (33.2 mg. in 5 ml. of chloroform ad +0.45°, l, 1 
dm.).

Anal. Calcd. for C37H48O: C, 87.35; H, 9,51. Found:
C, 87.65; H, 9.46.

This 7-methyl ether (XII) was quantitatively converted 
into the acetoxy-diene (VII) by refluxing in a glacial acetic 
acid-acetic anhydride solution.

3-Iodo-5-norcholenyldiphenylcarbinol? (XIII).—In an 
attempt to dehydrate the 7-methyl ether carbinol (IV) a 
solution of 100 mg. in 60 ml. of dry xylene containing a 
few crystals of iodine was refluxed for about two hours. 
After cooling, the solution was extracted with an aqueous 
solution of sodium thiosulfate. The xylene solution was 
dried and the xylene completely removed in vacuo. The 
residue crystallized from acetone giving 60 mg. of shiny 
prisms, m. p. 168.2-169.4°. Since the compound gave a 
qualitative test for halogen and the C-H analysis showed 
only one atom of halogen could be present, we suggest the 
above structure.

Anal. Calcd. for C36H47IO: C, 69.44; H, 7.61.
Found: C, 69.28; H, 7.59.

1.1 - Diphenyl - 2  - [6(0) -  methoxy - i - bisnorcholenyl] - 
ethylene? (IX).—A solution of 678 mg. of the 7-methyl 
ether carbinol (IV) in 125 ml. of dry. xylene was concen­
trated by slowly distilling about 15 ml. of xylene. The 
solution was then refluxed for three hours after adding 10 g. 
of powdered activated alumina. A calcium chloride tube 
was attached to the top of the condenser during the heat­
ing. The alumina was separated by filtration and washed 
with ether. The solvents were removed in vacuo and the 
residue was crystallized from an acetone-methanol mix­
ture, The first crop weighed 304 mg., m. p, 156-158°,

but was not homogeneous. Several crystallizations were 
required before pure material was obtained melting at
161.8-163°, [a]25d  -38.6 =«= 2 ° (55.7 mg. in 5 ml. of 
chloroform, an —0.43 =±= 0.02°, l, 1 dm.).

Anal. Calcd. for C37H48O: C, 87.35; H, 9.51. Found:
C, 87.72, 87.70; H, 9.06, 9.46.

A solution of 46 mg. of the above compound in 15 ml. of 
glacial acetic acid and 5 ml. of acetic anhydride was re­
fluxed for two and one-half hours and the reaction mixture 
worked up in the usual manner. This gave 32 mg. of ma­
terial melting at 160-165°. Recrystallization from 
acetone-methanol gave large prisms melting at 165-167° 
and giving no melting point depression when mixed with an 
authentic sample of compound (VII). It required more 
strenuous conditions for this conversion than with com­
pound (XII).

Methyl 3-Methoxy-5-cholenate (XV).—A solution of 
5.46 g. of ^-toluenesulfonate3 (II) in 150 ml. of anhydrous 
methanol was refluxed for seven hours. On cooling, crys­
tals formed which weighed 3.79 g. (93.5%) and melted at
108.5-109°. The filtrate was concentrated, diluted with 
water and extracted with ether. The ether extract was 
washed with water, dilute alkali and dried. The residue, 
after removing the ether, gave additional crystalline ma­
terial from methanol sufficient to make the crude yield 
practically quantitative. Further crystallization from 
methanol raised the m. p. to 109.2—109.6°, [ a ] 22D —44.6° 
(70.5 mg. in 2.42 ml. of chloroform öd —1.30°, l, 1 dm.).

Anal. Calcd. for Q ^ O g : C, 77.56; H, 10.52.
Found: C, 77.60; H, 10.60.

3-Methoxy-5-norcholenyldiphenylcarbinol (XVI).—Two 
grams of the above ester (XV) was treated with an excess 
of phenylmagnesium bromide and the reaction mixture 
was worked up as described for the preparation of com­
pound (V). The residue left after removing the ether 
was crystallized from acetone-chloroform giving 2.26 g. 
(96%) of product melting at 164.8-165.9°.

Anal. Calcd. for C37H b0O2: C, 84.36; H, 9.57.
Found: C, 84.38; H, 9.58.

3-Methoxy-24,24-diphenyl-5,23-choladiene (XIV).—(a) 
By dehydration of carbinol (XVI): The previously de­
scribed carbinol (XVI) was quantitatively dehydrated by 
refluxing a glacial acetic acid solution for two and one-half 
hours. The product was crystallized from an acetone- 
methanol mixture, m. p. 114.5-115.3°, [o:]24d —-11.55 =*=■ 
0 .66° (62.8 mg. in 5 ml. of chloroform aD —0.145°, l„ 
1 dm.).

Anal. Calcd. for C37H48O: C, 87.35; H, 9.51. Found:
C, 87.14; H, 9.25.

(b) By rearranging the 7-methyl ether (XII): The i-
methyl ether ethylene (XII) was smoothly and quantita­
tively rearranged by refluxing a methanol solution con­
taining a few drops of sulfuric acid. This was confirmed by 
a melting point and mixed m. p.

(c) By rearranging the 7-methyl ether (IX): By exactly 
the same procedure as described in (b) the 7-methyl ether 
ethylene (IX) was smoothly and quantitatively rearranged 
to the normal methyl ether. This was again confirmed by 
a melting point and a mixed m. p.

Hydrocarbon C36H44 (XVII).—In an attempt to re­
arrange the synthetic 7~methyl ether ethylene (XII) to
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that obtained by the alumina dehydration of carbinol (IV) 
a hydrocarbon was obtained instead. Ten ml. of solvent 
was slowly distilled from a solution of 500 mg. of the i- 
methyl ether (XII) in 100 ml. of xylene. To the remaining 
solution was added 8 g. of powdered activated alumina and 
the mixture was refluxed for three hours. The alumina 
was separated by filtration and washed with acetone. 
The acetone-xylene filtrates were concentrated in vacuo 
and the residue, was dissolved in an acetone-methanol mix­
ture from which there was obtained 320 mg. of crystalline 
material. Several crystallizations gave thick needles 
melting at 162.0-163.0°, [ « ] 25d  —18.5° (51.3 mg. in 5 ml. 
of chloroform « d — 0.19°,/, 1 dm.). The needles fluoresced 
in ultraviolet light.

Anal. Calcd. for C36H44: C, 90.70; H, 9.30. Found:
C, 90.35; H, 9.33.

A solution of 48 mg. of the above hydrocarbon 
(XVII) in 15 ml. of glacial acetic acid was refluxed for 
four hours. The solvent was removed under reduced 
pressure and the colorless sirup crystallized from acetone- 
methanol to give 35 mg. of brilliant cubes, m. p. 165- 
166.5°. From the mother liquors a second crop of 8 mg. 
was obtained. There was no melting point depression 
when the substance was mixed with the acetoxy-diene 
(VII).

Summary
1. 6(a)- Methoxy-norcholenyldiphenylcarbi­

nol (IV) was prepared by two different methods.
2. The dehydration product of the carbinol 

(IV) by treatment with activated alumina in boil­
ing xylene was considerably different from com­
pound (XII) where the unsaturated side chain 
(R3) was prepared by conventional methods be­
fore introducing the i -methyl ether configuration. 
We have tentatively suggested that this may be 
due to the epimerization of the 6-methoxyl group.

3. In an attempt to epimerize the synthetic 
product (XII), by alumina in boiling xylene, an 
interesting hydrocarbon (XVII) was obtained.

4. Heating the hydrocarbon (XVII) in acetic 
acid caused the addition of acetic acid forming a 
normal acetate. A mechanism for this reaction 
has been proposed.

5. Several intermediates and conversion prod­
ucts have been described.
Evanston, Illinois Received May 18, 1942

[Communication N o. 854 from the Kodak Research Laboratories]

The Action of Alkaline Reagents on the Bimolecular Product Formed by the Action 
of Acidic Dehydrating Agents on Anhydracetonebenzil

By C. F. H. A l l e n  and  J. W. G a t e s , Jr.

The bimolecular product I that results from the 
action of acidic dehydrating agents on anhydra­
cetonebenzil is a very reactive substance, having 
many points of attack for reagents. In this paper 
are described the results secured by the use of 
alkaline reagents.

It had previously been observed1 that Japp’s 
chloride was converted to the bimolecular product 
by a short (ten-minute) treatment with alcoholic 
potash, whereas a longer time resulted in a vis­
cous product.2 It has now been found that this 
material, also obtainable directly from the bi­
molecular product itself, will crystallize in time, 
or at once, if seeded, and that it is mainly a car­
boxylic acid. The use of sodium methylate or 
ethylate gives the corresponding methyl and 
ethyl esters in a few minutes; the ethyl ester has 
been hydrolyzed to the acid, and the latter re- 
esterified by diazomethane and also converted to 
an anilide.

(1) Allen an d  Spanagel, T h is  J o u r n a l , 55, 3773 (1933).
(2) Allen and  Rudoff, Can. J . Res., B15, 327 (1937).

Analyses show that the only change is the addi­
tion of one molecule of water (or alcohol, de­
pending upon the reagent); hence the carboxyl 
group must comprise one of the two carbonyl 
groups present originally. Since the acid does not 
lose carbon monoxide when heated, it is the car­
bonyl bridge that has been cleaved. The bi­
molecular product and the esters are not attacked 
by permanganate in acetone, perhaps because of 
their insolubility, but the sodium salt of the acid 
is easily oxidized. During the reaction the car­
boxyl group disappears, and a dienone is formed; 
this new dienone is an isomer of the one (V) pre­
viously obtained by heating the bimolecular 
product, when the carbonyl bridge is lost as carbon 
monoxide.1 Analyses show that the loss, in the 
case of the acid, is CH2O2.

The new dienone is an a, /3-unsaturated ketone
(III), for it gives both 1,4- and 1,2-addition with 
the Grignard reagent; this establishes the location 
of one double bond. Although there is, to be sure, 
another a,/3-unsaturated system involving the
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indene ring, the possibility of 1,4-addition of the 
Grignard reagent to this is excluded by the ob­
servation that other indenones containing the 
same system give only carbinols, formed by 1,2- 
addition. Taken in conjunction with the dis­
appearance of the carbonyl bridge by alkali, the 
structure of the acid II follows. The oxidation 
results are accounted for by a retrograde Michael 
reaction, in which formic acid (CH2O2) is split off, 
and destroyed by the permanganate.

H

from the indanone VI, 
C6H5 

~H

C6H5

whereas the dienone V 
H2H

H

C6H5C
II

c6h 5c

/C H v | X \ f
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The new dienone III, in contrast to the isomer 
previously described,2 does not add maleic anhy­
dride, but, like it, is isomerized by heating to the 
known indanone VI. The only difference is in the 
position of the extra hydrogen atoms and double 
bonds; that is, these are allylic systems, in which 
rearrangements occur with the greatest of ease; 
the most stable form is that of the indanone VI, 
owing to its aromatic structure. The mobility of

H2H
c6h 5

c6h 5

C6H5|

c6h 5L

VI

C 6H i

CeH5̂

H

Y<o
-c6h 5

H 
C6H5

the systems makes it almost impossible to state 
positively which structure goes with which sub­
stance, but the available evidence seems to be in 
best agreement with the structures as assigned.

Even as gentle a reagent as phenylmagnesium 
bromide is not useful. For example, the carbinol 
VIII, formed by 1,2-addition and mentioned 
above, is isomeric with one (VII) easily obtained

forms a glasslike product with phenylmagnesium 
bromide.3 All give the same hydrocarbon on 
removal of water, that is, there must have been a 

rearrangement in two of the de­
hydrations. These reactions will 
form the subject of a later paper.

When attempts were made to 
repeat the earlier preparation of 
the dienone (V), the results were 
erratic; sometimes it was readily 
isolated after decarbonylation of 
the bimolecular product, but at 
others, under what appeared to 
be identical conditions, only the 
rearrangement product, the in­
danone VI, could be obtained. 

This difficulty was traced finally to small amounts 
of sulfuric acid in the bimolecular product (the 
latter was always formed in the presence of that 
acid). The mineral acid was thereafter eliminated 
by adding potassium acetate to the solution from 
which crystallization took place.

This result influenced us to examine the effect 
of acid alone upon the dienone V; it was found 
that mineral acids brought about an isomerization 
to a different dienone—which proved to be identi­
cal with III, described above. Both these, on 
heating, gave the indanone VI. This is an addi­
tional instance of the mobility of the allylic sys­
tems present in this series.

The 1,4-addition product IV probably exists 
largely in the enolic modification IVa, for it 
evolves 0.7 equivalent of methane when treated 
with methylmagnesium iodide, and gives an enol 
acetate IX with acetyl chloride. The latter con­
sumes two equivalents of methylmagnesium 
iodide, and regenerates the enol; this is the usual 
behavior of an enol acetate. It is readily bromi­
nated, forming a monobromo ketone X, which is 
unaffected by acetyl chloride. The bromine is in 
the alpha position, since it is removed by methyl­
magnesium iodide, with regeneration of the start­
ing material.

(3) T he  absence of m ineral acid was ensured by  decom position  of 
the  complex w ith am m onium  chloride; otherw ise, d eh y d ra tio n  occurs 
and  th e  carbinol canno t be isolated.
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Experimental
I. The Acid, 3a,4,7,7a-Tetrahydro-2,3,5,6-tetraphenyl- 

7-carboxyindenone- 1 (II) and Related Substances.—The
bimolecular product I, 3a,4,7,7a-tetrahydro-2,3,5,6-tetra- 
phenyl-4,7 -methanoinden-l,8-dione, was prepared in the 
usual way,1 but the benzene solution was refluxed for half 
an hour, after the addition of anhydrous soditim or potas­
sium acetate, filtered hot and diluted with twice the volume 
of alcohol or petroleum ether. The average yield of several 
preparations was 90%.

The acid II was secured as follows. To an alcoholic 
solution of potassium hydroxide (23 g. in 300 cc.) was 
added 46.4 g. of the bimolecular product, and the mixture 
refluxed for four hours; at the end of this time all the solid 
had dissolved. The solution was poured into 2 1. of water, 
70 cc. of concentrated hydrochloric acid added, and the 
mixture extracted with three 100-cc. portions of chloroform. 
After drying the extract, distilling two-thirds of the sol­
vent, and diluting with an equal volume of benzene and 
two volumes of petroleum ether, the acid separates in a 
yield of 38 g. (79%). After purification from benzene- 
ligroin, it forms prisms which melt at 275-276°. It is 
practically insoluble in absolute ethanol.

Anal. Calcd. for C34H2603: C, 84.7; H, 5.4. Found:
C, 84.3; H, 5.3.

The methyl ester, prepared by use of sodium methylate, 
separated when the solution was chilled after three hours; 
the yield was 76%, and it forms prisms that melt at 193°. 
It also resulted when the acid was esterified by diazo­
methane.

Anal. Calcd. for C3öH2803: C, 84.6; H, 5.4. Found:
C, 84.3; H, 5.7.

The ethyl ester was secured in a similar manner but only 
ten minutes of refluxing was required. Some acid was 
formed during the manipulation; this was removed by tri­
turating the oil with absolute ethanol. The ethyl ester 
crystallizes in prisms from alcohol-petroleum ether; m. p. 
159-160°.

Anal. Calcd. for C36H30O3: C, 84.7; H, 5.9. Found:
C, 84.9; H, 5.9.

The anilide was prepared from the acid chloride in the 
usual manner; it forms prisms from benzene-petroleum 
ether; m. p.269°.

Anal. Calcd. for C4oH3i02N : N, 2.5. Found: N, 2.5.
II. The Dienone III, 3a,4-Dihydro-2,3,5,6-tetraphenyl- 

inden-l-one,—Twenty-four grams of the acid was dis­

solved in 2 1. of 3% potassium carbonate, and, while stir­
ring at 85-95°, 350-370 cc. of 6% aqueous potassium 
permanganate was added dropwise; a yellow precipitate 
was formed. The cooled suspension was extracted with 
three 150-cc. portions of chloroform, the solvent removed, 
and the residue recrystallized from xylene or acetic acid. 
It forms lemon-yellow prisms that melt at 239-240°. 
The yield was 12 g. (56%).

Anal. Calcd. for C33H240: C, 90.8; H, 5.5. Found: 
C, 90.7; H, 5.5.

The isomeric dienone V, reported previously as being 
obtained by a carefully controlled pyrolysis, resulted in a 
70-75% yield by heating the purified bimolecular product 
for only five to six minutes at 220-225°. When 10 g. of 
this dienone (m. p. 167°) was suspended in 50 cc. of glacial 
acetic acid and treated with 5 cc. of 32% hydrogen bro­
mide in acetic acid, the solution became dark red; after 
warming for half an hour on the steam-bath, the dienone 
III crystallized quantitatively. A dilute solution of 
sulfuric acid in acetic acid brought about the isomerization 
equally well.

The new dienone does not add maleic anhydride. In the 
Grignard machine it shows one addition without evolution 
of gas. It isomerized to the indanone VI by heating for 
half an hour at 300°.

1,2,3,5,6-Pentaphenylindanol-l, VII, was obtained by 
the action of phenylmagnesium bromide upon the indanone 
VI in ether in the usual way, decomposing the complex 
with ammonium chloride. It crystallizes in prisms from 
benzene-petroleum ether; m. p. 228-229° with dec.

Anal. Calcd. for C39H30O: C, 91.0; H, 5.8. Found:
C, 90.5; H, 5.7.

This carbinol gave the hydrocarbon, m. p. 222°, de­
scribed below, when treated with an acetic acid solution of 
sulfuric acid. The dienone V gave a glasslike carbinol, 
which formed the same hydrocarbon upon dehydration.

III. The Grignard Reaction.—To a solution of phenyl­
magnesium bromide (4.8 g. of magnesium, 31.5 g. of 
bromobenzene, 200 cc. of ether) at room temperature was 
added a suspension of 25 g. of the dienone III in 50 cc. of 
ether. After stirring for one hour, the mixture was de­
composed by ammonium chloride, and the oily product 
worked up by an appropriate manipulation; it was found 
advantageous to inoculate the dried and concentrated 
solution with some of the carbinol VIII from a previous 
preparation, and remove it first. The second product 
was the ketone IV. When the Grignard mixture was de­
composed by mineral acid, the hydrocarbon was obtained 
instead of the carbinol, being isolated after the ketone.

The carbinol, 3a,4-dihydro-1,2,3 ,5,6-pentaphenylinden- 
l-ol (VIII) was obtained in a yield of 25%; it separates 
from benzene-ligroin in needles, m. p. 233°.

Anal. Calcd. for C39H30O: C, 91.0; H, 5.8. Found:
C, 91.0; H, 6.0.

The hydrocarbon crystallizes in bunches of prisms from 
benzene-ligroin; m. p. 222 0.

Anal. Calcd. for C39H28: C, 94.4; H, 5.7. Found:
C, 94.1; H, 5.6.

This hydrocarbon does not add maleic anhydride, nor is 
it affected by hydrogen bromide in acetic acid.

The ketone, 3a,4,7,7a~tetrahydro-2,3,5,6»7~pentaphenyl~
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inden-i-one (IV, IVa), forms prisms on crystallization 
from benzene-petroleum ether. The melting point is 
usually 178-179°, but occasionally a low-melting form is 
obtained; this melts at 145-146°, but on admixture with 
the higher melting form, the observed melting point is 
178-179°.4 The yield was 60%.

Anal. Calcd. for C39H30O: C, 91.1; H, 5.9. Found:
C, 90.9; H, 6.1.

This ketone does not react with maleic anhydride nor 
form an oxime. In the Grignard machine it evolves 0.67 
mole of methane, indicating that it is enolized to a con­
siderable extent. An acetate is secured in a 70% yield by 
refluxing an acetyl chloride solution for half an hour; it 
separates from benzene-ligroin in prisms that melt at 115°.

Anal. Calcd. for C41H32O2: C, 88.5; H, 5.8. Found:
C, 88.1; H, 6.0.

When treated quantitatively with methylmagnesium 
iodide, the acetate consumes two equivalents of reagent 
without evolution of gas; upon acidification the ketone IV 
is obtained.

The bromoketone, 3a,4,7,7a-tetrahydro-7a-bromo-2,3,5,- 
6,7-pentaphenylinden-l-one (X) was secured by bromina­
tion in chloroform in the usual manner; it crystallized from 
chloroform-alcohol solution in pale yellow rods; m. p. 218- 
219 °. It separated from benzene solutions in pointed rods 
with solvent of crystallization; the solid softened at about 
144°, finally melting at 234°.

Anal. Calcd. for (A) C39H29OBr: Br, 13.5; for (B)
C39H29OBrC6H6: C, 80.5; H, 5.2; Br, 11.9. Found:
(A) Br, 13.8, 13.2; (B) C, 80.4, 80.2; H, 5.1, 5.1; Br,
11.9, 12.0.

In the Grignard machine both forms consume one mole

(4) Drs. Jelley and  T itu s  of these  L aboratories report th a t ex­
am ination  of these substances failed to  show any  significant differ­
ences of readily  determ inable optical properties.

of reagent without evolution of gas, and regenerate the 
parent ketone IV.

The bromine is not removed by pyridine or potassium 
acetate (e. g., there is no adjacent hydrogen atom in the 
alpha position to the carbonyl group) but alcoholic potash 
gave an intractable black oil. It is unaffected by hydro­
gen bromide, by acetyl chloride, or by excess bromine.

Summary
The bimolecular product, resulting from the 

action of acidic dehydrating agents upon anhy- 
dracetonebenzil, is transformed into a carboxylic 
acid by the action of alkaline reagents. The 
carbonyl bridge disappears in the process, being 
converted into the carboxyl group.

The acid is decarboxylated and dehydrogen­
ated to give a new dienone, isomeric with one 
previously known.

The new dienone is also obtained by the action 
of mineral acids on the one described earlier, and 
both are isomerized to the same known indanone 
by acids or heat.

The new dienone gives products with phenyl­
magnesium bromide formed by both 1,2- and
1,4-addition. The 1,4-addition product is an 
easily enolizable ketone.

The 1,2-addition product is a carbinol, isomeric 
with one obtained from the closely related inda­
none. Both are dehydrated to the same hydro­
carbon, which is also formed from the isomeric 
dienone.
Rochester, N ew Y ork R eceived M ay 5, 1942

[C o m m u n ic a t io n  N o . 8 5 5  f r o m  t h e  K o d a k  R e s e a r c h  L a b o r a t o r i e s ]

The Structure of the Bimolecular Product Formed by the Action of Acidic Dehydrating
Agents on Anhydracetonebenzil

By C. F. H. A llen  and  J. W. G a t e s , Jr.

Several years ago1 from an examination of the 
substance obtained by degrading the bimolecular 
product, formed by the action of acidic dehydrat­
ing agents upon anhydracetonebenzil I, a struc­
ture, III, which seemed in best accord with the 
available evidence, was suggested for this sub­
stance and a mechanism proposed to account for 
its formation. Others interested in this field2,3 
appear to have accepted these conclusions. The 
salient features were the dehydration of anhydrace­
tonebenzil to diphenylcyclopentadienone II, which

(1) Allen and  Spanagel, T h is  J o u r n a l , 55, 3773 (1933).
(2) D iltliey, p riv a te  com m unication.
(3) B urton  and Shoppee, J . Chem. Soc., 201 (1934).

then underwent a diene synthesis with itself, 
forming the bimolecular product III. The latter 
lost carbon monoxide on heating, to give an inde- 
none that was rearranged to an isomeric indanone 
IV, which was then degraded, stepwise, by unam­
biguous reactions to <?-terphenyl. Later on4 sev­
eral of the intermediate degradation products were 
synthesized, so that the position of the various 
groups around the benzene ring was established. 
Only the pertinent formulas are given below.

The two novel features were the presence of a 
phenyl group on a carbon atom common to two

(4) Allen, Bell, Bell and VanAllan, T h is  J o u r n a l , 62, 050 (1940 ).
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rings in III, and its apparent 1,3-shift to the posi­
tion in which it is found in the indanone IV. No 
similar instances have been recorded in the litera­
ture. The formation of thiophenol, on sulfur 
fusion of the dienone formed after the decarbonyl- 
ation of III, was interpreted in favor of the struc­
ture having the phenyl group on the bond com­
mon to the two rings, by analogy with the behav­
ior under similar conditions of Ruzicka’s alkyl 
decalins.6 Further work was accordingly under­
taken, with the view of clearing up the uncer­
tainty.

As a result6 isomeric indenones were discovered 
and the prevalence of allylic rearrangements in the 
series was noted. It was found that sulfur dehy­
drogenation (a high temperature 
reaction) gave varying amounts 
of thiophenol in instances where 
there was no reasonable doubt 
as to the absence of an angular 
phenyl group, so this argument 
lost its force. Furthermore, had the phenyl group 
been in this position, there should have been more 
isomers than were found experimentally. Finally, 
it has been possible6 to open one ring to form a 
monocarboxylic acid, which, on oxidation with 
permanganate, in alkaline solution, gave one of 
the dienones—all the reactions taking place below 
100° under conditions too mild to bring about 
such a drastic change as a migration of a phenyl 
group. It has, thus, seemed necessary to abandon

C6H5C
II

c 6h 5c

ĉhn

Ao
'Gch/

- c c 6h 5

v c «h 5

H o
V

both concepts, and to conclude 
that the phenyl group is in the 
position where it is found in the 
indanone, alpha to the carbonyl; 
the new structure is written in 
formula V.

It differs from the older one first 
proposed1 only in an interchange 
of the angular phenyl group and 
one hydrogen atom. This was ac­
counted for by assuming a 1,3-shift 
of a phenyl group. Such a re­

arrangement was, indeed, proposed in the first 
paper, but at a different point, namely, following 
the decarbonylation. The experimental condi­
tions under which the bimolecular products are 
formed, favor such allylic rearrangements.

The mechanism of the reaction is, as previously 
outlined, a diene synthesis. Alternative inter­
pretations have had to be excluded, because of the 
various experimental conditions under which the 
bimolecular product can be formed, and the fact 
that substituted anhydracetonebenzils can par­
take only if there is at least one hydrogen atom 
left to be removed as water with the hydroxyl 
group (this is, of course, essential to the produc­
tion of the intermediate cyclopentadienone).

C6H 5C =C R
\ 0 = 0
/

GfiHgC—CHR
I

OH

C6H 5C = C R

CO

C6H 6C = C R

CeHöC/
C6H 5C \
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4
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(5) R uzicka, Helv. Chim. Acta, 5, 349 (1922).
(6) Allen and  G ates, T h is  J o u r n a l , 8 4, 2120 (1942).

Now, when in the bimolecular product, R = H, 
it will exchange (an allylic rearrangement) with 
the angular phenyl group, giving a substance of 
type V, but if both R’s =  CH3, there will be no 
further change—in fact, it has been shown that 
this type, VI, dissociates into its components 
in most reactions.7 Any open-chain structure 
for the bimolecular product is also excluded be­
cause such a structure would be impossible with 
the dimethyl homolog (both R’s =  CH3).

The behavior of the bimolecular product with 
the Grignard reagent is unusual; in the Grignard 
machine it shows one active hydrogen and one 
addition. Previous work6 has shown that in inde­
nones the carbonyl group always gives carbinols, 
and that a carbonyl bridge does likewise in the 
absence of adjacent alpha hydrogen atoms.7 
Since the product is always a monocarbinol, that

(7) Allen and Van Allan, ib id . , 64, 1260 (1942).
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loses carbon monoxide on heating, it is the keto 
group on the indene ring that has been attacked,
i. e., the one addition has occurred here. But, 
since no exposed carbonyl group could persist 
unchanged, the carbonyl bridge must have been 
protected in some way from the action of the ex­
cess reagent. The obvious explanation is that it

forms an enolate, 
V II, th u s  ac­
counting for the 
one active hy­
drogen observed; 
acidification then 
regenerates the 
original carbonyl 
group.

Carbinols, VIII 
(X -  OH), have 
been prepared in 
which R = CH3, 

CeH5, a-Ci0H7. All carbinols lost carbon mon­
oxide and water, when heated, and gave hydro­
carbons. The carbinols were studied in more 
detail; in the Grignard machine they showed two 
active hydrogens (one due to enolate and one to 
carbinol). The hydroxyl was replaced by halo­
gens on treatment with acid halides; they gave 
isomeric acetates with acetic anhydride and 
acetyl chloride. The acetates (VIII: R = CH3, 
X = OCOCH3) showed one active hydrogen and 
two additions in the Grignard machine, and re­
generated the carbinol, as would be expected.

The bimolecular product was previously re­
ported1 to give two stereoisomeric dioximes. Both 
of these have now been hydrolyzed, with produc­
tion of the bimolecular product; this excludes the 
possibility that the starting material was a mixture.

The bimolecular product was brominated to

excludes any of the open-chained isomeric struc­
tures that might be written, confirming the con­
clusion already mentioned above, concerning the 
formation of bimolecular products from substi­
tuted anhydracetonebenzils. In the Grignard 
machine it consumes two moles of reagent without 
evolution of gas. The product is a di-carbinol 
IXa, for it evolves two equivalents of gas when 
treated with excess methylmagnesium iodide. 
These reactions afford confirmation of the as­
sumption previously made in regard to the bi­
molecular product, that the production of gas is 
connected with the presence of an enolizable hy­
drogen; in the tribromoketone there is no alpha 
hydrogen, and the two carbonyl groups behave 
normally, giving two additions.

H
/C B r. I

CeHöCy I XC-------CC6H8
II CO I II 

C6H5Cv /C v /CC6H5
X T r /  I X X  

Br |1 
IX O

H
X B rv I

C6H5C X ^  I XC— -CC6H5
|| CH3COH I ||

C6H5CX I /Cv /C C 6H5 
^ C B F  I )C<

Br /  X)H
IXa CH3

The monochloroketone is isomeric with one 
described as a result of chlorination of 3,4-di- 
phenylcyclopenten-3-one-l .8

It was mentioned earlier that hydrocarbons 
were formed by loss of water during decarbonyla- 
tion. From the phenyl carbinol (VIII: R =  
C6H5, X  =  OH) the hydrocarbon obtained was 
identical with one secured from 2,3,5,6-tetra- 
phenylindenone X  by the following sequence of 
reactions

OMgX

/Cv / '
'CH' I \ c (  

H /  XX  
VIII R

c c6h 5
II
c c6h &

f II f H6
^ C6h / \ — üC6H6CeHsMgX HBr “ f  n ® Zn

W CfH‘ — C e H ^ I /C e H s ------ >■ C6H6(v /üv jJc6H6 HOAc
II0 CchT ^ H

/ \
CsH5 Br

X XI XII
VIII

(R = C6H6) X = OH)

Hydrocarbon,
m.p.280°

-C O
- h 2o

t
form a tribromoketone IX, gave a monochloroke­
tone with phosphorus pentachloride, did not con­
dense with aromatic aldehydes, and was destroyed 
by concentrated sulfuric acid. The tribromoke­
tone is the result of complete replacement of all 
the available hydrogen atoms in the alpha posi­
tions to both carbonyl groups. Its formation

It is obvious from inspection of the formulas that 
in one instance there has been a rearrangement. 
The substance in question is also isomeric with a 
closely related hydrocarbon described previ­
ously6; a discussion of these and other related 
compounds will be considered separately.

(8) B urton  and Shoppee, J . Chem.. Soc., 205 (1934).
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One other instance, best explained as a 1,3- 
shift of a phenyl group, has been found in the 
literature. When cinnamalaniline XIII is heated 
in acid solution, it forms 2-phenylquinoline XIV.9 
It must be assumed either that a 1,3-shift of a 
phenyl group is involved, or that the anil is hy­
drolyzed in part to its components, the aniline so 
formed then adding to a molecule of unchanged 
anil, with subsequent ring closure and dehydro­
genation. In considering the first alternative, it 
should be noted that before dehydrogenation 
the substance XV has an allylic system, in which 
rearrangements are facile and common.

C6H5 
CH

n  v
V \ n / ch
XIII

The explanation involving a 1,3-shift of a 
phenyl group seems preferable in this case, for 
Peine showed that cinnamalaniline showed a 
remarkable stability to acids, there being but a 
very slight hydrolysis to the components. It is 
much simpler than the necessary series of con­
secutive reactions required by the second alterna­
tive. We have found that cinnamalaniline is 
monomolecular, thus excluding interpretations in­
volving polymeric forms.

Experimental
The bimolecular compound V and its two dioximes 

were prepared as reported previously.1 Both dioximes 
(m. p. 176 and 229°) were hydrolyzed by refluxing a sus­
pension of 4 g. of the dioxime in 100 cc. of alcohol con­
taining 25 cc. of concentrated hydrochloric acid for 
twenty-four hours; after cooling, the precipitate was 
filtered. The yield was 2.5 g.; the melting point, 202- 
204°, was not lowered when mixed with the pure bi­
molecular product.

Bromination: 3a,4,7,7a-Tetrahydro-2,3,5,6-tetraphenyl- 
4,7,7a-tribromo-4,7-methanoinden-l,8-dione, IX; a mix­
ture of 100 cc. of glacial acetic acid and 5 g. each of bro­
mine and the bimolecular product was heated on the 
steam-bath for seventy-two hours; after the usual manipu­
lative procedures, 1.5 g. of tribromoketone was obtained. 
It crystallizes from benzene-ligroin in prisms, m. p. 229- 
230°.

Anal. Calcd. for C34H2i02Br3: Br, 34.2. Found: Br, 
33.6.

2,3,5,6 - Tetraphenyl -1,8- dimethyl - 4,7,7a - tribromo -1,8- 
dihydroxy-3a,4,7,7a-tetrahydro-4,7-methanoindene, IXa, 
was formed when the diketone IX reacted with methyl­
magnesium iodide. It crystallizes from benzene-ligroin in 
rods, m. p. 278°.

Anal. Calcd. for C36H290 2Br3: C, 58.9; H, 4.0; Br,
32.7. Found: C, 59.2; H, 3.7; Br, 33.0.

It evolved two equivalents of methane in the Grignard 
machine, consuming 2.7 moles of reagent. Upon acidi­
fication, most of the starting material was recovered un­
changed.

Chlorination: The monochloroketone was secured by
refluxing for one-half hour a benzene solution of 4.6 g. of 
the bimolecular product and 6.2 g. of phosphorus penta­
chloride. It separates in prisms from benzene, m. p. 215°.

Anal. Calcd. for C34H230 2C1: Cl, 7.1. Found: Cl,
6 .6 .

The Grignard reaction products (carbinols, VIII) were 
prepared in the usual manner with yields of 75-85%. 
There was nothing new in the experimental procedures

employed when they were 
treated with acetyl chlo­
ride, acetic anhydride and 
a trace of sulfuric acid, 
thionyl chloride, hydro­
gen bromide in glacial 
acetic acid or phosphorus 

pentachloride. The properties of the various compounds 
are given in Table I.

T a b l e  I
P r o p e r t i e s  o f  S u b s t a n c e s  R e l a t e d  t o  t h e  C a r b in o l s

Formula VIII Yield, M . p.,
Analyses, % 

Calcd. Found
R X % °C. C H C H

CH3 OH 80“ 262 87.5e 5.8 87.6 5.8
c h 3 OCOCH3

75hf 202 85.l h 5.7 85.3 5.8
CHa OCOCHs 75b>° 180 85. F  5.7 84.9 5.9
c h 3 cr 50d 219 (Cl 7.1) (Cl 7.3)
c h 3 BF Q0h 191 (Br 14.7) (Br 14.3)
c6h 5 OH 81“ 226 88.6e 5.5 88.6 5.5
c6h 5 OCOCH3 30c>s 235 86.3fe 5.5 86.6 5.6
c6h 5 Cl 506,Ic 216 (Cl 6.3) (Cl 6.4)
tt-CioHj OH 80“ 295 89.2e 5.4 89.1 5.5
«-C10H7 BF 85'' 233 (Br 12.2) (Br 12.2)

° Prisms, from xylene. b Prisms, from benzene-petro­
leum ether. c Rods, from benzene-petroleum ether. 
d Needles, from benzene-petroleum ether. e Two active 
hydrogens, no addition in Grignard machine. f Action of 
acetyl chloride. 9 Action of acetic anhydride and one 
drop of concentrated sulfuric acid. h One active hydrogen, 
two additions in Grignard machine and recover carbinol. 
1 Action of phosphorus pentachloride. ? Action of 32 % 
hydrogen bromide in acetic acid. k Action of thionyl 
chloride.

2.3.5.6- Tetraphenylindenone X was obtained in a 20% 
yield from the indenone, m. p. 167 V  or in a 70% yield 
from its isomer, m. p. 240°,6 by heating at 220-280° for 
fifteen minutes with sulfur; there is a strong odor of thio­
phenol in each instance.

1.2.3.5.6- Pentaphenylindenol-l, XI, was obtained in a 
yield of 87% from 2,3,5,6-tetraphenylindenone and 
phenylmagnesium bromide in the usual manner. It sepa­
rates from benzene-petroleum ether in prisms, m. p. 220°.

Anal. Calcd. for C39H280: C, 91.4; H; 5.5. Found:
C, 91.2; H, 5.5.

C6H5 H

c<XCH
II/CH

^N/
H XV

(9) Peine, B er., 17, 2117 (1884).
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1,2,3,5,6-Pentaphenyl-l-bromoindene, XII, resulted on 
warming an acetic acid solution of hydrogen bromide (30- 
32%) with one-fourth its weight of the above carbinol for 
one hour; it was then cooled and diluted with an equal 
volume of acetic acid; the yield was 89%. It forms 
prisms, m. p. 203°.

Anal. Calcd. for CagHtarBr: Br, 13.9. Found: Br, 
13.6.

The hydrocarbon, m. p. 280°, was isolated, after reflux­
ing a mixture of 4 g. of the bromoindene, 10 g. of zinc dust, 
and 50 cc. of acetic acid for three hours, by pouring into 200 
cc. of water. The hydrocarbon crystallized on chilling the 
chloroform extract of the aqueous mixture. It separates 
in prisms.

The same hydrocarbon was formed by heating the phenyl 
carbinol (m. p. 226°) of the bimolecular product at 290- 
310° for one hour; steam and carbon monoxide were 
evolved. The residue was crystallized from chloroben­
zene.

The a-naphthyl homolog was prepared in a similar man­
ner; it forms tiny prisms, m. p. 298°.

Anal. Calcd. for (280°) C39H28: C, 94.4; H, 5.7; for
(298°) C43H30: C, 94.5; H, 5.5. Found: (280°) C, 93.9;
H, 5.6; (298°) C, 94.3; H, 5.5.

Cinnamalaniline10 is monomolécülar in boiling alcohol, 
the calculated value being 187, whereas 194 was found.

Acknowledgment.—We are greatly indebted 
to Dr. Bell of this Laboratory for the many quan­
titative examinations, in the Grignard machine, 
of the substances described in this and related 
papers.

Summary
A new structure, differing only in the position 

of a phenyl group and a hydrogen atom, has been 
proposed for the bimolecular product resulting 
from the action of acidic dehydrating agents upon 
anhydracetonebenzil. The new structure is in 
better accord with the chemical behavior of the 
substance.

The nature of the Grignard reaction products 
and related substances is described. A tribromo 
substitution product has been obtained.

(10) D oebner and  M iller, Ber., 16, 1665 (1883). ' W e are  indeb ted  
to M r. V anA llan for th e  p repa ra tion  of th is  substance.

R o c h e s t e r , N. Y. R e c e i v e d  M a y  26, 1942

[C o m m u n ic a t io n  N o . 856 f r o m  t h e  K o d a k  R e s e a r c h  L a b o r a t o r i e s ]

The Structures of Certain Highly Arylated Indenones and their Behavior with Bromine
By C. F. H. Allen and J. W. Gates, Jr.

Some time ago1 it was shown that decarbonyla- 
tion of the bimolecular product that resulted 
from the dehydration of anhydracetonebenzil 
gave a dienone that was rearranged by gentle 
heating to an isomeric indanone I. On account 
of the peculiar features of this rearrangement, it 
was considered desirable to examine the behavior 
of these substances with other reagents. The ac­
tion of bromine upon these and closely related sub­
stances is described in this paper, and the per­
tinent structures are discussed. Owing to the reac­
tivity of the system and to the many possible 
structures, it usually takes a sequence of reac­
tions to enable one to draw significant conclusions.

With one equivalent of bromine, the indanone I 
gives a monobromoketone, which, with an excess 
of the reagent, forms a dibromo compound; hy­
drogen bromide is evolved in both reactions. 
When the dibromo compound is treated with the 
Grignard reagent,2 the monobromoketone is re-

(1) A llen and Spanagel, T h is  J o u r n a l , 55, 3773 (1933).
(2) I t  is of in te res t to  no te  th a t  in th e  G rignard m achine [Kohler 

and  R ichtm yer, ibid., 52, 3736 (1930)] «-brom oketones show no im ­
m ediate evolution of gas and use up one mole of reagent (usually 
in terp reted  as addition).

formed, and a subsequent treatment of this with 
more Grignard reagent removes the remaining bro­
mine atom and furnishes a fourth, isomeric di­
enone. The new inden one is very sensitive to heat 
reverting to its isomer I below its melting point. 
For this reason, its reactions appear to be those 
of the indanone, e. g., both give the same dibromu 
substitution product, and the same phenyl car­
binol. Neither of the bromoketones appears to 
add maleic anhydride.

The replacement of the bromine atoms, step­
wise, by the Grignard reagent with the formation 
of a ketone, shows that they must be in positions 
alpha to the carbonyl group,3 i. e., either (a) or
(b)

1 1 
—c —c —c — 1

—C—CBr2
1 1! 1 II

Br O Br O
(a) ' ■ ( b )

Dibromoketones of type (b), having both bro­
mine atoms on the same carbon atom, however, 
are very easily hydrolyzed to a-diketones; this 
property is not exhibited by the dibromoketone

(3) K ohler and  Tishler, ibid., 54, 1594 (1932).
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in question, consequently, it is best represented 
by Formula II.

The formation of the dibromoketone II from 
the indanone I probably takes the following 
course; the hydrogen atom alpha to the carbonyl 
group is first replaced in the usual manner, giving 
a monobromoketone III. This can be considered 
to contain an allylic system, involving the double 
bond common to both rings, which is isomerized 
to IV under the influence of the hydrogen bro­
mide present. The resulting ketone now contains 
a hydrogen atom alpha to the carbonyl group and 
is brominated in the usual way to form II.

An alternative mechanism which avoids the 
rearrangement suggested is possible for the second 
step. If the monobromoketone had the struc­
ture III, a molecule of bromine could add to the 
double bond to give Ilia, which would then lose 
hydrogen bromide. Since this involves an aro­
matic double bond of the benzene ring, it seems 
less likely, although the ortho-phenyl groups may 
have a sufficient activating effect to permit of 
such an addition. Furthermore, the hydrogen 
atoms, not being alpha to a carbonyl group, will 
be much less active, and have less tendency to be 
eliminated as hydrogen bromide.

The position of the hydrogen atom in the mono­
bromoketone is less certain. Since this substance 
was obtained by a reduction of the dibromide by 
the Grignard reagent, it would seem that it should 
have the structure IV; in confirmation, the mono­
bromoketone, though secured from the indanone, 
is unaffected by hydrogen bromide, yet it bro- 
minates easily to give the dibromoketone II. 
Easy bromination is characteristic of only those 
ketones that have a hydrogen atom in the alpha 
position. Reduction of the dibromide with zinc

and acetic acid also replaces the bromine by hy­
drogen; zinc in acetone or ethyl acetate has no 

effect—that is, in the dibromide 
the two bromine atoms are not 
on adjacent carbon atoms.

The dienone secured by reduc­
tion with the Grignard reagent, 
from its method of preparation 
and behavior on bromination, 
most probably is represented cor­
rectly by the structure V. In 
this, it will be noted that the 
hydrogen atom on the carbon 
atom common to the two rings is 
between three double bonds, and 
would be expected to be unus­
ually likely to isomerize to a more 

stable system; by virtue of its aromatic structure, 
the most stable system is the indanone I . This die­
none does form the indanone when warmed in solu­
tions below its melting point; the change is very 
rapid in boiling acetic acid. For this reason, its 
reaction products, always formed in hot solu­
tions, are identical with those of the indanone.

The dienone VI found earlier1 was assigned its 
structure because it added maleic anhydride, gave 
some thiophenol when heated with sulfur, and 
was easily rearranged to the indanone I, showing 
it had the same skeletal structure. In view of the 
facile migration of hydrogen in this series, the 
production of thiophenol loses some of its signifi­
cance—it is noticeable in all the sulfur melts. Its 
occurrence was interpreted1 to indicate the pres­
ence of an angular phenyl group on the top carbon 
atom common to the two rings; this phenyl was 
then assumed to undergo a 1,3-shift in forming the 
indanone I. Such a shift was at that time without 
analogy, whereas 1,3-shifts of hydrogen in allylic 
systems are common. We are now4 of the opinion 
that the phenyl group is already in the position 
where it is found in the indanone and that this di­
enone has the structure V I; this is in better accord 
with its chemical behavior.

H H2H

VI VII
Of these four isomers, the indanone I seems to 

be the most stable, for the three dienones are con-
(4) Allen and G ates, T h is  J o u r n a l , 64 , 2123 (1942).

H Br H
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verted to it by heating.5 The indanone I is white, 
whereas the three isomers are various shades of 
yellow, and it does not add maleic anhydride. On 
heating with sulfur, hydrogen sulfide is evolved 
and a red indenone results; this substance has al­
ready been degraded stepwise1 by unambiguous 
reactions to compounds of known structure.6 The 
formula I seems in best accord with these proper­
ties. Although the dienone VII gave both
1,2- and 1,4-addition with phenylmagnesium 
bromide,7 it was pointed out that this reagent 
was of no value in determining structures in 
this series, owing to the prevalance of allylic re­
arrangements.

The isomeric dienones VI and VII give the same 
monobromoketone VIII upon bromination, with 
evolution of hydrogen bromide. This result 
would be expected in view of the known ease of 
the rearrangement of VI to VII.7 Excess bro­
mine dehydrogenates the monobromoketone. Ex­
amination of this ketone VIII in the Grignard 
machine2 revealed little.8 Both methylmagnesium 
iodide and phenylmagnesium bromide gave mix­
tures, from which were isolated bromine-free ke­
tones, different from the original dienones. The
1,4-addition reaction, resulting in the formation 
of the ketones, which differ from the original by 
having an additional phenyl or methyl group, in­
volves the carbonyl group. Thus, this group is 
not available for other purposes, and the elimina­
tion of the bromine must have been a side reac­
tion. The following mechanism seems a plausible 
interpretation of the facts, and enables one to as­
sign structure VIII to the bromoketone with a 
considerable degree of assurance. The magnesium 
enolate formed by the 1,4-addition of the Grignard 
reagent is shown in IX; upon acidification the 
enol XI ketonizes, but at some stage, there is a 
transannular elimination of hydrogen bromide, for 
the resulting ketone X contains no bromine. This 
probably occurs in the enol XI, for the requisite 
hydrogen atom in the 7-position is then activated

(5) E xam ination  of the  form ulas of th e  isomeric ketones reveals 
th a t  all the  indenones have hydrogen atom s activated  by adjacence 
to  tw o  or m ore double bonds, which are  p a r t  of an  allylic system. 
T hey would, therefore, be expected to  rearrange to  th e  more stable 
indanone I system .

(6) Allen, Bell, Bell and  Van Allan, T h is J o u rn al , 62, 656 
(1940).

(7) Allen and G ates, ibid., 64, 2120 (1942).
(8) I t  should be em phasized th a t  abnorm al results from the G ri­

gnard  m achine have little  significance, o ther th an  to  indicate th a t 
several reactions are  tak in g  place sim ultaneously. I t  is always 
necessary to  isolate and determ ine th e  n a tu re  of th e  reaction  products 
before draw ing useful conclusions. If there  is no im m ediate evolu­
tion  of gas, it  indicates th e  absence of an active hydrogen atom .

by its position between the unsaturated link­
ages.9,10

VIII

H
C6H5|̂ \  
C6H!

R H

c6h 5
c6h 5

o
X

Br H
H
^ c6h 6

OM gX
R H

The aromatic ketone that results from the ac­
tion of excess bromine upon the bromoketone VIII 
is probably 4-bromo-2,3,5,6-tetraphenylindenone 
XII. The bromine atom is inactive, phenylmag­
nesium bromide giving a carbinol XIII. The in­
denone is reduced to an indanone XIV by zinc 
and acetic acid, thus paralleling the behavior of 
the unbrominated indenone.

Br
C6Hö/ \ ----nC6H5
c6h51 ^ s I!c6h 5

IIo
XII

Br H
CeHsrAv------- C6H5

C6H5
II H
O

XIV

Br
C6H5^ \ ----rrCeHs
c6h { c6h 5

c6h 5 o h
XIII

Experimental
2,3,5,6-Tetraphenyl-2,7a-dibromo-2,7a-dihydroindenone-

1 II.—This compound was obtained by bromination of 
the indanone I in the usual manner, using two equivalents 
of bromine and acetic acid as the solvent. It was also 
formed by a further bromination of the monobromoketone
IV. The latter was secured by a* similar procedure, but 
using one equivalent of bromine and chloroform as a solvent. 
The properties of these substances are given in Table I.

Both bromoketones were unaffected by hydrogen bro­
mide in acetic acid, and did not add maleic anhydride. 
The dibromoketone was reduced to the monobromoketone

(9) In  one fo rtu itous  instance, w ith  m ethy lm agnesium  iodide, a 
brom oketone was isolated; im m ediate  analysis showed 85%  of the  
calculated am ount of brom ine, all of which was lost on rec ry s ta lliza ­
tion.

(10) A d irec t rep lacem ent of brom ine in V III  by double  decom ­
position w ith  th e  G rignard  reagen t is an  adm itted  possib ility , and  
reaction  p roducts  of th is  type  m ay be present in th e  res idual oils 
which com prise ab o u t one-half th e  reaction  product.
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-Analyses, %
Yield, Em pirical ,--------- Calcd. ,.— —F ound---

S ubstance % £ ■o o p form ula c H Br c H Br
II 75 270d.“’1' C33H22OBr2 26.9 26.5
III 84 241d.6,<! C33H23OB1* 15.5 15.2
V 50 125a,e c33h 24o 90.8 5.5 90.7 5.4
VIII 84 196a,/ C33H23OBr 76.9 4.5 15.5 76.8 4.4 15.3

X, R = CHa 33 170o,c C34H28O 90.9 5.6 90.9 5.6
X, R = C6H5 27 246°'* C39H28O 91.4 5.5 90.9 5.4.

Xa 10 to p c34h 26o 90.9 5.6 89.5 6 .0
XII 90 235c,/ CwHaiOBr 77.2 4.1 15.6 77.2 4.0 15.4
x m 52 249b,‘ CadUvOBr 13.5 13.2
XIV 57 175aJ C33H23OBr 15.5 15.0
XV 69 240“’8 . c 40h 34o 91.5 5.8 91.3 5.8
XVI 50 194c,e C39H27B1' 81.4 4.7 13.9 81.6 4.8 13.8
XVII 20 229d.M C78H570 2Br 84.7ff 5.2 7.2 85.2 4.9 6 .8,6.5
XVIII 80 239“’" OwHafiOBr 77.3 4.5 77.1 4.6

a Prisms. &Needles. c Rods. d From xylene. e From benzene-petroleum ether. f From benzene--alcohol.
Calcd. mol. wt. 1105; found, mol. wt. (in benzene) 522, 519. The explanation of this discrepancy is unknown.

by reduction with potassium iodide in acetic acid, alcoholic 
potash, and the Grignard reagent, and to the parent in­
danone with zinc and acetic acid, by the customary pro­
cedures.

2,3,5,6-Tetraphenyl-2,7a-dihydroindenone- 1 V.—To a
0.1 mole of phenylmagnesium bromide in 100 cc. of ether 
was added 6 g. of the monobromoketone III. After it had 
been stirred for an hour, the mixture was decomposed by 
ammonium chloride, and the organic material crystallized 
from benzene-petroleum ether; the yield was 3 g. Heated 
in the ordinary way, in a capillary tube, it melts at 95°, 
then solidifies and remelts at 164-166°; if the tube and 
sample are plunged into a heated bath, the melting point 
is found to be 125°. By repeated recrystallizations, it 
isomerizes, most rapidly in acetic acid, to the indanone II, 
m. p. 176°.

2,3,5,6“Tetraphenyl-3a,4-dihydro-4-bromoindenone-l
VIII resulted when either indenone VI or VII in chloroform 
solution was brominated in the usual way. It crystallized 
from benzene-alcohol in lemon-yellow prisms, m. p. 196 °d. 
It does not add maleic anhydride and is unaffected by 
hydrogen bromide. In the Grignard machine it shows 0.5 
active hydrogen and 1.5 addition. Upon treatment with 
bromine in chloroform, hydrogen bromide is evolved, and 
an orange indenone (2,3,5,6-tetraphenyl-4-bromoinden- 
one-1 XII, m. p. 234-235°) is isolated from the residue 
by evaporating to dryness on a water-bath.

This last substance is reduced by zinc and acetic acid 
(without removal of the bromine) to an indenone XIV in 
exactly the same way as the unbrominated analog, 2,3,5,6- 
tetraphenylindenone1 gave the indanone I, m. p. 176°. It 
gave a phenyl carbinol XIII with phenylmagnesium bro­
mide.

Reaction Products from the Bromoindenone VIII.—(a)
Phenylmagnesium bromide gave a complex mixture, from 
which the ketone X, (R = CgH5) and a bimolecular prod­
uct were isolated in this order. In the Grignard machine 
the ketone consumed one equivalent of reagent and 
evolved a half equivalent of gas (possibly indicating 50% 
enolization). When treated with phenylmagnesium bro­
mide it gave a new carbinol, l,2,3,5,6,7-hexaphenyl-3a,7a-

dihydroindenol-1 XV, which did not dehydrate with a 2% 
solution of sulfuric acid in acetic acid.

The ketone behaved in a puzzling manner with hydrogen 
bromide, the oxygen being lost and a bromine atom intro­
duced. Possibly the acid is added to the carbonyl group 
and then water is split off. The product XVI is a bromo- 
hydrocarbon.

The bimolecular product XVII was assumed to be such 
because of the bromine analyses; the minimum molecular 
weight, if one bromine atom is present, is 1100-1200. The 
substance was secured from two different preparations, and 
was unchanged on recrystallization from two different 
solvents. It consumed 2.7 equivalents of reagent (on the 
basis of this molecular weight), showing two active hydro­
gens. Upon acidification, about half the starting material 
was recovered from the black oil. It was not investigated 
further.

(b) Methylmagnesium iodide likewise gave a complex 
mixture, from which was isolated the ketone, 2,3,5,6-tetra- 
phenyl-7-methyl-3a,7a-dihydroindenone-l (X, R = CH3). 
In the Grignard machine it consumed one equivalent of re­
agent and evolved 0.3 equivalent of gas. It was un­
affected by hydrogen bromide and did not add maleic 
anhydride. It readily substituted with bromine; the a- 
bromoketone, 2,3,5,6-tetraphenyl-7-methyl-3a,7a-dihydro- 
7a-bromoindenone-l XVIII, was reduced back to the 
starting material by methylmagnesium iodide. In one 
instance a very small amount of an isomeric ketone Xa was 
obtained.

Summary
The behavior of several closely related isomeric 

polyphenylated indenones with bromine has been 
determined. Structures have been assigned the 
various substances, in accord with the experimen­
tal evidence obtained from a series of reactions. 
The occurrence of allylic rearrangements has again 
been noted.
R o c h e s t e r , N. Y. R e c e i v e d  May 29, 1942
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[C o n t r i b u t io n  f r o m  t h e  C h e m is t r y  L a b o r a t o r y  o f  T h e  O h i o  S t a t e  U n i v e r s i t y ]

Enolization in the Reformatsky Reaction
B y M e l v in  S. N ew m a n

In the Reformatsky reaction it is generally 
thought that zinc reacts with a bromoester to 
form an organozinc intermediate which then adds 
to the ketone or aldehyde to yield a bromozinc 
derivative of a -hydroxyester, as follows
Rv

R-
€ H - D

>o
+  BrZnCHaCOOCHi 

R
OZnBr 

R\  1/C H —C—CH2COOCH; 
R ' I

R
( 1 )

The recovery of ketone from the products of 
such a reaction would seem to indicate incomplete 
reaction. However, it was found to be a fact that 
practically all of the theoretical amount of zinc 
was consumed in experiments where considerable 
amounts of ketone were recovered. This finding 
suggested that the ketone reacted in some way 
with the organozinc intermediate so that on hy­
drolysis the ketone was regenerated. Bearing in 
mind the probability that the Reformatsky reac­
tion involves an organozinc intermediate which 
would be expected to behave like other organo- 
metallic compounds, it seemed likely that the re­
covered ketone was tied up as an enolate during 
the reaction,1 as follows

CH—C = 0  +  BrZnCH2COOCH3

t
"R\  c-c^°"
R / C- C\ R _

h 2o

Acetomesitylene was chosen as an excellent test 
for this hypothesis because it has been shown to 
react by the enolization mechanism with Grignard 
reagents2 and with organolithium3 and organo- 
sodium3 compounds. It was found that aceto­
mesitylene reacted vigorously with zinc and 
methyl bromoacetate. After hydrolysis of the 
reaction mixture 90% of acetomesitylene was re­
covered and in addition approximately 50% of 
the theoretical amount of methyl acetate was 
isolated.

(1) N ewm an, T h is  J o u r n a l , 62, 870 (1940).
(2) Kohler and  B altzly , ibid.,  54, 4015 (1932).
(3) G ilm an and  Jones, ibid.,  63, 1162 (1941). In  th is  paper i t  is 

pointed ou t th a t  enolization of a ketone prior to  reaction w ith an or- 
ganom etallic com pound does n o t necessarily have to  occur. I t  may 
be th a t  the  in itia lly  form ed complex betw een the  carbonyl oxygen 
and the  organom etallic  reagen t react so th a t  the  products characteris­
tic of an enolization reaction  are form ed. See also Arnold., B ank and 
Liggett, ihicLf 63» 3444 (1941)»

When 23.3 g. of acetomesitylene, 23.0 g. of methyl 
bromoacetate and 5 g. of freshly sandpapered zinc foil4 
were brought together in 100 cc. of dry sulfur-free benzene, 
an extremely vigorous reaction ensued. Approximately 
the theoretical amount of zinc was consumed in a short 
time. After hydrolysis with dilute hydrochloric acid the 
benzene layer was distilled. On fractionation of the low 
boiling fraction, 5.3 g. (50%) of methyl acetate was ob­
tained. This was identified by boiling point, 57-58° un­
cor., odor and hydrolysis to yield acetic acid, identified 
as its ^-bromophenacyl ester5, m. p. and mixed m. p. 83- 
84° cor. More methyl acetate was present as judged by 
the boiling point and odor of intermediate fractions. 
From the higher boiling fraction there was isolated 20.9 
g. (90%) of acetomesitylene, b. p. 124-125° uncor., at 20- 
21 mm. This was identified further by conversion in 64% 
yield to 3,5-dinitro-2,4,6-trimethylacetophenone,6 m. p. 
and mixed m. p. 139-140° cor.

In a similar experiment it was shown that 
methyl acetate could be distilled from the reaction 
mixture before hydrolysis, thereby proving that 
the methyl acetate formed did not arise from a 
reaction of any bromozinc intermediate with 
water. It should be emphasized that the forma­
tion of methyl acetate in a Reformatsky reaction 
is entirely analogous to the formation of methane 
in a Zerewitinoff determination. In order to rule 
out the possibility that the methyl acetate might 
have arisen from some other side reaction, zinc

and m ethyl bromo- 
ZnBr +  CH3COOCH3 (2) acetate were refluxed

in benzene for a day. 
Considerable reaction 

occurred but at no time was a positive organo- 
metallic color test with Michler ketone7 obtained. 
A small amount of methyl acetate was produced 
but not nearly enough to account for the methyl 
acetate resulting when acetomesitylene was pres­
ent. Therefore, on the basis of the above facts, 
it is concluded that in the Reformatsky reaction 
acetomesitylene reacts mainly by the enolization 
mechanism.

(4) N atelson  and  G ottfried , ibid .,  61, 970 (1939). T he  zinc foil 
was ob tained  from  th e  J . T. B aker Co., Phillipsburg , N . J.

(5) Judefind  and R eid, ibid., 42, 1043 (1920).
(6) Fuscm and W alker, ibid., 52, 3269 (1930). U nder th e  sam e 

conditions th e  pure  know n com pound yielded 66%  of th e  d e riv a tiv e .
(7) G ilm an and Schulze, ibid.,  47, 2002 (1925). T o  allow  for th e  

possibly lesser reac tiv ity  of an  organozinc com pound, th e  te s t  so lu ­
tion  was heated  for one to  five hours before hydrolysis, a t  th e  sug­
gestion of th e  Referee. H owever, th e  success or failure in o b ta in in g  
a color te s t does n o t affect th e  argument in favor of eno lization , fo r 
no appreciable am oun t of m ith y l a ce ta te  is form ed unless a ce to - 
m esitylene is added.



2132 M elvin  S. N ewman Vol. 64

A solution of 67.5 g. of methyl bromoacetate in 350 cc. 
of dry sulfur-free benzene and a few crystals of iodine was 
refluxed over 32 g. of zinc4 for twenty hours. Shortly 
after the refluxing commenced the solution turned yellow- 
green. A test7 with Michler ketone at this stage was 
negative. After about thirty minutes of refluxing an 
orange-yellow viscous complex was seen to adhere to the 
active spots on the zinc. Some of this complex was re­
moved on a glass rod when it first appeared, but this also 
gave a negative color test. After twenty hours of reflux­
ing the decanted solution was distilled through a 10-15 
plate column. With a reflux ratio of over 80 to 1 about 3 g. 
of a fraction, b. p. 57-64°, was collected. Methyl acetate 
was present in this as judged by boiling point, odor, and 
identification of acetic acid on hydrolysis as the p-bromo- 
phenacyl ester.5 On weighing the zinc it was found that 
19.5 g. had reacted. This amounts to 68% of that re­
quired to react with the bromoester used.

The isolation of ketone from the products of 
Reformatsky reactions does not necessarily mean 
that the ketone was tied up as an enolate during 
the reaction, but, if the theoretical amount of zinc 
was consumed in a short time during the reaction 
and if no insoluble complex coated out on the zinc 
to hinder complete reaction, it seems most likely 
that enolization offers the best explanation for the 
recovery of unchanged ketone. In the past few 
years the author has carried out many such reac­
tions in which, although ample excesses of zinc 
and bromoesters were present, and approxi­
mately the theoretical quantity of zinc was rapidly 
consumed, considerable amounts of starting ke­
tone were recovered. At the time when most of 
these reactions were run, the possibility of enoli­
zation as a factor in Reformatsky reactions was 
not under consideration. Accordingly, a thor= 
ough study of the factors which influence the 
enolization of ketones in this reaction cannot 
be reported. However, it is possible to point out 
a few observations which seem to be substan­
tiated by the experimental results.

The ketones studied were l-keto-2-phenyl-l,2,-
3,4-tetrahydronaphthalene,1 I, l-keto-2-p-tolyl-3- 
methyl-l,2,3,4-tetrahydronaphthalene,8 II, and 4- 
keto-1,2,3,4-tetrahydrophenanthrene,9 III.

Preparation of Keto ne
Ketones I and II were prepared as previously reported. 

Ketone III was prepared as follows. The acid chloride 
prepared in benzene solution from 199 g. of y-2-naphthyl- 
butyric acid and phosphorus pentachloride was dissolved 
in 500 cc. of sulfur-free dry benzene, and 127 g. of alumi­
num chloride10 was added in portions with stirring. Very

(8) N ew m an, T h is  J o u r n a l , 62, 2295 (1940).
(9) C om pare H aw orth , J.  Chem. Soc., 1125 (1932), and  Bachm ann 

an d  E dgerton , T h is  J o u r n a l , 62, 2219 (1940).
(10) Galeo Chem ical Go., S tan d ard  grade, anhydrous.

little hydrogen chloride was evolved and the color of the 
complex first formed was still a pale yellow-green when 
90% of the aluminum chloride had been added. Also 
there had been considerable evolution of heat. When 
the last portions of aluminum chloride were added the 
color deepened rapidly to a red-brown, the temperature 
started to rise rapidly (cooling required), and much hydro­
gen chloride was evolved. After regulation of the internal 
temperature at 35-40° for one hour, the temperature was 
raised to 60° for an hour and to 65° for one-half hour. 
The mixture was then cooled and worked up in the usual 
manner. On rapid vacuum distillation at 2 mm. a pale 
yellow viscous oil, 170 g. (93%), was obtained. By crys­
tallization from 400 cc. of alcohol, two crops of crystals 
totalling 157 g. (86%), m. p. 66.0-67.4° cor., were ob­
tained. About 3 to 5% of starting acid was recovered 
from alkaline extracts of the reaction mixture.

General Description of Procedure
A solution of the pure ketone (usually 0.1 to 0.2 mole) 

and bromoester (in 15-20% excess) in dry sulfur-free ben­
zene (80-100 cc. per 0.1 mole) was placed in a round- 
bottom flask fitted to a ground-in condenser which could 
be changed from refluxing to distilling by turning a stop­
cock. This solution was distilled for a short while to ren­
der completely anhydrous. An excess of freshly sand­
papered zinc foil was added while the solution was still hot, 
and, when desired, a few crystals of iodine were allowed to 
fall on the foil. In most cases a vigorous exothermic re­
action set in as soon as the solution was heated to boiling. 
Refluxing then continued spontaneously until the reaction 
was virtually complete. This took about ten to twenty 
minutes. After further refluxing with added heat for not 
more than thirty minutes the reaction mixture was cooled 
and decomposed with dilute hydrochloric acid. The or­
ganic material was separated by ether extraction and the 
unreacted zinc collected and weighed.11 After thorough 
washing with dilute acid and water, the solvent was re­
moved from the benzene layer and the residue was heated 
for a short while in the neighborhood of 200° to effect 
dehydration. When iodine was used in starting the reac­
tion it was generally unnecessary to add more iodine for 
dehydration. The residue was vacuum distilled, the dis­
tillate refluxed with dilute aqueous-alcoholic potassium 
hydroxide, and the hydrolyzate separated into acidic and 
neutral fractions. The original ketone was recovered 
from the neutral fraction by vacuum distillation, crystalli­
zation, or a combination of the two, and the yields of 
ketone reported represent practically pure ketone. The 
acid fractions were crystallized from benzene. In some 
cases all of the acid crystallized. The amounts of non­
crystalline acid were determined by evaporating the sol­
vent from the mother liquors to constant weight of residue, 
and these values were checked by esterification and vacuum 
distillation of the ester.

Discussion of Results
From a consideration of the experiments cited

(11) If dilu te  hydrochloric acid is used, it  is possible to  separate  
the  zinc rapid ly  before any  appreciable am oun t of i t  reacts w ith  the  
acid. I t  is surprising  how slowly th e  unreacted  zinc is a ttack ed  by 
d ilu te  acids. W ashing w ith  acetone hastens the  cleaning of the  
zinc prior to  d ry ing  and  weighing.
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below the following conclusions seem justified.12
1. The use of a small amount of iodine to 

initiate the reaction decreases enolization.13 In 
two experiments with ketone I and ethyl a-bromo- 
propionate, 38% of acid14 and 27% of ketone I 
were obtained when iodine was used. Without 
iodine the yields were 23% of acid14 and 42% 
of ketone. In other experiments with ketone l i t  
and ethyl bromoacetate, when iodine was used 
87% of acid and 6% of ketone III were isolated. 
Without iodine the yields were 77% of acid and 
17% of ketone.

2. The use of dioxane as a solvent promotes 
enolization. In experiments with ketone I and 
ethyl bromoacetate, 68% of acid14 and a small 
but undetermined amount of ketone were ob­
tained in benzene as solvent. In pure dioxane 
the reaction took place more vigorously than in 
benzene but the yields were 29% of acid14 and a 
large but undetermined amount of ketone I. No 
iodine was used. In other experiments with methyl 
bromoacetate and ketone II, when iodine was

(12) I t  should be em phasized th a t  th e  experim ents cited were not 
isolated cases b u t those in w hich th e  results had  been duplicated  
to  w ithin a few per cent. In  all of these cases th e  zinc reacted  a p ­
proached th e  theo re tical and  in all cases the  reactions had proceeded 
for a m axim um  of n ine ty  m inutes.

(13) T he am oun t of enolization is probably  m ore accurately  esti­
m ated  by th e  am o u n t of ketone recovered th a n  by  the  am ount of acid 
isolated. Those cases where th e  to ta l am oun t of products  accounted 
for is less th a n  85%  were from  earlier work, where the  technique 
was n o t as good as in  la te r work.

(14) T he  percentages ind ica ted  in these  cases represent pure  
crystalline  acid  only; add itiona l non-crystalline acid was present 
b u t was n o t accounted  for.

used in benzene, 52% of acid and 41% of ketone 
II were isolated. In dioxane and with no iodine 
the reaction was much more vigorous than in 
benzene but only 10% of acid and 70% of ketone 
were obtained.

3. The tendency to cause ketones to react by 
enolization increases in the following esters: 
ethyl bromoacetate <  ethyl a-bromopropionate 
< ethyl a-bromobutyrate. In experiments with 
ketone I using no iodine, ethyl bromoacetate 
yielded 68% of acid14 and a small amount of ke­
tone, whereas ethyl a-bromopropionate yielded 
23% of acid and 42% of ketone. In experiments 
with ketone I using iodine, ethyl a-bromopropio- 
nate yielded 38% of acid14 and 27% of ketone I, 
whereas ethyl a-bromobutyrate yielded 28% of 
acid14 and 48% of ketone I. In experiments with 
ketone III using no iodine, ethyl bromoacetate 
yielded 77% of acid and 17% of ketone III, 
whereas ethyl a-bromopropionate yielded 55% 
of acid and 39% of ketone III.

Summary
Evidence is presented that the recovery of start­

ing ketone from the products of a Reformatsky 
reaction may be due to enolization of the ketone 
during reaction. In the case of acetomesitylene, 
90% of the ketone is recovered after reaction. A 
few factors influencing the enolization of ketones 
in the Reformatsky reaction are discussed. 
Columbus, O h i o  R e c e i v e d  A p r i l  24, 1942

[C o m m u n ic a t io n  No. 863 f r o m  t h e  K o d a k  R e s e a r c h  L a b o r a t o r i e s ]

Investigation of Pyrazole Compounds. I. The Reaction Product of Phenylhydrazine
and Ethyl Cyanoacetate

B y A. W e is s b e r g e r  and  H. D . P o r t e r

Conrad and Zart1 treated ethyl cyanoacetate 
with phenylhydrazine, using sodium alcoholate 
as a condensing agent, and obtained a colorless 
compound of the composition C9H9N 3O and the 
m. p. 219°. This, they assumed to be l-phenyl-3- 
hydroxy-5-pyrazolone-imide, I. However, the 
reaction between ethyl cyanoacetate and phenyl­
hydrazine could also lead to the isomeric 1-phenyl-
3-amino-5-pyrazolone, II. The intermediate in 
the formation of I might be the /3-cyanoacetyl- 
phenylhydrazine, III, while the formation of

(1) C onrad  and  Z art, Ber.,  39, 2282 (1906),

/3-imino-/T(/Tphenylhydrazino) -propionic ester, 
IV, as the primary product would lead to II.

The compound synthesized by Conrad and Zart 
is of importance in color photography,2 and it 
appeared desirable to get definite information 
about its structure. In order to decide between 
I and II, I was synthesized in an unambiguous 
way, starting with l-phenyl-3-carbethoxy-5-pyra- 
zolone, V.3 This compound can be prepared by 
ring closure from the well-characterized ethyl

(2) B ritish  P a te n t 478,990.
(3) W islicenus, An n . ,  246, 319 (1888).
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oxalacetate phenylhydrazone,3 VI. V was trans­
formed to the hydrazide and azide, VII, and the 
latter subjected to a Curtius degradation. The 
compound obtained is identical with that pre­
pared according to Conrad and Zart. Hence, 
the formulation of this compound as I  is erroneous 
and has to be replaced by II. The identity of the 
compound made from V with that prepared ac­
cording to Conrad and Zart was proved by m. p. 
and mixed m. p., and by the identical behavior of 
the two substances in the reactions leading to and 
the m. p.’s and mixed m. p.’s of the monobenzoyl 
derivative, the monocarbethoxy derivative and

1—C------CH, o c — c h 2 HoN—C------CH-
II 1 1 1 li 1
N C =N H HN C =N H N CO

N s r / \ s r / \ n /1
c 6h 5

j
c6h 5

j
c 6h 5

I la II
= c —c h 2 OC c h 2 H N = C CH21
H N CO

j
H N

j
CN

|
H N

|
C 0 2C2H ;

N s r / \ s T H N n hj
C6H 6

j
c 6h 5

1
c 6h 5

Ila I I I IV
c 2h 5o2c—c -— c h 2 c 2h 5o2c  c  c h 2

II 1 II 1
N CO N C02C2H,
\ n / N sth11

c 6h 5 ■CeHfi
V VI

N3OC—c - — c h 2
II 1

N CO
\ •n /j

c 6h 5
VII

the reaction product with aniline described below. 
Both I and II are capable of forming by proto­
tropic shift, equilibria with tautomeric forms, 
e. g.y I with la, and II with Ha, and the same 
applies to the derivatives described below. How­
ever, the family of I differs from that of II by the 
position of the phenyl group, and the two families 
are not subject to tautomeric interchange. In the 
following, all compounds which by prototropic 
shift could form derivatives of pyrazolone will be 
named as such.

Treatment of II with one mole of benzoyl chlo­
ride yields a monobenzoyl derivative which is 
soluble in aqueous sodium carbonate. A mono­
carb ethoxy derivative of similar behavior is ob­
tained by treatment of II with ethyl chlorocar-

bonate. The same compound is formed by de­
composition of the azide VII in boiling ethanol, 
which shows that it is l-phenyl-3-carbethoxy- 
amino-5-pyrazolone. By analogy, the mono­
benzoyl derivative is l-phenyl-3-benzoylamino-5- 
pyrazolone. With phenyl isocyanate II forms a 
compound of the composition C16H14N4O2 which is 
soluble in aqueous sodium carbonate, and, in 
analogy to the two derivatives just mentioned, is 
formulated as l-phenyl-3-phenylcarbamylamino-
5-pyrazolone. Treatment of II with one mole of 
acetyl chloride yields a monoacetyl derivative, 
behaving like the other monoacyl derivatives. 
The compound, therefore, is formulated as 1- 
phenyl-3-acetylamino-5-pyrazolone, IX. Acety­
lation with excess acetic anhydride gives a diacety] 
derivative which is insoluble in carbonate. The 
second acetyl group is very easily split off by 
caustic alkali forming IX, and the diacetyl deriva­
tive, therefore, is most likely the l-phenyl-3- 
acetamino-5-acetoxy-pyrazole. On heating II 
with aniline, ammonia is split off and CöHöNH is 
introduced. The compound so obtained is soluble 
in aqueous sodium carbonate. It is, most likely, 
the l-phenyl-3-phenylamino-5-pyrazolone.

Experimental
1 -Phenyl-3-amino-5-pyrazolone (Method of Conrad and 

Zart1).—To a solution of sodium ethylate prepared from
4.6 g. of sodium and 80 ml. of absolute ethanol, was 
added 11.3 g. of ethyl cyanoacetate and 10.8 g. of phenyl­
hydrazine. The mixture was heated under reflux in an 
oil-bath of 120° for sixteen hours. After removal of the 
alcohol under vacuum, the residue was dissolved in 100 
ml. of water and extracted with 50 ml. of ether. The 
aqueous layer, on acidification with 10 ml. of acetic 
acid, deposited 8.3 g. of a tan powder, sintering at 208° 
and melting at 213-215° dec. The product was purified 
by boiling with 50 ml. of 95% ethanol, cooling, filtering 
and washing with 10 ml. of ethanol; 7.6 g. (43%), m. p. 
216-218° dec. This material is sufficiently pure for the 
preparation of derivatives. It can be recrystallized from 
10 parts of ethanol-dioxane (2:1). After three recrys­
tallizations, including treatment with Norite, small white 
prisms were obtained, m. p. 218-220°.

At least two equivalents of sodium ethylate are neces­
sary for the reaction, but larger amounts do not improve 
the yields, which are the highest, if equal moles of phenyl­
hydrazine and ethyl cyanoacetate are employed.4
1 -Phenyl-3-amino-5-pyrazolone from 1-Phenyl-3-car b- 

ethoxy-5-pyrazolone
l-Phenyl-3-carbethoxy-5-pyrazolone was synthesized 

following, in principle, the method of Wislicenus.3 A solu­
tion of 60 g. of ethyl oxalacetate phenylhydrazone3 in

(4) These results were ob tained  in a series of experim ents by E. C.
A rm strong of these L aboratories. The au tho rs wish to  th an k  M r,
A rm strong for h is  assistan ce ,
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250 ml. of benzene and 10 ml. of glacial acetic acid was 
heated under reflux for three hours. The product ob­
tained after cooling was washed on the filter with 25 ml. of 
benzene; 40 g. (80%) of white, feathery needles, m. p. 
185-186°.

In the absence of acetic acid no l-phenyl-3-carbethoxy-5- 
pyrazolone was formed even though the heating time was 
doubled, while refluxing in xylene for three hours in the 
absence of acid gave a yield of 28%. When phenylhydra­
zine was added gradually to a boiling solution of ethyl 
oxalacetate in xylene, and water and alcohol were distilled 
off as they formed, yields of only about 40% were obtained. 
A yield of 54% was obtained when the phenylhydrazone 
was heated in about 10 parts of water.

l-Phenyl-5-pyrazolone-3-carboxamide.—Twenty grams 
of l-phenyl-3-carbethoxy-5-pyrazolone was stirred in 200 
ml. of concentrated ammonium hydroxide (28%) until 
a clear solution was formed and then left standing for 
ninety-six hours at room temperature. The solution was 
acidified with 30% acetic acid to give 15 g. (86%) of al­
most white crystals which darkened at 215° and melted 
at 228° dec., recrystallized from 200 ml. of 95% ethanol; 
10 g. (57%) of white crystals, m. p. 233-235° dec.

Anal. Calcd. for CioH9N30 2: N, 20.7. Found: N, 
20.14.

l-Phenyl-5-pyrazolone-3-carboxhydrazide. A mixture 
of 34 g. of l-phenyl-3-carbethoxy-5-pyrazolone and 100 
ml. of 42% hydrazine hydrate solution was stirred at room 
temperature. The solution warmed spontaneously to 
ca. 40° and became clear. After standing for four hours 
an equal volume of water was added. On acidification 
with acetic acid, 27.5 g. (86%) of fine, cream colored 
needles separated, m. p. 235-237° dec. The melting point 
was not changed by recrystallization from ethanol.

Anal. Calcd. for C10H10N4O2: N, 25.65. Found: N, 
25.19.

l-Phenyl-5-pyrazolone-3-carboxazide.—To a solution 
of 10 g. of l-phenyl-5-pyrazolone-3-carboxhydrazide in 
200 ml. of 70% ethanol containing 6 ml. of concentrated 
hydrochloric acid, was added dropwise with stirring 2.3 g. 
of sodium nitrite in 10 ml. of water, while keeping the tem­
perature below 5°. Stirring was continued at this tem­
perature for one hour. The product was filtered and 
washed with water; 6.5 g. (62%) of granular orange 
powder, deflagrating at 140°.

1 -Phenyl-3-carbethoxyamino-5-pyrazolone.—A solution 
of 3 g. of l-phenyl-5-pyrazolone-3-carboxazide in 30 ml. of 
absolute ethanol was refluxed for three hours, cooled and 
filtered; 2 g. (63%) of yellowish crystals, m. p. 197-199°, 
recrystallized from 70 cc. of 95% ethanol (Norite); white 
needles, m. p. 198-199°. A mixed m. p. with the 1-phenyl- 
3-carbethoxyamino-5-pyrazolone described below showed 
no depression.

1-Phenyl-3-amino-5-pyrazolone.—A solution of 2.5 g. 
of l-phenyl-3-carbethoxyamino-5-pyrazolone in 12.5 ml. of 
10% sodium hydroxide was heated on the steam-bath 
for half an hour, then cooled and acidified with acetic acid; 
1.4 g. (m. p. 215-216° dec.) of tan crystals, recrystallized 
from 95% ethanol, small, white prisms;, m. p. 218-220° 
dec. A mixed m. p. with the compound prepared by the 
method of Conrad and Zart, showed no depression.

Other reactions attempted in the preparation of 1-

phenyl-3-amino-5~pyrazolone were given up after the suc­
cess of the Curtius degradation. The conventional Hof­
mann degradation of l-phenyl-5-pyrazolone-3-carboxamide 
gave uninviting brominated products. When the sodium 
salt of l-phenyl-3-chloro-5-pyrazolone5 was treated with 
potassium phthalimide in boiling alcohol for twenty 
hours, or with sodium amide in liquid ammonia at —33 ° 
for forty hours, the unchanged starting material was re­
covered. Treatment with sodium amide in ammonia at 
100° under pressure for twenty hours gave no water- 
insoluble product. The starting material was recovered 
after treatment of l-phenyl-5-pyrazolone-3-carboxylic 
acid with hydrazoic acid in the presence of sulfuric acid 
following the method of von Braun.6

Derivatives of 1-Phenyl-3-amino-5-pyrazolone
l-Phenyl-3-benzoylamino-5-pyrazolone.—A mixture of 

5 g. of l-phenyl-3-amino-5-pyrazolone7 and 4 g. of benzoyl 
chloride in 20 ml. of dioxane was stirred and heated on the 
steam-bath for eighteen hours. The product which crys­
tallized after addition of 5 ml. of water, was purified by 
slurrying with 15 ml. of methanol; 5 g. (64%) of fine, 
cream colored needles, m. p. 218-220°, recrystallized 
from 15 parts of dioxane, in. p. 220-221°.

Anal. Calcd. for Ci*Hi8N*0*: N, 15.06. Found: N, 
14.95.

The compound is soluble in 3% sodium carbonate or 
2% sodium hydroxide. I t  is recovered unchanged on 
acidification with acetic acid.

l-Phenyl-3-carbethoxyamino-5-pyrazolone.—A mixture 
of 8.75 g. of l-phenyl-3-amino-5-pyrazolone and 5.4 g. of 
ethyl chlorocarbonate in 35 ml. of dioxane was stirred and 
heated on the steam-bath for three and one-half hours. 
On addition of 5 ml. of water and cooling, 1.5 g. of tan 
crystals separated, recrystallized from 50 ml. of 95% 
ethanol; 1 g. of fine white needles, m. p. 198-199°.

Anal. Calcd. for Ci2H13N3Q3: N, 17.00. Found: N,
16.97.

When the filtrate was diluted with an equal volume of 
water, 4.6 g. of a tan crystalline product separated which, 
after recrystallization from 15 ml. of 95% ethanol gave 3 g. 
of tan crystals, m. p. 106-108°. This product, probably 
a dicarbethoxy derivative, on heating under reflux in 65 
ml. of absolute alcohol with 1 ml. of piperidine for one-half 
hour yielded 1.2 g. of the l-phenyl-3-carbethoxy-amino-5- 
pyrazolone, m. p. 198-199°.

l-Phenyl-3-acetylamino-5-pyrazolone.4—To a suspen­
sion of 8.75 g. of l-phenyl-3-amino-5-pyrazolone in 50 ml. 
of dioxane was added all at once while stirring 5.5 g. of 
acetyl chloride. The solution formed was warmed in a 
water-bath at 40° for one hour, cooled, the product col­
lected on the filter and recrystallized from 30 ml. of 95% 
ethanol; 4.5 g. (43%) of short, white needles, m. p. 218- 
220°. The m. p. is the same as that of the starting ma­
terial; however, a mixed m. p. was depressed by about 
30-40°.

Anal. Calcd. for ChHhN.0*: N, 19.35. Found: N, 
19.44.

(5) M ichaelis and  Rohm er, Ber., 31, 3003 (1898).
(6) von B raun, A nn ., 490, 125 (1931).
(7) Prepared by either method given above.
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Toward carbonate and hydroxide solutions the com­
pound behaves like the l-phenyl-3-benzoylamino-5- 
pyrazolone.

l-Phenyl-3-acetylamino-5-acetoxypyrazole.4—A solu­
tion of 8.75 g. of l-phenyl-3-amino-5-pyrazolone in 50 ml. 
of acetic anhydride was refluxed for half an hour. After 
decomposing the mixture in 250 ml. of water, the product 
was filtered off and recrystallized from 90 ml. of toluene; 
8 g. (62%) of fine, cream colored crystals; m. p. 144-145°.

Anal. Calcd. for C13H1ZNZ0 2: N, 16.22. Found: N, 
16.12.

The compound is insoluble in 3% sodium carbonate. 
I t  dissolves in cold 2% sodium hydroxide with saponifica­
tion of one acetyl group; on acidification with acetic acid 
l-phenyl-3-acetylamino-5-pyrazolone is obtained; m. p 
and mixed m. p. 218-220°.

l-Phenyl-3-phenylcarbamylamino-5-pyrazolone.—To a
hot solution of 5 g. of l-phenyl-3-amino-5-pyrazolone in 
20 ml. of dioxane was added 3.4 g. of phenyl isocyanate 
and the mixture heated for two hours on the steam-bath. 
The product which crystallized on cooling was purified by 
stirring with 25 ml. of ethanol; 2.3 g. (28%) of pure white 
microcrystals, m. p. 235-236°.

Anal. Calcd. for Ci6Hi4N40 2: N, 19.0. Found: N, 
19.00.

Toward carbonate and hydroxide solutions the com­
pound behaves like the l-phenyl-3-benzoylamino-5- 
pyrazolone.

1 Phenyl-3-anilino-5-pyrazolone.—A mixture of 20 g. 
of l-phenyl-3-amino-5-pyrazolone7 and 50 ml. of aniline 
was refluxed gently over a flame for one and one-half hour,

i. e., until the evolution of ammonia slacked off. After 
some cooling, 100 ml. of chloroform was added and the 
solution cooled in an ice-bath. The product (14.6 g.) 
was recrystallized from 300 ml. of 95% ethanol, filtering 
hot from a small amount of insoluble yellow material; 
12 g. (43%) of white, feathery needles, m. p. 219-221°.

Anal. Calcd. for C15H13N3O: N, 16.70. Found: N, 
16.77.

The compound is sparingly soluble in cold 3% sodium 
carbonate, but soluble in cold 2% sodium hydroxide, from 
which it separates unchanged on acidification.

Summary
1. l-Phenyl-3-amino-5-pyrazolone was pre­

pared, starting with the ethyl ester of l-phenyl-3- 
carboxy-5-pyrazolone, by way of the correspond­
ing hydrazide and azide and Curtius degradation 
of the latter.

2. The reaction product is identical with the 
compound prepared by Conrad and Zart1 from 
ethyl cyanoacetate and phenylhydrazine and 
formulated as l-phenyl-3-hydroxy-5-pyrazolone 
imide.

3. The compound prepared by Conrad and 
Zart is, therefore, l-phenyl-3-amino-5-pyrazolone.

4. A number of derivatives of l-phenyl-3- 
amino-5-pyrazolone were prepared.
R o c h e s t e r , N. Y. R e c e i v e d  J u n e  24, 1942

[C o n t r i b u t io n  f r o m  t h e  N o y e s  C h e m ic a l  L a b o r a t o r y , U n i v e r s i t y  o f  I l l i n o i s ]

The Reaction of Methyl Furoate with Benzene and Chlorobenzene
B y  Ch arles C. P rice and  C. F. H u b e r

The aluminum chloride-catalyzed reaction of 
furoic acid with benzene has been found to yield, 
in addition to a-naphthoic acid,1 a large amount 
of an amorphous mixture of acids of higher molecu­
lar weight.2 Although some suggestions as to 
the nature of certain components of this material 
were advanced on the basis of degradation prod­
ucts of the crude mixture, the isolation of any pure 
acids has proved extremely difficult. Since at­
tempts at fractional crystallization or precipita­
tion of the acids or of various derivatives were so 
generally unsuccessful, the condensation reaction 
has been investigated employing methyl furoate 
in place of furoic acid, with the aim of separating 
by distillation the esters so formed.

(1) G ilm an, M cC orkle and  Calloway, T h is  J o urn al , 56, 745 
(1934).

(2) Price, C hapin, G oldm an, K rebs and  Shafer, ibid., 63, 1857 
(1941).

McCorkle and Turck3 were able to isolate a 
56% yield of methyl a-naphthoate from the 
aluminum chloride-catalyzed reaction of methyl 
furoate with benzene, and Calloway4 reported 
that a considerable residue remained after dis­
tillation of the naphthoate. We have obtained 
the same results, isolating methyl a-naphthoate 
in 32-46% yield accompanied by a residue of 
higher-boiling products.

Fractional distillation of this residue under the 
vacuum of a mercury vapor pump yielded a pale 
yellow, viscous oil, boiling at 144-145° (0.04 mm.), 
which crystallized after standing for seven months, 
m. p. 52-54°. The yield of this substance, which 
proved to be methyl 9-ethyl-9,10-dihydro-9-an- 
throate (II), corresponded to 11-20% of the 
theoretical amount.

(3) M cCorkle and  T urck , Proc. Iowa Acad. Sci., 43, 205 (1936).
(4) Calloway, Chem . Rev., 17, 343 (1935).
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COOCHs 
/ \  A1C13

+  o

COOCH3
^  I

A A
60-80° +

(32-46%)
I

CH3CH2. /COOCHs

+  residue
V \ CH/ V

(11-20%)
II

A product of this nature, containing an anthra­
cene nucleus, had been expected on the basis of 
the previously reported isolation of anthraquinone 
from the permanganate oxidation of the crude 
high-molecular-weight acids from the benzene- 
furoic acid reaction.2 We had anticipated, how­
ever, that its structure would be that of methyl 
9, lO-mZo-ethano-9,10-dihydro-9-anthroate (III). 
Such a compound could be pictured as having 
been formed by the addition of an 0-phenylene 
group across the two double bonds originally pres­
ent in the furoic acid ring.

COOCH3
. ^  _U _______

A —!h  l z  h — ' { X  Aicis

The crystalline ester (II) actually isolated, 
however, analyzed consistently for a substance 
with a molecular formula containing two more 
hydrogen atoms than the expected endo-ethano 
anthroate, III. If III actually is formed as an

(61%)

intermediate, its anthracene nucleus is not 
destroyed by the addition of these two hydrogen 
atoms, however, since II could be converted to 
anthraquinone in 80% yield by chromic acid 
oxidation and to anthracene in 61% yield by soda- 
lime distillation.

The apparent scission of the endo-ethano ring 
of III to give II is closely analogous to some ex­
periments recorded by Huston and Friedeman.5 
These authors found that treatment of «-phenyl- 
ethyl or a-phenylpropyl alcohols with benzene 
and aluminum chloride led principally to the ex­
pected product, the 1,1-diphenylalkane.

A1C13
C6H5CHR +  C6H6------- ^  (C6H5)2CHR

I 10°
OH

As the temperature of the reaction mixture was 
raised to 25°, increasing amounts of diphenyl- 
methane were isolated. The authors expressed 
the opinion that the source of this material was 
the catalytic cleavage of the original condensa­
tion product.

AlCls
(C6H5)2C H R ------- ^  (C6H5)2CH2 and C6H5CH2R

The analogy of this cleavage to that postulated 
above for conversion of III to II is very close 
since the two end rings of the anthracene nucleus 
correspond to the two phenyl groups in the 1,1- 
diphenylalkanes and the endo-e thano group of the 
former corresponds to the alkyl group of the latter.

Precedent for the loss of the ethyl as well as the 
carboxyl group during the soda-lime distillation 
is to be found in some observations of Lieber- 
mann,6 who found that several 9-alkyl-9,10-di- 
hydroanthracenes were converted to anthracene 
by heat.

XCH:

heat> / V

A ,

Cleavage of the endo-etha.no ring to give an 
ethyl group in the 9-position, rather than an 
ethyl group in the 10-position or methyl groups 
in the 9- and 10-positions, follows from the ready 
oxidation of II to a ketone. Only the 9-ethyl 
derivative would contain an active methylene 
group necessary for this conversion.

Substantiation for this location of the ethyl 
group may be derived from the stability of the

(5) H uston  and  F riedem an, T h is  J o u r n a l , 40, 785 (1918).
(6) L ieberm ann, A n n ., 212, 76 (1882).
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CHaCHsv /COOCHs
>C<

Girard’s
HOAc reagent T

xCH2/
II

CH3CH2v /COOCHs CH3CH2̂  ^COOCHs

O
(oil, 35%)

n o 2
(m. p. 215°, 95%)

ester (II) toward hydrolysis: even saponification 
in boiling diethylene glycol failed. Of the three 
possible modes of cleavage of the endo-e thano 
ring, that forming the 9-ethyl derivative would 
yield the compound with a maximum of steric 
hindrance to reactions of the ester group.

When the reaction of methyl furoate with 
chlorobenzene was carried out by exactly the same 
procedure as that employed for the reaction with 
benzene, with the exception that the condensa­
tion was carried out at 95° rather than 70°, a 40% 
yield of 6-chloro-1-naphthoic acid was isolated by 
acidification of the sodium bicarbonate wash 
liquor. Only a small amount of neutral product 
remained in the chlorobenzene layer; this con­
sisted principally of methyl 6-chloro-1-naphthoate 
(15%). The reaction thus differed in two essen­
tials from that with benzene: (1) the ester group 
was largely cleaved to a carboxyl group and (2) 
no significant amount of higher molecular weight 
material was formed. In this latter respect the 
reaction corresponds to that of furoic acid with 
chlorobenzene. The yield of chloronaphthoic 
acid from methyl furoate was nearly three times 
that from furoic acid.

COOCHs

Cl

+  O
AlCls ------->.
95°

Thus, for both benzene and chlorobenzene, con­
densation to form a naphthalene nucleus seems to

be far more satisfactory with methyl furoate than 
with furoic acid.

Experimental
Methyl Furoate plus Benzene.—Methyl furoate (125 g., 

1.1 mole) and 625 cc. of dry benzene (thiophene-free and 
dried over sodium) were cooled in an ice-bath and treated 
with anhydrous aluminum chloride (267 g., 2.0 moles) at 
0°. After the reaction mixture had been stirred at room 
temperature for two hours, it was heated in an oil-bath at 
70° for thirty hours. The dark red-black mixture was 
poured into ice and hydrochloric acid and stirred for two 
hours at room temperature to ensure hydrolysis of the 
aluminum chloride complex. The layers were separated, 
and the benzene solution was washed once with dilute 
hydrochloric acid, twice with saturated sodium bicarbo­
nate solution and finally with water. The solution was 
dried over anhydrous magnesium sulfate, the benzene was 
removed by distillation, and 250 cc. of a dark oil was ob­
tained. This oil was distilled under reduced pressure and 
two fractions were obtained: I, methyl a-naphthoate
(80 g., 43%) b. p. 100-102° (0.04 mm.), n20d 1.6068, 
d204 1.129; and II, methyl 9-ethyl-9,10-dihydro-9-anthro- 
ate, a pale yellow viscous oil (53 g., 20%) b. p. 144-145° 
(0.04 mm.), n 20D 1.5931; after standing for seven months 
this oil finally crystallized, in. p. 52-54°.

Anal. Calcd. for Ci8Hi80 2: C, 81.17; H, 6.80; mol. 
wt., 266. Found: C, 81.18; H, 6.72; mol. wt., 264, 268.

The residue could not be distilled and when the tempera­
ture of the heating bath was raised above 275° it began 
to decompose, making it impossible to maintain the di­
minished pressure.

The methyl a-naphthoate was characterized by saponi­
fication; 20 g. (0.11 mole) and 150 cc. of 25% potassium 
hydroxide were placed in a flask and refluxed overnight 
(twenty hours). The mixture was then cooled, diluted 
with an equal amount of water and neutralized with dilute 
hydrochloric acid. Seventeen and one-half grams (95%) 
of a-naphthoic acid was obtained, which was crystallized 
from 95% ethanol, m. p. 160-161°. The a-naphthoic acid 
was further characterized by conversion to the amide 
by treatment with thionyl chloride followed by ice-cold 
aqueous ammonia, m. p. 204-205°.

Reaction of II with Soda Lime.—Eight grams (0.03 
mole) of II was placed in a distilling flask with 15 g. of 
soda lime. The flask was heated to slightly above 360° 
for three-quarters of an hour. It was then set for distilla­
tion in vacuo and the pressure reduced to 2 mim An oil 
distilled which immediately crystallized, yielding 3.3 g. 
(61%) of anthracene, m. p. 211-212°. Mixed with an 
authentic sample of anthracene melting at 212-213° it 
gave a melting point of 211-212°. The hydrocarbon was 
further characterized by the formation of its picrate, m. p. 
136-137°.

Oxidation of II to Anthraquinone.—Five grams (0.019 
mole) of II was dissolved in 60 cc. of glacial acetic acid. 
The solution was stirred while chromic anhydride (12.5 g., 
0.125 mole) dissolved in 15 cc. of water and25cc. of acetic 
acid was added slowly from a dropping funnel. I t  was 
stirred for three hours longer at room temperature and then 
poured into 400 cc. of ice-water. A precipitate of anthra- 
quinone (3.2 g., 80%) was obtained. This was crystal-
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lized from ethanol, m. p. 268-269 °. Mixed with an au­
thentic sample, m. p. 272-273°, it melted at 270-271°. 
The quinone was further characterized by preparing the 
derivative with phenylhydrazine, m. p. 180-181°.

Oxidation of II to the Ketone.—Six grams (0.023 mole) 
of II was dissolved in 75 cc. of glacial acetic acid and cooled 
to about 10°. The solution was stirred vigorously while 
3 g. (0.031 mole) of chromic anhydride, dissolved in 10 cc. 
of water and 10 cc. of acetic acid, was added slowly. The 
cooling-bath was then removed and the reaction mixture 
stirred at room temperature for three-quarters of an hour. 
I t was poured into ice-water (200 cc.) yielding an oil which 
was extracted with benzene. The benzene solution was 
washed with sodium bicarbonate solution followed by 
water. The solvent was evaporated leaving an oil (5.6 g., 
90%). This crude ketone was purified by the use of be- 
tainehydrazide hydrochloride (Girard’s reagent T). The 
oil was dissolved in 125 cc. of absolute ethanol, to which 
was added 8.4 g. (0.05 mole) of Girard’s reagent T and 12 
cc. of glacial acetic acid. The mixture was refluxed for 
one hour, cooled and poured into 900 cc. of ice-water con­
taining enough sodium hydroxide to neutralize nine-tenths 
of the acetic acid. The solution was then acid to brom 
thymol blue indicator. The water solution was extracted 
three times with 125-ce. portions of benzene, then acidified 
with enough concentrated hydrochloric acid to make the 
entire solution 0.5 normal, and allowed to stand over­
night. It was again extracted with benzene (250 cc. in 
three portions). The benzene solution was washed with 
sodium bicarbonate, followed by water. The benzene 
was evaporated, yielding 2 g. (35%) of pale, viscous oily 
ketone. From this material a 2,4-dinitrophenylhydra­
zone was prepared by refluxing in alcohol solution. Crys­
tals began to separate in a few minutes; yield, 3.1 g. 
(95%). After crystallization from alcohol and ethyl 
acetate, the bright red crystals melted sharply at 215°.

Anal. Calcd. for C24H2o06N4: C, 62.60; H, 4.35; N, 
12.18. Found: C, 62.72; H, 4.34; N, 12.32.

Reaction of Methyl Furoate and Chlorobenzene.— 
Seventy-five grams (0.6 mole) of methyl furoate dissolved

in 500 cc. of chlorobenzene was cooled to 0° in an ice-bath. 
The solution was stirred and 162 g. (1.2 mole) of anhydrous 
aluminum chloride was added over a period of thirty min­
utes. The stirring was continued for thirty minutes at 
0°, for one and one-half hours at room temperature and 
finally for twenty-eight hours at 90-100°. The reaction 
mixture was then poured into a mixture of ice and hydro­
chloric acid and stirred for three hours at room temperature. 
The mixture emulsified badly and one liter of ether was 
added to facilitate the separation. The ether layer was 
washed with dilute hydrochloric acid, with water, three 
times with saturated sodium bicarbonate, and finally 
with water. It was then dried over anhydrous magne­
sium sulfate and the ether removed by evaporation. The 
residue was placed in a modified Claisen flask and distilled; 
20 g. (15%) of methyl 6-chloro-1-naphthoate was obtained, 
b. p. 165-170° (2 mm.).

The sodium bicarbonate extract was acidified with 
hydrochloric acid and 53 g. (44%) of crude 6-chloro-l- 
naphthoic acid was obtained. This was recrystallized 
once from 95% ethanol and once from benzene, yielding 
46 g. (39%) of 6-chloro-1-naphthoic acid, m. p. 188-189°.

Summary
The aluminum chloride-catalyzed reaction of 

methyl furoate with benzene has been found to 
yield methyl «-naphthoate in 32-46% yield while 
chlorobenzene was converted to 6-chloro-1-naph­
thoic acid in good yield. Esterification of furoic 
acid thus appears to favor this condensation to a 
naphthalene derivative.

In addition to methyl a-naphthoate, the reac­
tion with benzene yielded a higher boiling prod­
uct in 11-20% yield. Evidence has been pre­
sented indicating that this compound is methyl 
9-ethyl-9,10-dihydro-9-anthroate.
U r b a n a , I l l i n o i s  R e c e i v e d  A p r i l  14, 1942

[C o n t r i b u t io n  f r o m  t h e  D i v i s i o n  o f  C h e m i s t r y , N a t io n a l  I n s t i t u t e  o f  H e a l t h , U . S . P u b l i c  H e a l t h  S e r v i c e  ]

A Study of the Products Obtained from Starch by the Action of the Amylase of
Bacillus macerans

B y W . S. M cClenahan , E velyn B. T ild en  and C. S. H udson

Preliminary experiments on the conversion of 
potato starch to the crystalline Schardinger dex­
trins by Bacillus macerans showed that the action 
was produced by a new type of amylase present in 
bacteria-free filtrates of the cultures.1 In this 
paper we wish to report precise data on the nature 
and extent of the changes in optical rotation,2 vis-

(1) (a) T ilden  and  H udson, T h is  J o u r n a l , 61, 2900 (1939); 
(b) T ilden  and  H udson, J .  B a d . ,  43, 527 (1942).

(2) In  th e  p relim inary  pub lication  i t  was reported  th a t  there  was 
no significant change in ro ta tio n  during  digestion, b u t we now find 
under m ore exact te s t th a t  the  change is of considerable m agnitude, 
as shown in Fig. 3.

cosity and reducing action occurring during diges­
tion of various starch samples by purified con­
centrates3 of the macerans amylase, and to record 
the yields of alpha and beta dextrins obtainable. 
Also, the crystalline alpha and beta dextrins 
have been purified, their constants determined, 
and their stability toward macerans amylase 
studied.

When macerans amylase was allowed to act 
for one month upon a 2% suspension of potato

(3) T ilden, A dam s and  H udson, T h is  J o u r n a l , 64, 1432 (1942).
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Fig\ 1.—Rotatory changes in buffered digests at 20°; 
p H  6.2-6.5; enzyme concentration 10 units per gram of 
starch in 2% solution: P, potato starch; T, tapioca
starch; C, oxidized cornstarch (hypochlorite).

Fig. 2.—Viscosity changes in buffered digests at 20°; 
pH 6.2-6.5; enzyme concentration 10 units per gram of 
starch in 2% solution: P, potato starch; T, tapioca
starch; C, oxidized cornstarch (hypochlorite).

starch, the reducing power4 was only 1.6%, cal­
culated as the percentage of the total amount of

(4) V alues for reducing  pow er were determ ined by the Shaffer-
H a rtm a n n  m icro-technique ( J .  B io l .  C h e m 45, 365 (1921)).

glucose available by complete acid hydrolysis of 
the starch; this result confirms the earlier workla 
in showing that the macerans enzyme does not 
produce reducing sugars. Correspondingly low 
values for reducing power were obtained with 
digests of tapioca starch and with a commercial 
thin boiling cornstarch which had been made by 
the hypochlorite process.

The changes in viscosity and rotation that were 
observed were very similar for digests of the three 
starches, as shown in Figs. 1 and 2. Unoxidized 
defatted cornstarch has been found to give similar 
results.

The data obtained from digestion of several 
lots of potato starch, on which the enzyme was 
allowed to act for periods varying from eight hours 
to fifty days, are shown in Table I. The presence 
of the dextrins was demonstrated by the iodine 
test1 and confirmed by precipitation of the crys­
talline products with trichloroethylene. Under 
the conditions employed the beta dextrin appeared 
to be formed more gradually than the alpha dex­
trin, the yield of which appeared to reach a maxi­
mum of 20% in the early stages of the conversion. 
Longer digestion resulted in a higher total yield 
of dextrins, but there seemed to be a decrease in 
yield of the crude alpha compound and a definite 
increase in its rotation, indicating a possible 
secondary action of the enzyme. This hypothesis 
was confirmed by experiments in which the en­
zyme was added to sterile solutions of pure alpha 
dextrin; the rotation gradually rose from +150.5 05 
to about +169°, while a slight reducing action 
became evident (Fig. 3 and Table II). No beta 
dextrin could be detected in the solution at the 
end of these experiments, and the new dextrin or 
mixture of dextrins behaved in the iodine test in a 
manner similar to that of the alpha compound. 
No effect of the enzyme on sterile solutions of pure 
/3-dextrin was detected.

In an attempt (Digest 4, Table I) to increase 
the yield of crystalline dextrins, the products were 
continuously precipitated from solution by add­
ing trichloroethylene soon after the addition of the 
enzyme, and by allowing the digest to stand for 
several weeks. Surprisingly, the yield of beta 
dextrin was thereby increased from 22 to 54%,6

(5) A ll ro ta t io n s  h e re  re p o r te d  a re  specific ro ta t io n s  a t  2 0° fo r 
so d iu m  lig h t;  c  is  th e  c o n c e n tra t io n  in  g ram s p e r  100 m l. of so lu tio n , 
a n d  l is th e  tu b e  le n g th  in  d ec im e te rs . T h e  c ry s ta ll in e  d e x tr in s  co n ­
ta in  w a te r  of c ry s ta ll iz a tio n , b u t  th e  ro ta t io n s  a re  ex p ressed  on  th e  
an h y d ro u s  b as is  c o r re sp o n d in g  to  th e i r  g en e ra l fo rm u la  (CeHioOs)^.

(6) B e ta  d e x tr in  h a s  been  o b ta in e d  in  a  y ie ld  of 4 6 %  fro m  th e  
a c tio n  of w hole c u l tu re s  of B a c i l l u s  m a c e r a n s .
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T a b l e  I

Preparation of Crystalline Dextrins from Potato Starch at 20oa
[ a ] 20D

Digest
Tim e,
days [ a ] 2°D

R elative
viscosity

R educing 
pow er,& % crude

Yield of dex trin , % 
be ta a lp h ac

c ru d e  alpha  
d e x tr in

1 0.67 +  189.8 1.49 0.05 33 9 19 +  152
2 3 180.5 1.16 0.25 45 12 20 156
3A 20 177.4 1.09 1.35 50 22 17 160
3B 32 177.4 1.09 1.64 50 22 16 161
4" 50 61 54e 1

° The starch concentration was 2%, and 8 units of enzyme was used for each gram of starch. No buffer was added; 
the pH was 6.5. b Percentage of the theoretical quantity of glucose available. c Includes all material of apparently crys­
talline nature from aqueous methanol solution. d Trichloroethylene was present during the digestion. e Crude material
rotated +164°.

Table II
Action o f  macerans Enzyme upon Sterilized 2% Solu­

tions of the Schardinger D extrins at 20°

D extrin
Tim e,
days

U n its  of enzym e 
p e r g ram  of d ry  

d ex trin [q:]20d

R educing
power,®

%
alpha 23 0 +  150.6 0.0
alpha 10c 8 166.4 0.8
alpha 24° 8 169.7 1.2
alpha 9 16 169.2 1.4
alpha 10 16 167.3b 1.4
alpha 13 16 168.6& 1.6
beta 6 0 162.0
beta 6 d 8 162.0
beta 14 16 163.2 0.0
a As percentage of the theoretical quantity of glucose. 

h Rotation determined after diluting solution to 1%. 
c Not sterile at time of observation. d Beta dextrin re­
covered quantitatively.

while the yield of alpha dextrin was reduced to 
1%.7 No increase in yield resulted from the 
addition of fresh enzyme to the mother liquor, 
hence the limit of the conversion of whole starch 
appears to be about 55%. No explanation can be 
advanced as yet for the difference in the relative 
proportions of the two dextrins obtained under 
different conditions.

The preparations of beta dextrin, obtained from 
starch by the action of macerans enzyme, were 
readily purified to constant rotation by recrystal­
lization from water. The specific rotation was 
always +162.5 =*= 0.5° instead of +158°, the 
value which has previously been accepted.8 After 
acetylation and careful purification of the crys­
talline acetate, deacetylation was found to give 
rise to beta dextrin of the same high rotation.

(7) D r. R . E. R und le  of Iow a S ta te  College has reported  to  us simi­
la r results, ob tained  th ro u g h  the  p rec ip ita ting  action of benzene or 
toluene when used in  th e  digests as preservatives.

(8) (a) Schardinger, Zentr. Bakt. Parasitenk., Abt. II , 22, 98 (1908);
29, 188 (1911); (b) Pringsheim  and  L anghans, Ber., 45, 2533 (1912); 
(c) Pringsheim  an d  Eissler, ibid., 47, 2565 (1914); (d) Pringsheim  
and  D ernikos, ibid., 55, 1433 (1922); (e) K arre r and Bürklin, Helv. 
Chim. Acta, 5, 181 (1922); (f) Leibow itz and  Silm ann, Ber., 58, 1889 
(1925); (g) Pringsheim , W eidinger an d  Ohlmeyer, ibid., 64, 2125
(1931); (h) F reudenberg  and  Jacobi, A n n ., 518, 102 (1935).

This was the case irrespective of whether pyridine 
or zinc chloride was used as the acetylation cata­
lyst. We conclude, therefore, that the higher 
value is the correct one. In other respects (ap­
pearance, solubility, decomposition point, forma­
tion of orange-brown needles or prisms with iodine 
solution, and content of water of hydration) the 
dextrin was identical with preparations previously 
described. Alpha dextrin rotated +150.5 =*=
0.5°, which is somewhat higher than the value 
(+148°) recorded by other workers.9

Time in days.
Fig. 3.—Rotatory change in a 2% solution of alpha 

dextrin at 20°: enzyme concentration 8 units per gram 
of dextrin (dry basis).

Beta dextrin acetate rotated +125.5° (chloro­
form); the values given by earlier workers are 
+  12i°sb anc  ̂ -pi42°.9a Its melting point was 
196-196.5° (cor.), and it appears that this con­
stant is a far better criterion of purity than is its 
rotation, since on several occasions a crystalline

(9) (a) Pringsheim , W eidinger and  Sallentien, Ber., 64, 2117 
(1931); (b) M iekeley, ibid., 63, 1957 (1930).
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product with approximately the correct rotation 
had a low acetyl content and softened at 140 to 
150°. According to Pringsheim and his co-work­
ers,10 the use of zinc chloride as an acetylation 
catalyst brings about the depolymerization of both 
alpha and beta dextrins. This finding has not been 
confirmed by other investigators,86’8h,9b and we have 
found no evidence of such behavior in studying beta 
dextrin and its acetate.11 Our rotatory data also 
suggest that many of the conflicting observations 
with regard to the nature and behavior of these 
compounds may have been the result of insuffi­
ciently purified (though crystalline) ^materials.12

E xperim en ta l P a r t
Purification of the Enzyme.—The enzyme solution which 

was used had been concentrated and purified by precipita­
tion with acetone, as previously described.3 It contained 
one unit of enzyme in 0.05 ml. (1 unit = amount required 
to convert 30 mg. of starch in thirty minutes at 40°, as in­
dicated by the iodine test).10 It had no rotation or re­
ducing power and was free from maltase, as shown by its 
failure to influence the rotation of a maltose solution.

Comparative Digestions of Potato, Tapioca and Oxidized 
Cornstarches (Figs. 1 and 2).—The quantity of starch 
(commercial grade) equivalent to 2.00 g. of dry material 
was placed in a 100-ml. volumetric flask, and 50 ml. of 
water and 1 ml. of 0.2 M  Sorensen phosphate buffer of 
pH 6.2 was added. A smooth paste was produced by 
swirling the flask in a boiling water-bath; the wall of the 
flask was then washed down with a little hot water, and 
the heating continued for thirty minutes. A layer of hot 
water was allowed to flow over the surface of the starch 
paste, after which the flask was plugged with cotton 
and the solution autoclaved for one hour at 125° (the glass 
stopper was sterilized at the same time). The solution was 
diluted with hot sterile water, and cooled to 20° over­
night. There was then added sufficient enzyme (1 ml. or 
20 units) to convert the starch to the brown-violet stage 
with iodine in about seven hours at 20°, and after dilution 
to 100 ml. the flask was closed with the sterile stopper and 
the contents thoroughly mixed. Viscosity measurements 
were made as described previously.10 Part of the digest 
was centrifuged to remove any traces of material which 
might clog the viscosity pipet; the centrifuged material 
was also used for measurements of rotation, while tests for 
reducing power4 were made on 5-ml. aliquots. The entire 
experiment was carried out at 20-21°.

(10) Pringsheim, “ Chemistry of the Monosaccharides and of the 
Polysaccharides,” M cGraw-Hill Book Co., Inc., N ew  York, N . Y., 
1932, p. 280.

(11) The depolym erization theory was based to a great extent 
upon cryoscopic molecular weight determinations. This method 
has been shown in a number of instances to lead to  erroneous con­
ceptions of the molecular size of polysaccharides and their deriva­
tives [Hanes, N e w  P h y to lo g is t , 36, 101 (1937); Klages, A n n . ,  620, 
71 (1935); Haworth, H irst and Ant-Wuorinen, J .  C h em . S o c ., 2368 
(1932); Freudenberg and Bruch, B e r ., 63, 535 (1930); Kratky and 
Mark, F o r tsc h r . C h e m . org . N a tu r s to f fe , 1, 255 (1938)].

(12) Samples of alpha and beta dextrin prepared by Dr. Thomas J.
Schoch of the Corn Products Refining Company showed the same 
rotations as our preparations.

Preparation of Crystalline Dextrins from Potato Starch.
(See Table I.)—Substrates containing 20.0 g. (dry basis) 
of potato starch were prepared in one-liter volumetric 
flasks in the above manner, except that the buffer solution 
was omitted. Eighty units (4 ml.) of enzyme was added 
to Digest 1 and 160 units to each of the others. The 
changes at 20° in rotation, viscosity, reducing power and 
appearance with iodine solution were similar to those ob­
tained in the case of the smaller buffered digests. After 
sixteen hours and three days, respectively, Digests 1 and 2 
were boiled for a few minutes to inactivate the enzyme, 
and the dextrins were precipitated with trichloroethylene. 
After Digest 3 had stood overnight, half of it was filtered 
through a Berkefeld N  filter into a sterile flask and left 
undisturbed for thirty-two days. The remainder was 
kept in the stoppered volumetric flask, and after twenty 
days a portion of the clear solution gave no evidence of 
contamination when tested on glucose agar. The details 
of Digest 4 are given in the next section.

About 15 ml. of trichloroethylene was found sufficient to 
precipitate the crystalline dextrins in these experiments. 
The mixture was kept for a day at room temperature and 
was occasionally shaken; the precipitate was filtered on a 
Büchner funnel, washed with a little water, and suction 
applied until the precipitate was almost dry.13 The aque­
ous layer of the filtrate was then concentrated in vacuo to 
about 100 ml. and treated again with trichloroethylene. 
A second precipitate was allowed to form at room tem­
perature, and a third was obtained by stirring the mixture 
in an ice-bath and filtering after it had stood for a day in 
the refrigerator. Small quantities of dextrin continued to 
separate over a period of several weeks. The moisture 
content of the combined products from each experiment 
was determined by drying at 100° and 12 mm. to constant 
weight over calcium chloride. The air-dried material was 
then dissolved in two parts of water and the solution boiled 
to remove the trichloroethylene. A very small quantity 
of difficultly soluble material (Schardinger’s “Schlamm”) 
was removed by filtering the hot solution through carbon; 
crystalline beta dextrin separated on cooling the filtrate. 
A second crop was obtained by concentrating the mother 
liquor to a thin sirup, seeding, and allowing it to stand 
several days in the refrigerator.

The filtrate contained the more soluble alpha dextrin, 
together with a considerable amount of amorphous ma­
terial. Methanol was added to the concentrated solution 
at room temperature until turbidity developed. The 
solution was clarified by filtering with carbon, and crys­
tallization induced by scratching or seeding. By adding 
more methanol, filtering and allowing to stand, first at 
room temperature and then in the refrigerator, the yield 
could be increased; however, in order to obtain the maxi­
mum quantity of crude alpha dextrin, it was usually neces­
sary to concentrate the mother liquor to a sirup, add meth­
anol in the manner described, and repeat the process sev­
eral times. Whenever considerable amorphous ma­
terial separated, it was removed by filtration with Carbon; 
it was then dissolved in water and the solution tested for 
the presence of alpha dextrin with iodine. The yields of 
crude dextrins are given in Table I.

(13) When bulky precipitates are obtained in large scale work, 
it is advantageous to remove the trichloroethylene by washing the  
filter cake with small portions of methanol.
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Precipitation with Trichloroethylene during Digestion 
(Digest 4, Table I).—After an hour’s digestion at 20 °, 
Digest 4 was filtered through filtercel; 50 ml. of trichloro­
ethylene was added to the filtrate, and the digestion was 
allowed to continue at 20°. The crystalline dextrins were 
removed by filtration after two, three, five and six weeks, 
the final crop being obtained after concentrating at low 
temperature to 100 ml. Three milliliters of enzyme 
was added to the mother liquor, but no further precipita­
tion occurred after the solution had stood at 20 ° for several 
weeks.

Purification of the Dextrins.—The beta dextrin was 
recrystallized four times from four parts of water. The 
air-dried product rotated +139.4° (cf 1.0; /, 4). Its 
weight became constant after drying at 66 ° and 12 mm. for 
ninety minutes over calcium chloride; loss, 14.13%. 
The specific rotation was therefore +162.4°; other 
samples showed +163.0° and +162.8°.

Crude alpha dextrin, which contained some amorphous 
material, was recrystallized by adding methanol to its 
concentrated aqueous solution, according to the procedure 
given in the preceding section. Further recrystalliza­
tions were made from 70% methanol by dissolving the 
dextrin in one part of hot water and adding the alcohol 
to the warm solution. After two such recrystallizations 
the air-dried material rotated +136.5° (c, 1.1; l, 4). 
Its weight became constant after drying five hours at 100 ° 
and 12 mm.; loss, which may have been partly methanol, 
9.48%. The specific rotation was therefore +150.8°; 
after two further recrystallizations it rotated +150.4° 
and +150.3°, respectively, while an entirely different 
preparation showed+150.8°.

Acetylation of Beta Dextrin.—Five grams of pure, an­
hydrous, powdered beta dextrin was dissolved in 15 ml. of 
pyridine, the solution becoming slightly warm. Since 
cooling the solution caused it to set to a gel, 15 ml. of 
acetic anhydride was added while it was still warm. 
The stoppered flask was then shaken and cooled occa­
sionally, its contents becoming homogeneous after half 
an hour. After standing at room temperature for three 
days, the solution was poured into 400 ml. of ice water, 
and the product crystallized immediately in nearly theo­
retical yield. The acetate was recrystallized four times 
from seven parts of methanol, from which it separated in 
the form of elongated, hexagonal plates. I t could not be 
recrystallized satisfactorily from absolute ethyl alcohol, 
possibly because a partial deacetylation occurred. It 
melted at 196-196.5° (cor.). The rotation and analytical 
data were obtained from a portion which had been dried 
in vacuo to remove the methanol and then allowed to stand 
overnight in the air. This sample rotated +122.3° (c, 
1.0, chloroform; l, 4); its loss in weight after forty-five 
minutes at 66° and 12 mm. was 2.20%, and hence the 
specific rotation was +125.0°. A second preparation 
rotated +125.4°. The dry acetate was extremely hy­
groscopic, and in order to determine its moisture content 
accurately it was necessary to employ a modified Abder- 
halden drying apparatus.14

Anal. Calcd. for (Ci2Hi60 8)*: C, 49.99; H, 5.60;
CHsCO, 44.79. Found: C, 50.04; H, 5.86; CH3CO, 45.85.

(14) M ilner and Sherm an, Ind . Eng. Chem., A n a l. i£d., 8, 427 
(1936).

Four grams of the acetate in 50 ml. of methanol was de- 
acetylated in the cold with 4 g. of potassium hydroxide dis­
solved in 25 ml. of methanol. The resulting precipitate 
was dissolved in water, and, after neutralization of the 
solution with dilute acetic acid, the beta dextrin began to 
crystallize. The recovery was 92% of the theoretical 
amount. After two recrystallizations from water, the 
dextrin rotated +162.9°.

Four grams of dry powdered beta dextrin and 0.5 g. of 
pulverized zinc chloride were added to 20 ml. of acetic 
anhydride, and the mixture was heated on the steam-bath 
for one hour. The hot, faintly yellow solution was poured 
into a liter of ice-water, and the acetate began to solidify 
after a few minutes of stirring. The acid was neutralized 
with sodium bicarbonate, and the product obtained in 
nearly theoretical yield. After recrystallization the ace­
tate melted at 196-196.5° (cor.). The air-dried sample 
contained 2.06% moisture and rotated +123.8° (c, 1.0; 
/, 4), or +126.3° calculated to the dry basis.

Anal. Calcd. for (C^H^Os)*: C, 49.99; H, 5.60;
CH3CO, 44.79. Found: C, 50.10; H, 5.96; CH3CO, 
45.62.

A three-gram portion of the acetate was deacetylated. 
The dextrin was recovered quantitatively, and after two 
recrystallizations from water it rotated +163.0°.

Action of macerans Enzyme on the Crystalline Dextrins. 
—One-gram samples of the pure, air-dried dextrins were 
dissolved in hot water in 50 or 100 ml. volumetric flasks. 
Alpha dextrin solutions were heated fifteen minutes on the 
steam-bath to remove possible traces of methanol before 
autoclaving for thirty minutes a t 124°; beta dextrin 
solutions were autoclaved directly. After the flasks had 
been cooled to 20°, the enzyme was added, and the solu­
tions were diluted to 50 ml. with sterile water. The 
small amount of beta dextrin which separated after a few 
days was redissolved by warming to 40° before the flasks 
were opened. Sterility tests were made on glucose agar 
at the conclusion of each experiment. The data ob­
tained in several experiments with both dextrins are pre­
sented in Table II, while the changes in rotation observed 
in one non-sterile experiment are shown in Fig. 3.

During the conversion of alpha dextrin the solutions 
gave iodine tests similar to that of the original substance. 
The product could be precipitated with trichloroethylene, 
but no beta dextrin was obtained when the solution was 
concentrated in vacuo to a sirup. Addition of methanol 
to the solution caused it to cloud, and a mixture of amor­
phous and crystalline material gradually separated. 
Methods for fractionating the mixture are being investi­
gated.

The authors wish to express their appreciation 
to Dr. Thomas J. Schoch of the Corn Products 
Refining Company for samples of oxidized starch 
and Schardinger dextrins, and to Dr. E. Justin 
Wilson, Jr., of this Laboratory for helpful assist­
ance.

Summary
The action of the purified enzyme of Bacillus 

macerans on starch substrates proceeds with a
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rapid decrease in viscosity and a gradual decrease 
in optical rotation. Unlike other amylases, the 
macerans amylase does not increase the reducing 
power of whole starch to any noteworthy extent.

The Schardinger dextrins have been prepared 
from potato starch by means of the macerans 
amylase in a maximum yield of 55%. The rela­
tive proportions of alpha and beta dextrins in the 
product have been shown to vary greatly with 
different digestion conditions; the factors involved 
in this behavior are receiving further study. Beta 
dextrin is stable toward macerans amylase at 20°, 
whereas the alpha dextrin is converted, at least in 
part, to higher rotating material which exhibits

slight reducing properties and contains no beta 
dextrin.

The rotations of carefully purified alpha and 
beta dextrins have been found to be +150.5 
=t= 0.5° and +162.5 =*= 0.5°, respectively, instead 
of +148° and +158°, as previously reported. 
The new value for beta dextrin was confirmed by 
preparing its acetate (rotation +125.5° in chloro­
form; m. p. 196-196.5° (cor.)), from which the 
original high rotating beta dextrin was regen­
erated. The same beta dextrin acetate was pro­
duced when either pyridine or zinc chloride was 
used as the acetylation catalyst.
Bethesda, M aryland R eceived M ay 28, 1942

[Contribution from the D epartment of Chemistry of the City College of the College of the City of N ew
York]

The Nature of the Fatty Acids Associated with Starch. The Adsorption of Palmitic 
Acid by Potato and Defatted Com and Rice Starches

By Leo Lehrman

It is well known that starches, with the excep­
tion of potato, have associated with them small 
amounts of fatty material which is not extracted 
by the usual fat solvents, such as ether or carbon 
tetrachloride.1 Acid hydrolysis is usually em­
ployed to liberate this fatty material, which is 
therefore termed “fat by hydrolysis” to distin­
guish it from the fatty material which can be ex­
tracted by ether or carbon tetrachloride. The 
fatty material that can be extracted from raw 
starches by ether or carbon tetrachloride is usu­
ally referred to as extraneous extractable fatty 
matter. Recently Schoch reported that fat sol­
vents having hydrophilic groups, particularly 
methanol, the cellosolves and 80% dioxane, ex­
tract practically all the fatty acids in three cereal 
starches.2 He further reported that the defatted 
starches retain a number of the usual properties of 
the original starches. In addition, fatty acid can 
be introduced into the defatted starches and can­
not be removed by extraction with the usual fat 
solvents, such as ether or carbon tetrachloride. 
On the basis of these results, Schoch concluded 
that free fatty acid is present in starch as an ex­
traneous impurity.

(1) (a) Sostegni, G azz. chim. ital. , 15, 376 (1885); (b) T aylor and 
N elso n , T h is  J o u r n a l , 42, 1726 1920); (c) T ay lo r and Lehrm an, 
ib id .,  48, 1739 (1926); (d) Lehrm an, ibid. ,  51, 2185 (1929); 52, 808 
(1930); 54, 2527 (1932); 55, 850 (1933); 59, 1050 (1937).

(2) Schoch, ib id .,  60, 2824 (1938).

This author submitted a comment which stated 
his reasons for disagreeing with this conclusion 
and suggested the possibility of the fatty acids 
being adsorbed by starch.3 Lately, it has been 
shown that the amount of fatty material extracted 
by methanol from corn starch ground in a rod 
mill is the same as that extracted from the un­
ground corn starch. From this observation the 
conclusion has been drawn that the fatty acids 
are not present extraneously.4 Adsorption has 
been mentioned in connection with the occurrence 
of fatty acids in starch but the evidence is meager.5

Potato starch has been shown not to contain 
any “fat by hydrolysis”6 and, therefore, could be 
used like a defatted starch. Oleic acid was intro­
duced into potato starch, though only in a small 
percentage, by refluxing with a methanol solution 
of the fatty acid.7 In order to determine how a 
fatty acid combines with starch, varying concen­
trations of palmitic acid in a hydrophilic solvent 
(methanol) were refluxed with potato starch. 
Palmitic acid was chosen because it occurs in the 
“fat by hydrolysis” of all starches; it is saturated 
and, therefore, no special precautions are neces-

(3) L ehrm an, ib id .,  61, 212 (1939).
(4) E vans and  Briggs, Cereal Chem.,  18, 447 (1941).
(5) (a) Schoch, ib id .,  18, 124 (1941); (b) ref. 4, p. 453; (c) E v an s  

and  Briggs, ibid .,  18, 467 (1941).
(6) L ehrm an  an d  K a b a t, T h is  J o u r n a l , 55, 850 (1933).
(7) Schoch, p riv a te  com m unication.
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sary to prevent oxidation; and finally, it is taken 
up by corn starch in preference to unsaturated 
fatty acids.8 After removing the excess palmitic 
acid by extraction with carbon tetrachloride, the 
“fat by hydrolysis” was determined.

A graph of the results of these experiments is a 
typical Freundlich isotherm indicating that the 
palmitic acid was probably adsorbed by the potato 
starch. The experimental work was carried out 
with defatted corn and rice starches to determine 
whether a similar Freundlich isotherm would be 
obtained.

Experimental
Preparation of Defatted Corn and Rice Starch.—Corn 

and rice starch9 having negligible extraneous fatty ma­
terial and 0.65 and 0.69% “fat by hydrolysis,” respec­
tively, were extracted in a Soxhlet extractor with metha­
nol for two weeks. Though the “fat by hydrolysis” in 
each starch had decreased to 0.03%, further extraction 
had no effect. This result agrees with that found by 
others.10 That the methanol extraction of the fat from the 
starches cannot be due to hydrolysis has already been 
shown.11

Introduction of Palmitic Acid into the Fat-Free 
Starches.—Ten-gram samples of potato (negligible ex­
traneous fat) and defatted corn and rice starches sepa­
rately, were refluxed while stirring with 1-20 g. of pure 
palmitic acid dissolved in 50 ml. of pure methanol for five 
hours. I t  was found that longer heating did not increase 
the amount of palmitic acid taken up by the starches. The 
mixtures were filtered, the residues washed with carbon 
tetrachloride and allowed to dry. The residues then were 
extracted for three hours with hot carbon tetrachloride in a 
rubber extractor and allowed to dry. The dry starch prod­
ucts were hydrolyzed with dilute hydrochloric acid, cooled, 
filtered through petroleum ether extracted filter papers, 
the papers and fatty acids washed several times with dis­
tilled water and allowed to dry. The filter papers and fatty 
acids then were extracted with petroleum ether, the 
extracts allowed to evaporate in weighed beakers and the 
residues weighed. Figure 1 is the graph obtained by 
plotting these values.

Discussion
The fact that the palmitic acid taken up by the 

starches follows a typical Freundlich isotherm in­
dicates either adsorption or solid solution. While 
X-ray diffraction patterns would be necessary to 
decide which phenomenon took place, from the 
generally accepted amorphous state of starch, ad­
sorption is the more probable. It has already 
been noted that defatted starches have a number

(8) R ef. 4, p . 454; ref. 5c.
(9) T he  au th o r wishes to  th a n k  S tein , H all and  Co., Inc., New 

Y ork  C ity , for th e ir  kindness in  supp ly ing  these  starches.
(10) (a) Schoch, p riv a te  com m unication; (b) ref. 4, pp . 447, 448.
(11) (a) Ref. 10a. In  th is  com m unication  Schoch s ta tes  th a t  

from  his experim ental d a ta  none of th e  fa t ty  acids in  corn, w heat 
or rice s tarch  is esterified w ith  carb o h y d ra te ; (b) ref. 4, p. 451.

Amount of palmitic acid in methanol solution (equilibrium 
solution), g.

Fig. 1.—Adsorption isotherms of palmitic acid with 
potato and defatted corn and rice starches; O , potato 
starch; A, defatted corn starch; □, defatted rice starch.

of the usual physical properties of the original 
starches. This is to be expected if the fatty acids 
are adsorbed on the starch. The fact that a 
starch component is electrically charged only when 
it contains fatty acid (fat by hydrolysis)12 can be 
accounted for on the basis of an adsorption of the 
fatty acid. There would be no electrical charge 
if the fatty acid were chemically combined with 
carbohydrate (such as by esterification or etheri­
fication). It is interesting to note that potato 
starch, which has no fatty acid associated with it, 
has practically no charged component.13

The amount of fatty acid taken up by each 
starch gives additional weight to the case for ad­
sorption. Thus, potato starch, known to have no 
fatty acid, adsorbs only a very small amount of 
palmitic acid compared with defatted corn and 
rice starches. Furthermore, defatted rice starch, 
which in its original condition has a higher per­
centage of “fat by hydrolysis" than corn starch, 
adsorbs more palmitic acid than defatted corn 
starch.

It has already been shown that corn starch takes 
up (adsorbs) saturated fatty acid in preference to 
unsaturated fatty acid.8 It is difficult to explain 
on this basis, however, why defatted corn starch 
adsorbs less than its original fatty acid content, 
while defatted rice starch adsorbs more, or that 
potato even adsorbs any. It does show that these

(12) T ay lo r an d  W erntz , T h is  J o u r n a l , 49, 1584 (1927).
(13) T ay lo r an d  Iddles, In d . Eng. Chem., 18, 713 (1926).
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three starches are different in their surface effects.
All these data are consistent with the conclu­

sion that the fatty acids associated with starch 
are adsorbed.

Summary
1. Potato and defatted corn and rice starches

take up palmitic acid from a methanol solution 
probably by adsorption.

2. A discussion of known facts leads to the con­
clusion that fatty acids associated with starch are 
probably adsorbed.
N e w  Y o r k , N .  Y. R e c e i v e d  J u n e  1, 1942

[C o n t r i b u t i o n  f r o m  t h e  R e s e a r c h  L a b o r a t o r y  o f  M e r c k  &  C o ., I n c .]

Erythrina Alkaloids. XIII. Studies on the Constitution of Erythraline, Erythramine,
and Erythratine

B y K arl F o lkers , F rank  K oniuszy  and  J ohn  Shavel , J r .

Studies1 on the constitution of erythramine and 
erythraline led to the formulation of the partial 
structure I with the comment that the presence of

/ \

CH2

c o 2h

CH2 1 2 4 'W% / \ C0 1

A = CH30 — and one double
bond for erythramine II

A = CH3O— and two double 
bonds for erythraline 

I

H

/ °CH2
/ V

III

one five-atom nucleus was not excluded. The in­
itial studies2 showed that erythramine, C18H21NO3, 
contains a methylenedioxy group, a methoxyl 
group, a tertiary nitrogen atom probably common 
to two nuclei, and an ethylenic double bond, 
besides one aromatic nucleus. It consists appar­
ently of four nuclei (exclusive of the methylene­
dioxy bridge), three being partially or completely 
saturated and one aromatic. Erythraline, Ci8- 
H19NO3, differs only in having one more ethylenic 
double bond since dihydroerythramine and tetra- 
hydroerythraline were found to be identical when 
the free bases and hydriodides were compared. 
Ring 1 of the partial structure was established 
by the formation of hydrastic acid (II) by oxida­
tion of erythraline methohydroxide; and rings 1 
and 2 were strongly indicated by the very close 
similarity between the ultraviolet absorption 
spectra of dihydroerythramine and 6,7-methylene- 
dioxy-1,2,3,4-tetrahydroisoquinoline hydrobro­
mides. The hydroindole formulation (III) which 
might be anticipated because of the accompanying

(1) Folkers a n d  K oniuszy, T h is  J o u r n a l , 62,1673 (1940).
(2) Folkers an d  K oniuszy, ibid., 61, 3053 (1939).

hypaphorine, which is so widely distributed in 
seeds of species of Erythrina, was excluded by the 
formation of hydrastic acid. Rings 3 and 4 were 

indicated tentatively because of the tertiary 
nitrogen atom. It was of interest that these 
two alkaloids and lycorine and tazettine, of 
the Lycoris alkaloids, possess methoxyl and 
hydroxyl groups on hydroaromatic nuclei of 
structures identical for rings 1 and 2.

Recently,3 new structural studies were pre­
sented including experiments performed on 
/3-erythroidine, which led to the isolation of 
indole from the products of potassium hy­
droxide fusion. Although /3-erythroidine ap­

pears to differ considerably from erythraline and 
erythratine in functional groups and nuclear 
formulation, it was of interest to examine the 
products from the fusion of erythraline with po­
tassium hydroxide for the presence of indole. By 
a modified procedure which involved adding ery­
thraline hydriodide in portions to the molten al­
kali, pure indole picrate, identical with an authen­
tic specimen, was obtained by appropriate tech­
nique. Interpretation of the indole formation 
suggests erythraline and erythramine actually do

c h 2
0 / \ / \ / \ / \

c h 2

V V N s / \

c h 2-

IV
V

/
CH.
\

V
A = CH30— and > C = C <  for erythramine 
A ~ CH3O—  and 2 >C==C< for erythraline 
A = CH3O— and HO— and > C = C <  for erythratine

(3) Folkers, K oniuszy and  Shavel, Jr,, A bstracts  of Papers, meet»
ing of th e  A m erican Chem ical Society, A tlan tic  C ity , N . J ,, Sept.,
1941, D ivision of O rganic C hem istry , page 30.
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contain one five-atom nucleus, and rings 3 and 4 
may be written now as in the four-ring struc­
tures, IV or V.

Erythratine,4 Ci8H2iN 04, has now been found 
to possess one methylenedioxy group, one meth­
oxyl group and one non-phenolic hydroxyl group. 
It does not contain CH3C ^ or CH3N s  groups. 
The presence of the non-phenolic hydroxyl group 
was shown by active hydrogen determination, in­
solubility in sodium hydroxide solution, and 
formation of benzoyl and acetyl derivatives. 
Erythratine is a tertiary base, as evidenced by the 
formation of a methiodide and methohydroxide 
of expected properties. Erythratine absorbed one 
mole of hydrogen over a platinum catalyst at at­
mospheric pressure to give a dihydroerythratine.

2400 2700 3000 3300
X .

Fig. 1.—Absorption spectra in ethanol for: eryth­
ratine; O, erythramine; erythraline (note for
erythraline that the ordinates are indicated on the right 
for €m 10-16). Absorptions are represented in terms of 
the extinction coefficient computed on the basis of one 
millimole per liter; wave lengths, in Angstrom units.

It is seen from the ultraviolet absorption spectra 
data5 in Figs. 1 and 2 that erythratine and dihy­
droerythratine hydrobromide exhibit a maximum 
at ca. 2930 A. and em 4.3 to 4.8, as is also exhibited 
by erythramine, erythraline, dihydroerythramine 
hydrobromide and 6,7-methylenedioxy-1,2,3,4-

(4) Folkers and  K oniuszy, T h is  J o u r n a l , 62, 436 (1940).
(6) A cknowledgm ent is hereby m ade to  M r. W. A. Bastedo, J r ., 

of th is  L abora to ry  for th e  m easurem ents of th e  absorption  spectra.

tetrahydroisoquinoline hydrobromide. It has 
been assumed that this band is characteristic of 
the partial nucleus VI, and it differs considerably 
from the corresponding band of the spectrum of 
hydrocotarnine (VII), shown in Fig. 2, which has

/ °
CH2

/ \ / \
1 2

V V N v

V I

/
c h 2

o / \ / \

NCHS
X / \ /  

c h 3o
VII

a methoxyl group in addition to the methylene­
dioxy group on the benzenoid nucleus. The spec­
tra as shown in Fig. 1 for erythratine, erythraline 
and erythramine differ at wave lengths below ca. 
2900 A. probably chiefly in accord with the differ­
ent double bonds and oxygen groups in rings 3 and 
4 for the three alkaloids. The absorption of di­
hydroerythramine and dihydroerythratine paral­
lels that of the known methylenedioxy-tetrahy- 
droisoquinoline derivative as shown in Fig. 2.

2100 2400 2700 3000 3300
X .

Fig. 2.—Absorption spectra in ethanol for: O, dihydro­
erythratine hydrobromide; # , dihydroerythramine hydro­
bromide; ®, 6,7-methylenedioxy-l,2,3,4-tetrahydroiso- 
quinoline hydrobromide; hydrocotarnine represented by 
curve with concentric circles.

This behavior indicates that the remainder of the 
alkaloidal structures is not influencing the absorp­
tion spectrum of these compounds to any pro­
nounced degree- Thus, erythratine also appears
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hoW n4 / v

Aporphine type 
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 ̂ jj^ O H  

CH2—I^ J o H  
XII

Dehydrolaudanosoline
chloride

Morphine and 
sinomenine type

2,3,11,12-Tetrahydroxy- 
dibenzotetrahydropyrrocoline

to contain the methylenedioxy-tetrahydroiso- 
quinoline nucleus (VI) and the methoxyl and hy­
droxyl groups elsewhere. Taking into account 
the benzenoid nucleus, one ethylenic double bond, 
and the functional groups in erythratine, the 
molecule consists apparently of four fused nuclei 
(exclusive of the methylenedioxy bridge), three 
being partially or completely saturated and one 
being aromatic.

When erythratine was degraded by fusion with 
potassium hydroxide, and after purification chro­
matographically of the solvent fraction bases 
over aluminum oxide, indole was isolated and 
identified as such and as its picrate. When all 
these related facts on erythramine, erythraline 
and erythratine are considered, it appears that 
erythratine is also represented by structure IV or 
V when A signifies a methoxyl and hydroxyl 
group and one carbon-carbon double bond.

Structure IV, rather than V, would be preferred 
for these alkaloids on the basis of several bio- 
genetical relationships. The nuclei 1, 2 and 4 of 
IV are inherently a benzyl-tetrahydroisoquinoline 
derivative dehydrogenated between nuclei 2 and 
4 to give the fourth nucleus 3, as may be seen from 
the following relationships. The generally ac­
cepted origin of benzyl-tetrahydroisoquinoline

alkaloids (IX) from substituted phenylethyl 
amines and phenylacetaldehydes (VIII) both via 
amino acids, proposed from the studies of Winter- 
stein and Trier, Barger,6 and Robinson7 is shown 
in the scheme according to VIII —> IX. Dehydro­
genation with ring closure between atoms 8 and 
2' of IX  leads to the aporphine type of alkaloid. 
Dehydrogenation with ring closure between atoms 
10 and 6' leads to the morphine and simomenine 
type of alkaloid. Although this formal relation­
ship between the benzylisoquinoline type and the 
aporphine and morphine types has not been 
achieved experimentally as yet by oxidative or 
dehydrogenative reagents, such studies have been 
made.8 Of particular interest to these three 
Erythrina alkaloids are the experiments of both 
Robinson9 and Schöpf10 to convert laudanosoline
(XI) into norglaucine (X) or to convert directly 
a benzylisoquinoline type into an aporphine type. 
The product of several reagents (chloranil, potas­
sium ferricyanide, air, and oxygen over plati­
num) on XI was dehydrolaudanosoline chloride
(XII) which is a quaternary dihydroindole deriva-

(6) B arger, I X  Congreso In ternational de Quimica, Conferencias de 
Introduction , M adrid , 1934, p. 97.

(7) R obinson, ibid ., p. 168; J . Chem. Soc., 1079 (1936).
(8) F o r pro tosinom enine, R obinson, J .  Chem. Soc., 1079 (1936).
(9) R obinson  an d  Sugasaw a, ibid., 789 (1932).
(10) Schöpf an d  T hierfelder, A n n .,  497, 22 (1932).
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tive. Instead of effecting ring closure between 
atoms 8 and 2', the closure took place between 
atoms 2 and 2'. Reaction in boiling acetic anhy­
dride converted XII into the tetraacetyl deriva­
tive of the pyrrocoline derivative, XIII. Proof of 
structure XII was established through Hofmann 
and Emde degradations.

If structure IV represents these three Erythrina 
alkaloids, then Robinson and Schöpf, failing to 
convert a benzylisoquinoline type directly into 
an aporphine type, have achieved its conversion 
into an Erythrina type before natural alkaloids of 
this hydropyrrocoline class were recognized!

The methoxyl group of erythramine and eryth­
raline is probably at position 12, on the basis of 
tyrosine as the precursor.6 Similarly, the meth­
oxyl and hydroxyl groups of erythratine are proba­
bly at positions 11 and 12, as in XIII, although 
positions 12 and 13 are possible.6 The ethylenic 
double bonds in structure IV appear to be in ring 
4 and not 3, because the pure alkaloids do not 
show the Ehrlich color test for indole derivatives. 
Of course, the pyrrocoline derivative, XIII, and 
these Erythrina alkaloids, if so related, would 
show some different properties because the na­
tural products are partially saturated in ring 4. 
Nevertheless, the tetramethyl ether of XIII gave 
a weak blue color with Ehrlich’s reagent, whereas 
its dehydro (ring 3) derivative gave an intense 
indole reaction, and an aged specimen of erythra­
tine (better for comparison because it has two oxy­
gen atoms on ring 4 to enhance reactivity) gave a 
blue color at 25° and a strong royal blue color at 
90°. A new specimen of erythratine gave only a 
slight positive test; presumably, the aged speci­
men had undergone slight atmospheric oxidation 
in ring 3. A solution of erythraline with Ehrlich’s 
reagent slowly developed a deep pink color.

Whereas the threshold dose of erythratine hy­
drobromide for curare-like paralyzation of frogs 
was 75 mg./kg. injected intralymphatically,11 the 
threshold dose of erythratine methiodide was 
found by Dr. Klaus Unna of the Merck Institute 
for Therapeutic Research to be 100 mg./kg. frog. 
As for erythramine and erythraline and their 
respective methiodides,1,2 the conversion of the 
tertiary base, erythratine, into its quaternary 
methiodide did not enhance its curare-like phy­
siological activity. The threshold dose of dihy­
droerythratine hydrobromide was 300 mg./kg., 
but the frogs did not recover.

(11) Folkers and  K oniuszy , T h is  J ournal , 62, 436 (1940).

Experimental Part
Indole from the Fusion of Erythraline with Potassium 

Hydroxide.—When 1.07 g. of erythraline hydriodide was 
ground with 25 g. of potassium hydroxide and fused, only 
9 mg. of residue was obtained from the solvent extraction. 
It gave the color test for indole. I t  appeared by this pro­
cedure12 that partially decomposed alkaloid floated as a 
film on the molten alkali during the fusion and the degrada­
tion was not satisfactory. After a second similar fusion, 
on 1.2 g. of erythraline base, only a few mg. of an impure 
picrate was obtained. Successful characterization of 
indole was accomplished only after fusion of larger quanti­
ties by the following modified procedure.

When 4.28 g. of pure erythraline hydriodide (from E. 
glauca Willd.) was added slowly to 30 g. of well-stirred 
molten potassium hydroxide, a vigorous reaction ensued 
with each addition of alkaloid. After all of it had been 
added, the homogeneous melt was heated for another ten 
minutes to insure complete reaction. The melt was then 
carefully poured on 200 g. of ice, and the resulting solution 
extracted continuously with ether for ten hours.

The ether extract was concentrated carefully to a 
volume of about 5 ml. by distillation through a Widmer 
column. The residual ether solution was then concen­
trated to a moist residue by distillation at 10° at a some­
what reduced pressure. The residue had an indole odor 
and gave the pink color test with ^-dimethylaminobenz- 
aldehyde. The picrate (23 mg.) made from this residue 
showed the m. p. 166.5-168°. After two recrystallizations 
from benzene in a centrifuge cone, 12 mg. of red indole 
picrate, m. p. 172-172.5°, was obtained. A mixed 
melting point with freshly prepared authentic indole pic­
rate, m. p. 172-172.5°, showed no depression of the melting 
point.

Extraction of the acidified aqueous solution by ether 
and chloroform yielded residues too small for the isolation 
of other degradation products.

Indole from the Fusion of Erythratine with Potassium 
Hydroxide.—A quantity of 8.27 g. of erythratine (newly 
isolated from E. glauca Willd.) was slowly added to 50 g. 
of well-stirred molten potassium hydroxide. The reaction 
was quite vigorous, and the melt was heated for another 
ten minutes, in which time it started to froth considerably. 
The melt was then carefully poured on 300 g. of ice, and the 
resulting alkaline solution was extracted continuously with 
ether for ten hours.

The ether extract was concentrated to a small volume by 
careful distillation through a Widmer column to minimize 
the loss of the volatile indole. The residual ether solution 
was concentrated to a gummy moist residue at 10° at a 
somewhat reduced pressure.

The residue was dissolved in 5 ml. of ethyl ether and 
passed over a 1 X 3 cm. column of aluminum oxide 
Merck (Brockmann). A 2-mm. band of brown de­
composition products appeared at the top, while the solu­
tion passing through was colorless. The column was 
developed further with 25 ml. of ether.

To the eluate was added 5 ml. of petroleum ether and 
after partial concentration on the steam-bath, 163 mg. of 
crystals of m. p. 52° was obtained. Besides the identity 
of the melting point with that of indole, they gave with p

(12) B arger and  Scholz, Helv. Chim . Acta, 16, 1352 (1933).
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dimethylaminobenzaldehyde the pink color reaction char­
acteristic for indole.

Anal. Calcd. for C8H7N: C, 82.04; H, 6.02. Found: 
C, 81.83, 81.86; H, 6.08, 6.09.

On converting a portion of the crystals to the picrate, 
red needle-like crystals were obtained, m. p. 172-173°. 
These crystals were mixed with freshly prepared indole 
picrate (m. p. 172-172.5°) and there was no melting point 
depression.

Further extractions with ether and chloroform of the 
original aqueous solution, after acidification, yielded very 
small residues, which did not satisfactorily permit the 
isolation of other degradation products.

The Oxygen Atoms of Erythratine.—A Friedrich deter­
mination on the hydriodide showed 6.78% —OCH3 group 
and no = N C H 3 group; calcd. for one —OCH3 group, 
6.98%. When compared with erythramine and hydras- 
tine, erythratine gave a positive result when tested for the 
presence of a methylenedioxy group.13 Erythratine was 
insoluble in 10% sodium hydroxide solution at 25°. A 
117.2 mg. quantity of the base was dissolved in 4 ml. of 
ethanol, treated with 10 ml. of 10% sodium hydroxide 
solution, and the mixture was refluxed four hours. Crys­
tals separated on cooling and, by chloroform extraction, a 
total of 94% of the erythratine was recovered. An active 
hydrogen determination gave 1.23 to 1.35 active hydrogen 
atoms for the erythratine hemihydrate base. I t is appar­
ent that the fourth oxygen atom exists as a non-phenolic 
hydroxyl group.

Erythratine does not contain a CH3C =  group as shown 
by a Kuhn-Roth determination.

O-Benzoyl-erythratine Dihydrate.—To 10 ml. of dry 
pyridine was added 90 mg. of erythratine and 4 drops of re­
distilled benzoyl chloride. The solution was refluxed for 
five minutes and the straw-colored liquid was then poured 
into 100 ml. of ice and water. A white precipitate and a 
few oil globules appeared. The oil globules disappeared on 
the addition of 250 mg. of sodium bicarbonate, but most of 
the precipitate remained, even after vigorous shaking. 
Extraction of the mixture by six 25-ml. portions of chloro­
form dissolved all of the precipitate and concentration of 
the extracts to dryness in vacuo left 104 mg. of transparent 
gum. The addition of 3 ml. of water caused a partial 
transformation into a white amorphous solid. A total of 
50 ml. of a mixture of ethyl ether and acetone was re­
quired to dissolve the solid and gum. The solvent solution 
was concentrated to 4 ml. which caused immediate crystal­
lization of brown colored needles. They were filtered and 
washed once with 2 ml. of absolute ethanol; the brown 
crystals immediately dissolved, leaving 63 mg. of brilliant 
white needles of m. p. 247-249 ° (decomp.). These crystals 
were recrystallized twice from hot absolute ethanol (not 
very soluble) but the melting point remained at 248-249 0 
(decomp.). A sample was dried for one hour at 100° in 
vacuo, then analyzed. The melting point did not change. 
The O-benzoyl-erythratine was a dihydrate.

Anal Calcd. for C25H25N 05: C, 71.65; H, 6.01; N, 
3.33. Calcd. for C25H25N 05-2H20 : C, 65.98; H, 6.42; 
N, 3.07. Found: C, 65.66; H, 6.30; N, 3.22.

O-Acetyl-erythratine.—A 500-mg. quantity of erythra­
tine base was dissolved in 5 ml. of acetic anhydride,

(13) G adam er mud W m terfsld , Arch, pharm., 868* 301 (1934),

After the solution was refluxed ten minutes, it was poured 
into 100 ml. of ice and water. The solution was made 
alkaline with sodium bicarbonate and extracted ten times 
with chloroform, etc. A yield of 503 mg. of pale yellow 
gum was obtained which was quite soluble in ether and did 
not crystallize. It was sublimed at 125° and 10“ 4 mm. 
The sublimate was a white brittle solid which softened at 
43 and melted at 55°. In another experiment, the 
sublimate was resublimed to give a crystalline product 
melting at 128°. Since the analyses on these products 
were not entirely satisfactory, the reaction was repeated 
oti larger scale for better purification of the product.

A solution of 2 g. of erythratine in 25 ml. of acetic 
anhydride was refluxed for twenty minutes, cooled, and 
poured into 250 ml. of ice and water. Shaking of this 
mixture caused disappearance of the excess acetic anhy­
dride, and after making the solution alkaline with sodium 
bicarbonate, it was extracted with ten 25-ml. portions of 
chloroform. Distillation of the solvent and pumping in 
vacuo left 2.1 g. of acetylated erythratine as a clear gum. 
Although this erythratine problem was suspended for two 
years, the acetylated product remained unchanged in 
physical appearance. It was then sublimed twice at 10“ 4 
mm. and 130°. The sublimate was crystalline, m. p. 128- 
129°.

Anal Calcd. for C20H23NO5: C, 65.88; H, 6.35; N,
3.92; CH3CO—, 11.80. Found: C, 66.04; H, 6.35; N, 
3.88; CH3CO—, 12.08 (alkaline hydrolysis), 11.79 (Kuhn- 
Roth CH3C =  determination).

The check acetyl determination by the Kuhn-Roth 
method for CH3C=^ groups was done to be sure that the 
product was not an N-acetyl-O-acetyl-erythratine. An N- 
acetyl group would be expected to be more resistant to 
hydrolysis, if the formation of one had resulted from a 
nitrogen ring cleavage in boiling acetic anhydride, as has 
been observed for the conversion of chelidonine into N- 
acetyl-anhydrochelidonine.14,15

Hydrolysis of O-Acetyl-erythratine.—The following 
hydrolysis of the O-acetyl derivative to erythratine con­
firms the absence of nuclear change in the acetylation reac­
tion. A solution of 25 mg. of O-acetyl-erythratine in 4 ml. 
of 95% ethanol and 10 ml. of 4% hydrochloric acid was 
refluxed four hours. After diluting to 50 ml. with water, 
extracting with six 20-rnl. portions of chloroform, and the 
solvent removal, 9.3 mg. of gum was obtained. Addition 
of one drop of ether caused crystallization; m. p. 170- 
171°, (<x)d +145°. Addition of sodium bicarbonate and 
chloroform extraction eventually yielded 12.8 mg. of gum, 
which crystallized on adding a drop of ether; m. p. 169- 
170°, ( ck)  d  +145°. Thus, erythratine was recovered, and 
its extraction from an acid solution is indicative of its low 
basicity.

Erythratine Methiodide.—A 50-mg. quantity of erythra­
tine ( ( a ) 25D +146.0) was dissolved in 25 ml. of anhydrous 
ethyl ether and treated with 0.5 ml. of redistilled methyl 
iodide. The clear liquid became progressively turbid, but 
no crystals were immediately apparent. The turbid solu­
tion was allowed to stand overnight at 25°. This resulted 
in tiny white crystals that appeared somewhat amorphous; 
m. p. 121-125°, (a)*D +109.7, C, 0.164, water.

(14) G adam er, ibid., 262, 265 (1924).
(16) Sp&tfe mud E M a e r ,  Ber,, 64, 375 (1931),
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Anal Calcd. for Ci8H21N 04-CH3I-V2H2O: C, 48.96; 
H, 5.40. Found: C, 48.85; H, 5.36.

After drying for two hours at 100° in vacuo, the meth­
iodide was fairly well dehydrated; m. p. 135-136°, (ck)d 
+  110.4.

Anal. Calcd. for Ci8H2iN 04-CH3I: C, 49.94; H, 5.29.
Found: C, 49.56; H, 5.39.

Further drying with heat initiated slight decomposition.
N-Methyl-erythratine Me thine.—A solution of 174 mg.

of erythratine methiodide in 20 ml. of water was treated 
with 500 mg. of silver oxide and the mixture was shaken 
for three hours at 25°, then filtered. The filtrate gave a 
negative halogen test, and yielded only 1.8 mg. of chloro­
form-soluble material when extracted five times. The 
aqueous erythratine methohydroxide solution was concen­
trated to dryness at 35° and 20 mm. in vacuo, then dried 
for two hours at 35° and 2 mm. The yield of quaternary 
base was 135 mg. On heating in vacuo in an oil-bath at 
150 °, rapid effervescence occurred. The bubbling stopped 
after two minutes, but the heating was continued for 
another two minutes. The methine was shaken with 25 
ml. of water for fifteen minutes, but nothing apparently 
dissolved. When 5 ml. of chloroform was added, all the 
methine went into the chloroform layer. Concentration of 
the chloroform solution to dryness yielded 103.2 mg. of 
methine that could not be crystallized. Sublimation at 
2.5 X 10-4 mm. vacuum and a temperature of 110-125° 
gave a transparent brittle sublimate.

Anal Calcd. for C19H23N 0 4: C, 69.29; H, 7.03.
Found: C, 68.96; H, 6.75.

Zn Dust Distillation of N-Methyl-erythraline Methine.
—A distillation at 500-560 0 of 400 mg. N-methyl-erythra- 
line-methine mixed with 40 g. of zinc dust yielded a yellow 
oil. I t was completely soluble in 10% hydrochloric acid 
solution, and concentration of this solution yielded 91 mg. 
of gummy hydrochloride which could not be crystallized. 
From this material, 69 mg. of free base was obtained as a 
yellow gum which likewise could not be crystallized.

Dihydroerythratine Hydrobromide.—A quantity of 494 
mg. of pure erythratine hemihydrate was dissolved in 25 ml. 
of water containing 1 ml. of 40% hydrobromic acid solu­
tion. The hydrogenation was performed over 75 mg. of 
Adams platinum catalyst and at atmospheric pressure. 
After two hours, one mole of hydrogen was absorbed. The 
filtrate was concentrated to dryness at 30° and 18 mm.

The residue was dissolved in 5 ml. of absolute ethanol and 
brought to the crystallization point with 5 ml. of ether. 
After fifteen hours at 10°, 291.1 mg. of pinkish crystals 
was obtained. Recrystallization did not alter the melting 
point of 249°. A sample was dried at 100° and 2 mm. for 
one hour before analysis.

Anal. Calcd. for Ci8H23N 04*HBr: C, 54.31; H, 6.07. 
Found: C, 54.10; H, 6.06.

After standing at 25° for two to three days, decomposi­
tion had taken place.

Acknowledgment.—We wish to express our 
appreciation to Messrs. Hayman, Reiss, Clark 
and Boos for the microanalyses.

Summary

Erythraline (Ci8Hi9N 0 3), erythramine (CisH2i- 
N 03), and erythratine (C18H21NO4) contain a 
methylenedioxy group, a methoxyl group, a ter­
tiary nitrogen atom common to two nuclei, and 
two, one and one ethylenic double bonds, respec­
tively. Erythratine contains an additional non- 
phenolic hydroxyl group. These alkaloids appear 
to contain four fused nuclei (exclusive of the 
methylenedioxy bridge), three being partially or 
completely saturated and one aromatic. Three of 
the fused nuclei appear to be identical for each 
alkaloid, the fourth differing in unsaturation and 
oxygen groups.

Indole was isolated from the fusion of erythra­
line and erythratine with potassium hydroxide.

They are structurally formulated as hydropyr- 
rocoline derivatives on the basis of present facts. 
If this formulation be correct, Robinson and 
Schöpf, failing to convert directly a benzyliso­
quinoline type of alkaloid into an aporphine type, 
have achieved its conversion into an Erythrina 
type, before natural alkaloids of this hydropyr- 
rocoline type were known.
R ahway, N . J. R eceived July 1, 1942
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Enediols. X.1 An Amino Stilbenediol
B y R eynold C. F uson  and S. L. Scott

The study of the effect of nuclear substituents 
on the properties of stilbenediols is limited to 
groups, the presence of which is tolerated by the 
sensitive enediol group. The most interesting are 
those that have a profound influence on the char­
acter of the benzene ring such as the amino group. 
The present paper reports the preparation of an 
enediol which contains this group.

The amino compound selected for study was
1,2-di-(3-amino-2,6-xylyl)-acetylene glycol (I). It 
was made from 2,6-xylil (II) by nitration followed 
by catalytic hydrogenation of the dinitro diketone,
3,3 '-dinitro-2,6-xylil (III).

c h 3

CH3
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CHs

CHs

V -  COCO—

CHs 
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\  
CHs

X

CHs CH,
III

IV
The nitration of 2,6-xylil yielded small amounts 

of two by-products one of which was identified as 
the tetranitro derivative, 3,3^,5'-tetranitro-2,6~ 
xylil (IV). A procedure was developed, however, 
which afforded very high yields of the desired di­
nitro compound (III).

It is extremely interesting that the dinitro di­
ketone failed to form an oxime. That it might do 
so seemed possible in view of the report that 3- 
nitromesitonitrile and 3,5-dinitromesitonitrile 
undergo hydrolysis more readily than does mesito- 
nitrile.2 Similarly 3,5-dinitromesitaldehyde un-

(1) F o r th e  n in th  paper in  th is  series see Fuson, M cK eever and  
B ehr, T h is  J o u r n a l , 63, 2648 (1941).

(2) K iis te r and  S tallberg , A n n ., 278, 207 (1894).

dergoes the Perkin condensation at a normal 
rate whereas mesitaldehyde itself reacts very 
slowly.3 Thus it would appear that the nitro- 
groups counteract the hindering effect of the ortho 
methyl groups of the mesityl radical. The result 
of the present work indicates that one nitro group 
is insufficient to nullify the hindrance afforded by 
the 2,6-xylyl group.

Although the diaminostilbenediol (I) was actu­
ally obtained, it was always contaminated with 
its oxidation product, the diaminol xylil. The 
great ease with which it was oxidized to the dike­
tone coupled with the low solubility of both com­
pounds in ordinary solvents made purification 
extraordinarily difficult. Moreover, the insolu­
bility of the diamino xylil caused the hydrogena­
tion to proceed very slowly and did not afford defi­
nite evidence of the existence of the two geo­
metrical isomers that were expected. This was 
equally true for 3,3'-diacetamino-2,6-xylil.

Tests made on the diaminostilbenediol are reli­
able, however, since the contaminating diketone 
offers no interference. The stability of the enediol 
to air is of the same order as that of 1,2-di-(2,6- 
xylyl) -acetylene glycol. In other words, the amino 
groups do not alter greatly this property of the 
enediol.

Experimental
Nitration of 2,6-Xylil.—Two and three-tenths grams of 

finely powdered 2,6-xylil was added slowly, with shaking, 
to 40 cc. of red fuming nitric acid (sp. gr. 1.59-1.60) at 0°. 
Each portion of the diketone immediately produced a deep 
red color, which gradually faded to yellow. When the addi­
tion was complete the mixture was allowed to stand over­
night in a stoppered container. The product was obtained 
by pouring the mixture on 100 g. of cracked ice. The solid 
was collected on a filter, washed and dried. The dinitro 
compound was extracted with acetone from which it crys­
tallized in glistening yellow prisms; m. p. 211-212° (cor.); 
yield 92%.

Anal. Calcd. for QsHieOe^: C, 60.65; H, 4.53; N, 
7.86. Found: C, 60.80; H, 4.64; N, 8.11.

A second product, difficultly soluble in acetone, melted 
at 241-243° (cor.), with decomposition. I t  was hot 
identified.

The tetranitroxylil (IV) was insoluble in acetone but 
could be crystallized from glacial acetic acid; m, p. 273- 
275° (uncor.), with decomposition; yield 1%.

(3) Lock an d  B ayer, Ber., 72, 1064 (1939).
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Anal. Calcd. for Ci8H14OioN4: C, 48.42; H, 3.14.
Found: C, 48.58; H, 3.16.

In subsequent experiments the nitration mixture was 
allowed to stand only fifteen minutes after the diketone 
had been added. At the end of this time the product had 
crystallized and was removed by filtration. The yield of 
crude product from 7.5 g. of 2,6-xylil and 121 cc. of fuming 
nitric acid was 10 g.

The dinitroxylil was treated for long periods with 
hydroxylamine and also with phenylhydrazine. In each 
experiment it was recovered unchanged.

Preparation of 3,3'-Diamino-2,6-xylil
(a) By Catalytic Hydrogenation.—A mixture of 2.5 g. 

of the dinitro diketone, 50 cc. of glacial acetic acid and 
0.2 g. of platinum oxide was subjected to hydrogenation 
over a period of eighteen hours. The milky solution was 
poured into 50 cc. of water, and concentrated hydrochloric 
acid was added gradually until the solution became clear. 
The catalyst was removed by filtration and the filtrate 
made alkaline with ammonium hydroxide. The flocculent 
white precipitate was collected on a filter, sucked as dry as 
possible and allowed to stand in a vacuum desiccator over 
sulfuric acid. The diamino enediol developed a yellow 
color during the drying process. The yield was 95%. It 
decolorized a solution of 2,6-dichlorobenzeneoneindo- 
phenol. An attempt to recrystallize it from «-butyl alcohol 
converted it to the diamino diketone. The diketone 
melted at 201-202°.

Anal. Calcd. for Ci8H2o0 2N2: C, 72.93; H, 6.81.
Found: C, 73.12; H, 7.06.

When the clear filtrate, obtained from the original hydro­
genation mixture, was evaporated nearly to dryness in a 
nitrogen atmosphere, a mass of white crystals was ob­
tained. These were undoubtedly the hydrochloride of the 
enediol. They immediately decolorized a basic solution of 
the indophenol. A silver nitrate test caused the precipita­
tion of metallic silver.

The hydrochloride was very stable when dry but turned 
yellow when crystallized from alcohol. Washing with 
dilute sodium hydroxide to free the base produced an 
orange-colored compound that melted at 229-230° (cor.), 
with decomposition.

(b) By Stannous Chloride.—-A mixture of 5 g. of the 
dinitro diketone, 20 g. of stannous chloride, 25 cc. of con­

centrated hydrochloric acid and 250 cc. of absolute alcohol 
was heated under reflux for about eight hours. The di­
ketone had dissolved completely at the end of six hours. 
By distillation of the solvent the volume was reduced to 
about 75 cc. The solution was poured into 500 cc. of 
water and made alkaline to litmus with 10% sodium hy­
droxide solution. The orange solid that separated was 
collected on a filter, sucked as dry as possible and re­
crystallized from «-butyl alcohol. The bright red 3,3'- 
diamino-2,6-xylil melted at 201-202° (cor.); yield 2.45 g.

The diamino compound (1 g.) was converted to  3,3'- 
diacetamido-2,6-xylil, by heating under reflux for three 
hours with 20 cc. of acetic anhydride. I t  separated from 
methanol or glacial acetic acid in yellow crystals; m. p. 
296-297° (uncor.); yield 94%.

Anal. Calcd. for C22H240 4N2: C, 69.44; H, 6.36.
Found: C, 69.51; H, 6.23.

Attempts to hydrogenate the acetylated xylil by the 
Adams method failed; the diketone was recovered un­
changed.

l,2-Di-(3-diacetamido-2,6-xylyl)-acetylene Glycol Di­
acetate.—A mixture of 0.2 g. of the diamino enediol and 
25 cc. of acetic anhydride was heated under reflux for three 
hours, cooled and poured into water. The hexaacetate 
separated from methanol in glistening white crystals; 
m. p. 241-242 ° (cor.).

Anal. Calcd. for Qo^OsNz: C, 65.42; H, 6.23; N,
5.09. Found: C, 65.31, 65.57; H, 6.18, 5.97; N, 5.39.

The hexaacetate was also made by treating the enediol 
hydrochloride with acetic anhydride and pyridine.

Both of the acetylation experiments yielded a yellow by­
product, melting at 296-297° (uncor.), which is believed to 
be 3,3'-diacetamido-2,6-xylil.

Summary

Nitration of 2,6-xylil with fuming nitric acid 
produces the 3,3'-dinitro derivative in high yields. 
Reduction of the dinitro compound yields 1,2-di- 
(3-amino-2,6-xylyl)-acetylene glycol. Its stability  
to air is comparable with that of the parent ene­
diol, 1,2-di-(2,6-xylyl)-acetylene glycol.
Urb ana, Illinois Received J une 29, 1942
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[C o n t r i b u t i o n  f r o m  t h e  D e p a r t m e n t  o f  C h e m is t r y  a n d  C h e m ic a l  E n g i n e e r i n g  o f  t h e  U n i v e r s i t y  o f  N e w
H a m p s h i r e ]

Formation and Rearrangement of the Diphenylmethyl Ether of o-Cresol

B y  H . A . I d d l e s , D . H . Ch adw ick , J .  W . C l a pp  a n d  R . T .  H a r t

T o  a id  in  in te r p r e t in g  th e  r e a r r a n g e m e n t  o f th e  
t r ip h e n y lm e th y l  e th e r  o f  0-c reso l, o r  th e  d ir e c t  
i n t r o d u c t io n  o f t h e  t r ip h e n y lm e th y l  ra d ic a l in to  
t h e  0-c re so l n u c le u s , t h e  m e th y l  e th e r  of th e  p o s ­
tu l a t e d  p ro d u c t ,  3 -m e th y l-4 -h y d ro x y p h e n y ltr i-  
p h e n y lm e th a n e  w a s  s y n th e s iz e d .1 T h e  c o m p le te  
a g r e e m e n t  b e tw e e n  r e a r r a n g e d  a n d  s y n th e t ic  
p r o d u c t s  sh o w e d  t h a t  t h e  t r ip h e n y lm e th y l  r a d i­
c a l  h a d  m ig r a te d  to  t h e  p a r a  p o s i t io n  o f th e  0- 
c re s o l n u c le u s .

I n  s im ila r  a lk y la t io n  s tu d ie s ,  e a r l ie r  in v e s tig a ­
t o r s 2’3,4’5 h a v e  u s e d  t h e  le s s  h ig h ly  s u b s t i tu te d  
d ip h e n y lm e th y l  r a d ic a l  a n d  h a v e  re c o rd e d  th e  
c o n d i t io n s  w h ic h  f a v o r  
t h e  fo r m a t io n  o f t h e  d i ­
p h e n y lm e th y l  e th e r  o f 
p h e n o l  o r  le a d  to  th e  in ­
t r o d u c t io n  o f o n e , tw o  
o r  th r e e  d ip h e n y lm e th y l  
r a d ic a ls  in to  t h e  n u c le u s .
I n  o n e  e x p e r im e n t ,  S c h o r i­
g in 3 t r e a t e d  0-c re so l w i th  
d ip h e n y lc a rb in o l  in  a c id  
m e d iu m  a n d  p o s tu la te d  
t h e  in t r o d u c t io n  o f o n e  
d ip h e n y lm e th y l  r a d ic a l  
o r t h o  t o  t h e  h y d ro x y l  
w h ic h  se e m e d  to  b e  in  
a g r e e m e n t  w i th  h is  a n a ­
ly t i c a l  d a ta .  S in c e  th i s  
i n t e r p r e t a t i o n  d if fe re d  
f r o m  th e  o b s e rv e d  p a r a  
m ig r a t io n  o f t h e  t r ip h e n y l ­
m e t h y l  r a d ic a l1 o r  th e  iso ­
p r o p y l  g ro u p ,6 a n d  w a s
n o t  s u b s t a n t i a t e d  in  a n y  w a y , a  f u r th e r  d e ta i le d  
s t u d y  o f th i s  r e a c t io n  is  p r e s e n te d  in  th is  p a p e r .

T h e  d i r e c t  p r e p a r a t io n  o f th e  d ip h e n y lm e th y l 
e t h e r  o f 0-c re so l I  w a s  a c c o m p lis h e d  b y  t r e a t in g  
s o d iu m  0- c r e s y la te  in  e th e r  s o lu t io n  w i th  d ip h e n y l-  
c h lo r o m e th a n e .  B e s id e s  t h e  e th e r ,  som e fre e  
p h e n o lic  p r o d u c t  I I  w a s  fo rm e d . T h is  c o u ld  b e

(1) Idd les and  M inckler, T h is  J o u r n a l , 62, 2757 (1940).
(2) C laisen, A n n ., 442, 210 (1924).
(3) Schorigin, Ber., 59, 2502 (1926); 61, 2516 (1928).
(4) V an A lphen, Rec , trav. chim ., 46, 799 (1927).
(5) B usch and  K noll, JBer., 60, 2243 (1927).
(6) N iederl and  N atelson, T h is  J o u r n a l , 53, 1928 (1931).

p re p a r e d  a ls o  b y  d i r e c t  r e a r r a n g e m e n t  o f  th e  e th e r  
w ith  z in c  c h lo r id e  o r  th r o u g h  th e  r e a c t io n  a t  ro o m  
te m p e r a tu r e  o f 0-c re so l w i th  d ip h e n y lc a rb in o l in  
a c id  m e d iu m . T h e  o r ie n ta t io n  o f g ro u p s  in  
s t r u c tu r e  I I  w a s  e s ta b l i s h e d  in  th e  f i r s t  in s ta n c e  
b y  i t s  m o n o b r o m in a t io n  a n d  c o m p a r is o n  w ith  th e  
d ip h e n y lm e th y l  d e r iv a t iv e  fo rm e d  f ro m  6 -b ro m o -
0-c re so l a n d  a lso  b y  tw o  d ir e c t  s y n th e s e s  fo cu s in g  
o n  s t r u c tu r e  IV . T h u s  t h e  r e a r r a n g e m e n t  o f I  
o r  t h e  d i r e c t  in t r o d u c t io n  o f o n e  d ip h e n y lm e th y l  
r a d ic a l  in v o lv e s  th e  p a r a  p o s i t io n  o f t h e  0-c reso l, 
a s  w a s  sh o w n  in  th e  c a se  o f th e  t r ip h e n y lm e th y l  
r a d ic a l .

C—C6He 
OH

I n  a d d i t io n  i t  w a s  n e c e s s a ry  t o  c h a ra c te r iz e  
S c h o r ig in ’s p r o d u c t ,  m . p .  1 3 9 ° , w h ic h  c o u ld  b e  
p re p a r e d  b y  h e a t in g  0-c re so l a n d  d ip h e n y lc a r ­
b in o l in  a n  a c e t ic - s u lfu r ic  a c id  m e d iu m .3 A s a  
d ir e c t  a p p ro a c h ,  S c h o r ig in ’s s u g g e s te d  s t r u c tu r e  
V  w a s  s y n th e s iz e d  b y  th e  a c t io n  o f th e  G r ig n a r d  
r e a g e n t  o n  m e th y l  0- c r e s o t in a te  fo llo w e d  b y  r e d u c ­
t io n  o f t h e  r e s u l t in g  c a rb in o l. T h is  s y n th e t i c  
m a te r ia l  w a s  f u r th e r  c h a ra c te r iz e d  b y  b r o m in a ­
t io n  a n d  c o m p a r is o n  w ith  a  p r o d u c t  fo rm e d  b y  
c o n d e n s in g  4 -b ro m o -0 -c re so l w i th  d ip h e n y lc a r -
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binoL However, the synthetic material of struc­
ture V melted at 76-78°, which demonstrated its 
non-identity with Schorigin’s material, m. p. 139°.

When it was determined that Schorigin’s 
material could not be brominated or methylated 
and that structures II and V would both yield 
Schorigin’s product when heated with diphenyl­
carbinol in acetic-sulfuric acid medium, then 
structure VI was suggested in which two diphenyl­
methyl groups had been introduced and the ace­
tate formed. To establish this postulate, struc­
ture VI was synthesized by the action of phenyl­
magnesium bromide on the dimethyl ester of 6' 
hydroxyuvitinic acid VII, which passed through 
a di-carbinol structure VIII to form an orange- 
colored substance postulated to be IX. In the 
succeeding steps, this material was reduced by 
zinc and acetic acid producing a colorless phenol 
X  and treatment with acetic anhydride gave the 
acetate VI of m. p. 139° which was identical with 
Schorigin’s rearranged product.

II

OH

H

,CH3

c 6h 6—c—c 6h 6
IX

Zn
HOAc^

VI AC2O

c 6h 5

c6H5—Cf
OH 

,CH3

c6h 5—c—c6h 6
H
X

OH
VIII

C6H5MgBr 
<— ---------

CHaOOCr
OH

iCH3

COOCH3

VII
Experimental

o-Tolyldiphenylmethyl Ether.—p-Cresol (120 g.) in 
absolute ether (500 ml.) was treated with metallic sodium

(10 g.) and, after complete reaction, diphenylchlorometh- 
ane (66 g.) was introduced slowly. The mixture was re­
fluxed for sixteen hours and for three hours after evapora­
tion of the ether. The reaction mixture was poured into 
water, extracted with ether and the ether layer was washed 
with 10% sodium hydroxide and then dried. Upon evapo­
rating the ether, the resulting oil was taken up in ligroin 
(90-110°) and extracted with Claisen’s solution. From the 
ligroin layer, 10 g. of the desired ether distilled between 
175-178° at 4 mm. I t was a viscous, yellowish-green oil. 
The Claisen’s extract, upon acidification, produced a re­
arranged product (25 g.) which was first purified by dis­
tillation at 3 mm. pressure and 205-215°, followed by 
crystallization from ligroin, m. p. 99-100°.

Preparation of Rearranged Compound.—To carry out a 
direct rearrangement, 5 g. of the o-tolyldiphenylmethyl 
ether was heated with 3 g. of zinc chloride for five hours at 
150°. The material was then dissolved in ligroin, washed 
with water and extracted several times with Claisen’s solu­
tion. Upon acidification, 3 g. of oil was obtained which 
was distilled at 213-220° and 3-5 mm. and recrystallized 
from ligroin yielding a colorless product, m. p. 99°.

The same product was obtained when 20 g. of diphenyl­
carbinol7 and 24 g. of ö-cresol were dissolved in 300 ml. 
of glacial acetic acid, and 60 g. of coned, sulfuric acid was 
added over a period of one hour. After standing for 7-8 
days, the product was obtained by pouring the reaction 
mixture into water, extracting with ether, washing with 
10% sodium hydroxide, water, and drying the ether ex­
tract. Upon evaporation of the ether, the residue was 
vacuum distilled at 180-185° and 2 mm. and twice re­
crystallized from ligroin yielding 15 g. of final product, 
m. p. 101°.

Anal. Calcd. for C20H18O: C, 87.5; H, 6.62. Found: 
C, 87.4; H, 6.62.

Bromination of 3-Methyl-4-hydroxyphenyldiphenyl- 
methane.—Five grams of the rearranged compound, 
m. p. 101°, was dissolved in 200 ml. of carbon tetra­
chloride, and to the cooled solution 3 g. of bromine in 20 
ml. of carbon tetrachloride was added. After an hour, 
excess bromine was removed with bisulfite solution and the 
product recovered. Recrystallization from alcohol gave 
4 g. or a yield of 62% of light yellow product, m. p. 117-118°.

Direct Condensation of 6-Bromo-o-cresol and Diphenyl­
carbinol.—Five grams of diphenylcarbinol and 15 g. of
6-bromo-o-cresol8 were dissolved in 100 ml. of glacial acetic 
acid, and 20 ml. of coned, sulfuric acid was added slowly 
while cooling. During the addition an oil began to sepa­
rate and soon solidified. After standing two days, the solid 
product was filtered off, washed with glacial acetic acid and 
recrystallized from alcohol with a yield of 7 g. or 70%, 
m. p. 117-117.5°. A mixed melting point with the above 
brominated product was 117°.

Anal. Calcd. for C2oHi7OBr: Br, 22.6. Found: Br, 
22.4.

Methylation of Compound II.—Three grams of the 
rearranged compound II, suspended in 200 ml. of 2 N  
sodium hydroxide, was warmed to 40°, and 15 g. of di­
methyl sulfate was added over a period of two hours. 
After destroying excess dimethyl sulfate, the solution was

(7) "O rgan ic  S y n th a se s /’ C ollective Vol. I, 1941, p . 90.
(8) H uston  an d  Neeley, T h is  J o u r n a l , 57, 2176 (1936).
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neutralized with hydrochloric acid and the insoluble or­
ganic material separated. The product was taken up in 
a mixture of 1 part diethyl ether and 9 parts petroleum 
ether, washed with Claisen’s solution and water, and finally 
recrystallized from alcohol with a yield of 2.11 g. or 67%, 
m. p. 74-76°.

Anal. Calcd. for C2iH20O: C, 87.5; H, 6.98. Found: 
C, 87.5, 87.8; H, 7.05, 7.63.

Direct Synthesis of Compound IV. Procedure I.—A 
Grignard solution, prepared from 7 g. of 3-bromo-6- 
methoxytoluene1 and 3 g. of magnesium turnings in 100 
ml. of dry ether, was coupled by adding 7 g. of diphenyl- 
chloromethane dissolved in 100 ml. of dry ether during a 
period of forty minutes. After refluxing for two hours, 
the ethereal solution was successively washed with dilute 
hydrochloric acid, 10% sodium carbonate, and water and 
then dried. Subsequent evaporation of the ether left an 
oil which was recrystallized from ligroin, yielding 4.3 g. 
or 43%, m. p. 74-75°.

Procedure II.—Seven grams of 3-methyl-4-methoxy- 
triphenylcarbinol1 was dissolved in 200 ml. of glacial 
acetic acid and reduced by adding zinc dust9 10 11 and refluxing 
for an hour. The zinc dust was allowed to settle and the 
clear solution decanted into 500 ml. of water. The pre­
cipitate was dissolved in hot alcohol, treated with Norite, 
and yielded 5 g. or 75%, m. p. 75.5°. A mixed melting 
point using each of the synthetic products with the 
methylated rearranged product gave no depression.

Reaction of o-Cresol and Diphenylcarbinol at 100°.— 
According to Schorigin’s procedure3 a solution of o-cresol 
(13.5 g.) and diphenylcarbinol (39 g.) in glacial acetic 
acid (300 ml.) was treated with coned, sulfuric acid (20 
ml.) while refluxing on the steam-bath. Purification of the 
product from alcohol gave 8 g. of colorless material, m. p. 
139-140°.

Anal. Calcd. for C3fiH30O2: C, 87.1; H, 6.27. Found: 
C, 86.7; H, 6.42.

Preparation of Compound V.—Ten grams of 2-methyl-
6-diphenylhydroxymethylphenol, prepared by the reaction 
of phenylmagnesium bromide on methyl-tf-cresotinate,10,11 
was reduced with zinc and glacial acetic acid as previously 
described.9 Recrystallization from alcohol produced 
colorless crystals in a yield of 6.5 g. or 70%, m. p. 76-78°.

Anal. Calcd. for C20H18O: C, 87.5; H, 6.61. Found: 
C, 87.1; H, 6.59.

Preparation of 2-Methyl-4-bromo-6-diphenylmethyl- 
phenol.—To characterize compound V, 2 g. was treated 
with 2.2 g. of bromine in carbon tetrachloride and the 
product recovered and crystallized from dilute alcohol, 
yielding 1.3 g. or 45%, m. p. 97-100°.

Further, 60 g. of 4-bromo-tf-cresol12 and 30 g. of diphenyl­
carbinol, dissolved in 400 ml. of glacial acetic acid, were 
heated on the steam-bath while 5 ml. of sulfuric acid was 
added gradually. Recovery of the condensation product in 
the usual way gave 17 g. of product, m. p. 100-103°. A 
mixed melting point of the two bromo derivatives gave 
no depression and either bromo derivative could be 
acetylated to give an acetyl derivative, m. p. 157-158°.

(9) Sachs and  T h o n e t, Ber., 37, 3333 (1904).
(10) G uillaum in, B ull. soc. chim., 7, 374 (1910).
(11) Berlitzer, M onatsh., 36, 200 (1915).
(12) G oldschm idt, Schulz and  B ernard , A n n .,  478, 14 (1930).

Anal. Calcd. for C2oHnOBr: Br, 22.6. Found: Br, 
22.4.

Preparation of the Dimethyl Ester of 6-Hydroxyuvitinic 
Acid.—The dried potassium salt from 154 ml. of o-cresol 
was placed in the glass liner of a pressure bomb and carbon 
dioxide forced into the bomb under ninety pounds pres­
sure. 13 The bomb was heated in an electric furnace to 210 °, 
and the pressure of carbon dioxide was increased to two 
hundred pounds. These conditions were maintained for 
fifty hours or until absorption of carbon dioxide was com­
plete, as evidenced by no pressure drop. For purification, 
the solid reaction product was suspended in 700 ml. of hot 
water, and sodium bicarbonate added until the solution 
was complete, then treated with Norite, filtered and re­
precipitated with dilute hydrochloric acid. After three 
such treatments, a yield of 105 g. or 36% of a faintly pink 
product was obtained, m. p. 290-295°.

The methyl ester was then prepared by refluxing 15 g. 
of the above acid in 200 ml. of absolute methanol and 22 ml. 
of coned, sulfuric acid.14 Upon cooling, the ester crystal­
lized from the methanol in a yield of 10 g. or 60%, m. p. 
129-130°.

Preparation of Compound IX.—A Grignard solution 
prepared from 125 g. of bromobenzene and 19.4 g. of mag­
nesium turnings in one liter of dry ether was refluxed while 
adding 18 g. of compound VII dissolved in 800 ml. of ether. 
After refluxing for six hours, the reaction product was 
poured into water containing enough hydrochloric acid for 
complete solution. The ether layer was separated, washed 
with water, 10% sodium carbonate and again with water. 
The ether was evaporated and the residue steam distilled 
to remove biphenyl. On cooling, an orange solid formed 
and this was recrystallized from acetic acid in a yield of 27 
g. or 75%, m. p. 206-208°. The color and analysis agreed 
with the aurin structure assigned.

Anal. Calcd. for C33H2e02: C, 87.2; H, 5.76. Found: 
C, 87.3, 87.1; H, 5.80, 5.92.

Preparation of Compound X.—Ten grams of the aurin - 
type compound IX  was dissolved in 250 ml. of hot glacial 
acetic acid in a three-necked flask fitted with a stirrer and 
reflux condenser. Zinc dust (35 g.) was added slowly and 
refluxing continued for eight hours. After filtering off 
excess of zinc dust, the reaction mixture was poured into 
1000 ml. of ice water yielding a crude product of 9.6 g. 
No suitable solvent for recrystallization was found, but a 
vacuum sublimation produced an amorphous product, 
m. p. 50-60°, which changed to a dark gum upon standing.

Anal. Calcd. for C33H280: C, 89.9; H, 6.41. Found: 
C, 89.1; H, 6.52.

Since the product could not be crystallized, it was char­
acterized as the 3,5-dinitrobenzoate which was obtained 
as a colorless crystalline material from dilute acetone, 
m. p. 206-207°.

Anal. Calcd. for C4oH3o06N2: N, 4.42. Found: N, 
4.48.

Preparation of 2-M ethyl-4,6-di-( diphenylmethyl) 
Phenylacetate VI.—Two grams of the phenol X was 
treated with 7-8 ml. of acetic anhydride and 1 ml. of coned, 
sulfuric acid. When the reaction mixture had cooled,

(13) Chem . F ab r. v. H eyden, G erm an P a te n t 65,316, FrdL, 3, 829.
(14) A nschütz and  R obitsek , A n n ., 346, 358 (1906).
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water was added and the gummy product recrystallized 
from alcohol yielding 1.3 g. (60%), m. p. 139-141°. A 
mixed melting point of this synthetic material with 
Schorigin’s compound showed no depression.

Anal. Calcd. for C35H30O2: C, 87.1; H, 6,27. Found: 
C, 86.8; H, 6.30.

Summary
1. The rearrangement of the diphenylmethyl 

ether of 0-cresol or the direct introduction of the

diphenylmethyl group under mild conditions in­
volves the para position of the 0-cresol.

2. 2-Methyl-4,6-di- (diphenylmethyl) phenyl- 
acetate has been synthesized and found to be 
identical with Schorigin’s product obtained by 
heating diphenylcarbinol and 0-cresol in an acetic- 
sulfuric acid medium.
D u r h a m , N e w  H a m p s h i r e  R e c e i v e d  J u n e  27, 1942

[C o n t r i b u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r ie s  o f  t h e  U n i v e r s it y  o f  C a l if o r n ia  a t  L o s  A n g e l e s  a n d  H a r v a r d
U n i v e r s i t y ]

Allylic Rearrangements. XIII. Kinetics and Mechanisms of the Conversion of 
Crotyl and Methylvinylcarbinyl Chlorides to Acetates and Ethyl Ethers1

B y John D. RoöfeRTS, W m. G. Y oung and S. W in st e in2

Many investigators, notably Hughes, Ingold 
and collaborators,3 have demonstrated that the 
mechanisms of nucleophilic replacement reactions 
at a saturated carbon atom may be classified into 
three general types. One mechanism, designated 
as Sn2 is the familiar4 bimolecular, usually second- 
order, substitution of an electron-donor such as 
hydroxide ion, alkoxide ion or acetate ion for the 
halide or a similar group as in equation (1), the 
replacement resulting in a complete Walden inver­
sion.

Y “ +  RX — ^  YR +  X - (1)

Another mechanism, designated as SNi, in­
volves the internal rearrangement of an inter­
mediate compound to give the final product with 
retention of configuration. An illustration of this 
mechanism is furnished in equation (2) by the 
rearrangement of the intermediate from an alcohol 
and thionyl chloride to produce a chloride and 
sulfur dioxide.

ROSOC1 — > RC1 +  S02 (2)

The third mechanism, designated as 5^1, is com­
prised of an electrophilic attack of solvent on 
halogen or similar groups to yield an unfree3,5 car­
bonium ion which subsequently reacts rapidly 
with an electron donor to yield the final product.

(1) M ost of th e  m ateria l of th is  paper was presented before the  
O rganic D ivision a t  th e  S t. Louis and  A tlan tic  C ity  m eetings of the  
A m erican Chem ical Society, A pril and  Septem ber, 1941.

(2) N ationa l R esearch  Fellow  a t  H arv a rd  U niversity , 1939-1940.
(3) (a) Cowdrey, H ughes, Ingold, M asterm an  and  Scott, J . Chem. 

Soc., 1252 (1937); (b) B atem an , C hurch, Hughes, Ingold and T aher, 
ibid., 979 (1940).

(4) (a) Olson, J . Chem. Phys., 1, 418 (1933); (b) Bergm ann,
Polanyi and  Szabo, Z. physik. Chem., 20, 161 (1933).

(5) H am m ett, “ Physical O rganic C hem istry ,” M cG raw -H ill Book 
Co., Inc ., New Y ork, N. Y ., 1940, p. 172.

Equation (3) represents the sequence of these 
reactions.

R X  R+X~ — >  R+ +  X -
R+ +  Y H ----RY +  H+ or (3)

R+ +  Y“ ---->  RY

A variation of the S^l type of reaction involves 
the electrophilic attack of such a reagent as silver 
ion on a halogen group to produce the unfree car­
bonium ion intermediate.3»6

The application of the foregoing types of mech­
anisms to the replacement reactions of allylic sys­
tems7 has been of great value in explaining the 
phenomenon of the allylic rearrangement.7d The 
recognition of the possibility of the simultaneous 
operation of both SN1 and SN2 processes, accord­
ing to equations (4) and (5), has been used to 
correlate various results with the assumption 
that the

I I I  I I I
Y- -f- —C =C —C—X  >  —C =C —C—Y 4- X - (4)

Stf2 reaction is normal and the S^l reaction 
yields a mixture, the same mixture resulting from 
either starting allylic isomer.

For example, the formation of similar but not 
identical bromide mixtures from the action of hy­
drogen bromide on crotyl alcohol and methylvinyl- 
carbinol has been explained in this way.7a

(6) Ref. 5, p. 138.
(7) (a) Y oung and  Lane, T h is  J o u r n a l , 60, 847 (1938); (b)

Arcus and  K enyon, J . Chem. Soc., 19)2 (1938); (c) R ef. 5, p . 315; 
(d) A fter th e  com pletion of th is  m anuscrip t, th e  p a p er by  
Hughes, Trans. Faraday Soc., 37, 603 (1941), ap peared , w hich re ­
ports unpublished  work in  sim ilar directions to  th e  experim ents  we 
repo rt in th is article. T he conclusions draw n by  H ughes a re  in  s u b ­
stan tia l agreem ent w ith our own.
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f i l l  ) 1 i l l—C = C —C—X 
1

—C = c —c +  
1

or . —► ■ t
1 o— 1 o— II o— 1 1 1 1 

—c —c = c —
1 +

X  j + | Y-

- and
I I I

Y—C—C ~C —
I J

A special form of the SNi mechanism would 
account for the results obtained by Meisenheimer 
and Link8 on the reactions of the a- and 7-ethyl- 
ally 1 alcohols with thionyl chloride. It was re­
ported that the primary isomer gave principally 
secondary chloride and from the secondary isomer 
mostly primary chloride was obtained. These 
reactions may be explained by a rearrangement 
involving addition of the halogen to the 7-carbon 
atom, simultaneous shift of the double bond and 
elimination of sulfur dioxide as shown in equation 
(6).

o
This indicated special form of the Stfi mechanism 
suggests a possible abnormal SN2 reaction.9 illus­
trated in equation (7), involving an attack by an 
electron donor at the 7-carbon atom, a shift of 
the double bond and elimination of a group, all 
occurring simultaneously.10

I l l  I I I
Y~ -f C =C —C—X — Y—C—C—C---- b X - (7)

I I I
Indeed, the work of Meisenheimer and Beutter11 

on the reactions of cinnamyl chloride with potas­
sium acetate in acetic acid seems to verify that 
such an abnormal S&2 reaction does occur.

These investigators found that in solutions of 
low concentration of potassium acetate, the 
kinetics of the reaction with cinnamyl chloride in

(8) M eisenheim er an d  L ink, A n n ., 479, 211 (1930).
(9) (a) W instein, D isserta tion , C alifornia In s titu te  of Technology, 

1938; (b) H ughes, Trans. Faraday Soc., 34, 185 (1938).
(10) A m echanism  leading  to  th e  sam e resu lt b u t requiring pre­

lim inary  add ition  of a  nucleophilic reagen t to  one of the ethylenic 
carbons has been proposed by  Ogg, T h is  J o u r n a l , 61, 1946 (1939).

(11) M eisenheim er an d  B eu tter, A n n ., 808, 58 (1033).

acetic acid were between first- and second-order. 
At high concentrations of potassium acetate there 
was obtained a mixture of esters containing a con­
siderable fraction of phenylvinylcarbinyl acetate 
and, in fact, this fraction of abnormal ester did 
not decrease with increasing acetate concentration 
as would be expected if it were produced only by 
a first-order reaction. Using rate constants which 
Meisenheimer and Beutter found to fit their data, 
it is possible to calculate that only 7% of the re­
action proceeds by the first-order path at 50° if one 
starts with an acetic acid solution which is 1 N  in 
cinnamyl chloride and 1.5 Win potassium acetate, 
whereas 35% of abnormal product was actually 
isolated. Hence, even if the 5^1 reaction pro­
duced only abnormal product, the experimentally 
found composition seemingly cannot be explained 
unless an abnormal SN2 reaction is assumed. 
However, in the work of Meisenheimer and 
Beutter,11 there was no consideration of ionic 
strength and specific salt effects, so that the large 
bimolecular contribution to the kinetics may have 
been only apparent. It is possible that a rein- 
vestigation of this situation would disclose that the 
conversion of cinnamyl chloride to ester in acetic 
acid is almost exclusively solvolytic in character. 
Evidence in favor of this possibility is that cin­
namyl chloride gives only cinnamyl acetate on 
treatment with potassium acetate in acetic an­
hydride, a solvent sure to be unfavorable3 for the 
operation of an SN1 mechanism.

We have begun investigations designed to show 
the relative tendencies for S^l and SN2 mech­
anisms in typical allylic cases and to formulate 
generalizations as to the products to be expected 
from the reactions by these mechanisms. In this 
paper we present the results so far obtained on the 
conversion of crotyl and methylvinylcarbinyl 
chlorides to ethyl ethers and acetates with special 
attention being given to any possible abnormal 
Sn2 reaction.

Simultaneous First- and Second-Order Reac­
tions.—If, in a conversion of a halide to ether or 
acetate, both second-order and first-order reac­
tions are proceeding, an apparent bimolecular 
constant, K 2) calculated by equation (8) where 
a is the original concentration of halide, b the 
original concentration of alkoxide or acetate salt, 
x the concentration of inorganic halide produced 
at time, t, will show a drift in a rate run. So

K t  “  /7a“ -T j ln -  x)\/[a(b ~  *)] (8)
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also will K i calculated on the basis of a reaction 
first-order with respect to organic halide. If only 
a second-order reaction according to equation (1) 
is proceeding, then K 2 equals k2 the specific second- 
order rate constant. Similarly, if only a first- 
order reaction is proceeding, K \ will equal k\ the 
specific first-order rate constant. If both first- and 
second-order contributions are important, equa­
tion (9) is useful.

r] x
-jj = ki(a -  x) 4- k2(a - * ) ( & -  x) (9)

The fraction of reaction Fi which has proceeded 
by a first-order reaction at any fraction conver­
sion can be shown to be given by equation (10).

Fi — ki/(k2x) In {ki +  k2b)/  [&i +  k2{b — #)] (10)
Rate Work on the Conversion of Crotyl Chlo­

ride to Crotyl Ethyl Ether.—The reaction of 
crotyl chloride with sodium ethoxide in absolute 
ethanol displayed second-order kinetics, the first- 
order reaction which gives rise to hydrogen chlo­
ride in the absence of sodium ethoxide being slow 
enough to enable very good isolation of the second- 
order reaction. One main source of crotyl chlo­
ride was employed and no large rate trends were 
noticed.12 Table I summarizes a typical run. 
Table II summarizes the rate constants obtained 
at 25.00°, using various original concentrations 
without attempt to keep ionic strength constant. 
There is some trend in K 2 with original concen­
trations, as is usually found in work of this kind.13 
The change of K 2 with the water content of the 
alcohol from pure alcohol to 10% water, is not 
very extensive and has about the magnitude of 
the change of K% with concentrations of sodium 
ethoxide from 0.6 to 0.06 M.

Grotyl chloride in alcohol at 25.00° slowly pro­
duces hydrogen chloride and the rate of this 
solvolytic process was followed. Also, the effect 
on the solvolytic reaction of adding water was 
noted. Table IV summarizes the measurements 
on the solvolytic reaction while Table III presents 
a typical run.

The usual increase3'14 in the rate of solvolysis 
of a halide with increase in the water content of

(12) M r. L. A ndrews has found in  p relim inary  work th a t  crotyl 
chlorides p repared  in  various w ays give som ew hat variable ra te  con­
s tan ts . I t  seems likely th a t  som e p repara tions contain  cis-crotyl 
chloride and th a t  an  increase in  ra te  is associated w ith  these.

(13) (a) H ech t, C onrad  an d  B rückner, Z . physik . Chem., 4, 273 
(1889); (b) Segaller, J .  Chem. Soc., 103, 1154 (1913), 103, 1421 
(1913), 105, 106 (1914); (c) Q uayle and  Royals, T h is  J o u r n a l , 64, 
226 (1942).

(14) (a) F arinacci and  H am m ett, ibid., 59, 2542 (1937); (b)
Olson and H alford, ibid., 59, 2644 (1937 ); (e) H ughes, J . Chem. Soc . , 
255 (1935).

the alcohol solvent is noticed with crotyl chlo­
rides. What fraction of the first-order reaction 
observed in the absence of sodium ethoxide is due 
to an SN1 process (equation 3) and what fraction 
is due to an S^2 process (equation 1), involving

T a b l e  I
T h e  R e a c t io n  o f  NaOEt w i t h  C r o t y l  C h l o r i d e  i n  

A b s o l u t e  A l c o h o l  

a, 1.008 N; b, 1.218 N
t,

hr.
N aO E t, 
m l. HC1

C ro ty l 
chloride, 
ml. HC1 K2

0 61.32 50.79
0.47 56.91 46.38 0.165
1.23 51.39 40.86 .159
2.02 46.30 35.77 .165
3.12 41.25 30.72 .163
4.37 36.96 26.43 .161
6.75 31.30 20.77 .157
9.33 27.16 16.63 .155

Mean 0.161 =*= 0.003 

T a b l e  II
S u m m a r y  o f  R a t e  C o n s t a n t s  f o r  t h e  R e a c t i o n  o f  

C r o t y l  C h l o r i d e  w i t h  S o d iu m  E t h o x i d e

h 2o
R un a b m o les/lite r Kz

1 1.01 1.22 0 0.161
2 0.50 0.61 0 .171
3 # .50 .24 0 .199
4 .20 .24 0 .189
5 .48 .12 0 .222
6 .09 .11 0 .214
7 .09 .06 0 .231
2 .50 .61 0 .171
8 .50 .60 0.55 .178
9 .48 .58 2.67 .209

10 .41 .50 5.62 .229

T a b l e  III
The Solvolytic R eaction at 25.00° o f  0.487 M  Crotyl 
Chloride in H20 -A lcohol (9.99 M l. H20  in  103.3 M l . 

Solution)

/, hr.
M l. N aO H

(38.07 ml. for com pletion) K i  x
3.9 0.20 (1.35)

20.5 0.96 1.25
29.4 1.34 1.22
45.9 2.08 1.22
73.5 3.24 1.21

140.8 6.10 ' 1.24
Mean 1.23

T a b l e  I V

V a r i a t io n  o f  R a t e  o f  A l c o h o l y s is  o f  C r o t y l  C h l o r i d e  
a t  25.00 0 w i t h  W a t e r  C o n t e n t  o f  t h e  A l c o h o l  

H 2O, m o le /lite r K i  X 10<

0
0.55
3.74
5.35

1.84 
2.66
8 . 1

12.3



2160 J ohn  D . R oberts, W m . G. Y oung and S. W in st e in Vol. 64

alcohol or water molecules as the attacking rea­
gents, remains to be seen.15

From the constants given in Tables II and IV, it 
is clear that in the reaction of crotyl chloride with 
aqueous-alcoholic solutions of sodium ethoxide 
or sodium hydroxide it is necessary to use low 
concentrations of base and considerable water 
in the solvent to attain serious proportions of first- 
order reaction.

Isolation of Products of Reaction of Crotyl 
and Methylvinylcarbinyl Chlorides with Sodium 
Ethoxide in Absolute Ethanol.—Crotyl chloride 
was converted to ether by treatment with sodium 
ethoxide in absolute ethanol under conditions 
where essentially second-order kinetics prevailed. 
When the original crotyl chloride concentration 
was approximately 0.7 M  and the NaOEt was 
approximately 0.9 M, ether which was at least 
99% crotyl ethyl ether with a maximum of 1% 
methylvinylcarbinyl ethyl ether was isolated.

No kinetic investigations on the reaction of 
methylvinylcarbinyl chloride with sodium ethox­
ide were carried out, but the product of the reac­
tion under conditions favoring a bimolecular reac­
tion was isolated. As shown in Table V the ether 
produced was at least 96% methylvinylcarbinyl 
ethyl ether with a maximum of 4% crotyl ethyl 
ether under the conditions used.

T a b l e  V

T h e  P r o d u c t s  o f  R e a c t io n  o f  A l l y l ic  H a l id e s  w it h  
A b s o l u t e  A l c o h o l ic  NaOEt

H alide

Orig.
N aO E t
Concn.
mole/1.

Orig.
halide
Concn.mnlp /I.

%  Ab-
% N orm al norm al 

p roduct product

Crotyl chloride 0.9 0.7 100 0
3 -Chloro-1 -butene 1.8 1.3 >96 <4

It would certainly seem that the bimolecular 
reaction of sodium ethoxide with the primary and 
secondary 4-carbon chlorides proceeds without 
allylic rearrangement.

Product of Reaction of Silver Acetate with the 
Butenyl Chlorides.—The study of the kinetics 
of the reactions of the butenyl chlorides with 
acetate ion in acetic acid showed that it was im­
possible to isolate the bimolecular replacement 
reaction free of the solvolytic one, which in the 
case of an acetic acid solvent, will be more ex­
clusively Stfl than in absolute alcohol because of 
the large difference in basicity between acetic acid 
and ethyl alcohol molecules. In order to deter­

(15) P relim inary  w ork has shown th a t  th e  solvolytic reaction  of
c ro ty l chloride in  dry alcohol is considerably  fa s ter th a n  the reaction
of m ethy lv iny lcarb iny l chloride.

mine whether the products of such reactions 
could be accounted for quantitatively by a normal 
bimolecular reaction and a partially abnormal 
solvolytic one, it was necessary to have an estimate 
of the composition of the product arising from the 
SN1 solvolytic reaction. Since there are many 
indications that reactions of halides with silver 
salts proceed similarly to SN1 reactions in that an 
unfree carbonium ion is produced as an inter­
mediate, the products of reaction of silver acetate 
with the butenyl chlorides were isolated and taken 
as an indication of what might be expected from 
the solvolytic mechanism.

Table VI contains along with other results the 
composition of the acetates produced from the 
two chlorides on treatment with silver acetate in 
acetic acid at 25°. A mixture of acetates is pro­
duced from either chloride as expected from a 
carbonium ion intermediate, but the mixtures are 
not quite identical. Thus, the primary chloride 
gives an acetate mixture which is about 63% pri­
mary and the secondary chloride gives a mixture 
which is only 56% primary. This spread seems 
to be real and Meisenheimer and Link8 report a 
similar but somewhat smaller spread in the results 
from pentenyl chlorides.

T a b l e  V I

T h e  C o m p o s i t io n  o f  B u t e n y l  A c e t a t e s  f r o m  t h e  
R e a c t io n s  o f  C r o t y l  a n d  M e t h y l v in y l c a r b in y l  C h l o ­

r i d e s  w i t h  V a r i o u s  A c e t a t e s

Experim ental
m ethod

Chloride
used

Tim e
of

reac­
tion .
hr.

Com position 
of p roduct 

% pri- % sec- 
m ary  ondary  
ace- ace­
ta te  ta te

V iaM
%

1 M  Potassium  ace ta te prim ary 138 84 16 87
in acetic acid a t secondary 48 51 49 31
78.6° secondary 72 50 50 52

1 M  D iphenylguani- p rim ary 50 88 12 68
dinium  ace ta te  in 
acetic acid a t  78.6°

secondary 45 51 49 66

Potassium  ace ta te  in p rim ary 192 100 0 63
acetic anhydride a t  100°

T etrae thy lam m onium secondary 194 0 100 53
ace ta te  acetone a t  58°

Silver ace ta te  in acetic p rim ary 190 65 35 42
acid a t 25° p rim ary 120 60 40 61

secondary 120 56 44 59

° Yield based on the butenyl chloride, assuming reaction 
goes to completion.

This difference is an interesting one and will be 
considered more fully in later work. It may be 
due either to a second-order process in which ace­
tate ion replaces chloride normally, or a termo- 
lecular process in which silver ion removes the chlo­
ride ion and acetate ion, or an acetic acid molecule 
simultaneously forms a bond to the carbon atom



T a b l e  VII
R e s u l t s  o f  K i n e t i c  E x p e r i m e n t s  w i t h  P o t a s s iu m  A c e t a t e  i n  A c e t i c  A c id
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R u n  I (CrCl) 
(KOAc)

Tim e,

=  1.017 
=  0.973

Tim e,

R u n  I I  (CrCl) =  
(KOAc)

1.017
0.238

hr. X K t hr. X K2 (d x /d  t)

3 0.174 0.0709 2 0.032 0.0731 0.0150
4 .219 .0710 4 .060 .0734 .0139
6 .299 .0720 6 .086 .0766 .0 1 2 1

10 .415 .0720 10 .132 .0860 .0093
14' .497 .0718 14 .164 .0910 .0077
19 .572 .0720 18 .190 .0992 .0048
25
48

.630

.764
.0695
.0828

24 .201 .1041 .00083

R un I I I  (M .V.C.C1) 
(KOAc)

Time,

=  0.993 
=  0.974

R u n  IV  (M .V.C.C1) 
(KOAc)

T im e,

=  0.993 
-  0.226

hr. X K% ( d x /d  t) hr. X k 2

2 0.061 0 .0339 0.0294 2 0.022 0.0525
4 .117 .0342 .0274 4 .044 .0554
6 .169 .0351 .0241 6 .064 .0572
8 .216 .0357 .0220 8 .084 .0616

10 .260 .0364 .0218 10 .1 0 1 .0636
12 .298 .0368 .0185 12 .118 .0681

losing the chloride ion. The possibility of a normal 
bimolecular substitution of acetate ion for chlo­
ride competing with the predominant process 
when silver acetate is being used, seems unlikely 
in view of the very low concentration of acetate 
ion and the relatively rapid action of silver ace­
tate. Whether a third-order process ever con­
tributes in reactions of silver salts is not yet clear. 
Still another likely explanation is that the in­
equality in the compositions of the acetate mix­
tures from the two halides is another indication 
of the lack of freedom of the carbonium ion being 
formed.16

Kinetics of Reaction of Butenyl Chlorides with 
Potassium and Diphenylguanidinium Acetates.
—The kinetic data on the reaction of potassium 
acetate with the butenyl chlorides in acetic acid 
at 78.6 =*= 0.1 ° are summarized in Table VII. The 
apparent second-order rate constant drifts up­
ward in all the runs except in the one employing 
crotyl chloride with a high concentration of potas­
sium acetate. This drift indicates a considerable 
amount of first-order reaction.

High concentrations of materials were employed 
in these rate measurements because it was desired 
to isolate reaction products using comparable con­
ditions. Under these conditions potassium chlo­
ride precipitates, changing the ionic strength in 
the course of the reactions. Ionic strength effects 
and also specific salt effects are so serious in acetic 
acid that we were unable to treat the data of 
Table VII so as to obtain first- and second-order 
rate constants and to decide how much of the 
reaction proceeded by each of the two paths.

From the work of Steigman and Hammett17 on 
the acetolysis of a-phenylethyl choride it appeared

(16) One m igh t suppose th a t  shielding by  the  chloride ion being 
ex trac ted  m igh t favor th e  abnorm al p ro d u c t b u t apparen tly  th is  ef­
fect is overshadow ed by  th e  tendency  for th e  cationic charge to  favor 
th e  carbon a tom  losing th e  chloride ion while the  chloride ion is still 
in th e  im m ediate  v icinity .

(17) S teigm an a n d  H am m ett, T h is  J o u r n a l , 59, 2536 (1937).

to us that diphenylguanidinium acetate was an 
ideal salt to use in place of potassium acetate since 
diphenylguanidinium chloride is soluble in acetic 
acid. Also, diphenylguanidinium chloride and 
acetate seem to have about the same salt effect, 
unlike some other salt pairs. Thus, rate measure­
ments on the reaction of diphenylguanidinium 
acetate with the butenyl chlorides should be rela­
tively free of trends due to change of ionic strength 
and change of the nature of the salt making up the 
ionic strength.

The rate measurements using diphenylguani­
dinium acetate are summarized in Table VIII. 
Run V is similar to Run I, K 2 now being higher 
and drifting upward. The drift is small enough 
to indicate that crotyl chloride reacts predomi­
nantly by a second-order path. Run VI using 
methylvinylcarbinyl chloride and 0.9 M  diphenyl­
guanidinium acetate displays a K 2 which drifts up­
ward and a K i which is constant.18 Run VII 
using a lower concentration of acetate yields a 
K 2 which drifts upward badly and a K i  with only 
a slight downward drift. Clearly methylvinyl­
carbinyl chloride undergoes a first-order reaction 
almost exclusively under conditions where crotyl 
chloride reacts predominantly by a second-order 
reaction. Runs VI and VII show the large trend 
in the first-order constant with ionic strength.

From Run V the rate constants for the first- and 
second-order reactions of crotyl chloride were 
estimated. By plotting x against t, dx/dt at any 
time was obtained. A plot of d x /d t/ {a — x) against 
(h — x) gives a straight line according to equation

(18) I t  w ould ap p ea r th a t  no  v e ry  serious a m o u n t of re ac tio n  of 
chloride ion w ith  th e  unfree  carb o n iu m  ion in te rm e d ia te  occurs n o r is 
there  m uch rea rran g em en t of th e  halides. In  e ith e r case  d rif ts  in  
th e  first-order co n stan t for th e  secondary  isom er w ould  be found , 
unless som e cancellation  of effects acc iden ta lly  tak e s  p lace. A c tu ­
ally, from  th e  w ork of H ughes an d  Ingo ld  and  co-w orkers,3b th e  in te r ­
vention of chloride ion is less like ly  to  occur in  o u r sy s te m  th a n  w ith  
more com plex ones. T h e  in te rv en tio n  of ch loride ion  m ay  be q u ite  
serious in th e  cinnam yl chloride w ork  of M eisenheim er an d  B e u t te r ,11 
however.
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T a b l e  VIII
D a t a  o n  t h e  R a t e  o f  R e a c t io n  o f  D i p h e n y l g u a n i d i n iu m  A c e t a t e  w i t h  B u t e n y l  C h l o r i d e s  i n  A c e t i c  A c id

R u n  V  (C rC l) =  1.020 R u n  VI (M.V.C.C1) =  0.987 R u n  V II (M.V.C.C1) -  0.987

T im e,
hr. X

(D .P .G .O A c)

Kz

=  0.921 
( d x / d  t) 

obs.
( d x / d t )
calcd.

Tim e,
hr.

(D .P.G .O A c) =

x  K i

0.925

K 2
Tim e,

hr.

(D .P.G .O A c)

* K i

0.222
K%

4 0.279 0.1040 0.0476 0.0478 4 0.138 0.0376 0.0439 2 0.032 0.0165 0.0795
8 .441 .1079 .0308 .0304 8 .253 .0370 .0474 4 .062 .0163 .0859

12 .541 .1090 .0206 .0215 12 .354 .0370 .0515 6 .090 .0160 .0929
16 .614 .1120 .0161 .0161 16 .437 .0365 .0554 8 .116 .0156 .0999
20 .672 .1176 .0128 .0123 20 .518 .0372 .0622 13 .173 .0148 .1325

(9). The intercept and slope give ki and £2, 
respectively: ki is 0.017 and fe is 0.074. Table 
VIII shows a comparison between dx/dt calcu­
lated for these constants and dx/dt obtained from 
the plot of the actual data. Clearly the values 
chosen for k\ and fe reproduce the data well. 
Table IX  summarizes the rate constants for the 
reactions of the butenyl chlorides.

T a b l e  IX
R a t e  C o n s t a n t s  f o r  R e a c t io n  o f  B u t e n y l  C h l o r i d e s  
w i t h  D i p h e n y l g u a n i d i n i u m  A c e t a t e  i n  A c e t ic  A c id  a t  

78.6°

H alide

C oncn.
O A c” ,

M ki kz

Secondary 0.925 0.037
Secondary .222 .016
Primary .921 .017 0.074

Products of Reaction of Butenyl Chlorides 
with Potassium and Diphenylguanidinium Ace­
tates in Acetic Acid.—Using conditions that had 
been explored kinetically, the products of the 
reactions in acetic acid were isolated and ana­
lyzed. Table VI includes the analyses of the 
products obtained from the reactions with initial 
concentrations of approximately 1 M., The two 
salts give about the same products.

The product of reaction of crotyl chloride with 
diphenylguanidinium acetate was the result of a 
reaction, 36% of which was first-order, calculated 
by the use of equation (10) with b =  0.92 and x 
at the time the reaction was interrupted equal 
to 0.85 (estimated by analogy with Run V, Table 
VIII). With the information we have so far, the 
best approximation to the product to be expected 
from the first-order reaction of crotyl chloride in 
acetic acid containing diphenylguanidinium ace­
tate, is the same mixture crotyl chloride gives with 
silver acetate (38% secondary acetate) in spite 
of some differences in the two reactions. The re­
action employing silver acetate proceeds at a 
lower temperature and is heterogeneous. The 
unfree crotyl ion may coordinate for the most

part with different reagents (acetic acid or acetate 
ion) in the two reactions.

If one assumes the second-order reaction gives 
only normal product, then a reaction which is 
36% first-order should give 36(0.38) or 14% 
secondary ester. Actually 12% is obtained.

With potassium acetate 16% of secondary ester 
is obtained from crotyl chloride. However, the 
reaction was allowed to proceed more nearly to 
completion. This is expected to increase the frac­
tion of the reaction proceeding by a first-order 
path and thus the per cent, of secondary ester 
obtained from crotyl chloride. Hence there is no 
evidence for an abnormal second-order reaction 
of crotyl chloride with acetate ion, the data being 
entirely compatible with a normal second-order 
reaction and a first-order reaction yielding a mix­
ture.19

Methylvinylcarbinyl chloride gives with either 
diphenylguanidinium or potassium acetate a mix­
ture of acetates which is 51% crotyl acetate and 
only 49% secondary acetate. A completely first- 
order reaction might be expected as a first approxi­
mation to yield 56% crotyl acetate by analogy 
with the silver acetate reaction. Part of the 
difference between 51 and 56% may be due to a 
small contribution of a normal second-order reac­
tion to the total reaction of the secondary chlo­
ride.

Products of Reaction of Butenyl Chlorides 
with Acetates in Other Solvents.—If, as it ap­
pears, the second-order reactions of the butenyl 
chlorides are completely normal and a reaction

(19) T he failure to  find th e  abnorm al bim olecular m echanism  
seems to  be in line w ith  th e  usual inab ility  of th e  isolated ethylenic 
linkage to  be susceptible to  a tta c k  by  nucleophilic reagents. H ow­
ever, su itab le varia tion  in th e  s tru c tu re  of th e  allylic molecule m ay 
produce th is  m echanism .

A fter th is  a rtic le  was su b m itted  for pub lication  we noticed th a t, 
in a general a rtic le  on configurational changes in reactions a t  a 
s a tu ra ted  and  u n sa tu ra ted  carbon  atom , B ergm ann [Bergm ann, 
Helv. Chim. A cta , 20, 590 (1937)] claim s th a t  th is  abnorm al b i­
m olecular m echanism  operates in  th e  reaction  of sodium  malonic 
ester and  sodium  d iphenylm eth ide  w ith  active  2-chloropentene-3. 
I t  is still possible, how ever, th a t  some o ther reason exists for the  
racem ization observed by  B ergm ann and  fu rth er confirm ation of th e  
m echanism  w ould be desirable.
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proceeds partly abnormally only when part of 
the reaction is SN1 in character, the proper choice 
of solvent should enable one to force certain re­
placement reactions to proceed entirely normally. 
Non-hydroxy lie solvents are known to be unfavor­
able3»17 for the solvolytic first-order reactions so 
that reactions in these solvents might be expected 
to be normal and quite useful synthetically.

As was expected, the reaction of methylvinyl­
carbinyl chloride with tetraethylammonium ace­
tate in acetone gave an acetate with no detectable 
amount of crotyl acetate. Also, crotyl chloride 
and potassium acetate in acetic anhydride yielded 
an acetate with no detectable amount of secondary 
ester. These results are shown in Table VI.

Experimental Part
Crotyl and Methylvinylcarbinyl Chlorides.—Mixtures 

of chlorides from Shell Development Corporation or pre­
pared from the alcohols with concentrated hydrochloric 
acid were dried over calcium chloride or potassium car­
bonate, distilled once and then fractionated through a six- 
foot column of glass helices. The secondary chloride 
could be obtained at atmospheric or reduced pressure. 
For the primary chloride reduced pressure was employed. 
The pure chlorides: secondary b. p. 24.2-24.6° (178 mm.), 
63.5° (750 mm.), n20d 1.4150; primary b. p. 43.7-T4.00 
(177 mm.), 45.6-45.7° (191 mm.), n20d 1.4351, were used 
in this work. One pair of chloride samples were kept in a 
cold room several months with no appreciable change in re­
fractive index. After a year at room temperature, this 
pair of chlorides showed an increase of 0.0004 and 0.0013 
in the refractive index for the primary and secondary 
chlorides, respectively. This change was largely due to 
other factors than isomerization for distillation at reduced 
pressure nearly restored the refractive indices to the old 
values.

Rate of Conversion of Crotyl Chloride to Ether.—Proper 
volumes of stock solutions of crotyl chloride and sodium 
ethoxide in absolute ethanol (Commercial Solvents Gold 
vShield), water, and absolute ethanol, all previously brought 
to temperature, were mixed in glass-stoppered Erlenmeyer 
flasks and kept at 25.00 °. The volumes of the alcohol 
solutions were considered additive. When water was 
added, an approximate correction on the final volumes was 
estimated.20 Aliquot portions of the reaction mixture were 
withdrawn from time to time and titrated with alcoholic 
hydrogen chloride or aqueous sodium hydroxide with 
phenolphthalein as the indicator.

The sodium ethoxide stock solution was freshly made up 
by dissolving cleaned sodium rinsed with absolute alcohol 
in absolute alcohol with protection against moisture and 
carbon dioxide. The solution was standardized before use.

Preparation of Crotyl Ethyl Ether.—A mixture of 92.5 g. 
of crotyl chloride in 800 ml. of ethanol and 700 ml. of 
approximately 2 N  sodium ethoxide was kept ten days at 
25° and then diluted with water to six times the volume.

(20) D a ta  used a re  lis ted  in  Lewis and  R andall, " T herm ody­
n a m ic s ,M c G ra w -H ill  B ook Co., Inc ., N ew  Y ork, N , Y ., 1923, p. 40,

The mixture was then extracted with 1000 ml., then 500 
ml., and then 250 ml. of pure ether. The ether extracts 
were washed with a little water and dried over potassium 
carbonate. Some of the ether was distilled off at 34.1-
34.4 ° through a Weston21 type column using a good reflux 
ratio. The residue was distilled through a four-foot modi­
fied Podbielniak column. The fractions other than pure 
diethyl ether collected at 762 mm. were

Fr. 1 1.0 g. 34.1-65.0°
Fr. 2 3.0 g. 65.0-77.1°
Fr. 3 34.5 g. 77.1-77.6° n21v 1.3751
Fr. 4 3.0 g. 77.6-100.8°
Fr. 5 
Holdup

68.5 g. 
3.0 g.

100.8-100.9° n21 d 1.4038

Fraction 3 was a constant-boiling mixture of alcohol and 
crotyl ethyl ether,22 so fractions 1, 2, 3 and 4 were poured 
into 200 ml. of water and the ether separated with the aid 
of 100 ml. of pure carbon disulfide. The carbon disulfide 
layer was dried over potassium carbonate and distilled 
through the four-foot Podbielniak column. The fractions 
collected other than pure carbon disulfide were as follows 
at 765 mm.

Fr. 1 2.3 g. 46.7-100.7°
Fr. 2 9.5 g. 100.7-100.9 ° w23D 1.4030
Holdup 2.0 g.

There was no indication of methylvinylcarbinyl ethyl 
ether. A generous estimate of the ampunt of this ether 
would be one-third of Fraction 1. This places the propor­
tion of secondary ether as less than 1% of the total. The 
yield of ether was 82%.

Preparation of Methylvinylcarbinyl Ethyl Ether.—A
mixture of 63 g. of methylvinylcarbinyl chloride and 500 
ml. of approximately 2 N  sodium ethoxide in absolute 
ethanol was left two weeks at 25° and four days at 35°. 
The mixture was poured into 2.5 liters of water and the 
ether separated with the aid of 200 ml. of pure carbon di­
sulfide and two 100-ml. portions more. The extracts 
were dried briefly over potassium carbonate and distilled 
through the four-foot Podbielniak column. The fractions 
collected at 760 mm. which contained other than water, 
alcohol and carbon disulfide were

Fr. 1 5.0 g. 46.9-76.4°
Fr. 2 32.5 g. 76.4-76.8° w23D 1.3882
Holdup 3.5 g.

The holdup was distilled through a short Vigreux column,
2.7 g. distilling 77-96° and having n2zd 1.3960. This 
indicated a maximum of 1.4 g. of crotyl ethyl ether out of 
a total of approximately 37.2 g. (53% yield) considering 
2.0 g. of Fraction I as ether.

Kinetic Experiments in Acetic Acid.—The procedure 
used for the rate determinations was the same as that of 
Steigman and Hammett17 except that the excess acetate 
ion was titrated with a solution of perchloric acid in acetic 
acid. The acetic acid solvent was purified by treatment 
with potassium permanganate and then triacetyl borate,23 
material, m. p. 16.6° being obtained. The potassium 
acetate was dried at 110-120° for three hours and the di- 
phenylguanidine was Eastman Kodak Co. material.

(21) W eston, I n d . E n g . C hem ., A n a l. E d ., 5, 179 (1933).
(22) Lepingle, B u ll, soc. ch im ., 39, 864 (1926).
(23) Eicfaglherger L& M er, T wm  J o u r n a l , 55, 3633 (1933).
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Analysis of Reaction Products in the Ester Prepara­
tions.—In order to determine the composition of the esters 
produced in various conversions of the butenyl chlorides 
to acetates, runs were made using in each case, unless other­
wise specified, 250 ml. of solution approximately 1 N  in 
chloride and acetate. Final analysis of the esters with an 
accuracy of 2 or 3%  was accomplished by distillation 
through a three-foot Podbielniak type column. The 
results are summarized in Table VI.

Reaction of Potassium and Diphenylguanidinium Ace­
tates with the Butenyl Chlorides in Acetic Acid.—The re­
action mixtures of dry base, dry acetic acid and butenyl 
chloride were held at 78.6 ° for the desired interval and then 
poured into ice-water. The acid was carefully neutralized 
with concentrated sodium hydroxide and the ester was 
extracted with ether. After being dried over potassium 
carbonate, the extracts were distilled. A blank experi­
ment was carried out on methylvinylcarbinyl acetate which 
showed that the ester remained unchanged under the con­
ditions of the experiment.

Reaction of Crotyl Chloride with Potassium Acetate in 
Acetic Anhydride.—A mixture of 25 ml. of crotyl chloride 
and 28 g. of dry potassium acetate and 300 ml. of frac­
tionated acetic anhydride (b. p. 139.0-139.1°) was heated 
on a water-bath under reflux with efficient stirring. After 
the heating period, the mixture was quite dark. The vola­
tile material was distilled (25-40°) at reduced pressure, 
the distillate was poured onto crushed ice and the mixture 
was allowed to stand for an hour to hydrolyze the an­
hydride. The resulting solution was neutralized and 
treated as in the previous case. On distillation of the ester, 
there was no evidence of secondary acetate.

Reaction of Methylvinylcarbinyl Chloride with Tetra- 
ethylammonium Acetate in Acetone.—A mixture of 41 g. of 
tetraethylammonium acetate prepared from the directions

of Steigman and Hammett,17 20 ml. of the butenyl chlo­
ride and 200 ml. of dried and fractionated Merck c. p . 
acetone was boiled under reflux. After heating, the vola­
tile material was distilled from salts at reduced pressure, 
the receiver being cooled with a dry-ice-bath. The dis­
tillate was then fractionated. There was no evidence of 
any crotyl acetate in the product.

Reaction of Silver Acetate with the Butenyl Chlorides in 
Acetic Acid.—A mixture of 45 g. of silver acetate which 
had been recrystallized from water and dried over sulfuric 
acid for three days, 25 ml. of butenyl halide and 250 ml. 
of dry acetic acid was stirred at room temperature. At 
the end of the reaction period, excess sodium chloride was 
added, the mixture was filtered and the filtrate was treated 
as in the case of the runs with potassium acetate in acetic 
acid.

Summary
The kinetics of conversion of crotyl and methyl­

vinylcarbinyl chlorides to ethyl ethers and ace­
tates and the compositions of the products of the 
conversions have been studied. The compositions 
of the products can be well accounted for on the 
basis that bimolecular replacement of the chloride 
group by an ethoxide or acetate ion gives rise only 
to normal product while solvolytic or SN1 type 
reaction gives rise to a mixture of allylic isomers.

By choosing conditions unfavorable for the 
SN1 type of reaction, it is possible to convert the 
butenyl halides to the corresponding pure ace­
tates or ethyl ethers.
Los A n g e l e s , C a l i f o r n i a  R e c e i v e d  M a r c h  24, 1942

[C o n t r i b u t io n  f r o m  B e l l  T e l e p h o n e  L a b o r a t o r i e s , I n c .]

The Relation of Dielectric Properties to Structure of Crystalline Polymers. I.
Polyesters

B y  W. A. Y ager  and  W. O. B a k e r

The interpretation of dielectric properties in 
terms of molecular structure1'2 may be attempted 
for assembles of macromolecules when knowledge 
of polymer constitution and structure permits 
recognition of polar groups and of their relative 
disposition. The following factors have been con­
sidered in the succeeding report of the dielectric 
behavior of linear polyesters.

The most probable source of orientation polari­
zation in solids containing long chain molecules 
with polar linkages has been attributed to the 
rotational-vibrational (liberational) motion of

(1) P . D ebye, “ P o la r M olecules,” Chem ical C atalog  Co., New 
Y ork , N . Y ., 1929.

(2) C . P . S m y th , “ D ielectric  C o n stan t an d  M olecular S tructu re ,” 
C hem ical C atalog  Co., N ew  Y ork, N . Y ., 1931,

atomic groups rather than to the unified displace­
ment of a given molecule.3’4 Of course, potentials 
inhibiting rotation around most single bonds, es­
pecially the carbon-carbon bond,5 prevent com­
plete independence of the motion of polar groups 
from the size and form of their attached chains.

Also, in polymers, the loss component, e", of 
the dielectric constant generally deviates from the 
value it should have at an absorption maximum 
on the Debye theory for a single relaxation time.6’7

(3) W. A. Y ager, Trans. Electrochem. Soc., 74, 113 (1938).
(4) W. O. B aker and  C. P. S m yth , T h i s  J o u r n a l , 60, 1229 (1938).
(5) See C. G orin, J. W alter and  H. J . E yring , ibid., 61, 1876 (1939), 

and  references therein .
(6) W. A. Y ager, Physics, 7, 434 (1936).
(7) R , M . F uoss and  J . G. K irkw ood, T h i s  J o u r n a l , 63, 385 

(1941).
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In polymer chains, the dipoles do not exhibit 
Brownian motion along three axes but rather 
primarily an intrachain kinking.8 An internal 
viscosity related to macroscopic plasticity,9 brittle- 
ness and softening has been postulated to cause the 
absorption. Specific rate constants from the re­
laxation times can be employed in an absolute 
rate analysis of the temperature variation of loss. 
Such treatment, suggested by Eyring,10 was de­
veloped by Frank,11 and gave a precise correla­
tion in simple alkyl halides with structure and 
with viscous flow,12 from which dipole orienta­
tion seems to differ considerably in extent of 
motion.

The linear supercondensation polyesters13 and 
polyamides14 possess many of the desired qualities 
of model polymers for dielectric studies. These 
polymers have simple polar groups (ester or amide 
linkages) regularly spaced along hydrocarbon 
chains. This intrachain spacing is readily varied, 
in forming the polymers, by selecting dibasic 
acids, glycols and diamines of appropriate chain 
lengths. Thus the effect of articulation or cou­
pling of the orienting units along a given chain may 
be detected. This variation likewise alters the 
number of dipoles per cc. and is thus useful in 
studying the volume polarization. Further, these 
polymers are generally highly crystalline, and 
diffraction studies have revealed the relative ar­
rangement of the polar groups in adjacent chains, 
and whether the dipoles are surrounded by other 
dipoles or by hydrocarbon groups.15 The inter­
chain forces constraining dipole motion may be 
specifically explored by comparing polyesters and 
polyamides of the same concentration of polar 
groups per unit of chain length, since the hydrogen 
bonding from the amido link causes a twofold 
increase in attraction as estimated from fusion 
properties. The average chain lengths of the poly­
mers may be determined accurately.16 Finally, 
the polymers are prepared essentially chemically 
pure and of high stability, and the effect of any

(8) W. K uhn , Z . physik. Chem., A161, 1, 247 (1932); Kolloid Z., 
68, 2 (1934); 76 , 258  (1936).

(9) J. M . D avies, R . F . M iller an d  W . F . Busse, T h is  J o urn al , 
63, 361 (1941).

(10) A. E . S tea rn  and  H . E yring , J. Chem. Phys., 5, 113 (1937).
(11) F . C. F ran k , Trans. Faraday Soc., 32, 1634 (1936).
(12) W. O. B aker and  C. P. S m yth , J. Chem. Phys., 7, 574 (1939).
(13) W. H . C aro thers  and  J . W. H ill, T h is J o ur n a l , 54, 1559 

(1932).
(14) W. H . C aro thers  and  J . W . H ill, ibid., 54, 1566 (1932); 

W. H . C arothers, U. S. P a te n ts  2,071,250 (1937) and  2,130,523 
(1938).

(15) C. S. Fuller, Chem. Rev., 26, 143 (1940).
(16) W. O. B aker, C. S. F u ller and  J. H. Heiss, J r ., T h is  J o urn al , 

63, 2142 (1941).

technically important contaminant such as water 
may be ascertained and interpreted.

Experimental
Materials.—The seven polyesters were prepared by Mr. 

C. J. Frosch and Mr. W. S. Bishop of these Laboratories. 
Procedures similar to those of Carothers13 were employed. 
The products were unfractionated and therefore con­
tained the distribution of molecular weights calculated 
for a random reaction of end groups,17 and found experi­
mentally.16 The molecular weights lay in general in the 
“superpolyester” range, above M* ^6000. The products 
were free from all oxidation or similar degradation. Their 
high crystallinity and consequent sharp melting points per­
mitted preparation of test discs of precise and constant 
geometry. The polyesters were melted in vacuum, thus 
freed of gas bubbles, and allowed to solidify slowly, be­
tween glass plates held apart by shims. The thickness of 
individual samples was quite uniform, and was deter­
mined by numerous micrometer readings. Among the 
discs, the average thickness varied from 40 to 60 mils. 
Decamethylene oxalate cracked badly on cooling, so that 
the dielectric results may be complicated by the presence 
of voids. All of the samples were annealed to states of 
maximum crystallinity,18 and were thoroughly dried.

Dielectric Measurements.—For the frequency range 1 
to 100 kc., the dielectric constant and equivalent parallel 
conductance were measured on a shielded conductance- 
capacitance bridge.19 Precise and reproducible contact 
with the electrodes was obtained in a condenser cell de­
scribed below in connection with the Q-meter, on which 
measurements from 100 kc. to 75 megacycles were made.

The type 100A Q-meter,20 the test cell, measuring tech­
nique and corrections described in a previous paper3 were 
employed for the measurements on the polyesters. All 
other measurements were made on the much improved 
type 160A Q-meter employing a new type test condenser 
and a special thermostat.

The measuring technique previously described3 
is unsatisfactory for measurements above or be­
low room temperature since it requires removal of 
the test sample from the test condenser at each 
frequency. The only alternative is to leave the 
sample in place, tune the LC circuit with the test 
con denser connected, disconnect the test condenser 
and retune the circuit with the internal tuning 
condenser. This method is less desirable than the 
former because corrections must be applied at 
high frequencies for the differences in lead induc­
tance and series resistance of the internal tuning 
and test condensers in computing the capacity

(17) P . J. F lo ry , ibid., 58, 1877 (1936).
(18) C. S. Fuller, W . O. B aker and  N . R . P ape , ibid., 62, 3275 

(1940).
(19) W. J . Shackelton  and  J . O. Ferguson, Bell System  Tech. J .,  7, 

70 (1928).
(20) T he construction , th eo ry  and  operation  of th e  Q -m eter are  

described in  a m anual furn ished by  th e  m an u fac tu re r, B oonton  R ad io  
C orporation , B oonton, N ew  Jersey . T he ty p e  100A Q -m eter is 
now  superseded by  th e  ty p e  160A, which is a  m uch im proved  m odel 
and  covers th e  frequency range from  50 kc. to  75 m e.
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and loss of the test specimen. The capacity of 
the sample is given by

r> __ Ci — C2 n
x  ~  D +  B{Ci -  C2) Ci

where D =  (1 — co2 T1C1)2 and B =  {L2 +  L\ 
(1 — co2 iiCi))co2. C2 and Q denote the capacity 
of the internal tuning condenser at resonance with 
the test condenser connected and disconnected, 
respectively. Q  is the fixed capacity of the test 
condenser. L\ and L2 represent the series induc­
tance of the internal tuning condenser and test 
condenser, respectively. For the arrangement em­
ployed Li is 0.00148 juH and L2 is 0.03 mH. The 
dielectric loss factor, e", is given by the equation

IZ Coe A 2 
Ca

VEi -  E2
L A1F 2

IZ, the voltage impressed on the measuring circuit, 
was determined experimentally at each test fre­
quency, and a calibration employed for subsequent 
tests. Coe, the effective capacity necessary to 
resonate a given coil at a given frequency, is ob­
tained from the relation

Coft = Ci/1 -  c^LiCi
Furthermore, A  —  1  — co2L2(Cx +  C f ) .  E i and 
Ei represent the readings of the ^-voltmeter in 
volts at resonance with the test condenser con­
nected and disconnected, respectively. FM is a 
factor to correct for series resistance as noted 
above. It is negligible at frequencies below 10 
me. but increases rapidly with increasing frequency 
and magnitude of the test capacity. Calibration 
curves were prepared for FM versus frequency and 
Cx at room temperature employing the test con­
denser as a variable air condenser. Although FM

H2 u 
C C

h 2 c 2 22 22
/ \ / \ / \ / \ / \ / \ / \ / \

CH; c
h 2 h 2 h 2 h 2

POLYETHYLENE SEBACATE

H Om2 nC C h2 C C C
h 2 h 2 ft

/ \ / \ / \ / \ / \ / \ / \ /c o c c c c
h2 h2 h 2 h2 h 2

POLYETHYLENE AZELATE

h 2 h 2 h 2 H2 11
o c c c c c

H2 H2 Ho Hp Ho 
C C C C C

\ / \ / \ / \ / \ / \ / \ / \ / \ / \ / \ / \c c c c c o
H2 h2 h2 h2 h2

C C C C 
H2 H2 H2 H2

n
POLY W'HYDROXYDECAHOATE

Fig» 1 S t m a t u m l  fo r m u la  of typim l p o ly e s te r .

was found to vary somewhat with temperature, 
this variation was erratic and of a second order 
so that the room temperature calibration was em­
ployed at all temperatures.

A complete description of the new test condenser and 
thermostat is omitted for brevity. The test condenser of 
gold-plated brass was designed so that it may be used either 
as a clamping condenser for a specimen or as a variable air 
condenser. The electrodes are 2 inches in diameter, with 
the variable electrode an integral part of the housing which 
is connected to ground. The high tension electrode is 
fixed and insulated from the housing by means of clear, 
fused quartz. Since it is desirable to minimize the lead 
inductance of the test condenser, the coaxial type of con­
struction was employed. The high tension lead was 
brought out through a coaxial tube 3/ g" in diameter and 
4" long. A coaxial jack was mounted directly over the 
high tension terminal on the Q-meter and was designed so 
that the test condenser could be connected or disconnected 
from the measuring circuit simply by screwing it in or out 
of the coaxial jack.

Thermostating a test condenser in such close proximity 
to the Q-meter presented some difficulty. The design 
finally adopted consists essentially of a metal cylindrical 
jacket fitted at one end with a heating and cooling chamber 
and constructed so that it will slide over the test condenser. 
A small ring heater is employed for heating and provision 
is made for siphoning liquid nitrogen into the cooling 
chamber. An air thermo-regulator serves for temperature 
control. This metal thermostat with the test condenser in 
place fits into a Dewar flask with an opening in the bottom 
large enough to permit the coaxial tube of the test con­
denser to pass through. The entire assembly is mounted 
on top of the Q-meter directly over the coaxial jack and 
lined up so that the test condenser can be screwed in and 
out of the jack. The test condenser is screwed out of the 
jack and kept in a raised position at all times except during 
a measurement so as to minimize heat exchange between 
the Q-meter and test condenser.

The d. c. conductivity was negligibly small for all 
samples.

Results and Discussion
Figure 1 illustrates the planar zigzag chains 

which comprise most linear polyesters. Only 
certain types have been shown; for instance, 
polyethylene azelate represents an odd-membered 
dibasic acid which results in the two carbonyl di­
poles of a chemical repeating unit being parallel, 
and evidently this same structure could easily be 
arranged in other polyesters. Chain oscillations 
continuously distort instantaneously the planarity 
of the carbon skeleton. Since such motion normal 
to the chain axis generally requires twisting about 
valence bonds, the modes contributing the orien­
tational polarization from the models of Fig. 1 
will not be uniformly distributed along the chains, 
for the potentials hindering rotation about bonds
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Frequency in cycles per second.
Fig. 2.—Frequency variation of dielectric constant and 

loss factor of polyesters at 25° : A, polyethylene succinate;
B, polyethylene adipate; C, polydecamethylene oxalate; 
D, polyethylene azelate; E, polyethylene sebacate; F, 
polydecamethylene sebacate; G, poly-co-hydroxydecanoate.

Let
nx =» number of —CH2-~ groups of molecular weight M x, 

per cc.
n2 = number of polar (ester) linkages of molecular weight 

M2f per cc.
P ~  density of the polymer

0
, I!
b =  ratio of number of CH2 to O —C— groups per chem­

ical repeating unit
n x =  b n 2 (1 )

N  — Avogadro’s number
Then

p = (nxMx H- n2M2)/N  (2)

The experimental values of these quantities ap­
pear in Table I. The densities at 25° were from 
weighing and displacement of a known volume of 
inert liquid by the solid polymer. Polyethylene 
is included to represent the limiting case of all 
—CH2— and no polar groups.

at the polar groups probably are lower than for 
the CH2-CH2 bonds.21 However, the CH2~0 
bond may have a high potential.22 Small seg­
ments of the chains may act as relatively stiff units 
bounded by more flexible linkages. That such 
chain flexibility does obtain is clearly indicated 
by the data of Fig. 2, in which the values of e' for 
such structures as polyethylene sebacate (see Fig. 
1) considerably exceed the square of the refractive 
index, yet successive dipoles along the chain are 
oppositely directed and should cancel if the whole 
molecule is rigid. If only the terminal groups on 
the chains move in the applied field, the static 
dielectric constant would be virtually independent 
of the concentration of polar groups in the com­
pound. This is contrary to experimental results, 
as will appear below. Pelmore and Simons23 ex­
amined this aspect of five linear polyesters con­
taining both opposite and parallel dipoles, as dia­
grammed in Fig. 1, and likewise concluded from 
the relaxation times that polar chain segments 
must be acting.

Although discussion of the effect of polar group 
concentration would be preferred in terms of spe­
cific polarization, there is yet no local field equation 
adequate for such anisotropic and highly interact­
ing solids.24 Hence we use simply the static di­
electric constant, e$. The concentrations are 
computed as follows.

(21) S. C. Schum ann and  J . G. A ston, J .  Chem. Phys., 6 , 485 
(1938).

(22) B. Craw ford and  Joyce, ibid., 7, 307 (1939).
(23) D. R . Pelm ore and E. L. Sim ons, Proc. Roy. Soc. (London), 

A175, 468 (1940).
(24) J . H . Van Vleck, “ D ielectrics” (Annals N . Y. Academy of 

Sciences 40, Art* 5), 289 (X94Q), and  o th e r discussions therein*

T a b l e  I

Com pound
p,

25°
m  X 
IO -22

W2 X 10-22 £0

Polyethylene 0.924 4.00 0 2.33
w-Hydroxypolydecanoate 1.064 3.41 0.38 3.40
Polydecamethylene sebacate 1.086 3.48 .39 3.32
Polydecamethylene oxalate 1.130 3.00 .60 3.70
Polyethylene sebacate 1.148 3.05 .61 4.20
Polyethylene azelate 1.172 2.99 .6 6 3.96
Polyethylene adipate 1.250 2.64 .88 5.16
Polyethylene succinate 1.358 2.29 1.14 5.60

Relations from Table I appear graphically in 
Fig. 3. The density of the solids increases linearly 
with the concentration of polar groups. However,

— ■

0.9

( m  *  concn. of polar units per cm.) X 10 22.
Fig. 3.—Dependence of static dielectric constant and den­

sity on concentration of polar groups in polyester®.
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this increase in density is actually greater than is 
caused by the heavier —O—CO— units in the 
chain. This can be shown by simple calculation, 
and emphasizes the considerable contribution of 
the dipole forces to the lattice energy. The 
proportionality of n\ to n2 in agreement with the 
ratio of the polar to methylene groups along the 
chains agrees with the idea of regular packing in 
the series. The increase of e'Q, the static dielectric 
constant, with n2i shown in the lower curves of 
Fig. 3, emphasizes the comparative independence 
along the chain of librating polar groups.

The dashed curve on Fig. 3 is the value eó 
would have if the orientation polarization calcu­
lated from the equation of Debye for non-inter­
acting dipoles agitated by ordinary Brownian 
movement, with local fields described by the Lor- 
entz equation, were directly proportional to n2. 
However, certainly the above conditions are poor 
approximations for linear macromolecules in the 
solid. Hence, we shall not at present discuss the 
specific polarization, despite the advantages of the 
Onsager field equation.25 Also, recent treatments26 
of the internal Brownian motion in randomly- 
kinked chains8 require modification for partially 
crystalline systems, in which considerable sections 
of the chains are extended in the lattice. In dilute 
solutions of many chain polymers assignment of 
effective group moments is less uncertain. There 
is agreement on highly convolved chains, in which 
the individual dipoles have almost complete free­
dom. Further, the molecular dipole moment ap­
pears to vary with the square root of the molecular 
weight.27"”31 The studies of Wyman and Bridg­
man on the self-polyesters of co-OH-decanoic acid 
are especially relevant here, since they concluded 
that there was nearly complete freedom of group 
orientation in solutions. Evidence of large inter­
action (rather than intrachain restraint) reducing 
the freedom of the dipoles in the solid polymers 
arises from the two-fold higher specific polariza­
tions (0.8) of polydecanoates found by Bridgman 
compared to the values (0.4) we estimate for the 
solid from approximate field equations.

Since the orientation polarization is reduced in 
the solid compared to the dissolved state, the

(25) L . O nsager, T h is  J o u r n a l , 58, 1486 (1936).
(26) J . G . K irkw ood  and  R . M . Fuoss, J .  Chem. Phys., 9, 329 

(1941).
(27) J .  W ym an, ibid., 60, 328 (1938).
(28) W . B. B ridgm an, ibid., 60, 530 (1938).
(29) I .  S ak u rad a  an d  S. Lee, Z . physik . Chem., B43, 245 (1939).
(30) S. Lee, J .  Soc. Chem. In d ., J ap an , 43, 190 (1940).
(31) M . T ak e i an d  H . E rb ring , K olloid-Z ., 94, 312 (1941).

smooth rise of eó with n2 in Fig. 3 suggests a com­
parable reduction factor in all of the polyesters. 
This would agree with the structural evidence15 
of layers of dipole vectors either perpendicular to 
(odd esters) or inclined at another angle (even 
esters) with the chain axes. The association of 
these dipoles may control the solid arrangement. 
In any case, they occur in layers, and seemingly 
the interaction is largely in these planes rather 
than between them, so that the spacing of dipoles 
along the chain is not a predominant factor. 
However, some interaction along the chain appears 
in two of the points on the lower solid line on the 
eó curves of Fig. 3. The points on this line for 
polyethylene succinate and polydecamethylene 
oxalate show a reduced eó, expected from the 
proximity of the dipoles, especially the carbonyl 
groups, along a given chain. Presumably because 
of this closeness, the polyethylene succinate chain 
does not conform to the usual sort of planar zig­
zag configuration,15 and polydecamethylene oxa­
late has an unusual cross-sectional packing.15 
The lower eó value for polyethylene azelate is re­
lated to another interesting structural change. 
As noted, the planes containing the polar groups 
in polyesters having an odd-numbered acid (C9 
for the azelate) are perpendicular to the chain axes. 
Thus dipoles in adjacent chains come more 
directly into interaction than when these planes 
are tilted. Further, the disposition of these re­
sultant dipoles along the chain may actually cause 
the vertical rather than tilted planes. For in the 
azelate model of Fig. 1, it is seen that the vector 
dipoles of the ester groups do not point in the 
alternately back and forth directions obtaining in 
the even esters. In the latter, every other dipole 
along a chain points in the same direction and at 
the same angle with the chain axis. Thus, the 
tilted planes containing the carbonyl groups also 
may be considered to contain rows of “head-to- 
tail” dipoles. However, in the odd polyesters the 
vector dipoles all lie on the same side of a given 
chain. If the chains shifted so that the carbonyl 
groups in adjacent molecules formed one tilted 
plane containing “head-to-tail” dipole vectors, 
the dipoles attached to the other ends of the acid 
unit (say the azelaic unit) would be uncompen­
sated between chains and would tend to shift the 
chains back. The vertical form of the odd poly­
esters with the dipoles shifted neither one way nor 
the other in adjacent chains probably represents 
the minimum energy, as indicated by the X-ray
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studies. The same situation occurs for the poly- 
decanoate, and it likewise has the dipole planes 
perpendicular to the chain axis, in the crystal.

T a b l e  I I

D i e l e c t r i c  P r o p e r t i e s  o f  P o l y e t h y l e n e  S e b a c a t e

€' €ff 6' <=" e' e*''  X  10-6 t = 64.5° t = 26.3° t = -9 8 .5 °

75 4,03 0.119 3.69 0.305 2.62 0.009
70 4.03 .112 3.60 .298 2.63 .010
60 4.05 .104 3.70 .264 2.70 .010
50 4.03 .094 3.73 .218 2.65 .011
40 4.08 .077 3.80 .203 2.68 .011
30 4.10 .067 3.81 .183 2.72 .015
20 4.08 .053 3.81 .152 2.65 .012
10 4.08 .036 3.87 .115 2.72 .017
5 4.12 .026 3.97 .088 2.59 .010
3 4.13 .020 3.98 .073 2.75 .013
1 4.16 .014 4.01 .051 2.75 .019
0.5 4.15 .010 3.99 .039 2.79 .019

.3 4.17 .008 4.06 .035 2.78 .020

.1 4.16 .005 4.06 .028 2.80 .026

.03 4.13 4.06 .017 2.77 .031
,01 4.15 4.07 .014 2.78 .037
.003 4.15 4.08 .011 2.81 .038
.001 4.13 4.09 .009

Figure 4 illustrates the frequency dependence of 
ef and e" for polyethylene sebacate over a tempera­
ture range down to —98.5°. Representative data 
are shown in Table II. As sug­
gested on Fig. 2, absorption maxima 
occur at the lower temperatures.
These are shown as a function of 
temperature for various frequencies 
up to 75 me. in Fig. 5. Wide devia­
tions from the ideal Debye behavior 
are evident, in agreement with most 
other polymer systems.3»7 The e" 
vs. In ƒ peaks are much broader, and 
max. e" is lower, than expected from 
the theory for a single relaxation 
time. However, the concept of 
group orientation inhibited by inter­
chain potentials is supported by the 
temperature studies. For it is ap­
parently possible to eliminate ab­
sorption and to reduce e' to little 
more than the square of the refrac­
tive index on reducing the kinetic 
energy of the groups by cooling.
The absorption maxima may be readily shifted 
along the frequency scale by temperature. As the 
temperature is lowered, the number of groups 
possessing the energy requisite for surmounting 
the barriers opposing libration decreases* This

means that the absolute reaction rate32 is reduced, 
and the polar units are finally unable to follow 
an alternating field. Thus, at a given temperature, 
the frequency of maximum e" indicates about the 
rate constant at which most of the orienting units 
are able to oscillate over the barriers. Of course, 
for gases, on the Debye theory the frequency of 
maximum absorption equals 1 / t ' ,  where r '  is the 
relaxation time for the dipoles, but in a liquid or 
solid a given dipole interacts on the surrounding 
matter to produce an additional polarization so 
that the relaxation time of the medium, r, ob­
tains. The familiar expression

r  -  r '  [(€0 +  2)/(€«o + 2 ) ]  (3)
relates these two relaxation times, where e0 is the 
dielectric constant at zero, and at infinite fre­
quency. Since the expression above for relating 
r to r' really involves an accurate formula for the 
local field, which is not yet known for these solids, 
we shall regard r for the dielectric as a rough 
measurement of the rate process for the movement 
of the atomic groups. It is hoped that subse­
quently this approximation may be improved. 
Also, the problem of the distribution of relaxation 
times about an apparent average value will be 
omitted from this preliminary discussion.

Frequency in cycles per second.
Fig. 4.—Frequency variation of e ' and e" of polyethylene sebacate, —100°

to 25°.

The hindered orientation of groups in poly­
ethylene sebacate may then be regarded as 
analogous to a unimolecular reaction10»11 whose

(32) S. G lasstone, K . L aid ler an d  H . E yring , “ T h e  T h eo ry  of R a te
Processes,” M cG raw -H ill Book Co., Inc ., N ew  Y ork , N . Y ., 1941.
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absolute rate constant, is in general given by 
1/r = k' -  Ce~E' RT (4)

where C is the ‘ ‘steric’’ factor, E  the activation 
energy in cal. per mole, T  the absolute temperature 
and R the gas constant.

We assume that is virtually temperature inde­
pendent; actually, since E  represents a difference 
between energy levels which does depend on tem­
perature, the corrections of Rushbrooke33 should 
properly be applied.

From the loss maximum of Fig. 4, r is obtained 
from the frequency producing e" max. at a given 
temperature. Although Fig. 5 shows several 
maxima, the e,f curves here overlap, and do not 
provide a reliable estimate of the mean r for a 
given temperature. A plot of 1/r against l /T  gives 
a straight line, the slope of which is E/R , and E  =  
12,100 cal. per mole of orienting groups, for poly­
ethylene sebacate. This value is most significant

when compared to the larger value for a poly­
amide.34 Further, the entropy term is large; in 
equation (4), C — 4.3 X 1018. This indicates that 
the neighbors of an orienting group must co­
operate in its motion, such as by momentary dis­
placements to reduce steric hindrance or by con­
centration of energy in the vicinity* as interpreted 
previously.12

(83) G. S. Rushbrooke, Trans. Faraday Soc., 36, 105S (1940).
(34) Baker and Yager, Tsars JotmHAL, 64, 2171 (1942)

The entropy term in the above expression should 
be significantly related to the distribution of re­
laxation times found for a given system. A dis­
tribution of relaxation times implies a variety of 
motions and configurations surrounding the 
orienting groups and causing different rates of sur­
mounting the restraining barriers. This is just 
what the entropy of activation, or “activation in 
many degrees of freedom,”11 means. Studies 
connecting explicitly the distribution function with 
the entropy or “steric” term in the rate equation 
are in progress.

Reduction in intermolecular coupling appears to 
give a sharper experimental distribution. Thus, 
consistent with the above concept, absorption 
peaks at high temperatures, with high plasticizer 
contents, or from “soft,” weakly interacting 
polymers at ordinary temperatures are compara­
tively sharp.

Figure 5 bears interestingly on the phase 
changes in linear condensation polymers. 
Their high crystallinity15'18 precludes a 
wide softening range, and the rise in e 
(accompanied by dispersion) over the 
broad temperature interval in Figure 5 
corresponds to little physical change in 
the solid. However, the polymer melts 
(in thermodynamic equilibrium)35 at 
~ 7 0 °. This is, however, just above the 
temperature at which the dipoles are able 
quite freely to follow at least frequencies 
of 108. The ester linkages, or the car­
bonyl units, are thus undergoing increas­
ingly violent thermal oscillations and are 
able to surmount the barriers imposed by 
the lattice array. Figure 5 may thus be 
regarded as indicating the prelude to 
fusion. Similar studies on other crystal­
line polymers including cellulose deriva­
tives give evidence on the role of polar 
groups in melting. These are also fur­
ther corroboration of the segment theory 

of polymer melting.18
The occurrence of absorption maxima far below 

the melting point, as for polyethylene succinate 
in Fig. 2, simply marks the onset of a particular 
oscillation—not necessarily that required for 
breakdown of the lattice.

Summary
The dielectric constant and loss of typical 

linear polyesters have been determined (over a
(36) B aker, unpublished  studies*

-8 0  - 4 0  0 40 80
Temperature in °C.

Fig. 5.—Temperature variation of e' and e" of polyethylene sebacate, 
1 kc. to 75 me.
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120° temperature range for one) for the frequency 
interval 1 kc. to 75 me. These macromolecular 
chain polymers are of known structure and com­
position, so that the observed polarization and dis­
persion were related to the orientation and con­
centration of polar groups in the chains and to 
their relative positions in adjacent chains. The 
dielectric constants, e', of all of the polymers ex­
ceed the refraction value even at room tempera­
ture. The oscillation of individual dipole groups 
(ester linkages) contributes the orientation polari­
zation. These dipoles interact somewhat along a 
given chain, but chiefly between chains, to cause 
the observed broad dispersion. The polyesters 
exhibit principally high frequency absorption,

with maxima at low temperatures. This supports 
the concept of small oscillating units in the chains, 
in agreement with the observed activation energy 
of orientation.

The packing of the chains is strongly influenced 
by the dipoles and the formation of dipole layers 
makes the interaction, which contributes to di­
electric absorption, largely independent of polar 
group concentration.

The dielectric results reveal thermal motion in 
the polymers. These chain oscillations are sup­
posed to account for mechanical properties such 
as thermal retraction associated with chain kink­
ing in long chain molecules.
M u r r a y  H i l l , N .  J .  R e c e i v e d  N o v e m b e r  13, 1941

[C o n t r i b u t io n  f r o m  B e l l  T e l e p h o n e  L a b o r a t o r i e s , I n c . ]

The Relation of Dielectric Properties to Structure of Crystalline Polym ers. II.
Linear Polyamides

B y W. O. B aker and W. A. Y ager

Linear condensation polymers have been se­
lected as appropriate for study of the effects of 
molecular structure and molecular order on the 
dielectric properties of solids.1 They represent 
an important class of structural and insulating 
plastics. Polyesters have been treated previously 
and the general implications of such an investiga­
tion have been reviewed. The present report in­
cludes preliminary results on the polyamides, in 
which the —O— of the ester linkage has been re­
placed by the —NH— group. Conditions for ex­
tensive hydrogen bonding have thus been intro­
duced, and the whole structure resembles that of 
polypeptides and proteins. The dielectric measure­
ments indicate great mobility in the alternating 
field of some atomic group, possibly a charged 
hydrogen. The close analogy of the polyamides 
to the polyesters allows assignment of the observed 
differences to the NH group. Certain of the re­
sults may be examined for direct evidence of isom­
erism in the amido linkage. Thus, the linear 
polyamides may assist, as models, in elucidating 
the structure of proteins.

Experimental
Materials.—The polyamides were obtained 

commercially (du Pont Company) or from the 
procedures of Carothers.2 They were pure, white

(1) Y ager and  B aker, T h is  J o u r n a l , 64, 2164 (1942),
(2) C arothers, V, S, P a ten ts  2,071,250 (1937) and 2,130,628 (198S).

polymers with weight average molecular weights 
greater than 10,000. All were carefully protected 
from degradation during preparation of the test 
discs.1 The co-polyamide was of the 50-50 com­
position noted in the patent describing it.3 All 
samples were annealed to states of maximum 
crystallinity,4 unless otherwise noted. The sample 
discs were molded and machined to a two-inch 
diameter and 50-mil thickness, were thoroughly 
dried over phosphorus pentoxide, or conditioned 
as noted, and equipped with electrodes as pre­
viously described.5

Dielectric Measurements.—The bridge and 
Q-meter apparatus and technique used for the 
polyesters were again employed.

The dielectric loss of polyhexamethylene se- 
bacamide at and above 100°, and of polyhexa­
methylene adipamide at 100% relative humidity 
was too high for direct measurement on the Q- 
meter. Consequently, the top electrode of the 
test cell was raised above the test specimen, thus 
introducing a series air gap. The effective capac­
ity, Cm and loss, tan 8mf of this two-layer arrange­
ment were determined on the Q-meter and the 
true capacity, Cx, and loss, tan 8X, calculated from 
the equations

(3) C arothers, U. S. P a te n t 2,191,367 (1940).
(4) Fuller, B aker an d  P ape , T h is  J o u r n a l , 62, 3275 (1940); 

see also B aker and  F u ller, ib id ., 64, O ctober (1942).
(5) Y ager, Trans. Uleetrochetn. .Soc.t 74, 118 (1938).
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Q
tan dx = ~ • tan 5m

r  = c» c m 1
x C& — Cm 1 +  tan2 <5X

where Ca represents the series air capacity. Ca 
was calculated from the above equations by meas­
uring Cm and tan 8m and then the corresponding 
Cx and tan 8X directly on the capacitance and 
conductance bridge.

The direct current conductivity of the poly­
amides was determined after the application of 100 
volts for one minute, by use of a Leeds and 
Northrup H.S. type galvanometer.

Results and Discussion
The structural formulas of two typical poly­

amides appear in Fig. 1. Evidently, the concen­
tration of polar groups may readily be varied 
with methylene “spacers,” as in the polyesters.1

H Hg Hg Hg  11 H2 H2 H2 H2  
N C C C G C G C C _

/ \ / \ / \ / \ / \ / \ / \ / \ / \ / \
H C C C N C C C C C

h2 h2 h 2 h h 2 h 2 h 2 h 2 ^

POLYHEXAMETHYLENE SEBACAMIDE
n

H

H H2 h 2 h 2 n H2 h 2 
N C C C C C C
' \ / \ / \ / \ / \ / \ / \ ,

C C C N C C C
H2 h2 h2 H H2 H2 Ü

\
H

n
POLYHEXAMETHYLENE ADIPAMIDE

Fig. 1.—Structural formulas of typical linear polyamides.

Likewise, the polar groups in adjacent chains occur 
in layers,4 and their interaction includes hydro­
gen bonding6 as well as dipole and dispersion forces. 
The presence of a bonding hydrogen profoundly 
alters the properties of the polymers. The pri­
mary valence chains wander in kinked paths 
through the crystalline and intercrystalline mat­
ter,4 but in addition a network of secondary forces 
(hydrogen bonds) obtains. Thus, the interchain 
forces, and hence the restraints on dipole orienta­
tion, should exceed those for the polyesters, as 
confirmed below. Such predictions of polymer 
properties from structural formulas have been 
possible only recently.

Figure 2 shows the dielectric behavior of several 
polyamides at 25°, with the curves A for poly­
decamethylene sebacate included for direct com­

(6) Pauling , " T h e  N a tu re  of th e  Chem ical B ond ,” Cornell U ni­
v e rs ity  Press, Ith a c a , Ni. Y ., 1939, C hap. IX .

parison. Apparently an appreciable orientation 
polarization contributed by the motion of the 
polar groups is present in all of the solids. The 
polyester has the same concentration of polar links 
in the chain as the polydecamethylene sebacamide 
of curve C (9 methylene groups per linkage). 
The polyamide exhibits significant dispersion at 
room temperature. The restraint of orientation 
found in the polyesters1 appears much increased in 
the polyamides, in accord with their higher melt­
ing points and mole cohesion. The sequence of e' 
values in Fig. 2 also shows expected increased 
polarization in the polyamides with increasing 
concentration of polar groups in the chain. Curve 
C, for polydecamethylene sebacamide, with 9 CH2 
groups per polar linkage is followed by curve B 
(polyhexamethylene sebacamide) with 7 and 
Curve E, for polyhexamethylene adipamide, 
with 5.

Evidently polyhexamethylene adipamide pos­
sesses a broad maximum in e" at room temperature. 
This breadth and height of maximum indicate a 
distribution of relaxation times, generally found 
in solids. The e" values for the polyamides have 
been corrected for d. c. conductivity, which, as 
noted later, is appreciable for these pure com­
pounds.

The e" curves in Fig. 2 do not follow the order 
of the e' for increasing values of the ordinates. 
This is related to an important aspect of the dielec­
tric behavior of linear polymers. The concen­
tration and resultant moments of the polar groups 
in the chain determine the essential polarity of 
the polymer, but it has been emphasized that the 
interaction with neighboring chains chiefly governs 
the observed loss. The following discussion in­
dicates some factors causing a variation in inter­
action and hence in loss. In the melts of these 
polymers, strong dipole association facilitates the 
formation of the dipole layers observed in the 
solid. This layering is distorted, however, in the 
portions of the polymer which are imperfectly or 
hardly crystalline, and hence the dipole interac­
tion would be expected to vary with the degree of 
molecular organization present in the solid studied. 
This degree of order controls considerably many 
physical properties of the plastics, such as elastic 
modulus.4 Hence, some correlation between phy­
sical and mechanical properties and dielectric be­
havior is a necessary, and observed, consequence 
of solid structure. The variety of ordered states 
which may be produced in natural products like
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Fig. 2.—Frequency variation of dielectric constant, e', and loss, e", of 
polyamides at 25°: A, polydecamethylene sebacate; B, polyhexamethylene 
sebacamide; C, polydecamethylene sebacamide, annealed; D, polydeca­
methylene sebacamide, quenched; E, polyhexamethylene adipamide; F, 
polyhexamethylene-decamethylene adipamide-sebacamide.

cellulose derivatives7 should likewise 
be reflected in their dielectric values; 
the effect is general. Clearly, the 
dipoles may be disposed differently 
in adjacent chains either by shifting 
along the chain, or rotation about its 
axis. Both of these conditions are 
present in the non-crystalline regions 
of linear polymers, as diffraction 
studies show.4,7 If the argument 
above that the longer relaxation 
time of the polyamides compared to 
the polyesters is caused by strong 
intergroup action, principally hy­
drogen bonding, is correct, then al­
tered relative positions of the groups 
should alter the dielectric loss. This 
is shown by Curves C and D of Fig.
2. Curve C is for annealed poly­
decamethylene sebacamide, in which 
the polar groups are as efficiently 
packed and as extensively hydrogen bonded as the 
lattice-forming deficiencies of long chains permit.7 
The sample of curve D, however, was the same 
polyamide rapidly quenched from the melt. It 
contains relatively few crystallites, and the chain 
segments are rotated so that the hydrogen bonds 
are, on the average, less efficiently directed and 
formed than in the annealed compound. They 
resemble the hydrogen bonding in a liquid rather 
than in a well-ordered solid. Still, they are strong 
enough to stabilize the chains in their disordered 
configurations of higher free energy (compared to 
the crystal) for long periods, as shown by the rate 
of crystallization of polyamides in the solid state.4 
However, the reduced forces in the quenched ma­
terial permit augmented though still hindered di­
pole freedom, and hence curve D lies clearly above 
curve C, for e' and e". These differences were 
caused not by a change in the composition of the 
chains, but only in their relative positions.

The structural variations possible in condensa­
tion polymers allow another test of the hy­
pothesis that interaction is modified by relative 
positions and hydrogen bonding of amido links. 
If a polyamide is prepared by the intercondensa­
tion of two different dibasic acids and two differ­
ent diamines, say in equimolar ratios, some of the 
polar groups will associate as usual, but, along a 
chain, the “repeating units” are quite random in 
composition, so that many of the dipole groups in

(7) W. O. B aker, C. S. F u ller and  N. R . Pape, T h is  J o u r n a l , 64, 
776 (1942).

adjacent chains will be unable to coincide to form 
a layer, and will be found surrounded by the 
hydrocarbon portions of the molecules.7a The 
compound of curve F was thus obtained from hexa- 
methylenediamine, decamethylenediamine, adipic 
acid and sebacic acid.3 Its average polar group 
concentration is one per 7 methylene groups, so 
that it should compare with curve B, yet it shows 
markedly increased dielectric constant and loss. 
The average composition of the copolyamide 
chains is the same as that of polyhexamethylene 
sebacamide, but the irregular spacing between 
linkages in the molecule reduces the hydrogen 
bonding and other interaction in the solid so that 
e' and e" are much enhanced. This is further 
emphatic indication that the chains do not act as 
units, but that each individual dipole is sensitive 
to its own environment. Also, the intrachain 
coupling would be little different in the copoly­
amides than in the normal polyamides, so seem­
ingly the interchain action alters the dielectric 
properties. The effect of these changes in inter­
action in the quenched and co-polyamides on the 
distribution of relaxation times in the polymer 
alone forms an extensive study.

The orientation of polar groups is probably not 
the sole source of high polarization in polyamides, 
especially at elevated temperatures. A new 
mechanism which we associate with the isomerism 
of the amido linkage seems necessary to explain the

(7a) W . O. B aker and  C. S. F u ller, “ Conference on Physics of th e  
Solid S ta te ,” N . Y. Academ y of Sciences, F eb ru a ry , 1942.
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-Frequency variation of e' of polyhexamethylene sebacamide, 27.6 
to 146°.

succeeding results, as in Figs. 3 and 4, for poly­
hexamethylene sebacamide, which 
are typical of the series. Some repre­
sentative values are also given in 
Table I. At 1 kc. e' has a value at 
146° (70° below the melting or soften­
ing point of the polymer) of about 
48, and e" is about 27. In addition, 
as is seen from its temperature varia­
tion in Fig. 7, there is a relatively 
high d. c. conductivity in the com­
pound. The galvanometer behavior 
indicated that this was not from a 
space charge. These compounds are 
likewise free from ionic impurities, 
as determined by ashing, extraction 
and quantitative analysis.

The isomerism of the amido link­
age has been chiefly considered in the Fig. 4. 
structure of polypeptides and pro­
teins. Hydrogen bonding is important in the 
molecular configuration of these compounds.8 A 
group of the type shown here probably occurs 

H2 i
/ c \ c s s \

ii
O

H

within and between folded polypep­
tide molecules,8a and between the 
polyamide molecules here treated. 
Huggins9 has proposed that the hy­
drogen in the bridge is virtually ionic. 
At least one may regard it as in one 
of two potential minima, one provided 
by the oxygen and the other by its 
“own” nitrogen. These two minima 
are separated by a hump, over which 
charged hydrogens with requisite en­
ergy may oscillate.10 The dielectric 
results are consistent with a concept 
embodying mobile, charged atoms 
which can contribute an atomic po­
larization and anomalous dispersion 
by moving translationally (vibration- 
ally) from one potential minimum 
to another in the dipole layers. This 

motion should be strongly temperature-depend-

H2
Ö

(8) F o r  a  review anti discussion see W. T. A stbury, Trans,
day Soc., 36, 871 (1940).

Frequency variation of e" of polyhexamethylene sebacamide 27.6 to 
146°.

ent, which is supported by the data of Figs. 3, 4 
and 5. The high frequency e" maxima of Fig. 
4 represent a second mechanism and seemingly 
correspond to the maxima observed at lower tem­
peratures for the polyesters. They occur at ele­
vated temperatures presumably because the os­
cillations of, say, the carbonyl groups are inhibited 
by hydrogen bridges of the sort shown in the 
diagram above. From curve A of Fig. 6, obtained 
as noted before for the polyester1 (curve B), E =

(8a) F rank , Nature, 138, 242 (1936).
(9) M. L. H uggins, J , Org. Chem., 1, 407 (1937).

Far a- (10) This idea was forwarded by M . L. Huggins in a discussion in
April, 1989.
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T a b l e  I
D i e l e c t r i c  P r o p e r t i e s  o f  P o l y h e x a m e t h y l e n e  S e b a c ­

a m id e

e' e" e' e" er ■e"
X 10-• t = 27.6° t = 79.0° t = 1-46.0°

75 3.0 0.072 3.49 0.324 5.45 2.39
70 2.93 .065 3.38 .313 5.78 2.26
60 3.12 .060 3.46 .283 6.06 2.35
50 3.09 .058 3.47 .270 6.54 2.27
40 3.12 .061 3.55 .312 6.96 2.40
30 3.17 .063 3.62 .328 7.61 2.56
20 3.13 .061 3.68 .380 8.65 2.47
10 3.19 .057 3.80 .442 10.31 2.27
5 3.28 .055 4.11 .541 11.55 1.79
3 3.19 .053 4.37 .649 12.03 1.51
1 3.31 .052 4.76 .866 12.74 1.10
0.5 3.40 .054 5.18 .964 13.12 1.07

.3 3.40 .054 5.55 1.11 13.52 1.18

.1 3.42 .060 6.32 1.24 14.80 2.07

.03 3.46 .062 7.74 1.33 16.26 5.14

.01 3.50 .056 8.46 1.35 20.44 10.23

.003 3.58 .062 9.35 1.46 30.40 18.12

.001 3.59 10.24 1.80 47.66 26.6

23,300 cal. per mole of polyamide polar unit, 
nearly twice the polyester value of 12,100.

20 40 60 80 100 120 140 160
Temperature in °C.

Fig. 5.—Temperature variation of e' and e" of polyhexa- 
methylene sebacamide, 1 kc. to 75 me.

Further, the activation process apparently pro- 
duces another sort of enhanced freedom for the

2.2 2.6 3.0 3.4 3.8 4.2 4.6
l / T  X 1000.

Fig. 6.—Temperature dependence of the relaxation time 
of the dielectric, rd, for polyhexamethylene sebacamide 
(curve A) and polyethylene sebacate (curve B).

bridge hydrogen. It may pass over to one or the 
other of the positions near the O or N  but possibly 
it can also acquire even more freedom and act like 
a migrant ion over very short distances, thus caus 
ing the high d. c. conductance. The temperature 
coefficient of this conductance appears in Fig. 7,

2.2 2.6 3.0
l / T  X 1000.

Fig. 7.—Temperature dependence of the d. c. conductivity, 
F, of polyhexamethylene sebacamide.

and corresponds to an activation energy of 29,700 
cal. per mole of conducting particle. This value 
is several fold the dissociation energy for a hydro-
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Fig. 8.—Effect of sorbed water on frequency dependence 
of e' and e" of polyhexamethylene adipamide at 25°: dry
(curves A), 60% R. H. (curves B) and 100% R. H. (curves 
C ).

gen bond,11 and may well reflect the energy neces­
sary to liberate charged hydrogens from restrain­
ing negative force fields around a given N or O 
atom. It is less than half the energy of the N-H  
bond, but one would expect this link to be per­
turbed and weakened by the hydrogen bridges in 
the solid polyamides and by its adjacent carbonyl. 
(It should be emphasized that the atomic or nuclei 
motion cannot contribute, however, to the reso­
nance in the amide linkage.) The d. c. conduc­
tance and low frequency loss may thus represent 
different degrees of the same sort of hydrogen mo­
tion. They are not to be regarded as measuring 
very different phenomena. The low frequen cy loss 
may not exhibit a maximum. Molten polyamides 
and the solids at higher temperatures thus are 
apparently semi-conducting materials.

It is a striking contrast that the relaxation time 
of the dielectric is 5 X 10~9 sec. for polyethylene 
sebacate at —19° and for polyhexamethylene seba­
camide at 146°. This large difference may be re­
garded chiefly as a consequence of the effect of 
molecular structure on the solid state. The iso­
lated molecules would show no such different 
kinetic characteristics, nor would they be expected 
to show diverse intrachain coupling. On the other 
hand, the polyester melts at 74°, the polyamide at 
215°; a 141° interval emphasizes the different 
forces. The relaxation times reflect thermal mo­
tion present in the polymers irrespective of the ap­
plied field, and hence are related to the elastic 
and plastic properties of the solids.

The explanation of hydrogen bridging and 
charged hydrogen motion in these bridges as the 
source of the extraordinary dielectric properties of

(11) See review in J. J. Fox and A. E. M artin, T ra n s . F a r a d a y  
S o c ., 36, 897 (1940).

typical linear polyamides suggests that strong 
hydrogen bonding agents added to the polymers 
at ordinary temperatures should produce the same 
effect as elevated temperatures alone. This is con­
firmed in Fig. 8 for water, whose sorption is of 
technical importance. Curves A were obtained 
from polyhexamethylene adipamide dried two 
weeks over calcium chloride, curves B, for the sub­
stance equilibrated (fifty-six days) at 60% rela­
tive humidity, and curves C, after immersion in 
distilled water, all at 25°. Evidently the com­
bination of bound water (about 10% for satura­
tion at room temperature) and the amido groups 
causes a high dielectric constant and appreciable 
dispersion, e" is again corrected for d. c. conduc­
tance. Water may be here considered as a loosen­
ing (plasticizing) or pseudo-ionizing medium, 
which substitutes for intermolecular polyamide 
bonds, and facilitates motion of the whole system.7 
Thus, if the dielectric results are admitted to 
show enhanced interchain motion directly, the 
mechanism discussed above could apply to the de­
pendence on pH  and degree of swelling of the 
physical properties of polypeptides and proteins. 
For example, the molecular motion in muscular 
contraction would be controlled by the degree of 
interchain force reduction, and hydrogen bonding 
suppression, as indicated by many other researches. 
The present results also cause inquiry of how much 
wandering of hydrogen atoms among peptide 
linkages, and hence energy exchange, occurs in 
proteins swollen or thermally agitated. This 
latter is related to the hypothesis of energy trans­
fer recently proposed by Szent-Györgyi.12

We are grateful to Dr. B. S. Biggs and Mr. W. S. 
Bishop for providing certain of the polyamides 
studied.

Summary
The dielectric constant and loss have been deter­

mined over a 120° temperature interval and over 
the frequency range 1 kc. to 75 me. for typical 
linear polyamides. All of the polymers evidenced 
dipole orientation accompanied by anomalous 
dispersion, even at room temperature. The mag­
nitudes of e' and e" rise with the polar group con­
centration in the long molecules, but are sharply 
modified by the interaction between groups in 
adjacent molecules. The interaction was varied 
by reducing the crystallinity by quenching, and 
by forming co-polymers in which the polar groups

(12) Szent-Györgyi, N a tu r e ,  148, 157 (1941); see also London, 
/ .  P h y s .  C h e m ., 46, 305 (1942).
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were displaced from their usual layer structure. 
Reduced interaction always caused enhanced 
polarization.

The dielectric properties of the polyamides 
show steep temperature coefficients; at 146°, 70° 
below its melting point, polyhexamethylene sebac­
amide has e' ~  48, e" ~  27, at 1 kc. This com­
pound also has a high frequency absorption as­

sociated with a relaxation process of activation 
energy 23.3 kcal. per mole, about twice the value 
for the analogous polyesters. Further, the poly­
amides show a high d. c. conductivity at elevated 
temperatures, which may be caused by mobile, 
charged atoms, such as hydrogen, resulting from 
isomerism in the amido linkage.
M u r r a y  H i l l , N e w  J e r s e y  R e c e i v e d  J a n u a r y  6 , 1 9 4 2

[C o n t r i b u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m i s t r y  o f  P u r d u e  U n i v e r s i t y ]

The Dropping Mercury Electrode in Acetic Acid. II. Electrocapillary Curves and
the Theory of Maxima1,2

B y  G. B ryant  B achman and  M e l v in  J. A st l e3

In a preceding paper4 it was shown that ions 
and molecules with low polarographic reduction 
potentials give discontinuous current-voltage 
curves in acetic acid solutions. In the present 
investigation this phenomenon has been related 
to the adsorption processes occurring on the drop 
through a study of electrocapillary curves.

Discontinuities in anhydrous acetic acid are 
fundamentally the same phenomena as maxima 
in water systems. They differ in that they seem 
to be limited to substances of rather low reduc­
tion potential. Since the occurrences of maxima 
in aqueous solutions have been associated with 
the adsorption of ions and molecules on the mer­
cury drop, it is reasonable to assume that a simi­
lar association exists in acetic acid solutions. A 
convenient method of studying adsorption on 
charged mercury surfaces is through the medium 
of electrocapillary curves.

The electrocapillary curve for ammonium 
acetate in anhydrous acetic acid shows a marked 
difference from the same curve in water in that 
the top of the curve is broad and rather flat and 
two maxima instead of one are present. Double 
maxima are very uncommon in water although 
Kemula and Beer0 observed them in some cases 
using the dynamic drop weight method. Addi­
tion of water causes the two maxima in acetic acid 
to approach each other and to blend into one

(1) Presen ted  before th e  P hysical and  Inorganic  Section a t  th e  
A tlan tic  C ity  m eeting of th e  A m erican Chem ical Society, Septem ber 
8-12, 1941.

(2) F rom  th e  P h .D . thesis of M elvin J . A stle.
(3) P resen t address: U niversity  of K en tucky , Lexington, K en­

tucky.
(4) B achm an and  Astle, T h is  J o u r n a l , 64, 1303 (1942).
(5) W . K em ula and  E. Beer, Roczniki Chem., 16, 259 (1936).

well-defined maximum at 50 mole per cent, water
(Fig. 1).

Potential.
Fig. 1.—The effect of solvent composition on the electro- 

capillary curve for mercury in ammonium acetate solu­
tions : 0.25 M  NH4OAc in acetic acid; Q , 0.25 M
NH4OAc in acetic acid and water (35 mole %); O, 0.25 M  
NH4OAc in acetic acid and water (50 mole %).

When salts are added to a solution of ammonium 
acetate in acetic acid, the effect on the electro­
capillary curve depends on the reduction poten­
tial of the cation of the salt. If the cation has a 
half-wave reduction potential more negative than 
the first electrocap illary maximum for solutions of 
ammonium acetate in acetic acid (about —0.3 
volt) then the resulting curves have the same 
general shape as the electrocapillary curve for 
ammonium acetate alone. Such cations are desig­
nated as Class I cations and include Zn++, Pb++, 
Cd++, Co*+, Sb+++, N i++, Cr+++ and Bi+++. 
Figure 2 shows typical curves of this sort for 
Zn++ together with the corresponding current-
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voltage curves. Solutions of these cations give 
normal S-shaped curves after degassing and can be 
determined polarographically in the usual fashion.

Fig. 2.—Electrocapillary curves (top) and current- 
potential curves (bottom): O, 0.25 M. ammonium ace­
tate; •  , 0.25 M  ammonium acetate, 1.2 X 10"3 M  zinc 
acetate.

Cations whose half-wave reduction potentials 
lie at more positive values than the first electro­
capillary maximum for solutions of ammonium 
acetate in acetic acid give irregular and dis­
torted electrocapillary curves. Such cations are 
designated as Class II cations and include Cu++, 
Fe+++, Pb++++ and Hg++. The behavior of 
cations of this class is illustrated in Fig. 3 with 
electrocapillary and current-voltage curves for 
Cu++. Class II cations cannot be determined 
polarographically in acetic acid even after their 
solutions are thoroughly degassed.

Fig. 3.—Electrocapillary and current-potential curves 
for the system ammonium acetate-copper acetate-acetic 
acid, 0.2 M  ammonium acetate, 1.2 X 10”3 M  copper 
acetate; # , electrocapillary curve; O, current-potential 
curve.

An examination of Fig. 3 reveals that between 
— 0.2 and —0.6 volt the surface tension remains 
practically constant.6 In this region then there 
is no change in the degree of polarization and 
hence no change in the surface potential of the 
electrode. This is a result of the fact that the 
electrons flowing into the mercury drop from the 
external source are being neutralized by the re­
duction process. As the discontinuity potential 
is approached, however, the interfacial tension 
and the surface potential change very rapidly. 
Copper ions no longer reach the electrode in 
sufficient numbers to neutralize the flow of ex­
ternally impressed electrons. Finally, the elec­
trocapillary maximum is reached and passed, the 
mechanism of reduction changes radically as 
evidenced by the abrupt decrease in the current, 
and the electrocapillary curve becomes normal 
as the interfacial tension begins to parallel its 
decline in the absence of Cu++ ions.

Two important theories to account for maxima 
in current-voltage curves have been proposed. 
The first of these is that of Heyrovsky,6 who at­
tempted to explain them on the basis of the ad­
sorption of the reducible substance on the grow­
ing drop. Ilkovic7 also considers maxima as being 
caused by the adsorption of reducible substances 
on the mercury drop, but differs concerning the 
force responsible for it. The Heyrovsky and 
Ilkovic interpretations of maxima meet with much 
the same difficulties in attempting to explain the 
electrolysis of salts in acetic acid. In the first 
place, they do not take into account the change 
in sign of the drop charge at the maximum of the 
electrocapillary curve, and hence they do not ex­
plain the difference in the behavior of such ions 
as Cu++ and Zn++. In the second place, it is 
difficult to understand, on the basis of this theory, 
the abrupt decline in the current which takes place 
in the reduction of Class II ions. Finally, it is 
probable that the thickness of the adsorption 
layer is insufficient to account for the manifold 
increase in adsorption required to produce the 
currents observed.8

A more recent theory of maxima has been put 
forward by Antweiler.9 This theory is based on 
the observation that there is a vigorous stirring 
action around the mercury drop at potentials

(6 ) A similar phenomenon has been observed in aqueous solutions. 
Cf. H eyrovsky, “Actualités scientifiques et industrielles,” N o. 90, 
Hermann et Cie., Paris, 1934 .

(7) Ilkovic, Coll. Czech. Chem. Commun., 8, 13 (1936).
(8 ) Antweiler, Z. Elektrochem., 44, 831 (1938).
(9) Antweiler, ibid., 44, 663 (1938).
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below that of the electrocapillary maximum, but 
that the stirring ceases and a well-defined diffu­
sion layer forms at the potential of the maximum.10 
Streaming around the drop destroys the diffusion 
layer responsible for the concentration polariza­
tion and results in the carrying of many more 
ions to the drop than would otherwise reach it. 
The stirring action is electro-osmotic in nature 
and is caused by a tangential potential gradient 
which arises from a difference in current density 
between the top and bottom of the drop. The 
difference in current density is explained by 
Antweiler as being caused by a preferential ad­
sorption of ions on the under side of the drop. 
The glass of the electrode partially shields the 
top of the drop and thus lengthens the path 
which the ions must travel in diffusing from the 
solution to the drop surface. Hence, the rate 
at which the ions are adsorbed is greater at the 
bottom than at the top of the drop.

The above reasoning accounts for the great in­
crease in the current preceding the maximum but 
does not explain the sudden fall of the current 
beyond the maximum. To understand this it is 
necessary to consider the role of the supporting 
electrolyte. Taking as an example the electroly­
sis of Cu++ ions in the presence of Na+ ions, it is 
clear that the N a4" ions will wander to the cathode 
along with the Cu++ ions but that they will not 
be discharged, because of their higher reduction 
potential. The concentration of the Na+ ions 
builds up, especially on the under side of the drop, 
with the result that the tangential potential is 
augmented still further and the streaming be­
comes still more rapid. This is accompanied by 
a rapid rise in the current. Eventually, however, 
the concentration of Na+ ions becomes so high 
that the Cu++ ions are effectively screened out. 
When this occurs the current declines, the stream­
ing ceases and normal concentration polarization 
sets in.

With certain additions and limitations this 
picture of current-voltage maxima can be carried 
over quite satisfactorily to reduction phenomena 
in acetic acid. In the electrolysis of Class II 
cations a maximum in the current-voltage curve 
is to be expected as a result of the streaming 
effect described above. The stirring brings to the 
drop an ever-increasing number of reducible cat­
ions. The current therefore rises more rapidly 
than would be expected on the basis of normal

(10) Antweiler, Z . E lec tro ch e m 44, 719 (1938).

diffusion. Two different processes now interrupt 
this rapid increase in the current. (1) The con­
centration of the supporting cations surrounding 
the drop may become so high that the ions being 
reduced are screened out. In this event reduction 
practically ceases, the current decreases, stream­
ing stops, and a normal diffusion process of re­
duction is all that remains. (2) The maximum 
of the electrocapillary curve may be reached. 
If this occurs the charge on the drop surface be­
comes nil, and as a result the streaming ceases, the 
current drops abruptly, and once more a normal 
diffusion current is all that remains. It is evi­
dent that the second process is the one which ap­
plies to Class II cations. Our investigations indi­
cate that the electrocapillary maximum always 
coincides with the potential of the discontinuity, 
even though the electrocapillary maximum may 
be shifted to more negative potentials as a result 
of the reduction process.

The addition of surface active substances would 
be expected to influence the nature of current- 
voltage curves to a considerable degree. All such 
substances are preferentially adsorbed on the 
mercury drop. They thus interfere with the ad­
sorption of ions from the solution and prevent the 
establishment of a very high potential gradient. 
The result is that a more nearly normal diffusion 
process accompanied by less vigorous stirring is 
attained. Similar results would be expected with 
materials which raise the viscosity of the solution 
sufficiently to make streaming difficult. In Fig. 
4 will be seen the effect of gelatin (saturated solu­
tion) on the reduction of copper in acetic acid. 
On the left there is a partially completed copper

Fig. 4.-^-Current-potential curves in 0.25 molar sodium 
acetate solution in acetic acid containing gelatin: O, 10“ 2 
molar copper acetate; i , 2 X  10“ 2 molar copper acetate.
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wave. This wave is almost normal, although the 
failure to level off at the top indicates that some 
streaming is occurring. Eventually the curve 
becomes discontinuous at the potential of the 
electrocapillary maximum.

Fig. 5.—The effect of shifting the electrocapillary maxi­
mum on the current-potential curves in 0.25 molar am­
monium acetate solutions in acetic acid: O, 1.14 X 10~3 M  
benzil in presence of I~; ®, 2 X 10“ 4 M  Bi+++ in the 
presence of N 03“ .

On the negative side of the electrocapillary 
maximum the mercury drop is surrounded by 
adsorbed cations. The concentration of the ad­
sorbed particles will again be greater at the bottom 
than at the top of the drop. In water solutions 
this results in a potential gradient and a stream­
ing of the electrolyte. As before, a rapid rise 
in the current takes place as the reduction of the 
next ion begins. This is interrupted only when 
the concentration of the supporting ions becomes 
so great around the mercury drop that the ions 
being reduced are screened out. From this point 
on, the process follows the pattern previously dis­
cussed (Process 1 for ions of Class I). In acetic 
acid no maxima are observed on the negative side 
of the electrocapillary maximum. This arises 
from the fact that the electrocapillary curve in 
acetic acid is practically flat over the whole volt­
age range here studied. It was mentioned before 
that the adsorption of neutral molecules depresses 
and flattens electrocapillary curves. In this case 
neutral acetic acid molecules are probably ad­
sorbed on the negative. side of the maximum in 
sufficient concentration to prevent an appreciable 
adsorption of ions from the solution. Hence the 
established potential gradient is small, the stirring 
is negligible and maxima do not occur. The fail­
ure of surface active substances, which are often 
effective in reducing maxima in water solution, to 
function satisfactorily in acetic acid may be ex­

plained in the same way. These substances only 
tend to cause a broadening of the electrocapillary 
maximum such as is commonly observed in acetic 
acid without the addition of other substances. 
They, therefore, add nothing and detract nothing 
from the processes already occurring.

The addition of an ion which shifts the position 
of the electrocapillary maximum to more negative 
potentials causes the current-voltage curves for 
certain cations and other substances belonging to 
Class I to revert to Class II. Thus iodide ion 
causes the normal curves for bismuth ion and for 
benzil to become discontinuous (Fig. 5). These 
substances have half-wave reduction potentials 
which lie just beyond the electrocapillary maxi­
mum on the negative side. In the case of bis­
muth ions even nitrate ions, which are less power­
ful than iodide ions in shifting the maximum, can 
cause a discontinuity to appear.

In aqueous solutions most maxima are rounded 
in appearance although discontinuous maxima are 
also observed, especially in solutions of low ionic 
concentration. Usually discontinuous maxima 
can be made continuous by the addition of 
strongly adsorbed substances or by increasing the 
ionic concentration. Rayman11 obtained discon­
tinuous maxima for oxygen in 0.001 N  potassium 
chloride solution. These became rounded humps 
when various dyes were added. Similarly, Dill- 
inger12 added barium chloride to make the dis­
continuous maxima of dilute mercurous cyanide 
solutions continuous. The discontinuous maxima 
in acetic acid are probably a result of the high re­
sistances brought about by the low ionic concen­
trations possible in a medium of such low dielec­
tric constant. The addition off water permits 
greater ionization and lower resistance and re­
sults in the occurrence of normal rounded maxima. 
The greater the concentration of the supporting 
ion, the less water is needed to effect this trans­
formation.

The removal of all traces of oxygen is a sine qua 
non for the obtaining of satisfactory current- 
voltage curves in acetic acid. Even with relatively 
concentrated solutions of zinc salts the zinc wave 
is so small that it is completely obscured by the 
oxygen normally dissolved in the solution. Since 
there is ordinarily no discontinuity in the oxygen 
curve it is evident that it is reduced at potentials 
more negative than the electrocapillary maximum

(11) B. R ay m an , Coll. Czech. Chem. Commun., 3, 314 (1931).
(12) D illinger, ibid., 1, 638 (1929).
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and hence belongs to the substances of Class I. 
However, it is thrown into Class II by the addition 
of small amounts of iodide ion (Fig. 6). Its reduc­
tion potential in acetic acid is therefore not far 
from that of bismuth ions.

Conclusions
1. The relationship which exists between the 

electrocapillary maximum of the medium and the 
half-wave potential of a reducible substance deter­
mines to a considerable degree the nature of the 
current-voltage curves of the substance in acetic 
acid and probably also in other solvents.

2. Class I substances, which are reduced at 
potentials more negative than the electrocapil­
lary maximum, exhibit normal electrocapillary 
curves. They also give normal S-shaped current- 
voltage curves (after thorough degassing) and 
can be determined polarographically in the usual 
fashion. Class II substances, which are reduced 
at potentials more positive than the electrocapil­
lary maximum, exhibit distorted electrocapillary 
curves. They also give discontinuous maxima in 
their current-voltage curves and cannot be deter­
mined polarographically.

3. Maxima in acetic acid can be explained 
satisfactorily on the basis of a streaming of the 
electrolyte around the mercury drop of the type 
observed by Antweiler for aqueous solutions. 
The decline in current following the maximum is 
caused by a screening out of the reducible ions 
by the supporting ions, or by the neutralization of 
charge on the drop occurring at the electrocapil­
lary maximum, whichever occurs first.

4. Ions (like iodide) which shift the position 
of the electrocapillary maximum to more nega­
tive potentials cause certain reducible substances 
(like oxygen, bismuth ion and benzil) to change 
from Class I to Class II. Such substances have 
half-wave reduction potentials close to and on the 
negative side of the electrocapillary maximum.

5. Things which act to decrease the amount of 
adsorption of ions on the drop or the amount of 
streaming around the drop decrease the heights of 
the maxima. The addition of high molecular 
weight substances (like gelatin) which increase 
the viscosity, and the addition of capillary active 
substances (like methyl red) which decrease the 
adsorption of small ions by being adsorbed them­
selves both tend to decrease maxima heights. 
None of these substances is as effective in 
acetic acid solutions as in water because acetic

0 -0 .4  -0 .8  -1 .2  -1 .6
Potential.

Fig. 6.—Current-potential curves for oxygen in acetic 
acid solutions: Q, 0.25 molar ammonium acetate; # ,
0.25 molar ammonium acetate to which a small crystal 
of KI was added; O, the latter solution after degassing 
for one hour.

acid molecules are themselves adsorbed fairly 
strongly.

Apparatus and Materials
The electrocapillary curves were determined by the 

drop weight method.13 An electrolysis cell constructed 
in such a way as to make it possible to catch the drops 
falling from the dropping mercury cathode was attached 
to a Fisher Elecdropode identical with the one employed 
in our previous work. The dropping electrode was also 
identical with the one previously described. The capillary 
used had a value for of 1.1 mg.2/ 3 sec.-1/ 2. After
thoroughly degassing the solution to be studied, 50 drops 
of mercury were collected at each of a number of succes­
sively increased potentials. The mercury was then 
washed, dried and weighed. Since the surface tension is 
directly proportional to the drop weight, it is only neces­
sary to plot this latter quantity against the potential to 
obtain curves which are strictly analogous to true electro­
capillary curves and which do not differ from them in 
any detail of form or shape. The potentials plotted were 
corrected for the IR  drop of the solutions. This correc­
tion is large in the case of acetic acid solutions.

The acetic acid was the“ 99.5%” acid of the J. T. Baker 
Chemical Company and was employed without further 
purification. The salts were all c. p . grade and were care­
fully dried at 110° before use. The organic materials 
were Eastman Kodak Co. grade, and were recrystallized 
once before use. Degassing was accomplished as before 
with purified natural gas.

Summary
A study of the electrocapillary curves of mer­

cury in acetic acid solutions of various salts reveals 
some important differences from similar curves 
in aqueous solutions. With the aid of such curves 
it has been possible to explain the current-poten­
tial curves of various cations and other reducible 
substances in acetic acid.
L a f a y e t t e , I n d ia n a  R e c e i v e d  A p r i l  9, 1942

(13) H eyrovsky  and  D illinger, Coll. Czech. Chem. C o m m u n 2, 
626 (1030).
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[Contribution from the M allinckrodt Chemical Laboratory of Harvard U niversity]

Polarographic Investigation of Rhenium Compounds. II. Oxidation of — 1 Rhenium 
at the Dropping Electrode and the Potential of the Re^-Re^1 Couple

By J ames J. L ingane

The reduction of perrhenate ion at the dropping 
mercury electrode has been discussed in a previous 
paper from this Laboratory,1 in which evidence 
was presented that the — 1 oxidation state of rhe­
nium is produced at this electrode under certain 
conditions. The existence of — 1 rhenium was dis­
covered quite recently by Lundell and Knowles,2 
who obtained it by the reduction of perrhenate 
ion by amalgamated zinc in cold dilute sulfuric 
acid solutions from which air had been carefully 
excluded. The experiments of Lundell and 
Knowles were later confirmed by Tomicek and 
Tomicek.3 Since the existence of Re"1 is of in-

(1) J . J . L ingane, T h is  J o u r n a l , 64, 1001 (1942).
(2) G. E. F . L undell an d  H- B. Know les, J . Research N a t . Bur. 

Standards , 18, 629 (1937).
(3) O. Toraièek an d  F . Toraièek, ColL Czech. Chem . Commun  

11, 626 (1939).

terest from several points of view, and since very 
little is known about the potentials of the lower 
oxidation states of rhenium compounds, it seemed 
worth while to investigate the oxidation of solu­
tions of — 1 rhenium at the dropping electrode by 
the polarographic technique. This study has 
furnished some interesting information concerning 
the course of the oxidation of reduced rhenium 
solutions, and in particular it has supplied data 
which lead to a fairly accurate estimate of the po­
tential of the R e^ -R e-*1 couple in dilute sulfuric 
and perchloric acid solutions.

Experimental
Solutions of —1 rhenium were prepared by reducing 

perrhenate ion with amalgamated zinc in dilute sulfuric 
acid or perchloric acid. Lundell and Knowles2 have shown 
that successful production of Re-1 requires the complete 
absence of oxygen and ice-cold solutions. In the present 
study it was necessary to work with moderately small 
volumes of quite dilute solutions since only a small quantity 
of potassium perrhenate was available, and it was also de­
sired to perform the reductions in an initially dry reductor 
so that the concentrations of the solutions would remain 
unchanged. After numerous trials it was finally found that 
these conditions were fulfilled most satisfactorily by the 
reductor shown in Fig. 1.

Vacuum technique was employed to free the reductor 
and solutions from dissolved air, and the reductions were 
performed in an atmosphere of nitrogen that had been 
purified by passage over copper gauze at 500°. The re­
ductor proper consisted of the double walled bulb B, the 
inner bulb of which (125 cc.) was about two-thirds filled 
with very pure 20-mesh amalgamated zinc. Previous to 
use the reductor was washed out with dilute sulfuric acid, 
water, and acetone, and was dried by evacuating to a 
pressure below 2 mm. for a few minutes. Pure nitrogen 
was then admitted. The potassium perrhenate solution 
to be reduced, contained in the 100-cc. reservoir bulb A, 
was freed from dissolved air by evacuating rapidly until 
boiling just began and then admitting nitrogen. This was 
repeated two or three times to ensure complete removal of 
air. Care was taken to minimize evaporation of water 
from the solution by evacuating very rapidly and main­
taining vacuum for only a few seconds. The solution 
was then run into the reductor, which had previously been 
chilled to below 5° by passage of ice-water through the 
outer jacket. The volume of solution was such (50 cc.) 
that it covered the amalgamated zinc to a depth of less 
than a centimeter, and thus intimate contact was obtained 
between the two phases. Finally the reduced solution was 
run into the polarographic cell from the capillary delivery 
tube under an atmosphere of nitrogen, and with the cell
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in an ice- and water-bath at 0°. The reductor was then 
withdrawn and the capillary of the dropping electrode 
inserted through the same hole in the stopper, which was 
oversize to act as an exit for the nitrogen. The polarogram 
of the reduced solution was taken without delay, and, 
unless otherwise specified, at 0°.

The H-type polarographic cell that was used was similar 
to that previously described.4 A medium porosity sintered 
glass disk (2-cm. diameter) was sealed into the cross tube 
as close as possible to the right-hand compartment, and 
this was backed with a plug of 4% agar gel containing 0.2 
M  sodium sulfate. This arrangement provides a good low 
resistance electrolytic contact between the two halves 
of the cell and at the same time effectively prevents stream­
ing of one solution into the other. A mercury-mercurous 
sulfate electrode in the left-hand compartment, with 1 N  
sulfuric acid as electrolyte, was used as the working refer­
ence electrode of the cell. The potential of this electrode 
was measured at frequent intervals against a saturated 
calomel electrode, and all potential data are referred to the 
latter electrode as a standard.

The dropping electrode was of the same type described 
by Lingane and Laitinen,4 and the rate of flow of mercury 
(m) was determined by means of the volumetric instru­
ment described elsewhere.5 I t was found, as the average 
of a number of experiments, that the ratio of the rate of 
mercury flow at 25° to that at 0° was 1.075 in 2 N  sulfuric 
acid. This corresponds to an average temperature co­
efficient for m of +0.0030 deg.-1 between 0° and 25°. 
In most experiments the value of m was determined at 25° 
and divided by 1.075 to obtain its value at 0°.

Polarograms were recorded according to the usual tech­
nique6 with a Sargent-Heyrovsky polarograph.

Standard solutions of potassium perrhenate (0.002 to 
0.003 M) were prepared directly by weight from a pure 
sample of the salt (obtained from A. D. Mackay Co., New 
York) which had been dried at 110°.

Results and Discussion
In order to establish the fact that quantitative 

formation of —1 rhenium was actually obtained 
under the reduction conditions that were em­
ployed, several of the reduced solutions were ti­
trated with a standard ceric sulfate solution. In 
preliminary experiments samples of the reduced 
solutions from the reductor were delivered under 
the surface of an excess of ferric sulfate solution 
in dilute sulfuric or perchloric acid, and the solu­
tion was then titrated with a standard ceric sul­
fate solution using d-phenanthroline ferrous sul­
fate (“Ferroin”) as indicator. This procedure 
yielded unsatisfactory results because the rate of 
reaction of ceric ion with the reduced solution was 
surprisingly slow, even when the solutions were 
warmed to 40-50° prior to titration. These ob~

(4) J . J . L ingane and  H . A. L a itinen , In d . Eng. Chem., A na l. Ed., 
11, 504 (1939).

(5) J . J . L ingane, ibid., 14, 655 (1942).
(6) I. M . K olthoff and  J . J . L ingane, “ P olarography/*  Interscience 

Publishers, Inc ., N ew  Y ork, N . Y ., 1941.

servations confirm the results of Geilmann and 
Wrigge,7 who found that the oxidation of solutions 
of + 3  and + 4  rhenium by permanganate, di­
chromate and ceric ions is quite slow under cer­
tain conditions, particularly when substances, 
such as chloride ion, which form stable complexes 
with + 4  rhenium are present. The following 
procedure was finally adopted and it led to correct 
results. The reduced solutions were run directly 
from the reductor into an excess of standard ceric 
sulfate solution under an atmosphere of nitrogen, 
and, after standing for at least fifteen minutes 
under nitrogen, the excess ceric ion was titrated 
back with a standard ferrous ammonium sulfate 
solution from a microburet, using Ferroin as in­
dicator. Removal of air from the collecting ceric 
sulfate solution was found to be essential, and, 
when it was not done, low and erratic results were 
obtained, indicating that the rate of reaction of 
dissolved oxygen with the reduced rhenium com­
pounds is more rapid than that of ceric ion with 
these compounds.

In order to determine the volume of the re­
duced solution taken for analysis, the collecting 
flask (Erlenmeyer flask with drawn out neck) was 
calibrated for total volume, and at the end of a ti­
tration the volume of water required to fill to the 
mark was measured. This volume was added to 
the known volumes of ceric solution and ferrous 
solution used, and the sum was subtracted from 
the total volume of the flask. The volume of the 
sample of reduced solution was known with an 
accuracy of =*= 0.1 cc. The results are sum­
marized in Table I.

T a b l e  I
O x i d a t i o n  S t a t e  o f  R e d u c e d  R h e n i u m  S o l u t i o n s  

Solutions of potassium perrhenate in 2.0 N  sulfuric acid
reduced for 10 
near 5°.

min. under nitrogen at a temperature

K R e 0 4
M illim olar

Vol. 
reduced 
soln., cc.

0.01 N  
Ce(S04)2, cc.

E q u iv . CeIV 
p e r m ole to ta l  

rh en iu m

0.105 37.6 3.26 8.3
.209 33.3 5.28 7.6
.418 36.4 12.1 8.0
.836 35.2 23.0 7.8

Av. 7.9

These results, which confirm the conclusions 
of Lundell and Knowles2 and those of Tomicek and 
Tomicek,3 show that, within the limits of the ex­
perimental error, 8 equivalents of ceric ion were 
required to oxidize the reduced solutions up to

(7) W . G eilm atm  and  F . W. W rigge, Z . anorg. allgem. Chem., 222, 
56 (1935).



2184 J a m e s  J. L in g a n e Vol. (>4

perrhenate ion. Hence there is no doubt that the 
solutions reduced under the present conditions con­
tain all of the rhenium in the — 1 oxidation state. 
No definite statement can yet be made concern­
ing the actual ionic or molecular state of the — 1 
rhenium in these solutions, but since the chemis­
try of rhenium is similar in a number of respects 
to that of the halogens, it seems reasonable to as­
sume that hydrorhenic acid is a strong acid and 
that the —1 rhenium is present as rhenide ion, 
Re~

A typical polarogram of a reduced rhenium 
solution in dilute sulfuric acid at 0° is shown by 
curve 1 in Fig. 2. In accordance with the usual 
conventions a negative sign is used to indicate 
anodic current (electroöxidation), and the sign 
prefixed to the potential of the dropping electrode, 
.Ed.e., signifies the polarity of this electrode with 
respect to the saturated calomel electrode.

E d . e .  vs. S. C. E., volts.
Fig. 2.—Curve 1: Polarogram of a 2.09 X 10"4 M  

solution of —1 rhenium in 2.0 N  sulfuric acid at 0°. 
Curve 2: Polarogram obtained (at 0°) after partial 
oxidation by warming to 50 ° for sixty-five minutes in ab­
sence of oxygen.

It is seen that the polarogram (curve 1) con­
sists of three distinct anodic waves, with half­
wave potentials of —0.54, —0.3 and —0.05 v. vs. 
the S. C. E., which for the sake of convenient dis­
cussion will be referred to as a-, fi-, and 7-waves, 
respectively. These waves correspond to oxi­
dation of rhenide ion to successively higher oxida­
tion states. The abrupt increase in cathodic 
current at about —0.9 v. results from the dis­
charge of hydrogen ion, and the final increase in 
anodic current beginning at about +0.35 v. is 
caused by the oxidation of the mercury of the 
dropping electrode to mercurous ion. A fourth 
increase in anodic current, which at first glance

appears to be the beginning of a fourth stage in the 
oxidation of the — 1 rhenium, is also observable at 
+0.25 v. (5 in Fig. 2), and this is followed by an 
abrupt decrease in current just prior to the final 
anodic dissolution current of the mercury. Ac­
tually, data discussed below disprove the hypothe­
sis that this 5-wave is the beginning of a fourth 
stage in the oxidation. Since mercurous per­
rhenate is only slightly soluble, we also consid­
ered the possibility that the 5-wave might be 
caused by the depolarization of the dropping 
electrode by perrhenate ion (formed in the pre­
ceding stage of the oxidation) according to the 
equation 2Hg +  2Re04~" — Hg2(Re04)2(s) +  2e. 
However, this possibility was excluded by polaro- 
grams of solutions of potassium perrhenate itself 
in 1.8 N  sulfuric acid which showed no indication 
of such a wave.

The abrupt decrease in current immediately 
preceding the anodic dissolution current of the 
mercury has been observed on the anodic waves 
of other substances, notably hydroquinone,6,8 and 
it appears to be a rather general phenomenon in 
which the inception of the oxidation of the mer­
cury itself inhibits the oxidation of other sub­
stances at the dropping electrode.

The significance of curve 2 in Fig. 2 is discussed 
in a following section.

A polarogram of a reduced rhenium solution in 
dilute perchloric acid is shown in Fig. 3. It pos­
sesses the same general features as the polaro-

Fig. 3.—Polarogram of a 2.09 X 10“ 4 M  solution of “ 1 
rhenium in 1.2 N  perchloric acid at 0°.

(8) O. H . M ülle r an d  J . P . B aum berger, Trans. Am. Electrochem.
Soc., 71, 169, 181 (1937).
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T a b l e  I I

D i f f u s i o n  C u r r e n t  D a t a  f o r  R e d u c e d  R h e n i u m  S o l u t io n s

Polarograms were recorded at 0°, and the diffusion currents have been corrected for the residual current and for the 
change of drop time—and hence current—with the potential of the dropping electrode. The a -, (3-, and y -  diffusion 
currents were measured at ca. —0.45, —0.15, and +0.2 v., respectively, vs. the S. C. E. wa/*/lA = 2.26 mg.2A sec.-1/ 2 
at 0° at —0.6 v. The values of id/C  refer to the total, rather than separate, diffusion currents.

R e -1, /------------------- i d / C ,  m icroam p./m ole/1.------------------ - ,--------------------------------R atio----- ------------------------- ->
millimolar 7  fi" /S' a  7  8" /S' a

(a) In 1.0 N  H2SO4; reduced for 30-60 min.
0.151 14.4 11.5

.302 15.4 12.7

.604 13.6 10.8— —
Av. 14.5 11.7

(b) In 2.0 N  H2SO4;
0.105 16.2 12.8

.209 17.0 13.3

.836 14.9 11.6

Av. 16.0 12.6

(c) In 1.2 N  HCIO4 ;
0.209 15.3 11.4 7.7

.418 15.3 11.7 7.8

gram in dilute sulfuric acid, with the marked ex­
ception that instead of a single fi-wave the two 
separate waves indicated in Fig. 3 by fi' and fi" 
are obtained. The sum of these two waves is 
equal to that of the single fi-wave in dilute sulfuric 
acid. The separate fi'-wave is one-half the height 
of the separate /3"-wave, or one-third the height 
of the a-wave (see Table II), and hence the elec­
tron change in the reaction responsible for the 
jft'-wave must be one-third that for the a-wave. 
This point is important in the interpretation of 
the oxidation states to which the waves pertain 
(vide infra). There is some indication on the 
original polarograms that the fi-wave in sulfuric 
acid medium is also composite in nature, but the 
two parts of the wave are not clearly separated 
as they are in perchloric acid medium.

A summary of diffusion current data for various 
concentrations of the reduced rhenium solutions 
in dilute sulfuric and perchloric acids at 0° is 
given in Table II.

The diffusion currents have been corrected for 
the residual current of the acid solution alone in 
each case. Since the diffusion current depends 
directly on the sixth root of the drop time,6’9 and 
since the latter changes considerably over the 
potential range involved in the present measure­
ments, a correction for this effect was also made. 
The requisite data for this correction were ob­
tained by measuring the electrocapillary curve of

(9) I. M . K olthoff and  E . F . O rlem ann, T h is  J o ur n a l , 63, 2085 
(1941).

6.0 1.25 1 0.52
6.7 1.21 1 .53
5.6 1.26 1 .52

6.1 1.24 1 0.52
reduced for 10 min.

6.7 1.27 1 0.52
6.9 1.28 1 .52
5.5 1.29 1 .47

6.4 1.28 1 0.50
reduced for 5-10 min.
5.9 1.34 1 0.68 0.52
6.0 1.31 1 .67 .51

mercury (drop time vs. A d .e.) in 1.8 N  sulfuric acid
at 0°. Values of (t/tmaJL) l/‘ obtained in this way
at +*0.2, —0.15 and —0.45 v. were 0.966, 0.992
and 1.00, respectively, and the maximum in the 
electrocapillary curve was at —0.58 v. The 
measured diffusion currents were referred to the 
value of the drop time at the electrocapillary maxi­
mum, £max.> by dividing* by the appropriate value 
of ( t / tmax.y /e.

From the data in Table II it is evident that the 
diffusion currents of all the anodic waves are di­
rectly proportional to the concentration of — 1 
rhenium, and hence are diffusion controlled. Since 
the values of i j  C are essentially the same in di­
lute sulfuric and perchloric acids, it is clear that 
corresponding waves pertain to the same oxidation 
states in the two media. Although the precision 
of the data in Table II leaves something to be de­
sired, there is no systematic trend in the values 
of id/C  with concentration. It is believed that 
the variations observable in the values of id/C  
were caused by unequal amounts of evaporation of 
water from the solutions during the evacuation 
prior to reduction, in spite of the precautions that 
were taken to minimize this effect. Similar varia­
tions, probably due to the same cause, are notice­
able in the data in Table I.

For the present purpose the ratio of the diffu­
sion currents of the various waves is of more im­
portance than their absolute values, and it is seen 
that the values of the ratios in the last columns of 
Table II are satisfactorily concordant. The rela­
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tive heights of the anodic waves (i. e., the ratios in 
Table II) are determined by the oxidation states 
to which the — 1 rhenium is oxidized as each limit­
ing current is attained. When a polarographic 
limiting current is diffusion controlled the ratio 
i j C is expressible by the Ilkovic equation6’10

id/C — knDl/2m2/atl/s (1)

In this equation, i j  C is the diffusion current con­
stant (microamperes per millimole per liter), n 
is the number of electron equivalents per molar 
unit of the electrode reaction, D  is the diffusion 
coefficient (cm.2 sec.-1) of the substance that is 
being reduced or oxidized, m is the rate of mer­
cury flow from the dropping electrode (mg. sec.-1), 
t is the drop time (sec.), and k is a constant whose 
numerical value is 605 at 25° and 603 at 0°. Un­
fortunately this equation cannot be applied di­
rectly in the present case to determine the n~ 
values of each of the anodic waves, because noth­
ing is known about the diffusion coefficient of 
rhenide ion under the conditions of the present 
experiments. However, since the rhenium in 
these reduced solutions is present entirely in the 
— 1 state, it will be evident that each of the diffu­
sion currents results from the oxidation of the — 1 
rhenium from the same concentration to succes­
sively higher oxidation states, and therefore each 
is controlled by the rate of diffusion of the rhenide 
ion. Consequently the ratio of the total diffusion 
currents is the same as the ratio of the n-values 
of the various waves, and this ratio must be ex­
pressible as a ratio of simple integers. Further­
more, the maximum possible value of n is 8, for 
complete oxidation of rhenide ion to perrhenate 
ion.

It is immediately evident from the data in Table 
II, and the polarograms in Figs. 2 and 3, that the 
^-value for the a-wave is equal to that for the in­
dividual /5-wave in dilute sulfuric acid, or equal 
to the combined n-values of the /5'- and /5"-waves 
in dilute perchloric acid. Furthermore, since the 
individual 7-wave is smaller than the individual 
a- or 13-waves, the latter must each correspond to 
at least a 2-electron oxidation, but the sum of the 
a- and /5-waves cannot correspond to more than a
6-electron change without exceeding the maxi­
mum possible n-value of 8 for the total combined 
diffusion currents. Hence the only patterns of 
n-values that need be considered are 8/6/3 and 
5/4/2 . The 8 /6/3  pattern requires a ratio of

(10) D. Ilkovic, Coll. Czech. Chem. Gommun., 6, 498 (1934); J .
chim . phys*, 35, 129 (1938).

1.33/1/0.5, and the 5/4/2  pattern a ratio of 
1.25/1/0.5, for the cumulative heights of the 7-, 
/5- (or /5' +  /3"), and a-waves. The average ob­
served value of the ratio in dilute sulfuric acid is 
1.26/1/0.51, whereas in dilute perchloric acid, with 
the /5-wave resolved into its component /5' and 
/5" parts, the observed ratio is 1.33/1/0.68/0.52. 
From Figs. 2 and 3 it is seen that the 7-diffusion 
current increases appreciably with increasing 
positive potential, even when proper allowance is 
made for the residual current and the effect of 
changing drop time with changing potential. 
Consequently, values for the ratio of the 7- to the 
/5-diffusion current ranging from 1.25 to 1.33 can 
be obtained depending on the potential at which 
the 7-diffusion current is measured. The key to 
the correct pattern of w-values is found in the 
resolution of the /5-wave into its component /5' and 
/5" parts in dilute perchloric acid, and the fact that 
the individual /5'-wave is only half the height of 
the individual /5"-wave, or one-third the height 
of the a-wave. It seems reasonable to conclude 
that the correct pattern of ^-values is 8/6/4/3. 
Hence the a-wave corresponds to oxidation of the 
— 1 rhenium to the + 2  state, the /Ö'-wave to the 
+ 3  state, the /5;,-wave to the + 5  state, and the
7-wave to complete oxidation to the + 7  state 
(Re04~).

In order to test the foregoing conclusion an 
amperometric titration11 of a reduced rhenium 
solution with a standard solution of ammonium 
hexanitratocerate was carried out, with the result 
shown in Fig. 4. In this experiment a completely 
rediiced rhenium solution was titrated with an 
air-free 0.01 N  (NH4)2Ce(N03)6 solution at 0°, 
and individual polarograms were recorded five to 
ten minutes after each addition of the ceric solu­
tion. Curve 1 in Fig. 4 is a polarogram of 35.0 
cc. of the original reduced solution, and the 
other curves were recorded after successive addi­
tions of 3.00-cc. increments of the 0.01 N  ceric 
solution, corresponding to the addition of 0, 2.0,
4.1, 6.2, 8.2, and 10.3 equivalents of oxidant for 
curves 1 to 6, respectively. It is seen that the 
anodic current, measured at a potential of +0.2  
v. corresponding to the 7-diffusion current, de­
creased to zero after the addition of somewhat 
less than 8.2 equivalents of oxidant. The cath­
odic diffusion current obtained with larger 
amounts of the oxidant (curve 6) results from the

(11) See Ref. 6 for a discussion of the principles of amperometric
titrations.



Sept., 1942 P olarographic I nvestigation  of R h en iu m  C ompounds 2187

reduction of the excess ceric ion to the cerous 
state. This experiment constitutes conclusive 
proof that the correct pattern of ^-values is 
8/6/4/3, and that the —1 rhenium is completely 
oxidized to perrhenate ion at potentials at which 
the 7-diffusion current is attained.

It should be pointed out that the slow reaction 
of ceric ion with the reduced rhenium compounds 
should not seriously influence the validity of the 
conclusions that are drawn from this type of am­
perometric titration. Consider, for example, an 
extreme case in which the reaction between the 
oxidant and reductant is so very slow that it ac­
tually only proceeds to a slight extent during the 
time of a titration. At any point in the titration 
relatively large amounts of unreacted oxidant and 
reductant will then be present, and the net cur­
rent will be the resultant of a cathodic current of 
the oxidant and an anodic current of the reduc­
tant, provided, as in the present case, that the 
measurements are made at a potential where both 
diffusion currents are separately attained with 
pure solutions of the oxidant and reductant. If 
the diffusion coefficients of the oxidant and reduc­
tant are equal, the net current will decrease to 
zero (corrected for the residual current) after an 
equivalent amount of oxidant has been added, 
just as if the reaction had been rapid and com­
plete. This unique characteristic of amperomet­
ric oxidation-reduction titrations should permit 
their application to a number of reactions which 
cannot be followed by other methods that require 
the establishment of equilibrium conditions 
throughout the titration.

T a b l e  III
H a l f -w a v e  P o t e n t ia l s  o f  R e d u c e d  R h e n iu m  S o l u t io n s

The half-wave potentials were measured at 0°, and are 
referred to the saturated calomel electrode at room tem­
perature.

R e - i
M illi-
molar j

E i/ 2, v s . th e  S. C. E .f
fi0 fi'

V .

a
(a) In 1.0 N  H2SO4

0.151 - 0 . 1 0 -0 .3 4 -0.547
.302 .10 ,34 .546
.604 .09 .33 .545

(b) In 2.0 N  H2SO4
0.105 —0.07 -0 .3 3 -0 .524

.209 .06 .34 .540

.836 .04 .34 .536
(c) In 1.2 iVHC104

0.209 +0.03 -0 .2 6  -0 .4 2 -0 .542
.418 .03 .26 .42 .527

Av. -0 .538  -  7

Fig. 4.—Amperometric titration of —1 rhenium with 
ceric ion: 35.0 cc. of a 4.18 X 10“ 4 M  solution of R e - 1  in 
1.2 N  perchloric acid at 0° plus: (1) none, (2) 3.0 cc. (2.0
equiv.), (3) 6.0 cc. (4.1 equiv.), (4) 9.0 cc. (6.2 equiv.), (5) 
12.0 cc. (8.2 equiv.), and (6) 15.0 cc. (10.3 equiv.) of 0.01 
N  ( N H 4)2C e ( N 0 3)6.

Data concerning the half-wave potentials of the 
reduced rhenium solutions are presented in 
Table III. The values pertaining to the sulfuric 
acid solutions in the fi'"-column refer to the single 
fi-wave in these media, and it will be noted that 
these values are about midway between the half­
wave potentials of the separate fir- and fi"-waves 
in the 1.2 N  perchloric acid solution. It will also 
be noted that the half-wave potential of the 7- 
wave is about 0.1 v. more positive in perchloric 
acid medium than in sulfuric acid solutions. It is 
evident that the half-wave potentials of all the 
waves are constant in a given medium and inde­
pendent of the concentration of rhenium.

From the slopes of the fi- and 7-waves it seems 
clear that the corresponding reactions do not pro­
ceed with thermodynamic reversibility at the 
dropping electrode. However, the slope of the 
a-wave indicates that the oxidation of Re-*1 to 
Re+2 does approach reversibility. If this is ac­
tually the case, then the equation of the anodic 
a-wave should be6

£ d.e. = £ 1/1 (2)

where i  is the anodic current at any point on the 
wave and id is the anodic diffusion current. The 
half-wave potential should be given by

E y t  =  -  g r  In ( t r (3)

where E%2y is the reversible standard potential 
for the reaction written in the direction Re+2 +■ 
3e =  Re""1, and D2 and Di are, respectively, the 
diffusion coefficients of the Re+2 and R e”*1. Ac­
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tually the second term in Eq. 3 is of very minor 
importance, and hence jEi/2 should be practically 
equal to E+2,_.1- From Eq. 2 the following rela­
tion should apply to the difference between the 
potentials at the one-fourth and three-fourths 
points on the «-wave at 0°, provided that the reac­
tion proceeds reversibly

E*u ~  F i/4 = log 9 -  0.017 v. (4)

From measurements of several polarograms in 
both dilute sulfuric and perchloric acids, the aver­
aged observed difference between E 3/4 and E i/a 
was found to be 0.030 ±  3 v . It appears, there­
fore, that the oxidation of Re""1 to Re+2 does not 
occur with perfect thermodynamic reversibility. 
On the other hand, the observed slope of the «- 
wave is sufficiently close to the theoretical value 
to indicate that the degree of irreversibility cannot 
be very great. This is also evident from the 
character of the composite cathodic-anodic «- 
wave in partially oxidized solutions (curve 2 in 
Fig. 2), which displays a smooth transition from 
anodic to cathodic current without any pro­
nounced inflection at the zero current point. 
Hence it seems safe to conclude that the reversible 
potential of the Re+2 — Re-1 couple must be 
very nearly equal to the half-wave potential of 
the «-wave, namely, —0.54 v. vs. the S. C. E., or 
slightly more negative. Rhenide ion is thus a 
considerably stronger reducing agent than titan­
ous ion, and is about equal to chromous ion in this 
respect.

In this connection it should be mentioned that 
Lundell and Knowles2 performed a potentiometric 
titration of a solution of — 1 rhenium in 1.8 N  sul­
furic acid with a standard permanganate solu­
tion, using a platinum indicator electrode. The 
titration curve they obtained showed only two 
points of inflection, the first after the addition of 
2 equivalents of oxidant and the second after the 
addition of 8 equivalents. However, it is the 
author’s experience from several such titrations 
with different oxidants that constant potential 
is established quite slowly, if at all, and since 
Lundell and Knowles apparently titrated rapidly 
the significance of the potential break after the 
addition of two equivalents of oxidant is doubtful 
and may well be fortuitous. It should be noted 
that a platinum indicator electrode cannot be 
expected to . indicate the correct potential in a 
strongly acid solution of — 1 rhenium, because the 
potential of the Re+2~Re""1 couple is consider­

ably more negative than the discharge potential 
of hydrogen ion on a platinum surface. Conse­
quently, Re-1 will reduce hydrogen ion at the 
surface of a platinum electrode, the measured 
potential will lie between the hydrogen potential 
and that of the Re+2-R e-1 couple, and its ac­
tual value will depend on the rate of oxidation of 
R e-1 by hydrogen ion. This effect is evident 
from the titration curve given by Lundell and 
Knowles, in which the potential of the platinum 
indicator electrode was about —0.4 v. vs. the 
saturated calomel electrode at a point midway to 
the first break, or more than 0.1 v. more positive 
than the potential observed in the present study. 
The above conclusion is also borne out by the 
fact that quantitative deposition of metallic 
rhenium, with no indication of the formation of 
Re-1, is obtained when strongly acid solutions of 
potassium perrhenate are reduced electrolytically 
at a platinum cathode under such conditions that 
hydrogen is simultaneously evolved.2,12,13

Lundell and Knowles2 discovered that solutions 
of —1 rhenium in 1.8 N  sulfuric acid were slowly 
oxidized, and acquired a straw-yellow color, when 
they were warmed to about 50° for thirty to sixty 
minutes in the absence of oxygen. They found 
that the partially oxidized solutions required 6 
equivalents of permanganate for oxidation to 
perrhenate ion, and they concluded that the 
rhenium had been oxidized to the + 1  state. 
These investigators passed pure carbon dioxide 
through the solutions during the warming process 
and discovered that the effluent gas contained a 
volatile sulfur compound which very likely was 
sulfur dioxide. Tomicek and Tomicek3 have re­
ported the evolution of hydrogen sulfide, as well 
as sulfur dioxide, from reduced rhenium solutions 
in sulfuric acid medium. It thus appears that 
sulfuric acid, or bisulfate ion, rather than hydro­
gen ion, is the oxidant responsible for the oxida­
tion of the — 1 rhenium under these conditions.

The experiments of Lundell and Knowles led to 
very concordant results and they leave no doubt 
that the average oxidation state of the rhenium in 
the warmed solutions was + 1 . However, a ti­
tration technique such as they employed does not 
prove that all of the rhenium in the partially oxi­
dized solutions is present in a single oxidation 
state, and their results can be interpreted equally 
well by assuming that the partially oxidized solu-

(12) C. G. F in k  and  P. Deren, Trans. A m . Electrochem. Soc., 66, 
471 (1934).

(13) O. Tom iéek and  F . Tom iëek, ibid., 76, 105 (1939).



Sept., 1942 P olarographic I nvestigation  of R h en iu m  C ompounds 2189

tions contained a mixture of two or more oxida­
tion states in proportions that would be equiva­
lent to an average oxidation state of +1. The 
polarograms obtained in the present study show 
no indication of a wave corresponding to the + 1  
state, which would lead one to expect that the 
+  1 rhenium is unstable in respect to dispropor­
tionation into higher and lower states. In order 
to obtain further information on this point the 
experiment represented by curve 2 in Fig. 2 was 
performed. After the polarogram of the original 
reduced solution was recorded (curve 1 in Fig. 2), 
the solution was heated to 50° under an atmos­
phere of nitrogen for sixty-five minutes (the con­
ditions employed by Lundell and Knowles) and it 
was then cooled back to 0° and curve 2 was re­
corded. The solution acquired the straw-yellow 
color reported by Lundell and Knowles. One 
marked effect of the warming process was the 
production of a new cathodic wave, designated by 
e in Fig. 2. This wave increased to an abnormally 
great extent when the polarogram was recorded at 
25° instead of 0°, which is fairly good evidence 
that it is catalytic in nature and similar to the 
catalytic waves described in a previous paper.1 
It will be noted that the 7 -wave in curve 2 has be­
come quite extended, and inspection of the origi­
nal polarogram shows that it is composite and 
consists of two parts. The diffusion currents 
(corrected for the residual current) of the partially 
oxidized solution are compared with those of the 
original solution in Table IV.

T able IV
Comparison of Original D iffusion Currents with 
Those of Solution Partially Oxidized by Warming

id, m icroam p.
7 fi a.

Curve 1, Fig. 2. 3.55 2.73 1.42
Curve 2, Fig. 2 2.63 1.70 0.93‘

Decrease, microamp. 0.92 1.03 0.49
a Anodic part of the a-wave. The cathodic part is 

equal to 0.50 microamp.

I t is seen that the a-wave became approxi­
mately one-third cathodic and two-thirds anodic 
after warming, which indicates that two-thirds of 
the rhenium was still present as the Re-1 and the 
remainder in a higher oxidation state or states. 
The sum of the heights of the cathodic and anodic 
portions of the a-wave (0.50 +  0.93 — 1.43 micro­
amp.) is the same as the height of the original 
anodic a-wave.

The cumulative 7 -diffusion current at +0.2 v.

decreased by 0.92 microamp., which is 0.92/3.55 
= 0.26, or one-fourth of its original value within 
the limit of accuracy of the measurements. As­
suming for the sake of simplicity that the average 
diffusion coefficient of the rhenium compounds in 
the mixed oxidation states in the partially oxi­
dized solution is the same as that of Re-1, we con­
clude that the one-fourth decrease in the original
8-electron 7 -diffusion current corresponds to a 2- 
electron oxidation. Hence the average oxidation 
state of the rhenium in the partially oxidized solu­
tion was + 1 ; a value in agreement with the re­
sults that Lundell and Knowles obtained by di­
rect oxidimetric titration.

From the data in Table IV it is seen that the 
individual height of the 7 -wave of the partially 
oxidized solution (2.63 — 1.70 = 0.93 microamp.) 
is the same, within the limits of the experimental 
error, with that of the original solution (3.55 —
2.73 = 0.82 microamp.). On the other hand, the 
individual height of the /5-wave decreased by 
about one-third from 1.31 microamp. (2.73 — 1.42) 
to 0.77 microamp. (1.70 — 0.93), and this decrease 
of 0.54 microamp. is equal to the cathodic portion 
of the a-wave. Since the height of the 7 -wave, 
which corresponds to the oxidation of Re+5 to 
ReCh™, remained constant, it appears that none 
of the rhenium was present in an oxidation state 
higher than +5. The fact that the individual 
height of the /5-wave, which results from the oxi­
dation of Re+2 to Re45, decreased to about two- 
thirds of its original value indicates that part of 
the rhenium was present in an oxidation state 
greater than +2, because if only Re™1 and Re.+2 
had been present the height of the /5-wave should 
not have differed markedly from its original value. 
It seems reasonable to conclude from these data 
that the partially oxidized solution still contained 
about two-thirds Re™1, with the remainder of the 
rhenium present as Re+3, Re+4 or Re+5, or a mix­
ture of these three. A more specific statement of 
the composition of such solutions must await the 
acquisition of more extensive data, which we ex­
pect from experiments now in progress in this 
Laboratory.

The existence of — 1 rhenium raises an interest­
ing question in regard to its electronic configura­
tion. In the rhenium atom itself the first four 
quantum levels are completely filled, and the con­
figuration of the outer fifth and sixth levels is 
5s25pQ5d56s2. Hence the addition of an electron 
to produce — 1 rhenium could lead to either of the
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configurations, (A) 5s25^65d66s2, or (B) 5s25£66s2- 
6p 6. It is a significant and generally accepted 
fact that the negative oxidation states of all other 
elements involve the formation of stable s2p G 
octets, and on this basis one is inclined to assign 
configuration B to Re-1. This configuration, 
which requires the promotion of all of the original 
5d electrons to the 6p orbital, would be in accord 
with the marked instability and strong reducing 
character of Re""1.

Summary
A zinc reductor is described in which reduction 

can be performed conveniently at a controlled 
temperature and in the absence of oxygen. The 
fact that — 1 rhenium is produced when ice-cold 
and air-free solutions of perrhenate ion in dilute 
sulfuric and perchloric acids are reduced with 
zinc has been confirmed by oxidimetric titration 
of the reduced solutions.

Polarograms of solutions of — 1 rhenium in 1 to 
2 N  sulfuric acid at 0° display three anodic waves, 
whose half-wave potentials are (a) —0.54 v., 
(/3) —0.34 v., and (7) —0.07 v. vs. the saturated 
calomel electrode. A similar polarogram is ob­
tained in 1 iV perchloric acid with the following 
exceptions: (a) the /3-wave is resolved into two 
separate waves, 0' and /3", whose half-wave poten­
tials are —0.42 and —0.26 v., and (b) the half­

wave potential of the 7-wave is about 0.1 v. more 
positive than in sulfuric acid medium. Diffusion 
current data show that corresponding waves in the 
two media pertain to the same oxidation states 
and in both media the diffusion currents are di­
rectly proportional to the concentration of — 1 
rhenium. From the ratio of the heights of the 
various waves it is concluded that the a-wave 
results from the oxidation of — 1 rhenium to the 
+ 2  state, the /T-wave to the + 3  state, the (3"~ 
wave to the + 5  state and the 7-wave to complete 
oxidation to the + 7  state (ReCh- ). This conclu­
sion has been confirmed by amperometric titra­
tion of the reduced solutions with ceric ion. Evi­
dence is presented which indicates that the re­
versible potential of the reaction Re+2 +  3 e =  
Re-1 is equal to, or slightly more negative than, 
—0.54 v. vs. the saturated calomel electrode in 
dilute sulfuric or perchloric acid medium at 0°.

Partially oxidized solutions, obtained by warm­
ing dilute sulfuric acid solutions of — 1 rhenium to 
about 50° for an hour in the absence of oxygen, 
show an average oxidation state of + 1 . However, 
the polarogram of such a solution indicates that 
the rhenium is not actually present in the + 1  
state, but as a mixture of Re”1 and higher states 
in proportions that are equivalent to an average 
oxidation state of + 1 .
C a m b r id g e , M a s s a c h u s e t t s  R e c e i v e d  J u n e  15, 1942

[C o n t r i b u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m i s t r y , U n i v e r s i t y  o f  M i s s o u r i ]

The Accommodation Coefficient of Mercury on Platinum and the Heat of Vaporization
of Mercury

B y L loyd B. T homas and F rancois G. Olmer

Introduction
We have been interested in applying the Pirani 

type pressure gage as a means of determining 
small total pressures of pure gases and as a means 
of following quantitatively the progress of gas 
reactions at low pressure. Such an application 
to mixtures in which some gaseous compounds 
are consumed and others produced requires an 
accurate knowledge of the free molecule heat con­
ductivity of each gas from the surface of the 
specified filament material. This actual heat 
conductivity is conveniently expressed in terms 
of the calculated free molecule heat conductivity 
and the accommodation coefficient. Since there is 
available only an admittedly rough estimate of

the accommodation coefficient of mercury1 on 
platinum and since, in this case, pressures are es­
tablished in equilibrium with liquid mercury and 
the measurements apparently lead to a precise 
method of determining the heat of vaporization 
which should be generally applicable, we are sub­
mitting this work under separate title.

Experimental
A diagram of the tube used is shown in Fig. 1. The fila­

ment consists of 31.5 cm. of 0.004 inch c. p . platinum wire 
(Bishop Company) hung in a loop from tungsten leads in 
a Pyrex tube 3.0 cm. in diameter. At a distance of 4.5 cm. 
from the ends of the filament, potential leads of 0.001 inch 
c. P. platinum wire of 3.0 cm. length are welded on the

(1) W. B. M ann , Proc. Roy. Soc. (L ondon), A146, 786 (1934).
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main filament and these are led out through two more 
tungsten seals. At the bottom of the loop a third 0.001 
inch platinum wire was attached and this was anchored 
to the bottom of the tube. This latter was found necessary 
to eliminate vibration and to prevent the filament being 
pulled to the glass by electrostatic forces.

A diagram of the electrical circuits is shown in Fig. 2. 
The temperature coefficient of resistance of the filament 
was determined with the tube immersed in an oil-bath at 
temperatures from 0 to 150°. The resistance of the fila­
ment at any temperature is given by f?t = Ro(l +  
0.00390550 where Rq is the resistance at 0°, t is the centi­
grade temperature of the filament, and 0.0039055 is the 
temperature coefficient. To operate the apparatus, the 
resistance between the potential leads at the desired fila­
ment temperature was calculated by the preceding equa­
tion and this value was set to the nearest 0.1 ohm on Re­
current in the filament was then adjusted by means of R3 
(two dial boxes in parallel) until the fall in potential over 
the filament and R2 became equal. The current in the 
circuit and the temperature of the filament were then es­
tablished accurately by measuring the potential drop 
across Rj, a N. B. S. type 10 ohm standard resistor with 
potential contacts. Upon addition of gas the tempera­
ture of the filament was again adjusted to the original value 
by decreasing R3 and the measurements for determining 
the new power loss were taken for the new condition.

The experimental tube was connected through a “U” 
tube and mercury cut-off to a high vacuum system employ­
ing the usual condensation pump, mercury cut-offs, Mc­
Leod gage, etc. No stopcocks were in the high vacuum 
line. The mercury vapor pressure was controlled by ad­
justing the temperature of a droplet of mercury in the “U” 
tube by means of a Dewar partially filled with water. 
When necessary this temperature was held constant 
and the bath .stirred by passing air cooled in ice-water

into thé Dewar at the proper rate to counter the heat 
leak. The tube itself was immersed in a therm ostat con­
taining kerosene held at 30°, about 5° above room tem ­
perature.

Measurements and Treatment of Data.—
The power loss from the filament is measured 
for a series of mercury vapor pressures from 0 to 
15 X 10“4 mm. The filament current is increased 
with each increase of mercury vapor pressure to 
bring the temperature of the filament to its origi­
nal value in order to keep the radiation losses 
constant. The power losses are plotted against 
the vapor pressures of mercury at the various 
control bath temperatures according to the values 
given in the “International Critical T ab les/’ Vol.
III. These vapor pressures are corrected for the 
thermal transpiration pressure according to the 
formula P t =  P n \ /  T t/T u, in which P t and P u 
are the pressures of mercury in the experimental 
tube and in the “U” tube, respectively, and Tt 
and Tn are the corresponding absolute tempera­
tures. To check the applicability of the above 
formula measurements were made using a 2-mm. 
capillary as the left arm of the “U ” tube of Fig. 1, 
but no difference could be observed between these 
measurements and the ones using the uniform
9-mm. “U” tube shown in Fig. 1. The capillary 
was removed for the data reported here to facili­
tate thorough evacuation. The mean free path 
of the mercury atoms at the highest pressures 
used is at least three times the diameter of the 
tubes in which the temperature gradients occur, 
thus giving conditions under which the above 
ti anspiration formula holds.

A typical plot of power loss from the filament 
against corrected mercury vapor pressure (for a 
filament temperature of 224° in this case) is 
shown in Fig. 3. The points are seen to fall on a 
well defined straight line. To obtain such a line
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Fig. 3.

it was necessary to make measurements with the 
mercury cut-off which separates the system of 
Fig. 1 from the vacuum system closed. Runs 
made with the system open to the pumps showed 
a consistent behavior which we have been unable 
to explain. The observed behavior in such a case 
may be described with reference to Fig. 3. If the 
straight line is the best line which can be put 
through the points, the points lie regularly on an 
arc below the line from 0 to 6 X 10~4 mm., cross 
over at 6 X 10 ~4 and form an arc above the line 
from 6 X 10~4 to about 10 X 10“4, and then 
cross back below the line and appear to lie on a 
third arc. The deviation of the arcs at the mid­
points from the line is of the order of two to three 
times the radius of the circles of Fig. 3. Each of 
the four curves taken in this manner has the 
same form.

The slope of the curves as shown in Fig. 3 is the 
actual energy lost from the filament surface pel 
second by gas conduction per unit of mercury 
vapor pressure. This, of course, may be reduced 
to the power lost per square centimeter of fila­
ment surface, per degree temperature difference 
between the wall and filament per bar of mercury 
pressure. This quantity will be designated by 
“A0bs.-” The theoretical heat conduction, desig­
nated as “Acalcdy  from a square centimeter of sur­
face per second per degree per bar, assuming com­
plete temperature equilibrium of the rebounding 
molecules with the surface, has been calculated 
from kinetic theory to varying degrees of refine­
ment. We have used the expression2: Acalcd = 
VaC-y +  l)C vP '/(2 ir R r ) l/i in which r  is the 
ratio of specific heats, Cv the specific heat at con­
stant volume, P' the pressure, T' the temperature 
of the gas concerned. In this case with mercury

(2) K en n ard , “ K ine tic  T heo ry  of G ases,” M cG raw -H ill Book 
C o,, In c ., New York, N . Y., 1938.

Tf is practically the same as the temperature of 
the wall since the mean path of mercury atoms is 
of the order of the radius of the tube at the highest 
pressures used, and the ratio of area of wall to 
area of filament is of the order of 150. We have 
used the values y  =  1.67, Cv =  3/ 2 R, R =  8.316 
X 107/200.6 ergs/deg. X gram. The accommo­
dation coefficient is the ratio of AobsyAcaicd.. The 
values which we have obtained for the accom­
modation coefficient of mercury are tabulated be­
low. For completeness under the title of this 
paper and to throw evidence on a point discussed 
below we have included a set of accommodation 
coefficients measured with a tube, designated Tube 
II, in which filament lead losses have been elim­
inated.3

T ube  I T ube  II
AT4 a AT* a

36.6 0.967 36.3 0.969
114 .910 112 .905
194 .840 199 .844

202 .828
275 .757

These values of a are plotted against the corre­
sponding values of AT in Fig. 4. The curve has 
two notable features, namely: the limiting ac­
commodation coefficient as AT approaches zero is 
very close to unity assuming the extrapolation to 
be valid; and the accommodation coefficient falls 
off in approximately linear fashion as AT in­
creases. This is the only case which we have 
seen of a. simple molecule for which an accommo­
dation coefficient of unity is reported. A high 
accommodation coefficient is generally associated 
with a long time of contact of the molecules with 
the surface or, i. e.f strong adsorption tendencies.

(3) D escrip tion ,o f T ube  II  to  be published  curren tly .
(4) A T  is th e  tem p era tu re  difference betw een th e  filam ent and 

wall, th e  la t te r  being 30°.
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Keesom and Schmidt5 have investigated the ac­
commodation coefficients of several gases on 
glass and have drawn the conclusion that below 
the critical temperature the heat conduction in a 
rarified gas becomes independent of the surfaces 
and the accommodation coefficient becomes unity. 
From this point of view it is not surprising that the 
value for mercury is unity since its critical tem­
perature is above 1500°. It is commonly as­
sumed that the accommodation coefficient is inde­
pendent of the temperature difference, AT, of the 
filament and the impinging gas molecules.6 This 
seems to be tacitly assumed at least in defining the 
accommodation coefficient in which no restriction 
is made that AT approach zero for the determina­
tion of its value. In view then of the fact that a 
value of unity is obtained for the coefficient as 
AT —» 0 and that, according to Keesom and 
Schmidt’s generalization, it should remain unity 
to high filament temperature, we are inclined to 
doubt that the accommodation coefficient is in­
dependent of the AT at which it is measured. It 
would be quite improbable that the wall tempera­
ture, 30°, chosen in this work happened to be the 
unique temperature at which the accommodation 
coefficient of mercury on platinum begins to di­
gress from unity. We suspect that the fall in ac­
commodation coefficient is due primarily to an 
increasing AT rather than an increasing filament 
temperature. The work of Mann1 and Mann and 
Newell7 on platinum filaments points toward the 
possibility of another cause of the observed be­
havior. Their filament surfaces have been freed 
from contamination, presumably, by heating to 
high temperature and accommodation coefficient 
measurements have been taken as soon as possible 
after lowering the temperature. The initial values 
obtained in this way are much lower than those ob­
tained before heating the wire, and the values rise 
with time and approach the original value. This 
behavior is attributed to the cleaning and sub­
sequent contamination of the surface with adsorbed 
gas. The behavior observed in the present work 
could be due to the decreasing extent of adsorption 
at higher temperature of some gas present in the 
system—water vapor for example or mercury it­
self—and hence a changing surface upon which the 
accommodation coefficient is measured. However,

(5) Keesom  and  Schm idt, Physica, 3, 590 and  1085 (1936); 4,
828 (1937).

(6) vSee for exam ple J . K . R oberts, Proc. Roy. Soc. (London), 
A 129, 146, 147 (1930).

(7) M ann  and  Newell, ibid., 158, 401 (1937).

all such effects, if present, must have been rapidly 
reversible as no inconsistencies or erratic behavior 
commonly associated with filament surfaces of 
varying degree of cleanness were evident. In our 
work the tube was frequently baked out thor­
oughly at 400°, the tubing of the vacuum system 
heated with a large brush name, and the filament 
temperature raised to 800° during the course of the 
experiments.

Some points concerning the accuracy of the 
measurements should be considered. The diam­
eter of the filament was checked by two methods— 
comparing the observed resistance at 0° and length 
of the filament with the resistivity of platinum 
(60.0 ohms per mil. foot), and comparing the 
mass of a portion of the filament material of known 
length with the density. Both methods agree 
with the specified diameter to well within one per 
cent The filament shows some striation and 
general roughness under the microscope. No 
attempt was made to determine the extent of in­
crease in area (above that calculated) due to 
roughness, but it should be mentioned in this con­
nection that the accommodation coefficients of 
hydrogen and helium on the same filament mate­
rial are 0.23 and 0.17, respectively, and the emis- 
sivity from this filament material is approximately 
20% greater than that given for bright platinum 
in the “International Critical Tables” over the 
temperature range 300 to 700°K. The tempera­
ture of the filament as measured in this work is a 
mean value between the potential leads. The 
resistance of platinum has a very nea ly linear 
dependence on temperature and the heat con­
ducted to the wall by the gas has a similar depend­
ence on the temperature of the filament. The 
temperature distribution over the portion of the 
filament between the potential leads is far from 
constant in vacuum, and this distribution will be 
modified with addition of gas giving rise to con­
cealed changes in power loss not due to gas con­
duction itself but due to changes in the tempera­
ture gradients in the filament at the leads and in 
the potential leads themselves and due to changes 
in the radiation loss, which is proportional to the 
temperature to the fourth power, over the new 
temperature distribution. It is believed that the 
errors from this source are negligibly small in these 
measurements on mercury for the following rea­
sons: first, the slope of the power loss vs. pressure 
curves is constant both with mercury and with 
permanent gases up to pressures corresponding to
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many times the gas heat conduction attained in 
these experiments on mercury vapor; second, 
values of the accommodation coefficient obtained 
in a tube constructed to eliminate end losses, and 
hence having constant filament temperature over 
the entire length, agree with those obtained with 
this tube; third, the approximate calculations of 
the temperature distributions with and without 
gas show that the above suspected uncertainties 
would be very small for mercury. Concerning the 
accuracy of the electrical measurements it should 
be said that all voltages were read to the limit of 
the L. and N. Type K-2 potentiometer using a
L. & N. galvanometer of 0.005 fx a. sensitivity and 
33-ohm resistance. The 10-ohm resistor is guar­
anteed to a tolerance of 0.01%, and the standard 
cell was checked against cells recently certified by 
the Bureau of Standards. The resistance of the 
filament was adjusted for each measurement in a 
set to within 0.0005 ohm of the chosen value and 
the value of R0 for the filament was checked from 
time to time. The power loss by gas conduction 
varied from 11% of the total with the filament at 
66° to 3.3% with the filament at 225°.

Measurement of the Heat of Vaporization of 
Mercury at 10°.—A great many sets of values 
for the vapor pressure of mercury are in the litera­
ture. If we use sets of vapor pressure data differ­
ing from that of the “International Critical 
Tables,” different slopes for the curves of the type 
plotted in Fig. 3, and hence different values for the 
accommodation coefficient will be obtained. The 
vapor pressure and accommodation coefficient are 
mutually indeterminate by the method of this 
paper, but the measurements allow a determina­
tion of the heat of vaporization of mercury which 
of course has its bearing on any set of vapor pres­
sure data through the equation

d In p _  AHv 
d r "  R T 2

By subtracting the power loss in vacuum, JFvac, 
from that at each temperature of the vapor pres­
sure control bath, W T, one obtains numbers which 
are proportional to the pressure of mercury vapor 
P t in the experimental tube at the temperature of 
the thermostat bath, 30°. One has then WT — 
IFvac. =  ATFV. The assumption can then be made 
that AJFr =  kPT which is justified by the experi­
mental fact that it is found to be true with per­
manent gases for which the pressure can be meas­
ured directly with the McLeod gage To deter­
mine the heat of vaporization one is interested in

the pressure of mercury vapor in contact with the 
liquid mercury in the “U” tube and this is less than 
P T by a thermal transpiration correction factor as 
mentioned earlier. Designating the equilibrium 
vapor pressure in the “U” tube by P t (eq.) one 
may write

A W t  =  i P r  (eq.)

In AWT +  lA In (T /303) *  In k +  In PT (eq.)
In AWt (cor.) = In k +  In P T (eq.) 

d In P t (eq.) d In AWt (cor.) _  AH
d T ~  dT R T2 01

d logio AWt (cor.) _  _  AH_
d l / T  R X  2.303

The values of logio AW T (cor.) for five sets of data 
were plotted against l / T  and the slopes of these 
curves multiplied by R  logio e (4.575 cal./deg.) 
give — ALTvap. for mercury. The points lie in 
regular fashion and seem to show a slight curva­
ture in the proper direction to give smaller values 
of A/rvap. at the higher temperatures. We have 
taken the slopes of the best lines we could put 
through the points over the temperature range
0-20°, and our results give the heat of vaporiza­
tion at approximately 10°. The results of five 
runs from both Tube I and Tube II are. tabulated 
below.

Tm.t °c. T ube AHvap.

66 I 14898
144 I 14897
224 I 14923
232 II 14951
315 II 14930

The mean deviation from the average is 0.12%. 
We have not made a critical study of the measure­
ments of others on this AL/vap value, but we can 
say that our value, 14920 calories, is not outside 
the probable limits for the correct value.

This method seems to us to offer attractive 
possibilities as a means of determining heats of 
vaporization or sublimation of compounds over 
temperature ranges such that the vapor pressure 
varies from 10“5 up to 10~2 mm. If desired, the 
thermostat could be operated at any temperature 
and the filament can be operated from a few de­
grees above this up to as high as desired as long as 
it does not cause decomposition of the compounds 
investigated. We hope to test the method on 
some organic compounds of convenient volatility.

Summary
The accommodation coefficient of mercury on
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platinum has been measured at low mercury pres­
sures. It has been found to approach unity as the 
temperature difference between the filament and 
wall approaches zero and to fall off about 0.08 for 
each 100° of this temperature difference. The 
data obtained in the measurements allow a calcu­

lation of the heat of vaporization of mercury. It 
is suggested that the method might be developed 
into a precise and convenient one of wide appli­
cability for determining heats of vaporization and 
sublimation.
C o l u m b ia , M i s s o u r i  R e c e iv e d  J u n e  25, 1942

[C o n t r ib u t io n  f r o m  P h y s ic a l  C h e m is t r y  L a b o r a t o r y , D e p a r t m e n t  o f  C h e m is t r y  a n d  C h e m ic a l  E n g i n e e r i n g ,
C a s e  S c h o o l  o f  A p p l i e d  S c ie n c e  ]

Equation of State for Gases at High Pressures Involving Only Critical Constants
By Samuel H. Maron and David Turnbull

Several years ago F. G. Keyes,1 starting with an 
equation of state involving P V  as a linear func­
tion of pressure, deduced generalized equations for 
polar and non-polar gases at low pressures. More 
recently the authors,2 using the principle of corre­
sponding states, presented a method for estimat­
ing the B eattie-Bridgeman constants of any gas 
from those of a reference gas. The only supple­
mentary data required were the critical pressures 
and temperatures of a gas and of the reference, 
for which nitrogen was taken. The success thus 
attained suggested that the pressure range over 
which calculations could be made could be ex­
tended appreciably provided an equation of state 
were available covering a wider range of pressures 
than that of Beattie-Bridgeman. Consequently 
an empirical equation of state for nitrogen was 
deduced, covering the temperature range of —70 
to 600°, and for pressures up to 1000 atmospheres.3 
The purpose of this paper is to show how this 
equation for nitrogen may be extended to other 
gases, and to present evidence for the validity 
of such an extension.

Derivation of Equation of State
The nitrogen compressibility data within the 

temperature and pressure ranges specified are 
represented with good reproducibility by the 
equation,3

P V  =  R T  +  a lP  +  o4P2 +  a£P3 + a[P* (1) 
where the virial coefficients a[, a's, ai are 
functions of the temperature only, and are given by

on ~ <h +  ~  +  y & (2)
ƒ 1̂ , , 3̂ /0\<*2 J>2 ' 4* W

(1) Keyes, T h i s  J o u r n a l , 60, 1761 (1938).
(2) Maron and Turnbull, I n d .  E n g .  C h e m ., 33, 408 (1941)*
(3) Maron and Turnbull, T h i s  J o u r n a l , 64, 44 (1942)*

I I 2̂ . Cz /a \OiS ' 4̂ ' 2̂6
/ __ d i , d 2 j do

O i ê  r p 2  ' 2 ^ 4  I™ 2 ^6

ah a2, . . ., b i ,  b 2 j . . etc., are constants inde­
pendent of temperature and pressure. From (1) 
the expression for the compressibility coefficient, 
Zy of nitrogen follows as

_  P V  _  , a j p  ol’iP *  a i P *  , a l P 4

R T  ^  R T  ^  R T  ^  R T  ^  R T

alPil  Rr , 
R T '  J T r ~ * ~

r a i w n  n  L R T i  J T t

aUPÓ)n PR 
T r

-i- r __+ L PT<[ r ‘]

r]
+

(6)

where the substitutions T =  T'cTr and P  =  P 'P r 
have been made for T and P . T'Q and P'c are the 
critical constants of nitrogen, while Tr and P r are 
the reduced temperature and pressure correspond­
ing to T  and P.

Now, the indications of various attempts at 
generalized correlation of compressibilities of 
gases4,5 are that Z  is, to a fairly close approxima­
tion, a function of Tr and P r only. If this state­
ment be accepted provisionally, then it must 
follow that at any given values of Tr and P r Z  
is the same for different gases, and hence the quan­
tities in brackets in equation (6) must have the 
same values for all gases obeying the principle of 
corresponding states. Applying this identity 
condition to the first quantity in brackets in (6), 
we obtain for the relation between the primed quan­
tities for nitrogen and the unprimed quantities 
for any other gas

ociP0 a iP i
t9 ~~~tT

(4) Dodge, I n d .  E n g .  C h e m ., 24, 1353 (1932).
(5) Lewis, ib id . ,  28, 257 (1936)*
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Substituting now T =  T'cTr for T  in (2), and 
inserting the result in (7), we find for ai

_  T\ ( VaiPn , ra2PÓ ~| ±  , f thPi ~| J_(ai “ Pc / L n  J  ̂L(r.')vJ rt  ̂L(ra*J rA
-  f: [»■+ f . + & ] <8>

where ft, ft and ft are constants given by the 
quantities in brackets involving the a1 s and the 
critical pressure and temperature for nitrogen.

By extending this procedure to the other as, 
it can readily be shown that

r0 j p.(U)H 1j + p 2(Pc')2'1 1 +«2 pc2 'i L (to* J Tx‘ L a o *.Jt ,«
r&3(U)r1JLL (t o 1 .J to

Iiv l

+̂ I01 + 06 I
TP J (9)

_ T° (pi(Pi)H 1
+ i

'ciiPOH1 1 +CX3 P p l L (to* J Tv 2 . (ri)* j |T‘r
psCTO3'1 1
L cn y .J To­

II 's-k+l_
1 + 09"

TVL1 r n

II
a 

o (r<h(P0l~[
1 L (TO* J

1
TV> + rd2(p w

L (Tc')6 . +
rds(P'rl J_L (to1 .J TO

II +°lNh 
l 

i + 012 ” 
TP_] (11)

If the above considerations are valid, equations 
(8), (9), (10), and (11) should give the a s  for any 
gas in terms of the constants for nitrogen as they 
appear in the fts, and the critical pressure and 
temperature of the gas in question. These as, 
then, when substituted in equation (1) for the 
a s  for nitrogen should permit a calculation of the 
compressibility of various gases from a knowledge 
of their critical constants and the fts for nitrogen. 
In other words, the equations for the a s  should 
give the virials of any gas whose P V  behavior as a 
function of P  is represented by equation (1).

Results and Discussion
Table I gives the fi values calculated from the 

constants of equations (2) to (5) as published,3 
and from the critical constants of nitrogen, Tcf =  
126.0°K. and P ' =  33.5 atmospheres. From 
these fts and the appropriate critical constants 
a ’s were determined for a number of gases at 
various reduced temperatures, and these, in turn, 
were employed with equation (1) to estimate the 
volumes of these gases at various temperatures 
and pressures. In line with Newton,6 the critical

(6) Newton, I n d .  E n g . C h e m 27, 302 (1935).

T a b l e  I
0 V a l u e s  fo r  E q u a t io n s  (8) to (12 )a

Pi = 1.01961 X 10~2
02 = -2.1420 X 10-2
03 = -3.2548 X 10-2
04 = 3.6991 X 10~3
05 = -4.3022 X 10“3
06 *» 1.8289 X 10-2

a These constants are for 
and T = (f°C. +  273.18)°]

p7 = -1.2516 X 10~4 
08 = 4.6408 X 10~4
& = -1.5573 X 10-3
010 = 1.7019 X 10"6
011 = -1.1221 X 10“5
012 = 3.2830 X 10“5

in liters, P  in atmospheres,

temperatures for hydrogen and helium were 
taken as Tc +  8, with the critical pressures as 
P c +  8, since these definitions for the critical 
constants were found necessary to generalize the 
thermodynamic behavior of these gases. The re­
sults thus obtained with nine gases are sum­
marized in Table II. Column 1 gives the tem­
perature in °C., column 2 the corresponding re­
duced temperature, while column 3 the maximum 
pressure to which the calculations were extended. 
Finally, columns 4 and 5 give, respectively, the 
maximum and average percentage deviation of 
the volumes calculated in this manner from the 
observed.

Before considering these results it should be 
pointed out that the equation for nitrogen, from 
which the more general equation presented here is 
derived, was set up from data which cover the re­
duced temperature interval 1.61-7 and up to 
Pr =  30. Therefore, in extending this equation 
through the principle of corresponding states to 
other gases, it is to be anticipated that the pro­
posed equation will be strictly applicable over the 
same reduced temperature and pressure interval. 
Actually it has been found that the equation may 
be extended to Tr values lower than 1.6 although 
in such extension the maximum and average de­
viations which appear are higher than within the 
specified interval.

The results in Table II indicate that within the 
range of equations, compressibilities of various 
gases can be calculated with a maximum devia­
tion no greater than about 4%, and an average 
deviation less than 2%, up to pressures of 1000 
atmospheres in many instances. The reason for 
not extending all calculations to this pressure is 
lack of data for comparison. However, in the 
case of helium, where data are available, the limi­
tation is the high reduced pressure, which is al­
ready 58.5 at 600 atmospheres. Any attempts to 
carry the calculations beyond this large Pr ex­
trapolation result in an appreciable decrease in 
concordance with observed data.
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T able II
Comparison of Calculated and Observed Volumes 

for Some Gases®
Max.
press., % Dev. % =*= Dev.

t, °c„ Tr atm. max. av.
Hydrogen— T0 -  41.28, P,„ = 20.8

-1 7 5 2.378 75 ■0.55 0.22

o o 4.195 100 0.10 .06
-  50 5.406 1000 2.00 .60

0 6.617 1000 2.10 .33
100 9.040 1000 2.55 .36
300 13.885 1000 1.30 .24
500 18.730 1000 2.43 .53

Methane—T0 =  190.68, P,b -  45.8
0 1.432 1000 7.12 3.60

25 1.563 1000 3.70 1.71
50 1.694 1000 2.89 1.21

100 1.957 1000 3.28 1.02
150 2.219 1000 3.14 1.32
200 2.481 1000 2.99 1.42

Helium— Tc =-  13.28, Pc -  10.26
-  70 15.299 600 1.84 0.70

0 20.570 600 2.12 0.88
200 35.631 600 2.64 1.46

Propane—T0 == 369.99, Pc -  42.01
225 1.346 104.2 4.83 2.17
250 1.414 266.06 3.13 1.53
275 1.481 303.03 1.90 0.79

Ethane—T c == 305.28, Pc, =  48.8
125 1.304 111.46 9.45 4.05
175 1.468 222.44 3.05 0.88
225 1.631 311.09 3.10 1.12
250 1.713 345.38 2.99 1.17
275 1.795 345.30 2.32 1.63
Carbon Dioxide--T c =  304.28, Pc = 73.0
137 1.348 225 4.85 2.01
198 1.548 1000 4.35 2.30
258 1.745 400 -2.91 1.18

Nitric Oxide— T0 =  179.18, P0 =  65
9 1.574 160 3.27 1.80
Ethylene—Tc =  282.88, T rc «  50.9

137.5 1.451 500 3.13 1.43
198.5 1.667 900 2.82 1.24

Oxygen—T 0 := 154.38, P (, -  49.7
0 1.77 1000 2.30 0.85

99.5 2.41 1000 1.10 0.41
199.5 3.06 900 2.10 1.14

Carbon Monoxide—Tc — 134. 18, P c = 35.0
-  70 1.51 800 4.4 1.75
-  50 1.66 1000 4.2 1.75
-  25 1.85 1000 2.9 1.18

0 2.04 1000 3.2 0.86
100 2.78 1000 1.0 .27
200 3.53 1000 1.1 .52

Sources of P - V - T  data: hydrogen—Otto and ]
born, Z. Physik, 33, 1 (1925); Bartlett, Cupples and 
Tremearae, T his Journal, 50, 1275 (1928); methane—

Kvalnes and Gaddy, ibid., 53, 394 (1931); helium—Wiebe, 
Gaddy and Heins, ibid., 53, 1721 (1931); propane— 
Beattie, Kay and Kaminsky, ibid., 59, 1589 (1937); 
ethane—Beattie, Hadlock and Poffenberger, J. Chem. 
Physics, 3, 93 (1935); carbon dioxide—Amagat, Ann. 
chim. phys., 29, 68 (1893); nitric oxide—Briner, Bieder- 
mann and Rother, Helv. chim. acta, 8, 923 (1925); ethylene 
—Amagat, Ann. chim. phys., 29, 68 (1893); oxygen—ibid.; 
carbon monoxide—Bartlett, Hetherington, Kvalnes and 
Tremearne, T h is  J o u r n a l , 52, 1374 (1930).

The results for hydrogen and helium indicate 
that the equation is suitable for extrapolation to 
values of T r  much higher than seven. In fact, 
the agreement for hydrogen at Tr =  18.7 and 
helium at T r  — 35.6 is not very much worse than 
at the lower TVs. On the other hand, the calcu­
lations do indicate that extrapolation to values 
of Tr lower than 1.6 cannot be made as freely. 
With some sacrifice in accuracy the equation may 
be applied to Tr values as low as 1.3, although in 
such cases it is found necessary to decrease the 
pressure range to be covered. All things consid­
ered, it does not seem advisable to recommend 
the equation for its full pressure range below T r  

= 1.55. At Tx — 1.3 the equation should be 
used only up to pressures of 100 atmospheres, 
with progressive increase in pressure range up to 
P r — 30 as Tr approaches 1.55. Above Tr — 1.55 
the equation seems to hold very well even at pres­
sures considerably higher than the reduced pres­
sure range for which the original nitrogen equa­
tion was deduced.

To show the superiority of the equation pro­
posed here over a simple equation of state such as 
van der Waals, Table III gives a comparison of 
P V ’s observed and calculated by means of the 
two equations. Throughout the equation pro­
posed here reproduces the observed compressi­
bility data with a much higher fidelity than does 
the van der Waals equation. Further, when ex­
tended to pressures beyond the upper limits given 
in the table the van der Waals equation gives de­
viations which are above 15% and which reach 
200-300% as the pressures approach 1000 atmos­
pheres, whereas the equation of this paper still 
reproduces the data within a few per cent. A 
further comparison of the present equation with 
those of van der Waals, Dieterici, and Berthelot 
with data on hydrogen and oxygen at 0°7 also 
shows that up to 1000 atmospheres our equation 
reproduces much more satisfactorily the data for 
these gases than do the other equations.

(7) M a ro n  a n d  T u rn b u l l ,  I n d .  E n g .  C h e m ., 34, 544 (1942 ).
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Pressure range Reduced P V  van der Waals P V  th is paper
Gas atm . temp., T t % Max. dev. % Av. dev. %  Max. dev. %  Av. dev.

Methane 30-300 1.694 7.67 3.66 2.14 0.96
Ethane 38.64-311.09 1.631 -  8.43 4.81 -3 .1 0 1.12
Propane 41.23-303.03 1.481 14.05 6.07 -1 .9 0 0.79
Ethylene 50-300 1.667 — 6.44 4.10 -1 .5 7 0.61
Carbon monoxide 25-200 1.663 -  7.16 4.54 -2 .5 7 0.90
Carbon dioxide 75-500 1.548 11.33 6.26 -3 .6 4 2.17
tt Above the upper limits of pressure indicated the van der Waals equation gives deviations which are 15% or higher, 

and which reach 200-300% at pressures approaching 1000 atmospheres.

From the equations given in this paper it is 
readily possible to derive a generalized equation 
for the compressibility coefficients of gases obey­
ing the principle of corresponding states. If the 
values of the a s  given by equations (8) to (11) be 
substituted into equation (1), and Z  solved for, the 
result is

This equation should reproduce the generalized 
compressibility coefficient curves deduced em­
pirically by various authors within the ranges 
specified. That it will do so is evidenced by the 
comparisons of calculated and observed volumes 
given in this paper.

Summary
1. Employing the principle of corresponding 

states, an equation of state for gases is deduced 
requiring only the critical temperature and pres­
sure of a gas.

2. The equation is shown to be applicable to 
pressures as high as 1000 atmospheres and reduced 
temperatures of Tr =  1.55 and above.

3. Below Tr =  1.55 the equation proposed is 
applicable down to Tv — 1.30 provided the pres­
sure interval covered is reduced to 100 atmos­
pheres at the lower temperature.

4. A comparison of the proposed equation 
with several other common equations of state 
shows the present equation to be superior to these.

5. A generalized equation for compressibility 
coefficients of gases is deduced.
C l e v e l a n d , O h io  R e c e iv e d  J u n e  11, 1942

[C o n t r i b u t io n  f r o m  t h e  M o r l e y  C h e m ic a l  L a b o r a t o r y , W e s t e r n  R e s e r v e  U n i v e r s i t y ]

System s with Boron Trifluoride1

B y  H arold  S immons B ooth and  D onald  R ay  M artin

The boron atom of boron trifluoride has been 
found to be an acceptor to form a large number of 
coordinate compounds. The number of donor 
atoms has been found so far to be quite small, 
being confined to the seven elements carbon, nitro­
gen, oxygen, fluorine, phosphorus, sulfur and 
argon.

One of the best procedures for the identification 
of these coordinate compounds is thermal analysis, 
particularly as applied to liquefied gases. The ob­
ject of the present investigation was to extend our 
knowledge of the coordinate compounds of boron

(1) From a part of a thesis subm itted by Donald Ray Martin to 
th e Graduate Faculty of Western Reserve University, May, 1941, 
in  partial fulfillment of the requirements for the degree of Doctor 
of Philosophy.

trifluoride and various gases by means of therma 
analysis.

Apparatus and Procedure
The apparatus shown in Fig. 1 is similar in 

principle and operation to that described in detail 
by Germann and Booth,2 save for the following 
features.

1. Boron trifluoride3 from the cylinder B was 
purified by fractional distillation in the fractionat­
ing column4 LH and stored in ampoule T2 sepa­
rated by the mercury cut-off MC to prevent con­
tamination from stopcock grease or from leakage.

(2) Germann and Booth, J .  P h y s .  C h e m ., 30, 369 (1926).
(3) Obtained through the kindness of the Harshaw Chemical 

Company.
(4) Booth and Bozarth, I n d .  E n g .  C h e m ., 9S9, 470 (1937).
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Fig. 1.—Apparatus.

2. In a corresponding fashion the right side 
of the apparatus contained the fractionating 
column AH for purifying the gases whose systems 
with boron trifluoride were to be studied.

3. The freezing points of the liquefied gas mix­
tures were determined by a triple junction copper- 
constantan thermocouple TC in a thin-walled 
glass well (3 mm. in diameter) immersed in the 
freezing point cell J and recorded on a special 
Leeds and Northrup Micromax recording poten­
tiometer yielding freezing point determinations 
accurate to ±0.25 degree (see Fig. 2).

4. The first appearance of crystals on cooling 
was established in two ways: by the appearance 
of points of light in the field when the cell was 
placed between crossed nicols A, P, mounted in a 
light-proof box, and by the inflection in the cooling 
curves recorded on the potentiometer.5

In the early part of this investigation, on the 
system methyl chloride-boron trifluoride, we en­
joyed the cooperation of Professor W. C. Ferne- 
lius of Ohio State University. In applying the 
procedure as described by Germann and Booth2 to 
this system, difficulties in obtaining reproducible 
results were encountered which led us to under­
take a study of the various sources of error in this 
method.

The following points presented themselves as 
factors which might in some way affect the ac­
curacy of the determination of freezing points; 
(1) rate of cooling, (2) chart rate in the recording 
potentiometer, (3) diameter of freezing point cell,
(4) immersion depth of thermocouple, and (5)

(5) Booth asad W il ls o n ,  T i i s  Journal, 57, 2273 (1935).

closeness of the thermocouple to the bottom of the 
freezing point cell.

Rate of Cooling.—By the use of a partially 
exhausted Dewar type container for the freezing 
point cell, it was possible to maintain a cooling 
rate of three to three and one-half degrees per 
minute. The moment when crystal formation 
started was detected by means of polarized light, 
using polarized disks as shown in Fig. 2.

Chart Rate in Recording Potentiometer.—
The recording potentiometer was found to give
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optimum results at a chart rate of eight inches 
per hour corresponding to 4° min.”1.

Diameter of Freezing Point Cell.—In this 
Laboratory it has been customary to build the 
freezing point cell of as small a diameter as pos­
sible, being just large enough to enable a glass 
spiral stirrer to operate smoothly between the 
inner wall of the freezing point cell and the outer 
wall of the glass thermocouple well. The small 
diameter freezing point cell was advantageous 
because it required less gas to give reliable freezing 
point data.

A study was made with two freezing point cells, 
one being 14 mm. outside diameter while the other 
was 19 mm. Provided the thermocouple was 
sufficiently immersed, reliable freezing point data 
could be obtained with either freezing point cell.

Immersion Depth of Thermocouple.—It has 
been reported that a sample depth of 7 cm. above 
the uppermost thermocouple junction is neces­
sary to obtain reliable freezing point data.4 
With the 14-mm. freezing point cell, an immersion 
depth of 3.2 cm. above the uppermost thermo­
couple junction was necessary while the 19-mm. 
cell required an immersion depth of 3.8 cm. (see 
Fig. 3). We have found it a safe rule that the 
uppermost junction of the thermocouple using 
number thirty-two gage copper and constantan 
wire, should be immersed at least 4 cm. when the 
cell is to be used at temperatures around —100°.

100 

S
“ 80 
Ö #o

1 60 a
d.2 40

!.H
0

-9 .70  -9 .72 -9 .74 -9.76 -9.78  
Methyl chloride freezing point in millivolts.

Fig. 3.-—Effect of depth of thermocouple immersion on 
the freezing point: O, 14-mm. cell; 0 f 19-mm. cell.

Closeness of Thermocouple to the Bottom of 
the Freezing Point Cell.—It was found that the 
distance of the thermocouple from the bottom of 
the freezing point cell had no effect upon the re­
corded temperature of the freezing point up to a
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distance of 2 cm. The effect for more than 2 cm. 
was not studied.
The System Methyl Chloride-Boron Trifluoride

Since fluorine in its compounds is the only mem­
ber of Group VII of the Periodic Table which has 
been found capable of donating to the boron atom 
of boron trifluoride, and since members of the 
third period of Groups V and VI were found also 
to donate, it was of interest to determine the be­
havior of chlorine in methyl chloride.

Second, acetyl chloride has been found to co­
ordinate with boron trifluoride but there is a ques­
tion as to whether it is the carbonyl oxygen6 or 
the chlorine7 which is donating to the boron atom 
of boron trifluoride.

Third, earlier work upon this system left some 
uncertainty as to whether or not a compound was 
formed. Germann and Cleaveland8 working in 
this Laboratory in 1921 studied this system and 
reported that they obtained a maximum at 15 and 
33 mole per cent, of boron trifluoride and an “an­
gular point” at 50 mole per cent. Since they made 
their own methyl chloride from concentrated 
sulfuric acid, methyl alcohol and sodium chloride, 
they postulated that these maxima might be due 
to methyl ether which might have been present as 
an impurity. Since methyl ether and methyl 
chloride boil within 0.3° of each other, they are 
difficult to separate by distillation.

They continued the work later using some 
methyl chloride which had been made by chlo­
rinating gas and after five distillations the system 
was reinvestigated. A simple curve with no 
maxima and with a eutectic point at 70 mole per 
cent, boron trifluoride was found.9 An uncali­
brated propane thermometer was used in their 
study for the determination of the freezing points 
and as a result all of the values were high.

The methyl chloride used in this investigation 
was obtained from the Ohio Chemical Company, 
dried over barium oxide, and fractionally dis­
tilled. The freezing points for various mixtures 
of boron trifluoride and methyl chloride are given 
in Table I and are plotted in the phase rule dia­
gram, Fig. 4.

The methyl chloride was condensed and stored 
as a liquid using dry-ice as the refrigerant because 
when it was solidified, it made a crackling noise

(6) Brown, Schlesinger and Burg, T h i s  J o u r n a l , 61, 673 (1939).
(7) Meerwein and Maier-Hüser, J .  p r a k t .  C h e m ., 134, 51 (1932).
(8) Germann and Cleaveland, S c i . ,  53, 582 (1921).
(9) Marion Cleaveland, unpublished laboratory notes, Western 

Reserve University, Cleveland, Ohio, 1921.
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T a b l e  I
D a t a  f o r  S y s t e m  M e t h y l  C h l o r id e - B o r o n  T r i ­

f l u o r id e

M ole
frac­
tion®
BFs

Freez­
ing

point,
°C.

M ole
frac­
tion®
BFs

Freez­
ing

point,
°C.

Eutec­
tic

temp.,
°C.

Mole
frac­
tion®
B F3

Freez­
ing

point,
°C.

Eutec­
tic

temp.,
°C.

0 .000 - 9 6 . 7 0 .348 - 1 1 2 .5 0.630 - 1 4 0 .5
.000 96 .6 .354 112 .8 .638 144.4
.036 98 .2 .360 113.3 .651 144.1
.067 99 .3 .392 115.6 .666 144.1
.094 100.2 .412 116 .8 .688 143.1
.117 101.1 .431 117.8 .702 142.4
.128 101.3 .449 120.2 .725 141.0
.160 102.7 .464 120 .4 .751 138.9 - 1 4 4 .8
.194 104.0 .476 121 .5 .776 137.2
.225 105.4 .483 121.3 .807 135.6
.253 107.0 .486 121.6 .833 134.0
.279 108.3 .498 122.6 .845 133.3
.302 109.6 .511 122.6 .845 133.0
.308 109.9 .526 124.3 .858 132.2
.318 110.6 .526 126.0 .873 132.4
.323 111.0 .541 125 .8 .885 131.4
.327 111.5 .562 129,4 .905 130.7
.331 111.6 .569 130.4 .925 130.0
.335 111.7 .593 133.6 .948 129.2
.339 111.8 .616 136.0 .973 128.1
.342 112.2 .618 136.3 - 1 4 4 .7 1.000 126.8

1 .000 126.6

® Mole fractions were established according to the equa­
tion used by Germann and Booth.2 This equation be­
comes X B f 3 =  cPB¥z/{Ph. +  cP bf3) where X B f 3 is the 
mole fraction of BF3, c is the ratio of the volumes of the 
calibrated flasks — 1.18910, jPbf3 is the pressure exerted 
by the number of moles of BF3 introduced into the freez­
ing point cell, and Ph is the pressure exerted by the num­
ber of moles of other gaseous component introduced.

and occasionally broke the glass vessel into which 
it was being condensed.

The freezing point of the pure methyl chloride 
was found to be —96.65° and that of the pure 
boron trifluoride to be —126.7 =»= 0.25°. A eu­
tectic point was found at 65.5 mole per cent, boron 
trifluoride and —144.8 =*= 0.25°. The curve is 
of the same type as found by Cleaveland.9

The results of the investigation of this system 
show that the chlorine atom of methyl chloride 
does not donate to the boron atom of boron tri­
fluoride to form an addition compound at a pres­
sure of one atmosphere.

Since it is the carbonyl oxygen of aldehydes and 
ketones which donates to the boron atom of boron 
trifluoride to form addition compounds, and since 
the chlorine atom has not been found to donate in 
methyl chloride, it seems logical to expect that it 
is the carbonyl oxygen of acetyl chloride which is 
donating to the boron atom of boron trifluoride to 
form that addition compound.

The System Hydrogen Chloride-Boron 
Trifluoride

Hydrogen fluoride has been found to form three

0 0.400 0.800
Mole fraction of boron trifluoride.

Fig. 4.—The system methyl chloride-boron trifluoride.

addition compounds with boron trifluoride.10 In 
each case, however, water was present so that it 
was the fluoride ion which was donating to the 
boron atom. It was of interest to see whether 
anhydrous hydrogen chloride would combine with 
boron trifluoride. Also, it was of interest to find 
out if the replacement of the methyl group of 
methyl chloride by hydrogen in the form of hy­
drogen chloride would affect the coordinating 
power of the chlorine atom. For these reasons 
the system hydrogen chloride-boron trifluoride 
was investigated.

The hydrogen chloride used in this investigation 
was prepared from hydrochloric acid and sulfuric 
acid, dried over phosphorus pentoxide, and frac­
tionally distilled. Care had to be exercised in 
condensing the hydrogen chloride in the usual 
manner with liquid air as the condensing agent be­
cause when it solidified it broke the glass vessels. 
It was possible to avoid breakage of the freezing 
point cell by preventing the temperature of the 
pure hydrogen chloride from dropping more than 
20° below its freezing point. This practice had 
to be followed until a mole fraction of about two- 
tenths boron trifluoride was reached.

Pure hydrogen chloride was found to freeze at
(10) Berzelius, P o g g . A n n . ,  2 , 113 (1824); Landolph, C o m p t .  

r e n d ., 86, 601 (1878);. Hantzsch, B e r . ,  63, 1789 (1930).
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T a b l e  II
D a t a  f o r  S y s t e m  H y d r o g e n  C h l o r id e - B o r o n  T r i ­

f l u o r id e

M ole
fraction

BFa

Freezing
point,
°C.

Eutectic
tem p.,

°C.

M ole
fraction

B F3

Freezing
point,

°C.

Eutectic
temp.,

°C.

0.000 — 113.0 0.500 -129 .2 -134 .2
.000 113.2 .500 129.4 134.2
.047 116.9 .525 129.4 134.1
.075 118.6 .551 130.1 134.2
.098 120.2 .569 130.3 134.1
.126 121.2 .600 131.2 134.2
.148 122.2 .622 131.4 134.1
.179 123.1 .647 132.2 134.2
.203 124.1 .675 133.3 134.1
.223 124.1 .698 133.7 134.2
.251 125.0 .723 134.1
.285 125.5 .749 133.9
.301 125.8 .778 133.2 133.7
.324 126.2 .795 133.3
.350 126.8 .832 131.9
.378 126.9 .850 131.6
.403 127.8 -134.1 .897 130.5
.425 127.8 .917 129.8
.454 128.4 134.1 .953 128.7
.485 128.5 133.3 1.000 127.0

1.000 127.0

— 113.1° and pure boron trifluoride at —127.0 =*=
0.25°. A phase rule diagram was obtained 
with a eutectic point at 72.3 mole per cent, boron 
trifluoride and at a temperature of — 134.15 =±=
0.25°. The data are given in Table II and shown 
in Fig. 5.

Fig. 5.*—The system hydrogen chloride-boron trifluoride: 
O, first analysis; second analysis.

In most systems where only one eutectic is 
found, the curve drops slowly with relation to the 
temperature in the vicinity of the pure compo­

nents, and then drops rapidly in the vicinity of 
the eutectic point. The curve obtained with hy­
drogen chloride and boron trifluoride did just the 
opposite. This curve dropped rapidly in tem­
perature in the vicinity of the pure components 
and more slowly in the vicinity of the eutectic 
point. A similar curve was found by Graff11 for 
the system hydrogen chloride-boron trichloride.

As no addition compound was found, it ap­
pears that ionization may be the explanation of the 
difference between the action of hydrogen fluoride 
with boron trifluoride on the one hand, and of 
hydrogen chloride and boron trichloride, and of 
hydrogen chloride and boron trifluoride on the 
other hand. Also, Wiberg and Sütterlin12 tried 
the reaction between hydrogen fluoride and boron 
trichloride and obtained as reaction products hy­
drogen chloride on the one hand and boron tri­
fluoride on the other. An additional fraction hav­
ing a vapor pressure between that of boron tri­
fluoride and that of hydrogen chloride was ob­
tained which had a molecular weight correspond­
ing to the addition compound BF3*3HC1 analogous 
to BF3*3HF. They postulated that the reaction 
between hydrogen fluoride and boron trichloride 
took place because the fluorine atom of the hydro­
gen fluoride, through its residual valence, reacted 
with the boron trichloride, probably forming as a 
first product in the liquid state BF3-3HC1. If 
such a compound exists in the liquid state, it 
should have given a maximum in the phase rule 
diagram at 25 mole per cent, boron trifluoride. 
No maximum was found and we believe that they 
were mistaken in their conclusion.

It has been shown that the chlorine atom in 
both methyl chloride and in hydrogen chloride 
does not coordinate with the boron atom of boron 
trifluoride.
The System Nitrous Oxide-Boron Trifluoride

Over one hundred years ago, Kuhlmann13 noted 
a reaction between the oxides of nitrogen and 
their respective acids with boron trifluoride, with 
the exception of nitrous oxide which he reported 
did not react. Germann and Booth2 mention a 
reaction between nitric oxide and boron trifluoride. 
One would expect a reaction between nitrous ox­
ide and boron trifluoride in the light of the addi­
tion compounds to which each of its constituents

(11) Graff, C o m p t. r e n d . ,  197, 754 (1933).
(12) Wiberg and Sütterlin, Z. a n o r g . a llg em . C h e m ., 202, 37 

(1931).
(13) Kuhlmann, A n n .  c h im . P h y s ., [3] 2, 116 (1841); A n n . ,  39, 

319 (1841).
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give rise in their respective compounds. The ni­
trogen atom and the oxygen atom in their respec­
tive compounds have been found to donate to the 
boron atom of boron trifluoride to form addition 
compounds. Therefore, it was of interest to study 
the system nitrous oxide-boron trifluoride.

Anhydrous nitrous oxide, of anesthesia quality, 
from the Ohio Chemical Company, was dried over 
barium oxide before being fractionally distilled.

In order to fractionate this gas, because of the 
narrow liquidus range of 2.3°,14 it was necessary 
to distil at a pressure of one and one-half atmos­
pheres.

Due to the short liquidus range of nitrous oxide, 
the freezing point procedure was modified slightly. 
With pure nitrous oxide or with mixtures on that 
side of the system, the technique for melting the 
solid was modified. It was found best to warm 
gently the wall of the freezing point cell with ace­
tone from the top of the cell to the bottom until 
it was certain that there was a very small space 
between the solid and the wall of the freezing point 
cell. Then the bottom of the cell was warmed 
rapidly by raising a small bottle of acetone around 
the bottom. In this manner, the solid at the 
bottom of the cell was all melted before the liquid 
on top had acquired too high a vapor pressure. 
Also, the stirrer was freed more rapidly and could

T a b l e  III
D a t a  f o r  S y s t e m  N it r o u s  O x i d e - B o r o n  T r if l u o r id e

Mole
fraction

BFs
Freezing

point,
°C.

Eutectic
temp.,

°C.

M ole
fraction

BFa

Freezing
point,°C.

Eutectic
temp.,

°C.

0.000 -  91.0 0.501 -116.7
.000 91.1 .522 118.3 -137.9
.050 92.3 .550 121.0
.079 93.7 .576 122.3 138.1
.111 94.8 .598 124.4 138.0
.131 95.8 .626 126.1 138.0
.151 96.9 .650 128.4 138.1
.178 97.7 .664 129.5
.197 98.4 .675 130.4 138.3
.240 100.8 .701 132.9 137.9
.251 101.2 .724 135.6 138.0
.273 102.5 .754 137.7
.303 104.0 .771 137.9 138.4
.327 105.7 .802 135.8 137.7
.350 106.7 .826 134.5 137.0
.375 108.2 .847 133.2 137.7
.400 109.8 .871 132.3
.425 111.3 .898 130.0
.450 113.0 .949 128.7
.451 113.3 .950 128.5
.480 115.3 -137 .2 1.000 126.8

1.000 126.8
(14) Blue and  G iauque, T h is  J o u r n a l , 67, 991 (1935).

stir the liquid, which prevented an excessive pres­
sure building up due to the liquid on top vaporiz­
ing.

The freezing point of the pure nitrous oxide was 
found to be —91.05° and that of the pure boron 
trifluoride —126.8 =*= 0.25°. The phase rule dia­
gram was a smooth curve with the eutectic occur­
ring at 76.6 mole per cent, boron trifluoride and at 
a temperature of —138.0 =*= 0.25° (see Table III 
and Fig. 6).

0 0.400 0.800
Mole fraction of boron trifluoride.

Fig. 6.—The system nitrous oxide-boron trifluoride: 
O, first analysis; 0 , second analysis.

The investigation of this system confirmed the 
report of Kuhlmann13 that nitrous oxide and 
boron trifluoride do not react. The explanation 
for this is not clear.

The System Sulfur Dioxide-Boron Trifluoride
The sulfur atom and the oxygen atom in their re­

spective compounds have been found to donate to 
the boron atom of boron trifluoride to form coordi­
nation compounds. A compound made up of these 
two atoms would be expected to coordinate with 
boron trifluoride. Therefore, the system sulfur 
dioxide-boron trifluoride was investigated.

The anhydrous sulfur dioxide was obtained 
from the Ohio Chemical Company, dried over 
phosphorus pentoxide, and fractionally distilled.

The freezing point of the pure sulfur dioxide was
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found to be —73.5° and that of the pure boron 
trifluoride to be —126.75 =*= 0.25°. A maximum 
was found at 50 mole per cent, of boron trifluoride, 
indicating a one to one addition compound be­
tween sulfur dioxide and boron trifluoride, whose 
freezing point was found to be —96.0 =±= 0.25°. 
Eutectic points were found on each side of this 
maximum. One was found to exist at 38.0 mole 
per cent, boron trifluoride and at a temperature of 
— 97.15 =±= 0.25°, while the other eutectic point 
was found at 95.2 mole per cent, of boron trifluo­
ride and —128.6 =±= 0.25° (see Table IV and Fig. 7).

0 0.400 0.800
Mole fraction of boron trifluoride.

Fig. 7.—The system sulfur dioxide-boron trifluoride: O,
first analysis; ©, second analysis.

From the flatness of the maximum obtained it 
is obvious that the compound is somewhat disso­
ciated above the melting point.

Liquid sulfur dioxide has been found to be a sol­
vent analogous to water and liquid ammonia. 
Extensive work has been done in this field since 
1936 by Jander and his co-workers.16 Liquid sul­
fur dioxide is a good solvent for organic and in­
organic substances, the solutions being good elec­
trical conductors, while sulfur dioxide itself is a 
poor conductor. The solutes have been found to 
be more or less dissociated. The results of their

(15) Jander and Wiekert, Z .  p h y s ik .  C h e m .t A178, 57 (1936), is 
the first article of a series. The last to appear is Part 10, Jander 
and Mesech, ib id . ,  A188, 277 (1939).

T a b l e  IV
D a t a  f o r  S y s t e m  S u l f u r  D io x i d e  -B o r o n  T r if l u o r id e

Mole
fraction

b f 3

Freezing
point,

°C.

E utectic
tem p.,

°C.

Mole
fraction

b f 3

Freezing
point,

°C.

Eutectic
temp.,

°C.
0 .0 0 0 -7 3 .5 0.524 -9 6 .2

.0 0 0 73.5 .535 96.2

.034 74.6 .547 96.2

.055 75.4 .576 96.4

.077 76.5 .598 97.0

.105 77.8 .625 97.2

.132 79.2 .648 98.4

.154 80.8 .676 99.2

.177 81.5 .705 100.5

.2 0 1 82.8 .725 101.4

.223 84.7 .742 102.2

.261 86.9 .750 102.9

.303 90.1 .774 105.0

.311 90.8 .798 106.8

.331 92.3 -9 6 .4 .823 109.3 -128.6

.350 93.9 97.1 .847 112.8

.378 96.7 97.1 .874 115.4 128.6

.400 97.0 97.2 .898 119.2 129.2

.426 96.5 97.1 .926 124.2 128.6

.453 96.2 .952 128.6

.473 96.3 .972 127.3

.500 96.0 1 .0 0 0 126.8

.501 96.0 1 .0 0 0 126.7

experiments have been explained on the assump­
tion of the following types of dissociation of other 
solvents

2 H20  H30+ -F OH-
2 NH3 NH4+ -j- NH2-
2 s o 2 SO++ -f S03- “

Wiekert,16 who also has been working with 
liquid sulfur dioxide, suggested that the dissocia­
tion of sulfur dioxide might also be written

so2 so++ + o—
The structure of this compound with boron tri­

fluoride might be

++
S : 0 :

:F:
:0:B:F:

:F: *

analogous to the monohydrate of boron trifluoride

H
:F:

H:Ö:B:F:
:F:

It is this dissociation which would have to take 
place in order to form the above addition com­
pound with boron trifluoride. This addition 
compound would fit into the “sulfito” system of 
acids, bases and salts as developed by Jander.15 
The boron trifluoride addition compound would

(16) W iekert, Z „  E le k iro c h e m ., 44, 410 (1938).
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be an acid in the sulfur dioxide system just as it is 
an acid in the water system.

Hagg17 has explained the ease of oxidation of 
sulfur dioxide up to sulfur trioxide as being due to 
the electron pair on the sulfur. Thus

:0:
•Ó:S:Ó: +  :Ö: -  :Ö:S:Ö:

Thus, we could write the one to one addition com­
pound with boron trifluoride

:o : L .
; *. S:B:F:

The fact that hydrogen sulfide formed the com­
pound H2S*BF3,2 where only the sulfur can be the 
donor, would permit this latter mechanism.

Regardless of which structural formula repre­
sents sulfur dioxide, it is possible to account for

(17) Hagg, Z .  p h y s ik .  C h e m M B18, 199 (1932).

the addition compound between the given struc­
ture and boron trifluoride.

Summary
In the present investigation it has been found 

that hydrogen chloride and methyl chloride give 
eutectics and no compounds with boron trifluoride, 
showing that, at least in these two compounds, 
chlorine does not act as a donor to boron trifluo­
ride, thus refuting the existence of the reported 
compound BF3-3HC1.

It has been found further that nitrous oxide 
also will form no compound with boron trifluoride 
although it has been reported that nitric oxide 
does. Sulfur dioxide, just as the other parent 
solvents, water and ammonia, forms a one to one 
compound with boron trifluoride and two eutec­
tics.
Cl e v e l a n d , O h io  R e c e iv e d  F e b r u a r y  16, 1942

[C o n t r ib u t io n  f r o m  E ss o  L a b o r a t o r ie s , C h e m ic a l  D i v i s i o n , S t a n d a r d  O il  D e v e l o p m e n t  C o m p a n y ]

Random Reorganization of Molecular Weight Distribution in Linear Condensation
Polymers1

B y P aul  J. F lory

In a recent publication2 concerned with the 
viscosities of molten polyesters, it was observed 
that the viscosity of a mixture of two polyesters 
decreases when heated. This decrease was at­
tributed tentatively to a change in the distribu­
tion of molecular species in the mixture, brought 
about by the occurrence of ester interchange be­
tween terminal hydroxyl groups and ester groups 
of the polymer chains

. . .—ORO—COR'CO—ORO— . ..
+  H—ORO—COR'CO—.. .

t
. .. —ORO—COR'CO +  H—ORO—...

RO—COR'CO—.. .
where —ORO— and —COR'CO—• represent, 
respectively, the glycol and the dibasic acid resi­
dues of a linear polyester formed through poly­
condensation of a glycol and a dibasic acid. As 
the result of such an interchange process, an 
x-mer may react with a y-mer to yield a (y +  z)~ 
mer and an (x — s)-mer. There is no net change 
in the number of molecules; hence, the number

(1) A portion of this work has been discussed briefly by H. Mark 
and R. Raff, “High Polymeric Reactions,” Interscience Publishers, 
Inc., N ew  York, 1941, p. 147.

(2) P. J. Flory, T his J o u r n a l , 62, 1057 (1940).

average molecular weight will be unaffected by 
reorganization processes of this sort. On the 
other hand, the distribution of species may be 
altered, and changes in distribution will produce 
corresponding changes in the weight average 
molecular weight. Since the viscosity of the 
molten polyester, composed of a mixture of poly­
meric species, depends directly on the weight aver­
age molecular weight,2 the viscosity will be sensi­
tive to changes in distribution caused by ester 
interchange, and these changes can be observed 
conveniently through viscosity measurements.

Investigations of rates of formation of poly­
esters and of their degradation3 by monomeric 
alcohols have shown that the rate constant for 
alcoholysis, though somewhat smaller, is similar 
in magnitude to that for esterification under the 
same conditions. The two reactions are similarly 
affected by catalysts and temperature. After 
polyesterification has proceeded to the point where 
the average molecular weight is large, the free 
carboxyls are so overwhelmingly outnumbered by 
ester groups that the rate of reaction of the free 
hydroxyls with ester groups will exceed their rate

(3) P. J. Flo ry , ibid., 62, 2255, 2261 (1940).



2206 Paul J. Flory Vol. 64

of reaction with acid groups, despite the supe­
riority of the esterification velocity constant. 
Thus, it is conceivable that ester interchange 
might exert a profound effect on the distribution 
of species obtained in the course of a polyesterifi­
cation process.

It is the purpose of this paper to examine, both 
theoretically and experimentally, the conse­
quences of interchange processes such as may 
occur in various linear condensation polymers. It 
will be shown that ester interchange, or any other 
analogous process in other polymers, provides a 
route to the most probable distribution of species. 
This happens to be the same distribution normally 
obtained by polycondensation without the occur­
rence of interchange.

Theoretical
The Equilibrium Distribution.—From a con­

sideration of the kinetics of condensation poly­
merization, it has been shown that the molecular 
size distribution in linear condensation polymers 
containing equal numbers of the two co-reacting 
functional groups (e. g., OH and COOH) is given 
by

Nx -  Np» ~  Kl  -  p) ( l ) 4

where Nx is the number of molecules composed of 
x monomer units, N  is the total number of mole­
cules and p  is the extent of reaction, i. e., the 
fraction of the functional groups which have con­
densed. Rate of reaction measurements5 show the 
reactivity of a terminal functional group to be 
independent of the size of the molecule. Hence, 
the probability that any particular functional 
group has reacted is equal to the extent of reac­
tion p. Equation (1) follows directly from sta­
tistical considerations.

In deriving (1) from this point of view it is 
assumed that once a given pair of functional 
groups condense, they remain forever united. If 
an interchange process such as ester interchange 
occurs, the ultimate distribution will be deter­
mined by the equilibria between the various poly­
mer species, not by the rates of their initial 
formation through condensation. If the free 
energy of formation of a linkage between an x-mer 
and a y-mer is independent of x and y, then after 
equilibrium has been established through inter­
change, the probability that a particular func­
tional group constitutes a part of an inter-unit 
linkage remains equal to the degree of conversion

(4) P . J . Flory, T h i s  J o u r n a l , 58, 1877 (1936).
(5) P. J. Flory, ib id ., 61, 3334 (1939).

pf and the distribution (1) should obtain as be­
fore.6

The distribution (1) for the ‘‘equilibrated’’ 
linear polyester can be derived in a manner 
analogous to the derivation of the Maxwell- 
Boltzmann energy distribution law. We consider 
a polymer wherein interchange may occur freely, 
but in which the net degree of advancement of the 
inter-unit condensation process is fixed. Here

OD
E N* = N  (2)

X~1
oo

23 xNx = m  (3)
* = i

where is the total number of units and
N  =  «o (1 -  p) (4)

Both n0 and N  are constant under the conditions. 
Equations (2) and (3) are analogous, respectively, 
to the conditions of conservation of matter and 
of energy in the Maxwell-Boltzmann derivation.7 
Here we define a micro state as one in which the 
size x of each molecule is specified. A macro state 
is defined merely by the numbers of molecules of 
the various sizes, i. e.t by N1} iV2, N$, etc. For a 
given macro state there are

W  =  N \/n N 9l (5)
micro states. Solution of (5) for the maximum 
value of W  consistent with (2) and (3) by the 
usual variational method yields (1) for the most 
probable macro state. Thus, under the assump­
tion that the thermodynamic stability of a given 
inter-unit bond is independent of the size of the 
molecule and of its position along the chain, the 
equilibrium distribution ultimately attained by 
interchange processes is identical with that ob­
tained by random synthesis. The difference in 
entropy between a mole of a heterogeneous poly­
mer and a mole of the single species of molecular 
weight equal to the number average molecular 
weight for the heterogeneous polymer is given 
by the entropy of mixing expression

A Sk = — R 2(N x/N )\n (N x/N )  (6)
which may be called the molar entropy of hetero-

(6) "Equilibration” of the distribution of species in a polyester  
containing a small am ount of water, which impedes further increase 
in p , could take place through sim ultaneous hydrolysis and esterifica­
tion as well as by ester interchange. In this connection, see G. V. 
Schulz, Z . ph ys ik . Chem ., A182, 127 (1938).

(7) F. T . W all, T h i s  J o u r n a l , 62, 803 (1940), has applied this 
method to  the derivation of th e distribution of sequences of like units 
in random vinyl copolymers. In as much as no interchange subse­
quent to formation of the polymer chains m ay occur in this case, 
it  is not imm ediately obvious that the "most probable” state will be 
obtained.
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geneity. For the most probable distribution, sub­
stitution of (1) in (6) gives

&Sh = RIMp/l  -  p) -  (In ƒ>)/( 1 -  P)] (7)
which also can be obtained directly from the Boltz­
mann relation S =  k In W,  where W  is taken to 
be in (5). For a high molecular weight
polymer p is near unity and

AS* ^ R [ l  -  In (1 -  p )} (7.1)
or

AS* *9 RH  +  In (DPn)) (7.2)
since the number average degree of polymeriza­
tion is given by

D P n = 1/(1 -  p) (8)
For the entropy of heterogeneity per mole of 
structural units, we have

AS*' = A Sh/ D P n (9)
These equations express the maximum entropy 

of heterogeneity, or entropy of mixing, for a 
given degree of polymerization. Any distribu­
tion other than (1) will yield a lower entropy of 
heterogeneity. The entropy per mole of polymer 
molecules A Sh increases without limit as p ap­
proaches unity and D Pn approaches infinity; the 
entropy per mole of structural units ASh'y after 
reaching a maximum at a very low degree of 
polymerization, decreases asymptotically toward 
zero as DPn increases.

Reorganization in Mixtures.—Since direct 
synthesis by polycondensation gives at once an 
equilibrium distribution, in order to observe the 
effects of interchange it is first of all necessary to 
obtain some other distribution. A product of 
greater homogeneity could be obtained by frac­
tional precipitation. When subjected to inter­
change conditions, its distribution should broaden 
into the most probable one. An alternative 
method has been used here. Mixtures of greater 
heterogeneity have been obtained by mixing two 
normal products of synthesis, one of low and the 
other of high average molecular weight. The en­
suing homogenization toward the most probable 
distribution was followed by means of viscosity 
measurements on the molten mixture.

The viscosity of the melt depends on the weight 
average chain length Zw according to the relation­
ship2

log 77 -  A -1- C TJ*  (10)
where A and C are constants, and the weight 
average chain length is defined by

« JtovZ* (11)

where wx is the weight fraction of x-mer. Whereas 
the number average chain length

= X(Nx/N ) Z x (12)
is unaffected by interchange, a transformation in 
the distribution will produce changes in the 
weight average chain length Zwi which may be 
calculated from viscosities using (10).

The decamethylene adipate polyesters which 
have been used are of two types. In the one case, 
the polymers possessed carboxyl and hydroxyl 
groups in equivalent quantities; in the other, an 
excess of glycol was used and the reaction was 
carried to completion, yielding a product having 
hydroxyl end-groups exclusively. For polymers
of the former type

wx — xpx — !(1 — p Y  (13)
which can be derived from ( l) ,2,4 and

= */( 1 -  p) (14)
Z*  -  *(i_+ p ) / a  -  p) ( is ) 4

- 2  Zn -  z (16)2
where z is the mean number of chain atoms per 
unit, (z =  9 for polydecamethylene adipate.) 
For the mixture composed of weight fractions 
fi and f 2 of polymers characterized by pi and p2i 
respectively, the averages for the initial mixture 
are

Z r J  — Z n , l  Z n t f / ( f l Z n »2 4“ f a Z t i f l )  (17)
-  */(l ~ P') (17.1)

where P' = fipi +  hp2
Zw — f \Z w,i 4r fzZw,2 (18)

After equilibration through ester interchange (in 
the absence of either further esterification or of hy­
drolysis) Z fn remains unchanged, but Z'w becomes

Z J ’ = z ( l  -f £ ')/(! -  p f) = 2Zn' -  2 (19)
Under the conditions of the experiments reported 
below, esterification occurs simultaneously with 
ester interchange, though at a slower rate. Con­
sequently, p f increases slowly during the experi­
ments. Nevertheless, the weight average chain 
length ultimately should reach a value given by 
(19), wherein p' is time dependent.

For polyesters prepared from r moles of dibasic 
acid per mole of glycol, the reaction being carried 
to completion3'4
wx — lizx oi)r(x -  l)/2 (1 — r)2]/(s(l -j- r) 4~

a(l -  r)) (20)
and

«  z( 1 4- r)/(l -  r) +  « (21)
where a is an 4‘end-group correction” which may 
be taken equal to three in the present instance.3
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From statistical considerations analogous to those 
used in the derivation of (1) and (15)2,3

= 2s(l +  r)/(l -  r) = 2 (Z« -  a) (22)
For the mixture of two such polymers, Z„ is given 
by (17). In this case further esterification is not 
possible, and equilibration of the mixture through 
ester interchange yields

Zw" =  2(Znf ~  3) (23)

Experimental Results
The methods used for the preparation of the 

polyesters and for the measurement of their 
viscosities in the molten state have been de­
scribed previously.2»3 Polymers A and B were 
prepared by heating excess quantities of deca- 
methylene glycol with adipic acid at 109° in the 
presence of about 0.1% by weight of ^-toluene- 
sulfonic acid until the viscosity showed no further 
change, indicating complete esterification of the 
adipic acid. In the preparation of Polymer A 
the mixture was heated sixty hours; for Polymer 
B twenty-five hours was sufficient for substan­
tially complete esterification.

Data pertaining to these polymers are given 
in the second and third columns of Table I. The 
reactants were of high purity,2 and the quantities 
used were carefully weighed. At the low tempera­
ture of reaction the amounts of glycol removed 
with effluent water vapor formed in the esterifica­
tion were negligible. For these reasons the values 
of r given in the first row of Table I are believed 
to be accurately representative of the final prod­
ucts. The number average chain lengths given

Fig. 1.—Size distribution (weight fraction vs. number of 
units) for the initial polymers A and B (curves 1 and 2, 
respectively), for the mixture composed of 42.4% of A and 
57.6% of B (curve 3), and for the calculated equilibrium 
distribution for the mixture (curve 4).

in the second row have been calculated directly 
from r. Computation of the weight average chain 
lengths from r (third row of Table I) involves ac­
ceptance of the size distribution relationship 
(20). The constants which have been used in 
equation (10), i. e.

log 77 — —1.435 4- 0.1144 Z 1̂  (10')

for the calculation of the viscosities given in the 
fourth row of the table have been established at 
109° for decamethylene adipate polymers having 
hydroxyl and carboxyl end-groups in equal num­
bers.2 The discrepancies between observed and 
calculated viscosities for the two polymers are 
doubtless due to minor dependence of the vis­
cosity relationship on the end-groups.8

T a b l e  I
Calcd. for mixture'1 

Equi-

Molar ratio r of
Polymer A Polymer B Initial librium

acid to glycol 
Z n calcd. from r

0.955 0.855 0.896 0.896

using (21)
Zw calcd. from r

394 118 168 168

using (22) 
rj at 109°, calcd.

782
from Z w

230 464» 330

using (10')
7] at 109°, poises

58.2 2.00 10.7 4.40

(obs.)
Z w calcd. from 

rj (obs.) using

51.9 1.78 4.15

(1 0 ') 758 .217 322
° The mixture composed of 42.4 weight per cent, of

Polymer A and 57.6% of Polymer B. ^Calculated for the 
initial mixture prior to interchange using (18).

The distributions of species calculated from (20) 
for Polymers A and B are shown by curves 1 and 
2 in Fig. 1. A mixture consisting of 42.4% by 
weight of A and 57.6% of Polymer B was em­
ployed in the interchange experiment. The dis­
tribution curve for the initial mixture, computed 
by multiplying ordinate values of curve 1 by
0. 424 and those of curve 2 by 0.576 and taking the 
sum, is represented by the broken curve 3. Com­
puted initial values of r, Z rn> Z'w and 77 are given 
in Table I. Inasmuch as there is no possibility 
for an increase in the number of inter-unit bonds 
in the mixture, Z'n must remain fixed during 
interchange. According to the theory presented 
above, the distribution of species should be trans­
formed by interchange to the most probable dis­
tribution (20), r having the value given in Table
1. This distribution is shown by curve 4 in Fig. 1.

(8) vSee pp. 2256, 2259 of ref. 3,
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The weight average chain length for the final dis­
tribution 4 is considerably less than that for the 
initial distribution 3; the calculated viscosities 
differ correspondingly (see Table I).

The experimental results of this interchange 
experiment carried out at 109 ° are given in Table
II. As has been observed previously in experi­
ments on polyester mixtures, from fifteen to 
thirty minutes is required before complete mix­
ing has occurred.2 Interchange in the present 
instance is quite rapid due to the presence of an 
acid catalyst.3 Hence, a valid extrapolation to 
the initial viscosity of the mixture prior to inter­
change is not possible from these data. The final 
viscosity is somewhat lower than that calculated 
from (10') for the most probable distribution (see 
Table I), but the discrepancy is of the order of 
that to be expected to result from the inaccuracy 
of (10') as applied to hydroxyl terminated poly­
mers.8

T a b l e  I I
Time, minutes V iscosity, poises at 109°

29 6.85
62 5.80

103 5.06
156 4.72
200 4.52
281 4.38
345 4.33
420 4.27
535 4.17
840 4.15

Other interchange experiments have been car­
ried out on decamethylene adipate polyesters 
having equivalent quantities of hydroxyl and 
carboxyl end-groups. These were prepared by 
heating equimolar quantities of the pure glycol 
and dibasic acid, in the absence of catalyst, until 
the desired degree of polymerization was reached. 
Glycol carried out of the reaction mixture with 
the slow stream of dry nitrogen, used to remove 
water, was carefully replaced in order to assure 
sufficiently precise balance between the two end- 
groups. Polymer C, prepared by heating the 
reactants at 202° for twenty-nine hours, had a 
viscosity at 109° of 164 poises. According to 
(10') and (16), Zw =  1017 and Zw =  513. For 
Polymer D, prepared by heating for two hours at 
166°, rii09° =  0.532 poise; accordingly, Zw =
103.0 and ~Zn =  56.0. Neutral equivalents of the 
polymers were in close agreement with those cal­
culated from these values of Zn, indicating satis­
factory equivalence of the end-groups.

Table III presents a portion of the data for the 
interchange experiment performed on a mixture 
consisting of 40% of Polymer C with 60% of 
Polymer D. The mixture was heated at 109° in 
a dry nitrogen atmosphere.9 The weight average 
chain lengths given in the third column have been 
computed, using equation (10'), from the measured 
viscosities given in the second column. Inter­
change is much slower than in the preceding ex­
periment, due to the absence of an acid catalyst 
other than is furnished by the unreacted carboxyl 
end-groups. During the course of the experi­
ment some inter-esterification continued to take 
place, as is shown by the neutral equivalents given 
in the fourth column. These were determined 
by titration of samples removed from the mixture. 
Values of Zn calculated directly from the neutral 
equivalents, or number average molecular weights, 
are given in the fifth column. If interchange 
equilibrium were fully established, the weight 
average chain length should equal 2 Z' — 9, ac­
cording to the theory given above. These “equi­
librium” values are presented in the sixth column. 
The corresponding viscosities calculated using 
(10') are given in the last column. The above 
theory requires that eventually the weight average 
chain lengths given in the third and sixth columns 
should coincide; or, the viscosities in the second 
and last columns should become identical.

T a b l e  III
I n t e r c h a n g e  b e t w e e n  M i x t u r e  C o n s is t in g  o f  40 
P a r t s  P o l y m e r  C a n d  60 P a r t s  P o l y m e r  D  ( P a r t ia l  

T a b u l a t i o n  O n l y
Time, V Neutral
min­ poises, equiva­ Z w " V
utes 109° Z  u) len t Zn' (equil.) (equil.)

0 (1 1 .0 )“ (4 68 .6 )“ 8 7 .0 165 .0 1 .08
29 9 .6 0 446 .5
68 7 .85 414 .8
72 1392 8 7 .5 166.0 1 .09

109 6 .38 383.3
187 4 .7 3 340.1
315 3 .54 300 .8
448 2 .9 3 276.1
625 2 .53 258 .4
784 2 .43 253 .3 1599 101.2 193 .4 1 .43
947 2 .4 0 251 .7

1125 2 .42 252 .7
1270 2 .4 4 253 .6 1767 111.8 21 4 .6 1 .74

a Values computed for the initial mixture.

The data from this experiment are shown in full
(9) The experiments on mixtures of Polymers C and D  are continu­

ations of two of those reported previously2 in connection with deter­
minations of viscosities of polyester mixtures prior to interchange. 
It may be noted that the chain lengths of Polymers C and D  differ 
slightly from those employed previously (Ref. 2, Table II, Series II). 
This discrepancy, which is of no real significance in either investiga­
tion, is due to inadvertent use, in the earlier tabulation, of constants 
in (10) which differ slightly from those used here.
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Fig. 2.-—Experimental results for mixtures of Polymers 
C and D.

in Fig. 2. The solid curve 1 represents the ob­
served viscosities (second column of Table III), 
plotted on a log scale merely for convenience. The 
dashed curve represents the viscosities (last 
column of Table III) calculated for interchange 
equilibrium for the observed neutral equivalent. 
Similar results obtained at 109° using a mixture 
composed of 19.7% of Polymer C and 80.3% of 
Polymer D are represented by the solid and dashed 
curves 2 in Fig. 2. In each experiment the ob­
served viscosity decreases to a minimum and then 
increases. During this latter stage the effect on 
the viscosity of the rate of change in distribution 
due to interchange is outweighed by the rate of 
interesteriffca tiOTi. When interchange equilibrium 
has been established, the solid and dashed curves 
should coincide according to the theory presented 
herein. To the extent that they are asymptotic, 
this theory is confirmed.

Discussion
The similarity in rates of ester interchange and 

esterification assures simultaneous occurrence of 
interchange during the synthesis of a polyester by 
interesterification. The distributions of species in 
normal products of synthesis, such as those from 
which the mixtures were prepared, are determined 
to a large extent by interchange equilibria. It 
could be contended, therefore, that if it is permis­
sible to assume, as has been done above, that the 
distributions in the initial polymers A, B, C and D 
are correctly represented by (1) and (13), or (20), 
these equations necessarily will apply to their 
mixtures after equilibration through interchange.

The above experimental results cannot be regarded 
as explicit experimental proof of adherence to (1),
(13) and (20). They demonstrate convincingly, 
however, that the ultimate transformations of the 
size distributions in the mixtures are consistent 
with these equations. To this extent, these results 
confirm implicitly the correctness of the statis­
tically calculated distributions. Previously they 
have received indirect substantiation from their 
applicability to the analysis of viscosities of poly­
mer mixtures,2 and to the degradation of poly­
esters by alcohols.3

The question may arise as to how one might 
synthesize a linear polyester having some other 
distribution. The conversion of cyclic esters to 
linear polyesters, investigated extensively by 
Carothers and co-workers,10»11 is of particular in­
terest in this connection. They have shown10 
that the conversion of the cyclic monomer to 
linear polymer is conditioned by the presence of 
small amounts of substances capable of providing 
functional groups to which the monomers may add 
successively. For example, in the case of a cyclic 
ester such as 6-valerolactone, a trace of water may 
yield the hydroxy acid, with which the lactone 
may then react as follows

i— i i— i
+  ORCO 4- ORCO

HORCOOH------------► HORCOORCOOH------------>
etc. (24)

The addition of the lactone to the linear molecule 
of increasing length is an ester interchange,12 
which may be very rapid or negligibly slow, de­
pending on the stability of the cyclic monomer, 
which in turn depends on the size of the ring.10»11 
Bezzi and co-workers13 have found that lactide is 
similarly converted to a linear polymer of lactic 
acid and at a rate which depends directly on the 
amount (very small) of water added. On the basis 
of this observation they have discarded the Car- 
others mechanism (24) in favor of a process consist­
ing of hydrolysis of the lactide followed by poly­
merization by interesterification. Actually their 
results do not contradict the much more plausible 
mechanism (24). Addition of water merely in-

(10) W. H. Carothers, G. L. Dorough and F. J. van N atta, T his 
J o u r n a l , 54, 761 (1932).

(11) See also, W. H. Carothers, J. A. Arvin and G. L. Dorough, 
ib id . ,  52, 3292 (1930); W. H. Carothers, C h em . R e v ., 8, 353 (1931); 
J. W. H ill  and W. H. Carothers, T h i s  J o u r n a l , 55, 5031 (1933); 
F. J. van N atta, J. W. Hill and W. H. Carothers, ib id ., 56, 455 (1934).

(12) Since esters generally interchange with alcohols much more 
readily than with acids, it  is presumed that addition of lactone in 
(24) occurs predominantly at the hydroxyl end of the chain.

(13) S. Bezzi, L. Ricoboni and C. Sullam, M e m . a cca d . I ta l ia ,  
C la sse  sci. fis ., m a t. n a t . ,  8, 127 (1937); S. Bezzi and B. Angeli, G a zz . 
c h im . ita l., 68, 215 (1938).
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creases the concentration of functional groups to 
which monomers may add, thereby increasing the 
over-all rate of conversion of monomer to polymer.

Successive addition of cyclic ester monomers to 
a fixed number of molecules bearing a suitable 
functional group (e. g.} OH) as in (24) is strictly 
analogous to the polymerization of ethylene 
oxide,14 for which the distribution of species is rep­
resented by Poisson’s distribution function15

N x — Ne — — i / ( x  —  1)! (25)
where

v = D P n -  l

The entropy of heterogeneity for this distribution, 
obtained by substituting equation (25) in (6) 
(see Appendix), is given to a close approximation 
when the degree of polymerization is large by

AS* =  f - [ l  +  ln(2xDPn)} (26)

The distribution (25) covers a much narrower 
range than the equilibrium distribution. Corre­
spondingly, its entropy of heterogeneity is less than 
for the equilibrium distribution as given by equa­
tion (7.2). Therefore, if interchange between 
polymer molecules occurs, the distribution (25) 
will be broadened toward the equilibrium distri­
bution (1).

The actual distribution of species which will be 
obtained from the conversion of a cyclic monomer 
to linear polymer will depend on the extent to 
which polymer-polymer interchange accompanies 
the primary addition process (24). If the latter 
process, an ester interchange between a terminal 
functional group and a cyclic monomer, is much 
more rapid than interchange with ester groups of 
the polymer molecules, the comparatively sharp 
Poisson distribution (25) will be obtained. In the 
opposite situation, the more heterogeneous equi­
librium distribution (1) should be found. In inter­
mediate cases, distributions of intermediate heter­
ogeneity will be produced.

Other condensation polymers, e. g., the poly­
amides and polyanhydrides investigated by Car- 
others and co-workers,11 are subject to analogous 
interchange processes. These doubtless can be 
treated in complete analogy with the polyesters. 
The concept of a most probable distribution is 
equally applicable to three-dimensional condensa­
tion polymers, although the situation here becomes

(14) H. Staudinger, “ Die hochmolekularen organischen Verbin- 
dungen,” J. Springer, Berlin, 1932; S. Perry and H. Hibbert, T h is  
Jo u r n a l , 62, 2599 (1940).

(15) P. J. Flory, T h is  J o u r n a l , 62, 1561 (1940).

much more complex. The most probable distri­
butions for equal stability of all possible inter­
unit linkages have been treated by statistical 
methods in previous publications16 on three-di­
mensional polymers.

Appendix
Entropy of Heterogeneity for a Poisson Dis­

tribution of Species.—Substituting equation (25) 
in (6)
A S h  — R e ~ v

ê  \ (x* - 'ly i “  1)ln v + ln - o n |

Shifting the lower limit on the summation to x =  
0 and replacing % by x +  1, and introducing Stir­
ling’s approximation for In x!

AS* -  i ? ^ - . f o 5 ( , - ^ + | l n 2 . )  +

e-v L  * ln (*/") +  |  ” é  ln <27>

03 vxSince J2 —■ =  ev, the first summation reduces 
*=o x!

Rreadily to — ln (2 7r). The second and third terms

may be evaluated by approximate methods valid 
when v is large. Nearly all of the contributions to 
these sums come in the vicinity of x =  v. Hence, 
in the case of the second term, we expand ln (x/v) 
about (x/v) =  1, giving

+0 - 10- 0'  

i o -  ' ) • - • ] }
Summation over five terms of the series yields 

1 — -(1  +  l/y ) H- -g(4 /v +  l / v 2) — -|(3/V +  11A 2 +  

1A3) +  |(25/V* +  26/»3 +  1/x4)

To a very close approximation when v is large, the 
second term is given therefore by 

72(1 +  V6*0 *3 Vs 

The third term may be written

V  Ê  SM*/") +  ln H
Z x = 0 Xl

Expanding ln (x/v) in series as above and summing 
each term, we obtain a power series in l / v  the 
first term of which is —1/2?/. Hence, the contri­
bution of the third term is

1/2[In p -  l / 2 v  +  . . .]
(16) P. J. Flory, ib id . ,  63, 3083, 3091, 3096 (1941).



2212 Everett C. Hurdis and Charles P. Smyth Vol. 64

Combining the above values for the three terms
in (27)

ASh = |[ln(2™) +  1 -  1/3p -  . . .  1 (28)

Equation (28) reduces to (26) when v is replaced 
by DP n and series terms of the order of l / v  or 
smaller are neglected.

Summary
The individual molecules of a linear polyester 

have only a temporary existence when heated to a 
suitable temperature, due to the occurrence of 
ester interchange between an ester group of one 
polymer molecule and the terminal functional 
group of another. While such processes have no 
effect on the number average degree of polymeri­
zation, they may modify the distribution of species.

Such considerations lead to the concept of an 
entropy of heterogeneity and of an equilibrium 
size distribution; the latter is identical with that 
obtained directly by random poly-condensation.

The transformation in the distribution of species 
in a mixture of polyesters has been observed by 
viscosity measurements. The results confirm the 
theoretical predictions.

The conversion of a cyclic ester (lactone) to a 
linear polyester should yield a much narrower 
distribution of species than is obtained by poly­
condensation, but if ester interchange occurs be­
tween the polymer molecules subsequent to their 
initial formation, the distribution will be broad­
ened.
Elizabeth, N ew Jersey R eceived June 5, 1942

[C o n t r i b u t io n  f r o m  t h e  F r ic k  C h e m ic a l  L a b o r a t o r y , P r i n c e t o n  U n i v e r s i t y ]

Dipole Moments in the Vapor State and Resonance Effects in Some Substituted
Benzenes

B y  E verett  C. H u r d is  and  Ch arles  P. S myth

The influence of resonance upon the dipole 
moment of a molecule containing a single polar 
group has been observed in both aromatic and 
unsaturated aliphatic molecules and the mutual 
effects of two polar groups in an aromatic mole­
cule have been noted in a few cases, such as that 
of ^-nitroaniline. In the case of two identical 
groups para to one another on the benzene ring, 
these mutual effects upon the dipole moments can­
cel each other and cannot, therefore, be detected, 
while in the ortho position, the mutual inductive 
effects of the two groups tend to obscure any effect 
of the resonance of one upon that of the other. 
It was hoped that, in spite of the smallness of the 
differences between the different carbon-halogen 
moments, accurate determinations in the vapor 
state of the moments of para-dihalogenated ben­
zenes containing two different halogens might 
give quantitative evidence of the differences in 
resonance effects of the halogens. Unfortunately, 
the possibility of the presence of small quantities 
of the ortho-disubstituted benzenes as impurities 
in the samples of the para-compounds, which were 
too small for extensive purification, reduces the 
presumed accuracy of the results obtained for 
these compounds. Measurements upon iodo- 
benzene and confirmation of moment values al­

ready in the literature for chloro- and bromoben- 
zene were carried out to check the precision of the 
measurements and facilitate the interpretation of 
the results for the dihalogenated benzenes. Meas­
urements were also made upon very pure samples 
of o-xylene and ^-xylene with the object of ob­
serving possible small mutual induction or reso­
nance effects of two adjacent methyl groups and 
of checking the group moment value to be as­
signed to a methyl group attached to a benzene 
ring.

Purification of Materials
Chlorobenzene.—Material from the Eastman Kodak 

Company was dried over calcium chloride and fractionally 
distilled; b. p. 130.5° (755 mm.).

Bromobenzene.—Material from the Eastman Kodak 
Company was dried over calcium chloride and fractionally 
distilled; b. p. 154.7° (753 mm.).

lodobenzene, Sample I.—Material from the Paragon 
Testing Laboratories was fractionally distilled in a column 
of fourteen theoretical plates; b. p. 188.3° (762 mm.).

lodobenzene, Sample II.—lodobenzene was prepared 
by the method of “Organic Syntheses,” Collective Volume 
I, p. 316, an all glass system being used. Fractionation 
gave 234 g. of material boiling between 188.2 and 188.5° 
(760 mm.). This was further distilled under low pressure, 
the main fraction (b. p. 98° at 37 mm.) being used for the 
measurements. The freezing point of this sample was 
measured by means of a platinum resistance thermometer
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and found to be —31.8 ° (‘'International Critical Tables” 
gives —31.4°).

^-Fluorobromobenzene.-—About twelve grams of ma­
terial from the Eastman Kodak Company (n20d 1.5279, 
w21-8d, 1.5270) was sealed into a trap connected with the 
gas apparatus. For measurement, a simple fractionation 
was made by distilling the first 3 g. under vacuum into 
another trap, and the middle 6 g. into the U-tube from 
which vapor was introduced into the gas cell.

^-Fluoroiodobenzene.—Ten grams of material from the 
Eastman Kodak Company (w21*8d  1.5794) was purified by 
vacuum distillation in the gas apparatus directly before 
each measurement, as in the case of the ^-fiuorobromo 
compound.

^-Fluoronitrobenzene.—Material from the Eastman 
Kodak Company (n23-6d 1.5304, n25d 1.5294) was purified 
by vacuum distillation by the method used for the two 
dihalogenated benzenes.

ö-Dichlorobenzene.—A special 99.4% grade of material 
kindly given us by the Heyden Chemical Corporation was 
used without further purification; b. p. 180.3° (750 mm.); 
m. p. —17.1°; n25D 1.5486; n20D 1.5513. “International 
Critical Tables” gives normal boiling point 179°, melting 
point —17.6°, n20d 1.549.

<?- and ^-Xylene.—The hydrocarbons used in this work 
were supplied as a part of the American Petroleum Institute 
Pure Hydrocarbon Program. They were prepared and 
purified at the Pure Hydrocarbon Laboratory, Department 
of Chemistry, operating as project No. 31 of the Ohio 
State University Research Foundation. A full description 
of these products will be published at a later date.

Experimental Results
The dielectric constants of the vapors were 

measured with the apparatus and, essentially, the 
same technique that has been previously de­
scribed.1 A polarization value, P, was obtained 
at an absolute temperature, T, by measurements 
over a wide range of pressure. The value of P  
given by each such run is shown in Table I, as is 
also the corresponding value of the dipole moment 
/x calculated as n =  1.281 X 10~20[(P—MRb)T ]1/2. 
For the dihalogenated benzenes, many of the 
values represent the averages of two or more 
runs. The molar refraction for the sodium D line, 
MRd, is listed for each compound in Table II to­
gether with the average of the moment values in 
Table I. The moment of fluorobenzene, which is 
included in Table II for purposes of comparison, 
has been recalculated from previous measure­
ments,2 by the use of MRd instead of the total 
induced polarization given by temperature de­
pendence without consequent alteration in value. 
The few measurements on chloro- and bromo- 
benzene were run primarily as a check upon the 
absolute accuracy of the determinations. The

(1) Wiswall and Sm yth, J .  C h e m . P h y s . ,  9, 352 (1941).
(2) McAlpine and Sm yth, ib id . ,  3, 55 (1935).

polarization values for chlorobenzene, 72.2 and
72.3 at 436.1 °K., are in excellent agreement with

T a b l e  I
D ipo l e  M o m e n t s  a n d  D e p e n d e n c e  o f  P o l a r iz a tio n

T, °K.
u p o n  T e m p e r a t u r e  

P Ai(X  1018)

435.8
Chlorobenzene

73.1 1.73
436.1 72.2 1.72
436.1 72.3 1.72

455.8
B r omobenzene 

75.8 1.77
455.8 75.7 1.77

476.1
lodobenzene (Sample I) 

78.2 1.75
476.1 79.7 1.78
495.4 76.8 1.75
495.4 75.5 1.72
495.4 72.6 1.65
495.4 76.5 1.74
508.3 74.8 1.73
523.2 75.2 1.76

433.0
lodobenzene (Sample II) 

77.1 1.64
433.0 78.5 1.67
433.0 80.0 1.70
458.9 75.0 1.64
463.1 72.9 1.60
463.1 79.3 1.75
472.3 74.6 1.66
473.0 74.4 1.66
487.1 75.2 1.70
487.1 76.0 1.71

436.1
^-Fluorobromobenzene

37.4 0.51
444.1 37.6 .53
449.0 37.8 .55
454.7 37.4 .53
461.6 37.3 .52
490.5 37.1 .52
523.9 37.4 .57

470.1
^-Fluoroiodobenzene

49.4 0.89
492.4 49.1 .89

487.9
^-Fluoronitrobenzene

135.1 2.865
499.4 132.3 2.86
509.3 131.0 2.87
523.7 128.2 2.87

444.9
o-D ichlor oberizerie 

122.3 2.51
473.3 117.5 2.52
493.1 114.4 2.52

113.7 2.50
113.7 2.50

507.6 111.6 2.51
522.7 109.4 2.51
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T a b l e  I (Concluded)
T ,  °K . P  /x(X 10i8)

^-Xylene (A. P. I. Hydrocarbon Laboratory, Manifest No.
15-P)

447.4 37.7 (0 )
447.4 37.7 (0 )
447.4 37.6 (0 )

-Xylene (A. P. I. Hydrocarbon Laboratory, Manifest 
13-P)

412.5 (43.7) (0.65)
433.1 43.2 .63
462.1 42.8 .62
497.3 42.3 .61
512.1 42.2

T a b l e  II
.62

M o l a r  R e f r a c t io n s  a n d  A v e r a g e  M o m e n t  V a l u e s
MRn ju(X 1018)

Fluorobenzene 26.0a 1.57
Chlorobenzene 31 .16 1.72
Bromobenzene 34.0& 1.77
Iodobenzene 39.2& 1.70
^-Fluorobromobenzene 33. T 0.5
p-Fluoroiodobenzene 39.2C .9
^-Fluoronitrobenzene 32.4e 2.87
^-Xylene 3 6 .0d (0)
«9-Xylene 3 5 .8d 0.62
ö-Dichlorobenzene 3 6 .0C 2.51
a Calculated from data in ‘ ‘ International Critical

Tables.” 6 Landolt-Börnstein (5th ed.). c Measured in
this Laboratory. d Calculated from data furnished by
Professor C. E. Boord. e Calculated from refractions in
Landolt-Börnstein (5th ed.).

the value 72.5 obtained from the data of Me Alpine 
and Smyth2 by interpolation at this temperature 
and the values for bromobenzene, 75.8 and 75.7 
at 455.8°K. are indistinguishable from the value
75.8 obtained from the data of Groves and Sugden3 
by interpolation. The moment values calculated 
from these polarizations are slightly higher,
0.02 for chlorobenzene and 0.06 for bromoben­
zene, than the values obtained in the earlier work 
by the use of total induced polarization instead 
of molar refraction. This neglect of the small 
atomic polarization which may cause the total 
induced polarization to be slightly higher than 
MRd, is evidently unimportant in the case of the 
monohalogenated benzenes, but is serious in that 
of the ^-dihalogenated benzenes. In view of the 
symmetry of the ^-xylene molecule, its moment 
may safely be assumed to be zero. Its polariza­
tion was measured only in order to obtain a total 
induced polarization value, which, as a fair ap­
proximation, could be taken equal to that of o- 
xylene and thus used, instead of the MRd value, 
to calculate the dependable value for the latter

(3) Groves and Sugden, J .  C h e m , S o c . ,  971 (1935),

compound in Table II. The difference of 0.2 in 
the M R d  values for the two compounds indicates 
that the total polarization of p-xylene. may differ 
by a few tenths of a unit from the induced polari­
zation of -xylene. Decomposition of the iodo­
benzene limits the range of temperature over 
which the measurements may be made and, prob­
ably, causes the unusually large variation in the 
moment value for it in Table I. The two samples 
of satisfactory purity give mean moment values 
differing by 0.07 from each other. The average 
of these two in Table II is from 0.10 to 0.15 higher 
than the value to be expected for the vapor on the 
basis of the values obtained from solution measure­
ments.4,5 In view of this, the value 1.70 may be 
high, but it is, probably, less than 0.1 high.

Discussion of Results
It happens that the chloro-, bromo- and iodo- 

benzene moment values in Table II have almost 
the same differences from one another as the cor­
responding butyl halides.6 The fluorobenzene 
moment is lower than that of chlorobenzene, as 
the alkyl fluoride moment is lower than that of 
the alkyl chloride.7 The slight increases in the 
values of the bromobenzene and iodobenzene 
moments lessen the calculated reduction in 
moment by contributions from structures with 
double-bonded positive halogens and, hence, show 
the amounts of double bond character in the 
C-Cl, C-Br, and C-I bonds to be more nearly 
equal than previously supposed.6

The moment value of 7>-ffuorobromobenzene in 
Table II is 0.3 higher than the difference between 
the moments of fluoro- and bromobenzene, to 
which it should be equal in the absence of compli­
cating factors. The presence of a small amount 
of ö-fluorobromobenzene as an impurity together 
with a larger atomic polarization than is assumed 
in the use of MRd as the total induced polariza­
tion could account for this discrepancy, which is, 
however, a little large to arise from these causes. 
The moment value for ^-fluoroiodobenzene is 0.8 
higher than the small difference 0.1 between the 
moments of fluorobenzene and iodobenzene. It 
would require about 10% of o-fluoroiodobenzene 
present as an impurity to account for this dis­
crepancy, or, at least, 5% of the ortho compound 
plus an abnormally high atomic polarization

(4) Parts, Z. p h y s ik .  C h e m ., B10, 264 (1930).
(5) Tiganik, ib id . ,  BIS, 425 (1931).
(6) Sm yth, T h is  J o u r n a l , 63, 57 (1941).
(7) Sm yth and M c Alpine, J .  C h e m , P h y s . ,  2, 499 (1934),
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value, both of which possibilities are somewhat 
remote. The larger moment of the p-fluoroiodo- 
benzene seems to correspond to the fact that the 
electronegativity difference between fluorine and 
iodine is greater than that between fluorine and 
bromine, the difference between the two moments 
coinciding with the I-Br bond moment, O.4.8 
The moments of the two compounds could be 
accounted for by writing for their molecules, in 
addition to their normal covalent structures and 
their quinoid structures of the type

F+ F ‘ F+ F~

The much greater electronegativity of the fluorine 
would make the ionic structure with negative 
fluorine predominate over that with negative 
iodine or bromine, giving a moment opposite in 
direction to that to be expected from the small 
differences between the moments of the monosub» 
stituted benzenes. These combinations of struc­
tures should lead to small moments of the order of 
magnitude of those observed and differing in value 
according to the electronegativity differences as 
observed.

In order to obtain a moment value for nitro­
benzene directly comparable with the values in 
Table II, the previous data2 were recalculated 
with MRd instead of the total induced polariza­
tion. The difference between the moment value, 
4.25, thus obtained and the moment of fluoroben­
zene in Table II gives a value 2.68 for ^-fluoro- 
nitrobenzene, 0.19 lower than the observed value 
in Table II. Although part of this difference could 
arise from the presence of o-fluoronitrobenzene as 
an impurity in the para compound, it has been 
previously pointed out9 that the moment of p- 
chloronitrobenzene, 2.78, measured10 for the 
vapor of a carefully purified sample is high, prob­
ably because of contributions from highly polar 
structures such as

CD

(8) Sm yth, J .  P h y s .  C h e m ., 41, 209 (1937).
(9) Sm yth and Lewis, T h i s  J o u r n a l , 62, 721 (1940).
(10) Groves and Sugden, J .  C h e m . S o c ., 1782 (1937).

The elevation, 0.25, of the moment above the cal­
culated value, 2.53, is slightly larger than that in 
the case of ^-fluoronitrobenzene, 0.19, which, be­
cause of possible impurity, represents an upper 
limit for the elevation. It appears that, in the 
case of these two compounds, the presence of the 
nitro group effects a greater increase in the amount 
of double bond character in the C-Cl than in the 
C-F bond.

The polarization of the ^-xylene vapor in Table 
I is 0.6 higher than the value 37.07 found for the 
same sample in the liquid state at 293.1 °K. by 
Dr. P. F. Oesper, a difference of the magnitude 
and direction normally found between liquid and 
vapor values. The absence of error due to im­
purity and to neglect of atomic polarization 
should make the moment value of 0-xylene in 
Table II extremely accurate. It differs by only
0.01 from the value previously used for the 
moment of two <9-methyl groups9 and the natural 
assumption of an angle of 60° between the two 
group moments leads to a calculated value 0.36 
for the group moment of methyl on a benzene ring 
in excellent agreement with the moment of 
toluene, 0.35,11 on which the above-mentioned 
value for the two <9-methyl groups was based. The 
excellence of this agreement shows, in harmony 
with previous conclusions, that any mutual in­
ductive or resonance effects between the two 
ortho-methyl groups are too small to detect by 
means of dipole moments. It may be mentioned 
that the use of M Rd instead of the ^-xylene polari­
zation in calculating the <9-xylene moment would 
give a value 0.73 instead of 0.62 and 0.42, instead 
of 0.36, for the methyl-benzene group moment. 
Similar use of MRd instead of the total induced 
polarization for toluene would give a moment 
value 0.45 instead of 0.35. This does not mean, 
however, that the group moment value 0.42 or
0.45 should be used for consistency in calculating 
the moments of more polar molecules, for which 
MRd values have been used in obtaining the 
moment from the experimental data, since large 
moment values are little affected by neglect of 
atomic polarization. The value 0.36 is, there­
fore, to be regarded as correct for the group 
moment produced by the attachment of a methyl 
group to a benzene ring.

The moment of o-dichlorobenzene was meas­
ured because of the fact that the value, 2.16, ob­
tained by Groves and Sugden10 from vapor meas-

(11) M cAlpine and Sm yth, T h is  J o u r n a l , 55, 453 (1933).
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urements was 0.1 lower than the value found by 
several investigators from measurements in solu­
tion, although the solvent effect, which, in the 
case of chlorobenzene, lowers the solution value to 
such an extent that the gas value is 10% higher 
than that measured in solution, should lead to a 
similarly lower value for 0-dichlorobenzene.9 
Since addition of 10% to the solution value, 2.27, 
for 0-dichlorobenzene gives a value, 2.50, prac­
tically identical with the newly determined gas 
value, 2.51, in Table II, it is evident that there is 
no anomaly in the solvent effect for this compound.

The writers wish to express their thanks to 
Professor C. E. Boord of Ohio State University 
and Dr. George Calingaert of the Ethyl Gasoline 
Corporation for the xylenes and to Dr. P. D. 
Hammond of the Heyden Chemical Corporation 
for the 0-dichlorobenzene used in this investigation.

Summary
The dielectric constants of the vapors of chloro-,

bromo-, iodo-, p-fluorobromo-, ̂ -fhioroiodo-, />-fluo- 
ronitro- and 0-dichlorobenzene, and of p- and
0-xylene have been measured and used to calculate 
the dipole moments of the molecules. The mo­
ment values found for chlorobenzene and bromo­
benzene agree closely with those in the literature, 
while that, for iodobenzene is slightly higher than 
would be expected on the basis of previous meas­
urements in solution. The moment value of 0-di- 
chlorobenzene is much higher than the one in the 
literature and in excellent agreement with that 
obtained by correcting the solution value for sol­
vent effect. The data for the two xylenes give an 
accurate value, 0.36, for the group moment pro­
duced by the attachment of a methyl group to a 
benzene ring. The moments found for the p-di- 
substituted benzenes are larger than the differences 
between the corresponding mono-substituted com­
pounds by amounts which may be accounted for 
by resonance.
P r i n c e t o n , New J e r s e y  R e c e iv e d  J u n e  22, 1942

[C o n t r i b u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m i s t r y , P u r d u e  U n i v e r s i t y ]

Condensation Products of Ketene with Ketones1
B y B. H. G wynn w ith  Ed. F. D eg erin g

The reactions of ketene have been studied 
rather extensively. It has been found to act as 
the anhydride of acetic acid. Although it is 
commonly prepared from acetone and therefore 
contaminated with it to some extent, no one ap­
pears to have noted a reaction between the two. 
Investigations have been reported in which the 
reactivity of ketene with ketones was studied 
without a catalyst2 and in the presence of anhy­
drous sodium or potassium acetate.3 No reaction 
was noted. Acetone has been used as a solvent 
in the acid catalyzed acetylation of carbohydrates4 
with ketene. A reaction undoubtedly took place 
in these cases but escaped notice. Similarly, in 
the acid catalyzed acetylation of butyl alcohol,5 
the ketene was contaminated with acetone, and 
the two probably reacted to a limited extent.

(1) A b s t ra c t  of a  th e s is  b y  B . H . G w y n n , s u b m it te d  to  th e  fa c u lty  
of P u rd u e  U n iv e rs ity  in  p a r t ia l  fu lf i llm e n t of th e  re q u irem en ts  for 
th e  d eg ree  of D o c to r  of P h ilo so p h y  in  C h e m is try , J u n e , 1942. P re s ­
e n t  a d d re ss , W e s tv a c o  C h lo rin e  P ro d u c ts  C o rp ., C a rte re t, N ew  
Je rse y .

(2) S ta u d in g e r  a n d  K lev e r, B e r . ,  41, 594 (1908).
(3) H u rd  a n d  W illiam s , T h i s  J o u r n a l , 58, 962 (1936).
(4) H u rd , C a n to r  a n d  R o e , i b i d . ,  61, 426 (1939).
(5) M o rey , I n d .  E n g .  C h e m . ,  31, 1129 (1939).

This investigation has shown that ketene does 
react with ketones. In the presence of a small 
amount of sulfuric acid the product is the acetate 
of the enol form of the ketone, as indicated by the 
equation
H2C :C:0 +  H-0-C(CH3) : CH2 (~̂ ± .  CH3-CO-CH3/

H2SO4) ---- CH3-C0-0-C(CH3) : CH2
Since the completion of this work, ketene has 

been reported to react with vinyl ketones to yield 
cyclic esters of the enol form of delta keto acids,6 
an entirely different type of reaction from that 
observed in this study, as indicated

O
/ \

H2C=C—O +  HaO==CH—CO—CH3 CH3C C = 0
II I

HC CH,
\ /HCH

Experimental Part
Apparatus.—Ketene was generated in a lamp which 

was constructed in the same manner as one described by 
Hurd.7 In order to separate acetone from the ketene, the

(6) U . S. P a t e n t  2 ,265 ,165 , D ec. 9, 1941; C .  A . ,  36, 1614 (1942).
(7) H u rd , J .  O rg . C h e m . ,  5, 122 (1940).
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pyrolysis gases were passed through two water-cooled 
spiral condensers, then through two cold traps. The first 
of these cold traps was kept at 0°, the second at —35 to 
—40°. The resultant gas was practically acetone-free 
and was passed into the material with which it was de­
sired to have it react. The inlet tube was placed in such a 
manner as to direct the entering gas into a rapidly revolv­
ing stirrer. The temperature of the reaction tube was 
maintained at the desired point by means of an oil-bath. 
An expansion chamber surrounded by an ice-bath was 
placed so as to return volatile liquids to the reactor. The 
output of the generator, determined by absorption in 
caustic,7 was approximately 0.25 mole (hr). All fractiona­
tions were made with a modified Podbielniak column.

Materials Used.—The ketones used in this work were 
either purchased or prepared by standard methods. In 
either case they were distilled or fractionated before use 
except for the acetone, which was Mallinckrodt analytical 
reagent grade, and the acetophenone, which was Eastman 
Kodak Company white label grade. The 2,4-dinitro- 
phenylhydrazones were prepared from each of the ketones 
except 2,6-dimethy 1-4-hep tanone and 2,4-dimethyl-3- 
pentanone and found to melt properly. The semiearba- 
zides were prepared from 2,6-dimethyl-4-heptanone and
2.4- dimethyl-3-pentanone and the melting points checked 
with those in the literature.

Reaction of Ketene with Acetone.—Ketene was passed 
into a well-stirred solution of one mole of acetone and a 
trace of sulfuric acid at the rate of 0.25 mole per hour. 
Forty-one runs were made to determine optimum condi­
tions. The best reaction temperature at atmospheric 
pressure was found to be about 55 °, and the optimum yield 
of the enol acetate was obtained with 0.007 mole of sulfuric 
acid and 0.81 mole of ketene per mole of acetone.

In a run which approximated optimum conditions, 0.87 
mole of ketene was passed into a solution of 0.007 mole of 
sulfuric acid in one mole of acetone at 55°. The product 
was then fractionated to give 39.5 ml. of product boiling 
in the range 90-96.5°, leaving 8.5 ml. of residue; con­
version, 45%. The residue was shown to be principally 
diketene with some higher polymers and acetic anhydride.

Identification of Product.—Several 90~96.5°-fractions 
were refractionated and a material obtained which boiled 
at 96° (750 mm.). This had a sharp, ester-like odor. It 
reacted quite vigorously with bromine and reduced alka­
line permanganate readily. Metallic sodium appeared to 
induce polymerization. These qualitative observations 
suggested that the product might be l-propen-2-ol ace­
tate. This compound was previously prepared by Nieuw- 
land8 from acetic acid and methylacetylene. He reported 
a b. p. of 92-94° (736 mm.). The saponification equiva­
lent, as determined, was 106.0, 105.3. Calculated value 
for l-propen-2-ol acetate is 100.07. The method is reported 
to give high values for esters of tertiary alcohols.9 The
2.4- dinitrophenylhydrazone was prepared by the standard 
method10 and a derivative, m. p. 125°, obtained. The 
derivative prepared from pure acetone melted at 126°, 
and a mixture of the two melted at 125.5°, thereby indi­
cating the identity of the two. The formation of this

(8) Nieuwland, T h i s  J o u r n a l , 56, 1802 (1934).
(9) Redeman and Lucas, I n d .  E n g .  C h e m ., A n a l .  E d . ,  9, 521 (1937).
(10) Shriner and Fuson, “ Identification of Organic Compounds,” 

J. W iley and Sons, Inc., New York, N . Y .? 1940,

derivative occurs in acid solution so that l-propen-2-ol 
acetate should revert to acetic acid and acetone.

Anal. Calculated for C5H80 2: C, 59.96; H, 8.06.
Found: C, 60.03; H, 8.18.

Reaction of Ketene with 2-Butanone.—Several runs 
were made in which catalyst concentration, temperature 
and amount of ketene introduced were varied. Optimum 
conditions, however, were not determined. Best results 
were obtained by passing ketene, at the rate of 0.25 mole 
per hour, into a solution of 70 ml. of 2-butanone and 0.007 
mole of sulfuric acid for two and one-half hours at 75°. 
The product was fractionated and 40 ml. of a fraction, 
b. p. 112-122°, obtained, leaving 5.5 ml. of residue. Re­
fractionation of the 112-122 °-fraction gave principally 
material with a b. p. of 118-120° (751.5 mm.), which could 
not be further purified by this method. The 2,4-dinitro­
phenylhydrazone was prepared and found to melt at 
110°. A similar derivative prepared from the starting 
ketone melted at 112°, and a mixture of the two melted 
at 111.25°. The saponification equivalent was deter­
mined.9 Calculated value for l-buten-2-ol acetate or 2- 
buten-2-ol acetate is 114.08. Found: fraction boiling
118-19°, 118.4, 116.4; fraction boiling 119-20°, 113.9,
114.8. The product is, therefore, the acetate of the enol 
form of 2-butanone but, probably, is a mixture of both 
possible forms; conversion, 47%.

Phosphoric Acid and ^-Toluenesulfonic Acid as Cata­
lysts.—Ketene was passed into a solution of 70 ml. of
2-butanone and 3 drops of 85% phosphoric acid for five 
hours at 55°. The product was fractionated and found to 
yield only 2 ml. of material, b. p. 112-122°. A similar 
run using 3 drops of sulfuric acid gave 20 ml. of material 
boiling in this range. Another run was made in which 
ketene was passed into 70 ml. of 2-butanone for three and 
one-half hours at 55° and a small amount of ^-toluenesul- 
fonic acid. The product was fractionated and it was 
found to yield no distillate in the range 112-122°.

Reaction of Ketene with Acetophenone.—Ketene was 
passed through a solution of 3 drops of sulfuric acid in 70 
ml. of acetophenone for three and one-half hours at 64°. 
This product was fractionated and 25 ml. of product ob­
tained, b. p. 85° (2 mm.). The saponification equivalent 
was determined.9 Calculated for 1-phenylethenol acetate,
162.08. Found: 160.4. The 2,4-dinitrophenylhydrazone 
was prepared10 and found to melt at 243 °; derivative from 
acetophenone, m. p. 244°, mixed m. p. 243.5°, conversion, 
19%.

Reaction of Ketene with Mesityl Oxide.—Ketene was 
passed into a solution of 3 drops of sulfuric acid in 70 ml. 
of mesityl oxide for three and one-half hours at 75 °. The 
product was fractionated to give 62 ml. of material with a 
b. p. of 57.5-58° (10 mm.). Calculated saponification 
equivalent9 for 4-methyl-l,3-pentadiene-2-ol acetate
140.10. Found: 146.4, 147.0. The 2,4-dinitrophenyl­
hydrazone10 melted at 200°; derivative from mesityl 
oxide, m. p. 199°, mixed m. p. 199°. Since this is close to 
the melting point of the reagent, a mixed melting point 
was determined for a mixture of reagent and derivative 
prepared from the ester (m. p. 177-180°). Whereas the 
derivative formed immediately when the ketone was used, 
a period of several minutes was necessary when the ester 
was used. This was the behavior noted with all of these
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esters. Conversion, 46.8%. This ester showed some 
tendency to polymerize to a tar when heated at too high a 
temperature.

Reaction of Ketene with 2,4-Dimethyl-3-pentanone.— 
A total of three runs was made with 2,4-dimethyl-3-pen- 
tanone at temperatures up to 117°. In one of these runs 
ketene was passed through a solution of 5 drops of sulfuric 
acid in 70 ml. of the ketone for four and one-quarter hours 
at 117°. Upon fractionating only the ketone and a small 
amount (1.4 ml.) of diketene were obtained. The condi­
tions employed in the other runs were less severe and like­
wise yielded no ester.

Reaction of Ketene with Pinacolone.—Ketene was passed 
into a solution of 15 drops (0.007 mole) of sulfuric acid 
in 70 ml. of pinacolone for two and two-thirds hours (0.66 
mole) at 110°. Upon fractionation, 3.5 ml. of a fraction 
was obtained, b. p. 134-135° (752 mm.). The saponifica­
tion equivalent9 of this was only 88.3 as compared with a 
calculated value of 142 for 3,3-dimethyl-l-buten-2-ol ace­
tate. This probably indicates contamination with dike­
tene, boiling only a few degrees lower. The 2,4-dinitro­
phenylhydrazone was prepared10 and separated into two 
fractions, one of which melted high, the other at 123.5°. 
The derivative prepared from the ketone melted at 125° 
and a mixture of the two at 124.5°.

Determination of Physical Properties.—The boiling 
points, densities and refractive indices for the compounds 
(or mixtures of isomers) were determined and are shown 
in Table I.

T able I
Physical Properties op E nol A cetates 

. . . .  B- P-Acetate of °C. Mm. W20D <*2*25
Acetone 96 750 1.4001 0.9308
2-Butanone 118-120 751.5 1.4111 .9043
Mesityl oxide 57.5-58 10 1.4611 .9250
Acetophenone 85 2 1.5329 1.0715
4-Methyl-2-pentanone 143-145 741.5 1.4164 0.8695
2-Heptanone 112-114 93 1.4262 .7488
2-Octanone 108 42.5 1.4283 .8692
2,6-Dimethyl-4-

heptanone 74 12 1.4281 .8541
Cyclohexanone 99 48 1.4573 .9952

Discussion
In nearly all of the cases investigated, ketene 

reacted with ketones to form the acetate of the

enol form. The exceptions are worthy of mention 
since they are those which would be expected to 
react with most difficulty. Diisopropyl ketone, 
with only two alpha (or 4-position) H-atoms to the 
carbonyl group, did not react at all, whereas pina­
colone with three alpha (or 4-position) H-atoms, 
reacted only slightly. In every case where four or 
more alpha (or 4-position) H-atoms were present, 
reaction occurred to an appreciable extent. Ace­
tophenone, with only three such groupings, re­
acted quite readily but an additional factor is 
present in this case—namely, the formation of a 
conjugated system upon enolization. Although 
the evidence is not complete, the results strongly 
indicate that ease of reaction with ketene parallels 
the ease of enolization of the ketone. This is well 
illustrated by the much greater ease of reaction 
of mesityl oxide than of 4-methyl-2-pentanone. 
Mesityl oxide, in one form at least, is a substituted 
vinyl ketone and in this investigation it did not 
show any differences in behavior from the satu­
rated ketones. Although both types of derivative 
would give the same saponification equivalent, the 
lactone would not be expected to give a 2,4-dinitro­
phenylhydrazone identical with that of the start­
ing material.

Summary
Ketene has been found to react with ketones 

possessing three or more alpha (or 4-position) H- 
atoms to yield the enol acetates. The tendency 
to react appears to be dependent upon the ease of 
enolization. The presence of a catalyst is neces­
sary, sulfuric acid being the best of those investi­
gated. Optimum conditions were determined for 
the reaction with acetone. It was found that 
higher temperatures favor the acetylation reac­
tion whereas at lower temperatures considerable 
polymerization of the ketene occurs. The amount 
of catalyst present is also critical.
Lafayette, Indiana R eceived June 8, 1942
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The Halogenation of Certain Esters in the Biphenyl Series. I. The Chlorination
of 4-Phenylphenyl Acetate1

B y Cora M ay Segura Savoy2 and John Leo Abernethy

A recent review3 on the relationship of bacteri­
cidal activity to structure of substituted phenols 
suggested the need for a more direct method of 
preparation of the 4-(4-halophenyl)-phenols. The 
bactericidal activity of these substances has not 
been studied. This paper presents a procedure 
for direct introduction of chlorine into the desired 
position of the biphenyl nucleus, namely, the 4'- 
position, when the 4-position contains an acetyl- 
oxy group.

It has been shown that bromination of 4-phen- 
ylphenylbenzenesulfonate4 and 4-phenylphenyl- 
benzoate5 introduces bromine into the 4'-position 
of the biphenyl nucleus. Hydrolysis of these 
brominated esters yields 4- (4-bromophenyl) - 
phenol. On the other hand, bromination of 4- 
phenylphenyl acetate6 introduces bromine in an 
ortho position to the acetyloxy group, and hy­
drolysis of this ester yields 2-bromo-4-phenyl- 
phenol. This difference has been attributed to 
the difference in sizes of the groups. Thus, the 
benzenesulfonyloxy and benzoyloxy groups, be­
ing much larger than the acetyloxy group, ex­
hibit greater steric hindrance to bromine. There­
fore, bromine is shifted to the 4 '-position of the bi­
phenyl nucleus in the case of the larger groups, 
whereas it enters the 3-position in case of the 
smaller group.

On the basis of these results it was anticipated 
that chlorination of 4-phenylphenyl acetate would 
result in an introduction of chlorine in an ortho 
position to the acetyloxy group. Such was not 
found to occur. In contrast to bromination, the 
halogen in this instance entered the 4'-position. 
This is indeed surprising, if steric hindrance is the 
predominant factor, in view of the fact that the 
chlorine atom is considerably smaller than the 
bromine atom and presumably less steric hin­
drance should exist to entrance ortho to the acetyl­
oxy group.

(1) From a portion of a thesis to be submitted by Mrs. Savoy 
to the Graduate Faculty of the University of Texas in partial ful­
fillment of the requirements for the degree of Master of Arts.

(2) Present address: Department of Chemistry, Southwestern
Louisiana Institute, Lafayette, Louisiana.

(3) Suter, C h e m . R e v ., 28, 269 (1941).
(4) Hazlet, T h is  J o u r n a l , 59, 1087 (1937).
(5) Hazlet, Alliger and Tiede, ib id ., 61, 1447 (1939).
(6) Hazlet and Kornberg, ib id ., 61, 3037 (1939).

4-Phenylphenyl acetate (II) was prepared from
4-phenylphenol (I) by the method of Kaiser.7 
Chlorination of II in the presence of iodine cata­
lyst gave rise to 4- (4-chlorophenyl) -phenylacetate
(III). Hydrolysis of this ester took place readily 
to give a good yield of the desired 4-(4-chloro­
phenyl)-phenol (IV). That the ctilorine had en­
tered the 4'-position was proved by an indepen­
dent synthesis of IV.

Benzidine (VII) was converted to 4-(4-chloro­
phenyl)-aniline (VIII), by means of the Sand- 
meyer reaction, according to the method used by 
Taubner8 as modified by van Alphen9 for the cor­
responding iodo compound. Diazotization of 
VIII gave rise to IV. A mixed melting point of 
the chlorophenylphenol obtained from VII caused 
no depression. Furthermore, when the chloro­
phenylphenol obtained from benzidine was acetyl­
ated and a mixed melting point was taken with 
the chlorination product of II, no depression was 
noted. This is conclusive evidence that chlorina­
tion of II resulted in substitution in the 4 '-position.

Previous to the independent synthesis of IV 
from benzidine, it was noted that the melting 
point (145-146°) of IV was somewhat close to the 
melting point (133.5-137°) of 4-(4-chlorophenyl) -
2,6-dichlorophenol (XI) as obtained by Colbert, 
Meigs and Mackin.10 A mixed melting point of 
these two substances showed them to be different.

During the course of this investigation it was 
desirable to prepare 2-chloro-4-phenylphenyl ace­
tate (VI) as well as 4-(4-chlorophenyl)-2,6-di- 
chlorophenyl acetate (XII). This was readily 
accomplished by acetylation of V and XI, respec­
tively, with acetic anhydride and sodium acetate.

Synthesis of 4-(4-chlorophenyl)-phenol leaves 
only the fluoro compound unsynthesized in this 
list of 4- (4-halophenyl)-phenols. The correspond­
ing bromo compound has been prepared from 4- 
phenylphenyl benzenesulfonate4 and 4-phenyl- 
phenylbenzoate5 as well as from 4-nitro-4'- 
bromobiphenyl.11 The iodo compound has been 
prepared from benzidine.9

(7) Kaiser, A n n . ,  257, 95 (1890).
(8) Taübner, B e r ., 27, 2627 (1894).
(9) van Alphen, R e c . tra v . c h im ., 50, 1112 (1931).
(10) Colbert, Meigs and Mackin, T h i s  J o u r n a l , 56, 202 (1934)
(11) Bell and Robinson, J .  C h e m . S o c . ,  1127 (1927).
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The essential reactions of this investigation are
correlated in Chart I.

C h a r t  I

Experimental Part
4-(4-Chlorophenyl)-phenyl Acetate (III).—Twenty

grams of 4-phenylphenyl acetate, prepared in quanti­
tative yield from 4-phenylphenol,6 was suspended in 100 
cc. of carbon tetrachloride. A trace of iodine was added, 
and a solution of 7.4 g. (10% excess) of chlorine in 75 cc. 
of carbon tetrachloride was then added, drop by drop, over 
a period of two hours. The reaction mixture was stirred 
during this period and for an additional two hours. When 
the solvent was removed by distillation under reduced 
pressure, the crude product crystallized out. After two 
recrystallizations from methanol, the product, obtained as 
white plates in 47% yield, melted at 113°. This com­
pound has also been recrystallized from ethanol in approxi­
mately the same yield.

An attempt to chlorinate 4-phenylphenyl acetate in sun­
light without the use of iodine gave only the original ester.

Anal. Calcd. for C14H11O2CI: Cl, 14.39. Found: Cl,
14.10, 14.22.

Hydrolysis of 4-(4-Chlorophenyl) -phenyl Acetate.—
Five grams of the ester (III) was suspended in a solution 
oc 50 cc. of water, 50 cc. of ethanol, and 5 g. of potassium 
hydroxide, and refluxed for five minutes; the reaction

mixture was allowed to cool and poured into twice its 
volume of water. The clear solution obtained was acidi­
fied, and the white precipitate which formed was filtered 
and washed with water. The product, which was obtained 
in nearly quantitative yield, melted at 145-146°. (This 
was identified as 4-(4-chlorophenyl)-phenol by synthesis 
from benzidine.) Acetylation of the 4-(4-chlorophenyl)- 
phenol obtained by hydrolysis of III gave an ester which 
melted at 113° and which did not depress the melting 
point of III.

Anal. Calcd. for Ci2H9OC1: Cl, 17.34. Found: Cl,
17.11, 17.19.

4-(4-Chlorophenyl) -phenol (IV).—Twelve and one-half 
grams of benzidine was suspended in a dilute solution of 
hydrochloric acid, cooled, and allowed to react with a solu­
tion containing 10 g. of sodium nitrite. An additional 12.5 
g. of benzidine was added to the reaction mixture, and the 
liquid was kept in the ice-box for three days.8 A cold 
solution of 10% cuprous chloride in hydrochloric acid was 
then added. The mixture was allowed to come to room 
temperature, after which it was heated at 60° for two 
hours.

The 4-(4-chlorophenyl)-aniline hydrochloride which 
separated as a brown solid was filtered and washed with 
water. This product was suspended in a dilute solution of 
hydrochloric acid, cooled, and allowed to react with a 
solution containing 10 g. of sodium nitrite. After two 
hours, the mixture was heated to 60° and kept at this 
temperature for one hour. A dark brown tarry material 
separated; the product was extracted from this tar with 
boiling water. After three recrystallizations from chloro­
form and petroleum ether, the purified product (IV), 
obtained in 4% yield on the basis of the benzidine used, 
melted at 145.5°. A mixture of this compound and the 
chlorophenylphenol obtained from the hydrolysis of 4-(4- „ 
chlorophenyl)-phenyl acetate melted at 146°. Acetyla­
tion of 4-(4-chlorophenyl)-phenol obtained from benzidine 
gave an ester, which, after recrystallization from ethanol, 
melted at 113 ° and did not depress the melting point of the 
ester prepared by the chlorination of II.

Anal. Calcd/for C12H 9OCI: Cl, 17.34. Found: Cl, 
17.21, 17.30.

2-Chloro-4-phenylphenyl Acetate (VI).—A mixture of 
three grams of 2-chloro-4-phenylphenol10 and one-fourth 
molecular proportion of anhydrous sodium acetate was 
gently refluxed for ten minutes in an excess of acetic an­
hydride. The reaction mixture was allowed to cool and 
poured into five volumes of water. The ester was collected 
by filtration and twice recrystallized from ethanol. The 
white needles obtained in 92% yield melted at 6 8°.

Anal. Calcd. for C12H 9OCI: Cl, 14.39. Found: Cl, 
14.17, 14.22.

2,6-Dichloro-4-phenylphenyl Acetate (X).—A mixture 
of three grams of 2,6-dichloro-4-phenylphenol10 and one- 
fourth molecular proportion of anhydrous sodium acetate 
was refluxed gently for ten minutes in an excess of acetic 
anhydride, The reaction mixture was allowed to cool and 
poured into five volumes of water. The ester was collected 
by filtration in quantities representing a quantitative 
yield. Two recrystallizations from ethanol reduced the 
yield of 73%. The white rhombic crystals melted at 64°.
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Anal. Calcd. for Ci4HuO*Cl: Cl, 25.24. Found: Cl,
25.08, 25.16.

4- (4-Chlorophenyl) -2,6-dichlorophenol (XI).—The im­
pure 4-(4-chlorophenyl)-2,6-dichlorophenol was prepared 
according to the method of Colbert, Meigs and Mackin.10 
This was crystallized several times from carbon tetra­
chloride, thus yielding the pure compound with a constant 
melting point of 144°. (A 9% yield was obtained.) When 
a melting point was taken on a mixture of this compound 
with the chlorophenylphenol obtained from III it was 
lowered to 120°.

4-(4-Chlorophenyl)-2,6-dichlorophenyl Acetate (XII).— 
This product was obtained by acetylating 2,6,4'-trichloro- 
phenylphenol in the same manner used to prepare VI and 
X. After two recrystallizations from ethanol, the product 
was obtained as white needles which melted at 79.5°, in a 
yield of 75%.

A n al  Calcd. for Ci4H90 2Cl3: Cl, 33.72. Found: Cl, 
33.50, 33.57.

Acknowledgment.—The writers wish to ex­
press their appreciation for the helpful sug­
gestions of Mr. Harry Kornberg during the 
progress of this investigation and for the assis­

tance of Mr. T. R. Thompson in the analyses of 
the compounds.

Summary
1. Chlorination of 4-phenylphenyl acetate in 

the presence of iodine catalyst gave rise to 4- 
(4-chlorophenyl)-phenyl acetate. Hydrolysis of 
this ester gave a quantitative yield of 4-(4-chloro­
phenyl)-phenol. Proof of the structure of 4- 
(4-chlorophenyl)-phenol was given by an inde­
pendent synthesis of this compound from benzi­
dine.

2. Purification of 4- (4-chlorophenyl) -2,6-di -
chlorophenol to a constant melting point (144°) 
was accomplished by several recrystallizations of 
the impure substance (m. p. 135.5-137°) pre­
viously reported. The acetates of 4-(4-chloro­
phenyl) -phenol, 2-chloro-4-phenylphenol, 2,6-di - 
chloro-4-phenylphenol and 2,6-dichloro-4-(4-chlo­
rophenyl) -phenol were prepared in good yield. 
A u s t i n , Texas R e c e i v e d  M a y  5, 1942

[Co n t r ib u t io n  from  the  C hem ical  L aboratory  of  N o r t h w e st e r n  U n iv e r s it y ]

A Method for the Synthesis of Certain 2-Substituted Phenanthrenes
B y B yron  R ie g e l , M arvin  H. G old1 a n d  M ichael  A. K ubico

A good general method for the preparation of a 
number of 2-acyl and amino phenanthrenes was 
required for the synthesis of polynuclear hydro­
carbon derivatives. A few such derivatives have 
been prepared from phenanthrene, but in low 
yields because the orientation for substitution is 
chiefly to the 3-position. Not only are the yields 
low but the separation is quite often difficult.

By the use of the Friedel-Crafts reaction on 
phenanthrene a 15% yield of the 2-acetylphe- 
nanthrene has been obtained. The major product 
of this reaction2 was a 65% yield of the 3-acetyl- 
phenanthrene. It is possible to separate readily 
the 2-acetyl derivative because it has the higher 
melting point and is less soluble. Using the same 
method, the 2-propiony lphenanthrene could be 
isolated only in an 8% yield,3 while with succinic 
anhydride no 2-succinoylated phenanthrene could 
be isolated.4 When there is no particular need for 
the 3-acylphenanthrenes such reactions constitute

(1) A n n a  F u lle r  F u n d  R e s e a rc h  A sso c ia te .
(2) E . M o se :tig  a n d  J . v a n  d e  K a m p , T h i s  J o u r n a l , 52, 3704 

(1930 ); 5 4 ,3 3 2 8  (1932).
(3) W . E . B a c h m a n n  a n d  W . S . S tru v e ,  i b i d . ,  58, 1659 (1936).
( i) R . D. H a w o r th  a n d  C . R . M a v in , J .  C h e m .  S o c . ,  1012 (1933).

an unnecessary waste of laboriously purified phe­
nanthrene.

It has been shown that the 2-position is exclu­
sively involved in the substitution reactions5 of
9.10- dihydrophenanthrene. The reactions with
9.10- dihydrophenanthrene are not accompanied 
by the usual resinous products encountered with 
phenanthrene. We have found that 2-acyl-9,10- 
dihydrophenanthrenes could be easily dehydro­
genated by means of sulfur. Although this method 
requires three steps in contrast to one step by the 
older method, they are all readily performed in 
over-all yields as listed in Table I. The amino

T a b l e  I
2 -S u b s t itu te d  p h e n a n th re n e  

Acetyl 
Propionyl 
Isobutyryl 
Methoxysuccinyl 
Amino

O v e r-a ll  y ie ld , %

53
45
48
70
25

derivative was made in four steps from phenan­
threne, through the 2-amino-9,10-dihydrophe-

(5) A. B urger and  E. M osettig , T h is  J o u r n a l , 58, 1857 (1936),
59, 1302 (1937).
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nanthrene, previously reported by Krueger and 
Mosettig.6

Experimental7
2-Acetylphenanthrene.2—The 9,10-dihy drophenanthrene 

used in this work was prepared by the method described by 
Fieser and Johnson.8 The crude 2-acetyl-9,l 0-dihy dro­
phenanthrene5 obtained from the reaction of 65 g. of 9,10- 
dihydrophenanthrene and 31 g. of acetyl chloride was trans­
ferred to a 250-ml. Claisen-head sabre flask. After heat­
ing the flask to 250°, 12 g. of sulfur was added in 1-2 g. 
quantities over a period of ten minutes. Heating was con­
tinued at 260-280° for about one hour or until no more 
hydrogen sulfide was evolved. The reaction mixture was 
allowed to cool somewhat and then distilled at 1-2 mm. 
By dissolving the crude solid distillate in boiling benzene 
and adding an equal volume of petroleum ether (b. p. 
60-90°), 47 g. of crystalline material (in two crops), m. p. 
138-142°, was obtained. This was sufficiently pure for 
further work and represented an over-all yield of 59% for 
the two steps or a 53% yield based on phenanthrene. 
Pure material, m. p. 142-143°, could be obtained by two 
crystallizations. A high boiling viscous oil remained in 
the mother liquors.

2-Propionylphenanthrene.—The distillate, from the de­
hydrogenation of 2-propionyl-9,10-dihydrophenanthrene,5 
gave crystalline material, m. p. 99-102°, from ethanol. 
An over-all yield of 45%, based on phenanthrene, was ob­
tained. Recrystallization from ethanol raised the m. p. 
to 103-104 °. Bachmann and Struve3 reported its m. p. as 
104-105°.

2-Isobutyryl-9,10-dihy drophenanthrene.—The crude re­
action product from 30 g. of 9,10-dihydrophenanthrene and
19.4 g. of isobutyryl chloride was distilled at 2 mm. giving 
36.8 g. (88%) of distillate, a sample of which gave crystals, 
from ethanol, melting at 71.6-72.6°.

Anal. Calcd. for C18H180: C, 86.36; H, 7.24. Found: 
C, 86.90; H, 7.34.

2-Isobutyrylphenanthrene-—Dehydrogenation of a 10.1- 
g. sample of the previously described distillate gave a 
product which crystallized from benzene-ethanol giving 
6.06 g. (61%), m. p. 116.8-117.6°. This represents an 
over-all yield of 48% for the three steps.

(6) J. W. Krueger and E. M osettig, J .  O rg . C h e m ., 3, 340 (1938- 
1939).

(7) All melting points are corrected. M icroanalyses by Dr. T. S. 
M a, U niversity of Chicago.

(8) L . F . F ieser  and W . S. Johnson, T h is  J o u r n a l , 61, 168 
(19 3 9 ).

Anal. Calcd. for Ci8Hi60: C, 87.06; H, 6.50. Found: 
C, 86.83; H, 6.75.

Methyl p- [2-Phenanthroyl ]-propionate.—To a suspen­
sion of 8 g. of j3-[9,10-dihydro-2-phenanthroyl]-propionic 
acid5 in 100 ml. of methanol was added slowly, while swirl­
ing, 10 ml. of acetyl chloride. The reaction mixture be­
came hot and the solid acid dissolved. After standing 
for three hours at room temperature, water and ether were 
added. The ether extract was washed with a dilute solu­
tion of sodium carbonate and treated with Norite and 
anhydrous sodium sulfate. It was then filtered and the 
solvent removed under reduced pressure. The residual 
oil crystallized from methanol giving 7.6 g. (90%) of 
material sufficiently pure for further reactions. Recrystal­
lization from methanol gave prisms melting at 73.5-74°. 
Fieser and Johnson9 reported the m. p. 77-78°. The 
above esterification is most convenient and is similar to 
the method described by Freudenberg and Jakob.10

Dehydrogenation of a 2.756-g. sample of the methyl 
(3- [9,10-dihydro-2-phenanthroyl ]-propionate gave 2.382 g. 
of crude material which crystallized from acetone-metha­
nol giving 2.185 g. (80%) of product melting 105-107°. 
Two crystallizations including a treatment with Norite 
gave glistening white plates, m. p. 112.2-112.6°.

Anal. Calcd. for C19H160 3: C, 78.06; H, 5.53. Found: 
C, 78.43; H, 5.96.

A small sample was hydrolyzed giving the free acid 
melting at 203-206° (reported4 205-206°).

2-Aminophenanthrene.—2-Amino-9,10-dihydrophenan- 
threne6 was smoothly dehydrogenated by means of sulfur. 
The reaction product was isolated in the form of its hydro­
chloride in a 68% yield. Liberation of the free amine by 
the addition of alkali gave a product melting at 85-86°. 
This amine has been prepared by Bachmann and Boatner11 
through the Beckmann rearrangement of the oxime of 2- 
acetylphenanthrene.

Summary
1. A convenient and improved method for the 

preparation of 2-acyl and amino phenanthrenes 
has been described. This method involves the 
dehydrogenation of the easily prepared 9,10-di­
hydrophenanthrene derivatives.
E v a n s t o n , I l l in o i s  R e c e iv e d  M a y  26, 1942

(9) L. F. Fieser and W. S. Johnson, ib id . ,  61, 1647 (1939).
(10) K. Freudenberg and W. Jakob, B e r . ,  74, 1001 (1941).
(11) W . E . Bachmann and C . H . Boatner, T h is  J o u r n a l , 58 867 

2194 (1936).
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A Convenient Procedure for the Preparation of Deuterium Chloride
B y  H erbert C. Brown

In the course of an investigation upon which we 
have been engaged, the need arose for consider­
able quantities of deuterium chloride of high 
purity. Examination of the literature reveals 
that many methods for the preparation of the sub­
stance have been reported. In the main, however, 
these methods, such as the action of deuterium 
oxide on anhydrous magnesium chloride at 600°,2 
the reduction of silver chloride with deuterium at 
700°,3 the combination of chlorine with deuterium,4 
or the treatment of sodium chloride with deutero 
sulfuric acid,5 either require the prior preparation 
of intermediates or involve such difficult tech­
niques as to be unsuitable for the preparation of 
more than small quantities of deuterium chloride.

The procedure based on the reaction of deu­
terium oxide with thionyl chloride (SOCb +  
D20  —> S02 +  2 DC1) has received careful atten­
tion as a means of preparing deuterium chloride in 
appreciable quantities,6 and the process would be 
entirely satisfactory but for the difficulty in­
volved in the separation of the product from the 
accompanying sulfur dioxide. In the recom­
mended procedure, two traps cooled by dry-ice- 
acetone mixtures are used to remove the greater 
portion of the sulfur dioxide. However, since this 
gas possesses an appreciable vapor pressure at 
— 80° (10 mm.), it is evident that the deuterium 
chloride thus obtained must be contaminated 
with not inconsiderable quantities of sulfur di­
oxide. Moreover, the solubility of deuterium 
chloride in liquid sulfur dioxide at —80° causes 
losses as high as 15% of the product.

In casting about for a more satisfactory proce­
dure, we examined the possibility of utilizing ben­
zoyl chloride for transforming deuterium oxide 
into the desired product. Study revealed that at 
somewhat elevated temperatures deuterium oxide 
reacts smoothly with the reagent to liberate two 
equivalents of deuterium chloride. The reaction

(1) This paper is taken from a dissertation submitted by Cornelius 
Groot to  the Faculty of the D ivision of the Physical Sciences of the 
University of Chicago in partial fulfillm ent of the requirements for the 
degree of Master of Science.

(2) Lewis, M acDonald and Schütz, T h i s  J o u r n a l , 56, 494 (1934).
(3) Steiner and Rideal, P r o c . R o y .  S o c . (London), A173, 504 U939).
(4) Bawn and Evans, T r a n s .  F a r a d a y  S o c . ,  31, 1394 (1935).
(5) Frivold, Hassel and R ustad, P h y s i k .  Z . ,  38, 193 (1937).
(6) Langseth and K lit, K g l .  D a n s k e  V id e n s k a b .  S e lsk a b ., M a th .  f y s .  

M e d d .,  1 5 , No. 13. 4 (1937).

and Cornelius Groot1

occurs in accordance with the equations
CeHsCOCl +  D20 ----^  C6H5COOD +  DC1

CeHsCOCl +  C6H5COOD ----(C6H5C0)20  +  DC1
The yield of the gaseous chloride is practically 
quantitative, the product is analytically pure 
deuterium chloride, and, finally, the rate at which 
the gas is generated is readily controlled through­
out the preparation.

The apparatus used in the preparation is shown 
in Fig. 1. The deuterium oxide is contained in 
the dropping funnel where the long length of 
capillary tubing serves to maintain the rate of 
addition of the deuterium oxide constant despite 
small fluctuations in pressure within the flask.

The trap is immersed in an ice-bath to remove 
traces of benzoyl chloride which are carried past 
the condenser by the stream of gas. The open 
manometer is used to indicate the pressure at 
which the system is operating and to act as a 
safety valve should the delivery tube become 
blocked. It also aids in following the course of 
the reaction. If the delivery tube is closed mo­
mentarily (by means of a pinch clamp on a rubber 
connection), the action of the manometer reveals 
whether gas is being evolved.
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A few drops of the deuterium oxide is run from 
the funnel into the flask containing a two to three 
mole excess of benzoyl chloride (reagent grade). 
The flask is gently heated until deuterium chlo­
ride is evolved at a satisfactory rate, and the 
temperature is maintained at this level until all 
of the deuterium oxide has been added and the 
evolution of gas has noticeably slackened. The 
temperature is then slowly raised to the boiling 
point of the benzoyl chloride and maintained 
there until gas is no longer produced.

At the end of the reaction, a slow stream of dry 
air is passed into the system through the dropping 
funnel (the refluxing of the reaction mixture is not 
interrupted) to force the last traces of deuterium 
chloride to the outlet. At all times the evolution 
of deuterium chloride is smooth, easily controlled 
(the addition of a few chips of porous plate to the 
reaction flask is advisable), and may be halted 
simply by removing the source of heat.

The details of one test preparation will be given 
to illustrate the yields and degree of purity which 
may be expected.

Five ml. (0.550 equiv.) of deuterium oxide 
(99.6%) were treated with an excess (ca. 1.5 
moles) of benzoyl chloride. The deuterium chlo­
ride obtained was dissolved in distilled water 
(contained in a 250-ml. volumetric flask), the 
solution in the flask diluted to the mark, and 
samples removed for analysis. Total acidity 
found was 0.528 equiv. (average of three deter­

minations: 0.526, 0.527, 0.531), representing a 
yield of 96% of the theoretical. The solution was 
analyzed volumetrically for chloride ion by the 
Volhard method; found: 0.529 equiv. (average 
of three determinations: 0.528, 0.530, 0.530). 
The deuterium content was determined by the 
temperature float method on a portion of the 
solution after the acid had been carefully neu­
tralized with barium oxide and the water dis­
tilled; found: 0.528 equiv. of deuterium (aver­
age of two determinations: 0.530, 0.526). It is 
evident that, within the accuracy of the experi­
ment, a nearly quantitative yield7 of pure deu­
terium chloride had been obtained

Acknowledgment.—The authors wish to ex­
press their thanks to Mr. D. C. Sayles for the 
chloride ion analyses and to Mr. K. Wilzbach for 
the deuterium analyses. They also wish to 
acknowledge gratefully the deuterium oxide 
generously donated by Professor M. S. Kharasch 
for this and other investigations.

Summary
Deuterium chloride may be prepared conven­

iently by the action of benzoyl chloride on deute­
rium oxide at elevated temperatures. The product 
is analytically pure and the yields (based on the 
available deuterium) are practically quantitative.

(7) In three preliminary experiments in which 9 to  18 g. of water 
(1.0 to 2.0 equiv.) were transformed into hydrogen chloride by this 
method, th e yields obtained were 98.5, 100, 99%.

C h ic a g o , III. R e c e iv e d  M a y  8, 1942

NOTES

Physical Constants of Methyl Isopropenyl 
Ketone

B y  J o s e p h  H. B r a n t

The literature dealing with methyl isopropenyl 
ketone1"8 shows a considerable variance with 
respect to the physical constants of this ketone.

(1) Beilstein IV, Vol. I, p. 733, Supp., 381.
(2) M organ, M egson and Pepper, C h e m is tr y  a n d  I n d u s t r y ,  57, 390 

(1938).
(3) Morgan, M egson and Pepper, ib id . ,  57, 885 (1938).
(4) R utovskii and Yakobson, J . A p p l i e d  C h e m ., (U. S. S. R .), 14, 

528 (1941).
(5) R utovskii and Dm itrieva, ib id . ,  14, 535 (1941).
(6) R utovskii and Goncharov, ib id . ,  14, 542 (1941).
(7) Brant and Hasche, U. S. Patent 2,245,567.
(8 ) M arvel, Riddle and Corner, T h i s  J o u r n a l , 64, 92  (1 9 4 2 ).

Two methods of preparation have been described 
in the recent literature. The liquid phase syn­
thesis from methyl ethyl ketone and formalin has 
been studied extensively by Morgan and co- 
workers2,3 and also by Rutovskii and co­
workers.4,5,6 A vapor phase synthesis has been 
described by Brant and Hasche7 in which the 
ketone is produced in one step starting with 
methyl ethyl ketone and formalin or paraform­
aldehyde.

More recently Marvel, Riddle and Corner8 
reported the boiling point of methyl isopropenyl 
ketone as 45-46° at 40 mm. It would appear 
that this value is considerably too high.
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In order to help clarify this situation regarding 
the physical constants the following table is pre­
sented which shows the effect of time on the 
physical constants of methyl isopropenyl ketone. 
The first determinations listed were made within 
a few minutes after the completion of a careful 
vacuum distillation. The fraction studied was the 
middle 75 cc. from an 800-cc. batch and collected 
in a brine cooled receiver at about —10°. The 
material used in these tests was stored in a clear 
glass bottle without an inhibitor present and at 
room temperature. This sample contained less 
than 0.01% H20 .

T a b l e  I
Age,
days w20d di0 20

Age,
days n 20 d d2020

1.4163 0.8459 12 1.4242 0.8710
1 1.4162 .8458 13 1.4260 .8758
2 1.4163 .8465 14 1.4280 .8809
3 1.4166 15 1.4293 .8862
4 1.4168 16 1.4310 .8884
5 1.4170 .8485 17 1.4328 .8954
6 1.4174 18 1.4360
7 1.4183 19 1.4380 .,
8 1.4190 .8566 20 1.4400
9 1.4208 .8604 21 1.4424

10 1.4214 .8632 22 Too viscous to ex-

11 1.4230 .8670 30
amine

Glass-like solid

Other samples have shown comparable be­
havior except that the change has set in more 
quickly. One other sample on record was as much 
polymerized after thirteen hours as the one above 
was in seven days based on the density and refrac­
tive index values. No doubt some catalyzing 
impurities present in very small amounts account 
for this variation in rate of polymerization.

It appears necessary that physical constants 
of pure methyl isopropenyl ketone be determined 
as soon after distillation as possible even when 
inhibitors have been added.

The following are constants obtained for pure 
freshly vacuum distilled methyl isopropenyl ke­
tone made by the vapor phase process.7

n 20 d 1.4163
d2020 0.8459
Molecular refraction, calculated 24.84
Molecular refraction, observed 25.05
Boiling point (735 mm.), ° C. 98.5
Boiling point (100 mm.), ° C. 45-46
Boiling point (75 mm.), ° C. 37-38
Boiling point of the water azeotrope

(735 mm.) 82
(100 mm.) 34-35

T e n n e s s e e  E a s t m a n  C o r p o r a t io n
K in g s p o r t , T e n n e s s e e  R e c e iv e d  J u l y  2, 1942

The Further Nitration of Certain Dinitrobi- 
phenyls

B y  F r a n c i s  H .  C a s e

2,3',4,4'-Tetranitrobiphenyl has been obtained 
by Blakey and Scarborough1 by the nitration of 
either 2,3'- or 3,4'-dinitrobiphenyl. These authors 
were, however, unable to obtain the corresponding 
trinitro derivatives. In this Laboratory, 2,3',4- 
trinitrobiphenyl (m. p. 137-138°, from alcohol) 
was the sole product isolated after heating 2,3'- 
dinitrobiphenyl with nitric acid (sp. gr. 1.5) for 
three minutes.

Anal. Calcd. for C12H7N3O6: N, 14.54. Found: N, 
14.77.

When 3,4'-dinitrobiphenyl (6 g.) was heated for one 
hour with nitric acid (50 cc., sp.gr., 1.5), the reaction mix­
ture poured into water, and the precipitate crystallized 
from benzene, 3,4,4'-trinitrobiphenyl (1.1 g., m. p. 205— 
206°) was first obtained.

A n a l  Calcd. for Q 2H7N30 6: N, 14.54. Found: N, 
14.70.

On evaporation of the benzene mother liquors and 
crystallization from alcohol, 2,3',4-trinitrobiphenyl (1.5 
g., m. p. 136-137°) separated. This product melted un­
changed when mixed with the trinitro isomer from 2,3'- 
dinitrobiphenyl. The structure of the isomer melting at 
137-138° follows from its dual method of synthesis; that 
of the isomer (m. p. 205-206 °) depends on the fact that it is 
different from II, and yet yields the known 2,3',4,4'- 
tetranitrobiphenyl on further nitration.

When 3,3'-dinitrobiphenyl (5 g.) was nitrated under the 
conditions described above for the 3,4'-compound, and the 
product was crystallized from a mixture of acetone and 
alcohol, 3,3',4-trinitrobiphenyl (2.4 g., m. p. 179-180°) was 
obtained.

A n a l  Calcd. for Cï2H7N30 6: N, 14.54. Found: N,
14.53.

The structure of this compound was evident from the 
fact that on further nitration with mixed acids (1 :1) at 
100°, 3,3',4,4'-tetranitrobiphenyl, m. p. 203-204° (from 
alcohol-acetone), identical (mixed m. p. undepressed) with 
a sample prepared by Ullmann’s method2 from 3,4-dinitro- 
iodobenzene, was obtained.

A n a l  Calcd. for Ci2H6N40 8: N, 16.77. Found: N, 
16.90.

(1) Blakey and Scarborough, J .  C h e m . S o c ., 3000 (1927).
(2) C f. Ullmann and Bielecki, B e r ., 34, 2179 (1901). These  

authors, apparently through an error, record the m. p. of th is com ­
pound as 186°.
T e m p l e  U n i v e r s it y
P h il a d e l p h i a , P a . R e c e iv e d  M a y  18, 1942

Preparation of ^-Aminobenzenesulfonyl Urea
B y  E d w a r d  H . Cox

The procedure for the preparation of the aryl- 
sulfonyl ureas1 has now been applied in making

(1) Cox and Raym ond, T h i s  J o u r n a l , 63, 300 (1941).
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^-aminobenzenesulfonyl urea. The therapeutic 
properties of this compound and some of its salts 
are under investigation.

^-Acetaminobenzenesulfonyl Ethyl-isourea.—In a five- 
liter flask provided with a mechanical stirrer was placed 
600 g. of anhydrous potassium carbonate, 2 liters of acetone 
and 100 cc. of water. The suspension of carbonate-ace­
tone-water was stirred and cooled in an ice-bath. To this 
suspension 272 g. (2.2 moles) of ethyl-isourea hydrochloride 
was added gradually over a period of one-half hour. With 
each addition some water was added until the total 
amount was 400 cc. The ice-bath was removed after the 
addition and the reaction mixture stirred at room tempera­
ture for four hours.

. The reaction material was then poured into five liters of 
water, and the crude product filtered and washed. The 
weight of the crude dried product was 458 g. (87% yield). 
It crystallized from 50% acetic acid as white needles and 
melted at 223-224 °.

Anal. Calcd. for CuHi50 4N38: N, 14.71. Found: 
N, 14.76, 14.79.

^-Aminobenzenesulfonyl Urea.—One mole (285 g.) of 
^-acetaminobenzenesulfonyl ethyl-isourea (crystallized 
once from dilute acetic acid) was placed in a two liter flask 
and covered with 700 cc. of concentrated hydrochloric acid. 
The isourea first dissolved and then reprecipitated as the 
hydrochloride. The flask was immersed in a boiling water- 
bath and the reaction mixture stirred until solution took 
place (fifteen to twenty minutes). Decolorizing charcoal 
was added while still hot and the solution was filtered. 
After the addition of an equal volume of alcohol the filtrate 
was set aside to crystallize. The dried crystalline product 
weighed 200 g. (80% yield). White needles were produced 
when the product was recrystallized from dilute acetic acid. 
The compound melted with gas formation (ammonia) at 
140-146 °.1 2’3

A n a l  Calcd. for C7H90 3N3S: N, 19.54. Found: N,
19.53, 19.59.

Salts of ^-Aminobenzenesulfonyl Urea.—The cLtïilïlO- 
nium, potassium and sodium salts were prepared by treating 
slightly more than one equivalent of the ^-aminobenzene- 
sulfonyl urea with one equivalent of the metallic carbonate 
in 50% alcohol. After the addition of the carbonate, ether 
was added to produce the maximum yield of the salt.

Ammonium Salt. Anal. Calcd. for C7H12O3N4S: N,
24.12. Found: N, 24.09, 24.19.

Potassium Salt. Anal. Calcd. for C7H8O3N3SK: N, 
16.59. Found: N, 16.54, 16.56.

Sodium Salt. Anal. Calcd. for C7H80 3N3SNa: N, 
17.71. Found: N, 17.59, 17.64.

Acknowledgment.—The author thanks the 
Monsanto Chemical Company for a generous 
supply of ^-acetoaminobenzenesulfonyl chloride. 
D e p a r t m e n t  o f  C h e m is t r y
SWARTHMORE COLLEGE
SWARTHMORE, PA . RECEIVED JUNE 16, 1942

A Synthesis of 2- (2 '-M ethoxybenzoyl) -benzoic 
Acid

B y  B r a d f o r d  P . G e y e r 1

In the course of a projected synthesis of 1-hy- 
droxyfluorenone it became necessary to prepare a 
quantity of 2-(2'-methoxybenzoyl)-benzoic acid 
(I). This keto acid was prepared previously by 
Sieglitz2 by methylation of 2-salicylylbenzoic 
acid. The synthesis of I has now been accom­
plished, using phthalic anhydride and p-bromoani- 
sole as starting materials.

OCHa
O

A by-product formed in the Grignard reaction 
of p-anisylmagnesium bromide with phthalic an­
hydride is 2,2-di-d-anisylphthalide (II), reported 
earlier by Ferrario3 and by Blicke and Wein- 
kauff.4

Experimental
Before preparing the Grignard reagent, 0-anisylmag- 

nesium bromide, the flask containing 9.6 g. (0.4 mole) of 
magnesium was heated with a low, free flame to expel 
traces of moisture. A 20-ml. portion of anhydrous diethyl 
ether, freshly distilled from an ethereal ethylmagnesium 
bromide solution and containing 10 drops of ethyl bromide, 
was placed in the flask with the magnesium. To this mix­
ture, agitated by means of a mercury-seal stirrer, 63 g. 
(0.34 mole) of o-bromoanisole in 100 ml. of diethyl ether, 
the latter likewise freshly distilled from the same ethyl­
magnesium bromide solution, was added dropwise. After 
complete addition of the ö-bromoanisole, the solution of 
the arylmagnesium halide was heated under reflux for 
one-half hour. This Grignard reagent was then intro­
duced slowly, dropwise, to a vigorously stirred, hot solu­
tion of 37 g. (0.25 mole) of phthalic anhydride in 600 ml. 
of thiophene-free benzene, ether being removed simul­
taneously by distillation. Pale yellowish-white solid 
formed immediately. After the addition of all of the re-

(2) The properties of this compound as given by Geigy, British 
Patent 538,884, are not in agreement w ith those recorded here.

(3) Since the completion of this work, £-aminobenzenesulfonyl 
urea has been reported by Roblin and his co-workers, This Jour­
nal, 64, 1683 (1942).

(1) Present address: Shell Developm ent Company, Emeryville, 
California.

(2) Sieglitz, B e r . ,  57, 316 (1924).
(3) Ferrario, G a zz . c h im . i ta l . ,  41, I, 1 (1911).
(4) Blicke and Weinkauff, This J ournal, 54, 1452 (1932).
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agent, the resulting mixture was stirred for several 
minutes longer, heated under reflux for two hours and 
then allowed to cool and stand overnight at room tem­
perature. The reaction flask was cooled in an ice-water- 
bath and the pale yellow product decomposed with dilute 
hydrochloric acid. A 300-ml. quantity of diethyl ether 
was added to dilute the benzene solution of 2-(2 '-methoxy- 
benzoyl)-benzoic acid and 2,2-di-o-anisylphthalide. The 
ether-benzene layer was extracted with potassium car­
bonate solution, and the carbonate extract then run drop- 
wise into vigorously stirred, ice-cold hydrochloric acid. 
In this way the keto acid first separated as a pasty 
mass which soon became solid. This pale fawn-colored, 
granular solid was filtered off and washed with cold diethyl 
ether. Upon drying, 34.5 g. (54%) of crude acid was 
obtained. After four recrystallizations from glacial acetic 
acid, 2-(2 '-methoxybenzoyl)-benzoic acid was secured in 
the form of short, colorless, small prisms; m. p. 143- 
143.5°; yield 30 g. (47%, based on phthalic anhydride). 
Sieglitz2 reported 144-145° as the m. p. of this acid.

Anal. Neutralization equivalent, calcd. for C15H12O4: 
256.2. Found: 257.9.

From the above-mentioned benzene-ether layer, after 
the potassium carbonate extraction and concentration of 
the solution to a small volume, a colorless powder was ob­
tained. This material, 2,2-di-o-anisylphthalide, when 
recrystallized three times from glacial acetic acid, formed 
small, colorless crystals, m. p. 148-149°; yield 10.5 g. 
(18%, based on o-bromoanisole). The phthalide was 
found to be soluble in concentrated sulfuric acid with a 
very deep violet color which gradually changed to ruby-red 
and finally to orange.
D e p a r t m e n t  o f  C h e m i s t r y  
U n i v e r s it y  o f  W a s h i n g t o n
S e a t t l e , W a s h i n g t o n  R e c e i v e d  J u n e  24, 1942

The Dissociation of Hexaarylethanes. XIV. 1 

Ethanes Derived from Mixtures of Triaryl 
Halides

B y  C. S. M a r v e l  a n d  C h e s t e r  M .  H i m e l

Since symmetry seemed to be important in con­
nection with the influence of substituents on the 
degree of dissociation of triarylmethyls, it occur­
red to us that treating an equimolecular mixture of 
two triarylmethyl halides with silver might pro­
duce a truly unsymmetrical ethane rather than 
a mixture of ethanes. Table I contains a list of 
some mixtures of chlorides which were thus treated 
and the degree of dissociation calculated from 
magnetic susceptibility measurements on the 
assumption that a mixed ethane was formed. 
In one case (the first in the table) the mixed 
ethane was prepared by mixing preformed solu­
tions of the individual ethanes rather than by ac­
tion of silver on the mixed halides.

(1) For the  th ir te e n th  com m unication  see J . Org. Chem., 7, Ju ly  
(1942).

T a b l e  I

D is s o c ia t i o n  o f  S o m e  M i x e d  H e x a a r y l e t h a n e s

Chlorides used 1Ö6 % % R ef.
o-Chlorophenyldiphenyl- ) 12 =*= 1 1

m ethyl I
0-Brom ophenyldiphenyl- f 

m ethyl J
o-Tolyldiphenylm ethyl 1 ±  / 25 =±= 1 2
a-N aphthyldiphenylm ethyl ƒ ' \  27 2 3
o-T olyldiphenylm ethyl 1 2 7  ^  2  / 25 *  1 2
D i-o-tolylphenylm ethyl ƒ ’ \  82 =*= 2 4
Tri-i>-diphenyImethy 1 \  7  qa ƒ  25 ±  5 3
Tri- /8-naphthyImethy 1 ƒ * \  25 =»= 5 3
i>-/-Amylphenyldiphenyl-

m ethyl I ~ ~ ±  1 8 .0  *  1 4
Phenyl-di-i>-*-amylphenyl- f * | 9 .0  =±= 1 4

m ethyl j
Tri-i>-f-butylphenylmethyl \
^M-Butylphenyldiphenyl- |  

m ethyl J

0 The actual measurement was made at 0.025 M  and the 
dissociation at this concentration was 43 =*= 4%. The 
value in the table was calculated by means of the mass law.

X*
2

i

a of corre­
sponding  a at ethane at 

0.1 M , 0.1 M ,
%  %

'12 *  1

0 .6620 14 ± 2 17 ^  1

.6320 26 ± 2  jf 25 ±  1 
[2 7  ± 2

.6282 27 =»» 2 j' 25 ± 1
[8 2  ± 2

.6765 25 =«= 3a <jf 25 ±  5 
[2 5  ±  5 
r

.6985 3 .5  1 | 8 . 0  =*= 1  

9 .0  =«= 1

|
[
' 20  ±  4

.6997 3 .5  *  1  -j
1 7 .5  *  1

The method and apparatus have been described 
in previous papers in this series. It can be seen 
readily that the observed degrees of dissociation 
are not the average of the two simple ethanes, but 
in general are lower than this value. There are 
several equilibria possible in this complicated 
system and a complete appraisal of the significance 
of these experimental results will not be possible 
until these equilibria are more thoroughly studied. 
Since it seems unlikely that this can be done soon, 
these results are recorded.

(2) M arvel, M ueller, H im el and  K ap lan , T h is  J o u r n a l , 61, 2771  
(1939).

(3) M arvel, Shackleton , H im el and  W hitson , ibid., 64, 1824 (1 9 4 2 ).
(4) M arvel, K ap lan  and  H im el, ibid., 63, 1892 (1 941 ).

D e p a r t m e n t  o f  C h e m i s t r y  
U n i v e r s i t y  o f  I l l i n o i s
U r b a n a , I l l i n o i s  R e c e i v e d  J u n e  17, 1942

The Reaction of Furoic Acid with Aromatic 
Compounds. I ll

By C h a r l e s  C. P r i c e , E. C. C h a p i n  a n d  M a r t i n  R i e g e r

The isolation of methyl 9-ethyl-9,10-dihydro-9- 
anthroate (I) from the aluminum chloride cata­
lyzed reaction of methyl furoate with benzene1 
suggests the presence of the corresponding acid
(II) in the mixture obtained from a similar re-

CH3CH2. /COOR

^ > c< I (R =  CHS, Ri =  H) 
II (R = R! =  H)

III (R =  H, Rj =  CHS)

(1) P rice  an d  H uber, T his Jo u r n a l , 64 , 2136 (1942).



2228 N otes Vol. 64

action with furoic acid.2 Oxidation of the crude 
mixture from the latter reaction to yield anthra­
quinone has already been presented as evidence 
for the formation of an acid with an anthracene 
nucleus.2 This observation has now been sub­
stantiated by degradation pf the crude reaction 
mixture to anthracene by subjecting it to soda- 
lime distillation. Crystallization from benzene 
of the oily distillate so obtained yielded anthracene 
in 10% yield, m. p. 208-210°. Its identity was 
checked by a mixed melting point determination.

Thus, although the pure acid has yet to be 
isolated, analogy with the methyl furoate re­
action supports the suggestion that the anthroic 
acid present in the mixture of acids formed from 
benzene and furoic acid is 9-ethyl-9,10-dihydro-9 
anthroic acid (II).

The oily residue left after crystallization of 
anthracene from the soda-lime distillate was de­
hydrogenated with sulfur to yield 1,4-diphenyl- 
naphthalene, previously obtained as a degradation 
product of the acid mixture. It is believed to be 
derived from 1,4-diphenyl-1,2,3,4-tetrahydro-1 - 
naphthoic acid.2

Soda-lime distillation of the crude acid mixture 
obtained by reaction of toluene and furoic acid 
yielded 2,7-dimethylanthracene, m. p. 238-239°, 
which showed no depression in melting point when 
mixed with an authentic sample. Isolation of 
this hydrocarbon indicates that this reaction also 
gives rise to an anthroic acid. Again, the pure 
acid has yet to be isolated, but analogy with the 
product from benzene, as well as consideration of 
the simplest product of the reaction, 6-methyl-1- 
naphthoic acid, suggests that the anthracenic 
component of the toluene-furoic acid reaction may 
be 3,6-dimethyl-9-ethyl-9,10-dihy dro-9-anthroic 
acid (III).

Repeated efforts to isolate a substance from the 
crude toluene product, corresponding to the 1,4- 
diphenylnaphthalene obtained from the benzene 
product, have failed. Attempted decarboxylation 
of the toluene product by heating with copper 
chromite in quinoline, successful for the benzene 
product, yielded a black, intractable tar from the 
toluene product. Evidently the tar was formed 
by oxidation, since the black powdery copper 
chromite catalyst was transformed to a mixture of 
green chromium oxide powder and small bright 
balls of metallic copper. Treatment with sulfur

(2) Price, C hapin, Goldm an, K rebs and  Shafer, T his J o urn al , 
63, 1857 (1941).

or selenium of the pale yellow oil from the mother 
liquor of the soda-lime distillate led to copious 
evolution of hydrogen sulfide or selenide, but no 
crystalline product could be isolated.
N o y e s  C h e m i c a l  L a b o r a t o r y  
U n i v e r s it y  o f  I l l i n o i s
U r b a n a , I l l i n o i s  R e c e i v e d  A p r i l  14, 1942

A Color Test for Citrinin and a Method for its 
Preparation

B y  H e n r y  T a u b e r , S t e p h e n  L a u f e r  a n d  M il t o n  G o l l

The following is a color test for citrinin and a 
method for the preparation of the anti-bacterial 
substance.

The Color Test.—One mg. of citrinin (prepared as 
given below) is dissolved in 0.5 cc. of 95% alcohol and 0.3 
cc. of 3% hydrogen peroxide is added. The mixture is 
agitated for one minute. The intense yellow solution 
becomes first colorless, then light brown. Hereafter, 0.3 
cc. of 0.2 N  sodium hydroxide is added. A deep wine-red 
color forms at once. On the addition of 0.3 cc. of 0.2 N  
sulfuric acid the wine-red color turns orange-yellow and on 
the addition of a further 0.3 cc. of 0.2 N  sodium hydroxide 
the wine-red color reappears again. In a control tube in 
which water is substituted for hydrogen peroxide an orange- 
yellow color develops. This color reaction with sodium 
hydroxide from intense yellow to orange-yellow was also 
noted by A. C. Hetherington and H. Rais trick [Trans. 
Roy. Soc., London, B220, 279 (1931)] who stated that 
“ Citrinin is readily soluble in aqueous NaOH giving rise 
to an orange-yellow solution which on standing changes 
color to orange-red.” This is indeed the case when a 
fairly concentrated sodium hydroxide solution is added 
to a citrinin solution. We found, however, that when 0.25 
to 0.5 cc. of 0.02 A sodium hydroxide is added to 1 mg. of 
citrinin in 0.5 cc. of ethyl alcohol, a very light pink color 
forms which does not change in intensity on further addi­
tion of the alkali or on standing. H. W. Hirschy and 
Ruoff [This J o u r n a l , 64, 1490 (1942)] have recently ob­
served that above pH  9.9 the color of a citrinin solution 
changed from orange-pink to cherry-red.

Continued exposure of citrinin to dioxane results in a 
hydrogen peroxide-like reaction. On long exposure to air 
alcoholic citrinin solutions undergo certain changes which 
do not appear to be identical with hydrogen peroxide- 
oxidation.

The hydrogen peroxide-sodium hydroxide color reaction 
is also given by the original cultures, by the acid precipi­
tated crude citrinin, and after it had been recrystallized 
from 95% alcohol. Citrinin solutions that have been 
treated with sodium hydroxide and readjusted to the 
original pH  do not give the hydrogen peroxide-sodium 
hydroxide reaction.

Penicillin obtained from P . notatum (A. T. C. C.) gives a 
lemon-yellow color with this test.

Preparation of Citrinin.—1500 cc. of the filtrate of a 
fourteen-day old culture of P. citrinum prepared according 
to H. Rais trick and G. Smith [Chemisiry and Industry, 60, 
828 (1941)] is adjusted to pH  3,0 to 2,5 with N  hydro-
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chloric acid. After about five minutes the crystals of 
crude citrinin are centrifuged off, dissolved in 30 cc. of 
dioxane at room temperature, and the solution is centri­
fuged. A small amount of insoluble material is discarded, 
and to the clear supernatant fluid one volume of distilled 
water is added. Citrinin crystallizes out immediately in 
long microscopic needles or plates. If the citrinin concen­
tration is low, it is necessary to add more water in order to 
effect crystallization. The citrinin is centrifuged off and 
dried in vacuum at room temperature (yield, 1.5 g.). The 
melting point is at 163 to 166°. We were able to confirm 
fully the action of citrinin on Streptococcus aureus as re­
ported by Raistrick and associates.

P. ciirinum (P25 and ad95) was very kindly sent by Dr. 
H. Raistrick and forwarded to us through the courtesy of 
Dr. C. Thom of U. S. Department of Agriculture.
R e s e a r c h  D e p a r t m e n t  
S c h w a r z  L a b o r a t o r i e s , I n c .
N e w  York, N. Y. R e c e i v e d  J u n e  24, 1942

Acidic and Basic Catalysis in Urethan Formation
B y  D . S. T a r b e l l , R .  C. M a l l a t t  a n d  J .  W . W il s o n

Urethans, because of their favorable character­
istics, are frequently used to identify alcohols and 
phenols. They are usually prepared by heating 
an alcohol or phenol in the absence of a catalyst.1 
However, scattered statements indicate that this 
formation of urethans, particularly from phenols, 
is catalyzed not only by bases2 but by aluminum 
chloride3 and hydrogen chloride.4 A general sur­
vey of the effect of acidic and basic catalysts on 
urethan formation has therefore been undertaken, 
but, as this work has been interrupted, the present 
brief report is now submitted.

Experiments in which equivalent amounts of 0-cresol 
and phenyl isocyanate were heated without solvent but 
with catalyst at 100° and the urethan which had formed 
after varying times isolated, showed that the following 
substances have a catalytic effect: sodium carbonate, 
sodium acetate, pyridine, acetic acid, trichloroacetic acid, 
zinc chloride and hydrogen chloride. Without a catalyst 
a yield of less than 50% was obtained after nine hours of 
heating. The addition of 2% of either zinc chloride or 
pyridine gave a 100% yield in less than fifteen minutes.

Similar experiments with other phenols varying greatly 
in acid character, from ^-nitrophenol to ^-triphenyl- 
methylphenol, gave in fifteen minutes without a catalyst 
zero, with the same catalysts, practically 100% yields of 
urethan. On the other hand, 2,4-dinitrophenol, 2,6-di-

(1) Shriner and  Fuson, " Iden tifica tion  of Pure  Organic Com ­
pounds,” 2nd E dition , Jo h n  W iley and  Sons, Inc., New Y ork, N . Y., 
1940, p. 136.

(2) D ieckm ann, H oppe and  Stein, Ber.,  37, 4627 (1904); M ichael 
and Cobb, A n n . ,  363, 64 (19ÖS); Vallee, A n n .  chim. phys.,  (7) 15, 331 
(1908); Claisen, A n n . ,  418, 82 (1919); French  and W irtel, T his 
J o u r n a l , 48, 1736 (1926).

(3) L euckart, Ber.,  18, 873 (1885); F arinho lt, H arden and Twiss, 
T h is  Journal, 55, 3383 (1933).

(4) Tarbell and  K incaid, ibid.,  62, 728 (1940).

nitro-4-chlorophenol and picric acid did not form urethans 
under any conditions tried.

More exact experiments using purified 0-cresol and oc- 
naphthyl isocyanate were made as follows: solutions of
9.2 mmol, of each reagent and a small amount of a catalyst 
in 3.00 cc. of purified ligroin (b. p. 60-65°) in stoppered 
test-tubes, were heated in the vapors of refluxing methanol 
(65°) and after a definite time cooled in ice and filtered. 
The resultant crystals were washed twice with 2-cc. por­
tions of cold ligroin in which they are practically insoluble, 
dried and weighed.

Fig. 1.

The results are shown as curves in Fig. 1, and from them 
it can be seen that triethylamine is by far the most effective 
catalyst tried. It is probably significant that it is a much 
stronger base than the less effective catalysts pyridine and 
dimethylaniline.5 Boron fluoride etherate is the most 
active acid tested, and the catalytic activity of the other 
acids tested is roughly in the order of their acid strengths in 
water. When no catalyst was used, only an 11% yield was 
obtained after nine days, a result which could not be 
shown on the graph.

An 80% yield of the urethan (m. p. 141-142.5°)6 was 
obtained by mixing the above quantities of 0-cresol and a- 
naphthyl isocyanate in 30 cc. of ligroin with two drops of 
triethylamine, and letting the mixture stand for two and 
one-half hours at room temperature. From this it appears 
that an excellent and rapid procedure for preparing 
urethans from phenols in general would be to use the above 
quantities of materials, reflux the solution a few minutes 
and cool slowly to allow crystallization.

Phenylurethans of Tertiary Alcohols.—These compounds 
were prepared by heating a mixture of 2 or 3 g. of the t- 
alcohol with an equivalent quantity of phenyl isocyanate 
and 0.1 g. of anhydrous sodium acetate for four to five 
hours on a steam-bath. In each case the reaction product 
was contaminated with some diphenylurea and unreacted 
phenyl isocyanate. If the oily product failed to erystal-

(5) Hall, ibid.,  52, 5115 (1930).
(6) F rench  and W irtel, ref. 2, give 141-142°.
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lize, it was purified by distillation in vacuum. In this 
manner the phenylurethans in Table I were obtained.

P h en y lu re th an  of
D im eth y lb u ty lca r-

binol
D ipheny lm ethy lcar-

binol
T rie thy lca rb ino l
M ethy le th y lb en zy l-

carb inol
D ie thy lbenzy lcar-

binol

T a b l e  I 
M . p.,°c.

(uncor.) F o rm u la  
62-63 C 14H 21N O 2

124-125 C 21H 19N O 2

6 1 -6 1 .5  C 14H 21N O 2

8 3 .5 -8 4  C 18H 21N O 2

9 6 -9 6 .5  C 19H 23N O 2

------- Analyses,® % ------ .
Calcd. Found
c H C H

71.5 8 .9 71 .8 8 .9

7 9 .5 6 .0 79 .7 5 .7

71 .5 8 .9 7 0 .9 8 .8
7 6 .3 7 .5 75 .9 7 .3

7 6 .7 7 .8 76 .7 7 .4

0 Analyses by R. W. King.

Discussion of the mechanism of the catalysis 
will be deferred, but it seems to be a case of gen­
eral acid-base catalysis. The tests for determin­
ing general acid-base catalysis which are employed 
in aqueous systems cannot be used readily here, 
since the isocyanates must be kept in inert solvents.

It is hoped to study this catalysis effect in 
greater detail and to include the reactions of alco­
hols and isocyanates.
D e p a r t m e n t  o f  C h e m i s t r y  
U n i v e R vSi t y  o f  R o c h e s t e r
R o c h e s t e r , N e w  Y o r k  R e c e i v e d  M a y  25, 1942

Optical Properties of 2-Sulfanilamidopyrimidine 
(Sulfadiazine)

B y  A l b e r t  S . W i l k e r s o n

Thanks to the courtesy of Mr. Leonard Dhein of 
the American Cyanamid Company, Bound Brook, 
New Jersey, we have been able to determine the 
optical and related properties of a sample of sulfa­
diazine (m. p. 254°y  with the following results: 
monoclinic, colorless, transparent to translucent; 
luster vitreous. Cleavage pinacoidal at right an­
gles, perfect. I I  =  1-2. Solubility 0.0123 g./lOO 
cc.,1 H20  at 37°. Optically biaxial positive; a — 
1.680, 13 =  1.695, 7 =  1.788; all ±0.002, 2V  =  
45-46°, Y / / b y Z Ac — 20°(?), elongation//#.

(1) R . O. R oblin , et al. ,  T h is  J o u r n a l , 62 , 2002 (1940), found 255 - 
256° w ith  decom position; th ey  found th e  so lub ility  to  be 0.0123 g ./ 
100 cc.

R u t g e r s  U n i v e r s i t y  R e c e i v e d  J u n e  12, 1942
N e w  B r u n s w i c k , N e w  J e r s e y

NEW COMPOUNDS

Certain Naphthylidene Sulfanilamide Derivatives
The procedures employed for the preparation of the 

following compounds were modifications of methods used in

the preparation of the aniline derivatives of the sulfonated 
a - and /3-naphthoquinones.1’2 To conform with Chemical 
Abstracts the nomenclature of these compounds was sug­
gested by Dr. Austin M. Patterson.

N4- (3 -Hy droxy-4-oxo- 1 (4) -naphthylidene) -sulfanil­
amide.—A solution of 8.6 g. of sulfanilamide (Eastman 
Kodak Co.) in 200 cc. of water at 60-65° was added with 
stirring to a solution of 13.0 g. of l,2-naphthoquinone-4- 
sodium sulfonate (Eastman purified by the method of 
Folin3) in 300 cc. of water at 45-50°. The reaction mix­
ture after standing for fifteen minutes at room temperature 
was kept in the ice box overnight. The reddish orange 
precipitate was filtered off, washed with water and dried 
in a vacuum desiccator over sulfuric acid; yield, 9.9 g. 
(60%). The compound melted at 271-273° (uncor.). 
It is insoluble in cold water, very difficultly soluble in hot 
water, very soluble in alkali, formic acid, slightly soluble in 
hydrochloric acid, alcohol, dioxane and acetone.

Anal. Calcd. for C16H12O4SN2: N, 8.53. Found: N, 
8.41.

N4-(3-Hy di oxy-4-oxo-7-sulf o-l (4) -naphthylidene) -
sulfanilamide, Sodium Salt.—To a solution containing 2.7 
g. of 1,2-naphthoquinone-4,6-sodium disulfonate1 in 75 cc. 
of water, 1.7 g. of sulfanilamide was added. The mixture 
was stirred mechanically until all the solid went into solu­
tion. This required fifteen minutes. Then 1.5 cc. of 
superoxol was added and stirring continued for an addi­
tional ten minutes. The deep red-brown solution was 
clarified with a small amount of Merck activated charcoal 
to remove the brown impurity. Upon addition of 10 g. of 
powdered sodium chloride the solution became a thick 
paste in a few minutes. After cooling in the ice box for 
two hours, the dark red needles were filtered off and dried 
in a vacuum desiccator over sulfuric acid. The weight of 
the crude material (contaminated with sodium chloride) 
was 4.6 g. It was recrystallized by solution in 50 cc. of 
water at 60° and subsequent chilling. The crystalline 
compound was filtered off, washed with ice-cold water, 
ice-cold 95% alcohol, ether and dried in a vacuum desic­
cator over sulfuric acid; yield, 2.2 g. (41%).

Anal. Calcd. for CwHuOjSaNsNa: N, 6.50. Found: 
N, 6.51.

N4- [4-Oxo-3-(£-sulfamylanilino) -2-sulfo-l (4) -naph­
thylidene j-sulfanilamide.—A solution of 1.7 g. of sulfanil­
amide in 100 cc. of water at 80 0 was added with stirring to 
a solution of 1.6 g. of l ,4-naphthoquinone-2-potassium 
sulfonate4 in 50 cc. of water at 55°. As soon as the 
temperature of the mixture reached 50 °, a small amount of 
yellow orange crystals (not identified) separated. These 
were filtered off by suction and discarded. To the filtrate 
at 30° was added 1 cc. of concentrated hydrochloric acid 
and the reaction mixture cooled in the ice box for three 
hours. The bright red needles that separated were filtered 
off, washed with cold water and dried in a vacuum desic­
cator over sulfuric acid; yield, 1.4 g. (50%). The ma­
terial was recrystallized from 40 cc. of boiling water. It 
is fairly soluble in hot water. Dried in a vacuum desic-

(1) M . Böniger, Ber.,  27, 23, 3050 (1894).
(2) P. Seidel, ibid.,  25, 423 (1892).
(3) O. Folin, J .  Biol.  Chem., 51, 377 (1922).
(4) L. F . F ieser and  M . Fieser, T h is  J o u r n a l , 57, 491 (1935).
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cator over sulfuric acid the compound melted at 276-278° 
(uncor.).

Anal. Calcd. for C22Hi8S308N4 : N, 9.96; S, 17.09. 
Found: N, 9.54; S, 16.85.
Che mo-Medical R esearch Institute 
Georgetown University F iladelfo Irreverre
Washington, D . C. M. X. Sullivan

R eceived June  25, 1942

----------- A nalyses, % ----------
Calcd. F o u n d

No. F o rm u la c H c H

I CnH^ONsCb 47.12 6.84 47.38 6.61
II C12U21ON3CI2 48.96 7.20 48.67 7.27
III C13H230N3C12 50.63 7.52 50.67 7.80
IV Ci5H27ON3Cl2 53.56 8.13 53.45 8.04
V C12H21 ON 3 Cl2 48.96 7.20 49.05 7.51
VI C15H2702NSC12 51.12 7.73 51.27 7.75
VII C15H2602N2C12 53.39 7.77 53.02 7.62

Some Diamino Peptides
Dimethylamine reacted with ^-nitro-^-bromopropion- 

anilide to form p-nitro-/3-dimethylaminopropionanilide, 
m. p. of the hydrochloride, 200-201°. A portion of this 
was transformed into the methochloride and both sub­
stances were reduced catalytically in alcohol containing 
hydrogen chloride to give, respectively, £-amino-/S-di- 
methylaminopropionanilide dihydrochloride (I), colorless 
felted needles, m. p. 218-219°, and £-amino-/3~ dime thy 1- 
aminopropionanilide methochloride hydrochloride (II), 
hygroscopic crystals, m. p. 211- 2 12°.

N,N-Diethylethylenediamine,1 prepared by the reduc­
tion (sodium and alcohol) of diethylglycine nitrile, reacted 
with £-nitrobenzoyl chloride, forming /3- [^-nitrobenzoyl- 
amidoethyl]-diethylamine hydrochloride, colorless needles 
melting at 164-5°. This substance and its ethochloride 
were reduced catalytically in alcoholic hydrogen chloride to 
j8- [^-aminobenzoylamidoethyl] -diethylamine dihydrochlo­
ride (III), m. p. 176.5-178°, and to /3-[ -̂aminobenzoyl- 
amidoethyl] -triethylammonium chloride, hydrochloride 
(IV), which forms stubby prisms melting at 228°.

Reduction of jS-dimethylaminopropionitrile gave y- 
dimethylaminopropylamine, m. p. of the dihydrochloride, 
182-184 ° The base reacted with £-nitrobenzoyl chloride

Burroughs W ellcome & Co., U. S. A. R ichard B altzly 
Experimental R esearch Laboratories Walter S. Ide 
Tuckahoe, N ew Y ork Johannes S. B uck

R eceived M ay 18, 1942

Some New Quaternary Salts
Methylaniline and octadecyl iodide reacted to yield 

methyloctadecylaniline, a yellow oil, b. p. (3 mm.), 234°. 
This was treated in benzene solution with methyl iodide 
forming octadecylphenyldimethylammonium iodide which 
crystallized in leaflets from ethyl acetate.

Cyclohexylethylamine (prepared from cyclohexylacetic 
acid by the sequence: acid —> acid chloride —> amide —> 
nitrile —> amine) was methylated by the Clarke-Eschweiler 
method. The resulting tertiary amine reacted with benzyl 
chloride in ether to give cyclohexylethylbenzyldimethyl- 
arnmonium chloride.

Benzyl-/3-bromoethyldimethylammonium bromide was 
prepared from benzyldimethylamine and ethylene bro­
mide.

Triethylamine and a-menaphthyl chloride (a-naphthyl- 
methyl chloride) yielded a-menaphthyltriethylammonium 
chloride. Data on these substances are presented in the 
subjoined table.

----------------'A nalyses, %
Calcd. F o u n d

F orm ula M . p „  °C. Com position C H c H

(»-C18HST)C6H6NMe2I 93-94 C26H48NI 62.25 9.65 62.12 9.69
(C6H„CH2CH2) (C6H5CH2)NMe2Cl 206 dec. c17h 28n c i 72.44 10.02 72.15 10.16
(C8H5CH2) (BrCH2CH2)NMe2Br 174 CnHl7NBr2 40.87 5.31 40.91 5.61
(a-Ci0H7CH2)NEtsCl 197 dec. C17H24NC1 73.49 8.71 73.41 8.62

to form y -  [^-nitrobenzoylamidopropyl] - dimethylamine 
hydrochloride, m. p. 190-192°. This was reduced cata­
lytically in alcoholic hydrogen chloride solution to y- [p- 
aminobenzoylamidopropyl] -dimethylamine dihydrochlo­
ride (V), m. p. 184-185°.

Reduction of the ^>-nitrophenylurethan of /3-hydroxy- 
ethyltriethylammonium chloride yielded fi-[p-aminophen- 
ylcarbamatoethyl]-triethylammonium chloride, hydro­
chloride (VI), which forms irregular prisms melting at 138- 
139°.

By the reduction of /3- [^-nitrobenzoyloxyethyl] -triethyl­
ammonium chloride, there was obtained /3- [^-aminobenz- 
oyloxyethyl] -triethylammonium chloride, hydrochloride 
(VII), m. p. 214-215°. This has been reported2 previ­
ously, but the synthesis used was not free from ambiguity.

The salts described here were crystallized from absolute 
alcohol or from alcohol-ethyl acetate mixtures. The 
analytical data are in the table.

(1) R isten p art, Ber.,  29, 2526 (1896).
(2) E inhorn  and Uhlfelder, A n n . ,  371, 138 (1909).

Burroughs W ellcome & Co., U. S. A.
Experimental R esearch Laboratories
Tuckahoe, N ew Y ork R ichard B altzly

C l a y t o n  W. F e r r y  
J o h a n n e s  S. B u c k  

R e c e i v e d  M a y  18, 1942

Some Mono- and Disubstituted Guanidines
The guanidines here described were all prepared by con­

ventional methods. The S-methyl-isothiourea sulfate 
method (generally applicable with amines of moderate 
strength and water solubility) was used to prepare the five 
following: /S-[N-morpholinoethyl]-guanidine sulfate (from 
aminoethylmorpholine), (3, /3-diethoxyethylguanidine sul­
fate (from amino acetal), N,N-dicyclohexylguanidine sul­
fate (from dicyclohexylamine), N-benzyl-N-methylguani- 
dine sulfate (from benzylmethylamine) and 5-phenoxybutyl- 
guanidine sulfate (from 5-phenoxybutylamine prepared by 
reduction of 7 -phenoxybutyronitrile). In all these cases 
the salt was isolated by evaporation of the reaction mixture
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and crystallized from mixtures of polar and non-polar 
solvents. Diethoxyethylguanidine sulfate crystallized best 
from w-butanol-ethyl acetate. The others were crystal­
lized from alcohol-ether.

N-Benzyl-N-a-naphthylguanidine Hydrochloride. —
B enzy 1- «-naphthylamine was refluxed in amyl alcohol with 
1 mol of cyanamide and 1.2 mols of hydrogen chloride. 
On cooling, ether was added and the hydrochlorides sepa­
rated as a purple sirup. Attempts to crystallize having 
failed, the mixture was dissolved in water and ammonia 
added. Some unreacted benzylnaphthylamine separated 
together with most of the color. The aqueous layer was 
then basified with sodium hydroxide and the precipitated 
guanidine taken into ether. After drying over potassium 
carbonate, alcoholic hydrogen chloride was added. The 
salt was recrystallized from alcohol-ether mixtures.

N,N'-Dihomoanisylguanidine Hydrochloride.—To a

Some Quaternary Salts from /3-Dimethylamino-0'- 
cymoxydiethyl Ether

A concentrated aqueous solution of sodium thymolate or 
sodium ^-chlorothymolate was heated under reflux with 
/3,/3'-dichlorodiethyl ether. After separation of the aque­
ous layer, unreacted dichlorodiethyl ether was removed in 
vacuo, and the residue was heated for seven hours at 145° 
(p — ca. 150 lb.) in a glass-lined bomb with 33% methanolic 
dimethylamine. After removal of volatile materials on 
the steam-bath under diminished pressure, the residual 
tertiary amines were partially purified by solution in acid 
and extraction with ether; on liberation with alkali, they 
were obtained as oils which could not be distilled in vacuo, 
but were converted directly into quaternary salts by warm­
ing on the steam-bath with the appropriate halides. The 
salts crystallized from acetone or alcohol on addition of 
ether.

[^-XC10Hi2OCH2CH2OCH2CH2N+(CH3)2R]Y-
■------------------ A nalyses, % ------------------
C alcd. F ound

R X Y £ 0 p Fo rm ula C H C H

CHs Cl I 152 C17H29O2NCII 46.19 6.62 46.20 6.42
c6h 5c h 2 H Cl 122-123 C23H340 2NC1 3.58® 9.056 3.91® 9.21*
£-ClC6H4CH2 H Cl 166-166.5 C23H3302NC12 64.76 7.80 64.85 7.80
£-ClC6H4CH2 Cl Cl 160 C23H3202N Cl3 59.92 7.00 60.12 7.01
£-BrC6H4CH2 

® N. 6 Cl.
Cl Cl 156.5-157 C23H32O2N C12B r 54.64 6.38 54.95 6.35

solution of 2 mols of homoanisylamine in absolute ether 
was added, with shaking and ice-cooling, a solution of 
1 mol of cyanogen bromide in ether. After standing one- 
half hour the ether was evaporated by a stream of dry air, a 
little absolute alcohol added to homogenize the mixture 
and the whole was heated three hours in an oil-bath at 150°. 
The material was then dissolved in water, the base liberated 
with alkali, and extracted with ether. On drying over 
potassium carbonate a crystalline solid appeared on the 
surface of the drying agent. The ether was decanted off, 
the solid dissolved in chloroform and transformed into the 
hydrochloride by alcoholic hydrogen chloride. It was 
recrystallized from alcohol-ether, forming lustrous plates.

N-Methyl-N'-a-naphthylguanidine.—Methylamine and 
a-naphthylisothiocyanate yielded N,N '-methylnaphthyl- 
thiourea. Methylation with methyl sulfate gave the S- 
methyl derivative which was desulfurized in the usual 
manner with lead oxide and ammonia.

Data on these compounds are presented in the table.

B u r r o u g h s  W e l l c o m e  a n d  C o ., U. S. A.
E x p e r i m e n t a l  R e s e a r c h  L a b o r a t o r ie s
T u c k a h o e , N e w  Y o r k  C l a y t o n  W . F e r r y

A l a n  E .  A r d i s  
J o h a n n e s  S . B u c k  

R e c e i v e d  M a y  18, 1942

N,N-Dimethylethylenediamine and Some Derivatives
The readily available dimethyl glycine nitrile1 can be 

reduced by sodium and absolute alcohol to give N,N- 
dimethylethylenediamine. This is a colorless liquid boil­
ing, when anhydrous, at 107°. As its dehydration is 
difficult and its dihydrochloride (melting around 160°) is 
also hygroscopic, it is better characterized through a 
derivative. The following compounds were prepared as 
outlined, nitro derivatives being reduced with Adams 
catalyst in alcoholic solution containing hydrogen chloride. 
fi- [^-Nitrobenzoylamidoethyl ] dimethylamine hydro­
chloride (I), formed from ^-nitrobenzoyl chloride and the

-------Analyses, % ---------
Calcd. F o und

S ubstance M. p., °C. E m pirical fo rm ula c H C H

/S-N-Morpholinoethylguanidine sulfate 197 C7H160N 4(H2S04)ia 37.99 7.75 38.33 7.52
fi, /3-Diethoxyethylguanidine sulfate 154 C7H170 2N3(H2S04).a 37.47 8.09 37.38 7.99
N,N-Dicyclohexylguanidine sulfate 195 C13H26N3(H2S04).a 57.28 9.62 57.05 9.28
N-Benzyl-N-methylguanidine sulfate 252 dec. C9H13N3(H2S04)1a 50.90 6.65 50.87 6.59
S-Phenoxybutylguanidine sulfate 199-199.5 CuH170N 3(H2S04)ia 51.53 7.08 51.32 7.33
N-B enzyl-N - a-naphthylguanidine hydrochloride 223-224 c18h 17n 3-h ci 69.33 5.82 69.19 5.80
N,N'-Dihomoanisylguanidine hydrochloride 125.5-126.5 Ci9H260 2N„-HC1 62.69 7.21 62.63 7.05
N- a-Naphthyl-N '-methylguanidine hydrochloride 220-220.5 dec. CX2HisN3-HC1 61.12 5.99 61.06 5.99
B u r r o u g h s  W e l l c o m e  & Co., U. S. A. J o h a n n e s  S. B u c k
E x p e r i m e n t a l  R e s e a r c h  L a b o r a t o r i e s
T u c k a h o e , N e w  Y o r k  R ic h a r d  B a l t z l y

C l a y t o n  W . F e r r y

diamine, was hydrogenated catalytically yielding fi-[p- 
aminobenzoylamidoethyl ]-dimethylamine dihydrochloride 
(II). The methochloride of I was reduced to fi-[p-amino-

R e c e i v e d  M a y  18, 1942 (1) v. B raun, Ber., 40, 3937 (1907).
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benzoylamidoethyl]-trimethylammonium chloride, hydro­
chloride (III).

The diamine reacted with ^-nitrophenyl isocyanate to 
give fi- [^-nitrophenyhireidoethyl ]-dimethylamine; m. p. 
of the hydrochloride, 247-248.5°. From this were ob­
tained fi- [^-aminophenyhureidoethyl ]-dimethylamine di-

Some Unsymmetrical Disubstituted Ureas

The substances, data on which are presented in the sub­
joined table, were prepared by the action of nitrourea on 
the corresponding secondary amines.1 They crystallize in 
colorless prisms from alcohol or benzene-petrol ether.

Unsymmetrical D isubstituted U reas
R,R'NCONH2

-Analyses, %-
R

— Substituents--------------------------
R' Formula M. p., °c.

Calcd.
N

Found
N

CHS (»)C6H13 C8HisON2 75 17.72 17.92
(4)CH3OC6H4 C2H5(CHs)CH Ci2Hi802N2 140 12.61 12.70
(4)CH3OC6H4 C2H6(CH3)CHCH2 Ci3H2o0 2N2 130 11.86 12.17
(4)CHsOC6H4 (CH3)3CCH2 Ci3H2o0 2N2 155 11.86 12.13
(4)CH3OC6H4 (CH3)2CHCH2(CH3)CH Ci4H220 2N2 110 11.19 11.25

hydrochloride (IV) and the corresponding trimethyl- 
ammonium chloride, hydrochloride (V). The diamine 
with ^-nitrophenylacetyl chloride gave the ^-nitrophenyl- 
acetamide, m. p. of the hydrochloride, 190-192.5°, and 
reduction of this yielded fi-[p-aminophenylacetamido- 
ethyl ]-dimethylamine dihydrochloride (VI). Reduction 
of the methochloride of the nitro compound gave fi-[p-

(1) C f . Buck and Ferry, T h i s  J o u r n a l , 58, 854 (1936).
Burroughs Wellcome & Co., U. S. A.
Experimental R esearch Laboratories
Tuckahoe, N ew Y ork Johannes S. B uck

Walter S. Ide 
R ichard B altzly 

R eceived June 6, 1942

D erivatives of N ,N -D imethylethylenediamine

No. Formula
I 0 2NC6H4C0NHCH2CH2NMe2HCl
II H2NC6H4CONHCH2CH2NMe2-2HCl
III H2NC6H4CONHCH2CH2NMe3ChHCl
IV H2NC6H4NHCONHCH2CH2NMe2-2HCl
V H2NC6H4NHCONHCH2CH2NMe3Cl-HCl
VI H2NC6H4CH2CONHCH2CH2NMe2-2HCl
VII H2NC6H4CH2CONHCH2CH2NMe3ClHCl
VIII C6H5NHCSNHCH2CH2NMe2
IX H2NC6H4S02NHCH2CH2NMe2-2HCl

aminophenylacetamidoethyl ] -trimethylammonium chlo­
ride hydrochloride (VII).

With phenyl isothiocyanate the diamine formed N- 
phenyl-N'-jS-dimethylaminoethyl thiourea (VIII) and 
with ^-acetamidobenzenesulfonyl chloride it formed the p- 
acetamidobenzenesulfonamide which was hydrolyzed with 
hydrochloric acid to fi- [^-aminophenylsulfonamidoethyl ]- 
dimethylamine dihydrochloride (IX). The thiourea was

----------- Analyses, % -----------
Calcd. Found

M. p., °C. C H c H
182.5-183.5 48.24 5.89 48.09 5.90

190-191 47.12 6.84 47.23 6.89
dec. > 230 48.96 7.20 49.37 7.39

182-184 dec. 44.73 6.83 44.88 6.87
186 46.59 7.17 46.59 7.40

209.5-210.5 48.96 7.20 49.12 7.13
155-156 dec. 50.63 7.52 50.49 7.61

83-83.5 59.15 7.68 58.97 7.69
211.5-213 dec. 37.96 6.06 37.86 6.02

Some N-Substituted Barbituric Acids
The subjoined table contains data on five new com­

pounds of this type. l-/>-Nitrophenyl-5-Tbutyl-5-ethyl 
barbituric acid was obtained by nitration1 of l-phenyl-5-i- 
butyl-5-ethyl barbituric acid2 and in turn was reduced 
catalytically1 to the p -amino derivative. The other three 
substances were prepared by the conventional method 
from the corresponding ureas and malonic esters. All

yCO—NR'v
D e r i v a t iv e s  o f  B a r b it u r ic  A c id  R ,R \ /CO

x CO— NHV
. M p Calcd

---- Analyses, % -----
* R

----------- — bu bstituciits
R' R" Formula °c.” C H N C H N

C2H5 c2h 6 (#)C6H13 Ci4H240 3N2 41 62.64 9.02 62.79 9.09
c2h 5 (n)C4H9 (4)C2H5C6H4 c18h 24o3n 2 107 68.31 7.65 68.21 7.81
c2h 5 (CH3)2CHCH2 (4)H2NC6H4 c16h 21o3n 3 153 63.33 6.98 63.58 7.32

H H (2)C2H6OC6H4 c12h 12o4n 2 193.5 11.29 11.47
c2h 5 (CH3)2CHCH2 (4)02NC6H4 Ci6H190 5N3 188 12.61 12.89
crystallized from benzene-hexane; the hydrochlorides 
from absolute alcohol.

B urroughs Wellcome & Co., U. S. A.
Experimental R esearch Laboratories
Tuckahoe, N ew Y ork R ichard Baltzly

Johannes S. Buck 
Walter S. Ide

R eceived June 6, 1942

crystallized in colorless prisms, the 1-w-hexyl derivative 
from hexane, the others from alcohol.

(1) C f . B u ck , T h is  J o u r n a l , 59, 1249 (1937).
(2) Hjort and Dox, J . P h a r m a c o l . , 35, 155 (1929).

Burroughs Wellcome & Co., U. S. A.
Experimental R esearch Laboratories
Tuckahoe, N ew Y ork Johannes S. B uck

Walter S. Ide 
R ichard B altzly

R eceived June 6, 1942
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Some Quaternary Salts Containing Aryloxyethyl and 
Aryloxypropyl Groups

A number of salts of the two types
[^ClC10Hi2O(CH2)nN+Me2R]Y- I

(^-ClCi2H160)NC5H5Br II
have been prepared by the following general procedure. 
Thymol and ^-chlorothymol, reacting as the sodium salts 
with ethylene and trimethylene bromohydrins, gave ether 
alcohols which were transformed into bromides by phos­
phorus tribromide in the usual manner and the bromides 
were allowed to react with dimethylamine in methanol at 
120-125°. The resulting tertiary amines on treatment 
with appropriate alkyl halides produced the quaternary 
salts of type I. As a variant chlorocymoxyethyl bromide 
was allowed to act on pyridine and 2,4-dimethylthiazole, 
yielding the members of type II. The quaternary salts 
were purified by crystallization from absolute alcohol with 
addition of ether or ethyl acetate.

suits from the interaction of indium salt solutions with 
those of soluble salicylates.

Basic Indium Salicylate Tri-hydrate.—To 2.0000 g. of 
anhydrous indium sulfate dissolved in 50 ml. of water was 
added 25 ml. of a solution containing 4.5553 g. of sodium 
salicylate (mole ratio of 1 to 3). The resulting finely 
divided white precipitate was removed by filtration, 
washed until sulfate and sodium free, and air dried by 
suction. The product consists of microcrystalline needles 
which are very slightly soluble in water, ethanol and 
methanol, insoluble in benzene and toluene, but readily 
soluble in hot dilute acids. On ignition, the solid chars 
and is converted quantitatively to indium oxide. Pro­
longed drying at 110° yields the anhydrous compound.

Anal. Calcd. for In(C7H50 3)20H-3H20: In, 24.95.
Found: In (by ignition), 24.83.

Anhydrous Basic Indium Salicylate.—Two grams of the 
trihydrate was dehydrated by boiling with absolute meth-

--------------Analyses, %-------------
Calcd. Found

R Y ft M. p., °c. Formula c H C H
[^ClC,oH120(CH2)BN+Me2R ]Y~

CH3a I 2 176 c15h 26o n i 49.57 7.22 49.45 7.41
c h 3 I 2 228 c15h 25o ncii 45.27 6.34 45.21 6.50
c6h 5c h 2 Cl 2 194 c21h 29onci2 65.95 7.65 65.86 7.90
/)-ClC6H4CH2 Cl 2 216 c21h 28onci3 60.49 6.77 60.62 6.99
0-ClC6H4CH2 Cl 2 175 C2iH28ONC13 60.49 6.77 60.28 6.89
c h 3 1 3 229 Ci6H27ONC1I 46.65 6.61 46.50 6.61
£-ClC6H4CH2 Cl 3 204 C22H3oONC13 61.31 7.02 61.37 7.13
£-BrC6H4CH2 Cl 3 191 C22H30ONCl2Br 55.57 6.37 55.71 6.62
P-C1CioH120(CH2)3 Cl 3 184-187 C28H420 2N Cl2Br 58.41 7.36 58.67 7.52

£-ClC10H12OCH2CH2RBr
N-Pyridyl 119-120 C17H2iONClBr 55.05 5.72 55.18 6.00
N-2,4-Dimethylthiazolyl 214 C17H23ONSClBr 50.42 5.73 50.53 6.03

° Nuclear Cl replaced by H.
Burroughs W ellcome and Co., U. S. A.
Experimental R esearch Laboratories
T uckahoe, N ew Y ork Walter S. Ide

kjchard baltzly 
Johannes S. Buck 

R eceived M ay 18, 1942

anol. The residue was washed successively with methanol 
and ether and dried for one hour at 110°. In appearance 
and behavior it resembles the hydrate.

Anal. Calcd. for In(C7H50 3)20H: In, 28.27; salicylate,
67.54. Found: In, 28.23; salicylate (bromate titration), 
67.64.

Basic Indium Salicylates
Insoluble basic indium salicylate analogous to the basic 

indium salts reported for a number of organic acids1 re-

N oyes Chemical Laboratory 
University of Illinois 
Urbana, Illinois T herald M oeller

(1) Ekeley and Johnson, T h i s  J o u r n a l , 57, 773 (1935). R eceived June 29, 1942
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COMMUNICATIONS TO THE EDITOR

ON THE CHEMICAL BEHAVIOR OF CAFESTEROL
Sir:

In view of the recent publication of Wettstein, 
et al. [Helv. Chim. Acta, 24, 332E (1941)], which 
we have just received, it appears desirable to record 
some of our observations in this field. The exist­
ence of a benzenoid ring in cafesterol, as suggested 
by Slotta and Neisser [Ber., 71, 2342 (1938)], is 
highly improbable, since nitric acid oxidation of 
this compound gives neither benzene tetra- or 
dicarboxylic acid; from the reaction mixture was 
obtained only a non-acidic substance, apparently 
a nitro derivative, m. p. 220-230°. Cafesterol 
possesses a highly reactive conjugated double 
bond system in one ring, a fact shown by the 
formation of the maleic anhydride adduct (m. p. 
185-192°), in benzene solution at room tempera­
ture or on gentle warming. Boiling such a solu­
tion promptly causes decomposition. In absolute 
alcoholic solution cafesterol takes up two moles of 
hydrogen in presence of palladized charcoal (20% 
Pd) giving a tetrahydro derivative, m. p. 153-155°, 
acetate 150-152°. Neither this tetrahydrocafes- 
terol nor its acetate gives any coloration with 
concentrated hydrochloric acid, while cafesterol in 
alcoholic solution gives an intense blue to blue- 
green color reaction with this reagent (Slotta and 
Neisser). Contrary to the observations of Wett­
stein, et al., and Slotta and Neisser, on treatment 
with sodium and alcohol (or amyl alcohol), cafes­
terol gives a new product, m. p. 153-156°, acetate 
162-165°. Despite similar melting points, the 
difference of this product from cafesterol is shown 
by the fact that with concentrated hydrochloric 
acid, its alcoholic solution gives a purple colora­
tion which does not turn blue even on boiling. Its 
acetate on the other hand gives a yellow to orange 
coloration with the same reagent. Sodium- 
alcohol treatment does not appear to affect the 
conjugated double bond system, because the 
acetate of the product gives a maleic anhydride 
adduct, m. p. 185°. The adduct gives no colora­
tion with hydrochloric acid at room temperature.

A detailed report will be published at a later date.
The R esearch Laboratories
The Upjohn C ompany P tjrnendu N ath Chakravorty 
K alamazoo, M ichigan M ildred M. Wesner

R eceived July 29, 1942

DERIVATIVES OF ESTRONE CONTAINING OXYGEN 
AT POSITION 16

Sir:
The interesting hypothesis, recently advanced 

by Marrian,1 that 16-ketoestrone is an estrogen 
metabolite in the human, leads to the speculation 
that estriol (theelol) may be formed from estrone 
by the reduction of 16-ketoestrone. If such a re­
duction occurs, it is logical to assume that 16- 
hydroxyestrone may also lie on this metabolic 
pathway as an intermediate between the dione 
and glycol forms. In the reduction of 16-keto­
estrone, two stereoisomeric 16-hydroxyestrones 
and four stereoisomeric estriols are theoretically 
possible. The question also arises whether or not 
a compound in this series may be regarded as an 
abnormal estrogen metabolite, which might con­
ceivably play a role in the etiology of carcinoma of 
the uterus and of the mammary gland.

We have succeeded in preparing (i) the methyl 
ether of 16-ketoestrone, (ii) a compound believed 
to be one of the two epimeric 16-hy droxyestrones, 
and (iii) an estriol which is isomeric with the 
naturally-occurring theelol.

Estrone was converted to the 16-isonitroso 
derivative by the method of Litvan and Robin­
son,2 and this derivative on reduction with zinc 
and acetic acid3 yielded a mixture of a-ketols, 
from which there was isolated in pure form a 
compound which is probably a 16-hydroxyestrone 
(m. p. 234-237°; [a] 29*5d  -1 0 2 °  in ethanol). This 
compound was characterized by the following 
derivatives: oxime (m. p. 222.5-223°), mono­
benzoate (m.p. 241.5-243.5°), methyl ether (m. p.
174- 177°), and oxime of the methyl ether (m. p.
175- 177°).

Reduction of a similar a-ketol mixture with 
hydrogen and Adams catalyst yielded a mixture 
of estriols, one of the components of which proved 
to be an isomer of theelol. The isomer of estriol 
obtained has m. p. of 267-269° and [a] 29*5d +88°  
(in ethanol). A mixed melting point with theelol 
shows a depression of 10°. It gives a methyl 
ether melting at 141-142° and a triacetate melting 
at 152°.

(1) Marrian, B u i . N e w  Y o rk  A c a d . M e d ., 15, 27 (1939).
(2) Litvan and Robinson, J . C h e m . S o c . , 1997 (1938).
(3) Stodola, Kendall and McKenzie, J . O rg . C h e m . , 6 , 841 (1941).
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Oxidation with copper acetate of the mixture of 
a-ketols obtained from estrone methyl ether gave 
16-ketoestrone methyl ether, obtained as flat 
needles, orange in color (m. p. 176-178°). It gives 
a dioxime (m. p. 230°) identical with that pre­
pared by oximating 16-isonitrosoestrone methyl 
ether. The dione gives an intense violet color 
with concentrated sulfuric acid.

The dioxime of 16-ketoestrone (free phenol) 
was also prepared in the hope that this derivative 
might be useful in detecting the dione in tissue or 
fluid, should it be present as predicted by Marrian. 
16-Ketoestrone dioxime (m. p. 230-231°) gives no 
colored complex with nickelous or cobaltous ions, 
but produces a yellowish-green solution with 
alcoholic copper acetate. The copper complex 
may be extracted with chloroform, and the color 
intensity is such that the eye can detect it at the 
level of 10 y  per cc.

The melting points listed above are uncor­
rected.

We are now attempting to prepare the other 
isomeric 16-hydroxyestrone and the remaining two 
isomeric estriols.
D e p a r t m e n t  o f  B i o c h e m i s t r y  M a x  N .  H u f f m a n
C o l l e g e  OF P h y s i c i a n s  N a tio n a l R esearch  Fellow in  th e

AND S u r g e o n s  M edical Sciences, 1941-1942
C o l u m b ia  U n i v e r s i t y , N e w  Y o r k , N. Y.

R e c e i v e d  J u l y  31, 1942

THE CRYSTAL STRUCTURE OF /3-GLYCYLGLYCINE
S ir:

Some time ago the determination of the crystal 
structure of glycylglycine was undertaken as a 
continuation of the X-ray diffraction studies1 
which are a part of a program of research upon 
the constitution and configuration of proteins. 
This determination, the first concerned with a 
linear peptide, was stopped last year because of 
the war, and in view of the uncertainty of com­
pleting the work the results at hand are briefly 
described in this letter.

The crystals were grown from aqueous n-propyl 
alcohol and all three modifications described by 
Bernal2 were eventually obtained, although not 
simultaneously as in his crystallization. Because 
of the shortness of the b axis the needle-like beta 
form was selected for investigation. Using Cu Ka 
rays complete sets of oscillation pictures were

(1) D iketopiperazine, R . B. Corey, T h i s  J o u r n a l , 60, 1598 (1938) ; 
glycine, G. A lbrech t an d  R . B. Corey, ibid., 61, 1087 (1939); dl- 
a lan ine, H . A. L evy  an d  R . B. Corey, ibid., 63, 2095 (1941).

(2) J. D- B ernal, Z. K rist., 78, 363 (1931).

prepared about a and b and some oscillations were 
made about c to confirm the length of that axis. 
Weissenberg pictures of the [010] zone were made 
for intensity comparisons. The cell has a = 
17.89 A., b =  4.62 A. and c =  17.06 A., with 0 
= 125° 10', and contains eight molecules. This 
c is twice that given by Bernal and the space-group 
instead of P2i /a  as given by him, is either A a or 
A2/a. The latter was tentatively assumed and 
present results indicate it is probably correct.

A Piatterson projection parallel to b yielded 
preliminary x and z parameters. The configura­
tions I, suggested by Bernal, and II were tried, 
and it was found that only with II could the 
projection be interpreted. The parameters were

yO
Ox /N H —CV

-  >C—CH2X x c h 2—n h 3+
CK

I
O

-  I
/C v /N H X /C H 2x 

ck x c h 2x  x cx x n h 3+
I . 

o
II

improved by Fourier projections and least squares,3 
the latter to resolve CO groups not resolved in the 
projections. The present agreement between 
calculated and observed intensities in this zone is 
good, but minor discrepancies indicate that there 
may be a few errors in signs or that the contribu­
tions from hydrogen atoms should be considered. 
A tentative set of y  parameters has also been se­
lected so as to yield reasonable interatomic dis­
tances both within and between molecules and 
these give qualitative agreement between calcu­
lated and observed intensities in the [100] zone.

Because of the approximate nature of the param­
eters, particularly the y’s, there is no point in 
listing interatomic distances. The chief results 
are first, that the configuration is that of II with 
the molecule coplanar within present errors except 
for the terminal nitrogen atom, which lies out of 
the plane by several tenths of an angstrom, and, 
second, that the zwitterion form is correct. The 
terminal nitrogen is surrounded at the usual N-H  
• • • O distance by three oxygen atoms of other 
molecules, two carboxyl and one carbonyl. All 
the indicated hydrogen bond angles about the 
nitrogen are tetrahedral to within 10°. The 
imino nitrogen is also forming a hydrogen bond to 
a carboxyl oxygen of a neighboring molecule.

(3) E . W . H u gh es, T h is  J o u r n a l , 63, 1737 (1941).
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The hydrogen bonds satisfactorily account for the 
binding together of the crystal.

Although the structure has not yet been com­
pletely checked by quantitative comparisons of 
intensities, particularly with regard to the y

parameters, it is probably substantially correct.
T he Gates and Crellin Laboratories of Chemistry
California Institute of T echnology
Pasadena, California E dward W. H ughes

Walter J. M oore 
(National Research Fellow 1940-1941) 
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Thorpe’s Dictionary of Applied Chemistry. By Jocelyn 
Field T horpe and M. A. Whiteley, Assisted by 
Eminent Contributors. Fourth Edition (Revised and 
Enlarged), Vol. V, FEH.-Glass, including an Abridged 
Index to Volumes I-V of the New Edition. Longmans, 
Green and Company, Inc., 55 Fifth Avenue, New York, 
N. Y., 1942. xxiii ~p 610 pp. With illustrations.
15.5 X 23 cm. Price, $25.00.
The earlier volumes of this Fourth Edition have already 

been reviewed in T his Journal (59, 2477; 61, 222 ; 62, 
237; 63, 884). This fifth volume of 609 pages covers a 
part of the alphabet which required 275 pages in the earlier 
edition. The new edition is almost completely rewritten. 
There has been a noticeable deterioration in the quality of 
the paper which is far from uniform in color and texture 
in the different parts of the book. But there has been no 
deterioration in the quality of the text. This excellent 
book has been issued promptly in spite of difficulties 
modestly described, “When, owing to war conditions, the 
work of the Dictionary could no longer be carried on in 
London it was transferred to the University Chemical 
Laboratory, Cambridge.” Another obstacle was the 
death of the Editor-in-Chief, Sir Jocelyn Thorpe, which 
occurred on June 10,1940, the day of publication of Volume 
IV of the Dictionary. M. A. Whiteley, formerly Associate 
Editor, has had the editorial responsibility for the comple­
tion of this volume, which, however, was well advanced at 
the time of the death of Sir Jocelyn Thorpe. It is a pleas­
ure to express appreciation and admiration for the typi­
cally British determination to carry on successfully in 
spite of hindrances which would stop many a less resolute 
people.

Grinnell Jones

Liebig and after Liebig. A Century of Progress in Agri­
cultural Chemistry. Publication of the American 
Association for the Advancement of Science, No. 16. 
Publication Committee: Charles A. Browne, Chair­
man, Richard Bradfield, H ubert B. Vickery. 
Edited by F orest Ray M oulton. American Associa­
tion for the Advancement of Science, Smithsonian Insti­
tution Building, Washington, D. C., 1942. I l l  pp.
19.5 X 26.5 cm.
The ten papers which make up this volume constitute a 

well-integrated account of the announced subject of the 
book, namely, of a century of progress in agricultural

chemistry. The Introduction by Charles A. Browne on 
“Justus von Liebig—Man and Teacher” is followed by 
Section I, “Organic Chemistry, Enzymes and Nutrition,” 
which contains four papers, “Liebig’s Influence in the 
Promotion of Agricultural Chemical Research” by Henry 
R. Kraybill, “Liebig and the Chemistry of Proteins” by 
Hubert B. Vickery, “Liebig and the Chemistry of Enzymes 
and Fermentation” by Arnold K. Ball, and “Liebig and the 
Chemistry of Animal Nutrition” by Paul E. Howe, and 
Section II, “Soils, Fertilizers and the Mineral Require­
ments of Plants,” which contains five papers, “Liebig and 
the Chemistry of the Soil” by Richard Bradfield, “Liebig— 
The Humus Theory and the Role of Humus in Plant Nutri­
tion” by Selman A. Waksman, “Liebig and the Chemistry 
of Mineral Fertilizers” by Harry A. Curtis, Liebig and the 
Law of the Minimum” by Charles A. Browne, and “Liebig 
and the Mineral Requirements of Plants as Indicated by 
Means of Solution Cultures” by Burton Livingston. For 
the chemist who is not familiar with the subject of agri­
cultural chemistry, the book will supply an interesting 
introduction to it, a general account of the field and of the 
manner in which it has been cultivated and made to fruc­
tify. It is a book which is not by any means to be reserved 
for the library of the specialist.

The book is clearly printed, two columns to the page, 
and is fully documented. It is illustrated with five pic­
tures and ten diagrams.

Tenney L. D avis

The Amphoteric Properties of Proteins. Vol. XLI, Art. 4 
of the Annals of the New York Academy of Sciences. 
By R. Keith Cannon, A. Kibrick, John G. Kirkwood, L.
G. Longsworth, A. H. Palmer and Jacinto Steinhardt. 
The New York Academy of Sciences, care of the Ameri­
can Museum of Natural History, New York, N. Y. 87 
pp. Price $1.25. This monograph is one of several, 
which if purchased as a set, may be had at a reduced 
price.
This contribution to protein literature consists of a series 

of papers presented at a recent symposium sponsored by 
the New York Academy of Sciences. It conforms to the 
usual high standards of other symposia sponsored by 
this Academy.

The first paper of the series, titled “The Amphoteric 
Properties of Egg Albumin,” by Cannon, Kibrick and 
Palmer “is devoted to a discussion of the contribution
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which electrode titrations may make to the quantitative 
definition of the amphoteric properties of a protein.” A 
considerable body of data showing the effect of the protein 
concentration, temperature, ionic strength, and nature of 
the added ions upon the titration curve of acid or base 
bound vs. pH  is presented for egg albumin solutions. The 
discussion of these results correlates the observed titration 
curves with those estimated on the basis of amino-acid 
composition studies. In the studies of the effect of added 
electrolyte, it is found that the slopes of the titration curves 
vary with ionic strength but are nearly independent of the 
nature of the ions present, while the isoionic point depends 
upon both the nature and concentration of the ions present. 
These empirical results are considered in terms of the 
Linderstr0m-Lang electrostatic theory, and may be 
quantitatively reconciled only if certain empirical correc­
tions are applied.

Longsworth’s contribution, “The Influence of pH  on the 
Mobility and Diffusion of Ovalbumin” attempts a correla­
tion of mobilities with other physical properties. He pre­
sents mobility and diffusion constant measurements over a 
wide pH  range of from 1.8 to 12.8. All buffers used were 
monovalent, and of 0.1 ionic strength. Protein concentra­
tions were about one-half per cent. These values are com­
pared with net charges as estimated from the titration data 
of Cannon, Kibrick and Palmer. A study of the ratio of 
charge (as estimated from titration measurements) to 
mobility showed that this quantity “is sufficiently constant 
to warrant the conclusion that, except for minor secondary 
effects, the mobility of ovalbumin is proportional to the 
number of equivalents of acid bound by the protein at 
constant ionic strength at any pH  within its stability 
range.” The observed value for this ratio does not agree 
with that computed from the measured frictional coefficient 
and molecular weight, however, and this discrepancy is 
discussed. Dr. Longsworth’s paper also contains a rather 
detailed discussion of certain problems relating to the com­
putation of mobilities from electrophoretic patterns.

The paper of Steinhardt on “Participation of Anions in 
the Combination of Proteins with Acids” describes an 
extensive study of “the combination of wool with nineteen 
different acids,” and attempts to “establish a quantitative 
measure of the relative affinities of the anions of various 
strong acids for proteins on the basis of a small number of 
measurements of acid combined and p H ” Steinhardt 
points out that certain advantages gained by using a pro­
tein such as wool keratin, makes possible the analysis of the 
specific anion effects. A variation in affinity of several 
thousand fold in going from hydrochloric acid to picric and 
flavianic acids is postulated. Data showing a similar 
variation of affinities computed from measurements upon 
egg albumin solution are also given, although these data 
are of considerably less quantitative nature. The nature 
of these protein-anion combinations and other possible 
significance is also discussed.

A final paper by Kirkwood, “Acid-Base Equilibrium in 
Solutions of Ampholytes,” outlines methods and presents 
tables which make possible the calculation of the charge

separation, or dipole moment, of dipolar ions from meas­
urements of A^k, defined as logio K 2')/K 2 where K 2° and
K.2 are the acid ionization equilibrium constants for the 
ionization of HZ0+ and HZ, respectively. Here Z° and Z“ 
differ in structure only by the negative charge. Charge 
separations are presented for some seven amino acids and 
peptides, using NHg+-RCOO~ for HZ and NH3+-RCOO~ 
CH3 for HZ0+. .Extensions of these simple relations to 
models containing arbitrary numbers of acidic and basic 
groups are presented.

J. L. Oncley

BOOKS RECEIVED
July 10, 1942-August 10, 1942
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Condensations by Sodium. XXI. ?z-Octyl- and «-Decylsodium
B y  A v e r y  A . M orton , John  B . D avid so n  a n d  R o bert  J. B est

Propyl, butyl and amyl chlorides, condensed 
with sodium in petroleum ether, produce, re­
spectively, some 10, 14 and 57% of total acids, 
the ratios of malonic to monobasic acids being 1.5,
1.3 and 0.3, and form alkylbenzenes to the extent 
of 43, 70 and 61%.1 We have now carried out 
similar condensations with octyl and decyl 
chlorides, following the usual procedure.

w-Octylsodium (J. D.).—The conventional1 2 apparatus 
and process were used with 25 ml. (0.15 mole) of n-octyl 
chloride and 15 g. (0.65 g. atom) of fine sodium sand in 
635 ml. of petroleum ether at —10°. Carbonation by 
bubbling carbon dioxide below the surface gave yields of 
pelargonic acid, w-heptylmalonic and w-hexadecane of 
49% (11.7 g.), 15% (2.3 g.) and 7% (1.2 g.>, respectively; 
while allowing it to drift over the surface of the mixture, 
following Gilman and Pacevitz,3 gave corresponding yields 
of 23, 26 and 6%> respectively. Separation of the mono- 
and di-carboxylic acids in these experiments could not be 
effected in the usual manner because the malonic acid was 
soluble in petroleum ether, particularly in the presence of 
the mono acid. The fatty acid was, therefore, steam-dis­
tilled and identified as pelargonic acid by its boiling point 
250° (uncor.) (lit.4 254°) and its 5-bromophenacyl ester 
melting at 65.0-66.2° (lit.5 68.5°). The heptylmalonic 
acid was identified by its melting point 94.8-95.2° (uncor.) 
(lit.6 96.5-98°) and by its neutralization value.

The pink-colored octylsodium product in suspension in 
petroleum ether was centrifuged, the clear supernatant 
liquid separated and carbonated, but no acid was recovered 
after acidification and extraction with ether.

(1) Morton, Richardson and Hallowell, T h is  J o u r n a l , 63, 327 
(1941).

(2) Morton and Richardson, ib i d ., 62, 123 (1940).
(3) Gilman and Pacevitz, i b i d ., 62, 1301 (1940).
(4) Deffet, B u l l . so c . c h im . B e lg . , 40, 388 (1931).
(5) Moses and Reid, T h i s  J o u r n a l , 54, 2101 (1932).
(6) Verkade and Coops, R e c . t r a v . c h im . , 49, 568 (1930).

Nonylbenzene (J. D.).—To 16 g. of sodium, suspended 
with stirring in 200 ml. of sulfur-free toluene at 72°, 25 ml. 
of alkyl chloride was added dropwise over a one-hour 
period. There was obtained 7.7 g. of nonylbenzene (51%); 
b. p. 280-281°; a 20 1.485, which gave a ^-sulfonamide de­
rivative, m. p. 94.5-95 °.7

w-Decylsodium (R. B.).—Under the same conditions as 
above, the yield of undecylic acid was 28.4%; that of 
nonylmalonic acid was 2.3%. The melting points of the 
undecylic acid and of its ^-bromophenacyl derivatives were 
29.5° and 68.1°, respectively.8 The melting point of the 
nonylmalonic acid was 100.5-102.0° (uncor.); tempera­
ture of decarboxylation, 140 °. It was only slightly soluble 
in water, very soluble in ether, neutralization equivalent, 
116 (calcd. 115). One hour at 160° converted it to unde­
cylic acid.

Undecylbenzene (R. B.).—To 15 g. of sodium in 500 ml. 
of sulfur-free toluene 60 g. of decyl chloride was added as 
above. There was obtained 25.3 g. (74%) of undecyl 
benzene; b. p. 296 =*= 1 °; a 20 1.4824; mol. wt. by the Rast 
method 235, calculated 232; and ^-sulfonamide deriva­
tive, m. p. 95.7-96.2.

Anal. Calcd. for C 1 7 H 2 9 O 2 N S :  N, 4.5. Found: N, 4.6 
and 4.7.

Attempted Alkylation of Benzene and Anisole (J.D.).—
The quantities and procedure for addition of octyl chloride 
to toluene* but with replacement of the toluene by benzene 
or anisole, gave after carbonating only 0.2 g; of liquid 
boiling within the range for octylbenzene. The products 
from benzene: 11.7 g. (68%) of octane, 6.2 g. (33%) of 
benzoic acid and 130 mg. of triphenylcarbinol; from ani­
sole, 6.5 g. of phenol and 1.1 g. of an impure yellow acid.

Discussion.—These results show that n~octyl- 
and 77-decylsodium are formed in about the same 
quantities and have about the same properties

(7) Huntress and Autenrieth, T h i s  J o u r n a l , 63, 3446 (1941).
(8) Huntress and Mulliken, “Identification of Pure Organic Com­

pounds,” John Wiley and Sons, Inc., New York, N. Y., 1941.
2239
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as amylsodium.1 The major differences between 
these chlorides and the lower members of the 
series are the greater tendency of the reaction mix­
tures to gel and the occurrence of a pink to gray- 
white color in place of a blue during the conden­
sation. No evidence could be found of any true 
solution of these substances in petroleum ether.

Summary
w-Octylsodium and ^-decylsodium have been 

prepared by condensation in petroleum ether. 
The yields and properties were similar to those 
observed with amylsodium rather than with 
propyl- or butylsodium.
C a m b r i d g e , M a s s a c h u s e t t s  R e c e i v e d  M a r c h  18, 1942

[C o n t r i b u t io n  f r o m  t h e  R e s e a r c h  L a b o r a t o r y  o f  O r g a n ic  C h e m i s t r y , M a s s a c h u s e t t s  I n s t i t u t e  o f  T e c h n o l o g y ,
No. 263]

Condensations by Sodium. XXII. The General Theory of the Wurtz Reaction.
The Initial Step

By Avery  A. M orton, John B. D avidson and H erbert A. N ewey

This and the following communication record 
results of a critical inquiry into the mechanism of 
the Wurtz reaction, particularly as regards the 
issue of a free radical vs. an organometallic inter­
mediate. The latter is deemed adequate. This 
first paper will show that there is no need for 
assuming existence of a free radical prior to forma­
tion of this organo-sodium compound; the second 
will show there is no need afterward. The con­
tention that the organometallic intermediate 
can be regarded as the sole necessary first product 
will be based on the facts that (a) there is only 
one organosodium compound formed, and (b) it is 
formed in essentially quantitative yield. A 
view that the sodium metal serves as a trap for 
the free radical is judged unnecessary.

The Organosodium Compound.—The excel­
lent work of Gilman and Pacevitz,1 in which the 
organosodium compound was poured on solid 
carbon dioxide, has shown that there was one 
amyl radical for every combined sodium atom 
rather than a mixture of amylsodium and an 
“amylidene disodium ” as previously assumed.2 
Their results have been confirmed in this Labora­
tory, not only with amylsodium, but also with 
butylsodium which has shown3 a greater tendency 
to form a malonic acid under ordinary conditions 
of carbonation, i. e., when passing carbon dioxide 
into the mixture. The result is important be­
cause it brings the mechanism of formation of 
alkylmalonic acids into line with that previously 
observed4 for phenylmalonic acid, in that the di-

(1) G ilm an and  Pacevitz, T h i s  J o u r n a l , 62, 1301 (1940).
(2) M orton  and  R ichardson, ibid., 62, 123 (1940).
(3) M orton , Hallowell and  R ichardson , ibid., 63, 327 (1941).
(4) M orton  and  Fallwell, ibid., 60, 1426 (1938).

carboxylic acid is a product of a secondary reac­
tion according to the equation

C02 RCH2Na
RCH2N a ------ > RCH2COONa------------

co2
RCH(Na)COONa------ ^ RCH(COONa)2

It is of particular value to this discussion because 
it eliminates any necessity for assuming the inter­
mediate free radical which accounted for the 
supposed disodium compound.

The Quantitative Yield.—The higher the yield 
of organosodium compound, the more obvious the 
two phases of the reaction. A good yield depends 
on (a) presence of excess sodium in a finely divided 
state, (b) absence of a protective coating on the 
metal and (c) an unreactive carbon-halogen bond.

The first requirement is met by adding the 
halide to the sodium which is as finely divided as 
possible and is being agitated vigorously. In 
earlier work1 with amyl chloride and sodium, the 
conversion to an organosodium compound was 
95% when one-fifth equivalent of chloride was 
added and was 63% when an equivalent had been 
used. We have now raised the final yield to 72% 
by improved agitation using a stirrer at 10,000 
r. p. m. The trend is unmistakenly toward 100% 
yield.

The second requirement of no protective coat­
ing is best realized with a primary alkyl chloride. 
As seen under a microscope, a primary alkyl 
chloride produces an insoluble, colloidal, jelly-like 
mass that usually appears to be pushed out rapidly 
as a broad band from the interior of a small but 
seemingly inexhaustible particle of sodium. Char­
acteristic shapes are drawn in Fig. 1. Occasional
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eruptions give evidence of a vigorous reaction and 
of the ability of the chloride to penetrate the 
colloidal mass rapidly and sustain the rate. In 
contrast to this ease of contact between halide 
and metal, the secondary chloride forms an ap­
parently hard and impenetrable coating. No reac­
tion is visible. This difference in the surface 
coatings probably explains the observations of 
Richards5 who found the reaction of ethyl iodide 
with sodium first order with respect to ethyl 
iodide. He assumed the presence of a “high 
stationary radical concentration’ * and discarded a 
view that the rate was controlled by diffusion of 
the iodide to the sodium surface, because the reac­
tion of isopropyl iodide progressed much more 
slowly than would have been predicted from 
changes in the diffusion rates. If the coating on 
the metal surface has not been exactly the same 
in each case, as indeed seems doubtful, the neces­
sity for assuming a special concentration of free 
radicals would be obviated.

The third specification is that the carbon- 
halogen bond should be sufficiently firm that the 
alkyl halide will not react too rapidly with the 
organosodium product. Exact information on 
this matter is lacking because the subject of reac­
tivity is interwoven with that of penetrability of 
the surface coatings. Highest yields of mono­
sodium compounds have been obtained with pri­
mary alkyl chlorides and with chlorobenzene; 
moderate to poor results with secondary and ter­
tiary chlorides, with alkyl bromides and iodides.

Our opinion is that high yields are obtained 
when the carbon-chlorine bond is so unreactive 
that the alkylsodium can be pushed some distance 
from the metal before undergoing any appreciable 
reaction; that poor yields are found when the 
carbon-chlorine bond is so labile that the initial 
alkylsodium product reacts in the immediate 
vicinity of the metal surface and thus forms an 
adhering layer of sodium chloride. This view 
does much to explain the long existing anomaly 
that halides which react most readily with water 
are least reactive with sodium.

Sodium Metal as a Trap.—The suggestion has 
been made5 that the mode of addition and the ex­
cess metal used in these preparations serve to trap 
the free radical as fast as formed. If so, the trap 
is perfect and there is again no need for assuming 
a free radical. But it is difficult to believe that 
these ideal conditions serve merely as a trap for a

(5) R ichards, Trans. Faraday Soc., 36, 956 (1940).

Fig. 1.—Sketches showing the appearance of small par­
ticles of metallic sodium when in contact with an alkyl 
chloride.

radical which might otherwise be free. The small­
est particles we have yet prepared vary from 0.08 
to 0.2 mm. in diameter.6 One drop of alkyl chloride 
is more than enough to cover the surface of all 
such metal one molecule thick. Since addition of 
drops is regular, it would be no time at all before 
the coating would be appreciable. Certainly, 
there is no visual evidence that the metal surface 
is bright and shiny after the first few drops of alkyl 
chloride have been added; nor is there evidence 
under the microscope that any part of the metal 
is exposed. It seems unreasonable to suppose, 
therefore, that the metal surface beneath the coat­
ing on small particles is any more ideal for trap­
ping than is that beneath the surface of very large 
particles. In both cases this coating must be 
traversed before the chloride makes contact with 
the metal. The rate of this diffusion is, therefore, 
important. The advantage of the finely divided 
metal reaches only to the point of affording enough 
surface of this type that the first phase can com­
pete favorably with the second phase for the 
alkyl halide; not to the point of offering an un­
limited area. This view is supported by two 
earlier experiments2; amyl chloride was added to 
fine sodium sand in one case, and the same sized 
sand was added to amyl chloride in the second. 
The yield of decane was approximately the same 
in each case.

It is, therefore, obvious that there is no phenome-
(6) M easurem ents by th e  courtesy  of E . L. L ittle .
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non whatever that requires or profits by assum­
ing a free radical as a precursor of the organo­
sodium compound. If any such radical exists the 
present methods of testing have not revealed it.

Experiments
Carbonation of «-Butylsodium (by H. N.).—The appara­

tus was similar to that used in previous work. Sodium 
sand, 35 g. (1.5 g. atoms), activated by 2 ml. of isoamyl 
alcohol while stirred in 200 ml. of petroleum ether, was 
treated with 31.5 ml. (0.3 mole) of «-butyl chloride added 
dropwise with an equal volume of petroleum ether at 18- 
20° over a period of one hour. After being stirred for an 
additional hour, the mixture was forced from the flask 
under pressure of nitrogen onto solid carbon dioxide. 
The yield of valeric acid was 42.2% (0.126 mole); that of 
propylmalonic acid was 3.3%.

Microscopic Examination of Coating Formed on Sodium 
(by J. D.).—A small quantity of fine sodium sand was 
placed in the cavity of a hanging-drop microscope slide 
which contained «-decane. A cover glass was then placed 
so as to nearly close the cavity. The tip of a specially 
built micro-pipet was then inserted in the opening and 
small quantities of alkyl chloride pushed into the cavity 
by slowly turning a screw device on the far end of the pipet. 
Observations were made with «-propyl, «-butyl, «-amyl, 
«-octyl, «-decyl, cetyl, and 5-butyl chlorides.

Improved Conditions for Isolating the First Phase (by 
J. D.).—The apparatus was an improved model of the 
high-speed stirring equipment described in an earlier 
paper.7 A weighed amount (11.5 g. (0.5 atom)) of sodium 
metal was put in the flask and 340 ml. of «-octane added. 
The mixture was then heated to 105 ° at which temperature 
the stirrer was operated at 10,000 r. p. m. until the metal 
was finely dispersed, after which the stirrer was stopped 
and the flask allowed to cool. The powder prepared by 
this method settled slowly and was the finest which so far

(7) M orton  and  K n o tt, In d . Eng. Chem., A na l. Ed., 13, 649
(1941).

has been obtained in this work. It required no activation 
by amyl alcohol.

«-Amyl chloride (30.2 ml. or 0.25 mole) diluted with 
30 ml. of «-octane was added over a period of one hour 
during which time a bath of kerosene and solid carbon 
dioxide kept the temperature at 0 °. After one additional 
hour of stirring (all at 10,000 r. p. m.) at this temperature, 
the reaction mixture was forced out of the container onto 
solid carbon dioxide by a pressure of nitrogen. The yield 
in two separate experiments was 71 and 72% total acids. 
The best yield previously obtained, using these proportions 
of reagents, was 63%. This improvement was realized 
in spite of adverse solvent conditions shown earlier8 in this 
series.

Although these conditions are far better than any so far 
employed, they are still insufficient to give a high yield of 
organosodium compound from a secondary halide. Under 
comparable conditions, 2-chlorobutane and 2-chloropen- 
tane yielded 1.5 and 2.2% of acids, respectively.

Summary
The first phase of the Wurtz reaction is reason­

ably interpreted as the formation of an organo­
sodium intermediate.

Conditions necessary for preparing this inter­
mediate in quantitative yield are described.

Primary halides form a loose porous coating in 
the surface of sodium. Secondary halides form a 
comparatively impenetrable coating.

The difficulties in separating the first from the 
second phases of the Wurtz reaction are discussed.

The function of finely divided sodium sand does 
not appear to be that of a trap for a free radical.

Assumption of a free radical is unnecessary.
(8) M orton  an d  Palm er, T h i s  J o u r n a l , 60, 1428 (1938). 
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[C o n t r i b u t io n  f r o m  t h e  R e s e a r c h  L a b o r a t o r y  o f  O r g a n ic  C h e m i s t r y , M a s s a c h u s e t t s  I n s t i t u t e  o f  T e c h n o l o g y ,
No. 264]

Condensations by Sodium. XXIII. The General Theory of the Wurtz Reaction.
Part II. The Second Phase

B y Avery A. M orton, John B. D avidson and  B arton L. H akan

The previous paper1 contained evidence that 
an organosodium compound could represent the 
first phase of the Wurtz reaction; this paper will 
show that the reactions of this intermediate with 
an alkyl or aryl chloride can constitute the con­
cluding phase.

In the main the arguments for this thesis are: 
(1) disproportionation is a logical consequence of 
such a reaction; (2) polymerization proceeds

(1) M orton , D avidson and  N ewey, T h is  J o u r n a l , 64, 2240 (1942).

according to a regular pattern and products are 
predictable with an organometallic theory. It is 
further indicated that the phenomenon of metal- 
halogen interchange tends to obscure primary 
processes. Fluctuations in the products of the 
Wurtz reaction are shown to have no simple ex­
planation on a free radical basis. A critical dis­
cussion of certain analogies from which a free 
radical mechanism for the Wurtz reaction has been 
inferred is presented.
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Disproportionation.— Disproportionation has 
been so universally accepted as the criterion of a 
free radical that there has been no attempt to 
show a derivation from other molecular species.la 
Nevertheless, a mechanism for this phenomenon 
by way of an organometallic intermediate appears 
exceptionally reasonable. If an alkylsodium 
meets an alkyl halide in such manner that the two 
alkyl chains are adjacent to each other while 
sodium halide is being formed, the two alkyl 
residues will have unlike charges and a proton 
will be drawn to the alkyl radical having the two 
unsaturated electrons. The reaction is merely the 
conventional prototropic change taking place be­
tween adjacent portions of two molecules whose 
inorganic components are effecting, or have just
completed, a union.

Na Cl Na+ Cl-

"-a 
: OtS +CH2 ---->- H2C:<—. CH:

5 /  /  « r /
2 "

/
R CH R ' CH

1 1
1 1 

R' R'
Na+ Cl-
CHS c h 2

/ /
R CH

11
R'

If this view be accepted, the olefin produced 
must come from the alkyl halide rather than at 
random from both participant alkyl radicals. 
Though conclusions are to some extent obscured 
by a metal-halogen interchange (see later), all 
available facts unquestionably point to the cor­
rectness of this deduction. In reactions which

T a b l e  I
P r o d u c t s  o f  R e a c t io n  o f  O c t y l s o d iu m  w i t h  A l k y l  

H a l id e s
P er cent, y ie ld  of p roducts-------- '

H alide O ctane Octene
Hexa-
decane

W urtz
product

Ethyl iodide 15.2 8 . 8 27.9 18.8
Ethyl bromide (V)° 14.6 10.3 10.7 31.0
Ethyl bromide 2 0 . 1 0.4 1 1 .1 31.4
Ethyl chloride (V) 35.1 0 .2 1 0 .8
Propyl iodide 16.6 5.5 15.3 13.6
Propyl bromide 20.9 1 1 .0 7.8
Propyl chloride 28.6 15.3

a The letter V refers to the fact that the reaction mix­
ture became very viscous.

( la ) This s ta tem en t was tru e  a t  th e  tim e th is  article was subm itted . 
Since th en  a paper by  W hitm ore and  Zook has appeared ( T h is  
J o u r n a l , 64, 1783 (1942)) in  which th e  sa tu ra ted  and  u n sa tu rated  
p roducts of d isp roportionation  are credited  as coming from  the 
sodium  a lky l and  th e  a lky l chloride, respectively.

involved octylsodium and various alkyl halides 
(Table I), the octane predominated over the oc- 
tene in every instance.

In parallel studies with amylsodium (Table II) 
the quantity of pentane in all cases exceeded the 
amount of pentene.

T a b l e  II
P r o d u c t s '2 o f  R e a c t io n  o f  A m y l s o d iu m  w i t h  A l k y l  

H a l id e s
R atio  of

Group H alide

P en ­
tane ,
%

P e n ­
tene,

%
p en tan e  
to  p en ­

tene
D ecane , W u rtz  

%  p ro d u c t

1 Methyl iodide 22.3 2 .0 1 1 .1 58.4 0

w-Hexyl iodide 5.4 5.0 1 .1 39.8 32.6
9 -i Methyl bromide 7.1 4.9 1.5 44.4 13.1A < Ethyl iodide 8.2 5.7 1.4 30.9 2 . 1

w-Butyl iodide 7.8 6.3 1 . 2 30.4 17.8
Ethyl bromide 12.3 8.5 1.4 15.1 24.2
w-Butyl bromide 13.1 11.4 1 . 2 1 0 . 0 32.0

3 < w-Hexyl bromide 9.8 8.5 1 .2 15.2 45.6
w-Hexyl chloride 5.1 1 .6 3.2 19.8 13.4
w-Butyl chloride 7.4 2 .8 2.7 6.4 8 .8

A *j Ethyl chloride 1 1 .6 1 .1 1 1 .1 9.0 30.2
( Methyl chloride 15.2 1.0 15.2 6.3 43.7
0 The arrangement is in the approximate order of de­

creasing decane content in order to illustrate an important 
point developed later in this discussion.

A third series (Table III) compares (a) reac­
tions between two radicals (amyl and hexyl) in 
which the inorganic components were inter­
changed and (b) reactions of hexylsodium with 
amyl and octyl chlorides which represent radicals 
smaller and larger than hexyl. The distribution 
of alkanes and alkenes was again not at random.

T a b l e  III
P r o d u c t s  f r o m  R e a c t io n  o f  A m y l , H e x y l  a n d  O c t y l  

R a d ic a l s
W u rtz

R eaction  pa ir: H exane, H exene, O ctane, O ctene , p ro d u c t,
R N a  +  R 'C l  %  %  %  %  %

CjHnNa +  CeHisCl 9 .5  11.5 24
C6H13Na +  C5H 11CI 30. 7 .7  23
C6H13N a +  C8H i7C1 24 .5  7 9 .5  2 2 .6  25

In these three series of experiments carried out 
under different conditions with widely different 
halides and various alkylsodium compounds, the 
products of disproportionation were uniformly pro­
portioned according to the principle outlined 
above.

Polymerization.—A previous paper2 recorded 
that the reaction of amylsodium with chloroben­
zene produced more polymer than any other isol- 
able product; that of phenylsodium with amyl 
chloride produced less polymer than any other

(2) M orton  and  Fallw ell, ibid., 60, 1429 (1938).
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fraction. The total quantity in the last case was 
about a fifth that obtained from the first pair of 
reactants.

The organometallic mechanism affords an ade­
quate explanation for this polymerization. The 
disproportionation process between amylsodium 
and chlorobenzene leads to a dipolar phenylene as 
shown

Na Cl Na+ Cl" Na+ Cl~

polymers

This intermediate dipolar compound cannot be 
stabilized by double bond formation and con­
sequently undergoes further reaction with polar 
reagents. It may, for example, unite with more 
amylsodium giving a new organosodium com­
pound which then reacts with more chlorobenzene 
according to a general scheme outlined

Na+ /Na C6H5C1 /C 6H5
C6H4+ +  -  ----^ C6H4< --------^  C«EU<

CeHn NC6Hu XC5Hh

It may also condense with itself. The dimer 
would be a new dipolar intermediate which could 
react with more organosodium compound. The 
trimer could be the stable triphenylene. More 
complex products are obviously possible

In any event, ortho substituted products should 
predominate, and the polymer should be com­
posed of more radical from the halide than from 
the organosodium reagent. These conclusions 
are supported by facts. In the reaction of chloro­
benzene with sodium,3 the proportion of ortho to 
para substituted products was more than a thou­
sand to one; in the reaction of amylsodium with 
chlorobenzene2 one fraction contained three phenyl 
to one amyl unit. The triphenylene produced by 
reaction of chlorobenzene with sodium is thus a 
consequence of a series of changes by polar re­

(3) B achm ann and C larke, T h is  Jo u r n a l ,, 49, 2092 (1927).

agents rather than an indication that free radicals4 
are at hand.

Metal-Halogen Interchange.—A metal-halo­
gen interchange has been known for some time 
to occur between lithium alkyls and bromo- and 
iodo- compounds.5 Since methyl iodide reacts 
with octyl- or amylsodium,6 yielding hexadecane 
and decane, respectively, this process, too, may 
be associated with a preliminary formation of 
amyl iodide according to the equation

C5HuNa +  CH*I----^ C5H11I +  CN3Na
In agreement with this view, amyl iodide was ob­
tained in 50% yield when amylsodium was added 
to methyl iodide. The comparative yields of 
hexadecane (Fig. 1) and of decane (Table II) sug­
gest the extent to which this change occurs in 
other cases. Iodides in general appear to favor 
an interchange, and methyl iodide reacts pre­
ponderantly in this manner. Chlorides, on the 
other hand, with the possible exception of the 
hexyl compound seem to participate only slightly 
in exchange reactions.

When such an exchange occurs, the new prod­
ucts can then in turn undergo disproportionation 
or coupling. The results of such secondary reac­
tions complicate seriously the effort to trace pri­
mary processes. Since disproportionation is then 
operating in the reverse order and some alkane is 
formed from what was originally the alkyl halide, 
this change is one factor which tends to lower the 
ratio of alkane to alkene. In any given case, a 
high yield of symmetrical coupling product would 
indicate a large amount of metal—halogen inter­
change and would be associated with a low ratio 
of alkane to alkene. Qualitatively, the results 
are in agreement with this view. 77-Hexyl, n- 
butyl and ethyl iodides and methyl bromide 
(Table II) each formed decane in over 30% yield 
and gave a pentane-pentene ratio of from 1.1 to
1.5. On the other hand, the two lowest percent­
ages of decane, viz., those obtained with methyl 
and ethyl chlorides are associated with the highest 
ratios. Methyl iodide alone appears anomalous. 
The majority of the bromides as well as 77-butyl 
and hexyl chloride occupy an intermediate posi­
tion in that the large amount of decane predicted

(4) (a) G ilm an, “ O rganic C hem istry ,” John  W iley and  Sons, Inc., 
New Y ork, N . Y ., 1938, pp. 452, 537; (b) H ey, A nnua l Reports, 37, 
245 (1941); (c) R ichards, Trans. Faraday Soc., 36, 956 (1941); (d) 
M orton , M assengale and  R ichardson, T h i s  J o u r n a l , 6 2 ,126 (1940).

(5) M arvel, H ager and  Coffm an, ibid. 49, 2323 (1927); W ittig  
and  Pöckels, Ber., 72, 89 (1939); G ilm an and  B anner, T h is  J o u r ­
n a l , 62, 344 (1940).

(6) M orton  and  FalJwell, ibid., 69, 2387 (1937).
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by a low pentane-pentene ratio appears to have 
been replaced by relatively higher proportions of 
Wurtz coupling products. The data in Table II 
are divided into four groups in order to indicate 
these relationships.

Variation of the Products.—A radical which is 
really free might be expected to show a specific 
chemical behavior toward another reagent irre­
spective of its source. That is to say, methyl, de­
rived by reaction of the chloride, bromide or iodide 
with octylsodium, should have one reaction only 
with octyl, provided, of course, that the environ­
ment was constant and the concentration of the 
methyl radical was always so low that it could 
not react with itself. Figure 1 shows that such is 
not the case. Data in Tables II and III do not 
support this view. This argument may be ques­
tioned on the ground that the rate of formation 
of the methyl radical is different in the three cases. 
If the method of adding the methyl halide as a 
vapor in a stream of nitrogen does not keep the 
concentration sufficiently low, or if other changes 
are possible during the different periods of forma­
tion, then we would conclude that the rate should 
be fastest with the iodide and slowest with the 
chloride, and that a rapidly formed methyl radical 
would promote symmetrical coupling (hexadec­
ane); a slowly formed radical would favor un­
symmetrical coupling (nonane). These deduc­
tions from the free radical view, however, contrib­
ute nothing concrete to the explanation of 
phenomena in the Wurtz reaction compared with 
that offered by the organometallic theory.

Apart from considerations of mechanism, the 
results with the methyl halides are interesting 
because they show the limits possible in control of 
the products of the reaction.

Analogies with Other Reactions.—Before the 
general theory of the Wurtz reaction can be sum­
marized in terms of organometallic compounds, 
some attention should be given to analogies which 
have suggested the likelihood of free radicals be­
ing the active agent. Polanyi7 found good reason 
for postulating the existence of free methyl in 
reactions of methyl iodide with sodium vapor at 
extremely low pressures and comparatively high 
temperatures. The existence of free radicals 
under conditions highly favorable for their oc­
currence and above the limit of thermal stability 
of the alkylsodium compound is, of course, an 
entirely different matter from the assumption of

(7) H orn, P olanyi and  S tyle, Trans. Faraday Soc.> 30, 189 (1934).

CH3C1 CHsBr CH3I
Fig. 1.-—Yield of products obtained by reaction of methyl 

halides with octylsodium.

their existence in a liquid phase at ordinary pres­
sures on a surface of metallic sodium. Where even 
such ideal conditions as those mentioned have as 
yet failed to demonstrate the presence of free 
propyl, butyl and higher members8 of the series, 
the conclusion might well be drawn that free 
radicals, so extremely difficult to obtain in an 
appropriate environment, would have little chance 
of being present in such an unfavorable medium as 
a liquid phase.

Another analogy stems from the vast amount of 
research on triphenylmethyl and other free radicals 
of long life. The reasoning in this case is very 
logical. If there are free radicals of long life, 
there should be also free radicals of short life. 
The force of this argument is granted; the opinion 
that any fact so far submitted definitely indicates 
their occurrence in the Wurtz reaction is ques­
tioned. Assumption of presence of a free radical 
in a system obviously containing a large propor­
tion of an active polar compound implies that the 
two-step process involving, first, a change of ion 
to free radical and then a combination of radicals 
with themselves is faster than the direct interac­
tion of ions to give the final product. There is no 
evidence so far available to support the idea that 
the ion is not itself sufficiently reactive without 
the interposition of a secondary change to a second 
intermediate of questionably greater activity. 
The converse indeed might well be true and the 
phenomenon of disproportionation which occurs in 
free radicals of long life, might be itself preceded

(8) R ice and  R ice, “ T he A liphatic Free  R ad ica ls ,” T he Jo h n s  
H opkins Press, B altim ore, M d., 1935, pp. 33, (H,
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by conversion of the radical to an ion before a pro­
ton moves from one radical to the other.

General Summation of Reactions.—All pri­
mary and secondary products from the Wurtz 
reactions can be expressed by the following sets of 
equations

R ea c ta n ts  P rim a ry  products
First Phase

RX +  2Na ---->  RNa +  NaX
Second Phase

(a) RR' +  NaX
RNa +  XR" ---->  (b) RH +  R '-H +  NaX

(c) RX +  R'Na

The relative importance of these various reactions 
differs with the reagents used. As far as the Wurtz 
coupling product, RR', is concerned, the yields 
decrease as the radical attached to sodium is 
benzyl, phenyl or alkyl. This order is the same as 
the relative affinities for sodium observed inmetala- 
tion studies. As for the halide half of this reac­
tion, the limited number of observations so far 
made suggest that bromides as a class are apt to 
give better results than iodides or chlorides.

The purpose of this work is not, of course, to 
deny all existence of a free radical in the Wurtz 
reaction but to point out that in the present state 
of knowledge on this subject the very phenomena 
for which the free radical interpretation has been 
considered essential in reality furnish excellent 
evidence that an organometallic agent is at work. 
In spite of very commendable efforts in the past, 
decisive evidence of any free radical phase which 
may be present in this common reaction is a goal 
yet to be reached. On the other hand, the organo­
metallic mechanism is an adequate instrument for 
interpreting and predicting the reactions known to 
occur. It is, of course, beyond the scope of this 
paper to rewrite all equations of disproportiona­
tions in the Wurtz reaction which previously have 
been written as being in agreement with or sup­
porting the free radical concept. It is sufficient to 
say that all such phenomena can be expressed 
satisfactorily as the normal behavior of a polar 
reagent, which has been proved to be present in 
sizable quantities.

Experiments
Octylsodium and Alkyl Halides (J. D.).—The apparatus 

consisted of a 500-mi. flask with four creases and an in­
verted bottom.9 The usual three-necked addition tube was 
employed. The stirrer was operated at 1500 r. p. m. n- 
Octylsodium was prepared by adding 0.15 mole of octyl

(9) M orton  and  K n o tt, Ind . Eng. Chem., A na l. Ed., 13, 649
(1941).

chloride to 15 g. of sodium sand over a one-hour period 
at —10°, as described before.1 Methyl, ethyl and propyl 
halides were then admitted by vaporizing them in a cur­
rent of nitrogen while the liquid was kept about 10° below 
its boiling point. The tube between the vaporizer and the 
reaction vessel was electrically heated in order to prevent 
condensation of the vapors. The inlet tube terminated

Secondary  p roducts

Polymers
->  RR, R'R', RR', or (R'H +  R -h), +NaX

just above the surface of the suspension of octylsodium 
so as to ensure as far as possible a maximum opportunity 
for reaction of the alkyl halide with excess organosodium 
compound. One-tenth of a mole of each halide was added 
except in the case of methyl chloride, which being a gas, 
was allowed to pass slowly over the surface until reaction 
was complete. Water was then added to remove excess 
sodium. The hydrocarbons, RR', were fractionated 
through a column of the Podbielniak type having about 
ten theoretical plates, and collected over a 5 ° range. The 
octene content of the octane fraction (118-125°) was meas­
ured by a bromination method.10 The hexadecane boiled 
from 277 to 283 °. Percentage yields (Fig. 1 and Table I) 
are calculated on the basis of the octyl chloride used. For 
some undetermined reason the reaction mixture occasion­
ally became so viscous that stirring was nearly impossible. 
The letter (V) in the table indicates when this condition 
was present.

Amylsodium and Alkyl Halides (J. D.).—The apparatus 
used in this series was the one mentioned before as operat­
ing at 10,000 r. p. m. Amylsodium was prepared by adding
30.2 ml. (0.25 mole) of n-amyl chloride to 11.5 g. (0.5 
atom) of sodium powder during one hour at 0 °. After the 
reaction mixture had been stirred for an additional hour, 
0.177 mole of the alkyl halide was added dropwise at 0° 
during one-half hour. The mixture was stirred for fifteen 
minutes longer, then poured on solid carbon dioxide, and 
later treated with water to remove the very small amount 
of unreacted sodium metal. The hydrocarbon products 
were separated as in the foregoing description. Results 
are tabulated in Table II.

Amyl-, Hexyl- and Octylsodium with Alkyl Halides
(B. H .).—The apparatus in this case was, in general, 
similar to that employed for octylsodium except that the 
stirrer was operated at 4000 r. p. m. The sodium sand 
(17.5 g.) was suspended in olefin-free pentane and acti­
vated by addition of 1.7 ml. of amyl alcohol. The alkyl 
halide (1 mole equivalent to 2 g. atoms of sodium metal) 
dissolved in twice its volume of pentane was added at 0 
to —5° over a one-hour period. The second alkyl halide 
(about 0.7 mole equivalent) was then added at the same 
rate. After stirring for a brief time longer, carbon dioxide 
was passed into the mixture to remove any unchanged 
organosodium compound which was always present in a 
small amount only, and water was added to remove excess 
sodium. The hydrocarbon layer was dried over calcium
g^!(10)JU hrig and  Levin, ibid., 13, 90 (1941).
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chloride and then fractionated through a packed column 
having about twenty plates. Yields are given in Table
III. Calculation is based on the quantity of alkyl halide 
added. The percentage yield of the Wurtz coupling prod­
uct is determined on the basis of the first halide added. 
All results are the average of two determinations.

Amylsodium and Methyl Iodide (J. B.).—n--Amyl- 
sodium, prepared as in the previous experiment, was 
forced, during a fifteen-minute interval, into a flask con­
taining 168 ml. of methyl iodide maintained at a tempera­
ture between —30 and 20 °. After adding water to remove 
excess sodium, the organic layer was fractionated in the 
packed column at reduced pressure. The fraction boiling 
from 57 to 60° at 30 mm. had a specific gravity of 1.504 
(recorded value11 for amyl iodide 1.517) and weighed 23 g. 
(47 % based on the amyl chloride used). The sodium fusion 
test for halogen was positive. The 3,5-dinitrobenzoate 
derivative, prepared from this fraction, melted at 44-45 °1 
The recorded value12 is 46°.

(11) Lieben and  Rossi, A n n .,  159, 74 (1871).
(12) M alone and  R eid, T h is  J o u r n a l , 51, 3426 (1929).

Summary
Complete explanations for the phenomena of 

disproportionation and polymerization, hitherto 
considered as demanding a free radical inter­
mediate, are made on the basis of an organometal­
lic reagent.

The saturated hydrocarbon product of dis­
proportionation comes from the organosodium 
compound, the unsaturated from the halide.

Amylsodium yields amyl iodide when poured 
into methyl iodide.

The general basis from which a free radical 
theory is associated with the Wurtz reaction is 
critically discussed.

All products in the Wurtz reaction are inter­
preted on a simple basis by the organometallic
mechanism.
C a m b r i d g e , M a s s . . R e c e i v e d  M a r c h  18, 1942

[C o n t r i b u t io n  f r o m  t h e  R e s e a r c h  L a b o r a t o r y  o f  O r g a n ic  C h e m i s t r y , M a s s a c h u s e t t s  I n s t i t u t e  o f  T e c h n o l o g y ,
No. 265]

Condensations by Sodium. XXIV. The Pyrolysis of Amylsodium
B y A very  A. M orton and  H e r b e r t  A . N e w ey

The experiments reported in this paper are 
directed toward a careful examination of the sta­
bility of amylsodium over a wide range of tempera­
ture and toward a determination of the type of 
reaction involved in pyrolysis. The information 
was of importance to a general understanding of 
the behavior of amylsodium in various reactions 
and in particular to the studies on mechanism 
since an appreciable quantity of pentane or pen­
tene formed by low temperature pyrolysis would 
nullify some of the conclusions drawn in the pre­
vious paper.1 The products of pyrolysis proved 
clearly to be the result of metalation and dehydro­
genation.

Pyrolysis required thirteen hours at 60° for 
completion and was fast enough at 120° and above 
to be observed by rapid evolution of gas. The 
rate of pyrolysis over a two-hour period was slight 
at 40°, moderate (22%) at 70°, and approximately 
complete at 90° (see Fig. 1). The slopes of the 
curve at 45, 55 and 65° are as 2.4 to 4.9 to 8.7. 
The logarithms of the reciprocal of these values, 
plotted against the temperature, give approxi­
mately a straight line. Extrapolation of this line 
to 20 and to 0° shows that the decomposition over

(1) M orton, D avidson an d  H akan , T h is  J o u r n a l , 64, 2242 (1942).

a two-hour period was definitely below 1% and 
probably negligible. Since the time period re­
quired for the experiments on the mechanism of 
the Wurtz reaction was considerably less than that 
employed in these pyrolysis experiments, there is 
no danger that the comparative quantities of pen­
tane and pentene were affected by decomposition 
of the organosodium compound.

40 60 80 100 120
Temperature, °C.

Fig. 1.—Yield of acids obtained after heating amylsodium 
for two hours at different temperatures.

The curve (Fig. 1) suggests that disappearance 
of amylsodium is related to appearance of another 
sodium compound which upon carbonation yields
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very water-soluble carboxylic acids. At 90° the 
quantity of such acids was 20%. In view of the 
60% yield of caproic acid before pyrolysis, it 
would appear that about one-third of the metal 
in amylsodium was present in the new compound. 
The remaining two-thirds had apparently re­
verted to sodium.

Examination of the acids, which were complex, 
showed more clearly the direction of the changes. 
Except for some tarry product, the acids which 
resulted from carbonation of the pyrolyzed organo­
sodium compound had more than one carboxyl 
group per original amyl unit (in a preferred frac­
tion nearly two such groups) and showed unsatu­
ration. These changes in their elementary form 
are pictured by Eqs. 1 and 2.

C5HnNa -j- C5HnNa — > NaC5H10Na +  C5H12 (1) 
NaC5H10Na +  2C5HuNa — ^ NaGBH8Na +  2CbHi2 (2)
The carboxyl groups are not attached to the same 
carbon atom, since tests on the preferred fraction 
showed no carbon dioxide evolution below 140°. 
Neither did the di-acid appear to form an an­
hydride when heated to 200°. These results sug­
gested remote carbon atoms as points for attach­
ment of sodium. Efforts to simplify identification 
of the product by hydrogenation failed to produce 
other than oily products. The possibility of some 
rearrangements occurring is not excluded, of 
course. The process of producing unsaturation, if 
continued a second time, would lead to a diene. 
Polymerization of such an unsaturated compound 
would account for the tars and other obviously 
large polymers produced.

No fragmentation of the carbon chain was evi­
dent since gases such as ethylene or propylene were 
not formed. The only gaseous product evolved 
was pentane with but a trace of pentene and 
this hydrocarbon was not evolved rapidly enough 
to be observed readily under the conditions em­
ployed until the temperature was above 120°, 
far above the point where, after longer periods of 
heating, the acidic products recovered showed ob­
viously that pyrolysis had been complete.

All of the foregoing results are readily under­
standable as the behavior of an organosodium 
reagent without the necessity for assumption of 
any free radical. However, the mode of decom­
position of all organosodium compounds under 
different conditions is not necessarily the same. 
For example, Carothers and Coffman,2 who ex­
amined the gaseous products only of the pyrolysis

(2) C arothers and Coffman, T h is  J o u r n a l , 51, 588 (1929).

of ethylsodium in absence of any solvent, found 
that ethylene was the first gas evolved. These 
investigators assumed also that sodium hydride 
was formed. The present study showed that this 
last material was produced at relatively high tem­
peratures and then only in small quantities. 
Formation of an alkane instead of an alkene as 
the principal hydrocarbon product of pyrolysis of 
amylsodium may be due to the longer alkyl chain, 
the end portion of which can apparently be metal- 
ated.

In previous papers,3 efforts were made to im­
prove the yield of butylmalonic acid by heating 
amylsodium before carbonation. Little or no 
increase resulted. These results are confirmed by 
the present work. The idea of an amylidene di­
sodium is, in view of recent evidence that one 
amyl radical exists for every combined sodium, no 
longer tenable.4 The approximate constancy of 
the butylmalonic acid noted previously must 
therefore be ascribed either to a difference in size 
and reactivity of the solid particles, a common 
occurrence indeed in these reactions, and to varia­
tions in the process of carbonation, which in the 
light of present knowledge would certainly pro­
duce some quantities of the dicarboxylic acid.

Experimental
Amylsodium was made in a creased flask in the usual 

manner5 from 19 g. (0.82 g. atom) of sodium sand, 32 g. 
(0.3 mole) of n-amyl chloride, in olefin-free pentane (b. p. 
30-40°). The metal was activated as usual with 2 ml. of 
isoamyl alcohol prior to addition of the chloride. Prepa­
ration was carried out at 10-15°, during one hour, and 
the mixture stirred for one hour longer at the same tem­
perature. The pentane was then removed by distillation 
and 250 ml. of synthetic ^-decane added. The mixture 
was then heated and stirred at the temperature desired for 
pyrolysis. Carbonation was effected by cooling the mix­
ture to room temperature and forcing it under nitrogen 
pressure onto lumps of solid carbon dioxide.

After carbonation was complete, water was added to 
remove excess sodium metal and to dissolve the sodium 
salts. The aqueous layer was then acidified by hydro­
chloric acid. Tarry acids which separated were recovered 
by filtration or lifted out on a stirring rod, washed with 
water, dried, weighed and titrated. The aqueous layer 
was extracted with petroleum ether to remove caproic acid, 
which boiled between 202 and 206 ° and left little residue. 
This acid was further identified by conversion to the p- 
bromophenacyl ester melting at 72° (recorded value 72°). 
The quantity of acid was determined by titration and also 
by weighing the distillate. The remaining water-soluble

(3) M orton  and  H echenbleikner, ibid., 58, 1697 (1936); M orton  
and R ichardson, ibid., 62, 129 (1940).

(4) M orton , D avidson an d  Newey, ibid., 84, 2240 (1942); G ilm an 
and Pacevitz, ibid., 62, 1301 (1940).

(5) M orton and R ichardson, ibid,, 62, 123 (1940).
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T a b l e  I

P r o p e r t i e s  o f  t h e  M e t h y l  E s t e r s  o f  t h e  A c id s  P r o d u c e d  b y  C a r b o n a t io n  o f  t h e  P r o d u c t  o f  P y r o l y s i s  o f

A m y l s o d iu m  a t  T e m p e r a t u r e s  f r o m  80-130°

Frac. B. p ., °C.
B. p ., °C. 
760 mm.

Q uantity ,
g- S. E .°

C arbom ethoxy  
groups per 
am yl u n it

M ol. wt.
C a l c d . O b s . c

Polym er 
in am yl 

un its
D ouble
bonds^

1' 80 (20 mm.) 205 0.5 112 1.32 148 . 196 1.3 +
2f 110-120 (5 microns) 285 2.5 98ff 1.80 176 ’ 197 1.1 1.15
3 120-250 (5 microns) 0.3 101 1.67 168 268 1.6 +
4 Residue 6.7 135 .92 124 900 7.3 4-

® Saponification equivalent. b Average molecular weight per amyl unit calculated from the saponification equivalent. 
c Determined by boiling point elevation in acetone in a Swietoslawski apparatus. d Each fraction showed unsaturation. 
One fraction analyzed by catalytic absorption of hydrogen. e This fraction probably consists chiefly of methyl butyl- 
malonate. f This fraction was considered as a preferred one because it was the lowest boiling of the pyrolyzed products 
and was the nearest to having two carbomethoxy groups to one amyl chain. 0 Neutralization equivalent of the free 
acid was 87 as determined by the silver salt.

acids were recovered by saturating the solution with salt 
and extracting first with ether and then with methyl ethyl 
ketone. The ether occasionally removed some butyl­
malonic acid which crystallized, but for the most part the 
products were extracted only by methyl ethyl ketone and 
remained as oily liquids after evaporation of that solvent. 
The results are given in the graph (Fig. 1). All yields are 
based on the amount of amyl chloride originally added.

A parallel series of experiments was made in which all 
conditions were the same except that carbonation was 
effected by bubbling carbon dioxide into the reaction mix­
ture. The results are in general identical save for the 
formation of larger quantities of butylmalonic acid and the 
initial occurrence of tar at 68° instead of 80°. The data 
are therefore not recorded in this paper.

Acidic Products of Pyrolysis.—In general, the water- 
soluble products were dark brown, viscous materials 
slightly soluble in ether but readily soluble in methyl 
ethyl ketone, acetone or alcohol. In the case of the prod­
ucts of pyrolysis at temperatures below 90 °, the recovered 
water-soluble acids could again be redissolved in water 
readily. Where the pyrolysis had been effected at higher 
temperatures the dried acid would not redissolve in cold 
water. A quantity of these acids from pyrolysis at 80 to 
100° was esterified with diazomethane. Ten grams of the 
ester was distilled. The properties of each fraction are re­
corded in Table I. Although the second fraction was the 
one most likely to give a single compound, no crystalline 
ester or derivative could be obtained, even after catalyti­
cally hydrogenating, converting to the acid, amide, or 
^-bromophenacyl ester.

The tarry acids recovered from the low temperature 
pyrolysis were dark brown and sticky materials. As 
the temperature of pyrolysis increased, they became 
progressively harder and eventually appeared as a dry 
fluffy powder. These last products did not dissolve in 
acetone and formed a methyl ester which was not volatile 
in a molecular still. Hence their molecular weight was 
very high. The graph indicates a decrease in the tar 
formed at higher temperature. Actually the weight of the 
tar in that range remained fairly constant, the seeming 
drop being due to a loss in the number of carboxyl groups.

Formic acid, suggesting the presence of sodium hydride, 
was present in small amounts only and then only among the 
products of pyrolysis at higher temperatures. Detection 
was difficult. The method of proving its presence was to

evaporate the combined sodium salts of the acids to dry­
ness, add them to glacial acetic acid and fractionate care­
fully. A sample from the first portion of distillate readily 
reduced alkaline permanganate. Another sample was 
diluted with water, the aqueous solution treated with 
magnesium turnings and the resulting aldehyde6 treated 
with dimethyldihydroresorcinol. The dimethone deriva­
tive, after being recrystallized, melted at 188-189° and 
showed no depression when melted with an authentic 
sample. Although other tests such as steam distillation of 
the water-soluble acids and treatment of the distillate with 
potassium permanganate or mercuric chloride showed 
evidence of its presence, the quantity of formic acid was 
never more than a trace. In fact, no conclusive evidence 
could be found that it resulted when the temperature of 
pyrolysis was kept below 90 °.

Hydrocarbon Products from Pyrolysis.—The amyl­
sodium was prepared as before, petroleum ether solvent 
removed, and w-decane added. On heating rapidly, a 
small amount only of material distilled from the mixture 
below 120°. No gases were evolved. Between 120 and 
130° the mixture in the flask boiled vigorously. The 
condensate was collected in a trap which was cooled by 
solid carbon dioxide. All exit gases passed through a 
second trap containing bromine water. No decoloration 
occurred. The liquid caught in the first trap boiled be­
tween 34 and 40 °, most of it at 34 to 36 °, suggesting that 
the product was chiefly tt-pentane. It decolorized only 
traces of bromine. On treatment with cold concentrated 
sulfuric acid less than a fifteenth of the volume was lost. 
The total volume of liquid collected was 33 ml., which was 
more than the amount equivalent to the amyl chloride 
used. The excess might have come from occlusion of some 
solvent used in preparation or from a complex formation of 
solvent pentane with amylsodium.

The contents of the reaction vessel, after pyrolysis, were 
poured on solid carbon dioxide, water was added, and 
the hydrocarbon layer collected and distilled. This ma­
terial proved to be w-decane which boiled from 172 to 
176°, and showed no unsaturation when tested by per­
manganate. The residue from fractionation contained no 
high-boiling compounds.

Summary
The rate of decomposition of amylsodium is

(6) F en to n  and  Sisson, Chem . Centr., 79, 1379 (1908).
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very slight at 40°, fair at 70° and rapid (two hours 
for completion) at 90°.

Acids, obtained by carbonation of the pyrolyzed 
organosodium compound, are (a) water soluble, 
unsaturated compounds with more than one car­
boxyl group to amyl unit; (b) tarry or insoluble 
acids which are unsaturated and of relatively 
high molecular weight.

The sole hydrocarbon product was pentane. 
The solvent, ^-decane, was not attacked by the 
organosodium compound under the conditions 
employed.

The chemical reactions which occur during 
pyrolysis involve metalation (dismutation) and 
dehydrogenation.
C a m b r id g e , M a s s . R e c e i v e d  M a r c h  18, 1942

[C o n t r i b u t io n  f r o m  t h e  R e s e a r c h  L a b o r a t o r y  o f  O r g a n ic  C h e m i s t r y , M a s s a c h u s e t t s  I n s t i t u t e  o f  T e c h n o l o g y ,
No. 266]

Condensations by Sodium. XXV. Reactions of Amylsodium with Naphthalene,
Acenaphthene and Decalin

By A very A. M orton, John B. D avidson, T. R. P. Gibb, Jr ., Ernest L. Little, E. F. Clarke and
A. G. G r e e n

Nearly half of the carbonated product obtained 
from the reaction of amylsodium with naphtha­
lene is di- and tri-substituted, whereas nearly all 
of the product in the case of benzene is monosub- 
stituted. Octyl- is more active with naphthalene 
than is amylsodium and the proportion of higher 
substituted compounds is slightly increased. 
The a- and /5-monoacids, and the 1,3-, 1,8-, and
2,6-dicarboxylic acids were isolated. The tri- 
substituted compounds were not examined.

Acenaphthene was expected to behave some­
what similarly to toluene. One sodium atom 
did, in fact, replace a hydrogen atom in a methyl­
ene group but a second one entered the ring, 
giving a dicarboxylic acid, probably the 1.5-com­
pound, in about 50% yield. Oxidation of this 
diacid with permanganate gave 1,4,5-naphthalene 
tricarboxylic acid, showing that one carboxyl must 
have been attached to a methylene, i. e., in the

H
HOOCC— c h 2 hooc  cooh

COOH COOH

1-position, and the second was bound to the
5- or 6-position in the aromatic nucleus. The
5-position is considered more likely because (a) in 
benzene1 the directing influence of one sodium 
atom on a second entering one is largely meta;
(b) in naphthalene the influence on substitution of 
another metal in the same ring is m eta; and

(1) M orton  and  Fallwell, T h i s  J o u r n a l , 60, 1924 (1938).

(c) even in benzylsodium2 a second metalation, 
when it does occur, is exclusively in the meta 
position. The 5-position is also in accord with 
the general principle3 that the introduction of sub­
stituents into a bicyclic system containing a meta 
directing group will take place in the unsubsti­
tuted ring. Metalation of acenaphthene by an 
organo alkali compound, butyllithium, has been 
observed4"1 once before but no product was iso­
lated. Horvitz4b also studied the action of amylso­
dium on acenaphthene but was unable to obtain 
a product of known purity because of the diffi­
culty in separation.

The action of amylsodium on decalin was most 
surprising because metalation took place with 
extreme ease. From a great variety of products 
a very small amount of a crystalline ester of a 
tetracarboxylic acid was eventually isolated. It 
readily formed a dianhydride after being saponi­
fied and acidified. The positions of the carbethoxy 
group are not known but the 1,4,5,8-product is 
suspected because these positions are reasonably 
remote from each other, and have the symmetrical 
arrangement which would increase the tendency 
of the compound to come out of mixtures in a 
crystalline form. Moreover, the corresponding 
acids could easily form a dianhydride of high 
melting point. The original hope had been that 
substitution would occur at the tertiary or im 
dented position and that the process would there­
fore prove to be a new synthetical method in that

(2) U npublished  research.
(3) G rieve an d  H ey, J . Chem. Soc., 968 (1933).
(4) (a) G ilm an and  Bebb, T h i s  J o u r n a l , 61, 109 (1939); (b)

H orvitz, P h .D . Thesis, M assachuse tts  In s titu te  of Technology, 1938-
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series. The crystalline product isolated, however, 
could not have had a carbomethoxy group in 
that location because there was no resistance to 
saponification under ordinary conditions. Fur­
thermore, alkylation5 of decalin by sodium and 
amyl chloride after the manner employed success­
fully for toluene, formed products which, though 
they boiled in the range expected for amyldeca- 
lin, yielded an inappreciable quantity of naph­
thalene and traces only of amyl mercaptan when 
fused with sulfur. Both of these products would 
have been expected had alkylation occurred on 
the tertiary carbon atom. Metalation of decalin 
is of more than passing interest because it is the 
first recorded instance of substitution in a hy­
drocarbon which does not contain an aromatic 
nucleus.

Experimental
Amyl- or Octyl-sodium with Naphthalene (J. D.).—

w-Amyl chloride, 18 ml., was added dropwise to 15 g. of 
sodium sand suspended in a solution of 50 g. of naphthalene 
in 240 ml. of ligroin maintained at 72 ° in an atmosphere of 
nitrogen in the apparatus used for preparing octylsodium.6 
After carbonating and adding water, the aqueous layer was 
acidified yielding 4.9 g. of solid product whose neutraliza­
tion equivalent was 156.2. Ether extraction of the 
aqueous layer yielded 0.64 g. of acidic material which had a 
neutralization equivalent equal to 98.5. On the reasonable 
assumption that the solid precipitate consisted of mono- 
and di- acids only and that the acids recovered by ether 
extraction were a mixture of dl- and tri-acids, the calcu­
lated yields were 14 mono, 10 di, and 2% tri or a total of 
26%. From a parallel experiment with n-octyl chloride, 
the yields were 17, 15, and 5%, respectively, or a total of 
37%. Separation of pure compounds from the mixture 
of products was carried out by a series of steps which began 
with an extraction of the precipitate (4.9 g.) with 4 liters 
of hot water. The insoluble material was reduced by this 
treatment to 2.5 g. The aqueous solu+ion, after being 
cooled, yielded 1.1 g. of precipitate which was fractionally 
crystallized from a mixture of acetic acid and water. The 
least soluble portion from the dilute acetic acid was con­
verted to the methyl ester by use of the silver salt and 
methyl iodide. After being recrystallized from methyl 
alcohol and then from acetic acid, the methyl ester of the
2,6-di acid (m. p. 189 to 192°) was recovered. The portion 
moderately soluble (as distinguished from most soluble 
and least soluble) in dilute acetic acid was sublimed. The 
sublimate was partially soluble in sodium carbonate. 
Acidification of the aqueous carbonate fraction gave about 
44 mg. of (8-naphthoic acid melting 182-184°. The amide 
melted at 192 °. The portion insoluble in sodium carbon­
ate was the anhydride of the 1,8-dicarboxylic acid, melting 
at 272-275°. The imide melted at 299-300°; the anil at 
202-203 °. The four liters of aqueous solution from which

(5) M orton  and  Fallwell, J r ., T h i s  J o u r n a l , 60, 1429 (1938); 
M orton , R ichardson and  Hallowed, ibid., 63, 327 (1941).

(6) M orton, D avidson and  Best, ibid., 64, 2239 (1942).

the above acids had been precipitated was extracted with 
ether, from which about 1.2 g. of acid was recovered by 
evaporation of solvent. This material was fractionally 
crystallized from water and the moderately soluble portion 
consisting of 212 mg. was sublimed. The volatile product 
was crystallized from ligroin yielding a very small amount 
of a-naphthoic acid, melting 159-160°. The non-volatile 
portion from the sublimation was recrystallized from 
water, yielding the 1,3- acid which melted at 264-265°. 
In all cases the yields were very small because of the many 
steps involved in separation. The properties of the acids 
were compared with those recorded by Bradbrook and 
Linstead.7 Examination of the hydrocarbon layer showed 
little, if any, evidence of alkylation. An experiment3 
exactly parallel to that between octylsodium and naphtha­
lene but using benzene as the hydrocarbon yielded 33% of 
benzoic acid with scarcely any phthalic acid. No evidence 
of alkylation was noted.

Amylsodium and Acenaphthene (T. G.).—n-Amyl 
chloride, 75 ml., was added to 40 g. of fine sodium sand 
suspended in a solution of 30 g. of acenaphthene in 400 ml. 
of petroleum ether. The sodium metal was previously 
activated with 5 ml. of n-amyl alcohol. No evidence of 
any reaction between the metal and acenaphthene was 
observed. The apparatus was the one used formerly8 
in this series of studies. The temperature was main­
tained at below 15° during the forty-five minutes required 
for addition of the chloride. The color changed progres­
sively from gray to blue to dark green. After four hours 
the temperature was allowed to rise to 30°, where it re­
mained during the next nineteen hours while stirring was 
continued. The dark green paste was then heated to 40° 
for one and a half hours, cooled to 9 ° and treated with a 
stream of carbon dioxide. After adding water to remove 
excess sodium, the aqueous layer was filtered, and acidified 
with hydrochloric acid. The mixture of gummy yellow 
precipitated acids was filtered and dried, yielding 54 g. of 
crude material. This product proved extremely difficult 
to purify by extraction with organic solvents, gradual 
acidification of the neutralized salts, conversion to methyl 
ester with dimethyl sulfate and other conventional 
methods. Contact with air appeared to cause formation of 
dark brown tars. The residues, after a considerable num­
ber of extractions had been made, were finally combined, 
the mixture suspended in ether, and treated with diazo­
methane. After one hour the yellow solution was filtered 
to remove suspended material and allowed to evaporate. 
Large yellow needle-like crystals of an ester resulted in a 
yield of approximately 50% calculated on the original 
amyl chloride used. After being recrystallized from 
ether, these crystals were colorless and melted at 112°, 
were lath-shaped with square ends, had an extinction angle 
of 10° and showed negative elongation.

Anal. Calcd. for CigH^Or. C, 71.2; H, 5.2; sapon. 
equiv., 135. Found: C, 71.1; H, 5.5; sapn. equiv., 131, 
134.

This diester was very soluble in cold methanol, acetone, 
methyl cellosolve, and carbon tetrachloride, moderately 
soluble in ether, and sparingly soluble in petroleum ether.

The dicarboxylic acid recovered after saponification was
(7) B radbrook  and  L instead , J .  Chem. Soc., 1739 (1936).
(8 ) M orton , Fallw ell and  Palm er, T h i s  J o u r n a l , 60, 1426 (1938).
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moderately soluble in carbitol, cellosolve, and £-butyl 
alcohol, sparingly soluble in cold acetone, dioxane, and 
ether, almost insoluble in chloroform, and water, and in­
soluble in carbon tetrachloride, benzene and xylene; 
melting point 292-294°.

Anal. Calcd. for C14H10O4: C, 69.4; H, 4.1. Found: 
C, 69.4; H, 4.3.

When heated (280°) with an equal weight of lime and 
copper bronze, the mixture gave acenaphthene as a sub­
limate; heated in the absence of these agents, it yielded 
two products which proved to be acenaphthene and an 
acid melting at 215° (acenaphthene 5-carboxylic acid 
melts at 217°).

One-tenth gram of the acid was oxidized by excess per­
manganate solution (2.2%) at 50-60° with stirring. At 
the end of an hour the solution was decolorized with alco­
hol, and filtered. A white precipitate was obtained after 
the filtrate was acidified. This material was redissolved in 
aqueous alkali, reprecipitated with acid and then crystal­
lized from ether; m. p. 266-268°. The neutralization 
equivalent was 86, agreeing with the value for a naphtha­
lene tricarboxylic acid. The acid readily changed on dry­
ing to the anhydride which melted at 273-275° (cor.).

Anal. Calcd. for CnHeOs: C, 64.4; H, 2.48. Found: 
C, 64.3; H, 2.58.

When mixed with an authentic sample9 of naphthalene-
1,4,5-tricarboxy lie acid anhydride, no depression of the 
melting point was obtained.

The mono methyl ester anhydride was also prepared 
according to the directions of Fieser and Peters7 and had 
the properties described by these workers.

Amylsodium and Decalin (E. L., E. C., and A. G.).— 
Numerous experiments were made in an endeavor to obtain 
a pure compound readily from the carbonation of the 
product of amylsodium and decalin. Some of these in­
volved tests with pure cis and trans decalin but isolation of 
pure materials was not apparently simplified by such 
means. The following account is of two experiments 
employing the method which finally proved successful. 
Amylsodium was prepared in the usual manner from 100 g. 
of w-amyl chloride and 48 g. of sodium sand in 400 ml. of 
petroleum ether contained in a 1-liter creased flask. Two 
hours were required for addition of the chloride at 15 to 
20°. Decalin (59.1 g. in one experiment and 119 g. in the 
other) was then added quickly, and the mixture heated to 
49 and 53°, respectively, for two hours. The contents 
were then cooled to room temperature and treated with a 
stream of carbon dioxide. Toward the end of the two hour 
carbonation process the mixture was again heated to a 
refluxing temperature. Subsequently the excess sodium 
sand was removed by water and the aqueous layer acidified 
with hydrochloric acid. The aqueous layer was first ex­
tracted with petroleum ether, then saturated with salt and 
extracted with ethyl ether. The ethyl ether extract was 
twice esterified with methyl alcohol and hydrochloric acid. 
This method of esterification was expected to effect a sepa­
ration of those acids in which the carboxyl group was 
sterically hindered by being in the indented position. The 
ester from this step was freed from all acid by washing with

(9) T h e  au th o rs  a re  g rea tly  in d eb ted  to  Professor L . F . F ieser of
H a rv a rd  U niversity  fo r his courtesy  in  fu rn ish ing  th is  sample. See
F ieser and  Peters, T h is  J o u r n a l , 54, 4352 (1932).

aqueous sodium carbonate. The combined esters from 
both experiments were then fractionated through an 8- 
plate Podbielniak type column at 2 mm. About 5 ml. of 
methyl butylmalonate was collected at 64-89°, and 15 cc. 
of another liquid at 84 to 112 °. Crystals then clogged the 
condenser system. The viscous red oily residue, after 
standing a week, also formed a mass of crystalline material 
which had the appearance of a fine mold-like growth over 
the surface. The crystals from both sources were identical 
with each other. After being recrystallized from methyl 
alcohol and water, they melted at 61-62 °. The saponifica­
tion value of 92 was that calculated for the methyl ester of 
a decalyl tetracarboxylic acid. The molecular weight 
(Rast) was 374 as compared with a calculated value of 368. 
The compound proved difficult to burn for analysis.

The product recovered after being saponified and acidi­
fied was a white solid which melted near 300° with sub­
limation. The neutralization equivalent of this material 
agreed with that calculated for a dianhydride.

Anal. Calcd. for ChHioCV C, 60.87; H, 4.35. 
Found: C, 60.8; H,4.58.

The remaining acids and esters were liquids whose neu­
tralization and saponification equivalents did not agree 
with any calculated for a mono-, di- or tri-acid, although 
the scheme of separation by solvent extraction, methyla­
tion by both methyl alcohol and acid and by diazomethane 
(of the difficultly esterified portion) and fractionation was 
carried to completion. Out of 87.9 g. of total ester (all of 
the acids were eventually esterified) from both experi­
ments, only 0.15 g. of the methyl decalyltetracarboxylate 
was obtained. One of the fractions from a methylation 
by diazomethane had an unusually low saponification 
equivalent, indicating the presence of even more than four 
carboxyl groups per decalin unit.

Alkylation of Decalin (E. L,).—rc-Amyl chloride (200 g.) 
in 100 ml. of decalin was added gradually to 300 ml. of 
decalin in which was suspended 96 g. of sodium sand 
which had been activated by addition of 8.4 ml. of n-amyl 
alcohol The temperature was maintained at 72 to 80° 
in expectation that decalin would be converted to amyl- 
decalin in the same manner as toluene was changed to 
hexylbenzene.5 The reaction proceeded smoothly at first 
but after all but 60 ml. of the diluted amyl chloride had 
been added, the mixture became too solid to stir. The 
material was allowed to stand overnight under nitrogen, 
and then treated with a stream of carbon dioxide and re­
heated for about an hour and a half. The mixture was 
then allowed to cool. Water was added as usual to remove 
excess sodium. Much of the metal had agglomerated 
together in large lumps which were eventually lifted from 
the mixture with forceps. This agglomeration of sodium 
particles had been noticed only in the case of some of the 
experiments with decalin. The hydrocarbon fraction was 
dried over calcium chloride and fractionated carefully 
through a packed column of about fourteen plates, in order 
to remove low-boiling compounds, decane, and decalin. 
The residue boiling above 194° consisted of about 60 ml. 
which was then fractionated at 10 mm. through a Podbiel­
niak type column of about eight plates. A portion (2.3 g.) 
of the fraction (6 cc.) boiling from 124-137 ° at 10 mm. was 
mixed with 1.9 g. of sulfur and heated for three hours at 
230 °. The product was then extracted with small portions
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(200 ml. in all) of ethyl ether. The combined ether ex­
tracts were fractionated (final temperature 230°). Since 
no principal fraction boiling at 126°, the boiling point of 
w-amyl mercaptan, was found, the combined distillate was 
extracted with sodium hydroxide, the alkali solution then 
acidified and extracted with ether. The ether was evapo­
rated and the residual foul-smelling liquid treated with 2,4- 
dinitrochlorobenzene, which produced a few crystals of the 
ft-amyl 2,4-dinitrophenyl thioether melting at 80-81 ° 
(recorded10 value 80°). The material left after extraction 
with alkali was treated with picric acid in hot alcoholic 
solution. A few yellow crystals melting from 268-273° 
were obtained. Had the amyl group been substituted in 
the indented position, the product should have been 
naphthalene picrate, melting at 149-150°. Several 
experiments using decalin showed that the above process 
would give good yields of naphthalene and naphthalene 
picrate.

Summary
A series of studies on the reaction of amyl-

(10) Bost, T u rn e r and  N o rto n , T h i s  J o u r n a l , 54, 1986 (1932).

sodium with bicyclic compounds showed that 
metalation occurred readily in a considerable 
number of places. The positions of attack were 
shown by examination of the products of car­
bonation.

The end-products from naphthalene were both 
mono-carboxylic acids, at least three dicarboxylic 
acids, and some tricarboxylic acid.

Acenaphthene was attacked readily; the only 
product which could be isolated was a dicar­
boxylic acid, either 1,6- or probably 1,5.

Decalin was attacked very easily and a con­
siderable variety of products was formed. A 
small amount of the dianhydride of a tetracar- 
boxylic acid was separated. The tertiary hydro­
gen atom in decalin may be attacked but does not 
appear to be a favored position.
C a m b r i d g e , M a s s . -  R e c e i v e d  M a r c h  18, 1942

[C o n t r i b u t i o n  f r o m  t h e  O i l  a n d  P r o t e i n  D i v i s i o n , N o r t h e r n  R e g io n a l  R e s e a r c h  L a b o r a t o r y 1]

The Diastereoisomerism of the 9,10,12-Trihydroxy stearic Acids and the Geometric 
Configurations of Ricinoleic and Ricinelaidic Acids

B y J. P. K ass and S. B. R adlove

In the course of an investigation of the dehydra­
tion of ricinoleic and ricinelaidic acids to isomeric 
linoleic acids, it became necessary to identify the 
parent 12-hydroxy-9,10-octadecenoic acids by 
means of their partial oxidation to the 9,10,12- 
trihydroxystearic acids. Theoretical considera­
tions2,3,4 indicate that each of the geometrically 
isomeric, dextrorotatory monohydroxy acids 
should yield two diastereoisomeric trihydroxy- 
stearic acids, with the following configurations of 
the initially dextrorotatory twelfth carbon atom 
and the newly asymmetric ninth and tenth carbon 
atoms

I a \  (12) +  (10) +  (9) +
b ƒ (12) 4- (10) -  (9) -

II c \  (12) +  (10) +  (9) ~
d ƒ (12) +  (10) -  (9) +

Moreover, assuming that no inversion occurs dur­
ing oxidation, the pairs of the derivatives should be

(1) T he  N o rth e rn  R egional R esearch  L ab o ra to ry  is one of four 
regional labora to ries  au thorized  by  Congress in th e  A gricultural 
A d justm en t A ct of 1938 for th e  purpose of conducting research  to  
develop new uses an d  ou tle ts  for ag ricu ltu ra l com m odities. These 
labora to ries  are  adm in is tered  by  th e  B ureau  of A gricultural Chem is­
t r y  an d  E ngineering  of th e  U. S. D ep artm en t of A griculture. (N ot 
sub jec t to  copyright.)

(2) M angold, M o n a t s h 13, 326 (1892).
(3) W alden, Ber., 27, 3471 (1894).
(4) Sm it, Rec. trav. chim., 49, 675 (1930).

related in such a manner that the products of the 
as-hydroxylation of one of the unsaturated acids 
must correspond to the products of the trans- 
addition to its geometric isomer; specifically, the 
mild alkaline permanganate oxidation of ricino­
leic acid should yield two trihydroxystearic acids 
identical with the pair resulting from the oxidation 
of ricinelaidic acid with acid hydrogen peroxide, 
and vice versa. This relationship has been shown 
to obtain uniformly in the monoethenoid5’6 and 
linoleic acid7 series.

The older literature8 reports the preparation of 
three of the trihydroxystearic acids under con­
sideration, and intimates the existence of the 
fourth isomer. The oxidation of ricinoleic acid 
with cold alkaline permanganate was first shown 
by Hazura and Grüssner9 to produce two trihy­
droxystearic acids, m. p. 110-111° and 140-142°, 
for which Dieff10 later reported m. p. of 100-114° 
and 137-140°. From similarly treated ricinelaidic

(5) H ild itch , J . Chem. Soc., 1828 (1926).
(6) B raun , T h i s  J o u r n a l , 51, 228 (1929).
(7) K ass and  B urr, ibid., 61, 1062 (1939).
(8) C f. Lew kow itch an d  W arb u rto n , “ T he  Chem ical T echnology  

and  Analysis of Oils, F a ts  and  W axes,” 6 th  ed., Vol. I, T h e  M acm il­
lan Co., London, 1938, p . 236.

(9) H azu ra  an d  G rüssner, M onatsh., 9, 475 (1888).
(10) Dieff, J .  prakt. Chem., [2] 39, 339 (1889).
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acid, Grüssner and Hazura11 and Dieff10 suc­
ceeded in isolating only one trihydroxystearic 
acid, m. p. 114-115°, although Mangold2 claimed 
that he obtained two substances, m. p. 113-116° 
and 117-120°, in amounts too small for further 
identification. The optical activity of only the 
first isomer, m. p. 110- 111°, has been determined 
by Walden,3 who found [qJd —6.25 to —6.0° (c =
10-15 in glacial acetic acid).

However, Dean12 apparently assumed the 
identity of the two possible pairs of derivatives, 
while Brady13 recently repeated the earlier work 
and stated that the mild alkaline permanganate 
oxidation of both ricinoleic and ricinelaidic acids 
produced the same two trihydroxystearic acids, 
m. p. 110 and 141°, albeit in different proportions. 
His statement has been accepted by Henshall and 
Smith.14 Furthermore, Scanlan and Swern15 im­
plied that the single trihydroxystearic acid, m. p. 
108-109°, which they obtained through the oxida­
tion of the ricinoleic acid of castor oil with hydro­
gen peroxide in acetic acid, was presumably iden­
tical with Hazura and Grüssner’s9 product, m. p. 
110- 111°, of the alkaline permanganate oxidation 
of ricinoleic acid, rather than of ricinelaidic acid. 
Previously, Smit4 had shown that the oxidation 
of ricinelaidic acid with perbenzoic acid yielded 
two trihydroxystearic acids, m. p. 112 and 137°, 
presumably identical with the compounds formed 
by the alkaline permanganate oxidation of ricino­
leic acid. The latter did not, however, yield any 
identifiable trihydroxystearic acids with the per­
benzoic acid.

In view of the unsatisfactory state of the ex­
perimental data and the apparent contradiction 
between some of the more recent work and the 
theoretical expectations, it was considered de­
sirable to characterize more fully the trihydroxy­
stearic acids derived from the oxidation of ricino­
leic and ricinelaidic acids with both alkaline per­
manganate and acid hydrogen peroxide. Con­
trary to the findings of Brady,13 four distinct dias- 
tereoisomers were obtained, the behavior of which 
was in complete agreement with the theoretical 
considerations outlined in the introductory sec­
tion, as shown in the accompanying table. In 
line with a previous suggestion,7 each acid has

(11) G rüssner an d  H azura, M onatsh ., 10, 196 (1889).
(12) D ean, “ T he  U tiliza tion  of F a ts ,” A. H arvey , London, Eng., 

1938, p. 18.
(13) B rady, T h i s  J o u r n a l , 61, 3464 (1939).
(14) H enshall an d  S m ith , “ A nnual R eports  of the  Chemical 

Society of London for 1940,” 37, 213 (1941).
(15) Scanlan an d  Swern, T h i s  J o u r n a l , 62, 2309 (1940).

been designated with a Greek letter prefix, the 
lower-melting isomer in each pair having the lower 
designation. It is probable that the hitherto un­
reported 7-trihydroxystearic acid, m. p. 86.8-  
87.4°, has been overlooked by previous workers 
because of its relatively pronounced solubility in 
organic solvents, while the failure of the recent 
workers13,15 to recognize the distinction between 
the a- and ^-trihydroxystearic acids may have 
been due to the close similarity of the melting 
points of these substances.

Correlation of the specific rotations of the in­
dividual trihydroxystearic acids with their pos­
sible stereochemical configurations indicated in 
the introductory discussion offers corroborative 
evidence for the ^-configuration of ricinoleic 
acid and the /raws-configuration of ricinelaidic 
acid; at least, it presents an analogy between the 
fatty acids and maleic and fumaric acids, respec­
tively. Where fumaric acid on oxidation with 
alkaline permanganate yields racemic tartaric acid, 
ricinelaidic acid similarly produces the strongly 
dextrorotatory 7-trihydroxystearic and the even 
more strongly levorotatory S-trihydroxystearic 
acid, which are diastereoisomeric because of the 
presence of the already asymmetric dextrorotatory 
twelfth carbon atom (structures a  and b, respec­
tively). Conversely, where maleic acid forms 
meso-tartaric acid, ricinoleic acid yields the two 
weakly levorotatory a -  and /3-trihydroxystearic 
acids, the comparatively slight levorotations of 
these diastereoisomers being due to the partial 
internal compensation of the strong levorotation 
of either the ninth or tenth carbon atoms by the 
other newly asymmetric carbon atom possessing a 
relatively weaker dextrorotation (either of struc­
tures c and d ) .

Experimental
Preparation of Ricinoleic and Ricinelaidic Acids.—

Castor oil (900 g.) was extracted five times with 500-cc. 
portions of petroleum ether (b. p. 30-60°). The residue, 
freed from solvent on the water-bath in vacuo, was saponi­
fied by boiling for one-half hour with a solution of 360 g. 
of potassium hydroxide in 243 cc. of water and 1800 cc. 
of alcohol. The acids were liberated in the usual manner, 
washed three times with hot water, and dried over sodium 
sulfate in diethyl ether solution. After filtration and 
evaporation of the solvent in vacuo, the residual acids, 
which did not solidify completely in the refrigerator at 3 °, 
were extracted four times with large volumes of cold pe­
troleum ether. Evaporation {in vacuo) of the solvent from 
the insoluble acids left 623 g. of an amber oil; I. V. 86.3 
(theory for ricinoleic acid, I, V. 85.1). This crystallized 
completely in the refrigerator.
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C o n s t a n t s  o f  t h e  9 ,1 0 ,1 2 -T r ih y d r o x y s t e a r ic  A c id s
T rihydroxystearic  acids p roduced by  oxidation

M . p 
from

w ith  alkaline  perm anganate  , °C . [«]23D 
from  p resen t

w ith  hydrogen peroxide in  ace tic  acid 
M . p., °C. [<ar]23D 

from  p resen t
P a ren t acid literature®  

' « 1 1 2 4
w ork in ethanol in  acetic acid w o rt in  e thanol in  ace tic  acid

Ricinoleic <

«1113,9

«100-11410 
«11013
01374

112 -  2.9 (c = 5) -  6.6 (c = 4) 5110 -2 6 .6 -3 8 .7

014O-1429
0137-14O10
014113

138 -  3.9 (c = 2) - 1 1 . 6  (c = 2) yS7 +19.1 + 2 1 . 8

7
5113-1162

87 +  19.1 (c = 4) + 2 1 . 8  (c = 2) 0138 -  3.9 - 1 1 . 6

Ricinelaidic < 511511
511013
510915

110 -2 6 .6  (c = 2) -3 8 .7  (c = 4) «112 -  2.9 -  6 . 6

a To avoid confusion arising from the multiplicity of melting points cited and the similarity of the m. p. of the a  and 5 
acids, the previously published m. p. are recorded here with regard to the correct isomeric relationships of the trihydroxy­
stearic acids, rather than their source as reported by the original investigators.

Further purification was effected by treating an alcoholic 
solution of the potassium salt of the crude ricinoleic acid 
with an equivalent aqueous solution of barium chloride and 
recrystallizing the precipitated and washed barium salt 
three times from 95% alcohol. The barium ricinoleate 
was then extracted with diethyl ether and the dried, 
finely powdered salt was suspended in the ether and de­
composed by vigorous shaking with successive small 
portions of dilute hydrochloric acid. Evaporation (in 
vacuo) of the washed and dried ether solution left a colorless 
oil which solidified in the refrigerator to a crystalline mass, 
m. p. about 5°. (The crude acid polymerizes very rapidly, 
for the addition of aqueous barium chloride to the alcoholic 
solution of the potassium soap of a portion of the acid which 
was left at room temperature for several weeks produced 
only a gummy precipitate. However, preliminary saponi­
fication of the estolide with an excess of alcoholic alkali 
and the subsequent isolation of the free acid permitted 
the recovery of the crystallizable barium salt.)

The ricinelaidic acid was prepared by the action of 
nitric acid and sodium nitrite on the crude ricinoleic acid 
which was obtained by the saponification of castor oil 
previously extracted with petroleum ether as described 
above. The acids from 1000 g. of castor oil were warmed 
without preliminary drying to 60° and mixed during 
vigorous mechanical stirring with 400 cc. of 50% nitric 
acid at the same temperature. A solution of 30 g. of so­
dium nitrite in 200 cc. of water was added at once through 
a delivery tube reaching to the bottom of the reaction 
flask, and the mixture was vigorously stirred for ten 
minutes at 60 °. The flask was then transferred to an ice- 
bath and the stirring continued for several hours until the 
supernatant layer solidified. The product was washed 
several times with hot water and taken up in five volumes of 
diethyl ether. The solution was washed with water, dried 
with sodium sulfate, filtered and chilled. To facilitate the 
filtration of the voluminous material which separated on 
chilling, the cooling and filtrations were performed at 10 ° 
intervals to — 30 °. Two recrystallizations of the combined 
material from diethyl ether yielded 220 g. of white ricin­
elaidic acid, m, p. 50-51 °.

The combined mother liquors from the recrystallizations 
of the ricinelaidic acid were completely freed from solvent, 
and the liquid residue was again treated with nitric acid 
and nitrite exactly as before. An additional 185 g. of 
ricinelaidic acid was thereby pbtained, having a m. p. of 
50-51 ° after a single recrystallization from diethyl ether.

The 405 g. of the crude ricinelaidic acid was taken up in 
a large volume of boiling petroleum ether, which left un­
dissolved 5 g. of a white crystalline solid, m. p. 134-136 °, 
presumably the natural dihydroxystearic acid.16 This 
residue was reserved for future study. Recrystallization 
of the ricinelaidic acid from petroleum ether raised the 
m. p. of the main product to 51-52 °.17

(1) Oxidation with Alkaline Potassium Perm anganate 
(a) Ricinoleic Acid.—The procedure followed was that of 
Lapworth and Mottram18 exactly as employed by Brady.13 
A solution of 5 g. of ricinoleic acid in 2500 cc. of water 
containing 1.6 g. of potassium hydroxide was stirred for 
ten minutes at 0° with 5.3 g. of potassium permanga­
nate dissolved in 250 cc. of water. Decolorization was 
effected with 15 g. of sodium sulfite and an excess of dilute 
sulfuric acid. The fioccülent precipitate was permitted to 
settle for several hours in the cold, when it was filtered, 
washed thoroughly with cold water, and finally dried in a 
vacuum desiccator. After exhaustion with petroleum 
ether, it was extracted with boiling chloroform. The 
chloroform-soluble fraction (a-trihydroxy stearic acid) was 
recrystallized from alcohol, then aqueous acetic acid, and 
again from alcohol; m. p. 109-111.5°; yield, 1.1 g. as a 
micro-crystalline powder.

The chloroform insoluble fraction (0-trihydroxystearic 
acid) was similarly recrystallized to yield 1.2 g. of a white 
powder, m. p. 136-138°.

(16) Ref. 8, p. 226.
(17) Subsequen t w ork in th is  L abora to ry  has show n th a t  p u re  

m ethy l ricinoleate m ay be very  sim ply p rep a red  by  th e  frac tiona l 
d is tilla tion  of th e  crude m ixed m ethy l esters of cas to r oil f a t ty  acids 
th rough  a  packed, electrically  h eated  frac tio n a tin g  colum n. T h e  
final purification  of ricinelaidic acid is also g rea tly  fa c ilita ted  b y  a 
p relim inary  fractional d is tilla tion  of its  crude m e th y l ester. D etails  
of th e  separations will be described in  a  forthcom ing  pub lica tion .

(18) L apw orth  and  M o ttram , J . Chem. Soc., 127, 1628 (1925).
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(b) Ricinelaidic Acid.—The identical procedure was 
applied to ricinelaidic acid, 15 g. of which was dissolved 
with slight warming in a solution of 4.8 g. of potassium 
hydroxide in 100 cc. of water. (The solid acid is not easily 
wet and care must be taken to ensure complete solution.) 
The soap solution was diluted with 2.5 1. of cold water and 
treated with 16 g. of potassium permanganate in 1 1. of 
water. After decolorization with 50 g. of sodium sulfite 
and 250 cc. of 1:4 sulfuric acid, the washed and dried white 
precipitate was extracted with ligroin. The mixture of 
crude acids obtained weighed 10.5 g. and melted indefi­
nitely above 70 °. The entire product dissolved easily and 
completely in 100 cc. of warm chloroform. Cooling to 
approximately 0 ° precipitated 6 g. of a partially crystalline 
solid, melting indefinitely above 8 6° after removal of the 
stubbornly adhering chloroform with petroleum ether. 
The chloroform mother liquor was chilled to —40°, at 
which temperature it deposited about 1 g. of a powder 
having a m. p. of 83-86° after thorough drying in the 
vacuum desiccator. The substance remaining in the 
chloroform was precipitated with ligroin as a waxy solid 
which melted on rubbing. This was discarded after futile 
attempts to crystallize it from ether and alcohol.

The main fraction, melting above 86 °, was recrystallized 
twice from chloroform at 0 ° to yield 3.5 g. of large lustrous 
plates having a m. p. of 109-110° after washing with 
ligroin. This compound (5-trihy droxystearic acid) dif­
fered markedly in appearance from the microcrystalline 
«-trihydroxystearic acid (m. p. 109-111.5°); the m. p. of 
a mixture of the two was 97-104°.

The solid obtained at —40° was combined with the 
residue left by the evaporation of the chloroform mother 
liquors of the 5-trihydroxystearic acid, and the crude 
product (2.5 g.), m. p. 82-86°, was recrystallized several 
times from chloroform, aqueous alcohol, and finally from 
ether, when its m. p. became constant at 86.8-87.4°; the 
neut. equivalent was 336 (calcd. for trihydroxystearic 
acid, 332).

A nal.19 Calcd. for Ci8H360 6: C, 65.06; H, 10.84.
Found: C, 65.20; H, 10.94.

The new acid (y-trihy droxystearic acid) precipitated on 
cooling its solutions as a micro-crystalline powder, but 
slow evaporation left clusters of feathery crystals.

(2) Oxidation with Hydrogen Peroxide in Acetic Acid, 
(a) Ricinoleic Acid.—As already pointed out by Scanlan 
and Swern,16 whose procedure was used, free ricinoleic 
acid reacted very sluggishly with the reagent in compari­
son with its glyceride, despite the purification of the acid 
immediately before use. Nevertheless, significant amounts 
of y- and 5-trihydroxystearic acids were obtained. How­
ever, the proportions were different from those obtained 
with the parent castor oil, which readily produced good 
yields of the 5-isomer but only small amounts of the y- 
acid.

Forty-five grams of pure ricinoleic acid was stirred with a 
solution of 36 g. of 30% hydrogen peroxide in 50 cc. of 
glacial acetic acid which had previously been heated for 
one hour at 80-85° and then cooled to room temperature. 
The temperature of the mixture rose slowly and spon­
taneously to 42° in the course of several hours and then

(19) M icro analyses by  C. H . Van E tten , D ivision of A nalytical
and  Physical C hem istry , N orthe rn  Regional R esearch  L aboratory .

dropped without causing the mixture to become homogene­
ous. The viscous mixture was poured into 400 cc. of hot 
water. The aqueous layer was siphoned off, and the 
residue was then refluxed for one hour with 400 cc. of a 
normal solution of sodium hydroxide. Acidification pre­
cipitated the trihydroxystearic acids, which were taken up 
in chloroform, filtered through decolorizing charcoal and 
crystallized in the ice-bath to yield 3.35 g. of a crystalline 
solid having a m. p. of 108.5-110° after one crystalliza­
tion from alcohol. The m. p. of a mixture of this product 
with «-trihydroxystearic acid produced by the permanga­
nate oxidation of ricinoleic acid (m. p. 109-111.5°) was 
97-100°; that of a mixture with 5-trihydroxystearic acid 
(m. p. 109-110°) obtained by the permanganate oxida­
tion of ricinelaidic acid was 109-110°.

After evaporation of the mother liquor under vacuum, 
the residue was extracted with ligroin and finally taken up 
in diethyl ether. On cooling to below 0 °, the ether solution 
deposited 1.5 g. of a white solid, m. p. 78.5-82.5°. This 
was dissolved in 50 cc. of ether and cooled to 0°, when a 
small amount of the 5-acid precipitated. At —40°, the 
remainder crystallized with a m. p. of 83-87°; this was 
recrystallized from aqueous alcohol and ether to a m. p. of 
86-87°, showing no depression with the 7 -trihydroxy­
stearic acid obtained by the permanganate oxidation of 
ricinelaidic acid.

Equally poor yields of the 7 - and 5-trihydroxystearic 
acids were similarly obtained from ricinoleic acid oxidized 
with hydrogen peroxide in glacial acetic acid at 0 ° in the 
course of one week, according to the method of Hilditch.5

The oxidation of about 300 g. of castor oil with 225 g. of 
30% hydrogen peroxide in 820 cc. of glacial acetic, pre­
viously warmed and cooled as before, duplicated all the 
observations of Scanlan and Swern,15 the temperature of 
the reaction mixture rising quickly to 70 °, at which point 
the mixture became homogeneous. The crude trihydroxy­
stearic acids, obtained after saponification of the reaction 
product with dilute alkali and subsequent acidification, 
were recrystallized from alcohol and then toluene to yield 
about 90 g. of a beautifully crystalline solid, m. p. 109- 
110°, which was identical with the higher-melting com­
pound produced in the similar oxidation of the free ricino­
leic acid and in the permanganate oxidation of ricinelaidic 
acid. It caused a marked depression in m. p. when mixed 
with «-trihydroxystearic acid. The mother liquors of the 
above crystallization were combined and evaporated to a 
small volume from which about 5 g. of solid material pre­
cipitated on cooling. This product was recrystallized from 
aqueous alcohol, exhaustively extracted with boiling water 
in which the 5-acid is somewhat soluble, and finally frac­
tionally crystallized from diethyl ether. The first crop, 
obtained at 0 °, melted at 108-110°; the residue melted at 
81-85 0. Further fractionation of this residue narrowed the 
m. p. to 85-87°, which was unaffected by admixture with
7 -trihydroxystearic acid.

(b) Ricinelaidic Acid.—The trans-isomeride reacted 
with the acid hydrogen peroxide as sluggishly as did 
ricinoleic acid but produced relatively better yields of «- 
and j8-trihydroxystearic ,acids, which were easily purified. 
Thirty grams of ricinelaidic acid was stirred into a solution 
of 22.7 g. of 30% hydrogen peroxide in 32 cc. of glacial 
acetic which had been warmed for one hour at 80° and
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cooled to room temperature. An additional 18 cc. of the 
acetic acid was added to facilitate the solution of the solid 
acid. The temperature of the mixture rose only to 43°. 
After standing at room temperature for two days, the sub­
stantially homogeneous solution was filtered to remove a 
slight amount of waxy solid and the free acids were re­
covered from the filtrate by dilution with water, saponifica­
tion with 100 cc. of I N  sodium hydroxide and acidification 
as in the procedure followed with ricinoleic acid. The dried 
crude acids were separated with boiling chloroform* which 
left undissolved about 4 g. of a white powder, m. p. 137- 
138.5° without further purification. This proved to be /3- 
trihydroxystearic acid, identical with the corresponding 
product of the permanganate oxidation of ricinoleic acid.

The chloroform solution readily deposited 4 g. of a white 
solid, m. p .  110-111°. The mixed m. p. showed no de­
pression with «-trihydroxystearic acid (obtained by the 
permanganate oxidation of ricinoleic acid) and a wide 
range in m. p., beginning below 100°, with the 5-trihy­
droxystearic acid (m. p. 109-110°, derived from the per­
manganate oxidation of ricinelaidic acid or the peracetic 
acid oxidation of ricinoleic acid).

Further Purification of the Trihydroxystearic Acids and 
the Determination of their Specific Rotations.—Prior to 
the determination of their optical activities, the corre­
sponding lots of trihydroxystearic acids were combined 
and purified as follows, the m. p. being determined with 
calibrated Anschutz thermometers: the «-acid was re­
crystallized from aqueous alcohol and then fractionated 
from successively smaller volumes of ether, which left un­
dissolved small residues, m. p. 110-124° and 110-114°. 
The fractionation of the more soluble portion was con­
tinued from diminishing volumes of ether until both the 
insoluble and soluble portions melted at 109.6-112.4°. 
This substance was readily soluble in chloroform and ben­
zene, which, however, were found to be unsuitable for 
recrystallization because the substance separated from such 
solutions carried much solvent and was difficult to filter off. 
A 95% alcoholic solution containing 5.562 g./100 cc. at 
23° showed a rotation in a 2-dm. tube of —0.32°, [ « ] 23d  
—2.87°; for a glacial acetic acid solution containing 4.497 
g . /1 0 0  cc., the angle of rotation was —0.60°; [ « ] 23d

— 6.67°. Considering the difference in concentrations, the 
latter value agrees well with Walden’s3 figure of [« ]d  
-6.25°.

The /3-acid was thoroughly extracted with boiling tolu­
ene, and then with ether; it was recrystallized from alcohol, 
50% acetic acid, again from alcohol, and was finally dried 
with diethyl and petroleum ethers. The purified acid was 
a microcrystalline powder which was poorly soluble in 
acetone, from which it precipitated in a form difficult to 
filter. The rn. p. was 137.6-138.2°. Three additional 
crystallizations from alcohol followed by another from a 
large volume of water failed to change its m. p. or appear­
ance. The rotation in a 4-dm. tube of an alcoholic solu­

tion containing 1.992 g./100 cc. was —0.31°, [«]23d 
—3.89°; for the acetic acid solution of 2.152 g./100 cc. it 
was - 1 .0 °, [«]23d —11.62°.

The combined portions of the 7 -acid were treated as be­
fore by exhaustion with boiling water and recrystalliza­
tion from aqueous alcohol and finally from ether. It was 
the most soluble of the four isomers described; m. p.
86.8-87.4°. The rotation in a 2-dm. tube of an alcoholic 
solution containing 3.581 g./100 cc. was +0.37°, [«]2Sd 
+  19.13; for glacial acetic acid (c — 2.039), the rotation 
w a s +0.89°, [ « ] 23d  +21.82°.

The 5-isomer is readily distinguished from the «-tri­
hydroxystearic acid by its relatively poorer solubility in 
organic solvents, and by the fact that it is the only one of 
the four diastereoisomers which readily forms large crys­
tals. It is best recrystallized from toluene. Its m. p. was
109.4-110.4°. The rotation in a 4-dm. tube of a 95% 
alcoholic solution containing 2.440 g./100 cc. was —2.60°, 
[«]23d —26.63°; in a 2-dm. tube, for an acetic acid solu­
tion containing 4.311 g./100 cc. the angle was —3.34°, 
[«]23d -38.85°.

Summary

1. The partial oxidation of ricinoleic and 
ricinelaidic acids with alkaline permanganate and 
with peracetic acid has been shown to result in 
four distinct diastereoisomeric 9,10,12-trihydroxy­
stearic acids formed in two inter-related pairs, as 
expected from theoretical considerations but con­
trary to statements in the recent literature.

2. The a- and /+trihydroxystearic acids, m. p. 
112 and 138°, and [ a ] 23D — 6 .6  and —11.6° in 
acetic acid (or —2.9 and —3.9° in ethanol), re­
spectively, were obtained by the oxidation of 
ricinoleic acid with alkaline permanganate or of 
ricinelaidic acid with hydrogen peroxide in acetic 
acid. The 7-trihydroxystearic acid, previously 
unreported, and the 5-isomer, m. p. 87 and 110°, 
and [a] 23d +-21.8 and —38.7° in acetic acid (or 
+-19.1 and —26.6° in ethanol), respectively, were 
obtained by the oxidation of ricinelaidic acid 
with alkaline permanganate or of ricinoleic acid 
with hydrogen peroxide in acetic acid.

3. The optical activities of the four trihydroxy­
stearic acids, previously unreported for three of 
them, were related to the cis- and trans-structures 
of the parent ricinoleic and ricinelaidic acids, re­
spectively.
P e o r i a , I l l in o i s  R e c e iv e d  A pril 16, 1942
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The Effect of Methoxyl toward Stabilizing Ene-diols
B y R. P. Barnes and Wendell M . Lucas1

In keeping with a mechanism recently presented 
in connection with the effect of the ^-methoxyl 
group on the rearrangement of anisbenzoin into 
benzanisoin,2 the authors set out to investigate 
the stability of 2,2'-dimethoxydiphenylacetyl- 
eneglycol (I) and 4,4'-dimethoxydiphenylacetyl- 
eneglycol (II).

DCH3 CH3(X

OH OH 
I

The 2,2'- and 4,4'-dimethoxybenzoins were 
prepared and acetylated.3 4 In cases previously 
reported,2,3,4 this method of acetylation has 
served admirably to convert a-hydroxy ketones 
into diacetates of ene-diols. In the case of these 
two substituted benzoins the presence of the 
methoxyl groups similarly placed in the aromatic 
nuclei seems to stabilize the benzoins by repres­
sing enolization, with the result that no diacetate is 
obtained in either case. The monoacetates (IV 
and V) are obtained in excellent yield in both 
cases. Further acetylation of the monoacetate
(IV) yields a small amount of the diacetate (III); 
under similar treatment, the monoacetate (V) 
does not yield any of the diacetate (VIII). Thus

c h 3o-

OAc ÓAc 
III

OAc O
IV

-CH—C-
I IIOAc O

V

- och3

(1) In  p a rtia l fulfillm ent of th e  requ irem en ts for the M aste r’s 
degree.

(2) R . P. B arnes and V. J . T u lane, T h i s  J o u r n a l , 63, 867 (1941).
(3) R . P . B arnes and V. J. T u lane, ibid., 62, 894 (1940).
(4) D auben , E vans and M eltzer, ibid., 63, 1883 (1941).

the methoxyl effect is real. The strong electron 
release tendency of one methoxyl group is offset 
by the same tendency of the similarly placed 
methöxyl group from the opposite direction. The 
para substituents are more powerful than the 
ortho

The original conception of the effect of similarly 
placed methoxyl groups was that it would serve 
to stabilize the ene-diols—or at least prevent 
ketonization.

Not being able to obtain the ene-diol diacetates 
by direct acetylation, we prepared the 2,2'- and 
4,4'-dimethoxybenzils, (VI) and (VII), and re­
duced them catalytically in the presence of acetic 
anhydride, according to the method of Thomp­
son,5 producing the diacetates (III) and (VIII),

ÓAc ÖAc 
VIII

respectively. These diacetates cannot be hy­
drolyzed to the monoacetates in acetic acid solu­
tion in the presence of potassium acetate.3 Hy­
drolysis of the diacetates (III) and (VIII) by 
means of sulfuric acid resulted in the 2,2'-di­
methoxy benzoin (IX) and the 4,4'-dimethoxy- 
benzil (VII), respectively.

IX

Thus the 2,2'-dimethoxydiphenylacetylene glycol 
(I) shows a tendency toward ketonization, whereas 
the 4,4'-dimethoxydiphenylacetyleneglycol (II) 
is autoxidized. These results indicate con­
clusively that methoxyl groups in the para posi­
tions have a greater stabilizing effect on both the

(5) R. B. T hom pson, ibid., 61, 1281 (1939).
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benzoin and the ene-diol, which is the intermediate 
in the hydrolysis of the diacetate, than do meth­
oxyl groups in the ortho positions.

Experimental
2,2 '-Dimethoxylbenzoin Monoacetate (IV).—To a solu­

tion of 17 g. of 2,2'-dimethoxybenzoin in 90 cc. of acetic 
anhydride was added 8.5 g. of freshly fused potassium 
acetate, and the mixture refluxed on the steam-bath for 
thirty minutes. After cooling thoroughly, the solution 
was poured into 500 cc. of cold water and stirred vigor­
ously to decompose the excess acetic anhydride. A yellow 
oil separated and solidified. I t  was filtered, washed thor­
oughly with water and dried. The crude yield was 21 g. 
This solid was crystallized from ether and melted at 102°.

Anal. Calcd. for CigHisOs: OCH3, 19.73. Found:
OCH3, 19.66.

4,4'-Dimethoxybenzoin Monoacetate (V).—This mono­
acetate was prepared from 17 g. of the 4,4 '-dimethoxyben­
zoin under the same conditions as above. The crude yield 
was 20 g. Recrystallized from ether, it melted at 93.5°.

Anal. Calcd. for CigHigCV. OCHg, 19.73. Found:
OCH3, 19.76.

Acetylation of the Monoacetates (IV) and (V).—A 
solution of 5 g. of the 2,2'-dimethoxybenzoin monoacetate 
in 30 cc. of acetic anhydride was refluxed gently for three 
and one-half hours with 10 g. of freshly fused potassium 
acetate. The reaction mixture darkened after one and 
one-half hours. I t was thoroughly chilled and poured 
with rapid stirring into 500 cc. of cold water. A brown oil 
separated, which, after several washings with cold water, 
solidified. The solid was crystallized from 40 cc. of dilute 
alcohol (3:2), yielding 4 g. of a light brown crystalline 
solid which melted from 99-101°. This solid was warmed 
for a few minutes with 75 cc. of ether. A small portion of 
the solid was insoluble in ether. The ether-soluble portion 
gave the pure unchanged monoacetate, melting and mix­
melting at 102°. Three and one-half grams of unchanged 
monoacetate was recovered. The ether-insoluble fraction 
(0.8 g.) was recrystallized from the least amount of alcohol 
in which it is extremely soluble. The practically colorless 
crystals melted at 149°.

Anal. Calcd. for C2OH20O6: OCH3, 17.41. Found: 
OCH3, 17.34.

A 5-g. sample of the 4,4'-dimethoxybenzoin monoacetate 
was treated similarly. There resulted 3.5 g. of an oil from 
which 2.5 g. of the starting material was recovered.

Reduction of 2,2'-Dimethoxybenzil.—To a solution of 
5 g. of the benzil in 75 cc. of acetic anhydride was added 1 
g. of freshly fused zinc chloride and 0.08 g. of Adams 
catalyst. The solution was treated for seven and one-half 
hours in the Burgess-Parr hydrogenation apparatus. At 
the end of this treatment the product was poured into a 
liter of ice and water. A solid separated. I t  was filtered, 
washed with water, and crystallized from an alcohol- 
acetone solution. The yield was 2.5 g., melting at 150°, 
giving no depression in melting point with the 149°-melting 
substance obtained by way of acetylation of the 2,2'- 
dimethoxybenzoin monoacetate.

Reduction of 4,4'-Dimethoxybenzil.—A solution of 5 g. of 
the benzil with 1 g. of freshly fused zinc chloride in 150 cc. of

acetic anhydride to which was added 0.1 g. of Adams cata­
lyst, was subjected to hydrogenation for a period of twelve 
hours. The product was worked up as above. The color­
less solid obtained was crystallized from methanol, yielding
3.5 g. of material melting from 118-123°. After repeated 
recrystallizations, the substance melted from 121-124°.

Anal. Calcd. for C20H20O6: OCH3, 17.41. Found:
OCH3, 17.49.

A small amount (0.1 g.) of colorless material insoluble in 
methanol was recrystallized from acetone and melted at 
215°. This material failed to give a test for acetic acid.

Treatment of the Diacetates with Acetic Acid and 
Potassium Acetate.—Both diacetates were subjected to 
the following treatment: Four-tenths of a gram of the
diacetate was dissolved in 10 cc. of acetic acid with 0.7 g. 
of potassium acetate and refluxed for seven hours. In 
each case the diacetate was recovered.

Hydrolysis of 2,2'-Dimethoxydiphenylacetyleneglycol 
Diacetate.—A solution of 0.85 g. of the diacetate in 20 cc. 
of cold concentrated sulfuric acid is green. This solution 
was put in an atmosphere of nitrogen and allowed to 
stand overnight. The green solution was poured onto 
finely cracked ice. A colorless solid separated. I t  was 
filtered, washed and dried and crystallized from alcohol. 
It melted and mix-melted with the original material at 
150°. To a suspension of 0.7 g. of the diacetate in 10 cc. 
of alcohol was added 30 cc. of 20% sulfuric acid. The mix­
ture was refluxed for one hour. The solid dissolved in 
about fifteen minutes. The solution was chilled, and a 
colorless crystalline solid separated. This solid melted 
from 94-97°. I t  mix-melted with the monoacetate from 
80-85°; it gave no depression when mix-melted with the 
2,2'-dimethoxybenzoin.

Hydrolysis of 4,4'-Dimethoxydiphenylacetyleneglycol 
Diacetate.—One gram of the diacetate was dissolved in 
30 cc. of cold concentrated sulfuric acid. The green 
solution was allowed to stand at room temperature for 
thirty minutes, and was then poured onto finely cracked ice. 
A cream colored solid separated. I t  was filtered, washed 
and dried, and recrystallized from alcohol. I t melted at 
133 °. The mix-melt with anisil was unchanged.

Summary
1. 2,2'- and 4,4'-dimethoxybenzoins can be 

effectively acetylated to the corresponding mono­
acetates, but not to the corresponding acety- 
leneglycol diacetates.

2. 2,2'- and 4,4'-dimethoxydiphenylacety- 
leneglycol diacetates can be obtained by catalytic 
hydrogenation in acetic anhydride solution.

3. The diacetates are not hydrolyzable to the 
monoacetates in acetic acid solution.

4. When completely hydrolyzed, the inter­
mediate 2,2'-dimethoxydiphenylacetyleneglycol 
ketonizes to the benzoin, while the intermediate 
4,4'-dimethoxydiphenylacetyleneglycol, being 
more resistant toward ketonization, is autoxidized 
to the corresponding benzil.
W ashington , D. C. R eceived  J uly 6, 1942
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The Preparation and Properties of an Ene-diol. <r~tf-Methoxyphenyl-/3-mesitoyl-
acetylene Glycol

By R. P. B arnes and W endell M. Lucas1

The effect of 2,2'-dimethoxyl substitution on cates the manner in which the ene-diol (II) is ob- 
the stability of benzoin and its ene-diolic modifi- tained

IX  II III
cation has already been pointed out.2 This work 
was undertaken to determine the effect of intro­
ducing the methoxyl group in the ortho position 
of the phenyl group in <r-phenyl-/3-mesitoylacety- 
leneglycol3 (I). It has been found that the meth- 
oxyl-substituted compound (II) is more stable 
than the unsubstituted compound (I).

-C = = C — C— Mes
I I II

OH OH O

OCHs

-Mes

OH OH O 
II

The ene-diol (II) is a colorless needle-like crys­
talline solid, extremely soluble in alcohol, very ap­
preciably soluble in water and only sparingly 
soluble in ether and petroleum ether. It gives a 
deep greenish-blue color with alcoholic ferric chlo­
ride, which color fades gradually to yellow. It 
bleaches iodine and 2,6-dichlorobenzeneoneindo- 
phenol. It is slowly oxidized by atmospheric 
oxygen. The end-product of these reactions is
o-methoxyphenylmesityl diketone (III).

The following schematic representation indi-
(1) In  p a rtia l fulfillm ent of th e  requ irem en ts fo r th e  M aste r’s 

degree.
(2) R . P . B arnes and  W. M . Lucas, T h is  J o u r n a l , 64, 2258 (1942).
(3) R . P. B arnes and  Leila S. G reen, ibid., 60, 1549 (1938).

Experimental
ö-Methoxybenzalacetomesitylene (IV).—A solution of 

15 g. of sodium hydroxide in 40 cc. of water was diluted 
with 100 cc. of alcohol. To this alkaline alcoholic solution 
was added 23 g. of acetylmesitylene with stirring and chill­
ing. To this cold solution was added slowly and with 
stirring 28 g.( of o-methoxybenzaldehyde. At the end of 
twenty minutes considerable solid material had separated. 
Stirring was continued for one hour. The product was 
filtered, washed, dried and recrystallized from alcohol. 
The yield was 36 g. of a pale yellow solid, melting at 95 °.

Anal. Calcd. for C19K20O2: OCII3, 11.07. Found: 
OCHs, 11.06.

a'-o-Methoxyphenyl~/3-mesitoylethylene Oxide (V).— 
To a solution of 31 g. of tf-methoxybenzalacetomesitylene 
in 200 cc. of alcohol was added 14 cc. of 30% hydrogen 
peroxide. This solution was made alkaline with 25 cc. of 
20% sodium hydroxide. I t  was warmed gently with stir­
ring. As the reaction proceeded considerable heat was 
evolved. The reaction mixture was maintained at room 
temperature by cooling. On standing in the cold a cream- 
colored solid separated. The solution was diluted with 
water and the product was filtered, washed and dried. 
Recrystallized from alcohol, the yield was 26 g. of colorless 
solid, melting at 73-74°.

Anal. Calcd. for Ci9H2o0 3: OCH3, 10.47. Found: 
OCHs, 10.29.

The Enolic Modification of Mesityl-o-methoxybenzyl- 
glyoxal (VI).—To a solution of 23 g. of the ethylene oxide, 
dissolved in 125 cc. of alcohol, was added a solution of 15 g. 
of sodium hydroxide in 30 cc. of water. The mixture was 
boiled gently for ten minutes. The solution became deep 
yellow in color. I t  was cooled and poured into a cold 
dilute solution of hydrochloric acid. A pale yellow solid
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separated. The solid was filtered, washed, dried and re­
crystallized from alcohol. The yield was 16 g., melting at 
137°.

Anal. Calcd. for C19H20O3: OCH3, 10.47. Found: 
OCH3, 10.60.

An alcoholic solution of this substance gives a cherry-red 
color with ferric chloride. Kurt Meyer titrations4 indicate 
that it is 98% enolic.

o'-Bromo-o-methoxybenzylmesitylglyoxal (VII).—To a 
solution of 8 g. of the enol in 75 cc. of carbon tetrachloride 
was added 8 g. of precipitated calcium carbonate. A 
solution of 4.4 g. of bromine in 30 cc. of carbon tetrachloride 
was added dropwise with stirring to the solution containing 
the calcium carbonate in suspension. Hydrogen bromide 
was evolved. The enol in solution decolorized the bro­
mine solution instantaneously with the addition of each 
drop. The resulting orange-colored solution was filtered 
from the suspended material, and evaporated in a stream 
of dry air. Final traces of carbon tetrachloride and mois­
ture were removed in vacuo. Eleven grams of a deep yel­
low oil resulted. This oil was crystallized from methanol 
in golden-yellow needles, melting at 84°.

Anal. Calcd. for CigHigC^Br: OCH3, 8.2. Found: 
OCH3, 8.3.

The bromo compound is non-enolic.
The Acetate of a-Oxy-o-methoxybenzylmesityl-a-dike- 

tone (VIII).—To a solution of 5.5 g. of the bromo com­
pound in 50 cc. of acetic acid was added 11 g. of freshly 
fused potassium acetate. The solution was refluxed gently 
for four hours. I t  turned cherry-red. The solution was 
cooled thoroughly and poured into a large volume of cold 
water and stirred vigorously. A yellow oil separated and 
solidified. I t was filtered, washed and dissolved in alcohol. 
On chilling a cream colored solid separated, melting from 
84-86°. On recrystallization from alcohol, it melted at 
94°. The yield was 3 g.

Anal. Calcd. for C21H22O5: OCH3, 8.75. Found: 
OCH3, 8.84.

This compound in alcoholic solution gives a cherry-red 
color with .alcoholic ferric chloride. It is enolic4 to the 
extent of 80%.

The Diacetate of «-o-Methoxyphenyl-18-mesitoyl- 
acetylene Glycol (IX).—One gram of the monoacetate was 
dissolved in 10 cc. of acetyl chloride and refluxed for one 
hour. The excess acetyl chloride was pumped off and the 
oily residue taken up in alcohol, from which solution a 
colorless solid, melting at 103-104°, was obtained. The 
yield was 0.8 g.

Seven grams of the bromo compound was dissolved in 66 
g. of acetic anhydride, to which solution 10 g. of freshly 
fused potassium acetate was added. The mixture was 
refluxed gently for one and one-half hours. It became light 
yellow and potassium bromide separated. The thoroughly 
chilled mixture was poured into a large volume of cold

(4) S. R. Cooper and R . P. B arnes, Ind . Eng. Chem.. Anal. Ed., 
Id, 379 (1938).

water and stirred An orange-red oil separated. I t  was 
washed several times with cold water and finally taken up 
in alcohol, from which solution a colorless solid melting 
and mix-melting with the above substance at 103-104°, 
was obtained.

Anal. Calcd. for C23H24O6: OCH3, 7.83. Found:
OCH3, 7.84.

This substance gives no color with alcoholic ferric chlo­
ride.

a-0-Methoxyphenyl-/3-mesitoylacetylene Glycol (II).—
Four grams of the monoacetate was dissolved with stirring 
in 50 cc. of cold coned, sulfuric acid. The solution was 
orange colored. I t  was allowed to stand for thirty minutes 
at 0 °. It was then poured onto finely cracked ice in a g. s. 
flask. The air in the flask was displaced by nitrogen, the 
flask was stoppered and shaken vigorously. A fine needle­
like colorless solid separated. I t  was allowed to stand 
overnight at 0°. I t  was filtered, washed with a little iced 
water, then with ether. I t was recrystallized from dilute 
alcohol, yielding 3 g., melting at 105 °.

Four grams of the diacetate was treated similarly. The 
result was about 2 g. of colorless needles, melting and mix- 
melting with the above substance at 105 °.

Anal. Calcd. for C19H20O4: OCH3, 9.9. Found:
OCH3, 9.8.

This substance is extremely soluble in alcohol and quite 
soluble in water. I t  is rather insoluble in ether and in­
soluble in petroleum ether. I t produces a bluish-green 
color with alcoholic ferric chloride, which color fades 
gradually to yellow. It decolorizes iodine solution and 
bleaches 2,6-dichlorobenzeneoneindophenol instantane­
ously.

The Diketone (III).—Alcoholic test solutions of the 
ene-diol with ferric chloride, iodine and indophenol blue all 
resulted in yellow solutions from which a yellow solid, 
melting at 132°, was obtained. Atmospheric oxidation 
goes on slowly producing a more highly colored solid, 
which upon crystallization results in the same light yellow 
solid, melting at 132°.

Anal. Calcd. for Ci8H180 3: OCH3, 10.89. Found:
OCHs, 10.90.

The diketone is cleaved by alkaline hydrogen peroxide, 
yielding mesitoic and 0-methoxybenzoic acids, identified by 
comparison with known samples.

Summary
A new ene-diol, a'-0-methoxyphenyl-/3-mesi- 

toylacetylene glycol, has been synthesized and its 
properties listed.

The 0-methoxyl in the phenyl group has 
rendered the ene-diol more stable than the un­
substituted a-phenyl-jö-mesitoylacetylene glycol.

The only product which is obtainable from oxi­
dation reactions is the diketone.
W a s h i n g t o n , D. C. R e c e i v e d  J u l y  6, 1942
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The Properties of ö-Methoxybenzoylmesitoylmethane
B y  R . P . B arnes and Ch a ppelle  C. C ochrane

In an earlier paper1 we reported two series of re­
actions which gave a single enol, although, accord­
ing to the mechanism, one would expect two iso­
meric enols. Sidgwick2 states that coordination of 
hydrogen occurs in ordinary chelation in keto-enols 

Rx
> -HCf
>

-o.

=o
H and

Rr

R-
H C /

> c ~
R /

- o / '
H

=CH— C
II
O

Mes—CH—CH—C

Mes

He states further that the strain in the 6-ring with 
two double links is very small and that the same 
position of the atoms fits either struc­
ture. Thus the fact that two isomeric 
enols of this type have never been iso- Mes—CH= 
lated is accounted for.

Steric hindrance is also a very im­
portant factor, contributing to the non­
existence of two isomeric enols. In 
this communication we are reporting 
two parallel series of reactions which 
give rise to a single enol. The effect 
of the mesityl nucleus in offering hin­
drance to 1,2-addition reactions to ad­
jacent carbonyls is well known, and 
one would predict a single enol on this 
basis alone in this case. This enol is 
obviously chelated, being a beta-di­
ketone,3 and this is evidenced by the 
fact that it is neither acetylated by the 
ordinary reactions of acetylation, nor 
does it yield to O-methylation.

The following series of reactions 
indicates the manner in which the enol is obtained.

Experimental
The a,/5-unsaturated ketone (I) and the dibromides (III) 

and (IV) were prepared according to standard methods as 
given in “Organic Syntheses.”4a’b

The methyl ethers (V) and (VI) were obtained by re­
fluxing 1 g. of each of the respective dibromides for one 
and one-half hours in methyl alcoholic sodium methylate 
made by dissolving 0.2 g. of metallic sodium in 20 cc. of 
the alcohol. Sodium bromide separated. The cooled 
mixture was poured into a large volume of cold water. 
The oils which separated in each case were crystallized

(1) R . P . B arnes, C harles I. P ierce  an d  C happelle C. Cochrane, 
T h is  J o u r n a l , 62, 1084 (1940).

(2) Sidgw ick, A n n u a l Reports o f  the Chemical Society, X X X I, 41 
(1934).

(3) H ilbert, W ulf, H endricks an d  Liddel, T h is  J o u r n a l , 58, 548 
(1 9 3 6 ).

(4) (a) “ Org. S y n . / ’ Col. Vol. I, p. 71; (b) p . 200.

from methyl alcohol as colorless solids, producing no color 
with alcoholic ferric chloride.

One gram of each of the methyl ethers (V) and (VI) 
was dissolved in 50 cc. of methyl alcohol and refluxed for 
one hour with 10 cc. of coned, hydrochloric acid. On 
cooling, colorless solids separated, which upon filtering and 
recrystallizing from methanol melted and mix-melted at 
105°. This enol gives a deep red color with alcoholic 
ferric chloride and is 100% enolic.5 Repeated treatments 
with diazomethane always resulted in a recovery of un­
changed enol. In like manner treatment with acetic 
anhydride and sulfuric acid or with acetyl chloride did not 
effect acetylation of the enol.

OCHs OCHs

CH=CH—C—MesA
OCHs

-Mes

Com pound
M eltin g  

p o in t, °C .

VII

Table I
OCH3 Analyses, %  

F o rm u la  Calcd. F ound

I 118 C19H20O2 11.07 11.00
III 135 Ci9H2o02Br2 7.04 7.01
IV 86 Ci9H2o02Br2 7.04 7.00
V 87 C20H22O3 20.00 20.20

VI 85 C20H22O3 20.00 19.93
VII 105 C19H20O3 10.47 10.50

Herein
Summary

are reported two parallel series of
reactions which give rise to a single enol, for
which there is given some chemical evidence of 
hydrogen bonding.
W a s h in g t o n , D. C. R e c e i v e d  J u l y  6, 1942

(5) S. R . C ooper an d  R . P. B arnes, I n d .  E n g .  C h e m . ,  A n a l .  E d . ,
10, 379 (1938).
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Esters of Secondary Hydroxyaralkylalkylamines1

By Johannes S. Buck

The preparation of esters of phenolic secondary 
amines of the type of 4-hydroxyphenethylmethyl- 
amine, wherein the amino group is not also acyl- 
ated, presents difficulties. No compounds of this 
type have been found in the literature. The 
sensitiveness of phenolic esters precludes their 
use as starting materials for building up the amine, 
and the reactivity of the amino group of the hy- 
droxyamines prevents preferential acylation of the 
hydroxy groups.2 Furthermore, it is not possible to 
remove only the N-acyl group from the completely 
acylated hydroxy amine.3 Protection by the carbo- 
benzoxy group was not found to be feasible as the 
group did not survive the reactions used.

By extending the method previously described4 
for preparing secondary amines, the authors have 
succeeded in obtaining the desired O-acyl com­
pounds by a series of smooth reactions of general 
applicability. In the cases described below, a 
methoxy- or dimethoxyphenethylbenzylmethyl- 
amine was O-demethylated, the phenolic group or 
groups acylated, and the protecting benzyl group 
then removed by catalytic hydrogenation. From 
homoanisylamine were prepared 4-acetoxy-, 4- 
benzoyloxy- and 4-ethylcarbonatophenethyl- 
methylamines. Similarly N-methylhomoveratryl- 
amine was converted into 3,4-diacetoxy-, 3,4- 
dibenzoyloxy- and 3,4-diethylcarbonatophenethyl- 
methylamines.

The compounds in question, being stabilized or 
protected forms of pressors and the like, are of con­
siderable pharmacological interest, and they are 
being investigated from this point of view.

Experimental
4-M ethoxyphene thylbenzylmethylamine Hydrochlo­

ride.—4-Methoxyphenethylbenzylamine5 was methylated 
by the Eschweiler-Clarke6 method, using 1.1 mol of form­
aldehyde and 5 mols of absolute formic acid, and the prod­
uct was isolated as the hydrochloride. The yield ap­
proached the theoretical.

(1) This work is part of a joint research started in collaboration 
with a pharmacological group then under Dr. A. M. Hjort, at the  
above laboratories.

(2) Cf. Barger, J.  C h em . Soc., 95, 1128 (1909).
(3) Cf. Tutin, Caton and Hann, ib id ., 95, 2123 (1909).
(4) Buck and Baltzly, T h i s  J o u r n a l , 63, 1964 (1941).
(5) By reduction of benzylidene homoanisylamine, method of 

ref. 7.
(6) Clarke, Gillespie and W eisshaus, T h i s  Jo u r n a l , 55, 4571

(1933).

and R ichard  B altzly

3,4-Dimethoxyphenethylbenzylmethylamine Hydrochlo­
ride.—Attempts to prepare this compound from benzyl- 
homoveratrylamine7 by the foregoing method, gave un­
satisfactory results, probably owing to partial cyclization.8 
It was therefore prepared as follows: one mol of 3,4-
dimethoxyphenethylmethylamine9 dissolved in three vol­
umes of ethanol, was treated with one mol of benzyl 
chloride. After three days the alcohol was evaporated off, 
water added, and the whole made acid; 0.8 mol of sodium 
nitrite, in solution, was added, and the whole extracted 
with ether. The aqueous layer, after making alkaline, was 
extracted with ether. After evaporation of the ether, the 
residue was converted into the hydrochloride; the yield 
was mediocre (30%).

4-Hydroxy- and 3,4-Dihydroxyphenethylbenzylmethyl- 
amines.—The corresponding 4-methoxy and 3,4-dimeth- 
oxyphenethylbenzylmethylamine hydrochlorides were de- 
methylated with concentrated hydrochloric acid, in a car­
bon dioxide atmosphere, for two hours a t 170°. The 
colorless solutions were evaporated to dryness in vacuo. 
The yields approached the theoretical.

Acylation of the Phenolic Amines.—Acetylation was ac­
complished by refluxing the amine hydrochlorides in a mix­
ture of acetic anhydride and acetyl chloride, in which they 
gradually dissolved. After about two hours, the solvent 
was removed in an air stream. The residues were ground 
with acetone and filtered off prior to recrystallization. 
Use of alcohols in crystallizing the acetoxy derivatives is 
inadvisable. With the benzoyloxy and ethylcarbonato 
compounds alcohols are probably permissible but were 
avoided.10

Benzoylation of the phenolic amines was carried out by 
the Schotten-Baumann method. The oils resulting from 
the reaction were taken into ether and dried over potassium 
carbonate before being converted to the hydrochlorides.

The carbethoxylations required a modified Schotten- 
Baumann technique of which the following is an example. 
One mol of 4-hydroxyphenethylbenzylmethylamine hy­
drochloride was dissolved in water and stirred in an atmos­
phere of nitrogen, with ice-cooling. A solution of sodium 
hydroxide (3 mols), was run in slowly, 2 mols of ethyl 
chlorocarbonate being admitted simultaneously, keeping 
the alkali a little ahead of the chlorocarbonate (any con­
siderable excess of chlorocarbonate could be detected in the 
stream of escaping nitrogen). The resulting oil was ex­
tracted with ether, dried over anhydrous potassium car­
bonate and the hydrochloride precipitated by gaseous 
hydrogen chloride.

In the preparation of 3,4-diethyIcarbonatophenethyl- 
benzylmethylamine hydrochloride an additional mol of 
sodium hydroxide and of ethyl chlorocarbonate was used. 
This compound, however, was not obtained crystalline,

(7) Buck, ibid., 53, 2192 (1931).
(8) Cf. Buck, ibid., 56, 1769 (1934).
(9) Buck, ibid., 52, 4119 (1930).
(10) Cf. Baltzly and Buck, ibid., 63, 2022 (1941).
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T a b l e  I
D e r i v a t i v e s  o f  P h e n e t h y l b e n z y l m e t h y l a m in e  H y d r o c h l o r id e , 4-R(Ci6Hi9NC1) a n d  3>4-R 2(C i6 H i8 N C l)

4-R  or 3,4-R2
R ecrystn . so lven t 

+  e ther
C rystal

form M . p., °c. F o rm u la

'—----------------- Percentages-------------------- -
C arbon  H ydrogen 

C alcd. F ound  Calcd. Found

CHsO E. Al.,c E. Ac.c Needles 170 Ci7H22ONC1 69.96 69.95 7.61 7.82
(CHsO),, E. Al., E. Ac. Leaves 205 c18h 24o2n c i 67.17 67.34 7.52 7.70
OH M. Al.,c E. Ac. Prisms 198 Ci6H20ONC1 69.16 69.26 7.26 7.48
(OH)2 E. Al., E. Ac.“ Prisms 153 Ci6H2o0 2NC1 65.40 65.50 6.87 7.05
CHsCOO E. Al., H20 Spindles 211 Ci8H220 2NC1 67.59 67.73 6.94 7.07
(CH3COO)2 Ac.,° E. Ac. Needle prisms 174-5 c20h 24o4n c i 63.55 63.58 6.41 6.64
c 6h öc o o Ac.* Prisms 191 c23h 24o2n c i 72.33 72.37 6.34 6.67
(C6H5COO)2 Ac. Prisms 131-2 c30h 28o4n c i 71.76 71.93 5.62 5.87
c 2h 5c o 3 Ac. Prisms 128-9 Ci9H240 3NC1 65.20 65.20 6.92 7.23

D e r i v a t i v e s  o f  P h e n e t h y l m e t h y l a m i n e  H y d r o c h l o r id e , 4-R(C9Hi3NC1) a n d  3,4-R2(C9Hi2NC1)
CHaCOO Ac.,6 E. Ac. Leaves 194 CnHi60 2NCl 57.49 57.71 7.02 7.20
(CH8COO)2 Ac., E. Ac. Leaves 142-3 Ci3H180 4NC1 54.24 54.16 6.31 6.64
CeHsCOO Ac.b Leaves 198 Ci6Hi80 2NC1 65.84 65.80 6.22 6.30
(C6H6COO)2 Ac.* Needles 163-4 c23h 22o4n c i 67.05 66.87 5.39 5.55
c 2h 5c o 3 Ac. Leaves 138.5-139 Ci2Hi80 3NC1 55.47 55.65 6.99 7.06
(C2H5GOs)2 Ac., E. Ac, Leaves 115 c 15h 22o6n c i 51.78 51.99 6.38 6.68
“ No ether. b Moist acetone. c Ac. = acetone, E. Al. = ethyl alcohol, M. Al. = methyl alcohol and E. Ac. = ethy

acetate.

alcohol, moderately soluble in acetone, sparingly soluble in 
ethyl acetate and insoluble in ether and non-polar solvents.

The authors are indebted to Mr. W. S. Ide for the many 
microanalyses performed, including some chlorine and 
nitrogen analyses not recorded here.

Descriptive and analytical data are presented in the table.

Summary
A method has been developed for preparing 

phenolic esters wherein an unacylated secondary 
amino group is required on a side chain. The 
method involves N-debenzylation.
T u c k a h o e , N e w  Y o r k  R e c e i v e d  J u n e  6, 1942

and was debenzylated directly. The yields of both sub­
stances are improved somewhat by using greater excesses 
of alkali and of acylating agent.

Debenzylations.—These were performed by catalytic 
hydrogenation of the hydrochlorides in 80% acetic acid 
solution, using a Burgess-Parr apparatus, at room tem­
perature and three atmospheres pressure. Palladized 
charcoal (from 1.2 g. of palladium chloride and 6 g. of 
Darco G60) was used as catalyst. The theoretical 
amount of hydrogen was taken up in two to three hours 
(from 10 g. of starting material). The solutions were fil­
tered and evaporated to dryness in vacuo before recrystal­
lization. The yields were excellent. The secondary amine 
hydrochlorides are colorless solids, soluble in water and

[C o n t r i b u t i o n  f r o m  t h e  L a b o r a t o r y  o f  H i g h  M o l e c u l a r  C h e m i s t r y , T h e  H e b r e w  U n i v e r s i t y ]

Poly-condensation of «-Amino Acid Esters. I. Poly-condensation of Glycine Esters1
B y M a x  F rankel  a nd  E phraim  Katch alsk i

This paper deals with the poly-condensation of 
methyl, ethyl and isobutyl esters of glycine and 
with the further condensation of isolated primary 
reaction products.

Curtius2 has shown that under certain condi­
tions glycine ethyl ester yields, besides glycine 
anhydride, a tetraglycine ethyl ester, the so-called

(1) C erta in  m ino r errors in  th e  m anuscrip t as originally sub­
m itte d  were n o ted  by  th e  E d ito ria l B oard. O rdinarily  these would 
have been b ro u g h t to  th e  a tte n tio n  of th e  au th o rs  p rior to  publica­
tion . In te rn a tio n a l conditions a t  p resen t are  such th a t i t  appears 
im possible to  follow th is  p rocedure except a t  th e  risk of indefinite 
postponem en t. T h e  E d ito r  has therefore  tak en  th e  responsibility 
to  m ake  an y  corrections which appeared  to  be unquestionably re ­
qu ired .— T h e  E d it o r .

(2) C u r tiu s , B e r . ,  37, 1284 (1904).

“Biuret Base.” This tetrapeptide ester is the 
highest condensation product which hitherto has 
been obtained directly from the glycine ethyl 
ester. No clear results are reported in the litera­
ture concerning the formation of the correspond­
ing tetrapeptide ester from glycine methyl ester.8 
In any case it is clear that the tetrapeptide esters 
were regarded as the highest peptide esters formed 
by condensation from the glycine ester. Nothing 
definite seems to be known about the condensation 
to chains of glycine esters other than those of 
methanol and ethanol.

(3) C u r tiu s  a n d  G oebel, J .  p r a k t .  C h e m . ,  [2] 37, 159 (1888).



Oct., 1942 Poly-condensation of Glycine Esters 2265

In a preliminary report4 we have described some 
of our results obtained by C-polymerization of 
glycine ethyl ester. In our experiments we were 
able to isolate directly polypeptide esters with an 
average chain length of ten to thirty-five glycine 
units. These isolated products, when allowed to 
undergo additional condensation by heating, yield 
higher linear polymers. In the present paper we 
describe polymers thus obtained with an average 
chain length of 48-110 units.

The poly-condensations were carried out (a) with 
the pure liquid esters and (b) with their solutions 
in organic, water-free solvents. In a number of 
experiments in series (a) a stream of gas (nitrogen, 
hydrogen or oxygen) was passed through the 
liquid. In the experiments of series (b) solvent 
and temperature were varied.

The reaction mixtures contained, in addition to 
the higher condensation products, glycine anhy­
dride and lower peptide esters. The separation 
was based mainly on the different solubility of the 
compounds concerned, which permitted the quan­
titative removal of all lower condensation products 
by extraction with hot water. A modified sensitive 
picric acid test, worked out for this purpose, was 
used in order to follow the complete removal of gly­
cine anhydride. The quantitative removal of the 
water-soluble lower peptide esters was ascertained 
by the negative biuret reaction of the washings.

As is usual with products obtained by poly­
merization, mixtures containing polymer homo­
logs are to be expected. The average chain 
length of the peptide ester form was ascertained 
by the determination of the terminal alkoxy 
group (cf. discussion). To avoid circumlocution, 
the polymerized products discussed in this paper 
are referred to as, e. g., 20-glycine ethyl ester. 
It is to be understood that the specific names ap­
plied to the preparations merely indicate the aver­
age composition which corresponds most closely 
to the analytical results. They are not to be 
taken as implying that the preparations are homo­
geneous specimens of the substance named.

Experimental
I. Poly-condensation of Glycine Ethyl Ester.—The

free glycine ethyl ester was liberated from its hydrochloride 
according to the method of Fischer5 immediately before 
carrying out the condensation.

(a) Poly-condensation of the Free Liquid Ester.— 
These experiments were carried out by passing an in­
different gas through the liquid amino acid ester.

(4) F ra n k e l a n d  K a tc h a ls k i, N a t u r e ,  144, 330 (1939).
(5) F isch er, B e r . ,  34, 433 (1901).

1. A stream of dried nitrogen was passed through 4 g. 
of freshly distilled glycine ethyl ester for twenty-four hours. 
Access of carbon dioxide and moisture was prevented. 
The liquid solidifies gradually and after twenty-four hours 
the passage of gas had to be discontinued. The reaction 
mixture which was soluble in water and gave a positive 
biuret reaction and a positive picric acid test was kept for 
five months in a desiccator over soda-lime. After this 
time a part of the product was found to be insoluble in 
hot water. Traces of unchanged ethyl ester were removed 
by extraction with ether. The fraction insoluble in hot 
water was separated from the lower condensation products 
by repeated washing with hot water and centrifuging till 
the biuret reaction and the picric acid test in the wash­
ings became negative. The amount of the vacuum dried 
fraction insoluble in hot water was about 250 mg.

Properties.—The substance is practically insoluble in 
the usual organic solvents and even in hot water. In the 
latter characteristic swelling occurs. In concentrated 
alkalies and acids the substance dissolves gradually ap­
parently by undergoing hydrolysis. I t  is horn-like in ap­
pearance; no melting point, decomposition at about 280- 
300°. On heating a suspension with ninhydrin solution the 
particles gradually become blue-violet in color, the fluid 
remaining colorless. On allowing a suspension of the sub­
stance to stand with a 30% solution of sodium hydroxide 
and a few drops of a dilute solution of copper sulfate, a 
positive biuret reaction appears within some hours. This 
is obviously due to the hydrolysis of the high peptide ester 
(which owing to its insolubility does not give a positive 
biuret reaction) to a lower soluble peptide chain showing 
the biuret reaction. Calcd. for 20-glycine ethyl ester: 
C2H50, 3.79; N, 23.59. Found: C2H50, 3.87; N, 23.24.

In order to show that during the process of separation, 
which consists of repeated treatment with hot water, no 
hydrolysis of the terminal ester group occurs, 50 mg. of 
the analyzed substance no. 1 was washed repeatedly with 
hot water and afterward reanalyzed. No change in 
ethoxy content was found.

Thirty mg. of the 20-glycine ethyl ester was totally 
hydrolyzed by refluxing with 2 ml. of 10% sulfuric acid for 
five hours. After quantitative removal of the sulfate by 
barium hydroxide solution, and boiling with cupric oxide, 
54 mg. of the copper salt of glycine was obtained (calcd. 
amount of Cu(NH2CH2C00)2-H20, 56.3 mg.).

Anal. Calcd. for Cu(NH2CH2C 00)2H20: Cu, 27.68. 
Found: Cu, 27.38.

2. Four grams of glycine ethyl ester was treated as in
1 except that hydrogen instead of nitrogen was bubbled 
through the ester. The experimental details were similar 
to those of the previous experiment. 200 mg. of a horn­
like fraction was obtained. Calcd. for 20-glycine ethyl 
ester: C2H50, 3.79; N, 23.59. Found: C2H50, 3.99; N,
23.38.

3. On repeating experiment 2 and allowing the reaction 
mixture to stand in contact with air after the treatment 
with gas, the water-insoluble fractions which were finally 
obtained (200 mg.) corresponded in analysis with a 25- 
glycine ethyl ester. Calcd. for 25-glycine ethyl ester: 
C2H50, 3.05; N, 23.79. Found: C2H50, 3.09; N, 23.40.

4. When oxygen was used, solidification of the liquid, 
unlike that in the above experiments, was accompanied



2266 M ax Frankel and Ephraim Katchalski Vol. 64

by the gradual appearance of a pink color. After keeping 
the primary reaction mixture in a desiccator for three 
months, the water-insoluble fraction obtained (160 mg.) 
corresponded to the 16-glycine ethyl ester. Calcd. for 16- 
glycine ethyl ester: C2H50, 4.69; N, 23.37. Found:
C2H60, 4.66; N, 22.78.

5. Control experiments carried out without passing 
gas through the esters showed that under otherwise similar 
conditions no high chain products insoluble in hot water 
were formed.

(b) Poly-condensation of the Free Ester in Solution.—
1. In xylene at room temperature: 3 g. of freshly distilled 
glycine ethyl ester was dissolved in 12 ml. of pure, water- 
free xylene and kept for three months at room temperature. 
The precipitate which developed during this time was 
filtered, carefully washed with ether and dried in vacuo 
(1.7 g.). I t  was fractionated as before; 300 mg. of a water 
insoluble fraction was obtained corresponding to a 12- 
glycine ethyl ester. This product shows the general be­
havior of the higher polypeptides mentioned above, in­
cluding the property of swelling in hot water, except that 
it is amorphous and not horn-like. Calcd. for 12-glycine 
ester: C2HöO, 6.15; N, 23.00. Found: C2H50, 6.12; N,
22.81.

2. In xylene at boiling temperature: The solution
as in (b) 1 was refluxed for eight hours and then allowed to 
stand for two months at room temperature. After the 
usual treatment, there was obtained 240 mg. of a product 
similar in properties to that isolated in (b)l. Its analysis 
indicated an average chain length of 13 units. Calcd. for 
13-glycine ethyl ester: C2H50, 5.72; N, 23.11. Found: 
C2HsO, 5.52; N, 23.44.

3. In benzene at room temperature: 4 g. of glycine
ethyl ester in 12 ml. of water-free benzene was kept for 
seventy days at room temperature. The 0.5 g. of precipi­
tate was entirely soluble in hot water and gave both the 
biuret reaction and the picric acid test. The analytical 
data correspond to an equimolecular mixture of glycine 
tetrapeptide ethyl ester and glycine anhydride. Anal. 
Calcd. for this mixture: N, 21.62: CoHgO, 11.59; aminoN, 
3.60. Found: N, 21.47; C2H50, 11.40; amino N, 3.55.

4. In boiling benzene: A solution of the same compo­
sition as that of (b)3 was refluxed for seven hours and then 
kept for seventy days at room temperature. The pre­
cipitate was treated as above with hot water and 150 mg. 
of material corresponding to a 17-glycine ethyl ester was 
obtained. Calcd. for 17-glycine ethyl ester: C2H60, 4.43; 
N, 23.44. Found: C2H50, 4.47; N, 23.67.

Total hydrolysis: 30 mg. of 17-glycine ethyl ester was
refluxed with 2 ml. of 25% hydrochloric acid for six hours. 
After approximate neutralization with concentrated alkali, 
the pH  of the solution was adjusted to 6.1 with 0.1 N  
sodium hydroxide. The amount of the amino nitrogen 
after hydrolysis was determined by titration according to 
Linderstr^m-Lang.6 Anal. Calcd. for total hydrolysis of 
17-glycine ester: amino N, 23.43. Found: N, 22.14.

5. No high condensation products have as yet been ob­
tained under our experimental conditions from ether, di­
oxane and ethanol solutions. From the ethanol solution 
a precipitate was obtained which, on boiling with absolute 
alcohol, filtering, and cooling, gave a small number of

colorless needle-like crystals. Analysis indicated a mix­
ture of one molecule of glycine anhydride for every two 
molecules of ' 'biuret base.'' A nal. Calcd. for this mixture: 
glycine anhydride, 17.2; N, 21.13; C2H50, 13.58; amino 
N, 4.25. Found: glycine anhydride, 20.6; N, 21.19;
C2H60, 13.23; amino N, 4.23. Here, as well as in experi­
ment (b)3, the products isolated may represent molecular 
compounds between the two components {cf. Pfeiffer).7

II. Poly-condensation of Glycine Methyl Ester.8— 
Glycine methyl ester hydrochloride was prepared by the 
method Johnson and Rinehart9 used for obtaining glycine 
ethyl ester hydrochloride from methyleneaminoaceto- 
nitrile and methanol saturated with gaseous hydrogen 
chloride. As hot methanol dissolves considerable quan­
tities of ammonium chloride, a recrystallization of the 
crude glycine methyl ester hydrochloride from ethanol is 
required to free it from the inorganic salt. The yield from 
100 g. of methyleneaminoacetonitrile was 164.5 g. of pure 
glycine methyl ester hydrochloride.

The liberation of the free ester from its hydrochloride 
by the methods used for other glycine esters is not satis­
factory; poor yields result. A more satisfactory method 
was worked out in collaboration with Dr. F. Stern using 
dry ammonia gas in place of sodium hydroxide: 10 g. of 
glycine methyl ester hydrochloride was suspended in 60 
ml. of pure, water-free ether and a stream of carefully 
dried ammonia was passed with constant shaking at 0° 
through the suspension. Moisture was excluded. One to 
two hours later the solution of glycine methyl ester in ether 
was filtered from the suspended ammonium chloride, the 
latter washed with ether and the solution carefully dried 
over anhydrous sodium sulfate. The ether distillation was 
carried out with an effective column, to avoid loss of the 
ester. The free ester was then distilled in vacuo at 20 mm. 
and 45°; yield 4.8-5.0 g. of free ester.

(a) Poly-condensation of the Free Liquid Ester.—
1. 0.5 g. of freshly prepared glycine methyl ester was kept
in a closed vessel for a month at room temperature. The 
fraction insoluble in hot water corresponded on analysis to
18-glycine methyl ester. Calcd. for 18-glycine methyl 
ester: CHsO, 2.93; N, 23.81. Found: CH30, 2.96; 
N, 23.42.

2. Nitrogen was passed through 1.5 g. of glycine methyl 
ester for twelve hours and the semi-solid reaction mixture 
allowed to stand at room temperature for one month. 
After fractionating in the way previously mentioned, about 
50 mg. of material averaging 30 units was obtained. 
Calcd. for 30-glycine methyl ester: CH30 , 1.78; N, 24.11. 
Found: CHsO, 1.77; N, 23.85.

(b) Poly-condensation of the Free Ester in Solution.—
1. In ether at room temperature: 1 g. of glycine methyl
ester in 3 ml. of water-free ether was allowed to stand for 
three months; 250 mg. of a 27-glycine methyl ester was 
isolated by the usual procedure. Calcd. for 27-glycine 
methyl ester: CH30 , 1.97; N, 24.06. Found: CH30, 
1.90; N, 23.89.

2. In boiling xylene: 1.5 g. of glycine methyl ester in
4 ml. of water-free xylene was refluxed for four hours and

(7) Pfeiffer, “ O rganische M olekülverbindungen,’* second edition, 
1927, p. 319.

(8) T he au tho rs  are  indeb ted  to  M iss A. Saperstein for co llabora­
tion in th is series of experim ents.

(9) Johnson and  R in eh art, T h is  J o u r n a l , 46, 768, 1653 (1924).(6) L inderstróm -L ang , Z. physiol. Chem., 173, 32 (1928).
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then allowed to stand for three months at room tempera­
ture. About 200 mg. of 35-glycine methyl ester was 
obtained. Calcd. for 35-glycine methyl ester: CH30,
1.52; N, 24.17. Found: CH30, 1.54; N, 24.00.

In general the high glycine peptide methyl esters resem­
ble the analogous ethyl esters but they seem to be slightly 
more soluble in hot water.10

III. Poly-condensation of Glycine Isobutyl Ester,— 
Glycine isobutyl ester hydrochloride was prepared by the 
method of Johnson and Rinehart9; 20 g. of aminoaCeto- 
nitrile was refluxed for three hours with a mixture of 183 g. 
of dry isobutanol saturated with gaseous hydrogen chloride 
and 380 g. of isobutanol. The alcohol was distilled in 
vacuo from the filtered solution and the residue dried in a 
desiccator over sulfuric acid. The glycine isobutyl ester 
hydrochloride crystallizes after long standing as small, 
hygroscopic crystals; yield 40 g.

The free ester was liberated according to the method of 
Glenn and Skinner.11 Dried nitrogen was passed through 
5 g. of glycine isobutyl ester for thirty hours. The biuret 
reaction soon became positive. The cloudy liquid was 
allowed to stand at room temperature for about one and a 
half years, during which it became solid. By the usual 
treatment, 300 mg. of horny, water-insoluble product, free 
from anhydride, was obtained. I t  corresponded to a 10- 
glycine isobutyl ester. Anal. Calcd. for 10-glycine iso­
butyl ester: N, 21.74; C4H9O, 11.34. Found: N, 21.83;
C4H 9O, 10.81.

IV. Further Condensation of the Primary Condensa­
tion Products of Glycine Esters.—The linear polymers 
obtained in the above experiments were finely ground and 
kept at a temperature of about 130 0 for varying periods of 
time. They underwent further condensation which was 
demonstrated by a decrease in the alkoxy percentage. No 
glycine anhydride was formed during the operation (see 
Table I).

T a b l e  I
Poly-condensation o f  20-Glycine Ethyl E ster a t  130 0

Tim e, days 0 4 9 34

c2h 5o , %
Calcd. av. chain

3.99  3 .26 2.51 1.86

length 20 24 30 42

Poly-condensation of 16-Glycine E thyl E ster a t  130 °
c2h 6o , %
Calcd. av. chain

4.66  4 .10 3 .77 2.65

length 16 18 20 30

Poly-condensation of 30-Glycine 
130°

M ethyl E s t e r  a t

CHaO, %
Calcd. av. chain

1.77 0.49

length 30 110

V. Analytical Methods.—Qualitative tests were made 
on micro and semi-micro scales. All quantitative deter­
minations were by micro methods. Methoxy and ethoxy 
determinations were made according to Vieböck12 using 
hydrogen iodide of d. 1.96; the determination of isobutoxy

(10) Pacsu , N ature, 144, 551 (1939).
(11) G lenn and  Skinner, T h i s  J o u r n a l , 46, 731 (1924).
(12) Vieböck and  Brecher, Ber., 63, 3207 (1930).

groups was carried out as in the preliminary experiments of 
Furter.13 I t has been found that quantitative results are 
obtained by extending the heating of the substance in 
Furter’s apparatus for four hours, with hydrogen iodide of
d. 1.96, and with a stream of carbon dioxide of five bubbles 
per second.

Amino nitrogen determinations were made by a micro 
modification of Linderstr0m-Lang’s titration.

The picric acid tests for glycine anhydride were carried 
out according to a modification of the usual procedure14 
by which the sensitivity was considerably increased. It 
may be mentioned here that this modification served also 
as a basis for the quantitative determination of the an­
hydride in the presence of amino acids, peptides or their 
esters. This method will be described in detail elsewhere.

Two ml. of a saturated solution of picric acid and 0.2 
ml. of 0.1 N  sodium hydroxide solution were added to 1 
ml. of the solution to be tested and the mixture boiled for 
thirty seconds; a brownish-red color indicates the presence 
of anhydride. If amino acids, peptides or their esters are 
present, an equivalent amount of sodium hydroxide has to 
be added before carrying out the determination. The 
quantitative determination is carried out colorimetrically.

Discussion
The well-known stability of the free amino 

acids, which is explicable by their zwitterionic 
nature, induced us to choose their esters as the 
starting material.

From the above experiments we conclude that 
the following factors favor the formation of long- 
chain peptide esters: elevated temperatures, use 
of a solvent and the passing of indifferent gases 
through the esters. In a later paper we shall give 
an explanation for certain indications (not men­
tioned here) that carbon dioxide promotes the con­
densation.

According to the general conception of poly­
condensation as formulated by Carothers15 in 
particular, a linear chain structure is to be at­
tributed to the products described here. This 
view is supported by the following experimental 
indications.

(1) It is possible to prove the presence of alk­
oxy and amino end-groups in the glycine con­
densation products, although they are insoluble in 
water and the usual solvents. The alkoxy group 
can be detected according to Zeisel,16 while the 
presence of the amino group is indicated by the 
blue coloring of the suspended particles on boiling 
with ninhydrin.

(2) The results of quantitative hydrolysis as
(13) F u r te r , Helv. Chim. Acta, 21, 1144 (1938), an d  p riv a te  com ­

m unication.
(14) A bderhalden  and  K om m , Z . physiol. Chem., 139, 180 (1924).
(15) C arothers, Chem. Rev., 8 , 353 (1931).
(16) Zeisel, M onatsh., 6, 989 (1885); 7, 406 (1886).
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carried out on substance no. 1 and no. 7, prove 
that the high poly-condensation products are 
quantitatively built up of glycine units linked by 
peptide bonds. The presence of the latter is also 
indicated by the positive biuret reaction.

(3) The average chain length of the glycine 
polymers was ascertained by quantitative alkoxy 
determinations, as in the series of polymer homo­
logs the alkoxy content varies distinctly with 
growing chain length. NH2 determinations, al­
though also indicative of the chain length, could 
not be carried out here owing to the insolubility 
of the glycine polymers.

(4) The results of alkoxy determinations were 
throughout in agreement with total nitrogen deter­
minations (Kjeldahl). Moreover, as will be 
shown in the following paper, in the case of similar 
alanine poly-condensation products, soluble in 
water, the results of additional amino group de­
terminations were throughout in very satisfactory 
agreement with those of alkoxy determinations 
and fully confirmed the conclusions drawn from 
the latter as regards the chain length.

Carbon and hydrogen determinations are not 
suitable means to assess the chain length; the 
differences in their values for the higher homologs 
lie within the experimental error.

It appears that high polymers can be obtained 
more easily and in better yields from the methyl 
ester than from isobutyl or the ethyl ester of gly­
cine.

Our linear synthetic glycine products resemble 
in some properties the poly-amides obtained by

Carothers15 by the poly-condensation of di-amines 
and di-carboxylic acids.

Summary
On condensation under various conditions, gly­

cine ethyl ester yielded a series of water insoluble 
polymers. The preparations were amorphous 
and contained ethoxyl in amounts corresponding, 
respectively, to 12-, 13-, 16-, 17- and 20-glycine 
peptide ethyl esters. From glycine methyl ester 
analogous preparations were obtained that con­
tained methoxyl corresponding to 18-, 27- and 30- 
glycine methyl esters, respectively. Glycine iso­
butyl ester yielded a product of which the iso- 
butoxy content corresponded to 16-glycine iso­
butyl ester.

On being heated to 130°, several of these prod­
ucts underwent further polymerization as indi­
cated by decrease in alkoxy content. Prepara­
tions that corresponded in composition to 42- 
glycine ethyl ester and 110-glycine methyl ester 
were thus secured.

On being subjected to hydrolysis with acid, 
several of these polymers gave high yields of gly­
cine suggesting that the polymers are in fact poly­
peptide esters. It appears that high polymers 
are more easily obtained from glycine methyl 
ester than from glycine ethyl and isobutyl esters.

The poly-condensation products described are 
(except the amorphous 12- and 13-glycine ethyl 
esters) horn-like, practically insoluble in water, 
in which they show characteristic swelling. They 
give positive ninhydrin and biuret reactions. 
J e r u s a l e m , P a l e s t i n e  R e c e i v e d  D e c e m b e r  13, 1941

[C o n t r i b u t io n  f r o m  t h e  L a b o r a t o r y  o f  H i g h  M o l e c u l a r  C h e m i s t r y , T h e  H e b r e w  U n i v e r s i t y ]

Poly-condensation of «-Amino Acid Esters. II. Poly-condensation of Alanine
Ethyl Ester1

B y  M a x  F rankel  and

Alanine ethyl ester is a stable compound as 
compared with glycine ethyl ester. According 
to Fischer2 and more recent literature, condensa­
tion to a peptide estér giving the biuret reaction

(1) C erta in  m inor erro rs in the  m anuscrip t as originally sub­
m itte d  were no ted  by th e  E d ito ria l B oard. O rdinarily  these would 
have  been b rough t to  th e  a tte n tio n  of th e  au th o rs  prior to  publica­
tio n . In te rn a tio n a l conditions a t  p resen t a re  such th a t  i t  appears 
im possible to  follow th is  procedure except a t  th e  risk of indefinite 
p ostponem ent. T he  E d ito r has therefore  tak en  th e  responsibility 
to  m ake any corrections which appeared  to  be unquestionably re­
q u ired .— T h e  E d it o r .

(2) Fischer, Ber., 34, 433 (1901).

E phraim  K atchalski

has never been observed; moreover, even the 
formation of alanine anhydride, the so-called lacti- 
mide, takes place slowly.

Thus it seemed less probable that alanine 
ethyl ester would give polymers. We tried 
therefore to establish experimental conditions 
specially favorable to intermolecular reaction. 
Thus, although we obtained clear indications for 
poly-condensation of alanine ethyl ester on using 
experimental conditions similar to those described
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for glycine ester,3 it was found advantageous to 
carry out the poly-condensations with the liquid 
ester under reduced pressure in order to facilitate 
the splitting off of the ethanol formed during the 
poly-condensation.

In these experiments various high alanine pep­
tide esters along with alanine anhydride were ob­
tained. The lowest peptide ester hitherto isolated 
from the condensation mixtures was the alanine 
tetrapeptide ethyl ester. This hitherto unknown 
compound represents the alanine analog of the 
Curtius biuret base—the glycine tetrapeptide 
ethyl ester. Like the latter it gives a positive 
biuret reaction with pink-red color. It is soluble 
in cold water, ether and other organic solvents 
in which the corresponding glycine peptide ester 
does not dissolve. As will become clear later, the 
solubility of alanine peptide esters is in general 
greater than that of the corresponding glycine 
polypeptide esters.

The higher alanine peptide esters obtained from 
alanine ethyl ester corresponded in average chain 
length with 10, 14 and 16 units, respectively.

These compounds were isolated by molecular 
distillation from the reaction mixture, from which 
the ether soluble part, containing unchanged ala­
nine ethyl ester and the alanine tetrapeptide ethyl 
ester, was previously removed. During the molec­
ular distillation the alanine anhydride was dis­
tilled and the remaining fraction consisted only of 
the high alanine peptide esters. The separation 
of the latter had to be effected by this technique 
as the reaction mixtures were entirely soluble in 
water and could not be fractionated by differences 
in the solubility of the various condensation 
products.

The isolated high alanine peptide ethyl esters 
are insoluble in ether but soluble in water. Their 
solutions give a positive ninhydrin reaction and an 
immediate positive biuret reaction with violet 
color.

As the carrying out of NH2-determinations was 
rendered possible by the solubility of the high 
alanine peptide esters in water, both the alkoxy- 
and the amino nitrogen groups were determined. 
The values for chain length calculated in every 
case from each of these two independent deter­
minations were identical. Total nitrogen con­
tent was also in agreement with the formulas de­
rived from the other data.

The determination of the molecular weight of
(3) Frankel and K atchalsk i, T h is  J o u r n a l , 64, 2264 (1042).

one representative polypeptide ester, the 10-ala­
nine ethyl ester, by the micro method of Barger4 
showed very satisfactory agreement between the 
molecular weight found (750) and calculated (756).

Another proof for the structure of the poly­
condensation products is furnished by hydrolysis 
and subsequent quantitative determination of the 
free alanine formed. The results obtained show 
that the poly-condensates are built up quanti­
tatively from alanine units linked by -—CONH— 
bonds.

It has been found that the primary polymeriza­
tion products isolated from the reaction mixtures 
undergo further poly-condensation at 150°. In 
this way from 14-alanine ethyl ester, polypeptide 
esters averaging 17, 19 and 23 units were obtained.

Experimental
Alanine ethyl ester was prepared according to Fischer.2 

Freshly distilled ester was used throughout. For reasons 
explained in the theoretical part the condensations were 
carried out in closed vessels at reduced pressure. The 
temperature was varied between room temperature to 
about 80°.

Poly-condensation at Room Temperature.—Three grams 
of freshly distilled alanine ethyl ester was kept in a sealed 
test-tube under reduced pressure (15 mm.) a t room tem­
perature for five months. During standing a precipitate 
formed which finally filled the whole liquid. After opening 
the test-tube the mixture gave a strong picric acid test and 
a positive biuret reaction. The mixture dissolved en­
tirely in water. I t  was repeatedly treated with ether till 
the latter gave no positive biuret reaction. The ether 
solution was in each case separated by centrifuging from 
the insoluble part and finally the ether extracts combined.

1. Separation of Alanine Tetrapeptide Ethyl Ester 
from Lower Products.—The ether from the combined 
extracts was evaporated in a desiccator in vacuo a t room 
temperature with rigid exclusion of water, the residue dis­
solved in 1 ml. of dry ethyl acetate and to the clear solution 
2 ml. of petroleum ether was added. The oily precipitate 
formed was separated from the liquid by decantation, 
washed with petroleum ether and dried in a desiccator in 
vacuo over sulfuric acid and soda-lime.

The dried semisolid oil (150 mg.) shows positive nin­
hydrin and biuret reactions, the latter with a pink-red 
color. On analysis it agreed with alanine tetrapeptide 
ethyl ester. Anal. Calcd. for CuILeOöN*: N, 16.95; 
amino N, 4.24; C2H60, 13.64. Found: N, 16.62;
amino N, 4.20; C2H60 , 13.76.

In order to convert the free tetrapeptide ester into its 
hydrochloride, it was treated with 2 ml. of absolute ethanol 
previously saturated with gaseous hydrogen chloride. The 
residue obtained after drying in vacuo was treated once 
more in the same way. Finally a very hygroscopic semi­
solid product was obtained which by its chlorine content 
proved to be alanine tetrapeptide ethyl ester hydro-

(4) Barger, J .  C h e m .  S o c . ,  85, 286 (1904); B arger, B e r . ,  37, 1754
(1904).
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chloride. Anal. Calcd. for Cnl^eOsNrHCl: Cl, 9.68.
Found: Cl, 9.53.

From the solution in petroleum ether only alanine ethyl 
ester could be isolated.

Alanine tetrapeptide ethyl ester hydrochloride prepared 
from alanine tetrapeptide synthesized in the usual way was 
found to be identical with the hydrochloride described 
above. The free alanine tetrapeptide ethyl ester liberated 
from this ester hydrochloride was identical with the corre­
sponding product obtained by condensation. It dissolves 
in ether, alcohol and ethyl acetate. From the latter it is 
precipitated by addition of petroleum ether.

2. Separation of the Higher Alanine Condensation 
Products from Alanine Anhydride.—The residue re­
maining after treatment of the primary reaction mixture 
with ether dissolved in water, showing a slight alkaline 
reaction. It gave a strong color reaction with picric acid, 
indicating the presence of anhydride, and blue-violet biuret 
reaction, indicating the presence of higher peptide esters. 
Separation between the anhydride and the higher linear 
poly-condensation products was carried out by molecular 
distillation. Alanine anhydride distilled over at an ex­
ternal bath temperature of 140° and a pressure of about 
10“ 3 mm.; 1.0 g. of alanine anhydride was obtained; 
melting point 270°. Anal. Calcd. for C6Hio02N2: N, 
19.70; amino N, 0. Found: N, 19.92; amino N, 0.

The amorphous residue from the molecular distillation 
was free from alanine anhydride; it gave a negative picric 
acid test and a blue-violet biuret reaction. It was soluble in 
water and in 80% alcohol; it showed a distinct alkaline 
reaction. According to analysis it is 10-alanine ethyl ester. 
Anal. Calcd. for 10-alanine ester: N, 18.52; amino N, 
1.85; C2H50 , 5.95. Found: N, 18.75; amino N, 1.41; 
C2H5O, 5.67.5

The molecular weight of this compound was determined 
by the micro method of Barger4 using 80% alcohol as sol­
vent and azobenzene as a standard. By this method it 
has been determined that the molar concentration of a 
solution containing 10.5 mg. of 10-alanine ethyl ester in 1.5 
ml. of solvent is 0.00933; the molecular weight found from 
these data is 750, the molecular weight calcd. for the 10- 
alanine ester C32H56O11N10, 756; for the 13-alanine ester, 
970.

Poly-condensation at 40°.—Three grams of freshly 
distilled alanine ethyl ester was allowed to undergo con­
densation as described above except that the temperature 
was kept at 40°. The separation of the different fractions 
was carried out as above. 1.1 g. of alanine anhydride, 120 
mg. of alanine tetrapeptide ethyl ester and 200 mg. of high 
poly-condensation product, which proved on analysis to 
correspond with 16-alanine ethyl ester, were obtained. 
Anal. Calcd. for C50H86O17N16*. N, 18.95; amino N, 
1.18; C2H50, 3.81. Found: N, 18.90; amino N, 1.32; 
C2H5O, 3.84. In its properties the 16-alanine ethyl ester 
resembled the 10-alanine ethyl ester.

Poly-condensation at 80°.—Three grams of freshly 
distilled alanine ethyl ester was kept in vacuo at a tem-

(5) N o te  by  th e  E d ito r: T hese an a ly tica l d a ta  for n itrogen and  
am ino  n itrogen  agree b e tte r  w ith  th e  fo rm ula  for a  13-alanine ethyl 
este r (C41H 71N 13O14). T h is  form ula w ould requ ire  N, 18.78 and  N  
in  N H 2, 1.44. S im ilarly , th e  d a ta  fo r th e  e thoxy group would agree
m ore closely w ith  an  11-alanine e thy l este r (C 36H66N 11O12) which 
w ould requ ire  C 2H 5O, 5.44.

pêrature of 80° for one month and then left for about four 
months at room temperature. The semi-solid substance 
thus formed was treated as above: 0.8 g. of alanine
anhydride; 100 mg. of alanine tetrapeptide ethyl ester and 
300 mg. of the higher poly-condensation product were 
obtained. The latter is according to analysis 14-alanine 
ethyl ester. Anal. Calcd. for C44H76O15N14: N, 18.85; 
amino N, 1.31; C2H50, 4.32. Found: N, 18.47; amino 
N, 1.29; C2H5O, 4.20. The 14-alanine ethyl ester resem­
bles its linear ester homologs mentioned above.

Quantitative Hydrolysis of 14-Alanine Ethyl Ester.-— 
6.450 mg. of the substance, which according to analysis was 
14-alanine peptide ethyl ester, was dissolved in 1 ml. of 
hydrochloric acid (0.2 ml. of coned. HC1 in 0.8 ml. of 
water) and refluxed for eight hours in a flask with ground-in 
condenser of 2 ml. content. In order to avoid bumping a 
few platinum tetrahedra were added.

The determination of the free alanine formed by hy­
drolysis was carried out according to Friedemann and 
Kendall.6 The hydrolyzate was diluted in a 50-ml. flask 
to 17.5 ml. The flask was kept on a boiling water-bath, 
and within twenty minutes 3 ml. of sodium nitrite (2.5 g. in 
100 ml. of water) was added, and within an additional 
twenty minutes 3 ml. of urea (7.5 g. in 100 ml. of water). 
The total solution was brought to 50 ml. and the amount of 
lactic acid determined according to Friedemann and Ken­
dall using 0.005 N  iodine solution. Anal. Calcd. amount 
of alanine formed after hydrolysis of 6.45 mg. of 14-alanine 
ethyl ester: 7.72 mg. Found: 7.20 mg. From the 
results the conclusion may be drawn that the substance 
which underwent hydrolysis is built up quantitatively of 
alanine units held together by —CONH— links. The 
hydrolysis confirms therefore the other analytical results.

Further Poly-condensation of 14-Alanine Ethyl Ester.— 
14-Alanine ethyl ester was finely ground and kept at a 
temperature of about 150° for various periods of time. 
The progress of condensation was demonstrated by the 
decrease in alkoxy percentage. No anhydride was found 
during the operation.

T a b l e  I
Poly-condensation o f  14-A lanine Ethyl E ster o n  

K eeping at 150°
Time, days 0 5 15 30
C2H5O, % 4.20 3.67 3.30 2.66
Calcd. chain length 14 17 19 23

Enzymatic Experiment.—The action of pancreatin was 
tried on the 16-alanine polymer but the results indicated 
none or very little enzymatic hydrolysis. These peptides 
are, however, so far removed from the type of structure to 
be found in naturally occurring proteins that this failure to 
observe enzyme action has little bearing on the question of 
the type of linkage present in the polymer.

Summary
Alanine ethyl ester kept in sealed tubes at re­

duced pressure and at various temperatures poly­
merized to compounds whose average size corre­
sponded to 10, 14 and 16 alanine ethyl ester units.

(6) F riedem ann  an d  K endall, J . Biol. Chem., 82, 23 (1929); 
F riedem ann, J . In f .  Diseases, 47, 171 (1930).
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14-Alanine ethyl ester underwent further poly­
condensation at 150° to compounds correspond­
ing to 17, 19 and 23 alanine ethyl ester units.

These alanine peptide esters are, unlike their 
glycine analogs, soluble in water.
J e r u s a l e m , P a l e s t i n e  R e c e i v e d  D e c e m b e r  19, 1941

[C o n t r i b u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m i s t r y  o f  D u k e  U n i v e r s i t y ]

Condensations. XVII. The Acylation of the Anions of Certain Alkyl Esters with 
Phenyl Esters. A New Method for the Preparation of Ethyl Propionylacetate and

Certain Related 0-Keto Esters1,2
By B. Abram ovitch  a n d  C h arles  R. H a u se r

The difficulty in effecting satisfactorily the Clai- 
sen condensation between two different alkyl es­
ters both of which have «-hydrogen is well known. 
Even when the ester to be acylated is first con­
verted largely into its anion (or sodium enolate) 
by means of sodium triphenylmethyl and the an­
ion then treated with the acylating ester, a mix­
ture of /3-keto esters is generally obtained.3 
Evidently, the ester anion reacts with the «-hy­
drogen of the second ester more readily than with 
its carbonyl group, resulting in a hydrogen ex­
change to yield a mixture of two different ester 
anions and two different esters from which four /?- 
keto esters might be formed.

Ester anions are acylated by acid chlorides 
without first undergoing the hydrogen exchange 
but with the anion of ethyl acetate (or other ester 
having two «-hydrogens) the /3-keto ester first 
formed is further acylated by the acid chloride 
yielding mainly the diacylacetate.4 Although 
the latter can be satisfactorily ammonolyzed back 
to the monoacylacetate the over-all yield is gen­
erally low. Thus, when the anion of ethyl ace­
tate was treated with propionyl chloride and the 
resulting dipropionylacetate ammonolyzed, the 
over-all yield of ethyl propionylacetate was only 
16%.

Obviously a suitable reagent for the direct 
preparation of monoacylacetates, RCOCH2CO2- 
C2H5, should be one which would acylate the an­
ion of ethyl acetate without first undergoing the 
hydrogen exchange, but one which would not acyl­
ate the monoacylacetate. Such an acylating re­

el) This pap er has been constructed  from  portions of a  Thesis 
presented by  B. A bram ovitch , in p a rtia l fulfillm ent of the  require­
m ents for th e  P h .D . degree a t  D uke U niversity.

(2) This investigation  was supported  in p a r t by a g ran t from  the  
D uke U niversity  R esearch  Council.

(3) H udson an d  H auser, T h is  J o u r n a l , 63, 3158 (1941).
(4) I t  should be  po in ted  o u t th a t  th e  acylation  of d isubstitu ted  

acetic acid esters such  as e thy l iso b u ty ra te  gives good yields of /3- 
keto  esters of th e  ty p e  R C 0 C (R /R*)C02CaH6 (ref. 3, p. 3159).

agent should presumably have a carbonyl group 
which is more reactive than that of an alkyl ester 
but one not as reactive as that of an acid chloride. 
It seemed possible that phenyl esters (or substi­
tuted phenyl esters) might serve as suitable acyl­
ating reagents, since, as measured by the rates of 
alkaline hydrolyses, the carbonyl group of phenyl 
acetate is approximately thirteen times as reac­
tive as that of ethyl acetate,5 yet phenyl acetate 
does not appear to be sufficiently reactive to 
acylate the anion of ethyl acetoacetate.6 In 
agreement with these considerations, treatment of 
the anion of ethyl acetate with phenyl propionate 
apparently yielded ethyl propionylacetate,6 but 
unfortunately the /3-keto ester could not be sepa­
rated from the phenol which was also produced in 
the reaction. When ^-diphenyl propionate was 
used as propionylating reagent, however, the 
ethyl propionylacetate was readily separated 
from the relatively high-boiling by-product, p- 
hydroxydiphenyl. The reactions, including the 
formation of the ester anion by means of the tri­
phenylmethyl ion, and the conversion of the fi- 
keto ester into its anion, may be represented as 
follows.
CH3C02C2H5 +  -C(C6H5)3 — ►

(CH2C02C2H5)-  -f HC(C6H5)3 
c2h 5c o 2C6H4C6h 5 +  (CH2c o 2c 2n 5)- — >-

c 2h 5c o c h 2c o 2c2h 5 +  -O C6H4C«Hs
c2h 5c o c h 2c o 2c2h 5 +  (CH2C02C2H5) - ---->

(C2H5C0CHC02C2H5)-  +  c h 3c o 2c 2h 5

Using molecular equivalents of ethyl acetate, so­
dium triphenylmethyl and ^-diphenyl propionate, 
the yield of practically pure ethyl propionylace­
tate was 44% based on the sodium triphenyl­
methyl. It can be seen from the equations that 
although the ethyl acetate first reacts with the

(5) H am m ett, “ Physical O rganic C hem istry ,”  M cG raw -H ill 
Book Co., Inc ., New Y ork , N . Y ., 1940, p. 211.

(6) U npublished observations by  B. E . H udson in th is  L ab o ra to ry .
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equivalent of the base to form the ester anion, 
one-half of the ester is regenerated when the 
ethyl propionylacetate is converted into its anion 
(third step). The equivalent of p-diphenyl pro­
pionate used is twice the amount theoretically re­
quired; however, this excess is desirable, since in 
an experiment using one-half of an equivalent, 
the ethyl propionylacetate obtained was con­
taminated with some ethyl acetoacetate. Al­
though a relatively large amount of sodium tri­
phenylmethyl is required, this method of prepara­
tion of ethyl propionylacetate appears to be more 
satisfactory than either of the two commonly used 
methods. In one of these, involving the reaction 
of ethylmagnesium bromide with ethyl cyanoace­
tate, yields ranging from 127 to 60%8 have been 
reported, while, in the other, involving the am- 
monolysis of ethyl propionylacetoacetate,9 a mix­
ture of ethyl propionylacetate and ethyl acetoace­
tate is obtained which is difficult to separate. 
In their book on pyrroles, Fischer and Orth10 re­
gard the second method as better than the Grig­
nard method even though the yield of ethyl pro­
pionylacetate is only 10-12%.

In a similar manner, the anion of n-amyl ace­
tate has been propionylated with phenyl propion­
ate giving a 30% yield (based on the sodium tri­
phenylmethyl) of essentially pure n-amyl pro­
pionylacetate; this /3-ketoester boils sufficiently 
high to be separated by distillation from the 
phenol which is also formed.
CaHsCOaCeH* +  (CH2C02C5Hn)“ ---->-

C2H5COCH2CO2C5HH +  -O C 6H6

Also, in a similar manner, the anion of ethyl 
isovalerate has been propionylated with phenyl 
propionate to give ethyl a-isopropylpropionyl- 
acetate.
C2H5C02C6H5 +  [(CHalaCHCHCQiCaH*]---- >

C2H5COCHC02C2H6 +  - o c6h 6

CH(CHa)s
The by-product, phenol, was readily separated 
by distillation from the ethyl Q'-isopropylpropion- 
ylacetate, but it was not possible to remove the 
excess of the phenyl propionate in this manner. 
The /3-keto ester was freed from most of the phenyl 
propionate by shaking the mixture several times 
with alkali at room temperature. This treatment 
hydrolyzed the phenyl propionate to phenol

(7) B reckpot, B ull. soc. chim. belg., 32, 386-97 (1923).
(8) W ills ta tte r an d  C larke, Ber., 47, 298 (1914).
(9) B ouveau lt a n d  B ongert, Bull. soc. chim., [3] 27, 1089 (1902).
(10) F ischer a n d  O rth , “ Die Chem ie des P y rro ls ,” Vol. I, A kadetn­

ische V erlagsgesellschaft, Leipzig, 1940, p. 404.

(which was removed as its salt) but did not ap­
preciably affect the d-keto ester, which was ob­
tained somewhat impure in 58% yield. The 
product on ketonic hydrolysis gave ethyl isobutyl 
ketone in 50% yield. Ethyl a-isopropylpropion- 
ylacetate has been prepared previously by Blaise11 
employing the Reformatsky reaction between 
ethyl a-bromoisovalerate and propionitrile in 
which the yield reported is 25-50%.

In connection with the work described above, 
several unsuccessful attempts have been made to 
prepare ethyl propionylacetate and related com­
pounds by modifications of certain of the common 
methods. It is not surprising that the reaction of 
ethylmagnesium bromide with ethyl cyanoacetate 
is not very satisfactory for the preparation of 
ethyl propionylacetate, since the Grignard reagent 
can attack not only the cyanide group leading to 
the d-keto ester, but also the ester group or the 
methylenic hydrogens.7 In an experiment de­
signed to hinder the attack of the Grignard re­
agent on the ester group, ethylmagnesium bro­
mide was treated with /-butyl-cyanoacetate, but 
no appreciable amount of /-butyl propionylacetate 
was obtained; apparently the Grignard reacted 
mainly with the methylenic hydrogen.

The method of Wallingford and co-workers12 
for the preparation of 0-keto esters from ketones 
and ethyl carbonate in the presence of sodium 
ethoxide is apparently not suitable for the synthe­
sis of ethyl propionylacetate because the ketone, 
methyl ethyl ketone, undergoes self-condensation 
too readily. In an attempt to avoid the self­
condensation of the ketone, we have converted 
methyl ethyl ketone into its anion by means of 
sodium triphenylmethyl and treated the anion 
immediately with ethyl carbonate; however, the 
ketone still self-condensed and 50% of the ethyl 
carbonate was recovered.

Experimental
/^-Diphenyl Propionate.—This ester was prepared by a 

modification of the method used by Chattaway13 for the 
preparation of phenyl esters. ^-Hydroxydiphenyl (East 
man Kodak Co.) (57.5 g., 0.338 mole) was dissolved in a 
hot .solution of 20.3 g. of sodium hydroxide and 2200 cc. 
of water. The solution was cooled to 15° and 700 g. of 
crushed ice added, the temperature thus being lowered to 
approximately 5°. Propionic anhydride (Eastman) 
(55.2 g., 54.1 cc., 0.425 mole) was then rapidly added to 
the solution (contained in a large Pyrex bottle), and the

(11) Blaise, Compt. rend., 132, 479 (1901).
(12) W allingford, H om eyer and  Jones, T h is  J o u r n a l , 63, 2252 

(1941).
(13) C hattaw ay , J . Chem. Soc., 2495 (1931).
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mixture shaken vigorously for thirty seconds. The crude, 
pasty product was collected on an 8-inch Büchner funnel 
and sucked dry. The crude product was shaken in a sepa­
ratory funnel with 1200 cc. of ether, the aqueous layer re­
moved, the ether solution washed with three 200-cc. por­
tions of 8% sodium hydroxide solution, and dried over an­
hydrous sodium sulfate followed by Drierite. Ether was 
distilled, final traces being removed by means of a water 
pump, leaving a fairly pure crystalline mass of ^-diphenyl 
propionate, melting at 90-92°. After one recrystalliza­
tion from absolute methanol (99%) there was obtained
55.5 g. (73% yield) of pure material, in. p. 92-92.5°.

Attain  Calcd. for CiöH i40 2: C, 79.62; H, 6.24. Found: 
C, 79.79; H, 6.03.

Ethyl Propionylacetate.-—A calibrated 4-liter Pyrex 
bottle was fitted with a four-hole rubber stopper provided 
with an inlet tube for dry nitrogen, a mechanical stirrer, a 
50-cc. dropping funnel (for ethyl acetate), and a wide glass 
tube connected to a large dropping funnel (for an ether 
solution of jb-diphenyl propionate). The air in the bottle 
was displaced with nitrogen and 1200 cc. (0.36 mole) of a 
0.3 molar sodium triphenylmethyl solution (prepared and 
analyzed as described previously)3 transferred to the 
bottle. To the vigorously stirred solution, chilled in an 
ice-bath at —5°, was added 31.7 g. (0.36 mole) of ethyl 
acetate (b. p. 76.9-77.0°), the color of the sodium tri­
phenylmethyl disappearing immediately. After twenty 
seconds the cold (0°) ether solution (1700 cc.) of p-di- 
phenylpropionate (81.4 g., 0.36 mole) was added rapidly 
(one minute). After the contents in the bottle were stirred 
in the cold for one hour and forty-five minutes, the bottle 
was removed from the cold bath, stoppered with a ground 
glass stopper, vigorously shaken and allowed to warm up 
to 15° (one-half hour). Glacial acetic acid (40 cc.) was 
then added, the mixture extracted with water followed by a 
10% sodium carbonate solution. The ether solution was 
dried over Drierite and the solvent distilled. The residue 
was distilled in vacuo, collecting 15.0 g., b. p. up to 160° at 
10 mm. Upon refractionation from a modified Claisen 
flask equipped with a twelve-cm. Vigreux column the dis­
tillate gave 0.8 g., b. p. 70-91° at 17 mm., and 11.5 g. 
(44% yield based on the sodium triphenylmethyl) of ethyl 
propionylacetate, b. p. 91-92° at 17 turn.15; a mid-fraction 
was taken out for analysis.

Anal.14 15 Calcd. for C7H120 3: C, 58.31; H, 8.39. Found: 
C, 58.17; H, 8.32.

The product was also characterized by converting it 
into l-phenyl-3-ethyl-pyrazolone-5, m. p. 100°,15 and 3- 
ethyl-pyr azolone-5-carbamyl-1, m. p. 197°.15

On repeating the experiment under similar conditions 
but using 0.21 mole of ^-diphenyl propionate to 0.38 mole 
each of sodium triphenylmethyl and ethyl acetate there 
was obtained a mixture of ethyl acetoacetate and ethyl 
propionylacetate.

Ethyl propionylacetate has also been prepared from the 
anion of ethyl acetate and propionyl chloride through the 
dipropionylacetate. Directions using a large excess of 
propionyl chloride have been described previously.3 
In the present investigation 38.7 g. (0.443 mole) of ethyl

(14) Analysis by  S. G ottlieb , C olum bia U niversity, New York, 
N. Y.

(15) Blaise, Compt. vend.y 1,32, 978 (1901).

acetate was treated at 0° with 0.443 mole of sodium tri­
phenylmethyl, and after twenty seconds the ester anion 
treated with 0.443 mole of propionyl chloride. After 
fifteen minutes 5 cc. of glacial acetic acid was added and 
the reaction mixture worked up in the usual manner. 
There was obtained 13.5 g. (32%) of ethyl dipropionyl­
acetate, b. p. 98-102° at 10 mm., mainly at 100-102°. 
The dipropionylacetate was ammonolyzed in 50% yield 
to ethyl propionylacetate, b. p. 91-92° at 17 mm.; yield 
50%; over-all yield, 16%; m. p. of phenylpyrazolone, 
100°.15

«-Amyl Propionylacetate.—A solution (1240 cc., 0.324 
mole) of sodium triphenylmethyl was transferred to a 
calibrated 2-liter Pyrex bottle, fitted with a mechanical 
stirrer, dropping funnel, and a tube delivering a slow 
stream of dry nitrogen. To the vigorously stirred solution, 
cooled in an ice-salt-bath at -10°, was added 42.7 cc. 
(37.6 g., 0.324 mole) of «-amyl acetate (b. p. 147-148°). 
The color was discharged within thirty seconds and a pre­
cipitate was formed. After one minute 48.6 g. (0.324 
mole) of phenyl propionate (b. p. 103-104° at 21 mm.) 
was added. Stirring was continued in the cold for one and 
one-half hours and the bottle was then stoppered and al­
lowed to warm up to 15° (two hours). Glacial acetic acid 
(32 cc.) dissolved in 200 cc. of ice-water was then added. 
The aqueous layer was removed and the ether layer washed 
with 10% sodium carbonate solution, dried, and the sol­
vent distilled. The residue was distilled in vacuo collect­
ing up to 160° at 10 mm. Fractionation of the distillate 
through a twelve-inch Vigreux column yielded 15 g. 
(40%) of «-amyl acetate (b. p. 60-72° at 25 mm., mainly 
at 62-64°), 36.0 g. (b. p. 80-93° at 10 mm.) consisting of a 
mixture of phenol and phenyl propionate, 3.0 g. (b. p. 
93-113° at 10 mm., mainly at 98-100°), and 9.0 g. (30% 
yield based on the sodium triphenylmethyl) of «-amyl pro­
pionylacetate, b. p. 113-115° at 10 mm.

A na l14 Calcd. for C10H18O3: C, 64.5; H, 9.90. Found: 
C, 65.0; H, 9.89.

The «-amylpropionylacetate was converted into 1- 
phenyl-3-ethylpyrazolone-5, m. p. 100°.15

On repeating the experiment using the same proportions 
of reagents but allowing the reactants to stand at room 
temperature (28°) for seven hours there was obtained a 
small yield of «-amyl propionylacetate contaminated with 
some «-amyl acetoacetate.

Ethyl tt-Isopropylpropionylacetate.—To one liter (0.327 
mole) of sodium triphenylmethyl solution at room tem­
perature (27°) was added 49 cc. (42.5 g., 0.327 mole) of 
ethyl isovalerate (b. p. 134-135°). After shaking the 
mixture for two minutes the color changed to a dark 
orange. Forty-nine grams (0.327 mole) of phenyl pro­
pionate was then added and the mixture allowed to stand 
at room temperature for twenty hours. Glacial acetic 
acid (33 cc.) dissolved in 200 cc. of ice water was added. 
The aqueous layer was washed with two 75-cc. portions of 
10% sodium carbonate solution, dried, and the solvent dis­
tilled. The residue was distilled in vacuo, collecting 73.5 g. 
of distillate boiling from 50° at 60 mm. to 180° at 20 mm. 
The distillate on fractionation through a twelve-inch 
Vigreux column yielded 15.8 g. (37%) of ethyl isovalerate 
(b. p. 43-65° at 21 mm., mainly at 43°), 22.6 g. (b. p. 65- 
102° at 21 mm.) of phenol and phenyl pi'opionate. and
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27.2 g. (b. p. 102-118° at 21 mm., mainly at 105-110°) 
consisting of a mixture of phenyl propionate and ethyl 
«-isopropyl propionylacetate. An ether solution (150 cc.) 
of this mixture was shaken with ten 50-cc. portions of 10% 
sodium hydroxide solution, the ether solution dried, and 
distilled. The residue on fractionation through a twelve- 
inch Vigreux column yielded 18.3 g. (58% yield based on 
the sodium triphenylmethyl) of ethyl «-isopropyl pro­
pionylacetate, b. p. 107-109° at 21 mm. (b. p. reported in 
the literature, 107-108° at 21 mm.11). An analysis (calcd. 
for Ci0H i8O3: C, 64.49; H, 9.74. Found: C, 68.24; H, 
8.12) indicated that the /3-keto ester was still contami­
nated with phenyl propionate. The product (10.6 g.) 
was hydrolyzed by refluxing for eight hours with a mixture 
of 30 cc. of glacial acetic acid, 3 cc. of concentrated sulfuric 
acid and 3 cc. of water. There was obtained 3.3 g. (50% 
yield) of ethyl isobutyl ketone, b. p. 133-135°16 (semi­
carbazone, m. p. 128-129 °16).

/-Butyl Cyanoacetate with Ethylmagnesium Bromide.— 
/-Butyl cyanoacetate was prepared17 in 32% yield from /- 
butyl a-bromoacetate and potassium cyanide in methanol 
solution.

Anal.1* Calcd. for C7H n02N: N, 9.92. Found: N,
9.67.

/-Butyl «-bromoacetate was obtained in 70% yield by 
treating /-butyl alcohol with «-bromoacetyl bromide in 
the presence of dimethylaniline.18

Sixteen grams (0.11 mole) of /-butyl cyanoacetate (b. p. 
107-108° at 23 mm.) dissolved in 25 cc. of dry ether was 
added, with stirring, during one hour to 0.25 mole of cold 
(0°) ethylmagnesium bromide solution. At first, addition 
of the nitrile caused the formation of a precipitate and the 
evolution of gas. The mixture was stirred at room tem­
perature and then allowed to stand for twelve hours. On 
working up the reaction mixture, the products obtained 
consisted of a mixture boiling over a very wide range with 
considerable tarry material.

(16) D ouris, Compt. rend., 157, 57 (1913).
(17) T h e  p rocedu re  was sim ilar to  th a t  used b y  Noyes for the  

p re p a ra tio n  of e th y l cyanoace tate , T h is  J o u r n a l , 26, 1545 (1904).
(18) F o r th e  p rep a ra tio n  of /-b u ty l ace ta te  by  th is  m ethod, see

N orris  and  R igby , T h is  J o u r n a l , 54, 2097 (1932).

Methyl Ethyl Ketone with Ethyl Carbonate.—Methyl 
ethyl ketone (14.4 g., 0.2 mole) (b. p. 80°) was added to 
0.2 mole of sodium triphenylmethyl solution cooled in a 
bath at —5°. The color changed immediately to a light 
orange. After twenty seconds 23.5 g. (0.2 mole) of ethyl 
carbonate (b. p. 125.5-126°) was introduced. The bottle 
containing the mixture was shaken vigorously and allowed 
to stand in the cold bath, after which it was allowed to 
warm up (1 hour) to room temperature (30°). The re­
action mixture was worked up in the usual manner, and 
upon fractionation of the products, first at atmospheric 
pressure and then in vacuo, there was obtained 2.4 g. of un­
reacted ketone (b. p. 75-85°), 11.7 g. (50% recovery) of 
ethyl carbonate (b. p. 122-127°) and 3.9 g. of 3-methyl 
heptene-3-one-5, b. p. 60-75° at 20 mm., mainly at 65-70° 
(reported b. p. 66-68° at 20 mm.).19 The ketone was con­
verted into the semicarbazone, m. p. 113-114°; reported 
m. p. 114-115°.19 The 65-70° fraction on redistillation 
gave a small fraction which gave a positive ferric chloride 
test indicating the presence of some /3-keto ester.

Summary
1. A study has been made of the use of 

phenyl esters as reagents for the acylation of the 
anions of certain alkyl esters.

2. Ethyl propionylacetate has been prepared 
by the acylation of the anion of ethyl acetate with 
^-diphenylpropionate.

3. n-Amyl propionylacetate and ethyl a-iso- 
propyl propionylacetate have been prepared from 
phenyl propionate and the anions of w-amyl ace­
tate and of ethyl isovalerate, respectively.

4. Unsuccessful attempts were made to pre­
pare /-butyl propionylacetate from /-butyl cyano­
acetate and ethylmagnesium bromide, and ethyl 
propionylacetate from the sodium enolate of 
methyl ethyl ketone and ethyl carbonate,

(19) Bodroux and  T aboury , Compt. rend., [11] 149, 422 (1909). 
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[C o n t r i b u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m i s t r y , U n i v e r s i t y  o f  N o r t h  C a r o l i n a ]

Chemical Constitution and the Tanning Effect. I. Simple Esters and Polyesters
of Gallic Acid

B y  A l fr e d  R u ssell  a nd  W. G. T e b b e n s , Jr.

Leather is the imputrescible substance that is 
obtained through treatment of easily putrescible 
animal protein by various materials. The tan­
ning effect of certain metallic salts (chromium, 
iron, zirconium, etc.), of aldehydes (chiefly for­
maldehyde), of various drying oils and, most im­
portant of all, natural organic tanning materials, 
is well established. However, up to the present, 
no serious attempt has been made to relate the

characteristic leather forming properties of any of 
these with their chemical constitution. It is now 
proposed to investigate the relation between 
chemical constitution and the tanning effect of the 
natural organic tannins through the preparation 
of relatively simple compounds of known consti­
tution that have tanning properties and produce 
leather similar to “vegetable” leather in quality. 
“Vegetable” leather is very distinctive in charac-
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ter and in the present work leather made with 
pure gallotannin (tannic acid) will be used as a 
standard for comparison. Emil Fischer1 pro­
posed that pure gallotannin was penta-m-digalloyl 
glucose (represented in the aldehyde form I).

CHO
I

HCOR
I

ROCH
I

HCOR

HCOR

CH2OR

OH

OH

(I)
Incidentally, most natural tannins do not have 
this structure2 but are related to the natural plant
pigments—-chalcones, flavones, anthocyanins, etc.

Using the gallotannin molecule as a model, it 
is proposed to prepare various phenolic materials 
of definite constitution and, through actual tan­
ning tests, to measure their tanning properties.
The present communication describes the prepara­
tion and testing of various simple esters (type 
formula II) and polyesters (type formula III) of
gallic acid.

COOR

(II)

The simple esters of gallic acid were prepared 
from gallic acid and an excess of the appropriate 
alcohol using anhydrous hydrogen chloride ac­
cording to the accepted procedure.3,4-5

The polyesters were prepared by condensation 
of triacetylgalloyl chloride with the appropriate 
polyhydric alcohol in the presence of quinoline 
and chloroform, followed by cautious d e a c e t y l a ­
tion with dilute sodium hydroxide.1 The prepa­
ration of such compounds tested as are already 
known is not included.

The results of tanning tests are as follows: 
Very good tannage. Gallotannin. No tannage. 
Gallic acid, methyl, ethyl, ^-propyl, isopropyl, n-

(1) E m il Fischer, “ U ntersuchungen  iiber D epside und Gerbstoffe,” 
Ju lius Springer, Berlin, 1919.

(2) Russell, Chem. Rev., 17, 155 (1935).
(3) M cK enzie and  M uller, J .  Chem. Soc., 95, 547 (1909).
(4) Sabalitschka an d  T ietz , Arch. Pharm ., 269, 563 (1931).
(5) C hristiansen, T h is  J o u r n a l , 48 , 1385 (1926).

butyl, n-amyl, n-hexyl gallates, ethylene glycol, 
glycerol, d,Z-erythritol, d-arabitol sorbitol. Poor 
tannage. Ethylene glycoldigallate, glycerol tri- 
gallate. Fair tannage. J,/-Erythritol tetragallate, 
d-arabitol pentagallate, mannitol hexagallate, sor­
bitol hexagallate.

Experimental
The simple esters of gallic acid were made by passing 

anhydrous hydrogen chloride into a solution of gallic acid 
in an excess of the appropriate alcohol until saturated. 
The mixture was then refluxed for four hours, after which 
time the excess alcohol was removed under reduced 
pressure. The residue was then extracted with anhydrous 
benzene and the product recrystallized from the same 
solvent.3-7 An alternative recrystallization procedure for 
the lower esters was extraction of the residue with hot 
acetone and addition, with mechanical stirring, of the 
acetone extract to a large excess of ice-water. The crystal­
line product so formed contained water of hydration.

ft-Amyl Gallate.—Prepared in 58% yield from 100 g. 
of pure anhydrous gallic acid and 466 g. of redistilled n- 
amyl alcohol. The ester formed fine, white plates after 
being recrystallized twice from anhydrous benzene, m. p. 
127°. I t  was soluble in benzene, chloroform, acetone, 
alcohol and ether, and very slightly soluble in water. A 
blue-black color was given with ferric alum solution. 
Anal. Calcd. for Ci2H i60 5: C, 60.0; H, 6.71. Found: 
C, 59.9; H, 6.77.

/z-Hexyl Gallate.—Prepared in 48% yield from 94 g. 
of pure anhydrous gallic acid and 511 g. of redistilled n- 
hexyl alcohol. The compound gave white plates from 
anhydrous benzene after two recrystallizations, m. p. 
92°. The ester was soluble in benzene, chloroform, ace­
tone, alcohol and ether and was insoluble in petroleum 
ether. The ester gave a blue-black coloration with ferric 
alum solution. Anal. Calcd. for Ci3Hi8Ofi: C, 61.4;
H, 7.14. Found: C, 60.8; H, 7.21.

The polyesters were prepared by the method developed 
by Fischer1 from the appropriate anhydrous, finely 
powdered polyhydric alcohol and triacetylgalloyl chloride 
in chloroform and quinoline. The acetyl derivatives 
paralleled those of Fischer in all cases.

Triacetylgalloyl Chloride.—The method used for the 
preparation of triacetylgallic acid paralleled that of 
Fischer.1 The acid chloride was made in 90% yield by re­
action of the anhydrous acid with a 10% excess of freshly 
distilled thionyl chloride. The product, after removal of 
the excess thionyl chloride by distillation, was recrystal­
lized twice from carbon tetrachloride, m. p. 104°.

Penta-(triacetylgalloyl)-^-arabitol.—6.08 g. of an­
hydrous, finely powdered d-arabitol was taken up in 
28.4 g. of freshly distilled anhydrous quinoline and 75 cc. of 
freshly distilled anhydrous chloroform. 69.0 g. of triacetyl­
galloyl chloride was added with cooling and the whole 
shaken for two days at room temperature. The reaction 
mixture was washed in succession with water, cold 1% 
sulfuric acid and then with water until neutral to litmus. 
The chloroform solution was dried over anhydrous sodium

(6) H am burg , M onatsh., 19, 594 (1898).
(7) B iddle, T h is  J o u r n a l , 35, 96 (1913).
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sulfate. After filtering, the solution was taken to dryness 
on a steam-bath under reduced pressure and the residue 
was taken up in anhydrous acetone, filtered, and again 
reduced to dryness. The tan friable solid which weighed 
57.4 g. (93%) was finally dried in an Abderhalden pistol at 
57° over phosphorus pentoxide and paraffin at 1 mm. 
pressure for five days, m. p. 72° (sintered). The acetyl 
compound was tasteless and odorless. I t  gave no color 
with ferric alum solution and was insoluble in water. Anal. 
Calcd. for C7oH6,0 40: C, 54.5; H, 4.05. Found: C, 54.4; 
H, 4.08.

J-Arabitol Pentagallate.—30.8 g. of penta-(triacetyl~ 
galloyl)-d-arabitol was taken up in 60 cc. of acetone and an 
oxygen-free stream of nitrogen passed into the solution 
while 330 cc. of 1 A sodium hydroxide solution was added 
with mechanical stirring at such a rate that the reaction 
temperature was maintained at 0° (ice-salt-bath). The 
gummy mass which separated was brought into solution 
by the addition of 100 cc. of acetone. Stirring was con­
tinued under a nitrogen atmosphere for two and one-half 
hours at 0°, 330 cc. of cold 1 N  sulfuric acid was added, 
and the acetone was removed from the solution under re­
duced pressure. The residual solution was extracted with 
neutral ethyl acetate and the solvent layer dried over 
sodium sulfate, filtered, and concentrated to dryness under 
reduced pressure. The golden colored, friable hygroscopic 
glass produced was suspended in chloroform and then 
filtered. Repetition of this suspension gave 20 g. of a water 
soluble product. After drying at 57° over phosphorus 
pentoxide and paraffin at 1 mm. pressure for five days the 
color was a very pale tan, m. p. 83° (sintered). This 
product gave a blue-black color with dilute ferric alum 
solution. Anal. Calcd. for C40H32O25: C, 52.6; H, 3.53. 
Found: C, 52.5; H, 3.52.

Hexa-(triacetylgalloyl)-sorbitol.—The method employed 
by Fischer3 for the corresponding mannitol derivative was 
applied to sorbitol. The white, odorless tasteless product

gave no coloration with ferric alum, m. p. 106° (sintered). 
After drying in an Abderhalden pistol as described for the 
derivative of d-arabitol it was converted to the gallic ester.

Sorbitol Hexagallate.—18.5 g. of hexa-(triacetyl- 
galloyl) -sorbitol was treated by the method employed by 
Fischer1 for the production of mannitol hexagallate to give 
8.6 g. of gritty, white solid which was dried in a pistol as 
indicated above (m. p. 76° sint.). I t has an astringent 
taste, was soluble in water and in neutral ethyl acetate, 
but was insoluble in petroleum ether. It gave a blue color 
with ferric alum. Anal. Calcd. for C48H3803o: C, 52.5; 
H, 3.49. Found: C, 52.6; H, 3.51.

The experimental tannages were carried out on pickled 
calf-skin using the following standard procedure. A piece 
of selected pickled calfskin (8" X 4", wt. 25-35 g.), covered 
with three times its weight of 4% aqueous sodium chloride 
was treated with 25% of its weight of the material to be 
tested and the whole was rotated slowly in a bottle for 
from twenty-four to forty-eight hours. The piece of skin 
was now washed with water to a pH of 4.5, dried and com­
pared as to color, feel, texture, flexibility and fullness with 
a similar piece tanned with gallotannin.

Summary
A number of simple esters and polyesters of 

gallic acid have been prepared and tested for 
leather forming properties. None of the simple 
esters showed any such properties. However, 
leather forming properties were shown by the 
polyesters of gallic acid with various polyhydric 
alcohols. The leather forming properties of the 
members of the latter series were poor but 
definite, and seemed to improve on ascending the 
series.
C h a p e l  H i l l , N. C . R e c e i v e d  J u n e  19, 1942

[C o n t r i b u t i o n  f r o m  t h e  D e p a r t m e n t  o f  C h e m i s t r y , S t . P e t e r ’s  C o l l e g e ]

The Catalytic Properties of Charcoal. IV. Factors Influencing the Indophenol
Reaction1-2

By C laude  S chw ob , w ith  J ohn  E. B ie g n e r , K e n n eth  J. C arson  and  G eorge  V. S cott

The indophenol reaction has been used in this 
Laboratory to investigate the oxidase and peroxi­
dase action of charcoal.3»4 In this reaction indo­
phenol is formed by the oxidation of a mixture of 
^-phenylenediamine and a-naphthol by oxygen or 
hydrogen peroxide in the presence of charcoal. 
It was found that when equimolar amounts of p~ 
phenylenediamine and a-naphthol are used, the 
yield of indophenol diminishes after the first

(1) P a p e r I I I ,  T h i s  J o u r n a l , 60, 2483 (1938).
(2) P resen ted  in  p a r t  a t th e  102nd m eeting  of th e  American 

C hem ical Society, A tlan tic  C ity , N . J . ,  S eptem ber, 1941.
(3) Schw ob, T h i s  J o u r n a l , 6 8 , 1115 (1936).
(4) O 'B rien , T k ac  and  Schwob, ibid., 60, 2480 (1938).

minute. Moreover, in later work, considerable 
difficulty was encountered in duplicating results.

In an attempt to clear up these points, and in 
order to gain further knowledge of the mechanism 
of the reaction, four modes of attack were em­
ployed: (a) variation in the concentrations of the 
individual reagents, (b) study of the pH. during 
the course of the reaction, (c) effect of catalyst 
poisons and (d) study of the factors affecting the 
recovery of indophenol.

1. Reagent Concentrations.— Previous evi­
dence4 indicated that excess reagents are respon­
sible for the drop in the yield of indophenol after
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the first minute. Figure 1 summarizes the results 
obtained when the amounts of the reagents are 
varied individually. The concentrations are ex­
pressed as multiples of the “normal” amount, the 
reaction mixture normally containing equimolar 
amounts of ^-phenylenediamine and a-naphthol, 
with a 20-fold excess of hydrogen peroxide, in the 
presence of sucrose charcoal, the whole being 
buffered to pH  4.5.4

Charcoal (curve 1); As expected, the ten- 
minute yield of indophenol is proportional to the 
amount of charcoal used, from one-half to twice 
the normal amount.

a-Naphthol (curve 2): Increasing concentra­
tions of a-naphthol diminish the yield in a very 
marked manner, indicating that this substance is 
the chief culprit in the observed destruction of the 
indophenol. Due to the low over-all yield of in­
dophenol (less than 6% in all cases) only a small 
amount of a-naphthol is needed for the actual 
formation of the dye. The excess “destroys” the 
indophenol in a manner not yet investigated in 
this Laboratory.

^-Phenylenediamine (curve 3): Excess amine 
does not affect the yield of indophenol very much. 
The yield diminishes in the expected manner 
when the concentration is below “normal.”

Hydrogen Peroxide: Experiments involving
variation in peroxide concentration were incon­
clusive. This is very probably due to the fact 
that charcoal has definite oxidase properties.4 
As the concentration of peroxide is lowered, the 
oxidase action predominates and obscures the role 
of the peroxide. However, at high concentra­
tions of peroxide the yield of indophenol is some­
what lower (0.32 mg. of indophenol for 2,5 times 
normal concentration of hydrogen peroxide). 
Attempts to investigate the role of the peroxide 
anaerobically are futile due to the unavoidable de­
composition of peroxide by the charcoal, provid­
ing an ample supply of oxygen.

2 . Hydrogen-ion Concentration.-—!!! addi­
tion to the change in the shape of the time-yield 
curve previously observed with p H  variation, 
there is a definite increase in yield as the hydrogen- 
ion concentration decreases.4 In the present 
investigation it was observed that during the 
course of the indophenol reaction relatively large 
quantities of an acid substance are formed, lead­
ing to a decrease in pH. in spite of the presence of 
the buffer. For the “normal” reaction mixture 
the pH  drop, measured by means of a glass elec­

trode, was from 4.5 to 2.8 in seven minutes. A 
large increase in conductivity was observed also 
as the reaction progressed. It is likely that these 
effects are due to the liberation of hydrochloric 
acid as the ^-phenylenediamine dihydrochloride is 
consumed, either in the formation of indophenol, 
or by being independently oxidized to unknown 
products by the peroxide under the influence of 
the charcoal.6

“Normal.”
Fig. 1.—Ten-minute yield of indophenol in the presence 

of varying amounts of: charcoal (curve 1), a-naphthol 
(curve 2), and p-phenylenediamine (curve 3).

3. Catalyst Poisons.-—The effects of potas­
sium cyanide and amyl alcohol on the indo­
phenol reaction have already been described.4 
The cyanide inhibits the formation as well as the 
destruction of the dye, but permits the uncata­
lyzed formation of indophenol to proceed at the 
same rate as in the absence of charcoal. The 
amyl alcohol stops all processes, so that the yield 
does not change with time after its addition. 
These different and characteristic effects were re­
investigated by means of conductivity measure­
ments. Using a Fisher Titrimeter, the resistance 
of the normal reaction mixture, in the absence of 
poisons, drops with time, reaching a constant 
value of about one-half the original resistance 
after thirty minutes. This points to the libera­
tion of hydrochloric acid for thirty minutes. 
Since indophenol is not being formed throughout

(5) P relim inary  observations p o in t to  th e  feasib ility  of using  a 
conductance m ethod, involving th is  catalyzed  ox ida tion  of £ -pheny l- 
enediam ine dihydrochloride, for th e  rap id  estim atio n  of c erta in  
enzymes.
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this period, the ^-phenylenediamine must be los­
ing some of its basic character by being oxidized 
independently.

In the presence of potassium cyanide (0.005 N) 
no drop in resistance can be observed. This indi­
cates that not only does the cyanide poison the 
charcoal surfaces responsible for the formation 
and destruction of indophenol, but it also inhibits 
the independent oxidation of ^-phenylenediamine.

On the contrary, in the presence of amyl alcohol 
the usual drop in resistance takes place, showing 
that the charcoal-catalyzed oxidation of the p- 
phenylenediamine is not affected by the amyl 
alcohol. Hence it is probable that there are at 
least two distinct surfaces of charcoal active in the 
indophenol reaction: (a) the portion of the surface 
which catalyzes the formation and destruction of 
indophenol, inhibited by both cyanide and amyl 
alcohol, and (b) the portion which catalyzes the 
oxidation of ^-phenylenediamine, inhibited by 
cyanide but not by amyl alcohol.

4. Recovery of Indophenol.—It has been 
observed throughout this investigation that the 
indophenol-bearing charcoal must not be dried at 
too elevated a temperature or the indophenol will 
be destroyed. Another recurring source of annoy­
ance in determining yield has been the varying 
shades of red which toluene solutions of indophenol 
exhibit, making colorimetric comparisons difficult 
and sometimes impossible.

The solid phase destruction of indophenol has 
been investigated by preparing indophenol-bear­
ing charcoal, analyzing a portion and submitting 
other portions of the same batch to various treat­
ments before analysis. The charcoal was pre­
pared by using it to catalyze the formation of 
indophenol, using the “normal” concentrations. 
After filtering, the charcoal was washed with 
water and with 70% alcohol in an endeavor to re­
move most of the reagents and by-products. 
Alternately pure indophenol was adsorbed on 
charcoal from alcoholic solution.

The effect of heat was investigated first. 
Heating the charcoal in the dry state for progres­
sively longer periods at the same temperature, or 
for the same time at increasing temperatures, 
causes a gradual destruction of the indophenol. 
For example, heating at 80° for sixty minutes de­
creased the indophenol content of a sample from
0.9 mg. per g. of charcoal to 0.5 mg. per g. In an 
attempt to find the lowest temperature at which 
indophenol is still destroyed at a significant rate,

it was observed that a good deal of destruction 
takes place at room temperature. A sample of 
charcoal decreased in indophenol content from
0.6 mg. per g. to 0.3 mg. on exposure to air at 
room temperature for seventy-two hours.

The effect of excess reagents on this dry destruc­
tion of indophenol was studied by allowing the 
dye-bearing charcoal to adsorb one or another of 
the reagents from suitable solutions. As ex­
pected, the results are generally consistent with 
the findings described in the first part of this 
paper. Excess a-naphthol considerably increases 
the rate of destruction, while excess ^-phenylene- 
diamine actually increases the indophenol con­
tent of the charcoal after heating for one hour at 
80°. This seems to be due to a-naphthol on the 
charcoal carried over from the reaction mixture 
and reacting with the added diamine. Further 
support for this view is furnished by the fact that 
if charcoal is supplied with indophenol by a reac­
tion mixture containing only one-half the usual 
amount of a-naphthol, the increase in indophenol 
content on heating in the presence of added p- 
phenylenediamine is much less.

A study of the effect of reagents on indophenol 
adsorbed on charcoal from solutions of the pure 
dye in alcohol should be enlightening in these re­
spects, since then none of the reaction mixture 
would be present to obscure the results. Unfor­
tunately, as soon as charcoal so prepared was 
dried thoroughly, toluene no longer extracted the 
indophenol, and these experiments were perforce 
abandoned.

The second disturbing effect in estimating indo­
phenol yields is the color variation exhibited by 
different toluene solutions of the dye. It was 
found that the presence of a trace of ethyl alcohol 
shifts the color toward the blue. Acid fumes 
make the solutions more yellow.

5. Conclusions.—A consideration of the 
present findings in the light of the previous work 
on the charcoal catalysis of the indophenol reac­
tion enables us to list some of the processes taking 
place simultaneously or concurrently: A, char­
coal catalyzed (1) formation of indophenol, (2) 
destruction of indophenol when its concentration 
reaches a definite level dependent on the charcoal, 
the temperature, and on the pH, (3) oxidation of 
the ^-phenylenediamine, (4) decomposition of 
hydrogen peroxide due to the catalase action of 
the charcoal; B, uncatalyzed (1) slow formation 
of indophenol.
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Summary
The oxidation of a-naphthol and ^-phenylene- 

diamine in the presence of activated charcoal ap­
pears to involve several simultaneous and suc­

cessive processes. The measurement of the indo­
phenol production is not an adequate test of the 
charcoal activity.
J e r s e y  C i t y , N .  J .  R e c e i v e d  M a y  27, 1942

[C o n t r i b u t io n  f r o m  t h e  R e s e a r c h  L a b o r a t o r y  o f  M e r c k  &  Co., I n c .]

Cocarboxylase and Related Esters
B y J ohn  W eijla rd

In previous publications concerning synthetic 
cocarboxylase, a rather indefinite acid mixture 
prepared by dehydrating orthophosphoric acid 
has been employed for the phosphorylation.1*2'3 
A different method was employed by H. Weil- 
Malherbe,4 who prepared cocarboxylase by inter­
action of bromo-thiamine with silver pyrophos­
phate, a reaction that does not fall within the 
scope of this paper.

The obvious method to prepare cocarboxylase 
would be the interaction of pure pyrophosphoric 
acid and thiamine hydrochloride (I). It was 
found, however, that pyrophosphoric acid itself 
did not form any thiamine ester whatever, but 
with anhydrous sodium pyrophosphate as catalyst 
produced thiamine orthophosphoric acid ester
(IV) in fair yields instead of the expected pyro­
phosphoric acid ester, as shown by the fact that 
mild hydrolysis produced no phosphoric acid.2 
Similarly, 4-methyl-5-hydroxyethylthiazole (II) 
formed 4-methyl-5-hydroxyethyl thiazole ortho­
phosphoric acid ester (VI) with pyrophosphoric 
acid and pyrophosphates. Concentrated sulfuric 
acid with anhydrous sodium pyrophosphate pro­
duced thiamine sulfuric acid ester (III) from 
thiamine hydrochloride in good yields, but no 
thiamine pyrophosphoric acid ester could be de­
tected in the reaction mixture.

Phosphorus pentoxide was hydrated to give 
metaphosphoric acid,5 and with the acid thus 
produced it was actually possible to esterify 
thiamine hydrochloride to thiamine pyrophos­
phoric acid ester chloride (cocarboxylase) (V). 
Yields similar to those previously reported3 of 
thiamine pyrophosphoric acid ester were obtained 
when thiamine hydrochloride was esterified with 
a mixture of phosphorus pentoxide dissolved in

(1) H . T auber, T h is  J o u r n a l , 60, 730 (1938).
(2) John  W eijlard  and  H enry  T auber, ibid., 60, 2263 (1938).
(3) John  W eijlard, ibid., 63, 1160 (1941).
(4) H. W eil-M alherbe, Biochem. J .,  34, 980 (1940).
(5) E. B. R. Prideaux, Trans. Faraday Soc., 5, 37 (1909).

pyrophosphoric acid with sodium pyrophosphate 
as catalyst. Such a solution should be a mixture 
of meta and pyro acids, with perhaps some un­
changed phosphorus pentoxide, similar to the 
mixture obtained upon dehydrating orthophos­
phoric acid.6*7 The mixture from dehydrated 
orthophosphoric acid gave with 4-methyl-5-hy- 
droxyethylthiazole the compound, 4-methyl-5- 
hydroxyethylthiazole pyrophosphoric acid ester
(VII), isolated as the silver salt,2»8 which varies in 
composition according to varying pH  and salt 
concentration.

2-Methyl - 4 - amino - 5 - bromomethylpyrimidine 
hydrobromide (VIII) was condensed with 4- 
methyl-5-hydroxyethylthiazole pyrophosphoric 
acid ester (VII) on the one hand, and with 5,/J- 
chloroethyl-4-methylthiazole (IX) in the presence 
of silver pyrophosphate on the other to form cocar­
boxylase. Cocarboxylase was obtained in these 
reactions as ascertained by biological tests, but 
the yields were no higher than those obtained 
by the more simple direct phosphorylation of 
thiamine hydrochloride.

Experimental
Thiamine Orthophosphoric Acid Ester.—Five grams of 

pyrophosphoric acid was heated to faint fuming to remove 
any excess water, 2 g. of anhydrous sodium pyrophosphate 
was dissolved in the hot acid, 2 g. of thiamine hydrochloride 
was added and the mixture held at 150-155° for twenty 
minutes while stirring continuously. The cooled mass was 
dissolved in 100 cc. of water, and a slight excess of concen­
trated barium hydroxide solution was added. The pre­
cipitate was removed by centrifugation and discarded, the 
excess barium removed by adding a slight excess of 10% 
sulfuric acid and centrifuging. The solution was then 
concentrated to 60 cc. in vacuo. Sufficient one normal sil­
ver nitrate solution was added to precipitate the chloride, 
and the precipitate was removed by centrifuging and was 
discarded. The solution was neutralized with ammonia 
and an excess of 1 A  silver nitrate solution added. The

(6) G. T am m ann, J . prakt. Chem., [2] 45, 417 (1892).
(7) F ritz  E phraim , “ Inorg. C hem istry ,”  1939, pp. 720-722.
(8) K . L ohm ann and  P. Schuster, Biochem. Z ., 294, 188 (1937).
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mixture was centrifuged, the silver salt washed with water 
and suspended in 100 cc. of water and decomposed with 
hydrogen sulfide. The sulfide was filtered off and the 
solution aerated to remove excess hydrogen sulfide. 
Sufficient hydrochloric acid was added to make the solution 
eight-tenths normal. An excess of 25% phosphotungstic 
acid was added, the mixture was centrifuged and the 
solution discarded. The solid was treated with acetone to 
cause disintegration of the solid and precipitation of the 
ester. The mixture was chilled and the supernatant liquid 
decanted and discarded. The acetone insoluble material 
was dissolved in 50 cc. of 0.1 N  hydrochloric acid and 10 
volumes of acetone added. The solution was chilled at 0° 
overnight and filtered. The crude ester was recrystallized 
twice by dissolving in 0.1 N  hydrochloric acid to form a 
5% aqueous solution, adding three volumes of alcohol and 
seven volumes of acetone and cooling in ice; yield, 0.40 g. 
m. p. 200-202°. Hydrolysis with normal acid for one-half 
hour at 100° produced no phosphoric acid, hence no pyro­
phosphoric acid ester was present.

Anal. Calcd. for Ci2H i804N4C1SP*2H20 : C, 34.50; 
H, 5.31; N, 13.42; P, 7.44. Found: C, 34.59; H, 5.53; 
N, 13.22; P, 7.81.

Thiamine Sulfuric Acid Ester.—One gram of anhydrous 
sodium pyrophosphate was added to 2.5 cc. of concentrated 
sulfuric acid and heated tp 150°. One gram of thiamine

hydrochloride was added and the mixture heated at 150° 
for seven minutes. The mass was dissolved in 40 cc. of 
water and worked up essentially as above. The ester was 
finally recrystallized from 12 cc. of 0.1 N  hydrochloric acid 
and 60 cc. of alcohol; yield 0.54 g., m. p. 258-259° with 
decomposition. No phosphorus was present. Its aqueous 
solution gave no precipitate with barium chloride, but on 
prolonged boiling with dilute hydrochloric acid the ester 
hydrolyzed slowly and the sulfate could be precipitated.

Anal. Calcd. for Ci2H170 4N4ClS2'H20: C, 36.10; H, 
4.80; N, 14.05; S, 16.08. Found: C, 35.73; H, 4.93; 
N, 14.16; S, 16.26.

4-Methyl-5-hydroxyethylthiazole Orthophosphoric Acid 
Ester.—Four grams of pyrophosphoric acid was heated 
to faint fuming. One and seventy-five hundredths grams 
of 4-methyl-5-hydroxyethylthiazole was added and the 
mixture stirred and held at 150-160° for one hour. The 
cooled mass was dissolved in 50 cc. of water and the phos­
phoric acids removed by adding a slight excess of barium 
hydroxide solution and centrifuging. The excess barium 
was removed by adding a slight excess of sulfuric acid and 
centrifuging. The solution was made neutral with am­
monia and an excess of normal silver nitrate solution was 
added. The precipitate was collected by centrifugation, 
washed with water several times, then suspended in 50 cc. 
of water and decomposed with hydrogen sulfide. The
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silver sulfide was removed by filtration and the solution 
concentrated to dryness in vacuo at 30°. The residue, a 
thick oil, was dissolved in absolute alcohol and precipitated 
with ether. The flocculent white precipitate which re­
sulted was collected on a filter and dried in vacuo; yield, 
0.45g.,m.p. 162°.

Anal. Calcd. for CdSuANSP-HsO: C, 29.85; H, 
5.01; N, 5.80; P, 12.86. Found: C, 30.00; H, 4.87; 
N, 5.67; P, 12.98.

4-M ethyl-5-hy dr oxyethylfhiazole Pyrophosphoric Acid 
Ester Isolated as the Silver Salt.2-8—Four cc. of 85%
orthophosphoric acid was heated until heavy fumes were 
produced and the hot acid appeared milky (290-310°). 
Two grams of anhydrous sodium pyrophosphate was dis­
solved in the hot acid and the mixture cooled down to 
150°. One gram of 4-methyl-5-hydroxyethylthiazole was 
added and the mixture was stirred for one-half hour at 
150-155°. The mixture was cooled and dissolved in 40 cc. 
water and a .slight excess of barium hydroxide solution was 
added. The precipitate was centrifuged off and washed 
with water. The filtrate and washings were made slightly 
acid to congo red with 10% nitric acid, then concentrated 
in vacuo at 35° to 30 cc. The solution was made neutral 
to congo with ammonia, but was still acid to litmus. A 
few drops of normal silver nitrate solution was added and a 
small amount of silver chloride filtered off. Fifteen cc. of 
50% silver nitrate solution was added and the mixture 
concentrated at room temperature in vacuo to one-half 
volume. The silver salt crystallized out slowly in the form 
of needles. The mother liquor was decanted off after three 
days of standing and the crystals washed first with 50% 
alcohol, then 90% alcohol, finally 100% alcohol followed 
by an ether washing; yield 0.40 g.

Anal. Calcd. for C6H80 7NSP2Ag3*3/10AgN03-6/10- 
HN0r3H20 (mol. wt., 766.6): C, 9.39; H, 1.92; N total,
3.47; N nitrate, 1.64; P, 8.09; Ag, 46.4. Found: C, 
9.48; H, 1.89; N total, 3.82; N nitrate, 1.75; P, 8.00; 
Ag, 48.2. Hydrolysis under mild conditions (normal 
nitric acid for one-half hour at 100°): found 4.45% P 
which is 55.6% of the total phosphorus.

Thiamine Pyrophosphoric Acid Ester from Phosphorus 
Pentoxide Hydrated to Give Metaphosphoric Acid.—To 
5 grams of phosphorus pentoxide, 0.65 g. of water was 
added in a closed vessel, and the mixture held at 150° until 
the mass was nearly transparent. Two grams of thiamine 
hydrochloride was added and the mixture held at 150° for 
one-half hour with stirring. The mass was cooled and dis­
solved in 100 cc. of water, then worked up as outlined in a 
previous paper3; m. p. 238-240°.

Anal. Calcd. for C12H i90 7N4C1SP2’H20: C, 30.08; 
H, 4.42; N, 11.71; P, 12.96. Found: C, 30.01; H, 4.35; 
N, 11.43; P, 13.43.

Thiamine Pyrophosphoric Acid Ester from Pyrophos­
phoric Acid with Added Phosphorus Pentoxide.—Five 
grams of pyrophosphoric acid was mixed with 1.5 g. of 
phosphorus pentoxide and heated until clear. A mixture 
of 0.5 g. of anhydrous sodium metaphosphate and 0.5 g. of 
anhydrous sodium pyrophosphate was added followed by 2 
g. of thiamine hydrochloride. The mixture was held at 
150-155° for fifteen minutes and worked up according to 
standard procedure3; yield 0.23 g. of cocarboxylase, which

is the approximate yield obtained using the indefinite mix­
ture resulting from dehydrating orthophosphoric acid.2»3

Anal. Calcd. for Cl2Hi907N4a S P 2‘3/ 4H20 : C, 30.41-
H, 4.36; N, 11.80; P, 13.08; H20, 2.84. Found: C,
30.45; H, 4.39; N, 11.40; P, 12.80; H20, 2.75.

Condensation of 4-Methyl-5-hydroxyethylthiazole Pyro­
phosphoric Acid Ester and 2-Methyl-4-amino-5-bromo- 
methylpyrimidine Hydrobromide.-—A suspension of 0.33 
g. of silver salt of 4-methyl-5-hydroxyethylthiazole pyro­
phosphoric acid ester in water was decomposed with 
hydrogen sulfide, the sulfide was filtered off, the filtrate 
concentrated in vacuo at room temperature to dryness and 
the residue dried in vacuo; yield, 140 mg. of 4-methyl-5- 
hydroxyethyl thiazole pyrophosphoric acid ester, a glass 
that did not readily crystallize. This ester was mixed with 
150 mg. of 2-methyl-4-amino-5-bromomethylpyrimidine 
hydrobromide. Three cc. of liquid petrolatum was added 
and the mixture held at 110° for five minutes with con­
tinuous stirring. The mixture was cooled and the oil 
washed out with ether. The residue was dissolved in 10 
cc. of water and the bromide ion removed by the addition 
of a slight excess of normal silver nitrate solution and 
centrifugation. The excess silver was precipitated with 
hydrochloric acid and the precipitate removed by centri­
fugation. The clear solution (acid to congo) was mixed 
with 10 volumes of acetone and the mixture chilled in the 
ice box overnight. The mother liquor was decanted and 
the residue crystallized by dissolving in 10 cc. of 0.1 N  
hydrochloric acid, adding 30 cc. of alcohol and 70 cc. of 
acetone and cooling in ice for two days. After decanta­
tion, the crystals were washed with alcohol and ether; 
yield, 110 mg. The cocarboxylase activity indicated a 
yield of about 10% cocarboxylase.

Condensation of 5,/3-Chloroethyl-4-methylthiazole with
2-Methyl-4-amino-5-bromo-methylpyrimidine Hydrobro­
mide in Presence of Silver Pyrophosphate.—One-half 
gram of 5, /3-chloroethyl-4-methylthiazole (distilling a t
82.8-83.8° at 2 mm.), 2 g. of anhydrous silver pyrophos­
phate and 0.9 g. of 2-methyl-4-amino-5-bromomethyl~ 
pyrimidine hydrobromide were mixed rapidly with 5 cc. of 
liquid petrolatum and held at 110° for ten minutes with 
stirring. The cooled mixture was washed with ether to 
remove the oil, then disintegrated by shaking with 30 cc. of 
water and the solution made acid to congo with hydro­
chloric acid. The solid was centrifuged off and the clear 
solution mixed with 10 volumes of acetone, then chilled 
overnight. The crude material was recrystallized as out­
lined above; yield 0.15 g. The cocarboxylase activity 
indicated about 10% cocarboxylase.

Acknowledgments.— I wish to express m y  
appreciation to Drs. R. T. Major and J. R. Stevens 
for advice and interest; to Dr. Alphonse Walti for 
the cocarboxylase testing; to Mr. Harold Levy for 
general assistance. The analytical work was 
carried out by Messrs. D. F. Hayman, W. Reiss, 
H. Clark and R. N. Boos.

Errata.—The formulas for analyses in the pre­
vious article3 are given as C^ILiOgN4CISP2 *x/ 2 HsO. 
They should read: CJ2Hi907N4C1SP2*72 H2Q.
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Summary
It has been shown that pure pyrophosphoric 

acid produces the orthophosphoric acid esters of 
thiamine as well as of 4-methyl-5-hydroxyethyl 
thiazole, and that metaphosphoric acid or phos­
phorus pentoxide calculated to give metaphos­
phoric acid is necessary to form the pyrophos­
phoric acid ester of thiamine (cocarboxylase). 
Thiamine sulfuric acid ester has been prepared as

well as the pyrophosphoric acid ester of 4-methyl- 
5-hydroxyethyl thiazole. The latter ester was 
condensed with the pyrimidine portion of cocar­
boxylase to give a product with cocarboxylase 
activity. A similar condensation was carried out 
with the pyrimidine portion and chlorothiazole in 
the presence of silver pyrophosphate, the isolated 
reaction product showing cocarboxylase activity.
R a h w a y , N e w  J e r s e y  R e c e i v e d  J u l y  10, 1942

[C o n t r i b u t i o n  f r o m  t h e  D i v i s i o n s  o f  A n im a l  H u s b a n d r y  a n d  C h e m i s t r y , C o l l e g e  o f  A g r i c u l t u r e , U n i v e r s it y
o f  C a l if o r n ia  a t  D a v i s ]

Absorption of Oxygen by Glutathione in Alkaline Solutions. I. Kinetics of the
Reaction at pH 9 to 11

B y M. B. Y oung and H. A. Y oung

It has been shown1 that, in the presence of a 
copper salt as catalyst and at a pH  below approxi­
mately 8.5, a solution of glutathione is oxidized 
by oxygen from the mercaptan to the disulfide, 
that the rate of the reaction increases with in- 
crase in pH, and that the factor determining the 
rate is the concentration of the dissociated ion.

It has also been shown2 that as the pH. is in­
creased beyond 8.5, the reaction becomes more 
complex both with regard to the products formed 
and to the interpretation of the reaction rates. 
From approximately pH 9 to 11, the volume of 
oxygen absorbed per mole of glutathione is slightly 
greater than that calculated to change the mer­
captan to the disulfide. The absorption, how­
ever, comes to a definite and abrupt end and there 
is no indication of a further reaction involving the 
formation of an oxidation product higher than the 
disulfide. Colorimetric tests with titanium sul­
fate have shown this excess absorption to be 
caused by the production of small amounts of 
hydrogen peroxide, which appears to be quite 
stable, particularly at pH  9, even in the presence 
of the copper catalyst. As the pH increases 
beyond 11, the reaction involving the disulfide 
formation

2GS- +  7*0* -j- H20  -  GSSG +  20H~ (a)
is followed by another reaction involving oxygen 
and the disulfide produced n (a) and indicated by 
a continued slow increase in oxygen absorption. 
This follow reaction increases in rate as hydroxide

(1) C arl M . L ym an  an d  E . S. G. B arron , J .  B iol. Chem., 121, 275 
(1937).

(2) M . B. Y oung, H . A. Y oung and  M ax K leiber, T h is  J o u r n a l , 
63, 1488 (1941).

ion increases while the rate of reaction (a) remains 
essentially constant until finally all discontinuity 
in the resulting curve is lost. The volume of 
oxygen absorbed indicates that the principal 
product formed is the salt of the sulfinic acid of 
glutathione and that the follow reaction is

GSSG +  3/ 20 2 4* 20H~ = 2GSO«r +  H20  (b) 
Again the oxygen absorbed is a few per cent, high, 
possibly caused by the formation of more hydro­
gen peroxide or some sulfonic acid.

The reaction has been studied over the pH 
range 9 to 13.3 with glutathione concentration
0.00110 to 0.00880 molar, copper sulfate concen­
tration 0 to 25 X 10~6 molar and oxygen pres­
sure 0=2 to 1.0 atm. The results of three exem­
plary experiments are shown in Fig. 1 in which 
approximately equal amounts of glutathione, 5 cc. 
of 0.00220 molar solution in the presence of copper 
sulfate of approximately 5 X 10-6 mole per liter, 
were oxidized by oxygen at 1 atmosphere at hy­
droxide ion concentrations of 10~5, 0.0431, and
0.171 mole per liter, respectively. The lines A 
and B indicate the calculated volumes of oxygen 
to change the mercaptan to the disulfide and to 
the sulfinic acid, respectively. There is a distinct 
break in curve 2 near A.

The present publication is concerned with an 
attempt to explain the kinetics of the simplest 
of the reactions, i. e., the oxidation of the mercap­
tan to the disulfide as it occurs at pH  9 to 11.

Experimental
The experiments were carried out in the War­

burg apparatus at 37°. Four cc. of glutathione
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solution was placed in the main compartment of 
the reaction flask and 1 cc. of a mixture of sodium 
hydroxide and copper sulfate in the side arm. 
Oxygen at the desired pressure was used to satu­
rate the solutions and to fill the gas space above 
(about 10 cc.). After the establishment of tem­
perature equilibrium, the sodium hydroxide- 
copper sulfate mixture was mixed with the gluta­
thione3 and the rate of oxygen absorption meas­
ured at constant volume. Since the process of 
mixing necessitated the removal of the apparatus 
from the thermostat for a few seconds, readings 
taken during the first minute are considered to be 
in error.

The apparatus was shaken at a rate of 180 os­
cillations per minute. Increasing the rate to 320 
showed no increase in the rate of oxygen absorp­
tion; decreasing it to 100 showed a slight de­
crease. During several test experiments, the re­
action was stopped before completion by adding 
sufficient sulfuric acid, and the concentration of 
the unoxidized glutathione determined iodomet- 
rically following the procedure of Woodward and 
Fry.4 Even in the faster experiments, the total 
reducing power of the glutathione solution checked 
the oxygen consumption within 3%. In view of 
the fact that more than enough oxygen is dissolved 
in the solution initially to oxidize all of the gluta­
thione, it is assumed that these experiments in­
dicate that equilibrium had been established 
throughout between the oxygen of the gas phase 
and that of the solution. Changing the glass sur­
face within the reaction flask by adding glass beads 
had no effect upon the reaction rate.

C. p . quality chemicals were used throughout 
without further purification. As was to be ex­
pected in a reaction sensitive to traces of catalyst, 
there was some variation in going from one source 
of chemical to another, particularly the sodium 
hydroxide. A bottle of Mallinckrodt heavy 
metal-free product was finally obtained and used 
consistently. The water was doubly distilled in 
Pyrex glass. Various samples of glutathione ob­
tained from different establishments (Eimer and 
Amend, Paul-Lewis Laboratories) were reason­
ably reproducible. By using the same supply of 
reactants, any series of experiments performed 
within a period of a month or so proved to be re-

(3) U nder th e  conditions of th e  experim ents th e  suspension of 
copper hydroxide dissolved im m ediate ly  in the  g lu ta th ione  forming 
a g lu ta th ione-copper com plex of som e kind. F o r sim plification 
Cu + + will refer to  2  C u in w hatever form  i t  m ay be.

(4) G ladys E. W oodw ard and  E d ith  G. F ry , J . Biol. Chem., 97, 
465 (1932).

Time in hours.
Fig. 1.—Absorption of oxygen at 37° and 1 atm. pressure 

by glutathione in alkaline solutions.

producible; and when going from one source of 
glutathione to another, while the absolute rates 
varied somewhat, the shapes and general form of 
the absorption curves were always the same.

No buffers were added to the reaction system.

Experimental Results
Within the chosen pH  ranges, two types of ab­

sorption curves were encountered. In Fig. 2, the 
curve represents an autocatalytic reaction with its 
maximum rate occurring at about 75% completion. 
This type of reaction is always associated with 
an excess absorption of oxygen. In Fig. 3, the 
curve represents a reaction which has its maxi­
mum rate at zero time. If excess oxygen absorp­
tion occurs at all, it is to a much slighter degree. 
In both figures line A represents the theoretical 
volume of oxygen required to convert the mer­
captan to the disulfide. All kinds of intermedi­
ate curves may be obtained, depending upon ex­
perimental conditions. Factors tending to pro­
duce the first type are high values of the ratio of 
copper ion to glutathione, high oxygen pressure, 
and high pH. Those tending to produce the lat­
ter are conversely low values of the ratio of copper 
ion to glutathione, low oxygen pressure, and low 
pH.
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Fig. 2.—Absorption of oxygen by glutathione: GS“ ~
0.00111 M; Cu++ -  4.63 X 10~6 M; initial pH, 10.8 
(3.07 equivalents NaOH); Os, 1 atm.

Tests with titanium sulfate indicated that hy- 
drogen peroxide often accumulated during the 
course of the reaction. In several cases, the

Fig. 3.—Absorption of oxygen by glutathione: GS —
0.00220 M; Cu++ = 4.63 X 10“6 M; initial pH, 9.4 
(2.05 equivalents NaOH); 0 2, 0.2 atm. (air).

itially added to the reaction mixture. The cop­
per sulfate and glutathione concentrations are 5.0 
X 10~6 and 0.00220 molar, respectively. As is 
shown, the rate increases with increase in base until 
about 3.5 equivalents are present at a pH. of ap­
proximately 11. As more base is added, there is ac­
tually a slight decrease, accompanied, however, by

T a b l e  I

C o m p a r is o n  b e t w e e n  O b s e r v e d  a n d  C a l c u l a t e d  H y d r o g e n  P e r o x i d e  C o n c e n t r a t io n

Calcd. Found
O H - Cu + + H2O2 H 2O2 Found Calcd.

GS" equiv. X 10® Os G 2S2 G2S2 H2O2 H 2O2

0 .0 0 2 2 3 3 .3 5 2 .5 2 1 0.08 0.07 0.8 X 10“ 4 0.8 X 10“ 4
.0 0 2 2 3 3 .3 5 1 0 .0 8 1 .24 .18 .2 X 10“ 4 2.4 X 10“ 4
.0 0 2 2 0 1 .5 0 1 0 .0 8 1 .20 .1 1 x 1 0 - 4 2.6 X 10“ 4
.0 0 2 2 0 1 .5 0 10.08 0.5 .20 .1 1 .0  x 1 0 - 4 2.0 X 10“ 4
.0 0 2 2 0 1.50 10.08 0.2 .16 .05 5 X 10“ 5 18 X 10“ 5
.00198 1.50 10.08 1 .14 .15 1.5 X lO-4 1.4 X 10“ 4
.00100 1.65 10.08 1 .16 .18 1.5 X lO"4 1.6 X 10“ 4
,00397 1.65 10.08 1 .0 4 .07 1.5 X 10“ 4 0.8 X 10“ 4

amount of hydrogen peroxide formed was deter­
mined colorimetrically by comparison with stand­
ard hydrogen peroxide solutions to which titanium 
sulfate had been added. The results are shown in 
Table I. Although the experimental error in 
such colorimetric determinations is high, the re­
sults indicate that the excess oxygen consumption 
can be satisfactorily explained by the presence of 
hydrogen peroxide. They also illustrate the fact 
that the faster the reaction, the greater the ac­
cumulation of hydrogen peroxide.

Effect of Hydroxide Ion.—The variation of 
reaction rate with hydroxide ion is shown in Fig. 
4, where the observed maximum rates are plotted 
against the equivalents of sodium hydroxide in-

the appearance of the follow reaction involving the 
formation of the sulfinic acid—as referred to earlier.

Equivalents of base.
Fig. 4.-—Variation of maximum rate with added base.
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In 1929 Pirie and Pinhey5 obtained a titration 
curve for the then recently discovered glutathione 
using a product obtained from yeast. For the 
dissociation of the —SH group, they chose a pK  
of 9.62. Except for a slight horizontal displace­
ment, we have reproduced quite closely their ti­
tration curve using our commercial supply of 
glutathione at 0.00220 M  and including copper 
sulfate at concentrations comparable to those in 
the rate experiments (see Fig. 5). The pH  values 
were determined with a Coleman glass electrode, 
readings being taken immediately after mixing of 
the glutathione and base. The shaded points 
represent values obtained with Cu++ concentra­
tions of 10 X 10~6 mole per liter; the open 
circles 5 X 10~6 mole per liter. The three 
circled points at high pH  values have been cor­
rected for errors resulting from glass electrode 
determinations at the sodium ion concentrations 
involved. Following the interpretation of Pirie 
and Pinhey, a value of 10.0 has been chosen 
as representing the pK  of the reaction GSH = 
GS" +  H+.

Fig. 5.—Titration curve of glutathione at 25°.

Considering the above results, it is seen that the 
maximum reaction rate is obtained at the pH 
where the transformation of GSH to GS~ becomes 
complete. We have therefore concluded, as did 
Lyman and Barron,1 that GS~ is the primary re­
actant and have looked to the rate results at pH 
11 for an explanation of the reaction system. 
Also, since at this pH, the autocatalytic nature of 
the absorption curve persists, the effect of the 
OH™ produced in (a) in transforming any GSH to 
GS“ as the reaction proceeds cannot be consid­
ered a complete explanation for this characteristic.

Effect of GS~ Concentration, pH  11.— 
Figure 6 shows four experiments in which

(5) N orm an W. P irie  and  K ath leen  Goodwin Pinhey, J . Biol. 
Chem., 84, 321 (1929).

Cu++ was maintained at 5 X 10"6 molar, O2 at 
1 atm., and GS'~ varied from 0.00110 to 0.00884 
molar. This series of experiments indicates that 
the effect of GS™ is very 
slight, since the maximum 
rates are largely independ­
ent of the GS concentra­
tion. Although not clearly 
seen on the small plot, the 
greater the GS"" concen­
tration the nearer the 
origin to the maximum 
rates occur.

Effect of Cu++ Concen­
tration and Oxygen Pres­
sure, pH  11.—The effect 
of varying Cu++ concen­
tration is shown in Fig. 7.
In all of these experiments 
GS“ was kept constant at
0.00220 mole per liter and 
the oxygen pressure at 1 
atmosphere. It is ob­
served that small amounts 
of Cu++ ion influence the 
reaction rate tremendously 
and that the reaction be­
comes more autocatalytic 
as Cu++ increases. The 
residual reaction in 1 is 
presumabfy caused by 
traces of catalyst in the 
reactants. Again, line A 
represents the theoret­
ical oxygen consumption.
When these autocatalytic 
curves are plotted on a large scale, it is noticeable 
that the maximum slope of the curve is nearly 
proportional to the Cu++ concentration. This 
fact is seen in Fig. 8 where maximum slopes are 
plotted against Cu++ concentration at three dif­
ferent oxygen pressures.

The above observation suggests that as the 
Cu++ increases, a catalyst is formed, the concen­
tration of which controls the rate of oxygen con­
sumption and which is determined by Cu++ con­
centration. Further, in the very rapid runs, the 
indication is that the steady state concentration of 
this intermediate is not reached until the reaction 
is nearly over; but when Cu++ is very low, the 
steady state is reached quite early in the experi­
ment.

Time in minutes.
Fig. 6.—Absorption of 

oxygen by glutathione at 
various GS“ concentra­
tions: Cu++ = 5 X 10-6 
M; pH, 10.9 (3.38 equiva­
lents NaOH); O2, 1 atm. 
Beginning with lowest 
curve, GS" =  0.00111, 
0.00220, 0.00440, 0.00884 
M, respectively.
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Fig. 7.—Absorption of oxygen by glutathione at various 
concentrations of Cu++: GS" = 0.00220 M; initial pH 
10.9 (3.42 equivalents NaOH); O2, 1 atm.; Cu X 106 in 
1, 2, 3, 4, 5 is 0, 0.504, 2.52, 5.04, 10.08 M, respectively.

The effect of changes in oxygen pressure is also 
shown in Fig. 8. At very low Cu++ concentra­
tion, the reaction rate is independent of oxygen 
pressure but as Cu++ increases, this is no longer 
true. If the maximum rates of Fig. 8 are plotted 
against the square roots of the oxygen pressures 
for the three highest Cu++ concentrations, a series 
of lines passing through the origin is obtained. 
These indicate that, neglecting any effects of ab­
sorption or diffusion, the maximum reaction rate 
at high Cu++ concentration varies as the one-half 
power of the oxygen pressure. During the course 
of any experiment the oxygen pressure remains 
essentially constant as less than 1% of the total 
oxygen available is used.

Rate Law and Mechanism
The foregoing observations that GS~ is the 

reactive species, that the rate of the autocatalytic 
reaction is independent of GS~ concentration 
and dependent upon Cu++ concentration together 
with what is known about the usual role of cupric 
ion as a catalyst in oxygen reactions suggest the 
following series of reactions

(02)
Cu++ +  G S "-------> X (1)

(GS")
X +  0 2 —-— > G2S2 -j- X (2)
(0 2)

X 4- G S "------->■ G2S2, with destruction of X (3)
Parentheses indicate that the substances are 

used in the reaction but do not enter into the rate 
law. In other words, each of the above incom­
plete equations indicates the substances entering 
into the rate-determining step of a series of two or 
more reactions.

Fig. 8.—Variation of maximum slope with Cu++ concen­
tration at pH 11.0: 0 2 pressures in 1,2,3 are 1, 0.5, 0.2
(air) atm., respectively.

Proceeding in the usual manner, and remember­
ing the experimental facts regarding oxygen pres­
sure, the following rate expressions are obtained

-  = MCu++)(GS-) +  *,(X)(CW*/. +  £3(GS-)(X)
(4)

-  ^ - ] = £i(Cu++)(GS-) -  £S(X) (GS- ) (5)

-  ----- d(^ ~ ) (2.8 X 10*) (6)

Equation 6 is obtained assuming that the only 
reduction product of oxygen is hydroxide ion.

When the catalyst, X, is in a steady state, then
X = ki(Cu++)/k3 (7):

When the concentration of Cu++, and conse­
quently X, is relatively high, the maximum rates 
occur near the end of the experiment, after the 
concentration of GS~ has been greatly decreased. 
Under these conditions, the contributions of re­
actions 1 and 3 to the rate of absorption of oxy­
gen are negligible, and the rate expression may be 
written

-  d[<̂ ~ ] = fe(X)(02)‘A = (Cu++)(02)‘A (8)

and
-  ^  I  (Cu++)(02)1A (2.8 X 10*) (9)

Using the values of maximum rates and Cu++ 
concentration of Fig. 8, a value of 40 is obtained 
for the function kikz/kz at an oxygen pressure of 
one atmosphere.

The solution to the system of differential equa­
tions (4), (5), (6) is elusive. However, by using 
the method of successive approximations, it is pos­
sible to approximate the oxygen consumption as 
a function of time. By assuming ki =  kz — 200 
and &2 between 30 and 40, it was possible to repro-
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duce reasonably well the experimental data so far 
obtained at pH  11. The variation of k2 is consid­
ered to be within the range of experimental error. 
Figure 9 shows the comparison between observed 
and calculated curves for three cases. Although 
the agreement is not perfect, it seems sufficiently 
good to encourage the view that the main features 
of the autocatalytic reaction are represented by 
equations (1), (2) and (3). The results of vary­
ing the oxygen pressure indicate, however, that 
the catalytic reaction is probably more compli­
cated than as represented in equation (2). A pos­
sible explanation of the one-half power for the 
oxygen pressure would be the establishment of a 
rapid reversible equilibrium involving oxygen.

It will be observed from reactions (1), (2) and
(3) that, when the concentration of X  is low or 
when oxygen pressure is low, reaction (2) becomes 
less important, and a departure from the catalytic 
rate law would be expected. This condition is 
clearly realized at low oxygen pressures, Fig. 8, 
where the reaction rate becomes independent of 
oxygen pressure. Further, if undissociated gluta­
thione can function in the destruction of the cata­
lyst X, but not in its production, the rate law 
would be expected to fail at hydroxide ion concen­
tration at which the concentration of GS" was 
small compared to that of GSH. This assump­
tion is borne out by the experiments at pH 9 
(Table II) where the reaction rates become de­
pendent upon the concentration of 2GSH =  
GSH +  GS". Column 6 in Table II represents 
the approximate per cent, of the reaction com­
pleted when the maximum rate occurs.

Table I I
Variation of Maximum Rate with 2 GSH at pH 9

GSH,
moles

per
liter

Cu + +(106), 
moles per 

liter

o 2
pressure,

atm.

H2O2(109  
produced, 
moles per 

liter

Maximum  
slope, 

cu. m m ./ 
minutes

% com­
pletion at 
maximum  

rate
0 .00397 10.08 1 1 .5 12.30 5

.00198 10 .08 1 1 .5 5.22 75

.00100 10 .08 1 1 .5 5 .20 77

.00442 4 .6 3 1 5.64 30

.00220 4 .7 0 1 4 .0 0 75

Hydrogen peroxide has been eliminated as the 
catalytic agent on the basis of experiments in 
which hydrogen peroxide, added to the reactants 
in molar concentrations varying from 1 to 20% of 
that of the glutathione, did not change the reac­
tion rate. In this respect, the autoöxidation of 
glutathione differs from that of ascorbic acid in 
which hydrogen peroxide in the presence of copper 
ion has been shown to be a definite catalyst.6

(6) Dekker and Dickinson, T h is  J o u r n a l , 62, 2165 (1940).

Fig. 9.-—Comparison between experimental and calcu­
lated curves. The points are experimental; the lines are 
calculated. Initial pH  is 10.9 (3.4 equivalents NaOH); 
O2, 1 atm. In curves 1, 2, and 3 the concentrations of 
Cu++ (106) are 10.1, 5.0, and 0.50 and of GS“ are 0.00220, 
0.00110, and 0.00220 M, respectively.

Also we have concluded that HO is not the cata­
lyst since, in the pH  range considered, chloride 
ion in concentrations varying from 1 to 500% of 
that of the glutathione does not inhibit the reac­
tion rate.7

In view of the widely recognized evidence that 
peroxy radicals often function as catalysts in the 
autoöxidation of organic substances, it seems 
reasonable to identify X  as a radical of GS, prob­
ably GSO2, and to write the following reactions as 
the initiators of the catalysis.

Cu++ -f- GS~ Cu++GS“ rapid, reversible
Cu++GS“ ----> Cu+ -j- GS relatively slow
GS +  O2----^  GSO2 rapid

While it is possible to write several series of re­
actions completing the mechanism, it seems advis­
able to await the interpretation of results at higher 
hydroxide ion concentrations before deciding upon 
the most probable reactions involved.

The authors are indebted to Prof. Max Kleiber 
for the use of the Warburg apparatus.

Summary
1. The rate of absorption of oxygen by gluta­

thione in the pH  range 9 to 11 and in the presence 
of copper sulfate catalyst has been measured. The 
effect of changes in copper sulfate and glutathione 
concentrations and oxygen pressure are presented.

2. A rate law and partial mechanism are pro­
posed.
Davis, California Received May 19, 1942

(7) T aube  and B ray, i b id . ,  62, 335 (1940).
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No. 893]

The Relation between Structure and Histamine-Like Activity
By C arl N iem ann  and J ohn  T . H ays

Recently Walter, Hunt and Fosbinder1 re­
ported that the physiological action of /?-(2-pyr­
idyl)-ethylamine is similar to that of histamine 
and that the action of fi- (4-pyridyl) ethylamin e 
resembles that of epinephrine. This striking dif­
ference in the pharmacological behavior of the 
above two isomeric j3-pyridy lethy lamines led us 
to inquire as to the physiological properties of the 
third and remaining isomeric fi-pyridylethylamine,
i. e., fi-(8-pyridyl)-ethylamine in the hope that in­
formation about the latter compound would lead 
to a more general understanding of the relation 
between structure and histamine-like activity.

dl-fi- (3-Pyridyl) -alanine2 was decarboxylated 
using the method of Abderhalden and Gebelein3 
to give fi- (3-pyridyl) -ethylamine. A comparative 
study of the physiological properties of the three 
isomeric /3-pyridylethylamines was undertaken 
by Dr. G. A. Alles of this Institute and it has been 
found that fi- (3-pyridyl) -ethylamine resembles 
fi- (4-pyridyl)-ethylamine in its pharmacological 
properties and does not show any notable hista­
mine-like activity, which characterizes the pharma­
cological action of fi- (2-pyridyl) -ethylamine.4 For 
histamine we may write the three tautomeric 
structures I, II and III. However, it is clear from

H C =—CCH2CH2NH*2
i i

N NH
\ c /

H
II

HC------CCH2CH2NH2
II II
N N

h 2
m

a consideration of the possible resonance forms of 
each tautomer5 and from the bond energies6'7 that

(1) L. A. W alter, W . H . H u n t and  R . J . Fosbinder, T his J ournal. 
63, 2771 (1941).

(2) C. N iem ann , R . N . Lewis and  J . T . H ays, ibid., 64,1678 (1942).
(3) E . A bderhalden  and  F . Gebelein, Z. physiol. Chem., 152, 1.25 

(1926).
(4) T h e  au th o rs  wish to  express th e ir  indebtedness to  Dr. Alles for 

th is  inform ation .
(5) T . H . H ill and  G. E . K . B ranch, Science, 91, 145 (1940).
(6) L. Pauling , “ T h e  N a tu re  of th e  Chem ical B ond ," Cornell U ni­

vers ity  Press, I th aca , N . Y ., 1940.
(7) G. E. K . B ranch  and  M . Calvin, “ T he T heory  of Organic 

C h e m is try /’ P ren tice-H alt, New Y ork, N . Y., 1941.

at equilibrium we need consider only structures 
I and II. Under physiological conditions tauto­
mers I and II will add a proton and exist in the 
form of cations. If we ignore interaction between 
the side-chain and the nucleus, we must assign 
equal weight to each cation, but if we assume that 
side chain-nucleus interaction does take place 
through the medium of an intramolecular hy­
drogen bond, it follows that the cation has the 
structure (IV, V, VI). This ion with respect to

h 2 h 2 h 2
/ c \ / c \ / c \

H C = C  CH2! 1 t
HC— C CH2

i l i
H C = C  CH; 

I f l! ! 1 
HN N +NH,

! ! 1 
HN N+ NH,

1 , f ! 
HN+ N NH;

W  h /
H H H

IV V VI

bond distances and chelation is more nearly re­
lated to tautomer I than to tautomer II. A similar 
chelation is to be expected in the cation of fi-(2- 
pyridyl)-ethylamine. Thus it appears that the 
characteristic pharmacological properties of hista­
mine are associated with structures that have their 
origin in tautomer I and we may look upon this 
tautomer as containing the obligatory structural 
requirements requisite for histamine-like activity.

The similarity of the physiological action of 
histamine and fi- (2-pyridyl)-ethylamine led Wal­
ter, Hunt and Fosbinder1 to conclude that the 
molecular fragment — C H = N —C(CH2CH2NH2)- 
=C H —, which they consider as being present in 
both histamine (tautomer I) and /3-(2-pyridyl)- 
ethylamine, is primarily responsible for the hista­
mine-like activity of these compounds. Taking- 
advantage of the studies of Hill and Branch5 and 
of Schomaker and Pauling,8 we can give greater 
precision to the above conclusion of Walter, Hunt 
and Fosbinder1 by defining the obligatory struc­
tural fragment requisite for histamine-like activity 
as —CH—a—N—b—C (C H2CH2NH2)—c—CH— 
where a =  1.36 ±  0.01 A., b =  1.38 *  0.02 A., 
and c — 1.40 =*= 0.01 A., and when chelation be- 
tween the nitrogen atoms occurs in the cation.

A comparison of the structures that can be 
written for fi- (3-pyridyl) -ethylamine and for

(8) V . Sctiom aker and  L . P au lin g , T h is  Jo u r n a l , 61, 1769 (1939).

H C = C C H 2CH2NH2
I

HN Nw
H

I
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tautomer II reveals that each of these substances 
contains the molecular fragment —CH—a—N— 
b—-CH—c—C (CH2CH2NH2)—. As 0-(3-pyrL
dyl) -ethylamine is devoid of any histamine-like 
activity, we conclude, on the basis of the preceding 
argument, that tautomer II is likewise devoid of 
any histamine-like activity. This conclusion is in 
accord with and supports the previous contention 
that tautomer I is the structure responsible for the 
histamine-like activity of histamine and that the 
principle obligatory structural requirement for 
histamine-like activity is the molecular fragment 
—CH—a—N—b—C (CH2CH2NH2)— CH—.

Experimental9
0-(3-Pyridyl) -ethylamine Dihydrochloride.—A mixture 

of 1 g. of (3-pyridyl) -alanine2 and 20 g. of diphenyl- 
amine was heated to 245-250 0 and maintained at that tem­
perature for two hours.3 The reaction mixture was di­
gested with 40 ml. of 3 A hydrochloric acid and the digest 
allowed to cool to 25° with vigorous stirring. The di- 
phenylamine was removed by extraction with ether, an 
excess of aqueous sodium hydroxide added to the aqueous 
phase and the latter extracted with ether. The ethereal 
solution was dried over sodium sulfate and then acidified 
with dry hydrogen chloride. The amine dihydrochloride 
separated as an oil, which was collected and crystallized 
from 20-25 ml. of hot absolute ethanol. This product 
(0.4 g.) was recrystallized from a mixture of absolute 
ethanol and ether to give /3-(3-pyridyl)-ethylamine dihy­
drochloride, m. p. 195-205° with decomposition.

(9) M icroanalysès by  D r. G. O ppenheim er and G. A. Sw inehart.

Anal. Calcd. for C7Hi2N2Cl2 (195.1): C, 43.1; H, 6.2; 
N, 14.4; Cl, 36.4. Found: C, 43.3; H, 6.3; N, 14.4; 
Cl, 36.4.

Preliminary Pharmacological Report.10—In the cat both 
(3- (3-pyridyl) -ethylamine and /3~ (4-pyridyl) -ethylamine 
are pressor in minimally active and higher doses, being 
about one-fifth to one-tenth as active as /3-phenylethyl- 
amine. In the rabbit the pressor responses are not great 
with minimally active doses and with higher doses an initial 
depressor effect may be noted that is, however, unlike that 
of histamine, and is shown in similar degree by both (3- 
(3-pyridyl)-ethylamine and /5-(4-pyridyl)-ethylamine. In 
sufficient concentration both /3- (3-pyridyl) -ethylamine and 
(3- (4-pyridyl) -ethylamine decrease movement and tone of 
isolated rabbit jejunum preparations. This resembles the 
activity of more than minimally active concentrations of 
d-phenylethylamine, and is the reverse of the effect of 
histamine. No stimulant effect in concentrations up to 
10“ 8 molar was noted upon isolated guinea-pig ileum prepa­
rations though this same concentration of /3-phenylethyl- 
amine causes some increase in tone and concentrations of 
but 10“ 6 molar histamine are very active upon such prepa­
rations.

Summary
(3- (8~ Pyridy 1) -ethylamine has been prepared and 

it has been found that this amine, in common with 
(4-pyridyl)-ethylamine and in contrast to fi- 

(2-pyridyl)-ethylamine, has pressor activity. The 
relation between structure and histamine-like 
activity is discussed.

(10) T h e  au th o rs  a re  indeb ted  to  D r. G. A. Alles fo r th is  re p o rt 
and to  D r. L. A. W alter fo r sam ples of (8-(2 -py ridy l)-e thy lam ine  an d  
8-(4 -pyridy l)-ethy lam ine.

P a s a d e n a , C a l i f o r n i a  R e c e i v e d  M a y  22, 1942

[C o n t r i b u t i o n  f r o m  t h e  R e s e a r c h  L a b o r a t o r ie s  o f  t h e  U n i v e r s a l  O i l  P r o d u c t s  C o m p a n y ]

The Addition of Hydrogen Fluoride to the Triple Bond1
B y A ristid  V. G ro sse1*1 a n d  Carl  B. L in n

We have recently demonstrated2 that olefins 
will add hydrogen fluoride, even in the complete 
absence of catalysts, to give good yields of alkyl 
fluorides. Likewise the cyclopropane ring is 
opened by hydrogen fluoride to give «-propyl 
fluoride. The chemical literature contains no 
reference to a similar addition of hydrogen fluo­
ride to the triple bond. In view of the ease of addi­
tion to the double bond, a similar behavior was 
expected of the triple bond. This proved to be 
the case and we found that unsaturates of this

(1) P resented  before th e  O rganic Section of th e  A merican Chemical 
Society a t its  B altim ore m eeting, A pril, 1939 (see A bstracts, Section 
M ., p. 27).

(la ) P resen t address: D ep artm en t of C hem istry, Colum bia Uni­
versity , New Y ork, N . Y.

(2> A. V Grosse and  C. JJ. Linn, J . ()vgr Chem.. 3, 26 (1938).

type readily add hydrogen fluoride in the absence 
of catalysts, according to the equations

R— C =C — R' + H F  > R— CF=CH— R ' (1)
R— CF=CH— R ' + H F  > R— CF2—CH2—R ' (2)

giving difluorinaied hydrocarbons of the type
R— CF2— CH2— R '

Previous to our investigation only the two sim­
plest3 members of this series were known, namely,
1,1-difluoroethane4 and 2,2-difluoropropane.5 
Subsequently A. L. Henne, in his well known 
studies of aliphatic fluorine compounds, has ex­
tended the reaction of antimony or mercuric

(3) F o r C H 2F 2, see A. L. H enne, T h is  J o u r n a l , 59, 1400 (1937).
(4) A. L. H enne and  M . W. R enoll, ibid., 58, 889 (1936).
(5) A- L. Henne and M* W- Renoll, ib id . ,  5 f, 2434 (1937).
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fluorides upon the corresponding dichloro com­
pounds and recently described6 2,2-difluoro- 
butane and -pentane. 1,1-Difluoroheptane has 
also been reported by him.6

We have accomplished the addition of hydrogen 
fluoride to ethyne, propyne, butyne-1 and -2, pen* 
tyne-1, hexyne-1 and -3 and heptyne-1.

The formation of an unsaturated monofluoride, 
according to equation 1 above, was demonstrated 
only in the case of acetylene where vinyl fluoride 
was isolated. Each of the other alkynes studied 
yielded a saturated compound analyzing for two 
atoms of fluorine in the molecule.

The possibility is not excluded that, under ap­
propriate conditions, the method may be de­
veloped as a means of preparing monofluorides of 
the formula RCF—CHR'.

The addition of both hydrogen fluoride mole­
cules takes place according to MarkownikofTs 
rule and in line with Kharasch’s theory,7 leading 
to the attachment of both fluorine atoms to the 
same carbon atom.

The structure of our difluoroparaffins was 
definitely established in the case of the products 
from ethyne, propyne, butyne-1 and -2 and pen- 
tyne-1 by the identity of their physical proper­
ties with those prepared by Henne’s substitution 
method from dichlorides of known structure (see 
Table I; for ethyne see p. 2291).

Further proof of the above-mentioned reaction 
scheme is the fact that butyne-1 and butyne-2 
hydrofluorinate to give an identical reaction 
product, as can also be seen in Table I. Butyne-2 
can yield no product with a fluorine attached to a 
terminal carbon atom and in this case it is shown 
that the second atom of fluorine entering goes 
to the already fluorinated carbon, as would be ex­
pected.

There is no reason to assume that the entering 
fluorine atoms take different or abnormal posi­
tions in the higher alkynes. A rigid characteriza­
tion of these compounds, however, is hindered be­
cause there is no reaction, as yet, by which a 
fluorine atom in such a molecule may be converted 
into another atom or group.8

Our difluorides are completely inert and do not 
lose hydrogen fluoride, in contrast to alphyl

(6) A. L. H enne, M . W. R enoll and  H. M . Leicester, T his  J o u r ­
n a l , 61, 939 (1939).

(7) M . S. K harasch , E ngelm ann  and  M ayo, J . Org. Chem., 2, 298 
(1937).

(8) Cyclohexyl fluoride read ily  can be converted  in to  cyclohexyl 
chloride by  th e  action  of an tim ony  trich loride (unpublished work of 
th e  au tho rs).

fluorides,2 a point stressed by Henne and Renoll,5 
relative to 2,2-difluoropropane. They have a not 
unpleasant odor, somewhat like straight chain 
paraffins. Their indices of refraction are substan­
tially lower than those of paraffins of equal boiling 
points.

Experimental
Source of Reagents.—The acetylene was from Prest-O- 

Lite welding cylinders. The propyne was prepared by us 
by treating methyl sulfate with sodium acetylide prepared 
according to the directions of G. F. Hennion.9 The other 
alkynes10 were prepared for us by Dr. Hennion at the Uni­
versity of Notre Dame and fractionated before use. The 
anhydrous hydrogen fluoride for all these preparations was 
supplied in cylinders by the Harshaw Chemical Company. 
I t  was over 99% pure and contained only 0.1% of water, 
and less than 0.04% of residue on evaporation at 100°.

The Action of Hydrogen Fluoride on Acetylene.—Pre­
liminary experiments showed that there was no reaction 
when acetylene was passed into hydrogen fluoride at tem­
peratures of —70 and 0°, respectively, although at the 
latter temperature there was some formation of a solid 
polymer. In another experiment a mixture of acetylene 
and hydrogen fluoride in molal ratio 1:3, was passed 
through a nickel reaction tube packed with nickel shavings, 
at a temperature of 300°. At a contact time of five sec­
onds, the acetylene went through unreacted except for the 
formation of a black powder in the heated part of the reac­
tion tube. The exit gas after being freed from hydrogen 
fluoride had a molecular weight of 26 (acetylene = 24) and 
contained no constituent of higher boiling point than acety­
lene. Pressure experiments, however, achieved hydro- 
fluorination of acetylene.

Experiment under Pressure at Room Temperature.—
Into a stainless steel autoclave of 1 liter capacity equipped 
with a mechanical stirrer was charged 128 g. of hydrogen 
fluoride. To this was connected a line supplying acetylene 
under pressure from a commercial cylinder. During the 
course of the reaction the operator was protected by a cur­
tain of steel and remote controls were used. With the 
reactor at room temperature, the pressure was raised to 13 
atmospheres, a temperature rise of 3° being observed. 
The pressure dropped slowly over a period of hours and was 
maintained at 8-12 atmospheres for seventy-two hours, 
during which time the autoclave contents was stirred con­
tinuously. The autoclave was then cooled in an ice-bath 
and the pressure released through a line which scrubbed out 
the hydrogen fluoride vapors, dried the gas; and then 
passed through a trap cooled to —78°. 12 g. of water-
white liquid condensed in the trap. The non-condens­
able gas was shown to be pure acetylene. Inside the auto­
clave was found 30 g. of a polymer, which when washed 
and dried was a brittle brownish-black solid burning with 
difficulty.

The condensable gas was distilled on a low temperature 
Podbielniak column and separated into two constant boil-

(9) Paper p resen ted  before th e  In d ian a  A cadem y of Science a t 
M anchester College, N ovem ber 5, 1937.

(10) A com parison of some physical p roperties of our butyne-1 and 
-2 samples will be given in an o th e r paper.
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ing fractions. Fraction 1, corresponding to 35 mole %, 
boiled at — 72 ° and had a molecular weight of 45 (Dumas), 
while fraction 2, equalling 65 mole %, boiled from —26 to 
—24° and had a molecular weight of 65. Approximately 
15% of the acetylene reacting was converted into these two 
products.

These data check those described by Julius Soli of the
I. G. Trust in a German patent11 for physical constants of 
vinyl fluoride and 2,2-difluoroethane. Soli prepared them 
by the catalytic hydrofluorination of acetylene in the pres­
ence of mercury salts and/or activated charcoal.

Fraction 1 thus corresponds to vinyl fluoride, CF2=C H F 
, mol. wt. 46; b. p. -72 .2  (760 mm.).11

Fraction 2 corresponds to 1,1-difluoroethane, CH8— 
GHF2, mol. wt., 66; b. p. -24 .7  (760 mm.).11

The refractive index (wd) of the 1,1-difluoroethane was 
1.3011 at —72° or extrapolated to room temperature ~  
1.255. As far as we know, this is the lowest index of re­
fraction ever recorded for an organic or inorganic liquid 
compound.

j  MOTOR DRIVE

DROPPING FUNNEL
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COOLED bY DRY JCE
COPPER GLA 55 JUNCT/ON
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*%'^N!CKEL STIRRER

Fig. 1.

The Action of Hydrogen Fluoride on Propyne and Higher 
Alkyl Acetylenes

Description of Apparatus and Procedure.—As shown in 
the attached drawing (Fig. 1) the reaction chamber was a 
nickel cylinder 5 cm. in diameter, 35 cm. high, and open at 
the top. Into this was fitted a rubber stopper carrying an 
oil-sealed nickel stirrer, a dropping funnel, a thermocouple, 
and a “cold-finger” reflux cooled by dry-ice and acetone. 
The cylinder was surrounded by a cooling bath of acetone 
and dry-ice. In the case of propyne the dropping funnel was 
replaced by a copper tube through which the gaseous alkyne 
was introduced directly into the liquid hydrogen fluoride,

A distinct temperature effect was noted during the addi­
tion of alkyne, the operation requiring around forty min­
utes. The reaction appeared to be instantaneous. Stir­
ring was continued for an additional thirty minutes and 
the product worked up immediately. When alkynes above 
propyne were used, cracked ice was added to the reaction 
mixture, it was warmed to 0 ° and poured into a separatory 
funnel where the water insoluble reaction product was 
quickly removed from the hydrofluoric acid, washed several 
times with water, dried with potassium carbonate, and 
then carefully distilled. With propyne, the above proce­
dure had to be modified so that no product was lost during 
the dilution pf the hydrogen fluoride with water. Water 
was added slowly from a dropping funnel in a closed system 
and escaping gas was washed through dilute alkali, dried 
with soda lime and calcium chloride and condensed in a 
trap cooled to —78°.

Anal. The liquid difluorides were analyzed for carbon 
and hydrogen by the technique described by Schiemann and 
Pillarsky,12 using, in addition to copper oxide, both lead 
chromate and silver gauze. The fluorine determination 
was carried out as previously described.13

Results
In our experiments about one-half gram mole 

of the lower alkynes and one-quarter gram mole of
(11) German Patent 641,878.
(12) Schiemann and Pillarsky, Ber., 62, 3043 (1929).
(13) A. V. Grosse, R . C. Wackher and C. B. Linn, J. Phys. Chem,., 

44, 277 (1940).

the hexynes and heptynes were charged into the 
reaction vessel and ten molecular equivalents of 
anhydrous hydrogen fluoride added. The tem­
perature, initially —70°, was controlled by stir­
ring, etc., so that it did not rise more than 5-15°. 
The time of addition varied from one to one and 
one-half hours.

A crude liquid product, insoluble in water, was 
recovered which in every instance weighed 1.24 =±=
0.03 times the weight of the alkyne originally 
charged.

The yield of difluoride based on the alkyne 
charged averaged 65%, but varied between the 
extreme limits of 46% in the butyne-1 case and 
76% in the case of hexyner3.14

The extreme ease of hydrofluorination of the 
higher alkynes, which react instantly and com­
pletely at temperatures as low as —70°, stands 
in contrast to the reaction of hydrogen fluoride 
with acetylene, where hydrofluorination was 
only achieved by the use of relatively high pres­
sures and a long contact time at room tem­
perature. This enhanced reactivity of higher 
alkynes contrasted to acetylene is, however, ex­
perienced in its other reactions, as recorded in 
the literature.

Table I gives the properties of our products as 
determined upon a well-fractionated and sharply 
boiling cut.

As can be seen from Table I the properties of 
difluorides formed from ethyne, propyne, bu­
tyne-1, butyne-2 and pentyne-1 are in general 
agreement with the predicted difluorides prepared 
by the method of Henne and others.

(14) For additional details, see U. S. Patent 2,287,934.
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T a b l e  I

P r o p e r t i e s  o f  D if l u o r o - a l k a n e s  f r o m  R e a c t io n  o f  A l k y n e s  w it h  H y d r o g e n  F l u o r id e

Difluoro-alkanes B. p., °C.
Press.,
mm. </204 n701> n ~26i>

Mol. wt.
Calcd. Found

2,2-Difluoropropane" - 0 .1 760 0.9205°* 1.2904° 1.3036 80.1 79
'(Home’s)6**

2, 2 - D ifluor obutane
- 0 .6 -  0.2 760 .92 1.3043 80.1

from butyne-T 30.4-30.6 747 .9016 1.3133 94.1 93
from butyne-2'* 30.4-30.6 747 .9016 1.3140 94.1 93
(Henne's) 30.8 760 .9012 1.3140 94.1

2,2-Difluoro-pentane 58.2- .8 749 .8904 1.3352 108.1 109
(Henne’s) 59.8 760 .8958 1.3357 108.1

2,2-Difluoro-hexane,: 86.0- 2 750 .8923 1.3535 1.3744 122.1 122
3,3 - D ifiuoro-hexane1 86.0 742 .9024 1.3546 1.3757 122.1 120
2,2 - D iflu or o-hep t ane* 111.7- 9 749 .8889 1.3659 1.3866 136.1 134

a M. p., -104.8°. b M. p. -1 0 5  to -108°. c M. p., -116.9°. d M. p., - 117.1°. * Calcd.: C, 58.97; H, 9.91;
31.12. Found: C,56.4; H, 9.46; F, —34.1. f Calcd. : C, 58.97; H, 9.91; F, 31.12. Found: C, 58.76; H, 9.81;

F, 31.43. • Calcd.: C, 61.70; H, 10.37; 29.93. Found: C, 61.51; H, 10.32; F, 28.17. We prepared about 20.8 g. of 
Henne\s difluoride by treatment of antimony trifluoride with acetone dichloride; its mixed melting point with ours •—108°.

It is important to note that the difluorides from 
butyne-1 and -2 were identical among themselves 
(see Table I; furthermore, the mixed melting 
point —116.9°, i. e., showed no depression) and 
also with Henne’s compound.

By-Products of the Reaction.—The hydro­
fluorination of propyne gave a 61% yield of the 
difluoride, based on the charge. The rest was 
accounted for in an amorphous, light brown solid 
(7 g. from 19 g. of propyne), similar to the solid 
encountered in the acetylene reaction. Elemen­
tary analysis of this solid showed it to have the 
composition: C, 79%; H, 9%; F, 12% (by 
difference) corresponding approximately to the 
formula C0H13F or 3C3H4, HF. In the case of 
alkynes above propyne the crude products on 
distillation yielded liquids of higher boiling 
point, higher refractive index and lower density 
than the main product, indicating alkyne poly­
mers rather than fluorides.

Acknowledgment.—The authors wish to thank

Mr. Willard Mann for assistance with the labo­
ratory work pertaining to this investigation.

Summary
1. A new reaction, the direct non-catalytic, 

addition of hydrogen fluoride to alkynes giving a 
series of difluoroparaffins, of the formula R—CF2- 
—CH2—R', has been described.

2. With the exception of acetylene the alkynes 
studied, namely, propyne, butyne-1, butyne-2, 
pentyne-1, hexyne-1, hexyne-3, and heptyne-1, all 
reacted at temperatures around —70° to give 
good yields of a difluorinated paraffin.

3. The properties of 2,2-difluoro-propane, 
-butane, -pentane, -hexane, -heptane and 3,3- 
difluoro-hexane are described.

4. The hydrofluorination of acetylene was 
accomplished by contacting it with liquid hydro­
gen fluoride in an autoclave under pressure. 1,1- 
Difluoro-ethane and vinyl fluoride were the reac­
tion products isolated.
N e w  Y o r k , N .  Y . R e c e iv e d  M a r c h  16, 1942
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[C o n t r i b u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r y  o f  t h e  U n i v e r s i t y  o f  C a l i f o r n i a ]

Tracer Studies with Radioactive Hydrogen. The Synthesis of Labelled Methyl
Iodide

B y D . H arm an , T . D . Stew art  a n d  S. R u b e n

In connection with our work on the Menschut- 
kin reaction1 2 it was necessary to prepare methyl 
iodide with the methyl group labelled by the 
inclusion of a radioactive carbon or hydrogen atom.

There are two radioactive isotopes of carbon 
whose half-lives are such that they can be used as 
isotopic tracers, C11 (half-life 20.5 minutes) and 
C14 (half-life 103 years). Since the supply of 
C14 is limited we attempted to use the shorter 
lived isotope. The isotopes have already been 
employed in a rapid synthesis of other organic 
compounds.2,3»4

The synthesis of CllH3I used may be summa­
rized by the equations

B. coli
Cn0 2 +  H2-------> H Cn0 2H (1)

HCn0 2H +  CHgOH--- >- HC310 2CH3 +  H20  (2)
CuOCrOg

HCll0 2CHs +  2H2-----------> CnH3OH +  CHsOH (3)
160°

C11HsOH +  HI — > C 11HsI + H20  (4)

The reduction of CO2 to formic acid was ac­
complished by a. fresh suspension of Bacterium 
coli.5’6

While the above process is practicable, the time 
required is about three hours. It was therefore 
decided to label the methyl groups with radioac­
tive hydrogen.7 The half life of H3 is about thirty 
years8 9 and, moreover, samples of high specific 
radioactivity can be prepared. The chief diffi­
culty in the use of H3 is in the measurement. It 
emits very soft beta particles (upper energy limit 
10-15 Kev)7,8,9 and, consequently, it must be 
counted in gaseous form.

With radioactive hydrogen as a tracer for 
methyl groups there are several possible modes of 
preparation in addition to the one above.

HTO
(CHs)N0 2 — — > (TCH2)N0 2  ^ (TCH2)NH2 — >

(TCH2)I (1)
(1) H arm an, S tew art and  R uben , T h is  J o u r n a l , 64, 2294 (1942).
(2) C ram er and  K istiakow sky, J .  Biol. Chem., 137, 549 (1941).
(3) W ood, W erkm an, H em ingw ay, N ier and  Stuckw isch, T h is  

J o u r n a l , 63, 2140 (1941).
(4) Allen and  R uben , ibid., 64, 948 (1942).
(5) Woods, Biochem. J . ,  30, 515 (1936).
(6) W e are indeb ted  to  Professor H . A. B arker for th e  B. coli  and 

for his helpful cooperation.
(7) Alvarez and Cornog, Phys. Rev., 66 , 613 (1939).
(8) O’N eal and  C oldhaber, ibid., 57, 1086 (1940),
(9) B row n, ibid., 58. 954 (1941),

TI
CH2N2 ~— > (TCH2)I ' (2)

TOH HI
CH2N2 — — >  (TCH2)O H ----(TCH2)I (3)

The process used here employs the apparatus de­
veloped for CnH3I, substituting HT for H2.

Experimental
Preparation of C11HaI.—About 50 cc. of the aqueous 

solution of radioactive formic acid was titrated to phenol­
phthalein and the solution evaporated to dryness in vacuo 
at 100°. The residual sodium formate (about 0.5 g.) was 
placed in a semi-micro distillation apparatus and to it was 
added 1 cc. of a solution prepared from 25 g. of sulfuric 
acid and 50 g. of methanol. The first distillate of about 
0.2 cc. was redistilled to give about 0.1 cc. of liquid which 
contained approximately 60% yield of methyl formate. 
This yield could be improved. The ester was converted 
to methanol and methyl iodide by essentially the same 
process as described below for the tritium derivative.

Preparation of (TCH2)I.—The apparatus used, shown 
in Fig. 1, was designed to recover unused radioactive hydro­
gen which was stored in bulb I.

A bulb containing the methyl formate was attached at F 
and cooled in liquid air. The line including J, A and B 
was filled with hydrogen three times and evacuated. 
The line from K to N was swept out with a stream of 
hydrogen. Initially, bulb B is filled with mercury and 
bulb A has only enough to cover the end of the tube lead­
ing from B to A.

The reaction mixture of methyl formate and tritium 
(HT) was prepared in bulb A by admitting the ester to a 
pressure of 7.6 cm. of mercury and transferring the tritium 
with the help of the Toepler pump to give a total pressure 
of 76 cm. of mercury. This mixture was passed over the 
catalyst in C and through the Zeisel apparatus10 at a rate

(10) J. B. Niederl and V. Niederl, ‘‘Organic Q uantitative M icro- 
analysis,” John W iley and Sons, Tnc,, N ew  York, N . Y ., 1938, p. 187.
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of about 10 cc. per minute by admitting mercury from B to 
A. In order to maintain atmospheric pressure mercury is 
added to B through M. The liquid air trap at E condensed 
the methyl iodide formed and unused tritium was returned 
through B eventually to I.

The active methyl iodide containing tritium was made in 
about 2 g. quantities in better than 75% yield. The 
crude material of d2% 1.5268 melted at about —60°. It 
was redistilled and the vapor passed over phosphorus 
pentoxide in vacuo.

Preparation and Use of Catalyst.—The catalyst was 
prepared by dissolving 120 g. of cupric nitrate in 100 cin. 
of water and adding a saturated solution containing 60 g. 
of potassium carbonate at about 50°. The precipitated 
basic copper carbonate was filtered off, washed well and 
dried; 45 g. of the pulverized material was added to 100 cc. 
©f quartz chips (0.5 to 1 mm.) and 50 cc. of chromic acid

solution containing 2 g. of Cr03. The mixture was well 
stirred and dried on a steam-bath. The catalyst chamber 
of 3.5-cc. capacity was filled with this material and the 
catalyst reduced by passing about 20 cc. of hydrogen per 
minute over it at a temperature of 325° for six hours. 
Tank hydrogen was passed over the catalyst at 160 °, the 
temperature used for the reduction of the ester, for two 
hours before each preparation.

Summary
Radioactive methyl iodide has been prepared 

by two processes, the one leading to a compound 
containing short-lived C11, the other to a com­
pound containing radioactive hydrogen. Each 
process is designed for small amounts of material. 
Berkeley, California R eceived June 8, 1942

[Contribution from the Chemical Laboratory of the U niversity of California]

A Study of the Menschutkin Reaction Using Radioactive Hydrogen as a Tracer
B y D. H arman, T. D. Stewart and  S. R uben

The reaction between amines and organic hal­
ides

R3N +  RX — >  R4N+ +  I" (1)

has been the subject of considerable experimenta­
tion and speculation.1-10

The kinetics of this reaction are of particular 
interest because the probability factor in the rate 
expression

= fe(R,N)(RX) = PZe~E/RT (RSN)(RX) (2)

is unusually low, and, moreover, markedly af­
fected by the solvent. For example, in the reac­
tion between C6H5NH2 and CöHsCOC^Br the 
factor P  varies from 4 X 10“n in benzene to 5 X 
10-5 in benzyl alcohol.10

The values of log P  and E  in different solvents 
for the reaction
C6H5N(CH3)2 +  C6H5CH2Br —->

CeHsN+JCHsMCHaCeHs) +  Br“ (3)

as given by V. A. GoFtsschmidt and N. K. 
Vorob’ev9 are reproduced in Table I.

(1) N . M enschutkin, Z. physik. Chem., 6 , 41 (1890).
(2) M oelwyn-Hughes and Hinshelwood, J. Chem. Soc., 239 (1932).
(3) G. E. Edwards, Trans. Faraday Soc., 33, 1294 (1937).
(4) R . G. W. Norrish, ibid., 33, 1521 (1937).
(5) C. N . Hinshelwood, ibid., 33, 970 (1937).
(6 ) M oelwyn-Hughes and Sherman, J. Chem. Soc., 101 (1936).
(7) Stern and Eyring, J. Chem. Phys., 5, 113 (1937).
(8 ) Scatchard, ibid., 2 , 657 (1934).
(9) V. A. Gol’tsschm idt and N . K. Vorob’ev, J. Phys. Chem. (U. S. 

S. R .), N o. 4, 473 (1939).
(10) R . G. Cox, J. Chem. Soc., 119, 142 (1921).

Table I
The Activation E nergy and Probability Factor for 

the R eaction of E quation 3

Solvent
(CHs)2-co CeH6-

COCHj C6H5NO2 CaHsOH
k X 104 (30°) 80.5 84.5 118 650

E 9747 9929 . 11,200 13,800
-lo g  P 4.94 5.08 6.16 8.78

For other types of reaction the value of P  is 
usually close to unity; the very low values in the 
Menschutkin reaction imply that very few “acti­
vated’ ’ collisions result in reaction. Many theories 
have been advanced to account for this abnormal­
ity and the present paper presents experimental 
results which offer a test of some of these explana­
tions.

Moelwyn-Hughes and Sherman6 have assumed 
that at least one of the reactants forms an un­
stable complex with the solvent and that the true 
reactant is this solvated portion. In such a case 
the evaluation of the product (R3N)(RX) of the 
rate expression is in error and the true value of P  
could be unity.

Hinshelwood,5 from a consideration of Euck- 
en’s11 work on the variation of the velocity of 
Sound with frequency in the gas phase, and Nor­
rish,4 by analogy with a number of photochemical 
reactions, account for the apparent inefficiency of 
the activated collisions by assuming an inter­
mediate collision complex which can yield the

(11) Eucken and Jaacks, Z. physik . Chem., B30, 85 (1935).
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final products only if conditions are favorable for 
stabilization of the products. Otherwise the 
complex reverts to the reactants. Norrish, in his 
explanation, invoked the hypothesis of the 
Franck-Rabinowitch cage effect. While this 
hypothesis is very helpful to an understanding 
of what happens before highly activated inter­
mediates (free radicals, etc.) can permanently 
separate, it seems doubtful if it is important in 
considering processes where there is very little 
thermodynamic tendency for recombination of 
the initial products of dissociation, i. e.y where the 
equilibrium state is far toward dissociation.

Edwards3 has postulated for benzene solutions, 
in which the product of the Menschutkin reaction 
is sparingly soluble, that the reaction is primarily 
rapid and reversible. He presumes that the rate 
of the over-all reaction is governed by the rate of 
formation of the solid product.

RsN +  RX 7 "^  R4N 4- +  X - ---->  Solid

The equilibrium in solution favors the original 
reactants. This hypothesis takes the form of those 
above, in that a reversibly formed intermediate is 
involved in the net process.

Experimental Results and Discussion
It is possible to test the theory of a reversibly 

formed intermediate in the Menschutkin reaction 
by allowing an amine to react with an alkyl halide 
which contains a radioactive hydrogen or carbon 
atom. If the nature of the intermediate is such 
that the alkyl groups become spatially equivalent 
with respect to the halide ion before reversion to 
the initial reactants occurs, radioactivity should 
be found in the experimentally unreacted amine 
as well as in the alkyl halide salt. With this in 
mind, methyl iodide containing radioactive hy­
drogen or tritium (H3) was allowed to react with 
trimethylamine and dimethylaniline, respectively, 
in both alcohol and benzene solutions.

Two equivalents of trimethylamine stood for 
three hours in 95% ethanol solution, with one 
equivalent of methyl iodide containing tritium. 
The reaction went to completion and the excess 
amine was examined for tritium content. Less 
than 1% of the activity to be expected on the basis 
of random distribution of the methyl groups be­
tween the amine and methyl iodide was obtained. 
An increase of amine concentration to a five-fold 
excess did not produce detectable interchange. 
The expected radioactivity appeared in the tetra­
methylammonium salt formed in the reaction.

Since the reaction between C e H 5N  ( C H 3 ) 2  and 
C H 3 I  is very slow, the equivalent quantities of 
the reactants were allowed to stand for three 
hours at 25°, and then the unchanged C e H 5 N -  

( C H 3 ) 2  was isolated and examined for radioactiv­
ity. No activity was found.

Ethanol as a solvent could have promoted ion 
separation and stabilized the initial reaction prod­
uct, and, therefore, the reactions were carried out 
in benzene. The procedures used were the same 
as those employed when the reactions were car­
ried out in ethanol except that the reaction be­
tween CêHö—N(CH3)2 and CH3I was stopped 
after thirty minutes, which from previous experi­
ence is just prior to separation of crystals. No 
activity appeared in the unreacted amine in either 
case.

The sparingly soluble active tetramethylam­
monium iodide does not exchange methyl groups, 
at room temperature, with trimethylamine upon 
standing for eight hours in alcohol or for three days 
in benzene. The alcohol soluble tetramethyl­
ammonium chloride was prepared from the active 
iodide; it did not exchange with the amine in 
alcohol solution in eight hours.

It is evident that for the cases studied, no inter­
mediate exists which is rapidly and reversibly 
formed and in which the iodide ion loses its iden­
tity with the methyl group originally present in 
the active methyl iodide.

Experimental
The following procedure was used for both benzene and 

alcohol solutions. Five cc. of 0.2 M  radioactive CH3I 12 
solution was added to 10 cc. of 0.2 M  trimethylamine solu­
tion contained in a 25-cc. flask. After shaking, the mix­
ture was placed in a bath at 25°. When the reaction was 
carried out in alcohol, crystals began to form in about ten 
minutes, but with benzene as a solvent an immediate tur­
bidity was observed. At the end of about three hours, 
by which time the reaction had gone to completion, the 
excess of amine and the solvent were removed from the 
salt by first freezing the contents of the flask in liquid air, 
connecting the latter by a wide bore tube to another flask, 
evacuating the system, placing the liquid air-bath around 
the second flask and gently warming the reaction mixture. 
A quantity of concentrated hydrochloric acid sufficient to 
convert all of the amine to the hydrochloride was then 
added to the distillate and the water and solvent removed 
at 100° under vacuum. When benzene was used as the 
solvent, 10 cc. of alcohol was added so that upon addition 
of the hydrochloric acid a homogeneous solution resulted. 
The flask was then equipped with a dropping funnel, an 
air inlet and a tube leading to a combustion furnace.

(12) D. Harman, T. D . Stewart and S. Ruben, T h is  J o u r n a l , 64, 
2293 (1942).
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Two cc. of 50% potassium hydroxide was added to the dry 
salt and the amine generated was swept through a drying 
tube to the combustion tube by a slow stream of air. Ex­
plosions resulted from the use of pure oxygen or of too rich 
an air mixture. The water formed was collected in a small 
liquid air trap and converted to hydrogen as follows, by a 
procedure worked out by Mr. T. H. Norris of this Labora­
tory. The water was transferred to the bottom of a test- 
tube (29 X 300 mm.) which was then filled with mag­
nesium turnings and connected, in a vertical position, to a 
glass coil which in turn was attached to a high vacuum line. 
After placing the lower end of the tube in liquid air the 
system was evacuated, the glass coil also immersed in 
liquid air, and an electric heater placed around the top 
portion of the tube. When the temperature of the heater 
was constant, at approximately 625°, the liquid air was 
removed from the bottom of the test-tube which was then 
gently heated to vaporize the water. The hydrogen 
formed was collected in a 3-liter flask on the vacuum line 
from which it was transferred to a Geiger counter. The 
counting mixture was composed of about 15 mm. mercury 
pressure of alcohol and 20.0 cm. mercury pressure of hy­
drogen. This procedure required about thirty minutes. 

The data on a typical experiment are
Original reactants

Moles methyl iodide 1.02 X 10“ 3
Moles trimethylamine 2.00 X 10“ 3 
Equiv. of methyl group 7.02 X 10“ 8

Specific radioactivity of hydrogen (counts/min./g. atom) 
From initial methyl iodide 1.85 X 107
From excess trimethylamine <1.46 X 104
Calcd. for random distribution <1.58 X 107

The last figure in the above calculation gives the activity 
to be expected in the excess amine if, during the reaction, 
random distribution (6.00 X 1.85 X 107/7.02) were 
achieved; the activity found corresponds to less than 0.1% 
of that predicted on the assumption. Two experiments 
were made in alcohol and one in benzene, as described 
above. One was made in alcohol in which the concentra­
tion of the amine was five times as great as that of the 
methyl iodide. In all cases there was no exchange within 
experimental error

In order to determine whether the excess amine reacts 
with the quaternary salt

(CH3)4NI +  (CH3)3N — ^  (CH3)aN +  (CH3)4NI
the amine solution was added to some of the salt formed 
from active methyl iodide in a previous experiment and 
whose activity was known. After standing for eight hours 
in alcohol as a solvent, or for forty-eight hours in benzene, 
the amine was removed and its activity, determined as 
above, found to be negligible.

Since tetramethylammonium iodide is not very soluble in 
alcohol or benzene, the experiment was repeated in alcohol

using the corresponding chloride which was prepared from 
the same sample of iodide. No exchange was evident.

To test the possibility that, in the conversion of the 
amine to its hydrochloride and regeneration back to the 
amine, the H of the methyl groups exchanged with those 
of water, a 50% solution was prepared using very active 
water which was then used to regenerate amine from in­
active trimethylamine hydrochloride. The activity of the 
amine was determined in the usual manner and no ex­
change was found.

The procedure for the reaction between dimethylaniline 
and methyl iodide was the same in both benzene and alco­
hol. Ten cc. of 0.2 M  CH3I was added to 10 cc. of 0.2 M  
C6H5N(CHs)2 and the resulting solution allowed to stand 
for three hours. A very few small crystals formed in this 
time, the quantity being greater in alcohol. The solvent 
and unreacted methyl iodide were separated from the 
quaternary salt and unreacted amine under vacuum as 
described above. The amount of methyl iodide in the dis­
tillate was determined as a measure of the extent of qua- 
ternization; about 1% reaction occurred. The amine 
was separated from the quaternary salt by treating the 
mixture with benzene and filtering through a fine sintered 
glass filter. Most of the benzene in the filtrate was re­
moved by distillation, finally at 100 ° and 2-mm. pressure, 
and from a tube which could be placed in the combustion 
tube to burn the residual amine. The activity in the water 
was determined as above, and found to be zero within ex­
perimental error. While little net reaction had occurred, 
no exchange of the methyl groups was found.

Summary
Excess trimethylamine was quaternized by 

methyl iodide in which the hydrogen atoms were 
in part replaced by radioactive hydrogen or 
tritium. All the radioactivity was found in the 
quaternary salt, none in the excess amine. The 
solvents used were alcohol and benzene. Incom­
plete quaternization of dimethylaniline in alcohol 
or benzene produced no radioactivity in the un­
reacted base. It is concluded that for these 
cases there is no reaction intermediate which is 
reversibly formed and in which iodide ion loses 
its identity with the methyl group to which it was 
originally attached. Tetramethylammonium io­
dide or chloride does not methylate trimethyl­
amine in alcohol solution at room temperature 
in eight hours; suspended in benzene no reaction 
occurs in three days.
Berkeley, Calif. R eceived June 8, 1942
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In connection with some experiments on photo­
synthesis in these Laboratories it was found that 
the centrally bound magnesium of chlorophylls 
a or b does not interchange1 with Mg++ at room 
temperature in 80% acetone-water solution. This 
rather surprising result induced us to study vari­
ous other metallo-organic exchange reactions. In 
this paper we report the results of the following 
exchange experiments: (1) Fe+++ and ferri- 
heme, (2) Fe+++ and ferrihemoglobin, (3) Fe++'f 
and ferric pheophytin, (4) Fe+++ and ferric tetra- 
phenylporphyrin, (5) Cu++ and cupric pheophy­
tin, (6) Fe++ and ferrous ortho phenanthroline, 
(7) F e f"f and ferrous a,a'-dipyridyl, (8) Mg++ 
and magnesium 8-hydroxyquinolate.

The first 5 pairs (i. e.y the metallo porphyrins) 
showed no measurable exchange even after long 
periods. The remaining combinations exchanged 
at a slow but easily measurable rate. These re­
sults seem to indicate that structural factors are 
more important than covalent-ionic bond char­
acter in determining the readiness of a metallic 
ion (in a metallo-organic compound) to undergo 
exchange.

Exchange between Magnesium 8-Hydroxyquinolate and
Mg*++.—Since the magnesium in chlorophyll did not 
exchange with Mg++, it was considered of interest to try 
the exchange with the magnesium salt of 8-hydroxyquino­
line. This compound is similar in behavior to the mag­
nesium porphyrins in that they are the only known mag­
nesium compounds which do not form magnesium hy­
droxide when boiled with concentrated alkali.2

Radioactive magnesium, Mg27 (10.2 min. half life) was 
prepared by bombardment3 of metallic magnesium with 
8 m. e. v. deuterons for ten minutes in the 37" cyclotron. 
The magnesium was dissolved in concentrated hydrochloric 
acid, and excess sodium hydroxide added to precipitate 
magnesium hydroxide. The precipitate was filtered, 
washed, dissolved and reprecipitated three times in order 
to remove the last traces of radioactive sodium (Na24) 
which is also produced by the deuteron bombardment. 
The final magnesium hydroxide, rid of Na24, was converted 
into aqueous magnesium chloride and used in this form.

A fresh precipitate of magnesium 8-hydroxyquinolate 
(carefully freed of excess 8-hydroxyquinoline) was shaken 
with Mg*++ for thirty minutes at room temperature. 
The quinolate was filtered off, thoroughly washed and 
found to be strongly radioactive. Indeed, although the

(1 ) Ruben, Frenkel and Kamen, J . Phys. Chem., 46, 710 (1942).
(2) B. J. Miller, Dissertation, U niversity of Chicago, 1931.
(3) The nuclear reactions are D 2 -f- M g2fl ----- >• M g27 -j- H 1 and

M g27 ----- Al27 +  e~.

exchange took place in a two-phase system, the quinolate 
contained ^60%  of the radio-Mg calculated for complete 
interchange.

Fe4"4 K-Ferriheme and Fe+++ -Ferrihemoglobin.—Be­
cause of the above result it seemed pertinent to investigate 
metalloporphyrins other than chlorophyll. As a result of 
their investigations of the magnetic properties of hemo­
globin and its many derivatives, Pauling and Coryell4 
have concluded that the forces holding Fe+++ in ferri- 
protoporphyrin and ferrihemoglobin are ionic. These 
compounds readily lend themselves for investigation, par­
ticularly since a radioactive isotope of iron, Fe8?f of forty- 
seven days’ half-life5 is known. 1.5 X 10"4 mole of Fe*Cl3 
in 0.001 molal hydrochloric acid was added to 3 X 10" 4 
moles of ferriprotoporphyrin dissolved in 95% ethanol. 
After standing for about two months at room temperature 
the alcohol was evaporated off. The Fe*Cls was removed 
from the solid residue with 0.001 molal hydrochloric acid 
solution, the insoluble porphyrin being filtered off. The 
heme was only slightly active, containing 'V2% of the 
Fe*. This small activity could be due to incomplete re­
moval of Fe*Clg.

In a separate experiment, 10" 6 mole of Fe*Cl3 was added 
to an aqueous solution containing 10"5 mole of ferrihemo­
globin6 in a slightly acid solution. After thirty hours at 
room temperature the hemoglobin was precipitated with 
excess trichloroacetic acid and filtered off. The bulky 
precipitate was carefully washed and ignited to yield 
mainly ferric oxide. This preparation was found to be in­
active, containing less than 1% of the radio-iron used. 
This is in agreement with the findings of Hahn, et al.7

Iron and Copper Pheophytins.—The magnesium of 
chlorophyll can be replaced by other metallic ions under 
suitable conditions without removal of the phytol or 
methanol. Such compounds are called pheophytins. 
We have found no exchange between Fe*+++ and iron 
pheophytin or between Cu*4'4 and copper pheophytin, 
even after two days in 80% acetone solution.

Fe+++--FerriC Tetraphenylporphyrin.—This experiment 
was carried out in a 0.02 N  HCIO4-water-ethanol-benzene 
solution in which both ferric and the ferric tetraphenyl- 
porphyrin8 salts are soluble. No exchange of iron (<3%) 
was found after five days at room temperature.

Fe++-Ferrous Ortho Phenanthroline.—The (presum­
ably) octahedral arrangement of the six nitrogens in the 
orthophenanthroline complex forms a rather stable con­
figuration around the central iron ion. I t  was of consider­
able interest to compare the lability of the metallic ion in 
this compound with the various organo-metallo com-

(4) Pauling and Coryell, Proc. Nat. Acad. Sci., 22, 159, 210
(1936).

(6 ) Livingood and Seaborg, Rev. Mod. Phys., 12, 30 (1940).
(6 ) We are indebted to Professor C. D . Coryell for the ferrihemo­

globin and for helpful advice regarding its  use.
(7) Hahn, Bale, Ross, H ettig  and W hipple, Science, 92, 131 (1940).
(8 ) This compound was synthesized by Dr. S. Aronoff, and we are 

indebted to him for his cooperation and generosty.
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pounds reported above. The results are summarized in 
Table I.

Per cent.®
of random

—M olality  of— distribu­
Expt. (C i2H 8N 2)3- Tim e allowed tion of

no. FeSO* FeSO* H  + for exchange Fe* + +

1 0.05 0.05 0.2 5 days 100 =*= 5
2 .026 .022 .05 4 minutes ■ 7  db 2

3 . 0 2 2 . 0 1 2 .05 60 minutes 35 =*= 5
a NH4OH was used to separate ferrous ion and the fer­

rous phenanthroline.

From Table I it is apparent that in aqueous solution at 
room temperature iron is exchanged at a slow but easily 
measurable rate.

Fe++-Ferrous a,a'-Dipyridyl Sulfate.—Ferrous a,a'- 
dipyridyl is somewhat similar to the phenanthroline com­
plex in regard to structure and stability. It was of inter­
est to study this exchange because ferrous c^a'-dipyridyl 
sulfate is known to be diamagnetic and Pauling has con­
cluded9 that the iron-nitrogen bonds are therefore mainly 
covalent. Thus one might be inclined to predict no ex­
change of iron atoms. However, this complex does ex­
change with Fe++ in aqueous solution. The results are 
summarized in Table II.

T a b l e  II
Time 

allowed
✓-------------- M olality  of---------- —* for
FeSCL (CioH8N2)sFeS04 H + exchange
0.016 0.008 0.04 2 hours

Discussion
It is interesting to note that in ferriprotopor- 

phyrin where the iron is held by electrostatic 
forces, no exchange was observed even after two 
months. On the other hand, the a,a'-dipyridyl 
complex, in which the iron-nitrogen bonds are 
mainly covalent,9 undergoes comparatively rapid 
exchange of iron. Apparently structural relations 
are more important than bond type.

The compounds discussed above may be sepa­
rated into two classes: (1) the central metallic ion 
is surrounded by a fused “ring” and (2) the “ring” 
consists of two or more separate molecules. The 
magnesium, copper, and iron compounds of class 
(1) show extraordinary inertness toward metallic 
exchange, while the members of class (2) are far 
more labile in this respect. This difference may 
be due to the fact that for exchange to occur in the 
fused ring structures the four10 metal-nitrogen 
bonds must be broken simultaneously11 while for 
compounds of class (2) stepwise dissociation may 
occur so that in equilibrium with the complex

(9) L. Pauling, "The Nature of the Chemical Bond,” Cornell Uni­
versity Press, Ithaca, N . Y ., 1939, p. 109.

(10) Because of resonance.
(11) W e are indebted to  Professor K. S. Pitzer for this suggestion.

there may be present in varying amounts molecu­
lar species in which the metal is held by 4, 2 or 
fewer bonds.

It would seem that the symmetrical planar 
electrostatic porphyrin ring is sufficiently strong 
at room temperature and moderate pH to prevent 
any reversible equilibrium involving the central 
metal ion. Indeed, we are tempted to generalize 
and say that at room temperature all metallic- 
fused “rings” (porphyrins, porphyrazines, phor- 
bins, phthalocyanines, etc.) will not exchange with 
metallic ions in slightly acid solution. Accord­
ingly, we would predict that disodium phthalo­
cyanine12 will not exchange with Na+.

The inertness of metal porphyrins (and similar 
pyrrole condensed ring structures) toward ex­
change should be of much help in the study of 
certain problems in nuclear physics, namely, the 
search for genetic relations between nuclear 
isomers,13*14 where it is imperative to find a com­
pound that will not exchange with the daughter 
(lower state) isomer.

Acknowledgments.—We are indebted to Pro­
fessors K. S. Pitzer and G. Mackinney for helpful 
discussions, and to Dr. S. Aronoff for his co­
operation. We wish to thank Professor E. O. 
Lawrence and the members of the Radiation Labo­
ratory for making these experiments possible.

Summary
1. Magnesium 8-hydroxyquinolate exchanges 

quite readily with M g++.
2. Neither ferriheme nor ferrihemoglobin, both 

of which are paramagnetic, exchanges with Fe+++.
3. Copper and iron pheophytins also do not 

exchange with Cu++ and Fe+++.
4. Ferric tetraphenylporphyrin does not ex­

change with Fe+++ over a period of five days.
5. Ferrous orthophenanthroline exchanges 

slowly with Fe++.
6. Ferrous a,a'-dipyridyl, which is diamag­

netic, also exchanges slowly with Fe++.
7. It appears that the rate of exchange de­

pends more on structure than on bond type (i. e., 
covalent or ionic).

8. It is suggested that metallo porphyrin com­
pounds may be of help in the search for nuclear 
isomers among the metallic elements.
B e r k e l e y , C a l i f o r n ia  R e c e iv e d  J u n e  9, 1942

(12) Barrett, D ent and Linstead, J. Chem. Soc .,  1719 (1936).
(13) Segre, Halford and Seaborg, Phys. Rev., 55, 321 (1939).
(14) De Vault and Libby, ibid., 55, 322 (1939).

Per cent, 
of random  

distribution ofpe*+++
23 *  5
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Tracer Studies with Radioactive Carbon. The Synthesis and Oxidation of Several
Three Carbon Acids

B y P . N a h in sk y , C. N . R ic e , S. R u b e n  and  M . D . K amen

Many three carbon acids, when oxidized with 
alkaline permanganate, yield one mole each of 
oxalate and carbonate. Interest in the mecha­
nism of these reactions was aroused when it was 
discovered1'2 that with propionate the carbonate 
is derived mainly from the beta carbon rather 
than the carboxyl group. In an attempt to 
learn more about the mechanism, labelled propi­
onate, a- and /3-hydroxypropionates have been 
synthesized and oxidized in the presence of varying 
concentrations of sodium hydroxide.

Oxidation of Oxalate.—It was found by Wood, 
et al.,1 that in 0.1 N  sodium hydroxide the oxalate 
to carbonate ratio was not one, as found by 
McNair,3 but considerably less. This low ratio 
could be due to further oxidation of the oxalate 
since it is well-known that permanganate in acid 
solution oxidizes oxalic acid. Accordingly, the 
oxidation of oxalate by alkaline permanganate 
at 100° was investigated. 0.05 M  sodium oxalate 
was heated with excess saturated potassium per­
manganate in varying concentrations of base. 
After reduction of the excess MnC>4~ by hydrogen 
peroxide at 0° the manganese dioxide was removed 
and washed with distilled water. The filtrate 
and washings were acidified to liberate carbon 
dioxide, which was swept out with nitrogen and 
absorbed in 0.3 N  sodium hydroxide. The 
C03= was precipitated as calcium carbonate, 
filtered, dried and weighed. The data are sum­
marized in Table I.

T a b l e  I
O x id a t io n  o f  O x a l a t e  b y  A l k a l i n e  P e r m a n g a n a t e

NaOH concn. Tim e for
(m oles/1 .) heating, minutes

1 0 -40 60
0 .1  80
2 60

% Oxalate oxidized

19
3
0 « 0 .4 )

a Buffered solution.

It is apparent from Table I that only at low 
hydroxide concentrations is oxalate oxidized at 
an appreciable rate. Thus, in 2 N  sodium hy­
droxide <0.4% of the oxalate was oxidized. This

(1) Wood, Werkman, Hem ingway, N ier and Stuckwisch, T his 
J o u r n a l , 63, 2140 (1941).

(2) Nahinsky and Ruben, ibid., 63, 2275 (1941).
(3) M cNair, ibid., 54, 3249 (1932).

is indeed interesting since it can be estimated4 that 
the standard free energy change for the reaction 
3C2O4-  -f 2M n04~ +  40H “ = 6CO r +  2M n02 +  2H20

(1)
is ~  — 250 kilocalories. The oxidation of oxalate 
cannot be the cause of its low recovery from the 
propionate oxidation. We have found, because 
of the low solubility of sodium oxalate in sodium 
hydroxide solutions, that an appreciable fraction 
is included or otherwise carried down with the 
manganese dioxide precipitate. The oxalate is 
easily extracted from the precipitate by thor­
oughly washing with distilled water at 100°. If 
this precaution is observed, and care is taken to 
exclude carbon dioxide from all external sources, 
the carbonate to oxalate ratio for propionate, 
lactate and /3-hydroxypropionate is 1.00 =±= 0.03 
for hydroxide concentrations of 2 N  and greater.

Synthesis and Oxidation of Propionate.—For 
the experiments described in this paper the short­
lived radioactive isotope of carbon, C11 (20.5 min­
ute half life) was used as a tracer. The C11 was 
prepared by bombardment of boron with 8 mev. 
deuterons. The yield for the nuclear reaction 

iD 2 +  5B10 -— > gC11 +  on1

is appreciable at bombarding energies of ^ 2  mev. 
Although elementary boron gives the highest 
yield of C11, boric oxide or boric acid are more 
satisfactory targets since the newly formed C* 
is expelled under bombardment almost completely 
as volatile oxides of carbon.5'6 Thus the extrac­
tion of the radioactivity was achieved with mini­
mum loss of time. The type of target chamber 
described by Kurie7 was used in this work. The 
active gas, (to which ~ 1 0  cc. of tank carbon di­
oxide was added as carrier) from the target cham­
ber was passed into a heated combustion tube 
containing cupric oxide and oxidized to carbon 
dioxide. The carbon dioxide was trapped in a 
glass spiral immersed in liquid air.

(4) Latimer, "The Oxidation States of the E lem ents and Their 
Potentials in Aqueous Solutions,” Prentice-Hall, N ew  York, N . Y ., 
1938.

(5) Ruben, Kamen and Hassid, T h is  Jo u r n a l , 62, 3443 (1940).
(6 ) Y ost, Ridenour and Shinohara (J. Chem. Phys., 3, 133 (1935)) 

found this to  be the case to a lesser extent when bombarding at lower 
energies and intensity than those employed in our experiments.

(7) Kurie, Rev. Sci. Instruments, 10, 199 (1939).



2300 P. N ahinsky, C. N. Rice, S. Ruben and M. D. K amen Vol. 64

The propionate* was prepared by treating 
CH3CH2MgBr (in ether) with C*02 for a few 
minutes at room temperature. The excess Gri­
gnard was hydrolyzed with dilute sulfuric acid and 
the small amount of unreacted C*02 along with 
the ether was removed by boiling. Propionic acid 
was rapidly distilled (at low pressure) from this 
mixture, excess solid silver sulfate being added to 
prevent the distillation of hydrobromic acid. 
Trial experiments showed no hydrobromic or sul­
furic acid in the distillate and, moreover, the yield 
of labelled propionic acid to be ~95% .

After purification of the labelled propionic acid 
and addition of carrier propionic acid, it was 
treated with a slight excess of potassium perman­
ganate in varying concentrations of sodium hy­
droxide at 100° for periods ranging from one-half 
to two hours. The C11 content of weighed aliquots 
was determined with a thin-wall (0.1 mm. Al) 
Geiger counter. The weighed precipitates ('-'-'0.05 
g.) were firmly and evenly distributed on a 5 X 7 
cm. rectangle of blotting paper and held in posi­
tion with a thin film of Duco cement and covered 
with cellophane. These samples were wrapped 
around the counter so that the most favorable 
geometrical conditions for detection of the 
emitted particles were obtained. The oxalate* was 
precipitated as CaC204*H20 , and counted in the 
same manner. The results are summarized in 
Table II.

T a b l e  II
P e r m a n g a n a t e  O x i d a t i o n  o f  L a b e l l e d  P r o p io n a t e

Concen­
tration  

of NaOH.
Jixpt. m oles/liter

1 10-4-10-6
(HCOs”
Buffer)

2 10-4-10-6
(HCOs"
Buffer)

3 0 . 1

4 2

5 2

6 6

7 1 1

' 8 1 1

Per cent, of C* in aC-ftC rupture
COs" C2O4” «C-COO-  rupture

2 8 .2 71.8

2 7 .6
3 0 .7

28 .9

2 7 .8
3 0 .4
16.5 
14.2  
12.1 }13.1

72.4 
69.3 
72.2 
69.6
83.5
85.8
87.9

71.1 2 .5

5 .1

6.6

If the carbonate were derived only from the 
carboxyl group of the propionic acid, the oxalate, 
of course, would be devoid of labelled carbon. 
From the results shown in Table II it is evident 
that not only does alpha-beta rupture occur two to 
six times as often as alpha-carboxyl scission, but 
that the former process, moreover, is favored sig­
nificantly by increase of OH" concentration.

In addition to the effect of hydroxide ion con­

centration on the splitting ratio, there is a marked 
effect upon the rate of the propionate oxidation. 
The oxidation rate is increased by hydroxyl ion, 
the rate varying approximately linearly with OH"" 
concentrations above 2 N, This fact should be 
contrasted with the effect of base upon the oxida­
tion of oxalate by permanganate, where it is found 
that increasing hydroxyl ion concentration de­
creases the rate of oxidation so that at 2 N  con­
centration there is no observable oxidation. In 
one hour permanganate in 2 AT sodium hydroxide 
at 100° oxidizes ^80%  of the propionate in a 
0.2 M  solution. Under the same conditions a- 
and jd-hydroxypropionate are completely oxi­
dized within a few minutes. It was of interest to 
observe the very large increase in oxidation rate 
brought about by the presence of a hydroxyl 
group in either the a or fi carbons. If lactate or 
/3-hydroxypropionate are intermediates8 in the 
alkaline oxidation of propionate, it follows that 
the attack upon the ethyl group is the slowest 
step in the process.

It is desirable to point out that any possible ex­
change reactions between labelled carbonate ions 
and any of the possible “active” intermediates, 
or oxalate, are excluded by the following experi­
ments: (1) Inactive propionate was oxidized in 
the. presence of radioactive carbonate. The oxa­
late formed during the reaction, as well as the re­
maining unoxidized propionate, was completely 
inactive (<0.01% exchanged). (2) Inactive 
oxalate and radioactive carbonate in 2 N  sodium 
hydroxide, and in contact with freshly precipi­
tated manganese dioxide for one hour at 100° 
did not exchange (<0.01%).

Synthesis and Oxidation of Lactate.—Radio­
active lactic acid was synthesized from Cu0 2 and 
C H 3 C H O  by the method described by Cramer and 
Kistiakowsky.9 The reactions are 

525°
C*02 +  4K +  NH, —— > KC*N +  2KOH +  KH (2) 
C*N~ +  CHbCHO -f HsO CH3CHOHC*N +  OH"

CH3CHOHC *N +  2H20 ---->-
CH3CH0H C*00- +  NEU+ (4)

After addition of carrier lactic acid the labelled 
acid was purified by treating the cyanohydrin 
hydrolysate with decolorizing carbon which con­
tained no acid-soluble impurities. Trial experi­
ments showed that <5%  of the lactic acid was

(8 ; The formation of volatile acids (acetic, etc.) other than carbon 
dioxide during the propionate oxidation could not be detected.

(9) Cramer and K istiakowsky, J. Biol. Chem., 137, 549 (1941).
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absorbed. The radioactive acid was separated 
from the volatile impurities by distillation of the 
clarified solution in vacuo. Cyanide was shown 
to be absent from the high boiling material (any 
cyanide present would be oxidized by permanga­
nate to carbonate, and thereby not only raise the 
carbonate/oxalate ratio but also introduce ex­
traneous C* in the carbonate fraction). Having 
been made alkaline, the high boiling solution was 
extracted with several portions of ether, and was 
freed of dissolved ether by bubbling nitrogen 
through it for ~  ten minutes. The lactate was 
oxidized under the conditions described for pro­
pionate, only a few minutes being required in this 
case. A carbonate to oxalate ratio of 1.00 =±= 0.03 
was obtained when care was taken to exclude car­
bonate from external sources and the purification 
described used.

The results are summarized in Table III.
T a b l e  III .

P e r m a n g a n a t e  O x i d a t i o n  o f  L a b e l l e d  L a c t a t e

NaOH ^
concn. Per cent, of C* in «C-ftC rupture

Expt. moles/1. CO*" C2QV aC-COO rupture
1
2

2
2

35. i \  q
28.8 j

64-9 ) 68 x 
71.2 ƒ b8,1 2.1

3 12 34.8 ' 65.2 '
4 12 37.8 ► 32.2 62.2 • 67.8 o 1
5 12 29.0 71.0 Zt. 1.

6 12 27.4 72.6 ,

It seems, within the experimental limits of error, 
that hydroxide ion has little or no effect on the 
aC-pC rupture to aC-COO~ rupture ratio. A 
comparison of Tables II and III shows that al­
though the ratios for propionate and lactate in 
2 N  sodium hydroxide are about the same, the 
propionate oxidation alone exhibits a marked re­
sponse to concentrations of QH~ greater than 2 N.

Synthesis and Oxidation of 0-Hydroxypropio- 
nate.—0-Hydroxy propionate10 marked with C11 
in the carboxyl position was prepared from C*N“ 
and CH2CICH2OH by the reactions
CH2OHCH2CI +  C*N~ — > CH2OHCH2C*N -f~ Cl“

(5)
CH2OHCH2C*N +  OH- +  h2o —>-

CH20HCH2C*00““ +  NHS (6)

The alkaline solution of KC*N prepared by 
Cramer and Kistiakowsky’s method9 (equation
4) was evaporated almost to dryness, and the 
residue taken up with a small volume of absolute 
alcohol containing 2-chloroethanol.11 After being

(10) Jacobs and Heidelberger, T h is  Journal., 39, 1469 (1917).
(11) Eastman K odak Co. product redistilled, and having a boiling 

point of 128-129°.

refluxed at 100° for forty minutes, the solution was 
cooled to 0°, and 0-hydroxypropionitrile was 
added as carrier for the labelled nitrile. The 
solids separating out on cooling were removed, 
and alcohol, water and some 2-chloroethanol were 
distilled from the clear solution in vacuo. Next, 
the remainder of the 2-chloroethanol and the 0-hy- 
droxypropionitrile were vacuum distilled off, and 
a second distillation of this mixture was made to 
separate the two. Carbonate-bicarbonate buffer 
solution was added to the alcoholic solution prior 
to the first distillation in order to prevent distilla­
tion of any formate* formed by hydrolysis of 
cyanide* ion. In the final distillate no HC*N 
could be detected using the sensitive Prussian blue 
test. In order to obtain 0-hydroxypropionate*, 
the pure nitrile* was hydrolyzed in concentrated 
sodium hydroxide solution for ten minutes at 
100°. As in the case of the other acid anions, the 
carbonate to oxalate ratio obtained on oxidation 
was found to be 1.00 =*= 0.03 when precautions 
were taken to exclude carbon dioxide from ex­
ternal sources. The results are given in Table
IV.

T a b l e  IV
OXIDATION OF LABELLED p-riYDROXYPROPIONATB

NaO H  
concn., 

Expt. moles/1.
Per cent, of C* in  

COa” Ca04“
atC-ftC rupture 

/JC-COO-  rupture
1 2 28.7 ƒ 28.9 71.3 \
2 2 29.1 70.9 J
3 12 30.0 |  26.8 70.0 \
4 12 23.6 76.4 ƒ

Discussion
Aside from the fact that the a-0 carbon bond 

is broken about two and one-half times as often 
as the a-carbon~carboxyl bond, it is surprising that 
at moderate hydroxide ion concentrations all 
three acid anions yield the same result. This 
suggests that under these conditions lactate or 0- 
hydroxypropionate are intermediates in the oxi­
dation of propionate. The finding that at con­
centrations of OH“ above 2 N, propionate under­
goes even greater preferential a-0 rupture while 
lactate and 0-hydroxypropionate exhibit no such 
effect indicates that in highly alkaline solution the 
a-0 bond in propionate is broken before either of 
these positions is hydroxylated.

Although the oxidation of propionate, lactate 
and 0-hydroxypropionate is quite complicated, it 
may be profitable to formulate a sequence of pos­
sible intermediates. The outline suggested below 
correlates the results obtained thus far, and also
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leads to further predictions and suggests future tion of H3C—C—COO which due to the un- 
experiments. H

T e n t a t i v e  F o r m u l a t io n  o f  P r o p io n a t e  O x id a t io n  b y  
A l k a l i n e  P e r m a n g a n a t e

" CH3 
CH~
I

L coo-

co3-
— COO- 
(4) I

c*oo-

shared electron pair may be more suscepti­
ble to oxidation.

Summary
1. Methods for the rapid synthesis of 

CH3CH2C*OOH, CH3CHOHC*OOH, and 
CH2OHCH2C*OOH using Cu0 2 are de-

4- OH' (3)-H 20)
CHs
I

c h 2

C*00~
(1)

CHs
ICHOH
c*oo-

(2)n

(5)

co3- ch2oh
+  — I—
COO- —  ch2 — >
I (10) I (9)
c*oo~ c*oo-

CHs
CO
I
c*oo-

(7)f
c*oo-
ICO
Ic*oo~

(6) !

COs
+
coo­

es)

c*oo-

c*o«- +

The mesoxalate formed from pyruvate by step 
(7) is “symmetrical” and therefore the C* con­
tent of the carbonate and oxalate formed in (8) 
will be equal. It is evident from Tables II, III 
and IV that the rate of (6) is almost equal to the 
rate of (7), and (10) proceeds at approximately 
the same rate as (9). In other words the a-fi link 
is often ruptured before mesoxalate is produced. 
While the ratios of (6)/(7) and (9)/(10) are inde­
pendent of the hydroxide concentration, step (3) 
is favored over (1) and (2) by increasing alkalinity. 
The primary step in (3) is the reversible removal 
of hydrogen ion by OH “ resulting in the forma-

scribed.
2. Oxidation of these acid anions by 

alkaline permanganate yields one mole of 
carbonate and oxalate each.

3. Oxalate is remarkably inert to alka­
line permanganate (2 N  in sodium hydrox­
ide) even at 100°.

4. For propionate in hydroxide solu-
Cocr tions of from 10”4 to 2 N  concentration 
I ~71%  of the carbonate is derived from the
c*oo~ /3-carbon. At higher hydroxyl ion concen­

tration the a-/3 carbon bond is brokèn even 
more preferentially.

5. No exchange between C *03== and C204== 
could be detected.

6. With lactate and /3-hydroxypropionate, 
^70%  of the carbonate originates from the /3- 
carbon, and this value, within the experimental 
error, is unchanged by altering the hydroxide ion 
concentration from 2 to 12 N.

7. The results indicate that with propionate
the a-$ carbon bond is broken in strongly basic 
solutions before either a- or /3-hydroxypropionate 
can be formed as an intermediate in the oxidation. 
B e r k e l e y , C a l i f o r n ia  R e c e iv e d  J uly' 6, 1942

[C o n t r i b u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r ie s  o f  H a r v a r d  U n i v e r s i t y ]

Use of Deuterium as a Tracer in the Claisen Rearrangement

B y G. B. K istiakowsky and R obert L. T ichenor

In the mechanisms proposed for the Claisen 
rearrangement1 the assumption is made that the 
hydrogen atom displaced by the migrating allyl 
group moves to the oxygen atom of the resulting 
phenol. It was thought that definite evidence of 
the movement of the displaced hydrogen atom 
could be obtained by using deuterium as a tracer. 
We have, therefore, carried out the rearrangement 
of the allyl ethers of 2,4,6-trideutero-phenol (I)

(1) D. Stanley Tarbell, Chem. Rev., 27, 495 (1940).

and 4-deutero-2,6-dimethyl-phenol (III). Our 
results are summarized in Table I.

o—ch2—ch= ch2 O D|
x A x Y V
U U

D D

II Ü ] h-
t

bH I I

rn(x =  CHa) —>  iv



Oct., 1942 2303Use of D euterium as a Tracer in the Claisen Rearrangement

OD

c h 2—c h ===c h 2
IV

The acetate of IV formed during the analysis 
for phenolic deuterium showed no detectable deu­
terium content (analysis by combustion and infra­
red absorption, estimated «  0.25% deuterium 
in the resulting water).

T able I

Expt.

% D in  
indicated  
positions

% D on 
oxygen after 

rearrangement
N o. Compound Calcd.a Found& Calcd. Found

1 Allyl 2,4,6-tri- 51 51 51 15e

2

deuterophenyl
ether

77 70 70 52
3 77 70 70 52
4 2~Allyl-4,6-di- 50 2.5C

5
deuterophenol 

Allyl 4-deutero-2,6- 7 2 .3  <20d <20 15

6

dim ethylphenyl
ether

72 < 20<* <20 13
° Assuming equilibrium between the indicated positions, 

the phenolic hydrogen (the phenol was deuterated before 
the ether was made) and the heavy water. Losses in 
alkylation were neglected. 6 Calcd. from total analyses 
(combustion) and assumption all the deuterium was on the 
indicated positions. c After heating the phenol, not after 
a rearrangement; see text. d These are upper limits 
assuming all the deuterium in the 4-position. If the 
methyl groups had been deuterated a far higher value 
(factor of 21) should have been found. * This low value 
can be attributed to poor technique in this first experi­
ment.

This result together with 5 and 6 of Table I al­
low us to conclude that in the rearrangement of 
III all the displaced hydrogen goes to the oxygen; 
none is to be found elsewhere in the molecule. 
We may also conclude that the structure of III 
is correct, i. e., that deuteration of the methyl 
groups and the meta positions was negligible.

From results 2 and 3 of Table I we see that 74% 
of the displaced hydrogen of I moves to the oxy­
gen, but some 26% is unaccounted for. The low 
figure may be due to (1) loss of deuterium by ex­
change during evolution of hydrogen chloride 
(see analysis) or (2) to some exchange with other 
hydrogen of the molecule subsequent to rear­
rangement. Reason (2) is partly excluded by 
result 4 of Table I. (1) is reasonable in view of 
the known exchanges of esters.2

(2) H sü, Ingold and W ilson, J .  Chem. Soc., 79 (1938).

Kincaid and Tarbell3 have found that the rate 
of ortho rearrangement is first order. It is un­
likely that a unimolecular reaction proceeds by 
two paths of nearly equal free energies of activa­
tion. Our results with III indicate that its re­
arrangement proceeds by a single path. In view 
of these two facts we are rather inclined to say 
that the rearrangement of I goes by a single path 
and that our low results can be attributed to ex­
perimental errors.

Result 4 of Table I shows that negligible ex­
change occurs between the phenolic hydrogen 
and deuterium in the ortho and para positions of
2-allyl phenol when the phenol is subjected to a 
heat treatment equal to that employed in the 
rearrangement of I.

Our picture of the movement of the hydrogen 
atom in the para rearrangement is not that of a 
directed jump, but rather that the proton is dis­
placed by the migrating allyl group and subse­
quently finds its way to some oxygen anion.

Experimental
Deuteration of Phenols.—Ordinary phenol was deuter­

ated by exchange with heavy water in the presence of 
hydrogen chloride for the time (two hours) and tempera­
ture (100°) shown by Koizumi4 to be necessary for a t­
taining equilibrium. Best and Wilson5 6 have shown that 
only the ortho and para positions of phenol are deuterated 
under these conditions. 2,6-Dimethylphenol was deuter­
ated by allowing it to exchange with heavy water for thirty 
hours a t 100° in the presence of hydrogen chloride. No 
previous work has been done on its deuteration and we 
made no direct determination of the amount of substitu­
tion, but subsequent analyses of the ethers showed that 
the methyl groups and the meta positions did not ex­
change. We can explain the very low amount of deuterium 
in the 4 position (<20%  instead of a calculated 72%) by an 
increased rate of loss during the formation of the ether or 
by a failure to attain equilibrium in the initial exchange. 
These analyses of III (Table 1) are an upper limit and thus 
prove that the methyl groups and the meta positions are 
not deuterated.

Preparation of Ethers.—13.5 g. (0.34 mole) of sodium 
hydroxide, 25 cc. of water, 15 cc. of freshly distilled allyl 
bromide, 25 cc. of acetone and 10 g. (0.106 mole) of 2,4,6- 
deuterophenol (or 13 g. of 2,6-dimethyl-4-deuterophenol)6 
were added quickly in this order to a 3-neck, 250-cc. flask 
equipped with a wire stirrer, reflux condenser and dropping 
funnel. The mixture was stirred and refluxed for two 
hours, cooled, extracted with petroleum ether, and the 
extract washed with sodium hydroxide, then with water 
and finally dried over magnesium sulfate (neutral drying

(3) K incaid and Tarbell, This J o u r n a l , 61, 3085 (1939).
(4) M asao Koizum i, Bull. Chem. Soc., Japan, 14, 353 (1939).
(5) A. P. B est and C. L. W ilson, J .  Chem. Soc., 28 (1938).
(6 ) W e wish to  thank Dr. W. E . Vaughan and th e Shell D ev elo p ­

ment Co. for the gift of 2 , 6  -dim ethylphenol.
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agent to slow exchange). After concentration on the 
steam-bath the allyl phenyl ether was distilled at a pres­
sure of 10 mm. (2 mm. for allyl 2,6-dimethylphenyl ether) 
through a small Podbielniak column. A faint yellow 
color persisted in all our preparations of allyl 2,6-dimethyl­
phenyl ether. All the other compounds were colorless and 
all of them had boiling points and refractive indices in 
agreement with those in the literature.

Rearrangement.—The purified ether was placed in a 
clean Pyrex tube, cooled, evacuated, frozen and melted 
under vacuum to remove dissolved gases and then sealed 
off. The tube was heated in a Wood’s metal bath until 
samples of the non-deuterated phenyl ether, rearranging 
simultaneously, were found to be almost entirely soluble in 
20% sodium hydroxide solution. Bath temperatures and 
times: allyl phenyl ether, 280-240°, five to six hours; 
allyl 2,6-dimethylphenyl ether, 190-200 °, four to five hours.

Analysis of Phenolic Hydrogen.—Three to four grams 
of the product of rearrangement, 3 cc. of acetyl chloride 
and a boiling chip were placed in the reaction bulb of a gas 
train, and the hydrogen chloride which evolved was 
swept through a dry ice-acetone-cooled trap to remove 
acetyl chloride, and was collected in a liquid air trap. The 
liquid air trap was then cut off from the gas train, evacu­
ated and the gas allowed to evaporate into the evacuated 
infrared absorption cell. A reservoir of ordinary hydrogen 
chloride was connected to the filling system so that the 
pressure in the cell could be increased if insufficient gas 
was obtained from the phenol. When hydrogen chloride 
was added from the reservoir, the gases were mixed by 
freezing down in a liquid-air trap.

The infrared absorption of the resulting mixture of 
hydrogen and deuterium chlorides was measured over the 
absorption region for both components (3.46 and 4.8/A7 
The measurements were made a t a total pressure of 368 
mm. with a cell 20 cm. long. From the infrared absorp­
tion plates a curve of absorption percentage vs. wave length 
was obtained, and by measuring the area of the bands we 
can estimate the concentration of deuterium by comparing 
the area with the areas observed when known concentra­
tions of deuterium were present. In determining the area 
of an absorption band there is considerable uncertainty in 
determining the base line (the blank). I t  was found that 
this base line apparently varied as the cell was used, and, 
therefore, in all measurements the edges of the absorption 
curve on either side of the absorption region were used as a 
base line. This was probably the greatest source of error 
in the analyses. The accuracy of analysis of a deuterium 
chloride-hydrogen chloride mixture was not better than 
=*=5% but was sufficient for the present purpose.

Hydrogen Chloride and Deuterium Chloride.—Hy­
drogen chloride was obtained by dropping hydrochloric 
acid onto sulfuric acid. Deuterium chloride was made by 
the method of Langseth and Klit.8 The resulting gas prob­
ably contained traces of sulfur dioxide. The thionyl chlo­
ride which we used was purified as recommended by Fieser.9

(7) W e used the instrum ent described by Gershinowitz and Wil­
son, J. Chem. Phys., 6 , 197 (1938). We wish to  thank Professor E. 
Bright W ilson, Jr., for advice and help in operation of the spectro­
graph.

(8 ) A. Langseth and. A. K lit, Kgl. Danske Videnskab. Selskab. 
Math.-fys. Medd., 15, No. 13, 22 (1937); Chem. Abs., 32, 2515 (1938).

(9) Fieser, ‘‘Experiments in Organic C hem istry,” D. C. Heath and
Co., Boston, 1935, p. 339.
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Analysis for Deuterium on Carbon.—Nuclear deuterium 
was determined by combustion and the density of the 
resulting water found by the falling drop method or by use 
of the interferometer.10

Acetate of 4-Allyl-2,6-dimethylphenol.—As a check on 
the course of the reactions used to produce hydrogen 
chloride, the resulting acetates were purified and identified 
by their physical constants or by analysis. The acetate of
4-ally 1-2,6-dimethylphenol is a new compound, a colorless 
oil, b. p. (2 mm.) 105-110°, bath temperature 146-160°, 
n™D 1.5050. Anal. Calcd. for Ci3H160 2: C, 76.42; H, 
7.90. Found: C, 76.81; H, 8.33. The phenol from 
which this acetate was prepared was carefully purified and 
found to melt at 26-27°, n 25D 1.5356. The phenylurethan 
of this phenol melted at 137-139° (uncor.) after two re­
crystallizations from ligroin.

Polymerization During Rearrangement.—We were 
troubled at first by a polymerization of allyl phenyl ether 
similar to that described by Hurd.11 Occasionally, some 
would polymerize during the rearrangement, whereas 
much of our material gave 95% yields of the expected 
phenol. I t  was found that the addition of one drop of 
allyl bromide to 2 g. of the ether (which was known to re­
arrange normally) produced polymerization. None of the 
other reactants or products acted in this manner. Careful 
removal of allyl bromide during distillation (prevention of 
diffusion of allyl bromide from first fraction into Inter frac­
tions in the multiple receiver of the still by removal of first 
fraction before completing the distillation) gave, in all 
cases, an ether which rearranged without darkening or 
polymerization.

Summary
1. The deuterium atom displaced by the mi­

grating allyl group in the Claisen rearrangement 
of allyl 4-deutero-2,6-dimethyIphenyl ether be­
comes the phenolic deuterium of the product.

2. It has been shown that the bulk of the deu­
terium displaced by the migrating allyl group in 
the rearrangement of allyl 2,4,6-trideuterophenyl 
ether becomes the phenolic deuterium of the prod­
uct. It is likely that all the displaced deuterium 
becomes phenolic deuterium.

3. Phenolic tautomerism of 2-allylphenol was 
not observed to occur to an appreciable extent on 
heating for the time and temperature necessary to 
rearrange allyl phenyl ether (six hours at 210- 
230°).

4. A new method for estimating the deu­
terium content of hydrogen chloride-deuterium 
chloride mixtures has been outlined. It has been 
used in estimating the deuterium content of phe­
nolic hydrogen.
C a m b r id g e , M ass. R e c e iv e d  J u n e  6 , 1942

(10) W e thank Edward S. Lewis for the use of his apparatus and 
for the analysis of several samples. The apparatus is described by 
K eston, R ittenberg and Schoenheimer, J. Biol. Chem., 122, 227 
(1937).

(11) Charles D. Hurd and Louis Schmerling, T h is  J o u r n a l , 59, 
107 (1937).
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[C o n t r i b u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m is t r y , N e w  Y o r k  U n i v e r s i t y ]

Solubility of Potassium Iodate and Zinc Iodate in Dioxane-Water Mixtures; Effect
of Sorting of Solvent Molecules

B y  J. E. R icci and  G. J. N e sse

In the further study of the relationship between 
the solubility of electrolytes and the dielectric con­
stant of the medium, measurements have been 
made of the solubilities of potassium iodate and 
zinc iodate in dioxane-water mixtures at 25° 
over the complete range of concentrations from 0 
to 100% dioxane at intervals of 10% by weight; 
the measurements thus extend over a dielectric 
range from 2.10 to 78.55. The results have been 
used to test the empirical relation between the 
solubility of slightly soluble electrolytes and the 
dielectric constant of the solvent, previously re- 
ported by Ricci and Davis.1 An attempt has 
also been made to estimate the mean ionic radius 
of these salts by using the Debye expression for 
the distribution of solvent molecules in a dielec­
tric mixture around ions,2 in conjunction with the 
fundamental Born equation relating electrolyte 
solubility, ionic radius and dielectric constant.3

Materials.—A c. p . grade of potassium iodate was used 
both for the solubility determinations and for the standard­
ization of the silver nitrate solution used in the analyses.

The zinc iodate was prepared by mixing dilute solutions 
of sodium iodate and zinc nitrate in stoichiometric propor­
tions. The solutions were poured slowly into a large 
beaker with constant mechanical stirring. The zinc iodate 
was obtained by evaporating some of the liquid, filtering, 
washing and drying at 100°. Volumetric analysis by the 
method described below gave a value of 99.3% Zn(I03)2; 
the additional 0.7% probably represented water not readily 
driven off by heat without decomposition of the salt.

The dioxane was purified and its purity verified as de­
scribed in similar investigations.4

Solubility Determinations and Analysis.—Mixtures of 
dioxane and water, prepared in the desired proportions by 
direct weighing, were stirred with excess of the salt, in 250- 
ml. glass-stoppered Pyrex bottles. To avoid the introduc­
tion of foreign matter into the solutions, vaseline was 
omitted entirely in stoppering the tubes containing solvents 
of high dioxane ratio. Sufficient time (two to seven days) 
was allowed for the attainment of equilibrium, which was 
verified by determining every solubility from both under­
and super-saturation.

For the analysis of the saturated solutions, gravimetric 
methods were first tried, but discarded. Precipitation and 
weighing of the iodate as the silver or lead salt from solu­
tions containing zinc ion, gave low results, possibly be-

(1) J. E. Ricci and T. W. Davis, T h is  J o u r n a l , 62, 407 (1940).
(2) P. Debye, Z. physik. Chem., Cohen Festband, 56 (1927).
(3) M . Bom , Z. Physik, 1, 45 (1920).
(4) T. W. Davis and J. R, Ricci with C. O. Sauter, T hxs Journal,

4UL 3274 (1939).

cause of co-precipitation of zinc iodate. Iodometric 
titration also was discarded because of the difficulty in­
volved in removing the interfering dioxane. Precipitation 
of barium iodate followed by iodometric titration of the 
washed precipitate also gave low results. The method 
finally used involved reduction of iodate to iodide by so­
dium bisulfite, the excess of reagent being removed by 
acidification and boiling with dilute sulfuric acid. Except 
in high dioxane solvents (>  77% for potassium iodate, 
> 40%  for zinc iodate), in which the solubilities are very 
low, the resulting iodide solution was then analyzed volu- 
metrieally, a t a pH of 9-10, by titration with standard 
silver nitrate, with eosin as indicator. An appropriate 
blank was calculated from a series of standardizations 
against pure potassium iodate similarly treated. For the 
very low solubilities the iodide was determined gravi­
metrically as silver iodide; the relative precision of some 
of these results is very low compared to the volumetric 
determinations.

Although the literature reports a di-hydrate of zinc 
iodate,® the solid phase in the present experiments was 
apparently the anhydrous salt. The solid residue from 
several of the solubility determinations was analyzed after 
filtration and centrifuging, giving an average of 99.3% 
Zn(IOs)2, ranging between 99.0 and 99.5%. K I0 3 is 
known to form no hydrates, and no analysis was made of 
this salt as solid phase.

The results of the solubility determinations are given in 
Table I6; each value is the average of at least one deter­
mination from each direction of approach to equilibrium. 
In the iodometric determinations the agreement between 
such values was about 2/1000 for potassium iodate and 6- 
7/1000 for zinc iodate. The gravimetric determinations 
were less precise. The necessary densities required for the 
calculation of molarities from weight percentages were

T a b l e  I

S o l u b il it y  o f  P o t a s s iu m  I o d a t e  a n d  Z in c  I o d a t e  i n  
D i o x a n e - W a t e r  M i x t u r e s , a t  25°

Wt. % Dielectric KlOa Zn (1 0 3 ) 2
dioxane constant w t .  % M oles/1. W t. % M oles/1.

0 78.55 8.472 0.4238 0.6410 0.01548
10 69.71 5.300 .2598 .3746 .00910
20 60.81 3.172 . 1531 .2301 .00562
30 51.91 1.815 .08770 .1158 .00285
40 43.00 0.8855 .04273 .0572 .00142
50 34.28 .4712 .02277 .0244 .000605
60 25.86 .1350 .00653 .0090 .00022
70 17.70 .0384 .00186 .0030 .000075
80 10.72 .0060 .00029 .0017 .000042
90 5.61 .0012 .000059 .0008 .000019

100 2.101 .0000 .00000 .0000 .00000.
(5) Mylius and Funk, Ber., 30, 1723 (1897).
(6) All information concerning the dielectric constant of d ioxan e- 

water mixtures is taken from the measurements of G, AkerJlof and. 
O. A. Short, T h is Jmn&WAi,* 66? 1.241 (1936).
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determined by weighing appropriate filtered samples of 
the solutions delivered from calibrated pipets.

On the Rule of Constant Activity Coefficient. 
—The results have first of all been used in testing 
further the empirical rule of constant activity 
coefficient for the calculation of solubilities.1 It 
has been noted in many cases that the activity 
coefficient of a slightly soluble electrolyte in its 
pure saturated solution is practically constant, 
independent of the dielectric constant of the 
medium. Hogge and Garrett7 have recently re­
ported such behavior for thallous chloride in 
alcohol-water mixtures up to 60% alcohol, and the 
same has also been observed for silver acetate in 
dioxane-water mixtures up to 50% dioxane.8 This 
rule of constant activity coefficient for an elec­
trolyte at saturation, which is here being tested 
again, is still purely empirical. Although an 
analogy with the behavior of weakly solvated 
sols has been pointed out by W. Ostwald,9 a theo­
retical explanation of this rough constancy has 
not yet been found. Ostwald had noted, for 
weakly lyophilic sols such as arsenous sulfide, 
that the activity coefficient of electrolytes at con­
centrations causing coagulation is independent 
of the type of electrolyte and of the dielectric con­
stant of the solvent.10

log D .
Fig. 1.—Solubility of potassium iodate in dioxane-water 

mixtures at 25°: A represents eq. 1, with 0% dioxane as 
reference; B, with 50% dioxane as reference.

As has already been shown,1 the assumption of 
such constancy of the activity coefficient offers a 
simple way of predicting at least approximately 
the solubility, S2, in any medium of dielectric 
constant D2, from the solubility, Si, in a reference 
medium of dielectric constant Di, inasmuch as

(7) E. Hogge and A. B. Garrett, T h is  J o u r n a l , 63, 1089 (1941).
(8) J. E. Ricci and A. R. Leo, J. Phys. Chem., 45, 1096 (1941).
(9) W. Ostwald, Koll. Z , 94, 1 69 /1941).
(10) W. Ostwald, J. Phys. Chem., 42, 981 (1938); cf. refs. 8  and 9 

for other references.

by the application of the Debye-Hückel limiting 
law, it follows that

log S2 = log Si +  3 (log D2 ~  log Dt) (1)

According to this equation the solubility in a 
series of media of varying dielectric will be given, 
on a plot of log M  vs. log D, by a straight line with 
a slope of + 3  and passing through whichever 
point is taken as the reference solubility. Figure
I represents the observed solubilities for potassium 
iodate in the dioxane-water mixtures as compared 
with the straight line expected according to 
equation (1): A, with the solubility in pure water 
as reference; B, with that in 50% dioxane as refer­
ence. On either basis, solubilities in the various 
media may be calculated and compared with the 
observed, the ratios of calculated to observed 
solubilities being summarized for both salts in 
Table II. The agreement is satisfactory at least 
as to the order of magnitude, and is about the 
same for both the valence types involved and 
despite a great difference in the actual solubili­
ties of the two salts; the calculation furthermore 
is independent of any knowledge of ionic diameters 
necessary for the application of the theoretical 
equation of Born. The largest deviations in Table
II are for zinc iodate in very high dioxane solvents, 
where, it must be pointed out, the experimental 
error is probably great. The best straight line 
drawn through the data for potassium iodate has 
a slope of about 3.5 as compared to 3 as required 
by the equation; the zinc iodate points likewise 
best fi t a straight line with a slope of ~  3.5.

T a b l e  II
T e s t  o f  E q . (1 ) :  R a t io  o f  C a l c u l a t e d  t o  O b s e r v e d  
S o l u b i l i t i e s ; A  w it h  P u r e  W a t e r , B w it h  50% 

D i o x a n e , a s  R e f e r e n c e

Wt. % KlOi Zn(IOs) 2
dioxane A B A B

0 0.7 0.5
10 1.1 .7 1.2 ,6
20 1.3 . 8 1.3 .6
30 1.4 .9 1.6 .7
40 1.6 1.1 1.8 .8
50 1.5 2.1
60 2.3 1.6 2.5 1.2
70 2.6 1.4 2.4 1.1
80 3.6 2.3 0.9 0.4
90 2.6 1.7 .3 .1

This at least approximate linearity between log 
M  and log D  indicates at once that the usual Born 
equation, requiring a linear relation between log 
M  and 1/D, must fail. Furthermore, it is inter­
esting to note that because of a substantially
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linear relation between log D and mole fraction of 
water in the solvents, the solubilities as log M  are 
also related roughly linearly to mole fraction of 
water. These relations are shown simultaneously 
in Fig. 2, where the linearity is seen quite clearly 
if the points in almost pure dioxane, in which the 
determinations are themselves somewhat doubt­
ful, are disregarded. The slopes of these curves 
( ^  — 7) are again the same for the two salts.

Fig. 2.—Relation between log M, log D, and Xu mole 
fraction of water in dioxane-water solvents: A, K I03; 
B, Zn(I03)2.

The Born Equation.—In Fig. 3 the results 
are plotted in accordance with the usual Born 
equation

log Si/S2 = 0.4343 Ne2 z+z- 
aRT i k ~ k ) (2)

in which the change of solubility depends upon the 
ionic diameter, a; the symbols N, e, z, R, T  have 
their usual meaning. The theoretical limiting 
slopes have been calculated with 2.5 A. as a prob­
able value of a for both salts, by analogy with 
similar electrolytes such as barium iodate4 and 
iodic acid,11 giving slopes of 97 and 194 for potas­
sium iodate and zinc iodate, respectively. It is 
again seen that except in very low dioxane sol­
vents, the Bom formula predicts solubilities in 
general far too low. Actually, the limiting slope 
for the potassium iodate data, as plotted on Fig. 3, 
corresponds to a value of only ~ 1 .9  A. for the 
diameter a.

Correction for Solvent Segregation around 
Ions.—Since the simple Born equation as just 
used assumes media of uniform dielectric constant, 
it should be possible to explain part of the dis­
crepancy between observed and calculated solu­
bilities in these cases by taking into account the 
non-uniformity of the dielectric constant in the

(11) S. N aid ich  an d  J . E. R icci, T his Journal, 61, 3268 (1939).

D jDh 2o

Fig. 3.—Observed solubilities compared with predictions 
of eq. 2: A, KIOs; B, Zn(X03).

vicinity of charged ions in media consisting of 
two solvents. We have, therefore, attempted to 
apply Debye's original treatment2 for the calcu­
lation of this sorting or selective concentration of 
the more polar solvent by ions in mixed solvents, 
in order to see to what extent this factor might 
account for the deviation from the simple Born 
equation, and in order to derive, if possible, by 
means of this treatment, following the suggestion 
of Dunning and Shutt,12 a value for the mean ionic 
radius of the electrolytes involved, since Debye's 
equation requires the sorting of the solvent mole­
cules to be a function of the radial distance from 
the center of the ion.

According to Debye, this distribution of the two 
components of a mixed solvent (component 1 hav­
ing the higher dielectric constant) is given as a 
function of the ionic charge, the distance from the 
ion and certain properties of the binary mixture, 
by the following equation, which we shall call the 
Debye equation

e2Zj% /v2 dD 
SwRTD2\vi 8ci

The subscripts refer to the two components of the 
mixed solvent; the quantities *2, Vi, Vi and D  
are values of mole fraction, partial molal volumes 
and dielectric constant, at the distance r from the 
center of the ion of valence 2*; xl and xl are the

(12) W . J . D unning and  W . J . S h u tt ,  T r a n s . F a r a d a y  S o c ., 34,
1192 (1938).
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over-all mole fractions, or x at r =  «> ; c\ and y?, 
moles of each component per cc. of the mixture.

Since the distribution of dielectric will not be 
the same in two different mixtures of two solvents, 
it will be necessary to calculate this distribution 
and from it to calculate the corresponding value of 
the free energy change between a solvent of uni­
form dielectric (H20  as reference, for example) 
and a mixed solvent of varying dielectric (or with 
D as f(r))9 and if necessary, for each separate ion, 
inasmuch as this distribution varies with the 
valence of the ion.

A simplified form of this equation is suggested 
by Scatchard,13 for cases in which d(l/D )/dc2 =  a 
constant, K f when it follows that

‘( 5  In 4  -  in\v 1 *?
ehi%K  

8a - R T
(4)

As seen in Fig. 4, this constancy holds only very 
roughly and for low concentrations of dioxane, in 
the present system.

Ci -
0.02 0.04 0.06

Fig. 4.—Variation of D and of 1/D with respect to 
moles of component per cc., in dioxane-water system: 
A, 1/D with c2, moles of dioxane per cc.; B, D with c2; 
C, D with Cu moles of water per cc.

4; they have the values +  1656 and —7550, re 
spectively, for mixtures from 0 to 60% dioxane.

The data for the physical properties of the 
system water-dioxane required for Fig. 4 and for 
the use of eq. (3) were taken from the literature.14 
The distribution (r for various values of x\ and 
x2 and hence D as a function of r) was calculated 
for a univalent ion (s* =  1), in three chosen mix­
tures of dioxane and water, namely, the 20, 50 and 
80% dioxane mixtures (see Table III).

The curve for the distribution around a uni­
valent ion in 50% dioxane is shown in Fig. 5 
(curve A), together, for comparison, with the 
curves, R, for the value of (1 / D r 2) around such an 
ion in pure water, i. e.9 a uniform medium with a 
constant value of D  =  78.55, and C, for that in 
a uniform medium with D  =  34.28, the over-all 
limiting value of the dielectric constant in the 
50% mixture.

T a b l e  III
S o l v e n t  S e g r e g a t io n  i n  W a t e r - D io x a n e  M ix t u r e s  
A r o u n d  U n i v a l e n t  I o n s , C a l c u l a t e d  t h r o u g h  E q . (8 ) 
% Dioxane . . . . .  20 50 80

X‘z r, A. LO4/D r 2 r, A. lOV Dr* r, A. to y  Dr*
0.00001 1.79 39.7 1.70 43.8 1.63 49.6

.0001 1.94 34.0 1.81 38.8 1.68 45.1

.001 2.17 27.1 1.97 32.9 1.79 40.1

. 005 2.50 21.0 2.16 28.0

. 01 2.76 17.6 2.29 25.6 1.98 34.3

.02 3.27 13.3

.03 3.93 9.69

.04 5.19 5.79

.0425 6.05 4.38

.0450 9.77 1.71

.04667 CO 0
(=  x t 20% D)

.05 3.02 18.2 2.38 29.1

.10 4.08 12.7 2.78 26.1

.15 6.44 6.43

.16 7.86 4.52

.165 9.49 3.17

.169 14.60 1.36

.1699 oo 0
(=  J450% D )

2 3.94 21.4
3 5.54 16.6
4 8.81 9.79
42 10.40 7.61
44 14.23 4.41
45 00 0

( -  *2.80%D)

It is, therefore, necessary to use the original 
Debye equation, for which, fortunately, it is 
found that the derivatives dD/dci, and cLD/dcg are 
quite constant, up to 60% dioxane, as seen in Fig. 

(13) G. Scatchard, J* Chem , Phy**t 9, 34 (1941).

Considering separate ions (z+ and z-)  and sep­
arate media (Dx and ZXj), the Born equation may 
be written as follows

(14) Dielectric constant from ref, 6 ; densities and partial molal 
volumes from H. Hovorka, R . A. Schaefer and D. Pm abaoh, T m*

9% g$64 (1936); '99, 2763  (1937),
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vjrz+ 2&r

J9 2 ? 2 ï 2 l n  S ®

Here v+ and v~ are the number of positive and 
negative ions formed from the molecule of the 
electrolyte and r* is the effective ionic radius of 
each ion in each medium.

If D2 =  f(r) from r* to r0 and is practically equal 
to the over-all Z>2 at r =  r0, and if Dx is independ­
ent of r, as is assumed to be the case with water 
as the reference medium, we then have, for a 1:1 
electrolyte, in which the distribution of D in a 
mixture is the same for both ions

and for a 2:1 or 1:2 electrolyte

} dr
D%r2

f -  dr_\
Jn

(6)

Ne2 ”4
( P  ^  +\A < (d=s) Ar* ^

f  _dr_
2 RT 3 ro( =h 2) ^ 2f2

dr . 2  (  CH dr T
.,r W +  3 ( i , ( ± i ) IV3

j A l _  f " drJr*(* i , ' r\-.

In (Si/St)

(7)

X
ro

are to be evaluated graphically in each case from 
the area below the curve of 1 /D r2 against r, as 
plotted in Fig. 5. The limits, r* and r0, are taken 
in each case as those values of r where 1 /Dr2 ap­
proaches the limit of the corresponding value for 
H2O, at the same r, (r*-), and where 1 /D r2 ap­
proaches the limit of the corresponding value for 
20% or 50% dioxane (r0). The values of these 
integrals together with the limits used in their 
graphical evaluation, are shown in Table IV.

r(2) — 2r(i); whence (8a)
1 /Dr2(2) = (1/2) 1/Dr2(i); and (8b)

J = 2 ƒ D^T) (8c)
in which the integration is performed up to the 
same value of x2 or of D.

r, A.
Fig. 5.—Solvent distribution in 50% dioxane-water, 

around univalent ions: Curve A, calculated from Table I I I ; 
B, for uniform D = 78.55, as in pure water; C, for uni­
form D = 34.28, as in 50% dioxane-water.

The values of log S1/S 2 then calculated through 
equations (6) and (7) are shown in Table V. These 
values refer to 25°, with water as the first medium, 
(Di = 78.55 and assumed uniform throughout).

Table V
.R e s u l t s  Calculated b y  E qs. (6) and (7)

M ix tu re , % E le c t ro ly te  ty p e L og  ( S 1/ S 2)

20 1/1 0 .125
1 / 2 .203

50 1/1 .521
1 / 2 .839

80 1 / 1 1.95
1 / 2 3 .1 5

T able IV
Values R equired i n  E qs. (6) a n d  (7)

Mixture,
% Si r i ra 10T  ^
20 1 2 9 55.7

2 3 7 .5 27.9
50 1 2 8 70.3

2 2 .5 10 52.2
80 1 1.75 14 167.2

2 2 .5 20 119.0

The calculations for the case of z- =  2 are sim­
plified by noting that for fixed values of xx and x2y 
and hence of D, in a given solvent mixture, the 
corresponding radial distances, f(2> and r(1), from 
the centers of divalent and univalent ions, respec­
tively, are related as follows

Before testing these calculated ratios on the ob­
served solubilities, it must be pointed out that 
the Born equation refers theoretically to solu­
bilities in zero ionic strength, je; comparisons of 
actual solubilities simply neglect inter-ionic ef­
fects. The solubilities have therefore all been 
corrected to m =  0, by means of the usual Debye- 
Hiickel expression

log S»** 0 = log S (352.6/JDVa)/*1/*
1 +  (2.914 a/D lh ) ^ h (9)

and using the values of a cited above in connection 
with equation (2). The results of these correc­
tions and of the application of the ratios of Table 
V, are shown in Table VI. The solubilities of the 
salts silver acetate, silver sulfate and barium
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iodate, in dioxane-water mixtures, are taken from 
ref. 4. The third column in this table, “Obs.” 
5 ^ 0 , lists the actual solubilities as corrected to 
jjl =  0 through eq. (9),. Column 4 lists the corre­
sponding solubilities, also at fi =  0, calculated in 
each case from the limiting aqueous solubility 
through the ratios of Table V. Column 5 shows 
that with the exception of the 1 :2 electrolytes in 
very high dioxane solvents, the solubilities thus 
calculated are distinctly too high, whereas (col­
umn 6) solubilities calculated through the un­
corrected Born equation (equation 2) are in 
better agreement with observation in the 20% 
mixture, but distinctly low in higher dioxane 
ratios, as may be seen of course from Fig. 3.

T a b l e  V I

T e s t  o f  t h e  C a l c u l a t e d  R a t i o s  o f  T a b l e  V
((AU „ Ratio,

Solvent, 0 b s - Ratio Born —

Salt oxane m oles/1 . 9 11 0 "Obs.” "Obs.”
KIO» 0 0 .2590

2 0 .0937 0 .194 2 . 1 1 . 2

50 .0136 .0780 5 .7 0 .4 8
80 . 0 0 0 2 0 .0029 14.5 .O4 2

AgC 2Ha0 2 0 .0531
2 0 .0282 .0398 1 .4 1 . 1

50 .00623 .0160 2 . 6 .76
80 .00036 .00060 1 .7 . 0 0 1 1

Ag2SO* 0 .0157
2 0 .00516 .00984 1 .9 .54
50 .000433 .00228 5 .2 .017
80 .000016 . 0 0 0 0 1 1 0 .7 •°136

Zn (103)2 0 . 0 1 0 1 0

2 0 .00378 .00634 1 .7 .51
50 .000436 .00147 3 .4 .014
80 .000025 • 0 571 0 .3 •Old1

B a (I 0 3) 2-H20 0 .03729
2 0 .03230 .000457 2 . 0 .60
50 .04258 .000106 4 .1 .018
80 .O5 6 O .0 652 0 . 1 • 0 i37

The value of log {Si/S2) according to the simple 
Born equation, without taking into consideration 
the dielectric distribution resulting from solvent 
segregation, is proportional to the area in Fig. 5 
between curves B and C, while according to the 
modified equation (6 and 7) log Si/S2 is measured 
by the smaller area between the water-curve B 
and the curve A for the actual mixture. The cor­
rection is therefore seen to be in the right direction, 
increasing the calculated solubilities in low dielec­
tric mixtures. But it was expected that this cor­
rection would account for only part of the dis­
crepancy noted in the last column of Table VI and 
Fig. 3, inasmuch as it seems that still another 
factor would tend to increase the solubility over 
that calculated on the ionic basis, namely, the as­
sociation of ions in low dielectric solvents. The 
present calculations, however, show a distinct

and rather large over-correction. The apparent 
agreement obtained in the case of the 1:2 elec­
trolytes in very high (80%) dioxane solvents, 
resulting from the lower and hence “better” cal­
culated solubilities for these cases, must evi­
dently be attributed to the strong influence here 
of ion association, because of which the observed 
total or analytical solubilities should always be 
greater than the ionic concentrations calculated 
theoretically.

This general over-correction means that the 
area between curves A and B of Fig. 5 is too 
small. One purpose of these calculations was to 
estimate if possible the effective value of r* re­
quired to change this area in order to reproduce 
the observed value öf log Si/S2 between 0 and 
20% dioxane, and, furthermore, by repeating the 
process for the ratio between 0 and 50% dioxane, 
to test the constancy of such a radius in media of 
varying dielectric. Such an application of the 
Debye equation, no. 3, was in fact made by 
Dunning and Shutt12 to the solubility of silver 
chloride in water and in 1 M  aqueous urea. Al­
though they were able to derive thereby a value 
for the mean ionic radius of silver chloride in good 
agreement with crystallographic data, the ap­
plicability of the equation to the case of a mixture 
consisting of two solvents in which the second com­
ponent (urea) has the higher dielectric constant, 
has been questioned by Scatchard.13 In the pres­
ent case, however, it is obviously impossible to 
find a value of r* satisfying the observed ratio of 
solubilities. At r =  2-2.5 A. (the limit from 
which the integration is made), the curve for the 
mixture (curve A, Fig. 5) is already indistinguish­
able from that for pure water, both for the 20 and 
for the 50% solvents, so that the area between the 
curves cannot be extended by assuming smaller 
values of rt-; any larger value for r* of course in­
creases the over-correction by decreasing this area.

We thus meet with two unexpected results: 
(1) the application of the Debye equation for the 
distribution of molecules of a mixed solvent 
around charged particles leads to calculated effects 
distinctly greater than the observed excess of 
solubility above the simple Born equation; (2) it 
is apparently impossible to estimate the “ionic 
radius” by this method, inasmuch as the actual 
ion appears to be so intensively selectively sol­
vated by the more polar solvent, that it may be 
said that the concept of effective ionic radius 
here loses its meaning.
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The first of these results is somewhat surprising 
inasmuch as it had been believed that the correc­
tion would account for only part of the actual 
discrepancy. The most probable defect in the 
Debye treatment is the neglect of the discrete 
structure of the mixed solvent.13*15 The corpus­
cular or discontinuous nature of the mixture prob­
ably demands a statistical treatment taking into 
account the actual size, shape and polar properties 
of the solvent molecules. The other factor ex­
plicitly neglected by Debye is the electrostriction 
or dielectric saturation of the solvent molecules 
attached to ions. The magnitude of this effect is 
difficult to estimate13 but may be appreciable.16 
It would seem, however, that such an effect, like 
the Debye segregation effect itself, would contrib­
ute further to the similarity in the dielectric prop­
erties of the medium immediately surrounding the 
ions, in a series of mixtures of two solvents. It 
would consequently lead, probably, as does the 
present calculation of the Debye effect, to the 
prediction of still smaller changes in solubility 
between one mixture and another, and thus in­
crease rather than cancel the over-correction.

Concerning the second result, it is of interest to 
note a similarity between the results of the Born 
equation when corrected for the non-uniformity of 
mixed solvents and the empirical relation of Ricci 
and Davis.1 In both cases the solubility in other 
media may be predicted from the solubility in 
water or in some reference medium without pre­
vious knowledge of the always uncertain quan­
tity, ionic diameter. It is obvious that variation 
of fj between 1 and 2.5 A. will hardly change the

(15) O. Halpern and P. Gross, J. Chem. Phys., 2, 184 (1934).
(16) H. S. Frank, T h is  J o u r n a l , 63, 1789 (1941).
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value of the integrals involved in the examples dis­
cussed. While this does not suggest a theoretical 
reason for the useful empirical equation, it does 
suggest that there is very possibly a fundamental 
reason why the effect of the ionic diameter may 
disappear when the solubilities are compared in 
different media of mixed solvents.

Summary
1. The solubilities of potassium iodate and 

zinc iodate have been determined at 25° in mix­
tures of water and dioxane, up to 100% dioxane.

2. The results are used to test further the em­
pirical rule of the constancy of the activity coeffi­
cient of electrolytes at saturation. The agreement 
between observed and calculated solubilities is 
satisfactory, at least as to the order of magnitude 
for both salts.

3. The results are also used to test the applica­
bility of the Bom equation when modified for 
the segregation of solvent molecules by ions in 
mixed solvents, in an attempt to account at least 
in part for the generally large negative error in 
the calculated solubilities in low dielectric media. 
When this distribution of dielectric is calculated 
according to the original Debye treatment, the 
solubilities now predicted for mixtures of low di­
electric constant are higher than the observed, 
indicating an over-correction from the applica­
tion of the distribution equation.

4. A similarity between the results of the cor­
rected Born equation and the empirical relation of 
Ricci and Davis is pointed out, in that in both cases 
the solubilities calculated seem to be independent 
of the value attributed to the “ionic radius.”
New Y o r k , N. Y. R e c e iv e d  J u n e  16, 1942
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[C o n t r i b u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m i s t r y , C o l u m b ia  U n i v e r s it y ]

Kinetics and Equilibria of the Carbinol Formation of Phenolphthalein
B y M arion IX B arnes and V ictor K. L aM er

Introduction
That phenolphthalein fades in concentrated al­

kali was first observed by A. von Baeyer.1 The 
rate of fading and the position of equilibrium were 
investigated colorimetrically by Kober and Mar­
shall.2 They attributed the fading process to the 
reaction of equimolecular proportions of alkali 
and the red form to yield a tribasic salt of phenol- 
phthalic acid and formulated the process as

h
R“+  OH“ ROH- (1)

h
R“ is the colored form, k\ is the molar rate con­
stant for the formation of the carbinol ROH®, 
and ki is the corresponding constant for the reverse 
reaction. Biddle and Porter3 observed that the 
molar rate constant, kh increased with increasing 
concentration of alkali but did not account for 
this behavior. Thiel and Jungfer4 concluded 
from a spectrophotometric study of the reaction 
that hydroxyl ion reacts with both the colored 
phenolphthalein ion and a colorless lactoid phenol­
phthalein ion to produce the triply charged car­
binol.

Lund5 measured the rate of fading of phenol­
phthalein at various sodium hydroxide and so­
dium chloride concentrations, and properly as­
cribed the increase in molar rate constant with

_ _ _ _ _ _  Fig‘ L
(1) A. von Baeyer, Ann., 202, 36 (1880).
(2) K ob er and Marsha!!, T h is  J o u r n a l , 33 , 59 (1911).
(3) Biddle and Porter, ibid., 37, 1571 (1915).
(4) Thiel and Jungfer, Z. anorg. Chem., 178, 62 (1929),
(5) X*uad, Chem. S o t . (London)* 1844 (1930).,

increasing sodium hydroxide to a Brönsted pri­
mary salt effect.6 He employed the Brönsted- 
Debye Limiting Law (B. D. L. L.) as a means of 
determining the number of charges on the reactant 
phenolphthalein ion from the quantitative de­
pendence of the rate of reaction upon the concen­
tration.

However, on plotting his data for log ku 
against the square root of the ionic strength, V/x, 
he obtained the surprising result that the limiting 
slope was unity. This slope is one-half that re­
quired by the B. D. L. L. for a reaction between an 
ion of charge —2 and a hydroxyl ion. Since the 
B. D. L. L. has been abundantly confirmed in all 
cases where the charge type is definitely known, 
one would be forced to conclude that the reactant 
ion of phenolphthalein has a charge of — 1 instead 
of —2.

This behavior became even more anomalous 
when LaMer and Amis7 demonstrated that the 
B. D. L. L. was obeyed precisely for the rate of 
carbinol formation of Brom Phenol Blue (B. P. B .). 
The theoretical limiting slope of two (2.02) which 
was obtained shows that the reactant B. P. B. ion 
possesses a charge of —2. Phenolphthalein and 
B. P. B. are structurally similar. Aside from 
bromine substitution in the phenolic rings and 
the presence of a sulfonic acid instead of a car­
boxylic acid radical they possess identical tri­
phenylmethane structures.

The two dyes differ, however, in color and 
acidic properties. B. P. B. is a relatively strong 
acid which dissociates hydrogen ions in a dilute or 
weakly acid solution whereas phenolphthalein is 
a much weaker acid which dissociates hydrogen 
ions only in alkaline solution as shown by the titra­
tion curve in Fig. 1. The estimated value of 
K i/K i i=o 4 from the titration curve is in accord 
with the colorimetric determinations of the ratio.8 
We also find that a red color appears on the addi­
tion of less than 0.10 mole of hydroxyl ion per mole 
of phenolphthalein. At first sight this observa­
tion might be taken as indicating a charge of less 
than 2 for the red ion.

(6 ) Brönsted, Z. physik. Chem., 102, 169 (1922); 115, 337 (1925); 
LaMer, Chem. Rev., 10, 179 (1932); J. Franklin Institute, 225, 709 
(1938).

(7) LaM er and Amis, This J ournal, 61, 905 (1939).
(8 ) R osessiem , ibid., 84, 1117 (1.912).
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Bury’s resonance theory,9 however, requires 
that the colored form of phenolphthalein should 
have a charge of —2. This is clearly inconsistent 
with Lund’s data which we have been unable to 
reconcile with the requirements of the theory by 
recalculation. The data of Lund are inadequate 
to establish the mechanism of carbinol formation 
for phenolphthalein since the equilibrium con­
stant was not measured in order to obtain ki from 
k[ +  fe by a rigorous mathematical method. 
The present investigation has been undertaken to 
determine the charge of the reacting ion from the 
Brönsted-Debye limiting law and to establish 
experimentally a mechanism for this carbinol for­
mation which is consistent with well established 
electrostatic and kinetic principles.

Experimental
A Coleman Double Monochromator Photoelectric Spec­

trophotometer (Model 10-S) was used to measure the 
transmittanees of the colored solutions. The transmit­
tance measurements are accurate to =*=0.1%. The in­
strument was equipped with specially designed water- 
jacketed absorption cells (cuvettes) for accurate tempera­
ture control. The wave-length scale was calibrated against 
a didymium glass filter using a slit of 30 mju width.

Phenolphthalein was twice recrystallized from absolute 
methanol, m. p. 261-262° (cor.). The absorption maxi­
mum was 550 mju. The stock solution for the fading runs 
consisted of 0.1721 g. of phenolphthalein in 100 cc. of 50% 
aqueous ethanol solution. For the regeneration reactions
0.1721 g. of phenolphthalein was dissolved in 100 cc. of 1 
M  NaOH and used after at least one hour and not more 
than eight hours. This carbinol solution was palè pink 
initially, due to traces of unfaded phenolphthalein, but 
after about twelve hours showed an increasing absorption 
at 425 mju, indicating some further reaction. All regenera­
tion experiments were accordingly made on freshly pre­
pared solutions.

Sodium hydroxide solutions were prepared by the 
method of Sorensen10 and stored in paraffin-lined bottles 
protected from carbon dioxide. They were standardized 
against B. of S. potassium acid phthalate and showed
0.4% residual carbonate by a differential titration.

Neutral sodium chloride solutions were employed.
The temperature was maintained constant to =*=0.005° 

and standardized against a B. of S. platinum resistance 
thermometer.

Calibrated hypodermic syringes11 were used to deliver 
small quantities of reagents accurately.

In a typical fading experiment 1 cc. of phenolphthalein 
stock solution was added to approximately 499 cc. of 
sodium hydroxide solution of such a strength that a con­
centration of 0.006 to 0.02 M  sodium hydroxide was 
obtained on making up to volume. The solution was 
mixed rapidly and an absorption cell filled therewith.

(9) Bury, T h is  J o u r n a l , 57, 2115 (1935).
(10) Sorensen, Biochem. Z., 21, 168 (1909).
(11) Chaney, Ind. Eng. Chem., Anal. Ed.. 10, 326 (1938).

The remaining solution was placed in a paraffin-lined 
paper milk container in the thermostat. The measure­
ments of the transmittance of the solution which required 
approximately one and one-half minutes each, were made 
every fifteen minutes over a period of about three hours. 
The cuvette with water circulating around it continuously 
was replaced in the thermostat between observations.

The regeneration runs were made by diluting 1 cc. of 
stock solution with dilute sodium hydroxide of such 
strength that concentrations of 0.006 to 0.020 M  were 
obtained on making up to volume.

A Beckmann pH  meter was used to measure pH's. No 
correction for sodium ion was made. The glass electrode 
yielded stable readings in the alcohol-water solution.12

Calculation of Rate and Equilibrium Con­
stants.—The differential expression describing 
the rate of fading formulated in (1) is

—d [R“ ]/d* = ki [OH~ ] [R“ ] — [carbinols ] (2)
where “carbinols” is written instead of ROH33 to 
indicate the possibility of a mixture of carbinols in 
solution. The concentration of hydroxyl ion, 
[OH“], being sensibly constant during the course 
of a run, the reaction follows a first order course. 
For convenience in treating the data, k[ was set 
equal to ki [OH“] . The concentration (C) of dye 
at any moment is related to the transmittance 
(T) by Beer’s law

C -  kB log T  (3)
For a reversible pseudo-unimolecular reaction, 
integration of (2) gives

(4)

where ce is concentration of carbinols at equilib­
rium and c is concentration of carbinols at time t. 
Substitution of equation (3) in (4) gives

k{ +  k%
2.303 , Rog 7Vo -  log FR  

~ ~ T  log L log -fT~  loiTT'J (4a)

where Tt « 0> Tti Te are, respectively, the trans­
mittance for time zero, time t and equilibrium. 
The complex reaction velocity constant k{ +  
is given by the slope of the curve obtained by 
plotting time in minutes against log (log Tt — log 
Te) and was proven to be independent of the di­
rection from which equilibrium is approached.

The equilibrium constant is calculated from
[Carbinols] _  [log 7V 0 — log Te] (cs 

° ~  [R- ] [OH- ] [log T. ] [OH- ] w
The concentration of carbinols is the difference in 
concentration of colored ion initially (when none 
has faded) and at equilibrium. This value is the 
ordinate obtained by extrapolating the plot of 
equation (4) to zero time.

(12) S. T . Schicktanz and A. D. Etienne, Ind. Eng. Chem., 29, 157 
(1937):
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Values of the molar rate constant are calculated
from

b — ~t~ k%
1 “  [OH'] +  1 /K c (6)

Results
The colored form of phenolphthalein obeys 

Beer’s law over the range of concentrations con­
sidered in this investigation: namely, up to
l .  34 X 10“5 m./l. (Table I). The values of Tt =  0 
are extrapolated values since concentrations of 
hydroxyl ion, insufficient to convert all phenol­
phthalein to the colored ion, are sufficient to cause 
appreciable fading of the latter during the time of 
observation. The value of ks =  —1.63 X 10~5
m. /l. is considered the most accurate, being meas­
ured from a specially purified sample of phenol­
phthalein. The molar extinction coefficient {E =

4  log (I0/1)) is 0.3057 X 10-6 (l =  length) (7).
T a b l e  I

M o l a r  E x t i n c t io n  C o e f f i c i e n t s  (E) a n d  C o n s t a n t s  
f o r  B e e r ’s  L a w  (kB) f o r  A l k a l in e  P h e n o l p h t h a l e in  

S o l u t io n s

NaOH — 0.014 M, x = 550 m/x, temp. = 25°, layer 
thickness = 20.054 mm.
Concn. dye, kl +  ki, Tt-  o, E, (m./l.) -i kB X
X 105 m./l. min. _1 % cm.-i X 10-5 105 m./l.

0.670 0.01209 39.60 0.2992 1.664
1.102 .01195 21.10 .3057 1.630
1.340 .01207 15.75 .2987 1.668

A typical run is given in Table II and plotted in 
Fig. 2. Equilibrium transmittances measured

after twenty-four hours were stable and no irrevers 
ible fading13 was observed. Extrapolated values 
of Tt * o are shown in Table III. The constancy 
of these extrapolated values over the pH  range 
employed in this study shows that no secondary 
salt effect is detectable.

T a b l e  II 
T y p ic a l  R u n

NaOH = 0.012 M, X = 550 m/x, dye = 1.102 X 10“ 5 M , 
thickness of layer 20.054 mm.

Min. % T
k' +  ki X kl X 
102min.-1 102min._1 ki x

102 min._:
0

11.17
(21.2)
22 .9 1.069 39.5 0.5943

25.58 25 .0 1.071 39.6 .5956
46.83 27 .8 1.069 39.5 . 5943
52.00 28 .4 1.064 39.4 .5916
73.93 30 .8 1.059 39.2 .5889
78.00 31.25 1.065 39.4 .5919
85.58 32 .0 1.065 39.4 .5923
89.83 32 .4 1.066 39.4 .5926

112.58 34 .2 1.054 39.0 .5862
119.33 34 .8 1.067 39.5 .5935
139.58 36 .0 1.051 38.9 .5845
142.33 36.3 1.068 39.5 .5938
159.67 37.1 1.051 38.9 .5840
170.08 3 7 .8 1.078 39.9 .5994
174.33 37.95 1.073 39.7 .5964

4 2 .2
Mean 1.065  

a.d. = 
A.D. =

39.40
0.46%

= 0.14%

.5920

T a b l e  I I I
T h e  I n d e p e n d e n c e  o f  T r a n s m it t a n c e s  E x t r a p o l a t e d  

to  Z e r o  T im e  u p o n  t h e  C o n c e n t r a t io n  o f  NaOH
Dye = 1.102 X 10“ 6 M; X — 550 m/x; layer thickness = 

20.054 mm.
NaOH X 10s Tt =. 0 , % kB X IQ»

6 21.38 1.64
8 21.32 1.64

1 0 21.27 1.64
1 2 2 1 . 2 1 1.64
14 2 1 . 1 0 1.63
16 21.24 1.63
2 0 2 1 . 1 6  

Table IV

1.64

Rate and E quilibrium Constants for
h

the Simple

F ormulation R~ +  OH~ 7 ^  ROH^
k2

X =  550 m/x, T =  25°
NaOH k' +  &2, ku ki,
X 103 m in ."! X 102 K m in .- i X 1 0 2 ^min. - 1  X 1 0 2

6 0.7568 61.78 34.12 0.5522
8 .856 63.60 36.09 .5674

1 0 .9638 65.25 38.06 .5832
1 2 I.O67 66.52 39.47 .5951
14 1.195 67.86 41.59 . 6 1 2 8

16 1.331 69.06 43.66 .6322

2 0 1.622 71.00 47.59 .6702
(13) Thiel and Coch, Z. anorg. allgem. Chem., 217, 254-256 (1934)
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Table IV summarizes the molar rate and equi­
librium constants, which are reliable to better than 
1%. The increase in these constants with con­
centration is shown in Table V to be due to a pri­
mary salt effect.14

Discussion
The theory assumes that the kinetics of the 

reaction may be formulated as R* +  OH555 
Xs  —> ROHs  where X s  is the activated complex 
sensibly in equilibrium with the reactants but not 
with the product. The influence of the charges of 
the reactant species and the ionic strength of the 
solution is given by the Brönsted-Debye limiting 
law equation (B. D. L. L.)

log kl = log ko +  1.02 Z r-Zoh- V m (8)

where kQ is the extrapolated molar rate con­
stant for zero ionic strength.

The equilibrium constant is given by the expres­
sion

^ ÖJ2-ÖOH- _ Cr-CoH- / r  - / oh- /r\\Jxa — —7 W/
ÖROH® Cr 0H * J  ROH"

where a is activity and c is concentration. Intro­
ducing the Debye-Hückel limiting equation for 
the activity coefficient (ƒ), yields for the measured 
stoichiometric constant K q

log Kc = log K a +  1.02 Zr-Zoh- V m (TO)
Figure (3) shows a plot of log k\ against 1//L  

The ionic strength is varied in one series of runs 
(circles) by increasing the concentration of sodium 
hydroxide, in the other (crosses) by increasing 
the concentrations of sodium chloride. A limit-

Vm-
Fig. 3.

(14) For review see V. K. LaMer, Chem. Rev.t 10, 179 (1932).

ing slope of + 2  is obtained in accord with formu­
lation (1) and Eq. (8) showing conclusively that 
carbinol formation in phenolphthalein involves 
the reaction of an ion of charge —2 with the hy­
droxyl ion. The forward rate exhibits no anoma­
lous behavior.

The upper curve in Fig. 4 shows the plot of log 
K c against s*/]!. The slope is unity or one-half 
the value required by the theory for an equilib­
rium involving doubly charged phenolphthalein, 
hydroxyl and triply charged carbinol ions. This 
abnormal behavior has been attributed errone­
ously by Lund to the variation of the forward rate 
constant with ionic strength. Failure to measure 
the equilibrium constant in sufficiently dilute 
solutions is responsible for this misunderstanding.

0.08 0.10 _ 0.12 0.14 0.16
v V  

Fig. 4.

The abnormal behavior arises from the fact that 
the concentration of the triply charged carbinol 
assumed in (1) cannot be measured directly as is 
assumed in formulation (1). Over the pH  range 
covered in these experiments (11.8 to 12.3) and 
particularly at the lower concentration of alkali 
the triply charged carbinol should be partially 
hydrolyzed. The equilibrium relationships under 
such conditions may be formulated

R - -I- OH- +  II20
K 2

ROH- +  H20

ti*
RHOH- +  OH-

( 11)
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where RHOH^ is also a colorless carbinol. The 
equilibrium described by K i considers the triply 
charged carbinol as the product in equilibrium 
with reactants R“- and OH”. This equilibrium 
constant is shown by (10) to be affected by the 
ionic strength. K 2y however, which considers 
the doubly charged carbinol and hydroxyl ion in 
equilibrium with the reactants, is not affected by 
the ionic strength. Kz describes the mobile 
equilibrium, existing between these carbinols and 
is defined as

[R0H"][H20]
8 [RHOH~][OH~i (12)

On the basis of this equilibrium formulation, 
K c calculated from the data may be separated 
into K la and K 2 (K2a =  K 2c). Consideration 
of (5) and (6) shows that this operation does not 
affect the calculated values of ki which have been 
shown to obey precisely the predictions of the 
Brönsted-Debye equation. The separation of 
K c into Kia and K 2 is shown by the equations

K c [ROH“ ] +  [RHOH-] [ROH~]
[R“ ] [H20  ] [OH~ ] [R~ ] [H20  ] [OH- ]

[RHOH=]
[R~] [HjOHOH-j

K c = K ia lO ^  +  if  2/ [OH- ]

+

(13)

(14)

T a b l e  V
kl

R a te  and  E q u il ib r iu m  C o nsta n ts  (R“ +  O H "
kz

R O H a) in  NaOH and  NaCl Solutions  
T  =  25°

k \  +  k?.f k i ,  k z ,
N aO H N aC l m in . - 1 m in . - 1  X m in . - 1  X
X 10» X 10» X 10® x 102 Kc 1 0 2 102

6 0 6 0.756s 61.7s 34 .12 0 .5 5 2 2
6 2 8 .7794 63.99 36.0s .5634
8 0 8 .856o 63.60 36.09 .5674
8 2 10 .88I9 65.2o 37.80 .580o
8 4 12 .9065 66.4^ 39.33 .5944
8 6 14 .9242 68.3e 40.86 .5977
8 8 16 .9359 70.27 4 2 .1 0 .599j
8 12 2 0 .941 j 73.43 43.55 .5930

A test of equation (14) is made by selecting 
values for K la and K 2 and calculating Kc  at differ­
ent hydroxyl ion concentrations. Comparison of 
K c  calculated from experimental data and K c  
calculated from equation (14), employing K la =  
40.25 and K 2 =  0.038, is shown in Table VI. The 
agreement is within experimental error over the 
range where the Debye-Hückel limiting equation 
is valid.

Graphically the behavior of K u expressed in 
concentrations is shown in the lower curve in 
Fig. 4. K u  is obtained by solving equation (14)

T a b le  VI
E q u il ib r iu m  C o nsta n ts  (E q s . (13) and  (14)): Kc ~ 
E x pe r im e n t a l  E q u il ib r iu m  C o n sta n t ; {Kc)u — 

E q u il ib r iu m  C o nsta n t  C alculated  from  (14)
NaOH X 10» Ks (K c)u A Kc, %

6 6L 7g 62.40 1.0
8 63.60 63.52 0 . 1 3

10 65.25 64.98 . 4 3

12 66.52 66.56 .06
14 67.80 68.24 .56
16 69.06 69.87 1.2
20 71.00 73.10 2 .8

employing experimental values of K c  and hy­
droxyl ion and the value of 0.038 for K 2. The 
Brönsted-Debye equation is obeyed over the 
range of dilute solution up to yfy, =  0.11. The 
close agreement of the experimental K c  with the 
K c calculated from (14) confirms the postulated 
equilibria.

The ionization constant of RHOH^ may be cal­
culated from (12) and the values of K ia and K 2. 
Using K la =  40.25, IQ =  0.038 and the ion con­
stant for water K w  =  1 X 10~14 (at 25°) the 
value of the ionization constant is 1.1 X 10”11.

Summary and Conclusions

1. The kinetics of the reaction of phenol­
phthalein with hydroxyl ion to produce a colorless 
carbinol have been investigated spectrophoto- 
metrically at 25° for sodium hydroxide solutions 
(0.006 to 0.020 i f )  with and without the addition 
of sodium chloride.

2. Precise values of the transmittances of 
phenolphthalein solution at 550 m/i have been 
obtained by extrapolating to zero time. The ex­
tinction coefficient is independent of the concen­
tration of alkali showing that no perceptible sec­
ondary salt effect exists at these concentrations.

3. The limiting slope of the log ki (forward 
rate constant) vs. the square root of ionic strength, 
s /\L  establishes that carbinol formation involves 
the reaction of a doubly charged negative phenol­
phthalein ion with a hydroxyl. R^ +  OH” 
carbinol.

4. The limiting slope of log K  (equilibrium 
constant) vs. yTt is one-half that predicted for 
the simple formulation R= +  OH” ROH=. 
An interpretation consistent with established 
electrostatic principles is obtained on the assump­
tion that the carbinol is partially hydrolyzed, viz., 
ROH- +  H20  RHOH~ +  OH”.
New Y ork, N. Y. Received M ay 26, 1942
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Studies on Cholesteryl Oxides1
B y P urnendu  N . Chakravorty and R obert H. Levin

In connection with work in progress, it became 
necessary to study the properties of the oxide ring 
in cholesteryl-5,6-oxides. Previous investigators 
have used perbenzoic acid to prepare the various 
oxido derivatives of cholesterol, and from their re­
sults the nature of the substituent at C3 appeared 
to influence the ratio of stereoisomeric products 
formed. Thus from cholesterol Westphalen and 
Windaus2 obtained «-cholesterol oxide (I, R — 
H) in 50% yield, with some of the 0-isomer (II, 
R = H) being isolable from the crystallization 
mother liquors. Ruzicka and Bosshard3 found 
that treatment of cholesteryl acetate with per­
benzoic acid produced largely 0-cholesteryl oxide 
acetate. Spring and Swain4 reported that cho­
lesteryl benzoate, under the same conditions, 
formed almost equal amounts of a- and 0-choles- 
teryl oxide benzoates in excellent yield.

In this Laboratory, preparation of oxides has 
been simplified by the use of monoperphthalic 
acid.5 This reagent is readily prepared and is 
more stable than perbenzoic acid. Further, the 
phthalic acid which is formed from the perphthalic 
acid during the reaction can be separated easily 
from the sterol oxides because of its insolubility 
in chloroform. Such ease of separation is particu­
larly useful in the preparation of bile acid oxides 
because it eliminates the need for washing with 
alkali. However, when using perphthalic acid sev­
eral precautions are necessary. The chloroform 
should be freshly distilled over potassium carbon- 
ale, since the sterol oxides will react with even 
traces of hydrogen chloride. In some of our experi­
ments, the perphthalic acid-cholesteryl compound 
reaction mixture was not worked up immediate^ 
but allowed to stand overnight or longer. In these 
instances the reaction product was quite sticky 
and uncrystallizable, and the yield was small. This 
was presumably due to a secondary reaction of 
the cholesteryl oxide with phthalic acid, giving, 
very probably, a half phthalic ester as was indi­
cated by the solubility of the product in alkali.

(1) Presented in part before the Organic Division of the American 
Chemical Society, M emphis, April 20-24, 1942.

(2) Westphalen and W indaus, Ber., 48, 1064 (1915).
(3) Ruzicka and Bosshard, Helv. Chim. Acta, 20, 244 (1937).
(4) Spring and Swain, J. Chem. Soc., 1356 (1939).
(5) For preparation of the reagent see Böhme, Ber., 70, 379 (1937); 

"Organic Syntheses,” 20, 70 (1940).

When cholesteryl acetate was treated with per­
phthalic acid, 0-cholesteryl oxide acetate (II, 
R = Ac) was isolated in 50% yield and the a

isomer (I, R =  Ac) in 20% yield. A similar 
reaction using cholesteryl benzoate gave «-choles­
teryl oxide benzoate (I, R =  Bz) in 50 to 70% 
yield, but no 0-oxide benzoate could be obtained. 
With cholesterol, the same reagent produced a- 
cholesterol oxide (I, R =  H) in 60% yield, and a 
small amount of the 0-isomer.

Several partially successful attempts to rear­
range cholesteryl oxides to ketocholestane com­
pounds have been reported. Chinaeva and 
Ushakov7 used a Grignard reagent. Spring and 
Swain4 employed heat and vigorous dehydrating 
reagents. In neither instance was the yield of 6- 
ketocholestanol satisfactory. It was thought 
that any tendency of the oxido group to isomerize 
into a ketone might be accelerated through a mass 
action effect by removing the product from the 
sphere of reaction as a ketone derivative. Accord­
ingly, 0-cholesteryl oxide acetate was heated with 
semicarbazide hydrochloride in pyridine. The 
product of this reaction was a halogen containing 
substance, m. p. 188-190°, which could be recov­
ered unchanged after refluxing with acetic anhy­
dride, and was therefore identified as a 3-acetoxy-
5-hydroxy-6-chlorocholestane (III, R =  Ac) in­
stead of 3-acetoxy-5-chloro-6-hydroxycholestane 
(IV, R =  Ac, R' = H). A rational explanation 
of this reaction became possible when it was found

/ \ A / / \ A /

Ro/ o fH Cl 
III

l o / t y
OR'

IV
(6 ) Throughout this paper the steric configurations assigned a t C* 

and Ca are purely arbitrary.
(7) Chinaeva and Ushakov, J. Gen. Chem. (U. S. S. R .), 11, 335 

(1941); C. A., 35, 5903.
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that a solution of semicarbazide hydrochloride in 
pyridine has a pH  of 6.2 and will turn blue litmus 
red. Since ethylene oxides are, in general, stable 
to alkaline reagents, but susceptible to acidic sub­
stances, this transformation is not surprising.

It has been known for some time that ethylene 
oxide rings in aliphatic molecules are also opened 
by heavy metal and even alkaline earth metal 
halides.8 In an extension of this reaction to cho­
lesteryl oxides, ferric chloride, zinc chloride and 
magnesium bromide9 were found to react with 0- 
cholesteryl oxide acetate to give compounds con­
taining halogen. The ferric chloride reaction 
product was identified as 3-acetoxy-5-hydroxy-6- 
chlorocholestane (III, R == Ac). The zinc chlo­
ride and magnesium bromide products were not 
completely characterized.

As indicated above, cleavage of the cholesteryl 
oxide bond can produce two position isomers 
(III, IV). Recently some conflicting reports 
have been published concerning the orientation 
of products obtained by the action of certain 
acidic reagents on various cholesteryl oxide de­
rivatives. Ruzicka and Bosshard3 treated the 0- 
oxide acetate with dry hydrogen chloride in pyri­
dine and obtained 3-acetoxy-5-hydroxy-6-chloro- 
cholestane (III, R =  Ac). Hattori10 reported 
this same compound resulting from the action of 
hydrogen chloride on «-cholesteryl oxide acetate, 
and claimed that very pine 0-oxide acetate11 gave 
a 5-chloro-6-hydroxycholestane derivative (IV, 
R — Ac, R' =  H). Spring and Swain4 have 
found that «-cholesterol oxide and its benzoate 
react with benzoyl chloride in pyridine or with hy­
drogen chloride to give 5-hydroxy-6-chlorochol- 
estane compounds (III), whereas /5-cholesterol 
oxide and its benzoate form 5-chloro-6-hydroxy 
derivatives (IV, R =  Bz, R' =  Bz, H). We 
treated /^-cholesteryl oxide acetate, m. p. 113°, 
with benzoyl chloride in pyridine and obtained 3- 
acetoxy-5-hydroxy-6-chlorocholestane (III, R =  
Ac), which was characterized by mixed melting 
point, analysis, and its non-reactivity toward 
acetic anhydride. If the action of benzoyl chlo­
ride involves simply a cleavage of the cholesteryl

(8 ) Bodforss, “ Die Athylenoxyde,” Sammlung chem. u. chem. 
techn. V or trage, Ferdinand Enke, Stuttgart, 1920.

(9) Ushakov and M adaeva, J. Gen. Chem. (U. S. S. R .), 9, 1690 
(1939), treated «-cholesterol oxide with magnesium bromide, but 
did not isolate any compound containing halogen.

(10) H attori, J. Pharm. Soc. Japan, 60, 334 (1940).
(11) H attori’s value for the m. p. of /8 -cholesterol oxide, 136°, is at 

variance with all other published values and our own findings which 
give a m. p. of 106-107° for the pure substance. However, his oxide 
acetate has the accepted m. p., 112—113°.

oxide linkage followed by addition of fragments of 
the benzoyl chloride molecule, then in our reac­
tion, as well as Spring and Swain’s reaction with 
the «-oxide and its benzoate, the 5-benzoxy com­
pound would be expected to form.12 Since the 5- 
hydroxy derivative was obtained, it seems that the 
benzoyl chloride acts like the semicarbazide hy­
drochloride, that is, merely as a donor of hydrogen 
chloride. Formation of 6-benzoxy compounds 
can be explained on the assumption that the pri­
mary reaction is fission by hydrogen chloride, 
followed by benzoylation of the newly formed 6- 
hydroxy group with excess of the reagent.

It was thought that pyridine might function as 
a carrier of hydrogen chloride in these experi­
ments. Therefore, the reaction of “pyridine hy­
drochloride” with ^-cholesteryl oxide acetate was 
undertaken. This reagent was obtained as a hy­
groscopic white solid by passing dry hydrogen 
chloride into a solution of pyridine in ether. In 
petroleum ether there was no reaction, “pyridine 
hydrochloride” being insoluble in this solvent. 
In absolute ethanol a reaction readily took place, 
with the formation of the same 3-acetoxychloro- 
hydrin (III) previously obtained with semicarba­
zide hydrochloride, ferric chloride and benzoyl 
chloride.

The reaction of /3-cholesteryl oxide acetate with 
benzoyl chloride was also carried out under an­
hydrous conditions using carbon tetrachloride as 
a solvent. The substitution of a completely 
chlorinated solvent for pyridine, which contains 
hydrogen, did not alter the course of the reaction, 
and the same 5-hydroxy-6-chlorocholestane de­
rivative was isolated from the reaction mixture 
although in a poorer yield. Apparently the ele­
ments of hydrogen chloride are obtained from the 
benzoyl chloride, but the mechanism of the trans­
formation remains quite obscure.

The reaction with “pyridine hydrochloride” was 
extended to «-cholesterol oxide, its acetate, and 
benzoate; and /5-cholesterol oxide. These sub­
stances, to our surprise, uniformly gave 5-hy- 
droxy-6-chlorocholestane derivatives (III) in good 
yields. “Pyridine hydrochloride” is a convenient 
reagent to use. It is easily prepared, may be kept 
indefinitely in a desiccator, reacts smoothly, and 
any excess is readily disposed of. In the case of 
a- and /5-cholesterol oxides, some trouble was ex­
perienced in purifying the reaction products be-

(12) See for example Ehrenstein’s acetolysis of the stereoisomeric 
5,6-oxides of dehydroandrosterone acetate, J. Org. Chem., 6 , 626 
(1941); also H attori, ref. 10.
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cause of dehalogenation occurring during recrys­
tallization. The difficulty was obviated by 
benzoylating the crude dry reaction product and 
then crystallizing. Apparently the presence of a 
free hydroxyl group at C3 labilizes the halogen at 
Ce, forming possibly a 3,6-oxide.

From the results of previous investigators it 
appeared that the configuration of the oxide and 
the nature of the substituent at C3 affected the 
orientation of the chlorohydrin produced by 
fission of the oxide ring. Our experiments, how­
ever, indicated that the reagent might become a 
dominant factor in determining the course of the 
reaction. It became desirable to check Spring 
and Swain’s experiments with benzoyl chloride in 
pyridine. Using a-cholesterol oxide, its acetate 
and benzoate, and /3-cholesterol oxide, the prod­
ucts again were derivatives of 5-hydroxy-6-chloro- 
cholestane (III). In the reaction of /3-choles­
terol oxide, a new substance was obtained to­
gether with 3-benzoxy~5-hydroxy-6-chlorocholes- 
tane. The new product has a m. p. of 197-198° 
and gave a sharp depression with the 3-benzoxy 
chlorohydrin obtained above. It was not, how­
ever, the expected dibenzoate of 3,6-dihydroxy-5- 
chlorocholestane, since that compound has a 
melting point of 184°. Work is in progress to 
elucidate its structure.

Thus Spring and Swain obtained 5-hydroxy-6- 
chloro compounds from the a-oxide series and 5- 
chloro-6-hydroxy derivatives from the /3-oxides, 
while we could isolate only one type, regardless 
of which oxide we used. Since the experimental 
procedures were basically similar, this discrep­
ancy, at the moment, seems difficult to explain.

Mild saponification of 3-acetoxy~5-hydroxy-6- 
chlorocholestane (III, R =  Ac) with sodium car­
bonate gave a-cholesterol oxide, m. p. 141°. 
This is in accordance with the work of Spring and 
Swain,13 who obtained a-cholesteryl oxide benzo­
ate by heating 3-benzoxy-5-hydroxy-6-chloro- 
cholestane (III, R =  Bz) with quinoline. Pre­
viously Windaus14 had reported that the 5-chloro 
compound, 3,6-dihydroxy-5-chlorocholestane, 
forms /3-cholesterol oxide when treated with alkali.

The stereochemical aspects of these reactions 
should be pointed out. In the above case, for 
example, an oxide with a /3-configuration (V) 
combined with the elements of hydrogen chloride 
to form a 5-hydroxy-6-chloro compound (VI),

(13) Spring and Swain, J. Chem. Soc., 83 (1941).
(14) Windaus, Z. physiol. Chem., 117 , 154 (1921).

V II6

which, on losing hydrogen chloride, gave an oxide 
of the opposite configuration (VII). Windaus14 
started with an a-oxide and obtained a 5-chloro-6- 
hydroxycholestane derivative which lost halogen 
acid and formed a /3-oxide. Furthermore, we have 
obtained the same chlorohydrin from oxides of 
different configuration. The current theory states 
that in the cleavage of an oxide linkage a trans- 
compound is formed.15 However, if an a-oxide
(VIII) forms a trans - 5-hydroxy chlorohydrin (IX), 
and a /3-oxide (X) similarly produces a trans-h- 
hydroxy compound (XI), then the two will neces­

sarily be of opposite configuration at C5,C6. 
Even assuming that the a-oxide may give a 5- 
hydroxy-6-chloro derivative of a geometrical 
configuration different from IX, then the /3- 
oxide, following the same route, would still give 
the opposite stereoisomer. Thus, it is necessary 
to postulate additional Walden inversions in one 
case but not in the other or an entirely different 
mechanism to explain how the same steric con­
figuration is obtained by cleavage of the stereo­
isomeric oxides of cholesterol, or how the stereo­
isomers are interconverted through an interme­
diate chlorohydrin.

Further studies on the oxides of cholesterol will 
be reported in a subsequent communication.

(15) Lucas, Schlatter and Jones, T h is  J o u r n a l , 63, 22 (I94J), 
describe th e opening of the oxide rings in the isomeric 2 ,3-epoxy- 
pentanes. See also Ehrenstein, J. Org. Chem., 4, 506 (1939); and 
Ehrenstein and Decker, ibid., 5, 544 (1940).
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Experimental16
Monoperphthalic acid was prepared according to the 

method of Böhme5 and kept in the refrigerator for as long 
as a month without appreciable decomposition.

(3- and «-Cholesteryl Oxide Acetates.—Ten grams 
(0.023 mole) of cholesteryl acetate, m. p. 112-114°, dis­
solved in 50 cc. of ether, ŵ as mixed with 8.4 g. (0.046 mole) 
of monoperphthalic acid in 266 cc. of ether. The solution 
was allowed to reflux for six hours and the solvent removed 
by distillation. The residue was dried in mcuo and 
digested with 250 cc. of chloroform dried over potassium 
carbonate. Filtration gave a residue of 6.7 g. (87% re­
covery) of phthalic acid and a clear colorless solution which 
was taken to dryness in vacuo. The residue was crystal­
lized from 30 cc. of methanol, giving 6.0 g. (58%) of /8- 
cholesteryl oxide acetate, which on recrystallization from 
methanol gave the pure product, in. p. 111- 112°, [«]25d
— 21.8°; mixed m. p. with cholesteryl acetate, 97-101°. 
Concentration of the filtrate gave 1.55 g. (15%) of «- 
cholesteryl oxide acetate. The ce-isomer was purified by 
crystallization from ethanol and found to have a m. p. of 
101-103°, [«]25d —44.6°. The m. p. is 5° higher than 
previously reported values.2’10 However, it gave a de­
pression (m. p. 88-104°) when mixed with pure /3-oxide 
acetate. Saponification with methanolic potassium hy­
droxide and crystallization from dilute alcohol gave «- 
cholesterol oxide, m. p. 141-143°, [«]25d —44.5°.2

In several runs the reaction mixture was left over the 
week-end. The yield of oxides in these instances was very 
poor and a considerable amount of alkali soluble substance 
was formed. Since this product remained dissolved in 
alkali after saponification, it is assumed to be a 5-half- 
phthalate derivative of cholestane.

a-Cholesteryl oxide benzoate was similarly prepared. 
Cholesteryl benzoate (16.7 g., 0.034 mole) reacting with 
perphthalic acid (12.7 g., 0.07 mole) gave 8.7 g. (50%) of 
«-cholesteryl oxide benzoate, m. p. 164-166 [«] 25d
— 28.0.4 No /3-oxide benzoate could be isolated.

«-Cholesterol Oxide.—In the same manner, 5 g. (0.013
mole) of cholesterol (Wilson) and 4.7 g. (0.026 mole) of 
perphthalic acid gave 3.1 g. (61%) of «-cholesterol oxide, 
m. p. 141-143°. A small amount of the /3-isomer was 
obtained from the mother liquors.

/3-Cholesterol oxide, m. p. 105-107°, (« )25d —12.7, was 
also obtained by saponification of the /3-oxide acetate.

Reaction of /3-Cholesteryl Oxide Acetate with Semi­
carbazide Hydrochloride.—A solution of 2.3 g. of /3- 
cholesteryl oxide acetate in 10 cc. of pyridine was treated 
with 2.0 g. of semicarbazide hydrochloride and warmed on 
the steam-bath for six hours. The solution was concen­
trated to half its volume and poured over crushed ice. 
The precipitate was separated by filtration, digested with 
methanol, and filtered while hot to remove a small amount 
of disemicarbazide. Concentration and cooling gave color­
less needle-like crystals, m. p. 183-186°, which gave a 
strong Beilstein test. These were combined with crystals 
recovered from the mother liquor and recrystallized twice 
from dilute acetone, giving 0.8 g. of cholesteryl acetate 
chlorohydrin, m. p. 187.5-189.5°.

Anal. Calcd. for C29H49O3CI: C, 72.4; H, 10.3; Cl,
7.38. Found; C, 72.2; H, 10.1; Cl, 7.31.

A portion (200 mg.) of the chlorohydrin, refluxed for 
fifteen minutes with acetic anhydride, was recovered un­
changed, hence it was characterized as 3-acetoxy-5- 
hydroxy-6-chlorocholestane (III).

/3-Oxide Acetate and Ferric Chloride.—/3-Oxide acetate 
(0.40 g.) was treated with 1.0 g. of ferric chloride in alco­
hol. The solution was allowed to reflux for three hours, 
then concentrated to half its volume and water added. 
Ether extraction and isolation in the usual manner gave a 
chlorohydrin which was purified by repeated crystallization 
from dilute methanol and dilute acetone. The final prod­
uct melted at 183-185°, and was recovered unchanged 
after refluxing with acetic anhydride. There was no de­
pression of the m. p. on admixture with authentic 3- 
acetoxy- 5-hy dr oxy-6-chlorocholestane.

/3-Oxide Acetate and Benzoyl Chloride. 1. In Pyri­
dine.—To a solution of 0.45 g. of /3-cholesteryl oxide 
acetate in 5 cc. of dry pyridine was added 0.5 cc. of benzoyl 
chloride. The mixture was allowed to stand at room 
temperature for one-half hour, then heated on the steam- 
bath for the same period. The solution was poured into 
ice water and the semi-crystalline precipitate separated by 
decantation. Crystallization from dilute methanol gave 
0.42 g. of chlorohydrin, m. p. 150-161°. Two recrystal­
lizations from dilute acetone gave 0.25 g. of 3-acetoxy-5- 
hydroxy-6-chlorocholestane, m. p. 183-185 °, which showed 
no depression of the m. p. on admixture with the product 
of the semicarbazide hydrochloride reaction.

Anal. Calcd. for C29H49O3CI: C, 72.4; H, 10.3; Cl,
7.38. Found; C, 72.3; H, 10.7, Cl, 7.26.

The compound was recovered unchanged after refluxing 
with acetic anhydride.

2. In Carbon Tetrachloride.—A solution of 0.60 g. of 
/3-oxide acetate in 30 cc. of carbon tetrachloride distilled 
over potassium carbonate was treated with 0.50 cc. of 
benzoyl chloride under anhydrous conditions. The solu­
tion was allowed to reflux for three hours, then kept at 
room temperature for thirty-six hours. After distilling 
the solvent, the excess benzoyl chloride was removed in 
vacuo. Crystallization from dilute methanol gave a prod­
uct which sintered a t 100° and melted at 135-155°. A 
Beilstein test for halogen was positive. Four crystalliza­
tions from dilute acetone gave colorless needles of 3- 
acetoxy-5-hydroxy-6-chlorocholestane, m. p. 182-185°. 
There was no depression of the m. p. on admixture with an 
authentic sample.

Anal. Calcd. for C29H4903C1: C, 72.4; H, 10.3; Cl,
7.38. Found; C, 72.3; H, 10.2; Cl, 7.17.

/3-Oxide Acetate and “Pyridine Hydrochloride.” 
“Pyridine Hydrochloride” was prepared by passing dry 
hydrogen chloride into a solution of pyridine in ether and 
allowing the saturated solution to stand for one-half hour. 
The white solid was separated by filtration and found to 
be very hygroscopic. I t  is insoluble in dioxane and 
petroleum ether and soluble in alcohol. Crystallization 
from absolute alcohol-ether gave colorless platelets, m. p. : 
s. 81; m. 141-146 °. I t  can be kept for months in a desic­
cator over calcium chloride with no evidence of decomposi­
tion*

To a solution of 1.0 g. of /3-cholesteryl oxide acetate in 30 
cc. of absolute ethanol was added 1.0 g. of pyridine hydro­
chloride. The solution was allowed to reflux for fifteen(16) M icroanalyses by H . E m erson and  W. S truck .
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minutes, then concentrated to half its volume and the 
sterol precipitated by the addition of water. Crystalliza­
tion from dilute acetone gave 0.85 g. (77%) of crude 3- 
acetoxy”5-hydroxy-6-chlorocholestane, m. p. 148-168°. A 
Beilstein test was positive. After several crystallizations 
from dilute acetone, colorless needles, m. p. 184-186° were 
obtained. The product was recovered unchanged after 
treatment with acetic anhydride, and gave no depression 
in m. p. on admixture with authentic 3-acetoxy-5-hydroxy-
6-chlorocholestane.

Reaction of Pyridine Hydrochloride with the Other 
Oxides of Cholesterol.—«-Cholesteryl oxide benzoate is
sparingly soluble in alcohol, so it was necessary to dissolve 
it in benzene. One gram of the oxide in benzene was 
mixed with 2.0 g, of pyridine hydrochloride in ethanol. 
The solution was refluxed for fifteen minutes, the solvent 
evaporated, and the reaction product crystallized from 
methanol as a halogen containing compound, m. p. 193- 
196°. Recrystallization from ethyl acetate-methanol, 
and dilute acetone gave 0.60 g. (56%) of 3-benzoxy-5- 
hydroxy-6-chlorocholestane, m. p. 196-198°. I t was re­
covered unchanged after refluxing with acetic anhydride.

Anal Calcd. for C84HsiOaCl: C, 75.2; H, 9.46; Cl,
6.53. Found: C, 75.0; H, 9.40; Cl, 6.33.

«-Cholesteryl oxide acetate (0.80 g.) and 1.0 g. of 
pyridine hydrochloride in alcohol gave 0.65 g. (74%) of 3- 
acetoxy-5-hydroxy-ö-chlorocholestane, m. p., and mixed 
m. p., 185-187°. I t  was recovered unchanged after treat­
ment with acetic anhydride.

«- and /3-Cholesterol oxides also reacted smoothly with 
pyridine hydrochloride. However, the product lost halo­
gen easily, thereby hindering its purification. Thus 0.30 g. 
of the «-oxide gave 0.25 g. of crude chlorohydrin, m. p. 
154-160°; Beilstein test positive. Recrystallization from 
methanol-acetone gave feathery needles, m. p. 99-105°. 
This product no longer contained halogen.

Benzoylation of the crude product gave an easily pürifi- 
able substance. Using 0.45 g. of «-oxide and 1.0 g. of 
pyridine hydrochloride, a chlorohydrin was obtained. It 
was dried and benzoylated with 0.50 cc. of benzoyl chloride 
in pyridine. The product was isolated in the usual way 
and crystallized from ethyl acetate-methanol, giving 0.35 
g. (58%) of 3-benzoxy-5-hydroxy-6-chlorocholestane, m. p. 
193-196°. Recrystallization from dilute acetone, and 
again from ethyl acetate-methanol, gave colorless needles, 
m. p. 196-198°, which showed no depression on admixture 
with an authentic sample.

Similarly, from 0.40 g. of the /3-oxide there was obtained 
0.28 g. (52%) of 3-benzoxy-5-hydroxy-6-chlorocholestane, 
m. p. 192-195°. When mixed with an authentic sample 
the m. p. was not depressed.

Reaction of Benzoyl Chloride with the Other Oxides 
of Cholesterol.—Reactions with benzoyl chloride did not 
proceed as smoothly as the corresponding reactions with 
pyridine hydrochloride and the products were less pure. 
Treatment of 0.70 g. of «-oxide acetate with 0.60 cc. of 
benzoyl chloride gave 0.42 g. (55%) of a product, m. p. 
160-170°. After heating with acetic anhydride and re­
crystallizing twice from dilute acetone, 3-acetoxy-5- 
hydroxy-6-chlorocholestane was obtained as colorless 
needles, m. p. 178-183°. A mixed m. p. with authentic 
acetoxyehlorohyddn, however* wm  179-184®»

A nal Calcd. for C29H49O3CI: C, 72.4; H, 10.3.
Found: C, 72.6; H, 10.1.

Starting with 0.50 g. of «-oxide benzoate4 and 0.50 cc. 
of benzoyl chloride, 0.45 g. (84%) of S-benzoxy-ö-hydroxy-
6-chlorocholestane, m. p. 191-195°, was obtained. Re­
crystallization from dilute acetone gave a pure product, m. 
p. 197—198.5°. A mixed m. p. with authentic benzoate 
chlorohydrin gave no depression.

Anal. Calcd. for C34H5i03Cl: C ,  75.2; H, 9.46; Cl,
6.53. Found: C, 75.0; H, 9.29; Cl, 6.46.

Using 0.15 g. of «-cholesterol oxide and 0.20 cc. of 
benzoyl chloride, the benzoate chlorohydrin was obtained 
in fair yield. After several recrystallizations its m. p. 
and mixed m. p. with authentic 3-benzoxy-5-hydroxy-6- 
chlorocholestane was 193-196 °.

The reaction of /3-cholesterol oxide with benzoyl 
chloride was also carried out according to Spring and 
Swain.4 The results were, however, different, so the de­
tails of the experiment are given. The /8-oxide (0.30 g.) in 
4 cc, of dry pyridine was warmed for an hour with 0.50 cc. 
of benzoyl chloride. The solution was poured into ice- 
water and the precipitate separated by filtration. The 
residue was crystallized from 30 cc. of acetone-methanol, 
giving 0.15 g. of 3-benzoxy-5-hydroxy-6-chlorocholestane, 
m. p. 190-193°. Recrystallizations from acetone-meth­
anol and dilute acetone brought the m. p. up to 195-197°.

Anal. Calcd. for C84H6i0 8C1: C, 75.2; H, 9.46; Cl,
6.53. Found: C, 74.9; H, 9.50; Cl, 6.47.

Concentration of the first mother liquor gave 0.14 g. of a
crystalline compound, m. p. 176-182°. I t  was recrystal­
lized twice from acetone-methanol, in which it seemed to 
be more soluble than the previously obtained benzoate 
chlorohydrin. I t  had a m. p. of 197-198°, and its mixed 
m. p. with authentic 3-benzoxy-5-hydroxy-6-chloro- 
cholestane was 179-186°. This compound is not 3,6-di- 
benzoxy-5-chlorocholestane.

Anal. Calcd. for 3,6-dibenzoxy-5-chlorocholestane, 
m. p. 184°, C41H55O4CI: Cl, 5.48. Found: Cl, 7.01, 7.11.

a-Oxide from 5-Hydroxy-6-chlorocholestane Deriva­
tives.—A solution of 0.7 g. of 3-acetoxy-5-hydroxy-6- 
chlorocholestane in 30 cc. of dilute alcohol was treated 
with 10 cc. of 2 N  sodium carbonate and warmed on the 
steam-bath for thirty minutes. The addition of water 
gave a precipitate of 0.40 g. of «-cholesteryl oxide which 
was recrystallized twice from ethyl acetate, m. p. 141- 
MS °. A mixed m. p. with an authentic sample of a-oxide 
showed no depression.

A similar reaction was carried out with 3-benzoxy-5- 
hydroxy-6-chlorocholestane and methanolic potassium 
hydroxide, again giving a-cholesterol oxide, m. p. 141-143 °.

Summary
a - and /3-cholesterol oxide, a- and /3-cholesteryl 

oxide acetate and a-cholesteryl oxide benzoate 
have been conveniently prepared through the ac­
tion of perphthalic acid on cholesterol and its de­
rivatives.

Semicarbazide hydrochloride and ferric chlo­
ride react with /3-cholesteryl oxide acetate to form
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All five of the cholesteryl oxides prepared react 
with “pyridine hydrochloride” and benzoyl chlo­
ride to give 5-hydroxy- 6- chlorocholestane deriva­
tives.

d-Cholesterol oxide, as its acetate, has been con­

verted to a-cholesterol oxide through the 5-hy- 
droxy-6-chloro compound.

The stereochemical implications of these reac­
tions have been pointed out.
K a l a m a z o o , M ic h ig a n  R e c e iv e d  J u l y  17, 1942

[C o n t r i b u t io n  f r o m  t h e  M e d ic a l -R e s e a r c h  D i v i s i o n , S h a r p  a n d  D o h m e , I n c . ]

Synthesis of p-Hydroxyphenyl Amyl Sulfide
B y E llis M iller , Frank S. Crossley and M aurice L. M oore 

A previous publication from these Laboratories1 experimental conditions for the reaction has shown
confirmed the report2 that the hydroxyphenyl 
alkyl sulfides were more powerful in their bac­
tericidal activity than the corresponding alkyl- 
phenols. These results prompted us to seek a prac­
tical method for the preparation of ^-hydroxy- 
phenyl n-amyl sulfide, which had been shown to 
possess maximum activity for the compounds in 
this series.

The hydroxydiphenyl sulfides have been pre­
pared by Hilbert and Johnson3 by use of the Zie­
gler4 reaction between diazotized anisidine and 
thiophenol. The diazothio ether thus formed 
breaks down at 70° to give a methoxydiphenyl 
sulfide which is converted into the desired product 
by dealkylation. They reported that an attempt 
to prepare ^-hydroxydiphenyl sulfide by treating 
diazotized p -aminophenol with sodium thiophen- 
ate was unsuccessful. Suter and Hansen2 treated 
diazotized anisidine with potassium ethyl xan- 
thate and decomposed the intermediate diazonium 
ethyl xanthate to obtain ^-methoxythiophenol 
which then reacted with amyl bromide and the 
product was dealkylated to give ^-hydroxyphenyl 
r/:-amyl sulfide. They also reported an unsuccess­
ful attempt to combine the sodium salt of butane- 
thiol-1 with diazotized ^-aminophenol.

In the previous publication,1 a more satisfactory 
procedure was developed which involved the 
synthesis of thiohydroquinone and subsequent 
reaction of this with amyl bromide to give the de­
sired ^-hydroxyphenyl 72--amyl sulfide. The suc­
cess of the thiohydroquinone synthesis suggested 
that diazotized ^-aminophenol should react with 
the sodium salt of 77-amyl mercaptan, even though 
previous workers2,3 had been unsuccessful with 
similar reactions. An extensive study of possible

(1) M iller and Read, T h is  J o u r n a l , 55, 1224 (1933).
(2) Suter and Hansen, ibid., 54, 4100 (1932).
(3) H ilbert and Johnson, ibid., 51, 1526 (1929).
(4) Ziegler, Ber., 23, 2469 (1890).

that it can be used to prepare the compound in 
yields of 25-30%.

The diazotization was carried out at a tempera­
ture of 0-10° and the diazothio ether decomposed 
by heating at 60°. The resulting product was dis­
tilled and gave a yield of 50-60% of a material 
which solidified at room temperature. However, 
on crystallizing the material from solvent naphtha 
the yield of ^-hydroxyphenyl 77-amyl sulfide 
dropped to 25-30%. Careful fractionation of the 
reaction mixture disclosed that two definite prod­
ucts were formed during the reaction and per­
mitted the isolation of the second product with 
its purification. The product was identified by 
preparation of derivatives and synthesis as di-77- 
amyl disulfide. The reaction has been applied to 
n- and isoamyl mercaptan with comparable re­
sults.

Experimental Part
^-Hydroxyphenyl w-Amyl Sulfide.— Aminophenol, 21.8 

g. (0.2 mole), was dissolved in 110 cc. of 4iV hydrochloric 
acid (0.44 mole) and diazotized in the usual manner by the 
slow addition of a solution of 15 g. (0.23 mole) of sodium 
nitrite in 30 cc. of water. The mixture was stirred until 
the diazotization was complete (starch-iodide paper test) 
and the deep purple solution of ^-hydroxyphenyldiazonium 
chloride rapidly filtered from a small amount of insoluble 
material. The solution was then added slowly to a cold 
(10°) sludge of 24 g. (0.23 mole) of w-amyl mercaptan in 75 
cc. of water containing 37.5 g. (0.94 mole) of sodium hy­
droxide. The temperature was maintained at 10° through­
out the addition and frothing was controlled by the addi­
tion of small amounts of w-butanol. After the reaction 
had subsided, the cooling bath was removed and stirring 
continued at room temperature until the diazonium salt 
disappeared (R-salt test). The mixture was then heated 
to 60° to complete the decomposition of the diazothio 
ether and allowed to stand overnight at room temperature, 
after which it was diluted with five volumes of water, acidi­
fied with concentrated hydrochloric acid and extracted 
with 500 cc. of toluene. The extract was washed three 
times with 500-cc. portions of water, dried over anhydrous
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sodium sulfate, and the toluene removed by distillation at 
atmospheric pressure. The residue was distilled rapidly 
at about 2 mm. pressure to separate the distillable portion 
(20 g. of orange-yellow oil which solidified on standing) 
from a heavy tar. A slow redistillation of this product 
gave 16 g. of a light yellow oil, boiling over a range of 110-  
140° (1 mm.), which solidified immediately.

Material (120 g.) from several of the above runs was 
carefully fractionated, through a 12" indented column, 
insulated with a glass air-jacket, into two main fractions:

Fraction A, 45 g., b. p. 89-91° (1 mm.), n20D 1.4876, d2525 
0.9224, was identified as di-w-amyl disulfide.5 6 Reduction 
with metallic sodium in anhydrous ethanol6 gave a solid 
sodium salt of n-amyl mercaptan which reacted with 2,4- 
dinitrochlorobenzene on refluxing in anhydrous ethanol to 
give 2,4-dinitrophenyl n-amyl sulfide, m. p. 79.5-80°, 
identical with the product, m. p. 80°, prepared from n- 
amyl mercaptan,7 and by the reduction of synthetic di-w- 
amyl disulfide. The material also readily formed a crystal­
line derivative, m. p. 134-136°, which resolidified and did 
not remelt up to 250°, when treated with mercuric chloride 
in an alcohol solution at room temperature for seven hours 
which was identical with the derivative from synthetic di- 
w-amyl disulfide.

Fraction B, 45 g., b. p. 142-145° (1 mm.), was recrystal­
lized twice from solvent naphtha and gave 37 g. of p -  
hydroxyphenyl ra-amyl sulfide, m. p. 62-62.5°.1

^-Hydroxyphenyl isoamyl sulfide,1 a red oil, b. p. 134- 
136° (1 mm.), n25D 1.5523, was prepared by the above reac­
tion using isoamyl mercaptan and di-isoamyl disulfide, 
b. p. 94-96° (1 mm.), isolated as the by-product.

Di-w-amyl Disulfide.—(A) This compound was pre­
pared by the method described in **Organic Syntheses” 
for p , p '-dinitrodiphenyl disulfide.8 To 180 g. (0.75 mole) 
of sodium sulfide, dissolved in 750 cc. of 95% ethanol with 
refluxing, was added 24 g. (0.75 atom) of sulfur and the 
mixture stirred until dissolved, n-Amyl bromide, 151 g. 
(1 mole), dissolved in 250 cc. of 95% ethanol, was placed 
in a two-liter, three-necked flask, and the hot sodium disul­

(5) (a) R osser and  R itte r , T h is  J o u r n a l , 59, 2179 (1937); (b) 
B lackburn  an d  C hallenger, J . Chem. Soc., 1872 (1938).

(6) R eid, et al., T h is  J o u r n a l , 48, 776 (1926).
(7) B ost, T u rn e r an d  N orton , ibid., 54, 1985 (1932).
(8) “ Organic S y n th e se s /’ Coll. Vol. I, p. 215.

fide solution was added at such a rate as to maintain gentle 
refluxing.9 The addition was complete in about twenty 
minutes and the mixture refluxed on the steam-bath for 
three hours, after which it was allowed to stand overnight 
at room temperature. Alcohol was removed to about 
one-third volume by distilling at reduced pressure (water 
pump), two volumes of water added and the mixture ex­
tracted with 500 cc. of benzene. The extract was washed 
several times with water, dried over anhydrous sodium sul­
fate, and, after removing the benzene, the di-w-amyl disul­
fide distilled through the 12" column as a colorless liquid, 
b. p. 90-92° (1 mm.); yield 62 g., n 25D 1.4875; d2525 0.9212.

(B) n-Amyl mercaptan, 52 g. (0.5 mole), was dissolved 
in a solution of 22 g. (0.55 mole) of sodium hydroxide in 125 
cc. of water and oxidized by the addition of 60.3 g. (0.475 
atom) of iodine in small portions over a period of twenty 
minutes according to the method of Kekulé and Linne- 
mann10 for the preparation of diethyl disulfide. The mix­
ture was stirred until all of the iodine dissolved and then 
extracted with 200 cc. of benzene. The extract was 
washed three times with water, dried over anhydrous so­
dium sulfate and the benzene removed by distillation. The 
yield of di-w-amyl disulfide was 36 g., b. p. 101-103° (2 
mm.), n2hn 1.4868.

Summary
^-Hydroxyphenyl ^-amyl sulfide has been pre­

pared in yields of 25-30% by the diazotization of 
p-aminophenol, coupling with sodium n-amyl 
mercaptide, and decomposition of the diazothio 
ether. A second product was obtained from this 
reaction in a yield of 25% and has been identified 
as di-w-amyl disulfide by preparation of deriva­
tives and synthesis.

^-Hydroxyphenyl isoatnyl sulfide was prepared 
in the same manner and di-isoamyl disulfide ob­
tained as a second product.
G l e n o l d e n , Pa. R e c e i v e d  J u n e  16, 1942

(9) T he reaction  betw een th e  am yl halide  an d  sodium  disulfide was 
n o t as energetic as th a t  betw een n itroch lorobenzene an d  sodium  d i­
sulfide.

(10) K ekulé and  L innem ann , A n n .,  123, 277 (1862).
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A Mechanism for the Formation of Anthraquinone from o-Benzoylbenzoic Acid
By M elv in  S. N ew m an

The facile ring closure of o-benzoylbenzoic acid 
to anthraquinone under the influence of sulfuric 
acid has never been satisfactorily explained.1 
Although ring closure condensations with acids of 
the o-benzylbenzoic and 7 -arylbutyric type take 
place fairly readily in sulfuric acid, anthraquinone 
formation remains a reaction unique in organic 
chemistry. The ease and the high yield with 
which this condensation takes place ortho to a 
ketonic function are indeed remarkable.

I t  is the object of this communication to present 
a plausible mechanism for the formation of 
anthraquinone from o-benzoylbenzoic acid. The 
proposed mechanism is outlined in the following 
equations.

Arguments Advanced in Favor of the Proposed 
Mechanism

Equation 1 .—The chief support for equation 1 
was obtained in the following experiments.

A. A solution of 5.0 g. of o-benzoylbenzoic acid in 98 - 
99% sulfuric acid was poured into 500 cc. of absolute

(1) G leason an d  D ougherty , T h is  J o u r n a l , 51, 310 (1929), and
F ieser, “ E xperim en ts  in  O rganic C h em istry ,” D. C. H eath  and Co.,
N ew  Y ork , N . Y ., 1935, p. 189, discuss briefly th e  possibility of

intermediate».

methanol in a one-liter Claisen flask. During this addition 
the flask was cooled externally by ice-water and internally 
by dry-ice. About 300 cc. of methanol was rapidly re­
moved under reduced pressure at low temperature and 
the residue was poured on ice. The organic matter was 
rapidly taken into ether and separated into acid and neu­
tral fractions by sodium carbonate extraction. From the 
acid fraction was isolated 1.48 g. (30%) of o-benzoylbenzoic 
acid. The neutral fraction consisted of 3.17 g. (60%) of a 
mixture of the normal and pseudo methyl esters of o- 
benzoylbenzoic acid. This mixture was analyzed by dis­
solving in 32 cc. of 98-99% sulfuric acid and pouring on ice. 
After such treatment it is known that the normal ester is 
recovered unchanged while the pseudo ester is converted 
into o-benzoylbenzoic acid.2 By this means the 3.17 g. of 
mixed esters was converted into 1.19 g. (40%) of o-benzoyl­
benzoic acid and 1.78 g. (56%) of methyl o-benzoylbenzo- 
ate, thus indicating that the ester mixture consisted of 40% 
of pseudo ester and 56% normal ester.

B. This experiment was carried out just as experiment 
A, except that instead of dissolving o-benzoylbenzoic acid 
in sulfuric acid and pouring into cooled methanol, 60 cc. 
of 98-99% sulfuric acid was poured into a solution of 5.0 
g. of the pseudo methyl ester of o-benzoylbenzoic acid in 
500 cc. of methanol. There was then obtained 0.18 g. 
(3.6%) of o-benzoylbenzoic acid and 4.92 g. (92.5%) of 
mixed esters which, by analysis as above, was shown to con­
sist of 35% of pseudo ester and 63% of normal ester.

Before drawing any conclusions from these ex­
periments, it is desirable to point out certain facts. 
From the studies cited by Hammett,3 it seems well 
established that most organic acids behave as 
monoacid bases on ionization in solvent sulfuric 
acid, as follows

RCOOH 4- H2S04 RC02H2+ +  H$04" (4)

When sulfuric acid solutions of such acids are 
poured into absolute methanol, no appreciable 
amount of esterification occurs other than the 
slow normal acid catalyzed esterification.4 Like­
wise, when sulfuric acid solutions of the methyl 
esters of such acids are poured into water, the 
methyl esters are recovered almost completely un­
changed.4*5 The normal methyl ester of o-benzo­
ylbenzoic acid represents such an ester.

Certain acids, chiefly 2,4,6-trialkylbenzoic acids, 
ionize in sulfuric acid in a more complex way,3b as 
follows

(2) N ew m an an d  M cC leary , ibid., 63, 1539 (1941).
(3) H am m ett, “ P hysical O rganic C hem istry ,”  M cG raw -H ill Book 

Co., Inc ., New Y ork, N . Y ., 1940, (a) pp . 45-47, (b) pp. 54-56.
(4) N ew m an, T h is  J o u r n a l , 63, 2431 (1941).
(5) Treffers an d  H am m ett, ibid., 69, 1708 (1937).



Oct., 1942 M e c h a n ism  fo r  F o rm atio n  of A n t h r a q u in o n e  from  o-B e n z o y l b e n z o ic  A cid  2325

RCOOH +  2H2S04 R—C==0 +  H30 + -f 2HS04"
(5)

When sulfuric acid solutions of such acids are 
poured into methanol, almost complete esteri­
fication takes place.4 Similarly when sulfuric acid 
solutions of the methyl esters of such acids are 
poured into water the free acid is obtained.4-5 
The pseudo methyl ester of o-benzoylbenzoic acid 
represents such an ester.

Since o-benzoylbenzoic acid is largely esterified 
by dissolving in sulfuric acid and pouring into 
methanol (experiment A) it seems quite likely 
that in sulfuric acid solution o-benzoylbenzoic acid 
ionizes according to equation 1. The cyclic form 
of the positive ion is the preferred structure as 
indicated because the pseudo methyl ester is 
formed on pouring the sulfuric acid solution into 
methanol. The fact that the ester isolated after 
such treatment contains a large amount of normal 
ester should not confuse the picture because ex­
periment B shows that diming the isolation of the 
reaction products considerable isomerization of 
pseudo ester to normal ester occurs. Furthermore, 
no cyclic ester could have been formed from the 
normal ester or from free o-benzoylbenzoic acid 
because the normal ester is stable in acid methanol 
and is the ester formed on acid catalyzed esteri­
fication of o-benzoylbenzoic acid.2,6 To summarize 
briefly, then, the fact that o-benzoylbenzoic acid is 
largely esterified on pouring its sulfuric acid solu­
tion into methanol constitutes evidence that 0- 
benzoylbenzoic acid undergoes a complex ioniza­
tion in solvent sulfuric acid. Furthermore, the 
fact that the pseudo ester is first formed on pour-

(6) P laskuda, Ber., 7, 987 (1874); H alle r and  G uzot, Bull. soc. 
chim ., (3) 25, 54 (1901); H. M eyer, M o n a t s h 25, 475 (1904).

ing a sulfuric acid solution of o-benzoylbenzoic 
acid into methanol indicates that the positive ion 
present in the sulfuric acid solution is cyclic in 
nature, as shown in equation 1.

Equations 2 and 3.^—Since great chemical re­
activity is generally associated with positive ions 
in organic molecules, it would appear strange 
that such an ion as indicated in equation 1 did not 
immediately react to form anthraquinone. How­
ever, it is a fact that sulfuric acid solutions of o- 
benzoylbenzoic acid must be heated before anthra­
quinone is formed to any appreciable extent. Re­
course to atomic models shows that in a cyclic 
form carbon atom a is far removed from carbon 
atom h with which it must join to form anthra­
quinone. I t seems necessary, therefore, to postu­
late that the cyclic positive ion on heating absorbs 
energy and cleaves to a new open chain acyl ion of 
higher energy content (equation 2). This acyl 
ion can then rotate so that carbon atom a ap­
proaches carbon atom b. At some stage a proton 
is lost from carbon b, a new carbon-carbon link is 
formed between carbons a and b, and anthra­
quinone results (equation 3).

With the above mechanism as a working hy­
pothesis, it is proposed to study the rate of anthra­
quinone formation under various conditions and to 
study, if possible, the effect of substituents on 
steps 1, 2 and 3.

Summary

A mechanism for the formation of anthra­
quinone from o-benzoylbenzoic acid in sulfuric 
acid is proposed. Experimental evidence in favor 
of the proposed mechanism is presented.
C o l u m b u s , O h io R e c e i v e d  J u l y  8 . 1942



2326 V. D eulofbu, R. Labriola and J. D e Langhe Vol. 64

[C o n t r i b u t i o n  f r o m  t h e  L a b o r a t o r y  o f  O r g a n ic  C h e m i s t r y , F a c u l t a d  d e  C i e n c i a s  E x a c t a s , F I s ic a s  y  N a t u r - 
a l e s , U n i v e r s i t y  o f  B u e n o s  A i r e s  a n d  t h e  I n s t i t u t o  B a c t e r io l ó g ic o  D.N.H.]

Studies on Argentine Plants. V.1 Identification and Characterization of Some
Alkaloids in Fagara Coco (Gill) Engl.

B y V. D eulofeu , R. Labriola and  J. D e  Langhe

In 1925 Stuckert2 and his collaborators under­
took the isolation of alkaloids from the leaves and 
young twigs of Fagara coco (Gill) Engl., a tree 
growing in central and northern Argentina and 
in Bolivia, and which apparently has been used in 
those regions as a drug. They obtained several 
crystalline substances of which the three best 
characterized were named and described as fol­
lows: oj-fagarine, C18H22NO4, m. p. 169°; /3-faga- 
rine, Ci2H26N06, m. p. 176°; and 7 -fagarine, 
C15H15NO3, m. p. 139°. At Stuckert’s request, 
Merck and Company (Darmstadt) carried out a 
large-scale preparation of alkaloids from Fagara 
coco and isolated: fagarine I, melting at 163°,
C19H23NO5 which is probably identical with Stuck­
ert’s a-fagarine, and fagarine II, apparently new, 
which melted at 202° and had a composition corre­
sponding tO C18H20NO4.

By extraction and purification of the alkaloids 
from the end twigs and leaves of a sample of Fagara 
coco kindly supplied to us by Dr. Stuckert, we 
have obtained three well-defined substances cor­
responding to the a., ft and 7 -fagarines mentioned 
above. Revised formulas and melting points are 
given in the experimental part. In addition, 
small fractions of a higher-melting material which 
may correspond to Merck fagarine II have been 
obtained, but not in sufficient quantity for com­
plete purification.

Our investigation of the properties of these al­
kaloids shows that two of them bear a very close 
relationship to substances already described in the 
literature. /3-Fagarine is identical with skim- 
mianine which was discovered by Honda3 in 
Skimmia japonica, a plant belonging like Fagara 
to the family of Rutaceae. The structure of 
skimmianine has been established by Asahina 
and Inubuse4 who showed that this alkaloid is a 
dimethoxy derivative of dictamine which was 
found by Thoms5 in Dictamus albus and by Asa-

(1) P a r t  IV , R . A. G entile  an d  R . L abrio la, J .  Org. Chem., 7, 136 
(1942).

(2) “ Investigaciones del L ab o ra tó rio  de Quimica Biológica, 
C ordoba, A rg en tin a ,” Vol. I, 1933, and  Vol. I I ,  1938.

(3) H onda, Arch. E xp . Path. Pharm akol., 62, 83 (1904).
(4) A sahina an d  Inubuse , Ber., 63, 2052 (1930).
(5) T hom s, Ber. D eut. Pharm . Ges., 33, 68 (1923); Thom s and 

D am bergis, Arch. P harm ., 263, 39 (1930).

hina, Ohta and Inubuse6 in Skimmia repens. The 
identity of /3-fagarine and skimmianine is proved 
by the close correspondence of their melting 
points and the melting points of a series of six 
derivatives and degradation products which were 
prepared from 0-fagarine by the present authors 
according to the method originally described by 
Asahina for skimmianine.

C o m p a r is o n  o f  P r o p e r t i e s

S ubstance

M elting  poin ts, °C.
From  From  

j3-fagarine skim m ianine4

Free base, C14H13NO4 178 176
Picrate of base,

Ci4H13N04C6H4N306 195 195-197
Iso-skimmianine,
C14H13NO4 188-9 185
Dimethoxy-isoskim-

mianine 218-220 218
Skimmianic acid 248 248
Skimmianal 238 238
2,4-Dihydroxy-7,8-

dimethoxyquinoline 250 250

It is recommended that the name /3-fagarine be 
eliminated and the name skimmianine be used 
henceforth.

7 -Fagarine apparently has not been described 
under another name and the retention of the 
present term is therefore recommended. Never­
theless, this alkaloid is very similar to skimmia­
nine, from which it differs by having one less meth­
oxyl group. I t forms a series of derivatives and 
degradation products entirely analogous to those 
described for skimmianine but not identical. 
On oxidation by permanganate, 7 -fagarine yields 
7 -fagaric aldehyde and 7 -fagaric acid. The 
latter, which also is derived from the aldehyde 
by further oxidation, on decarboxylation yields 
a 2,4-dihydroxymethoxyquinoline in which the 
position of the methoxyl group is unknown. 
Since none of the four isomeric dihydroxymeth- 
oxyquinolines has yet been synthesized, we have 
begun their synthesis in order to make these key 
reference compounds available for direct compari­
sons.

a-Fagarine is a substance quite different from 
these compounds and since it has not been de-

(6) A sahina, O h ta  and  Inubuse, Ber., 63, 2045 (1930).
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scribed under another name as far as we know, 
we recommend retaining the present term. We 
have assigned to it the formula Ci8H2iN04. Of 
the four oxygens, two belong to the methoxyl 
groups. I t possesses a methylimino group and is 
a stronger base than skimmianine or 7 -fagarine 
from which it may be separated easily by exploit­
ing this difference. Preliminary experiments 
indicate that its behavior with methyl iodide or 
oxidizing agents is completely different from that 
of the other two bases. We are continuing its 
investigation.

Experimental Part
Acid Extraction.—Ten kg. of leaves and twigs of 

Fagara coco was soaked for four days in 60 liters of 10% 
hydrochloric acid, and this extraction was twice repeated at 
four-day intervals. On evaporation in vacuo to about 10
1., a precipitate formed which was filtered off and freed 
from alkaloids by repeated maceration with 20% hydro­
chloric acid. The combined alkaloidal extract was neu­
tralized with dilute sodium hydroxide and extracted with 
trichloroethylene. The washed extract was evaporated to 
dryness and the residue was extracted repeatedly with 13% 
hydrochloric acid. The combined acid extracts were 
neutralized and extracted with chloroform. The residue 
from the washed chloroform extract was again extracted 
with 13% hydrochloric acid. This acid extract was treated 
with dilute sodium hydroxide until the weaker bases pre­
cipitated at pH  3.5-4.0. After twenty-four hours, the 
precipitate containing skimmianine and 7 -fagarine was 
recrystallized from alcohol yielding skimmianine. Con­
centration of the mother liquors gave a product, 120-150 °, 
in which 7 -fagarine predominates and from which it can be 
crystallized in large prisms from alcoholic solution.

The alkaline mother liquor was brought to pH  9 with 
sodium hydroxide and exhaustively extracted with

chloroform. Evaporation of the extract and recrystalliza­
tion of the residue from alcohol yielded a-fagarine.

Acid extraction of 10 kg. of leaves gave 54 g. of impure 
alkaloidal residue yielding 13 g. of skimmianine, m. p. 
178°; 6 g. of 7 -fagarine, m. p. 139°; and 7 g. of a-fagarine, 
m. p. 163°.

Alcoholic Extraction.—Two kg. of leaves was boiled 
first with 81. of 96% ethanol for four hours and the extrac­
tion repeated three times with 5-1. portions of alcohol and, 
finally, with a 5-1. portion of alcohol to which 250 cc. of 
concentrated ammonium hydroxide had been added. 
The combined extracts from 10 kg. of leaves, after neutral­
izing with hydrochloric acid and drying, gave a residue of 
about 1.5 kg. After cooling this was extracted with 4 
successive portions of cold, dilute hydrochloric acid, the 
combined extracts neutralized with 30% sodium hydroxide 
solution and then extracted exhaustively with trichloro­
ethylene. The residue was then extracted with 2 1. of very 
dilute hydrochloric acid and the combined extracts were 
rendered alkaline, extracted with chloroform, the product 
washed with water, dried, and the residue again extracted 
with very dilute hydrochloric acid. Water was added up 
to 2 1., a fine suspension removed by filtration, and sodium 
hydroxide slowly added to pH  2. At this point a precipi­
tate which did not give the alkaloidal reaction was formed 
and this was removed by filtration. The pH  of the solution 
was brought to 3.5-4 and the procedure was continued as 
given for the acid extraction. The yield from the 10 kg. 
of leaves was 41.5 g. of skimmianine, m. p. 178°, 2.5 g. of 7 - 
fagarine, m. p. 139°, and 5 g. of ce-fagarine, m. p. 162°.

Characterization of 7 -Fagarine as a Methoxy-diet- 
amine.—When 7 -fagarine of m. p. 139° was recrystallized 
several times from alcohol, prismatic crystals of m. p. 142° 
were obtained, soluble in chloroform, benzene and ether, 
slightly soluble in petroleum ether, and very slightly soluble 
in water. Alcohol was the best solvent for recrystalliza­
tion.

A nal. Calcd. for Ci3HnN03: C, 68.12, H, 4.80; 
N, 6.11; two methoxyl, 27.03. Found: C, 68.14, 68.39; 
H, 4.99, 5.11; N, 6.22; —OCHa, 27.12, 27.09.

7 -Fagarine Picrate.—Prepared in the usual way4 in 
alcohol solution and recrystallized from the same solvent, 
the picrate was obtained in the form of yellow needles of 
m. p. 177°.

Anal. Calcd. for CiaHnNCVCeHs^Oy.* N, 12.22.
Found: N, 12.50.

7 -Fagarine Picrolonate.—Prepared in the usual way,4 and 
recrystallized from alcohol, the picrolonate formed yellow 
needles melting at 174-175 °.

Anal. Calcd. for C^HnNCVCioHgN^: N, 14.60.
Found: N, 14.84.

The Rearrangement of 7 -Fagarine to Iso-7 -fagarine.—
A sample of 500 mg. of 7 -fagarine was treated in a closed 
tube at 100-105° with 3 ml. of methyl iodide for three 
hours. When the heating was over, the solution was 
filtered and evaporated to dryness. The residue thus 
obtained was crystallized from methanol, after decolori- 
zation by carbon. There was obtained 300 mg. of color­
less needles, melting at 179 °.

Anal. Calcd. for CisHnNOa: C, 68.12; H, 4.80; N,
6.11. Found: C, 67.93; H, 5.18; N, 6.36.
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r-Fagaric Aldehyde.—A sample of 800 mg. was dis­
solved in 60 ml. of acetone heated almost to the boiling 
point and a hot acetone solution of 1.6 mg. of potassium 
permanganate was slowly added. Oxidation occurred 
easily. After cooling, the manganese dioxide was filtered 
off, and the solution was evaporated to dryness. The 
residue (100 mg,), recrystallized from alcohol, yielded fine, 

yellow needles, melting at 185°.
Anal. Calcd. for Ci2HnN04: C, 61.80; IT, 4.72-

Found: C, 61.94; H, 5.08.
-y-Fagaric Aldehyde Phenylhydrazone.—The phenyl 

hydrazone of the preceding aldehyde was prepared by 
heating the latter in alcohol solution for twenty minutes 
with a slight excess of phenylhydrazine and acetic acid. 
Upon addition of water at the end of heating, a precipitate 
was formed which was filtered off and, when recrystallized 
from alcohol, yielded yellow needles melting at 207 °.

Anal. Calcd. for Ci8Hi7N30 s: N, 13.00. Found: N,
13.37.

y-Fagaric Acid.—The manganese dioxide precipitate 
obtained during the oxidation of fagarine was digested 
with 10% sodium hydrate and filtered. The resultant 
solution was acidified with hydrochloric acid which yielded 
a precipitate of y-fagaric acid. It was quite insoluble in 
ordinary organic solvents. It recrystallized from a large 
volume of boiling acetone to which, carbon had been added. 
There was obtained 100 mg. of colorless needles, melting 
at 215°.

Anal. Calcd. for CuHuNO*: N, 5.62, Found: N,
5.68.

The same acid was obtained by oxidizing with potassium 
permanganate a hot acetone solution of y-fagaric aldehyde. 
The crystals obtained also melted at 215° and were not 
distinguishable from those obtained by direct oxidation of 
the base.

2,4-Dihydroxymethoxyquinoline.—A sample of 380 
mg. of y-fagaric acid was suspended in 40 ml. of dilute 
hydrochloric acid7 and boiled until a clear solution was 
obtained. On cooling, a crystalline precipitate, melting 
at 225° and weighing 320 mg. was obtained. Recrystal­
lized from alcohol, it yielded long prisms melting at 250°.

Anal. Calcd. for C 1 0 H 9 N O * :  C, 62.82; H, 4.71; N,
7.33. Found: C, 63.10; H, 5.12; H, 7.59.

Nitrous Derivatives of 2,4-Dihydroxymethoxyquino­
line.—An alkaline solution of the quinoline derivative 
mentioned, containing the necessary amount of sodium 
nitrite, was poured slowly into a solution of 10% sulfuric 
acid with stirring. There was obtained a reddish precipi­
tate which was filtered and was recrystallized several times 
from acetic acid, yielding intensely red needles which 
melted and decomposed at 216-217°!

A n al Calcd. for C10H8N2O4: N, 12.72. Found: N, 
13.02.

«-Fagarine.—The fraction precipitating at pH. 9 was 
purified by repeated recrystallization from alcohol. Two 
kinds of crystals have been obtained: prismatic, melting
at 163°, and octahedral, melting at 169°. Recrystallized 
from chloroform-petroleum ether, long prisms were ob­
tained, melting at 169 °. These are the crystals which were 
finally analyzed. They were soluble in benzene, chloro­
form, ether and acetone, slightly so in petroleum ether. 
When pure, they were slightly soluble in water. The sub­
stance has no optical activity.

A n al Calcd. for CisHWSTCV. C, 68.57; H, 6.42; N, 
4.44; two methoxyls, 19.68; one —NCH* group, 9.23. 
Found: C, 68.58, 68.47; H, 6.36, 6.25; N, 4.33, 4.28; 
—OCH3, 18.45; —NCH3, 12.80.

«-Fagarine treated for twenty minutes with 40% 
sulfuric acid and phloroglucinol in a boiling water-bath 
yielded a red precipitate which, according to Gadamer, is 
characteristic of dioxymethylene groups.

Summary
The study of the alkaloids in the twigs and 

leaves of Fagara coco (Gill) Engl, has confirmed 
the presence of those described by Stuckert as 
a and y-fagarines.

/3-Fagarine has been identified with skimmia­
nine.

y-Fagarine has been degraded to a 2,4-dihy- 
droxymethoxyquinoline, and it has been estab­
lished that it is a methoxydictamine.

a-Fagarine is a base of a different type from the 
preceding ones. Some of its functional groups 
have been determined.
B uenos A ir e s , A rgentina(7) Strong acid of density 1.19 diluted 1:2. R eceived  April 18, 1942



Oct., 1942 A N ew Synthesis of Ketoses and of their Open Chain Acetates 2329

[Contribution from the Chemical Laboratory of the Ohio State University]

The Action of Diazomethane upon Acyclic Sugar Derivatives. III.1 A New Synthesis 
of Ketoses and of their Open Chain (keto) Acetates

B y M . L. W olfrom, S. W. W aisbrot and  R obert L. B rown

Bradley and Robinson2 described the reaction Cl! CHN-,\ CH2OAci
of a diazomethyl ketone with acetic acid to pro­ !0 = 0 b , o 1c = o
duce an acetoxymethyl ketone, although analo­
gous reactions for the acylation of diazoacetic ester 
had been noted earlier by Staudinger and co­

1HCOAcj
1

CH2N2 HCOAc-..... - ^ j
I

HOAc HCOAc
-  > |

AcOCH AcOCH AcOCHj
workers.3 The recent availability of the diazo­

|
AcOCH

|
AcOCH AcOCH

methyl ketones in the sugar series4 makes feasible 
the application of this reaction to the synthesis

1HCOAc
I

HCOAc
!

I
HCOAc

I
of ketoses in their open chain or ^o-acetate c = o c = o c = o
structure. f

Cl
1

CHN*
j

CHjOAc
The reaction was first established for the known III IV V

fructose derivative and the diazomethyl ketone 
obtained1 from d-arabonyl chloride tetraacetate 
and diazomethane was found to react smoothly 
with glacial acetic acid to produce the open chain 
or keto-iorm of ^-fructose pentaacetate, a deriva­
tive that had been synthesized by Hudson and 
Brauns5 by direct acetylation procedures and 
whose open-chain structure is established.6 Re­
action of I, designated 1-diazo-1-desoxy-keto-d- 
glucoheptulose pentaacetate,4 with acetic acid 
produced feefo-d-glueoheptulose hexaacetate (II), 
isomeric with, and convertible (by saponification 
and reacetylation) to the one known cyclic hexa- 
acetate of d-glucoheptulose.7

Utilizing the acetolysis procedure of Tam bor and 
Du Bois,81 -bromo-l-desoxy-d-ghicoheptulose pen- 

CHN* CHtsOAc

C=O
IHCOAc
I

AcOCH
i

HCOAc
f

HCOAc
I

CH2OAc
I

0 = 0 '
HOAc !— HCOAc

AcOCH
IHCOAc
1HCOAc
ICH20Ac
II

(1) Previous publication in this series: M. L. Wolfrom, S. W. 
W aisbrot and Robert L. Brown, T h is  J o u r n a l , 64, 1701 (1942).

(2) W. Bradley and R . Robinson, J .  Chem. Soc., 1310 (1928); 
ib id ., 1545.

(3) H. Staudinger and C. M achling, Ber., 49, 1973 (1916); H. S. 
Staudinger, J. Becker and H. Hirzel, ib id . ,  1978.

(4) M. L. W oïfrom, D. Ï. W eisblat, W. H, Zophy and S„ W. 
W aisbrot, T h is  J o u r n a l , 63, 201 (1941).

(5) C. S. Hudson and D. H. Brauns, ib id . ,  37, 2736 (1915).
(6) E. Pacsu and F. V. Rich, ib id ., 55, 3018(1933); M. L. Wolfrom  

and A. Thompson, ib id ., 56, 880 (1934).
(7) W. C. Austin, ib id ., 54, 1925 (1932); M. L. Wolfrom and A. 

Thompson, ib id ., 66, 1804 (1934).
(8) J. Tambor and E. M . D u Bois, Ber., 51, 748 (1918).

taacetate1 was converted into II in somewhat 
lower yield than from the diazomethyl ketone I 
and acetic acid. This new acyclic derivative
(II) exhibited no mutarotation in either chloro­
form or methanol solution and its ultraviolet ab­
sorption spectrum in U. S. P. chloroform revealed 
a pronounced absorption maximum at 2830 A. 
(log €max„ = 1.60 at 2830 A.) which corresponds 
closely to the value reported by Baldwin, Wolfrom 
and Lowry9 for keto-d-iructo$e pentaacetate 
(log cmax =  1.59 at 2830 A.) and by Khouvine 
and Arragon10 for keto-l-sorbose pentaacetate (ab­
sorption maximum at about 2800 A.). Inas­
much as it has been shown that the cyclic acetates 
do not exhibit an absorption maximum in the 
region of that for the ketonic carbonyl group,10 
these data constitute proof that no ring closure 
has occurred during the series of reactions leading 
to the formation of the new derivatives and con­
firm the assignment of the acyclic or keto structure 
to our compound.

The series of reactions recorded above provide 
a general method for the synthesis of acyclic ke­
tose acetates and represent a transformation of an 
aldose to the next higher ketose. It was then of 
interest to apply these reactions to a dibasic sugar 
acid and for this purpose the long-known mucyl 
dichloride tetraacetate (III)11 was selected. From 
III  the bisdiazomethyl ketone IV was obtained. 
Treatment of IV with hydrogen chloride yielded

(9) W. C. G. Baldwin, M. L. Wolfrom and T. M. Lowry, J . C h e m . 
S o c . , 696 (1935).

(10) Yvonne Khouvine and G. Arragon, B u l l . so c . c h im . , [5] 5, 1404 
(1938).

(11) E. Jacoby, Inaugural Dissertation, Berlin, 1907; O. Diels 
and F. Löflund, B e r „ 47, 2351 (1914); J. Muller, ib id .,  47, 2654 
(1914).
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th e  d ic h lo ro  d e r iv a t iv e  a n d  t r e a tm e n t  w ith  a c e t ic  
a c id  p r o d u c e d  th e  w e ll- c ry s ta ll iz e d  d ik e to se  a c e ­
t a t e  V , d e s ig n a te d  1,8 -d ih y d ro x y -m u c y ld im e th -  
a n e  h e x a a c e ta te .  T h is  is  a n  o p e n  c h a in  a c e ta te  
o f  a  d ik e to s e , a  n e w  ty p e  o f d e r iv a t iv e  in  th e  s u g a r  
field.

E x te n s io n  o f  th i s  w o rk  is in  p ro g re s s  in  th i s  
L a b o r a to r y .

Experimental
keto-d-fructose Pentaacetate.—1-Diazo-l-deso xy-keto- 

d-fructose tetraacetate1 (1 g.) was dissolved in glacial 
acetic acid (25 cc.) and refluxed for one hour. The dark 
brown solution was poured on crushed ice, and the resulting 
solution was extracted with three 25-cc. portions of chloro­
form. The combined extracts were washed free of acetic 
acid with water and the solution dried. Upon solvent 
removal under reduced pressure, a dark sirup was obtained 
which was dissolved in 20 cc. of absolute ethanol, decolor­
ized repeatedly with charcoal and concentrated under 
reduced pressure to 8 cc. Upon standing in the ice-chest 
the concentrate yielded 0.5 g. of pale yellow crystals; m. p. 
63-67°. Several recrystallizations from ethanol yielded a 
pure product identified by melting point, mixed melting 
point and rotation as keto-d-fructose pentaacetate for 
which Hudson and Brauns5 record the constants; m. p. 69- 
70°, spec, rot.12 +35° (CHC1*).

tóö-d-Glucoheptulose Hexaacetate (II).—1-Diazo-l- 
desoxy-tóo-d-glucoheptulose pentaacetate4 (I, 5.0 g.) was 
dissolved in glacial acetic acid (100 cc.) and the solution 
refluxed to the cessation of nitrogen evolution (ten to fifteen 
minutes; delivery tube from condenser top placed in water 
as indicator). The hot reaction mixture was poured on 
crushed ice (400 g.) and the resulting solution extracted 
with four 50-cc. portions of chloroform. The extract was 
washed free of acetic acid with water, dried over Drierite 
and decolorized (Darco). Upon solvent removal under 
reduced pressure the product crystallized spontaneously as 
light yellow needles. The crystalline mass was dissolved 
in 60 cc. of hot 1 :4 ethanol-water, decolorized and diluted 
with an equal volume of warm water. Upon cooling, the 
product separated as long, white prismatic needles; yield
3.7 g. (70%), m. p. 103.5-105°, spec. rot. +18° (abs. 
CHCI3). Three additional crystallizations were effected 
by solution in 15 parts of hot 1:4 ethanol-water and 
dilution with an equal volume of water to yield pure keto-d- 
glucoheptulose hexaacetate; m. p. 104-105°, spec. rot. 
+  18.7° (22°, c 2.7, U. S. P. or abs. CHC13). These con­
stants remained unchanged on further crystallization from 
aqueous ethanol or acetone-petroleum ether.

The substance was soluble in ethanol, acetone, acetic 
acid and warm ether but was insoluble in water and 
petroleum ether. The compound exhibited no detectable 
mutarotation in either chloroform or methanol solution. 
An absorption spectrum analysis13 of the substance in 
chloroform (U. S. P.) solution (0.0377 molar) revealed an 
absorption maximum at 2830 A. (log emax. = 1.60 at 2830
L )._______

(12) All ro ta tio n s  a re  recorded  to  th e  D -line of sodium  light.
(13) W e are  in d eb ted  to  Professor W . R . B rode and  M r. John  

P a tte rso n  of th is  L ab o ra to ry  fo r th is  analysis.

Anal. Calcd. for C7H&0 7(C n 3C 0 )6: C, 49.35; H, 
5.67; CH3CO, 12.97 cc. 0.1 N NaOH per 100 mg. Found: 
C, 49.33; H, 5.53; CH3CO, 12.90 cc.

too-d-Glucoheptulose hexaacetate could also be prepared 
from 1 -bromo-&0/ö-d-glucoheptulose pentaacetate1 by the 
general acetolysis procedure of Tambor and Du Bois.8 
The bromo derivative (2 g.) was dissolved in acetic 
anhydride (10 cc.) containing fused potassium acetate (3 
g.). After shaking for five minutes the mixture was heated 
for thirty minutes at 70 0 and then allowed to stand over­
night. The crystals obtained on pouring the reaction mix­
ture into ice and water were removed by filtration and 
washed with a small amount of cold ether; yield 0.9 g., m. 
p. 102°, spec. rot. +17° (CHC13). Further purification 
yielded pure material identified by melting point, mixed 
melting point and rotation as tóö-d-glucoheptulose hexa­
acetate.

The nature of the sugar portion in the above compound 
was verified by transformation into the one known cyclic 
hexaacetate of d-glucoheptulose.7 tóo-d-Glucoheptulose 
hexaacetate (1.0 g.) was treated for an hour at 0° with a 
dry methanol solution of anhydrous ammonia. The sirup 
obtained on solvent removal under reduced pressure was 
acetylated at 1000 with acetic anhydride and sodium ace­
tate, and the product obtained on pouring the cooled reac­
tion mixture into water was recrystallized (decolorizing 
charcoal) from 75% ethanol; yield 0.2 g., m. p. 114.5- 
115.5°, spec. rot. +86° (23°, c 3, U. S. P. CHC13). A 
mixed melting point with an authentic specimen of d-gluco­
heptulose hexaacetate (m. p. 114.5-115°) was unchanged. 
Austin7 recorded the following constants for d-gluco­
heptulose hexaacetate: m. p. 112°, spec. rot. +87° 
(CHCI3). Wolfrom and Thompson7 found the constants: 
m. p. 115-116°, spec. rot. +87° (CHC13). The present 
product is therefore identified as the d-glucoheptulose 
hexaacetate of Austin.

1.8- Bisdiazo-mucyl dimethane Tetraacetate (IV).—
Mucyl dichloride tetraacetate11 (III, 4 g.) was suspended in 
anhydrous ether and added slowly with continuous stirring 
to a solution of diazomethane (4 g.) in 200 cc. of anhydrous 
ether, previously cooled in an ice-salt bath. The reaction 
was maintained at the temperature of the ice-salt bath for 
two hours, whereupon the product was removed by filtra­
tion and washed with ether. Pure material was obtained 
on further crystallization from ethanol; yield 3.5 g., m. p.
179-180° (dec.). The crystals were soluble in acetone, 
chloroform and dioxane.

Anal. Calcd. for CisHisOioN*: C, 45.07; H, 4.25; N, 
13.14. Found: C, 45.13; H,4.31; N, 12.82.

1.8- Dichloro-mucyl dimethane Tetraacetate.—1,8-Bis- 
diazomucyldimethane tetraacetate (IV, 1 g.) was sus­
pended in ether (40 cc.) and treated, under cooling, for 
thirty minutes with a stream of dry hydrogen chloride, 
whereupon the chloro compound formed was removed by 
filtration and purified by crystallization from ether; 
yield practically quantitative, m. p. 174-175°.

Anal. Calcd. for Ci6H2oOioCl2: C, 43.35; H, 4.55; 
Cl, 16.0. Found: C, 43.47; H, 4.67; Cl, 15.4.

1.8- Dihydroxy-mucyl dimethane Hexaacetate (V).—
1,8-B isdiazo-mucyIdimethane tetraacetate (IV, 1 g.) was 
refluxed for thirty minutes with glacial acetic acid (10 cc ),
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whereupon the cooled solution was poured on ice (25 g.) 
and the separated solid removed by filtration and purified 
by crystallization from ethanol; m. p. 193-195° (dec.).

Anal. Calcd. for C2oH260h: C, 48.98; H, 5.34. 
Found: C, 48.76; H, 5.31.

We acknowledge the assistance rendered in a 
portion of this work by Messrs. Ralph S. Klopper 
and Stephen Olin.

Summary
1. The known tóo-d-fructose pentaacetate has 

been synthesized by the reaction between acetic 
acid and 1-diazo-l-desoxy-&£/0-d-fructose tetra­
acetate.

2. Acetic acid was reacted with 1-diazo-l-

desoxy-&£/0-^-glucoheptulose pentaacetate (I) to 
produce &£fo-d-glucoheptulose hexaacetate (II), 
also obtainable by the acetylation of 1-bromo- 
&e/0-d-glucoheptulose pentaacetate.

3. Mucyl dichloride tetraacetate (III) was 
treated with diazomethane to produce the bisdi- 
azomethyl ketone (IV) from which the 1,8-di­
chloride and the 1,8-diacetoxy (V) derivatives 
were formed. The latter is an acetate of a dike­
tose, a new type of structure in the sugar field.

4. The above reactions establish a new syn­
thesis of &£to-acetates from aldose derivatives of 
lower (one or two carbon atoms) carbon content. 
Columbus, Ohio R eceived July 3, 1942

[C o n t r i b u t i o n  f r o m  D e p a r t m e n t  o f  C h e m i s t r y , I o w a  S t a t e  C o l l e g e ]

Structure of the Dextrins Isolated from Corn Sirup1

By M elvin  Levine , Joseph F. Foster and  R. M. H ixon

The structural differences between the different 
starches and starch fractions, especially with re­
gard to the questions of branching and non-reduc­
ing fractions, would appear to be somewhat clari­
fied by a more complete study of the structure of 
the low molecular weight products of hydrolysis. 
In the older literature Brown2 concluded that these 
products consist essentially of maltose and a 
“stable dextrin” of definite molecular size (about 
40 glucose units) with a specific rotation of about 
196° and a reducing power equivalent to 5.5% 
maltose, or about the value which would be ex­
pected for a molecule of this size if it terminated 
in a reducing glucose molecule. These results 
have been partially accepted in the corn sirup in­
dustry where “dextrin” is considered to be a defi­
nite substance having the rotation reported by 
Brown, but considered to be non-reducing.3 From 
a theoretical standpoint these degradation prod­
ucts would be expected to consist of a mixture of 
glucose polymers of varying chain length, and 
with reducing power and specific rotation4 de­
pending on the chain length. If the original 
starch contains branching, as the present evidence

(1) Jou rna l P aper No. J-1007 of th e  Iow a A gricultural E xperi­
m en t S ta tion , Ames, Iow a; P ro jec ts  N o. 688 and  516. Supported  
in p a r t  by  a  g ran t from  th e  C orn  In d u strie s  R esearch F oundation .

(2) B row n and  M illar, J .  Chem. Soc., 75, 315 (1899).
(3) F o r one m ethod  of analysis and  a  review  of th e  general m eth ­

ods in  use see F e tzer, E v an s  and  Longnecker, Ind . Eng. Chem., 
A na l. E d ., 5, 81 (1933).

(4) F reudenberg , F ried rich  an d  B um ann , A n n ., 494, 41 (1932).

indicates, these molecules might be expected to be 
further complicated.

The method which we are reporting in this paper 
for isolating the dextrins from com sirup was de­
veloped primarily to make these materials avail­
able in relatively large quantities for physiological 
investigations. The availability of such dextrins 
together with the theoretical importance of a more 
complete knowledge of their structure has en­
couraged a rather detailed investigation of these 
materials, especially with regard to the questions 
of branching and the presence of any non-reducing 
fractions.

Experimental
Isolation of Crude Dextrins from Corn Sirup.—The

conditions used for the isolation of the dextrins were se­
lected after a study of the solubilities of glucose and 
maltose in aqueous alcohol (Fig. 1). Fifteen pounds of 
corn sirup5 was weighed into a five-gallon container. 
Enough absolute methyl alcohol to bring the concentration 
to 80-85% was added, the mixture heated to 55° in a 
water-bath and stirred thoroughly until a homogeneous 
mixture was obtained, which was allowed to stand at ap­
proximately 45° until the supernatant alcoholic extract 
was clear (twenty-four to forty-eight hours) and was then 
decanted. The residual heavy sirup was again extracted 
with approximately three volumes of 80% alcohol by stir­
ring at 55°, allowing to settle at 40°, and decanting the 
clear supernatant liquor. This extraction process was re­
peated four times.

(5) T h e  corn sirup  used was Am aizo C rysta l W hite , 41 p u rity ,
43° Bé., furn ished by  th e  A m erican M aize P ro d u cts  C om pany ,
R oby, Ind .
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Fig. 1.-“Solubility of maltose and glucose in aqueous 
alcohol: a, glucose in C2H5OH at 20°; b, maltose in
CH3OH at 40°; c, maltose in CH3OH at 25°; d, maltose 
C2H5OH at 25°. The data for glucose are from Hudson 
and Yanovsky, T h i s  J o u r n a l , 39,1013 (1917). The data 
for maltose were determined in this Laboratory by averag­
ing the values calculated from rotation and reducing value.

The heavy, sticky residue was thinned somewhat with 
water, heated to 60° and filtered through a cotton filter 
cloth with the aid of suction. Absolute methanol was 
added to the filtrate to bring the concentration up to 85%, 
the sirup allowed to settle, then dehydrated and pul-

Fractionation of Dextrins.—A weighed amount of crude 
dextrin was dissolved in twice its weight of distilled water, 
filtered, precipitated by the addition of four volumes of 
absolute methanol, allowed to stand till clear and the 
supernatant liquid poured off. The soluble fraction was 
recovered by evaporating under reduced pressure, and 
both soluble and insoluble fractions dried. Reducing 
power and rotation were run on the fractions, after which 
they were subjected to further fractionation by the same 
method. A typical fractionation is shown graphically in 
Fig. 2. The fractions used in the chemical studies dis­
cussed below were prepared by this method of fractiona­
tion.

To determine the completeness of removal of maltose in 
this method of fractionation, a mixture consisting of 3 g. 
of maltose and 10 g. of dextrin V (mol. wt. 1800 by iodine 
titration) was subjected to a single fractionation in 80% 
methanol. The insoluble fraction consisted of 7.2 g., mol. 
wt. 1950; the soluble fraction 4.5 g., mol. wt. 530. If the 
latter fraction be assumed to contain all of the maltose 
plus 1.5 g. of the dextrin, the mean molecular weight would 
be about 490.

Acetylation of Dextrins and Fractionation of the 
Acetates.—Satisfactory acetylation could be attained 
by any of the variations of the pyridine-acetic anhydride 
method.7’8»9 A 100-g. sample of a dextrin having a re­
ducing value of 850 was dissolved in 400 cc. of pyridine and 
allowed to stand for forty-eight hours. Then 500 cc. of 
pyridine and 500 cc. of acetic anhydride were added and the 
mixture shaken. After standing for forty-eight hours the 
solution was poured into about 10 liters of water, the pre­
cipitate collected on a filter and washed well with about 5 
liters of water; yield 220 g. of white powder.

F “
15 g. 

Ren 242

r ~
20 g. 

Ren 273

Dextrin E 
30 g. 

Rcu 470
Ppt. I

”1 .
4 g.

Rc« 437

Filt.

“1
9.5 g. 

Rcu 480

I
2.8 g.

Rcu 382

V ~
10 g.

Ron 242

“1  
3.0 g. 

Ron 348

1
5.5 g. 

Rcu 654

* ” i
6.5 g. 2.0 g.

Rcu 241
Fig. 2.—Fractionation of the dextrins by alcohol precipitation.

verized with absolute methanol. The powdered dextrin 
was recovered by filtering with the aid of suction and 
dried in a vacuum oven at 45° for forty-eight hours. The 
final products were slightly hygroscopic white powders 
having a slightly sweet taste, specific rotation of about 
175°, and reducing value (Rcu) by the alkaline fern- 
cyanide method6 of about 750 to 850 (maltose «* 1900).

(6) F a rley  and H ixon, I n d .  E n g . Chem.. ,  A n a l . E d . ,  13, 616 (1941).

This material was repeatedly fractionated by dissolving 
in boiling absolute methanol and then cooling the solution 
in an ice-bath for about three hours until the dextrin ace­
tate had settled. This came down as a white, very heavy

(7) B ehrend a n d  R o th , A n n .,  331, 359 (1904).
(8) H aw orth , H irs t an d  P la n t, J .  Chem . Soc., 1214 (1935).
(9) H igg inbo ttom  and  R ichardson. J . Soc. Chem. Ind ., 57, 234 

(1938).
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sirup which hardened on standing and was broken up and 
pulverized with a glass rod. The solution was filtered, the 
filtrate evaporated to dryness, and both the soluble and 
insoluble fractions dried and pulverized. Results of this 
type of fractionation are given in Fig. 3.

Oxidation of Dextrins and Isolation of the Dextrinic 
Acids.—It was found that these dextrins could be con­
verted quantitatively to the potassium salts of the dex­
trinic acids by a large-scale modification of the Kline and 
Acree method for determining aldose sugars.10 A small 
sample of the dextrin was first titrated with iodine and 
alkali according to their directions to determine the exact 
reducing value. Then a sample of from 10 to 20 g. was 
dissolved in a small volume of water, placed in a three- 
neck reaction flask equipped with a mechanical stirrer 
and two dropping funnels, and the calculated amount of 
iodine and potassium hydroxide (each approximately 0.1 
N) added, the caustic being permitted to drop continu­
ously and the iodine being added in about 5-ml. portions 
as the solution became colorless. The addition required 
two or three hours and an additional three hours with 
stirring was allowed for completion of the reaction. The 
solution was concentrated to a thick sirup under reduced 
pressure, and the oxidized dextrin isolated by repeatedly 
adding methyl alcohol to a concentration of 85%, cen­
trifuging out the solid, which at this point was rather 
gummy, taking up in water and repeating the alcoholic 
precipitation until the aqueous solution gave no test for 
iodide. The solid was then shaken up several times with 
ether, and finally ground in a mortar and dried, giving a 
perfectly white powder. Yields were usually 90 to 95% 
of the theoretical.

The potassium salts were analyzed for potassium by 
ashing 20-30-mg. samples with a drop of concentrated sul­
furic acid in a small electric muffle, and weighing the sul­
fate formed. The chain length calculated from per cent, 
of potassium was found to agree very well with that cal­
culated from the amount of iodine and caustic used in the 
oxidation. For example, one fraction having a chain 
length of 14.2 glucose units by iodine titration was oxi­
dized and the derivative found to contain 1.67% po­
tassium, from which the chain length was calculated 
to be 14.4 glucose units.

Maltose was also oxidized to potassium maltobionate by 
the above method, but the derivative was found to be 
very hygroscopic and much harder to work with than in 
the case of the larger molecules.

Methylation of Dextrins.—Attempts to methylate these 
dextrins by the various methods which have been used 
for carbohydrates showed that by far the best results 
could be obtained by means of sodium and methyl iodide 
in liquid ammonia, which was first applied to starch by 
Freudenberg and Boppel.11 By this method the theo­
retical per cent, of methoxyl could be attained in one 
treatment, and recovery was practically quantitative. 
However, due to the greater solubility of these materials 
in both water and ammonia, it was found impracticable 
to change solvent during the methylation, and recovery of 
the methylated product had to be effected by evaporating 
off the ammonia, and exhaustively extracting the thor-

(10) K line and Acree, Ind . Eng. Chem., A na l. Ed., 2, 413 (1930).
(11) Freudenberg  and Boppel, Ber., 71, 2505 (1938).

Original dextrin acetate 
140 g.

Ppt. | Filt.
,  j,

105 g. 20 g.
[a]D 141.6 [o]D UO.5

I
♦ }
75 g. 29 g.
j -[ck]d 123.3

f  f
60 g. 10.5 g.

[<*]d 153.7 [ » ] d  131.0
Fig. 3.—Fractionation of dextrin acetates.

oughly dried and pulverized residue in a Soxhlet extractor 
with chloroform, instead of adding the residue to boiling 
water as was done by these workers.

Ten grams of a dextrin having an average chain length 
calculated from iodine titration of eleven glucose units was 
methylated by this procedure: yield, 12.5 g. of cream 
colored powder or 99% of theoretical (45.5% methoxyl, 
calculated for an 11 glucose dextrin, 46.3). Five grams of 
this material was hydrolyzed and the di-, tri- and tetra­
methyl glucose separated by the method of Bell,12 which 
involves partition of tri- and tetramethyl glucose between 
chloroform and water. In this way, 0.515 g. of crystalline 
tetramethyl glucose was isolated (52.3% methoxyl, calcu­
lated 52.5). This corresponds to a chain length of 10.6 
glucose units assuming no tetramethyl glucose to be lost. 
The amount of dimethyl glucose obtained was very small 
(about 30 mg.).

To check this result 3.8 g. of the methylated dextrin 
was hydrolyzed, converted to the glucosides, and analyzed 
for tetramethyl glucose by the method of fractional dis­
tillation.13 By this method, 0.424 g. of tetramethyl 
methylglucoside was found in the distillate, and the chain 
length calculated to be 10.3 glucose units.

The molecular weight of the methylated dextrin was 
determined by two physical methods. By viscosity in 
chloroform, using Staudinger’s equation and his value of 
K m (namely, 1 X 10~4),14 the value obtained was 9700; 
cryoscopically, using bornyl bromide as solvent, 1530. 
This last value is in reasonable agreement with the value 
calculated from the chain length, or about 2000.

The salts of the dextrinic acids have also been methyl­
ated completely and in good yields following the same 
procedure as with the dextrins. To date no study of the 
methylated derivatives has been carried out.

Reaction of the Dextrins with Phenylhydrazine.—The 
procedure first tried was essentially that used by Berg­
mann and Machemer with the acetylated cellulose dex­
trins,15 which involves preparation of the derivative in 
liquid phenylhydrazine, isolation by pouring into ether, 
and purification by solution in 50% acetic acid and pre­
cipitation with absolute methanol. Much better results 
were obtained in the case of the unacetylatëd materials by

(12) Bell, Biochem. J . ,  29, 2031 (1935).
(13) H aw orth  an d  M achem er, J . Chem. Soc., 2270  (1932).
(14) S taud inger and  Eilers, ibid., 2270 (1932).
(15) B ergm ann and M achem er, Ber., 63, 322 (1930).
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eliminating the use of acetic acid and using benzene in­
stead of ether as the precipitant. The procedure finally 
established was as follows. One gram of the dextrin was 
dissolved in 5 cc. of phenylhydrazine by heating under re­
flux at 130° for two hours. The reaction mixture, after 
cooling, was poured with stirring into 50 cc. of benzene. 
The precipitate was recovered by filtration, washed several 
times with ether, thoroughly dried, pulverized, and ex­
tracted with ether in a Soxhlet extractor for twenty-four 
hours. By this procedure the recovery of the derivative 
was more complete and the results more consistent. The 
derivatives were analyzed for nitrogen by the micro Dumas 
method, and the molecular weight of the carbohydrate 
residue calculated.

These derivatives are amorphous powders, character­
istically yellow in color in contrast to true phenylhydra- 
zones, and are extremely susceptible to hydrolysis. When 
dissolved in water they give off a very noticeable odor of 
phenylhydrazine, and ether extraction of the aqueous solu­
tion or boiling with activated charcoal results in the re­
moval of from 25 to as high as 85% of the nitrogen. 
For this reason it was at first thought that the materials 
were simply adsorption complexes; however, the fairly 
close agreement in the case of the smaller fractions between 
the molecular weight from nitrogen and iodine titration 
indicated that a definite reaction did take place.

To further investigate this question the derivatives of 
glucose and maltose were prepared following exactly the 
procedure used for the dextrins. The maltose derivative 
had the same characteristic yellow color as the dextrin 
derivatives and had the same amorphous appearance 
under the microscope. The glucose derivative was some­
what more orange in color and was essentially amorphous 
although there did seem to be some small crystals present 
which were birefringent. The rotations could not be de­
termined accurately due to the dark color of the aqueous 
solutions, but the values were about —40° for the glucose 
derivative and +70° for the maltose derivative. Both 
derivatives melted over a wide range, indicating them to 
be non-homogeneous (maltose derivative, 115-118°; 
glucose derivative, 111-120°). Nevertheless the nitrogen 
analysis was in both cases very close to the theoretical 
(maltose derivative 6.46%, calculated 6.48; glucose de­
rivative, 10.2, calculated 10.4). The maltose derivative 
showed the same instability in water as the dextrin deriva­
tives, at least 25% of the phenylhydrazine being extract- 
able. It is interesting to note that if the aqueous solution 
is exhaustively extracted with ether and then allowed to 
stand a few days, more phenylhydrazine can be removed, 
indicating that a reversible equilibrium is involved. The 
glucose derivative gave an odor of phenylhydrazine when 
dissolved, but the amount extractable was negligible.

The phenylhydrazine derivative of an acetylated dex­
trin was also prepared, following essentially the procedure 
of Bergmann and Machemer.15 It was found that part of 
the acetyl groups were removed by the phenylhydrazine 
so that the derivative had to be reacetylated. The deriva­
tive was found to contain 1.70% nitrogen and 43.2% 
acetyl, from which the molecular weight of the carbo­
hydrate residue was calculated to be 862, in good agree­
ment with the value calculated from iodine titration, 
namely, 850.

Specific Rotations of the Dextrins.—Before running 
specific rotations the dextrins were carefully dried in a 
vacuum oven at 60 ° for twenty-four hours. Rotations were 
run at 25° on 1% solutions in water, using sodium D light. 
In Table I these results are compared with the values calcu­
lated assuming the additivity of molecular rotations as has 
been done by Freudenberg with the smaller molecules.4 
A value of 46,000 was assigned for the molecular rotation 
of maltose (or the sum of the reducing and non-reducing 
terminal glucoses in the dextrins) and 32,400 for the inter­
mediate glucoses, the value for maltose being obtained from 
the observed rotation and iodine molecular weight and the 
value for the intermediate units by assuming a rotation of 
200° for an infinitely long chain. The equation used is thus

y r  __ 0 4 0
clm = 46000 +  ° (32400)

where olm is the molecular rotation and M  the molecular 
weight. The specific rotation is of course obtained by di­
viding the molecular rotation by the molecular weight.

T a b l e  I

C o m p a r is o n  o f  S p e c i f i c  R o t a t io n  C a l c u l a t e d  f r o m

I o d in e  a n d  i?cu  R e d u c i n g  V a l u e s  w i t h  t h e  O b s e r v e d  
V a l u e s

Frac­
tion

Molecu­
lar

wt. I2

Weight
from
RGn

[«]d 
calcd. 
from I2

[<*]d
observed

[«]d
calcd.
from
Rcu

Maltose 348 342 132
A 310 354 118 114 148
B 469 461 150 149 149
C 888 734 172 172 168
M 924 778 175 175 170
F 1422 1036 184 184 178
V 1795 1383 187 187 183
R 1778 1340 187 185 183
E 1902 1450 188 185 183

Discussion
As can be seen from Fig. 2 the results of alcohol 

fractionation are not very satisfactory. The re­
covery is poor, the fractionation is slow and the 
materials very hard to work with. Nevertheless, 
from the crude dextrin, fractions were obtained 
having mean molecular weights ranging from less 
than the value of maltose up to about 26 glucose 
units, as calculated from iodine reducing value. 
The fractions are obviously heterogeneous since 
in no case was a fraction obtained which could not 
be further fractionated, although, in most cases, 
by the time the molecular weight had reached a 
value corresponding to about 25 glucose units the 
amount of the fraction was too small to permit 
further treatment. The result of the fractionation 
of the known mixture of maltose and dextrin V 
indicates that the higher fractions could not con­
tain any appreciable amount of maltose or glucose, 
and it seems probable that the distribution of 
molecular sizes is fairly narrow.
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Haworth and associates16 have investigated the 
fractionation of the dextrins through their ace­
tates with satisfactory results. The results ob­
tained here indicate a fairly sharp fractionation as 
evidenced by the large difference in rotation be­
tween the fractions. The advantage of more rapid 
fractionation is, however, offset by the necessity 
of acetylating and regenerating the dextrins.

The excellent check between the per cent, potas­
sium in the dextrinic acids and the iodine reducing 
value of the original dextrins indicates that the 
reaction is, as formulated by Kline and Acree,10 
a simple oxidation of aldehyde groups to the car­
boxylic acids, and that no iodine is used otherwise 
(for example, adsorbed). From this it would seem 
that iodine titration is the best criterion of chain 
length in these low molecular weight dextrins. 
In Fig. 4 the molecular weights calculated from 
R Cu are compared with the corresponding values 
calculated from iodine reducing power. Results 
obtained in this Laboratory with higher molecular 
weight fractions indicate that the R Cu molecular 
weights are too low by an almost constant value 
and hence it would appear that the curve bends 
upward and becomes parallel with the theoretical 
as is also indicated in the figure. It should be 
mentioned also that iodine methods are not very 
reliable in the case of very high molecular weight 
materials where tenacious adsorption occurs.

The reliability of the iodine values in this range 
is further indicated by the agreement between the 
specific rotations and the values calculated from 
the apparent molecular weights (Table I). Low 
observed values can be explained by moisture. 
In several cases the observed values are below 
those calculated from iodine molecular weight, 
but above those calculated from RCu molecular 
weight. Obviously specific rotation is not a very 
sensitive function for a high molecular weight 
fraction; nevertheless, even in the highest frac­
tions studied here the calculated increase of specific 
rotation is approximately 1.5° per glucose unit.

The close agreement between the chain length 
calculated from reducing value and tetramethyl 
glucose analysis, even when we consider the 
limited accuracy of the available methods for 
separation of the methyl glucoses (the maximum 
relative accuracy is probably not more than about 
5-10%) indicates the chains to be essentially 
linear. The almost complete lack of dimethyl 
glucose, which would arise at the points of branch -

(16) H aw orth, H irst and P lan t, J .  C h em . S oc. ,  1214 (1935).

Fig. 4.—Comparison of molecular weights calculated from 
Ron and per cent, nitrogen in the phenylhydrazine deriva­
tives, with the values obtained from iodine reducing values. 
Molecular weights were calculated from R Cn by assuming 
the value for maltose (1900) to be correct and using the 
equation M  = 342 X 1900/i?Cu- The crosses are nitrogen 
values; the circles Rcu values.

ing, supports this conclusion (30 mg. of dimethyl 
glucose would permit a maximum of one branch 
to about 160 glucose units, or about 6% of 
branched molecules). This result is to be expected 
for fractions of this size from simple probability 
considerations, if we assume the 1-4 and 1-6 
linkages to be broken at the same rate. I t  should 
perhaps be pointed out that the method of tetra­
methyl assay is not a very sensitive criterion for 
ascertaining whether or not a small portion of the 
molecules are branched. For example, a straight- 
chained fraction of ten glucose units would give 
10% of tetramethyl glucose, whereas if even 25% 
of the molecules were branched only about 12.5% 
of tetramethyl glucose would be obtained. Hence 
the absence of dimethyl glucose is, perhaps, a safer 
criterion.

In considering the possible presence of non­
reducing dextrins, two distinct types must be con­
sidered. In the first place, there is the possibility 
of dextrin structures in which the terminal alde­
hyde group is bound in a non-reducing fashion 
but the non-reducing end is free. This type of 
molecule would be detected by the tetramethyl 
end-group analysis since it would lead to a pre­
ponderance of tetramethyl groups over reducing 
groups. Conclusions based on this evidence are, 
of course, subject to the same experimental inac-
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curacies discussed above; however, it seems safe 
to conclude that at most not more, than 10% of 
non-reducing material of this type could be pres­
ent, and probably none. The other possibility 
which must be considered is the presence of ring 
dextrins of the Schardinger type which have 
neither reducing nor non-reducing ends and would 
hence not be detected by the tetramethyl glucose 
analysis. However, this possibility is completely 
eliminated by the agreement of the rotations with 
the calculated values. The Schardinger dextrins 
have rotations about 20-25 ° lower than that cal­
culated for an open chain of equal molecular 
weight, and their presence would have to be offset 
by low-molecular weight dextrins to bring up the 
reducing power; the net effect would be a marked 
lowering of the rotation of the fraction. Thus the 
suggestion that these materials consist of glucose, 
maltose and non-reducing dextrins is completely 
out of the picture, and the possibility of the pres­
ence of even a small amount of non-reducing ma­
terial seems dubious.

The reaction of phenylhydrazine with cellulose 
dextrins has been investigated by Stand and 
Gray17 and by Bergmann and Machemer,15 who 
concluded that nitrogen analysis of the reaction 
product is more trustworthy than copper numbers 
as a basis for estimating molecular size. The ap­
plication of the method to the starch dextrins was 
investigated in the hope of using it as another cri­
terion of chain length, and also in the hope that 
the derivatives might possess some advantages for 
fractionation in that any non-reducing material 
would not react. The results indicated that the 
reaction is quantitative but that the derivatives

(17) S tand and  G ray, I n d .  E n g .  C h e m . ,  A n a l .  E d . ,  1, 80 (1929).

are unstable. These conclusions were substanti­
ated by the preparation of the derivatives of glu­
cose and maltose.

Both hydrazide and hydrazone forms of the 
phenylhydrazine derivatives of glucose have been 
reported.18 The glucose derivative obtained here 
was apparently a mixture of the two forms but 
predominantly the hydrazide. Obviously rather 
complicated equilibria are involved, but the follow­
ing simplified mechanism would seem to explain 
the phenomena so far observed.

The equilibrium between the phenylhydrazide 
form (I) and the phenylhydrazone form (II) has 
been recognized.18 The fact that a large amount 
of the phenylhydrazine is immediately released 
from the maltose derivative upon solution in 
water, followed by a slow hydrolysis of the re­
mainder, would seem to indicate that the hydroly­
sis of the phenylhydrazide is quite rapid whereas 
the shift between the two tautomeric forms is slow. 
The hydrolysis is evidently inhibited by acid, as 
is shown by the fact that derivatives prepared us­
ing 50% acetic acid for purification were found to 
contain about the same per cent, nitrogen as the 
derivatives prepared by the modified method.

Figure 4 shows reasonable agreement of the per 
cent, nitrogen with the calculated values up to a 
molecular weight of about 1000, corresponding to 
about six glucose units. From this point on the 
per cent, nitrogen is much too high, indicating 
adsorption of phenylhydrazine by the carbo­
hydrate. There is considerable evidence that the 
chains in starch and its derivatives are coiled in 
the form of a helix with a periodicity of about six

(18) F o r a review  of these com pounds see Tollens and  Eisner, 
“ K urzes H andbuch  der K o h le n h y d ra te ' F o u rth  Ed., J. A. B arth , 
Leipzig, 1935, pp. 231-232.
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glucose units.19,20 If the adsorption of phenyl­
hydrazine is due to entrapment in the center of 
these helices, it might be expected that no notice­
able amount of adsorption21 would occur until the 
average chain length of the dextrin was approxi­
mately six to eight glucose units, as is observed. 
It is conceivable that by varying the solvents used 
and by controlling the conditions of precipitation 
it might be possible to eliminate adsorption and 
to obtain the derivatives in the more stable hy­
drazone form.

Summary
1. A method for isolating the dextrins from 

corn sirup in large quantities is given.
2. Repeated alcohol fractionation gives frac­

tions ranging in mean molecular weight from less 
than two glucose units to 26 units, and the higher 
fractions are concluded to be relatively free of 
maltose and glucose.

3. Oxidation of the dextrins to the potassium 
salts of the dextrinic acids can be carried out in 
good yields and the potassium content of the

(19) H anes, New Phytologist, 36, 101, 189 (1937).
(20) Bear, This Journal, 64, 1388 (1942).
(21) T he word is here used w ith  th e  realization  th a t  neither th e  

te rm  adsorption  nor absorp tion  as used in  th e  usual sense fits this 
phenom enon.

products checks with the reducing value of the 
original dextrin, indicating the iodine reaction to be 
quantitative and a true measure of molecular size.

4. The specific rotations of the dextrins agree 
with the values calculated from iodine molecular 
weights, lending further evidence to the reliability 
of iodine values.

5. The Freudenberg and Boppel method of 
methylation is found to be very satisfactory for 
both the dextrins and dextrinic acids.

6. Tetramethyl glucose assay of the methyl­
ated dextrins indicates the chains to be essentially 
unbranched, and non-reducing fractions to be 
absent. The former conclusion is substantiated 
by the almost complete absence of dimethyl glu­
cose, the latter, by the agreement of the rotations 
with the calculated values.

7. The reaction of phenylhydrazine with the 
smaller starch dextrins is found to be quantitative, 
but the derivatives are unstable and postulated 
to be largely of the phenylhydrazide type.

8. The dextrin fractions averaging greater 
than about six glucose units in length show a 
strong tendency to adsorb phenylhydrazine and a 
possible explanation is given.
A m e s , I o w a  R e c e i v e d  M a y  8, 1942

[C o n t r i b u t io n  f r o m  t h e  B io c h e m ic a l  L a b o r a t o r y , S t a t e  U n i v e r s i t y  o f  I o w a ]

Antioxidants and Autoxidation of Fats. XIV. The Isolation of New Antioxidants
from Vegetable Fats1

B y C alvin G olumbic

The tocopherols have been found in a wide 
variety of vegetable fats but are generally absent 
from animal fats.2,3 The observations of Olcott 
and Emerson4 and later those of Golumbic6 have 
shown that they and related compounds function 
as fat antioxidants and they are responsible in 
part for the greater stability of vegetable fats 
toward oxidative deterioration.

When added to animal fats that are exposed to 
air or oxygen, tocopherols are rapidly oxidized 
during the period in which they exert their anti- 
oxygenic action and their complete disappearance 
practically coincides with the end of the induction

(1) Presen ted  before th e  D ivision of Food  an d  A gricultural Chem ­
istry , A m erican Chem ical Society m eeting, M em phis, Tenn., 1942.

(2) O lcott and  M a t till, This Journal, 68, 1627 (1936).
(3) K a rre r and  K eller, Helv. C him . Acta, 21, 1161 (1938).
(4) O lcott and  E m erson, This Journal. 59, 1008 (1937).
(a) Golum bic, ibid., 63. 1142 (1941),

period of the fat.6 At this point there is a readily 
detectable increase in the rate of oxygen uptake 
and of peroxide formation6 (Table I). In an 
autoxidizing hydrogenated vegetable fat, on the 
other hand, the pronounced acceleration of per­
oxide formation does not occur until a consider­
able time after the total disppearance of to­
copherol (Table I). This observation suggested 
the presence of hitherto unrecognized antioxidants 
which were less susceptible to oxidation than the 
tocopherols. They were obviously not phenolic 
in nature because the oxidized fat gave no test 
with the ferric chloride-dipyridyl reagent of 
Emmerie and Engel.7

In some respects, the oxidized vegetable fat 
behaved as though it contained quinoid substances.

(6) G olum bic and  M attill, ibid., 63, 1279 (1941).
(7) E m m erie and  E ngel, Rec. trav. chim., 57, 1357 (1938),
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....................... T a b l e  I

T h e  O x i d a t i o n  o f  T o c o p h e r o l s  i n  a n  A n im a l  a n d  i n  a  
V e g e t a b l e  F a t  a t  60 °

Tim e,
days

— —L a rd -----
T oco­

pherol,® 
per cent.

P e r­
oxide

valued

Hydro*

Tim e,
days

jena ted  veget; 
Toco^ 

pherol,® 
per cent.

able fa t 
Per^ 
oxide 

valued

0 0.05c 1.3 0 0 .105d 0.9
3 .01 3.2 14 .008 17.0
7 .004 10.3 35 .000 30.0

14 .003 19.0 49 .000 42.7
21 .001 27.7 •58 .000 .74.0
28 .000 61.5 63 .000 150.0
a Determined by the Emmerie-Engel method as modi­

fied by Parker and McFarlane, Can. J. Res., 18, 403 (1940). 
6 Millimoles of peroxide oxygen per kg. of fat. c This 
amount of synthetic «-tocopherol was added to the fresh 
lard. d Naturally occurring tocopherol.

Thus, the light yellow color of the fresh fat gradu­
ally deepened to an orange-yellow during the 
course of the autoxidation. The oxidized fat was 
decolorized by treatment with reducing agents 
but its color soon reappeared after removal of 
the reducing agent and re-exposure to air. Upon 
continued exposure to air, no further change was 
noted until the period of accelerated peroxide 
formation was reached, whereupon the color of 
the fat faded out rapidly. Vegetable fats in gen­
eral exhibit this decolorization at the point of 
extreme rancidity.8 It seemed pertinent, there­
fore, to separate the substances responsible for 
the color production and to study their antioxi­
dant and chemical properties.

For this purpose, hydrogenated vegetable fats 
were allowed to undergo sufficient atmospheric 
oxidation to destroy all the tocopherols and pe­
troleum-ether solutions of these partially oxi­
dized oils were twice chromatographed on per- 
mutit. This operation gave a red zone whose 
eluate yielded a red oil from which most of the 
sterols and fat were removed by cooling in alco­
holic solution. Upon repeated adsorption of the 
residual oil on silicic acid, a homogeneous red zone 
was obtained which yielded a red oil possessing defi­
nite antioxygenic and quinoid properties (Table
II).

The red concentrates prepared in this manner 
were subjected to the action of reducing, acetylat- 
ing and cyclizing agents in order to gain further 
information as to the chemical nature of their 
antioxygenic constituents. In addition, their ab­
sorption spectrum was measured and their bio­
logical (vitamin E) activity was determined. In 
all these properties and reactions, these red anti­

cs) Jo y n er and  M cIn ty re , Oil and Soap, 15, 184 (1938).

T a b l e  II
A n t io x y g e n i c  A c t io n  o f  t h e  Q u i n o n e  C o n c e n t r a t e s

A nti­
oxygenic

S u b stra te  %  of inh ib ito r added index®

Lard 0.05 Quinone concentrate6 3
.02 Red oxidation prod- 2-4 

uct of «-tocopherol
Purified ethyl esters . 80 Quinone concentrate 3

of hydrogenated
cottonseed oil
a Ratio of the induction period of stabilized fat to that of 

control. 6 Analytically equivalent to 0.025-0.035% red 
oxidation product of «-tocopherol.

oxygenic concentrates showed a marked similarity 
to the chroman-5,6-quinones resulting from the 
treatment of tocopherols with nitric acid.9 Pre­
vious attempts9 and our own efforts to purify 
these latter compounds have been unsuccessful, 
hence no direct qualitative comparison can be 
made between them and the antioxygenic quinoid 
concentrates just described. Until this is accom­
plished, the definitive chemical structure of the 
active constituents of the quinoid concentrates 
will remain open to question.

The red quinoid substances were found in oxi­
dized cottonseed and soybean oils as well as in 
mixed hydrogenated vegetable fats. They do not 
occur as such in the fresh fats but are gradually 
formed in increasing amounts from colorless pre­
cursors as the fats undergo autoxidation. When 
the oxidized fats were dissolved in a butanol 
chloroform mixture10 and compared colorimetri- 
cally with similar solutions of the chroman-5,6- 
quinone derived from a-tocopherol, the maximum 
amounts appearing in oxidized hydrogenated 
vegetable fats were of the order of 0.02 to 0.03%. 
Even at these low concentrations, chroman-5,6- 
quinones exhibit marked antioxygenic properties.11

The colorless precursors of these quinoid com­
pounds are not the tocopherols. The quinoid 
compounds were never detected in autoxidizing 
animal fats or in purified fat substrates containing 
only added tocopherol. Furthermore, the addi­
tion of a-tocopherol or of a-tocoquinone to a fresh 
hydrogenated vegetable fat did not increase the 
amount appearing during the induction period.

Both the red quinoid substances and their pre­
cursors are destroyed by alkaline saponification; 
hence, methods analogous to those usually em­
ployed for concentrating vitamin E had to be

(9) S m ith , Irw in  and  U ngnade, T h is  J o u r n a l , 61, 2424 (1939).
(10) Q uackenbush, G ottlieb  and  S teenbock, Ind . Eng. Chem., 33, 

1276 (1941).
(11) G olum bic, T h is  J o u r n a l , 63, 1163 (1941).
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abandoned. The quinoid precursors could be 
separated with little apparent destruction by 
chromatographic adsorption on activated alumina 
according to the method introduced by Moss and 
Drummond for the isolation of tocopherols from 
wheat germ oil.12 To secure selective adsorp­
tion of all the antioxygenic constituents of hydro­
genated vegetable fats, it was first necessary to 
convert them to their crude ethyl esters by acid 
alcoholysis.2 Petroleum ether solutions of these 
esters were adsorbed on activated alumina and 
afforded a yellow zone containing the quinoid pre­
cursors in association with the tocopherols. The 
antioxygenic activity of this adsorbed fraction 
was lost after acetylation but not after quantita­
tive oxidation with gold chloride.

Tocoquinones, the expected oxidation products 
if tocopherols alone were present, are devoid of 
stabilizing action5; hence, the adsorbed zone 
contained phenolic inhibitors other than toco­
pherols. By repeated chromatographic adsorp­
tion on silicic acid, of the fraction oxidized by gold 
chloride, a homogeneous red zone was obtained 
which yielded a red antioxygenic oil exhibiting 
the chemical behavior of the chroman-5,6-qui- 
nones. The most likely source of these quinoid 
substances is thus their corresponding hydroqui- 
nones, possibly 5-hydroxy tocols.

Quackenbush, Gottlieb and Steenbock10 found 
that the application of the Furter-Meyer method13 
to the determination of tocopherols in vegetable 
oils sometimes gave high results because of the 
presence of a chromogen other than tocopherol, 
which produced a color not unlike that obtained 
by vigorous oxidation of tocopherol. The fact 
that this unidentified chromogen was mainly 
lost upon saponification of the vegetable oils 
strongly suggests that it is the alkali-labile pre­
cursor of the red quinoid substances whose isola­
tion is here reported.

These antioxygenic compounds are also respon­
sible for certain characteristics of the autoxidative 
behavior of vegetable fats; a discussion of these 
relations will be presented elsewhere.

Experimental
Preparation of the Antioxygenic Quinoid Concentrates.—

Hydrogenated vegetable fats were the most satisfactory 
starting materials; crude vegetable oils introduced compli­
cations because of the difficulty of removing the carotenoid 
pigments

(12) M oss and D rum m ond, Biochem. J .,  32, 1953 (1938).
(13) F u r te r  and  M eyer, Helv. Chim. A c ta , 22, 240 (1939).

The hydrogenated vegetable fat (500 g.) was subjected 
to acid alcoholysis by refluxing with absolute alcohol con­
taining 2-3% hydrogen chloride.2 The crude ethyl esters 
obtained by this process were dissolved in sufficient petro­
leum ether (b. p. 60-70°) to make a 20% solution and 
chromatographed on 500 g. of activated alumina. The 
column exhibited one or two yellow zones depending on the 
kind of alumina used. When two bands were obtained, as 
with Brockmann’s alumina, all the antioxygenic substances 
were confined to the second (lower) of the two bands 
whereas with other commercial aluminas, all the antioxy­
genic compounds were adsorbed in the single zone. The 
elutions were made with chloroform and evaporation of this 
solvent left a semi-solid residue. This was taken up in 
ethyl alcohol, cooled at —5° and the fat and sterols which 
crystallized were filtered off. Repetition of this process 
yielded a concentrate containing about 10% tocopherol 
(Emmerie-Engel analysis). It was quantitatively oxi­
dized in alcoholic solution with gold chloride.3 The pre­
cipitated gold was filtered off and the clear orange-red 
solution concentrated in vacuo to a small volume. This 
was taken up in ether, washed with water and dried. The 
ether residue was dissolved in petroleum ether (b. p. 60- 
70°) and chromatographed on 60 g. of silicic acid-hyflo- 
supercel mixture (2 :1). Two highly colored zones were 
obtained which were eluted with chloroform. The lower 
yellow band afforded an oil which gave a positive Furter- 
Meyer test but a negative Emmerie-Engel test and thus 
contained tocoquinones. The upper red zone yielded a 
red oil which on a colorimetric basis was equivalent to 
about 50 mg. of the chroman-5,6-quinone prepared from 
«-tocopherol. This fraction was cooled in alcoholic solu­
tion to remove further amounts of fats and sterols and the 
recovered oil was again adsorbed on the silicic acid-hy- 
flosupercel mixture. Repetition of these last two steps 
yielded a concentrate which exhibited a chromatographi­
cally homogeneous zone upon adsorption and which con­
tained 5-10% of the quinone, based on colorimetric com­
parison with the chroman-5,6-quinone from «-tocopherol.

To secure the red antioxygenic substance from incipiently 
rancid hydrogenated vegetable fats, these were allowed to 
undergo atmospheric oxidation, usually at 60°, until all 
the tocopherol had disappeared as determined by Emmerie- 
Engel analysis. Petroleum ether solutions of the partially 
oxidized oils were twice chromatographed on permutit, 
a process which afforded one red zone. Further puri­
fication of this adsorbed fraction was secured in essentially 
the same manner as with the gold chloride oxidized frac­
tions, namely, by crystallization of fats and sterols from 
alcoholic solution and chromatographic adsorption on silicic 
acid. The antioxygenic red oil finally obtained was in­
distinguishable in properties from the concentrates se­
cured from the fresh fat.

Another though less successful means of separating the 
antioxygenic quinoid substances from tocopherols was to 
extract petroleum ether solutions of their concentrates 
with Claisen alkali. It has previously been established 
that the reduced forms of the red oxidation products of 
the tocopherols are somewhat soluble in Claisen’s alkali 
whereas according to Scudi and Buhs,14 tocopherols them­
selves are not extracted by this reagent. Although this

(14) Scudi and  Buhs, J . Biol. Chen., 141, 451 (1941).
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method permits only partial recovery of the red antioxy­
genic substances, it was of some value in detecting their 
presence in highly pigmented vegetable oils.

Chemical and Biological Properties.—The absorption 
spectrum of the concentrates in the visible region, as meas­
ured in alcoholic solution by a Bausch and Lomb spectro­
photometer, is identical with that of authentic chroman-
5,6-quinones9 and shows maximal absorption in the range 
560-570 m/x.

The quinone concentrates are efficient stabilizers for 
lard and other fat substrates (Table II). They are in­
stantly decolorized by reducing agents but quickly regain 
their initial color after separation from the reducing agent 
and re-exposure to air. Reductive acetylation, however, 
yields stable colorless oils which possess no antioxygenic 
properties. When the quinone concentrates react with 
o-phenylenediamine, they form products whose ether solu­
tions exhibit the greenish fluorescence in daylight and in 
ultraviolet light, characteristic of the phenazines of authen­
tic chroman-5,6-quinones.9 The antioxygenic quinoid 
substances are destroyed when the concentrates are saponi­
fied. Their lability to alkali, first noted by John and 
Emte15 with the authentic compounds, is markedly di­
minished when sodium hydrosulfite is present. However, 
when the quinone concentrates were saponified in the 
presence of this reducing agent, only a small proportion of 
the total quinone was isolated from the unsaponifiable 
matter. The greater proportion of it appeared to remain in 
the saponified fraction. Likewise, only partial recovery of 
the chroman-5,6-qüinone oxidation product of a-toco- 
pherol was secured when it was subjected to the same 
treatment.

(15) John  and  E m te, Z. physiol. Chem,., 261, 24 (1939).

Conflicting statements have appeared regarding the 
vitamin E activity of the chroman-5,6-quinone derived 
from a-tocopherol. Evans, as reported in a paper of Smith 
and co-workers,9 found that it was inactive in doses up to 
6 mg. whereas Ridgway, Drummond and Wright16 re­
ported that it showed some activity in amounts of 5 mg. 
In our hands, the red oxidation product of a-tocopherol 
as well as its hydroquinone diacetate and the red quinoid 
substances obtained from vegetable oils were devoid of 
biological activity in doses of 10-1.5 mg. (eight animals).

The author is indebted to Lever Brothers Com­
pany, Cambridge, Massachusetts for a grant in 
support of this work.

Summary
Cottonseed and soybean oils and mixed hydro­

genated vegetable fats contain alkali-labile anti­
oxygenic substances other than the tocopherols. 
The chemical behavior of these fat antioxidants 
showed that they are similar to, if not identical 
with, the chroman-5,6-quinones and occur in fresh 
vegetable fats in a colorless, possibly quinol form. 
Their isolation and concentration were accom­
plished by chromatographic adsorption and the use 
of selective solvents. These antioxygenic quinoid 
substances, like the chroman-5,6-quinone product 
of a-tocopherol, were devoid of vitamin E activity.

(16) R idgw ay, D rum m ond and  W right, Biochem. J .,  34, 1569 
(1940).

I o w a  C i t y , I o w a  R e c e iv e d  J u n e  15, 1942

[C o n t r i b u t io n  f r o m  t h e  D e r m a t o l o g ic a l  R e s e a r c h  L a b o r a t o r ie s , D i v is i o n  o f  A b b o t t  L a b o r a t o r i e s ]

N^Sulfanilylamino-alkyl-pyrimidines
B y G eorge  W . R aiziss and  M orris F r e ife ld er

The substitution of an amide hydrogen in sul­
fanilamide by some heterocyclic nuclei has resulted 
in compounds with increased therapeutic activity. 
In continuing our work1 in this field, we have syn­
thesized a series of sulfanilylamino alkylpyrimi- 
dines. Some of these were prepared concurrently 
by other investigators and have been described2; 
in addition, we have mentioned herewith several 
which were previously unpublished.

The 4-alkyl and 4,5-dialkyl substituted 2- 
aminopyrimidines reacted readily with p-acet- 
sulfanilyl chloride, forming the acetsulfanilyl de­
rivatives which were subsequently hydrolyzed to

(1) (a) R aiziss, C lem ence and  Freifelder, T h is  J o ur n a l , 63, 2739 
(1941); (b) R aiziss and  Clemence, ibid., 63, 3124 (1941).

(2) (a) R oblin , W illiams, W innek and  E nglish, ibid., 62, 2003 
(1940); (b) Caldwell, K ornfeld and  D onnell, ibid., 63, 2189 (1941); 
(c) Sprague, K issinger and Lincoln, ibid., 63, 3028 (1941).

the sulfanilylaminoalkylpyrimidines. Our at­
tempts to combine the acid chloride with amino 
hydroxypyrimidines, such as isocytosine (2 -amino- 
4-hydroxypyrimidine) or divicine (2,5-diamino-
4,6-dihydroxypyrimidine), and purines such as 
adenine or guanine, failed.

Most of the aminopyrimidines used were pre­
pared according to Senary’s method3 by treating 
guanidine carbonate with sodium oxymethylene 
ketones; these were obtained by condensation of 
methyl alkyl ketone and ethyl formate in pres­
ence of sodium methylate. 2-Amino-4-ethyl-5- 
methylpyrimidine was prepared from sodium oxy­
methylene- a-methyl-methyl ethyl ketone (de­
rived from diethyl ketone and ethyl formate);
2-amino-4-isobutylpyrimidine from sodium oxy-

(3) B enary, Ber., 63, 2601 (1930).
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methylene methyl isobutyl ketone (derived from 
methyl isobutyl ketone), 2-amino-4-w-amylpy- 
rimidine from sodium oxymethylenemethyl-^- amyl 
ketone (derived from methyl n-amyl ketone).
2,5-Diaminopyrimidine was prepared in excellent 
yield by catalytic reduction of 5-nitro-2-amino- 
pyrimidine4 using platinum oxide catalyst; 2- 
amino-4-hexylpyrimidine was prepared by com­
bining guanidine carbonate with the sodium oxy- 
methylene alkyl ketone derived from ethyl for­
mate and methyl #-hexyl ketone. A product was 
obtained which melted at 92-93° (after several 
recrystallizations). This is in agreement with the

Table I
Aminopyrimidines

-Pyrim idines

M . p., 
(uncor.) 

°C. F orm ula
N itrogen, % 

Calcd. Found
2-Am ino-4-isobutyl-a 119 CsHisNs 27.8 2 7.2
2-A m ino-4-am yl-b 90 CsHisNs 2 5.55 25.39
2-Am ino-4-ethyl-5-m etliyl-ft 157 C 7H 11N 3 30 .6 30 .4
2,o-D iam m o-a,e 200 C 4H 6N 4 50 .9 50.3

* Recrystallized from hot water. 5 Recrystallized from 
petroleum ether. c Prepared as intermediate but not iso­
lated by Roblin, Winnek and English, This Journal, 64, 
567 (1942).

pyrimidine) and the melting point reported by 
Sprague, Kissinger and Lincoln20 (named as 2- 
amino-4-hexylpyrimidine). Oxidation with nitric 
acid was performed by Caldwell,2b with the result 
that some material was obtained which he con­
sidered to be 2-amino-4-carboxy-5-^-amylpyrimi- 
dine. We carried out a number of oxidations with 
the hexylpyrimidine, which we obtained, and 
never had yields above 2-3%  of the carboxy 
compound. I t is our belief that the 2-amino-4- 
methyl-5-n- amyIpy rimkline reported by Caldwell 
is essentially 2-amino-4-hexylpyrimidine (as re­
ported by Sprague) containing a small amount of 
the isomeric 4-methyl-5-w-amyl derivative. Em­
ploying the same technique we were unable to 
obtain any oxidation of either 2-amino-4-isobutyl- 
pyrimidine or 2-amino-4-^-amylpyrimidine.

In Table II, it is interesting to note the solubili­
ties of acetsulfanilylpyrimidines in urine, which 
may have some relationship to the deposition of 
crystals in the kidneys and the genito-urinary 
tract with the formation of urinary concretions. 
The acetyl-4,5-dimethy lpyrimidine derivative is 
considerably more soluble in urine than any of the

T a b l e  II

2 -( N 4-A c e t y l s u l f  a n il y l a m in o ) -p y r i m i d i n e s

C om pound4*
Yield,

%
M elting 

po in t, °C.

vSolubility a t  
37°C., m g ./100  cc. 
W ater U rine F orm ula

N itrogen , %  
Calcd. F o u n d

2- (N4-Acetylsulf anilylamino) -4-methyl- 
pyrimidine® 59 244 24.7 27.0 C1,H14N403vS 18.03 18.36

2- (N 4-Acetylsulf anilylamino) -4-ethyl- 
pyrimidine 76 274 0.78 1 .0 C i4H 16N 40 3S 17.5 17.41

2- (N4- Acetylsulf anilylamino) -4 
propylpyrimidine 82 258 .64 0 ,8 C15H18N403S 16.76 17.02

2-(N4-Acetylsulf anilylamino)-4-isobutyl- 
pyrimidine 68 233 .38 . 825 C 16H 20N4O3vS 16.09 15.67

2- (N4-Acetylsulf anilylamino) -4-w-amyl- 
pyrimidine 84 222-223 .44 .5 C 17H 22N 40 3vS 15 46 15.7

2- (N4- Acetylsulf anilylamino) -4-hexyl- 
pyrimidine& 55 216 .35 .7 C18H24N40 3vS 14.89 14.56

2-(N 4-Acetylsulf anilylamino)-4,5-di- 
methylpyrimidine^ 78 272-273 11.25 43.5 C 14H 16N 4 0 sS 17.5 17.3

2- (N4- Acetylsulf anilylamino) -4-ethyl- 5- 
methylpyrimidine 84 286 0.36 0.65 C 15H 18N 40 3 vS 16.76 16.6

2-(N4-Acetylsulfanilylamino)-4-phenyl-
pyrimidine 95 287 .36 ,51 C18H16N403S 15.21 14.95

2-(N4-Acetylsulf anilylamino)-5,6,7,8- 
t etrahy droquinaz oline6 78 259 .76 .97 C i«H 18N 4 0 8S 16.18 15.93

2,5- Di-( N4- acetylsulf anilylam inopyrimh 
dine 56 295 dec. .5 1.4 C20H20N eOeS2 16.66 16.46
d Ref. 2a. 6 Ref. 2b. c The above 2-(N4-acetylsulfanilylamino) derivatives were crystallized at least twice from

50% alcohol.

melting point reported by Caldwell, Kornfeld and compounds. N ext in solubility was the mono- 

Donnell215 (named as 2-amino-4-m ethyl-5-^-amyl- methyl product. Other acetyl products were very  

U) Hale and BriH, This J ournal, 34, 91 (1912), Slightly Soluble. T he Study of the therapeutic
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T a b l e  I I I

2-Su LF ANIL YL AMIN OP YRIMIDINES

Yield, M e ltin g
S o lub ility  

in  HzO, 37°C . N itrogen, %
%d poin t, °C. m g./100  cc. F orm ula Calcd. F ound

2-Sulfanilylamino-4-methylpyrimidine“,c 45 235-236 40 CuHi2N40 2S 20.82 20.72
2-Sulfanilylamino-4-ethylpyrimidine 51 242 17.2 C12HhN40 2S 20.14 20.16
2-Sulfanilylamino-4-propylpyrimidinee 50 212-214 25 CI3Hi6N40 2S 19.1 18.89
2-Sulfanilylamino-4-isobutylpyrimidine 40 232 10 Ct4Hi8N402S 18.3 18.08
2-Sulfanilylamino-4-amylpyrimidine 46 226 20 CI5H2oN40 2S 17.5 17.21
2-Sulfanilylamino-4-hexylpyrimdine&,c 40 204 20 c16h 20n 4o2s 16.7 16.52
2-Sulfanilylamino-4,5-dimethylpyrimidine& 60 222 ■ 20 Ci2H14N40 2S 20.14 20.05
2-:Sulfanilylamino-4-ethyl-5-methylpyrimidine 60 215 25 C13Hi6N40 2S 19.18 19.3
2-Sulfanilylamino-4-phenylpyrimidinec 45 264 0.9 c16h 14n 4o2s 17.17 16.85
2-Sulfanilylamino-5,6,7,8-tetrahydroquinazoline&’c 50 247 2.5 Ci4H16N40 2S 18.4 18.2
2,5-Disulfanilylaminopyrimidinee 42 241-242 5.4 c16h 16n 4o2s 20.00 20.04

a Ref. 2a. 6 Ref. 2b. c Ref. 2c. d Yields based on aminopyrimidines. 6 Roblin, etal., T h i s  J o u r n a l , 64, 568 (1942),
reported 231-232° for this compound.

effect in mice infected with pneumococcus type II 
(method described in publication)5 disclosed good 
therapeutic results for sulfanilylamino 4,5-di- 
methyl- and 4-monomethylpyrimidines. The 
ethyl derivative showed slight therapeutic effect, 
while higher homologs and other derivatives 
were found to be inactive.

Experimental
The compounds in Table I were prepared according to 

Benary’s method as has been previously mentioned.
2,5-Diamino-pyrimidine: 5.6 g. of 2-amino-5-nitropy- 

rimidine (4) was suspended in 150 cc. alcohol and reduced in 
presence of 0.2 g. of platinum oxide by hydrogen at 3 at­
mospheres pressure. The reduction was complete in one 
hour and the almost clear solution was filtered and evapo­
rated to dryness. The yield was quantitative. After two 
recrystallizations from water the yield was 3.5 g. (80%).

The acet-sulfanilylaminopyrimidines were all prepared 
and subsequently hydrolyzed according to the method de­
scribed in the following example. All of the compounds 
were recrystallized from 50% alcohol.

2- Sulf anilylamino-4-7z-amylpyrimidine: 3.3 g. (0.02
mole) of 2-amino-4-w-amylpyrimidine was dissolved in 4.8

(5) Raiziss, Severac and M oetsch, Proc. Soc. Exp. Biol. Med., 40, 
434 (1939).

cc. (0.06 mole) of pyridine and 4.7 g. (0.02 mole) of p-acet- 
sulfanilyl chloride added gradually with mixing, keeping 
temperature below 60°. The mixture was then warmed 
at 60° for one hour and then stirred into 50 cc. of ice- 
water. The precipitate was filtered and washed with 
water and dried; yield 6.2 g. (84%). This material can 
be recrystallized from 50% alcohol, but for further hy­
drolysis to the amino compound, recrystallization was 
not necessary. The acetyl product was hydrolyzed by 
refluxing in ten volumes of 5% sodium hydroxide for 
two hours. The solution was cooled and neutralized by 
the addition of dilute hydrochloric acid. The precipi­
tate was filtered, washed with water and dried.- After 
two recrystallizations from 50% alcohol, the yield was 
3 g. (48%).

Summary
1. We have prepared and described the chemi­

cal and biological properties of various sulfanilyl - 
amino-mono- and dialkylpyrimidines and their 
corresponding acetyl products.

2. The sulfanilylamino-methyl and dimethyl- 
pyrimidine derivatives proved to have good 
therapeutic effect in the treatment of mice in­
fected with Type II pneumococcus.
P h i l a d e l p h i a , P a . R e c e i v e d  J u n e  23, 1942
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The Synthesis of 2,7-Naphthalenedialdehyde; an Attempted Synthesis of Coronene
B y J. H. W ood and  J. A. St a n fie l d

Although most of the 2,7-derivatives of naph­
thalene have been known for some time, the 2,7- 
dialdehyde has not been previously prepared. 
This aldehyde was synthesized by the Stephen1 
method wherein the corresponding 2,7-dinitrile 
was converted into the aldimine hydrochloride 
by the action of stannous chloride and hydrogen 
chloride in an ether solvent. The aldehyde was 
then obtained by hydrolysis. The structure of the 
aldehyde was established by the method of prepa­
ration, by oxidation by alkaline permanganate to 
the known 2,7-dicarboxylic acid, and by analysis of 
the aldehyde and its 2,4-dinitrophenylhydrazone.

The conversion of aryl thioaldehydes into stil­
bene analogs and homologs by heating with cop­
per powder has been previously reported.2 Such 
a conversion of 2,7-naphthalenedialdehyde might 
lead to two different types of ethylene derivatives 
as indicated

Experimental
Preparation of 2,7-Naphthalenedinitrile.—The method 

of Ebert and Merz3 was followed, whereby the dinitrile 
was obtained by heating sodium 2,7-naphthalenedisulfo- 
nate with potassium cyanide. The yields in general were 
poor (10 to 15%).

Preparation of 2,7-Naphthalenedialdehyde.—Twelve 
grams of anhydrous stannous chloride and 150 ml. of dry 
ether were placed in a liter, three-necked flask equipped 
with a stirrer, reflux condenser, and an inlet for hydrogen 
chloride. Hydrogen chloride was bubbled in with stirring 
until solution of the stannous chloride was complete. This 
was indicated by the separation of a heavy, oily layer and 
the time required was about two and one-half hours. A 
suspension of 2 g. of 2,7-naphthalenedinitrile in 100 ml. of 
dry ether was then added with stirring over a period of 
forty minutes. Hydrogen chloride was passed in during 
this time. A viscous, yellow mass resulted. Stirring and 
the passage of hydrogen chloride were continued for a 
period of twenty-four hours by which time a yellow 
precipitate of the aldimine hydrochloride had formed. 
The mixture was cooled to zero before filtering to ensure as 
complete precipitation as possible. After filtration, the 

aldimine hydrochloride was hy­
drolyzed by refluxing in 250 ml. of 
water for twenty minutes. Upon 
cooling and filtering, the impure 
aldehyde mixed with inorganic ma­
terial was obtained. Purification 
was partly accomplished through 
the bisulfite addition compound. 
Final purification was accom­
plished by two recrystallizations 
from water-alcohol solution which 
gave long, white needles, m. p. 
142° (cor.). The yield was 0.5 g. 
(24.3%). 2,7-Naphthalenedialde- 
hyde is soluble in methanol, eth­
anol, ether and benzene.

Ring closure of II by dehydrogenation at the 
alpha positions would give coronene.

Several attempts were made to prepare coro­
nene as outlined above but all resulted in reaction 
products from which nothing definite was ob­
tained. In this work, the thioaldehyde was readily 
prepared by the action of hydrogen sulfide upon 
naphthalenedialdehyde in the presence of hydro­
gen chloride. Upon heating the thioaldehyde 
with copper, non-sulfur containing materials were 
obtained. Attempts to convert this into coronene 
by heating alone and with selenium failed.

(1) S tephen, J . Chem. Soc., 127, 1874 (1925).
(2) W ood, Bacon, M eibohm , T hrockm orton  and  T urner, T h is 

Jo u r n a l , 63, 1334 (1941).

Anal. Calcd. for Ci2H80 2: C, 78.26; H, 4.35. Found: 
C, 78.98; H, 4.19.

2,7-Naphthalenedialdehydedi-(2,4-dinitrophenylhydra-
zone).—The hydrazone was prepared from alcoholic solu­
tion catalyzed by a few drops of coned, hydrochloric acid. 
Recrystallization was not accomplished; color, orange; 
m. p., slight decomposition at 295°, complete decomposi­
tion at 312-313°.

Anal. Calcd. for C^HieOsNg: N, 20.59. Found: N, 
20.13.

Summary
1. 2,7-Naphthalenedialdehyde was prepared 

by the action of stannous chloride on the cor­
responding dinitrile.

(3) E b e rt and  M erz, Ber., 9, 592 (1876).
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2. The 2,4-dinitrophenylhydrazone of this 
aldehyde was prepared.

3. Attempts were made to obtain coronene by

heating 2,7-polythionaphthalenedialdehyde with 
copper powder.
K n o x v i l l e , T e n n e s s e e  R e c e i v e d  J u l y  17, 1942

[C o n t r i b u t i o n  f r o m  t h e  D e p a r t m e n t  o f  C h e m i s t r y , C o l u m b ia  U n i v e r s i t y ]

Factors Influencing the Cresolase Activity of Tyrosinase. The Effect of Gelatin
and p -Cresol Concentration

B y  W ilbur  H. M iller1 and Charles R. D awson

Previous workers2,3,4 have demonstrated that 
tyrosinase preparations from the cultivated mush­
room Psalliota campesiris show a marked varia­
tion in ratio of catecholase to cresolase activity,6 
depending on the procedure used to isolate the 
enzyme. Since during the process of purification, 
unless special precautions are taken, the major 
portion of the cresolase activity is apt to be lost, 
the ratio of the catecholase to the cresolase activity 
in the purified preparation is often high (greater 
than 2). In these so-called "high catecholase” 
preparations, the catecholase activity is propor­
tional to the copper in the preparation whereas 
the cresolase activity is not.3,7 Until recently it 
was this type of preparation that was used for 
several investigations in this Laboratory concern­
ing the nature, properties and mode of action of 
the enzyme tyrosinase.2,7,8 In 1940 Parkinson 
and Nelson4 reported the development of tyrosi­
nase preparations in which the ratio of catecholase 
to cresolase activity was low (2 or less), and in 
which both enzymic activities were proportional 
to the copper content of the preparation. Such 
preparations have been called "high cresolase” 
preparations.

The development of different type tyrosinase 
preparations, having different ratios of catecholase

(1) P resen t address: S tam fo rd  R esearch  Laboratories, Am erican 
C yanam id  C om pany, S tam ford , Conn.

(2) M . H . A dam s and  J . M . N elson, This J ournal, 60, 2474 
(1938).

(3) D. K eilin an d  T . M an n , Proc. Roy. Soc. (London), B125, 
187 (1938).

(4) G. G. Park inson  and  J .  M . N elson, This Journal, 62, 1693 
(1940).

(5) T he  ab ility  of th e  enzym e p repa ra tion  to  catalyze the  aerobic 
oxidation  of th e  d ihydric  phenol catechol and  th e  m onohydric phenol 
^-cresol are referred to  as catecholase and  cresolase activities, re ­
spectively. One catecholase u n it and  one cresolase un it have been 
defined as th e  am oun t of enzym e requ ired  to  cause the up take of 10 
cu. m m . of oxygen per m inu te  when acting  on 4 mg. of catechol and  
4 mg. of £-cresol, respectively . F o r fu r th e r de ta ils  see Gregg and 
N elson.6

(6) D. C. Gregg and  J. M . N elson, This J ournal, 62, 2500 (1940).
(7) B. J . Ludw ig and  J. M . Nelson, ibid., 61, 2601 (1939).
(8 ' C. A. B ordner and  J. M . Nelson, ibid., 61, 1507 0939).

to cresolase activities, has resulted in conjecture 
as to whether or not the enzyme is in reality one 
copper protein possessing two types of enzymic 
action, or is a mixture of two copper proteins each 
with its own activity. Before any considerable 
progress can be made toward a solution of this 
interesting and fundamental problem, it is neces­
sary to have reliable means of characterizing the 
different type preparations on the basis of their 
catecholase and cresolase activities. Because 
of the marked inactivation of the enzyme that is 
observed particularly during the oxidation of 
catechol, it has been the practice to measure the 
enzyme activities in the presence of a “protecting” 
agent, gelatin being commonly used for this pur­
pose.2,9 Thus previous studies designed to com­
pare the two types of tyrosinase preparations on 
the basis of their catecholase and cresolase activi­
ties have been made with gelatin present in the 
reaction medium.4,10

Recently, however, it has been found that the 
presence of gelatin in the reaction medium during 
the enzymatic oxidation of catechol (catecholase 
activity) tends to obscure fundamental differ­
ences between the different type preparations,11 
and it has been found that gelatin need not be 
present in the reaction medium in order to obtain 
a reliable measurement of catecholase activity.12 
These observations made it seem advisable to 
reinvestigate, from the same point of view, the 
effect of gelatin on the other characteristic ac­
tivity of the different type tyrosinase prepara­
tions, i. e.y the cresolase activity.

The results of such a study, described in detail 
below, reveal that the increase in rate of oxida­
tion of ^-cresol (increase in cresolase activity), 
that is observed when tyrosinase is used in the

(9) M . H . A dam s and  J. M . Nelson, ibid., 60, 2472 (1938).
(10) D. C. Gregg and J. M . Nelson, ibid., 62, 2506 (1940).
(11) W. H . M iller and  C. R . Dawson, ibid., 63, 3368 (1941).
(12) W. H . M iller and  C. R . Dawson, ibid., 63, 3375 (1941).
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presence of gelatin, is dependent on the type of 
tyrosinase preparation employed and also on cer­
tain environmental factors such as the substrate 
concentration. The variable effect of gelatin in 
these ^-cresol-enzyme systems has been found 
to be complex in nature, and may be such as to 
obscure or unduly accentuate certain fundamental 
characteristics of the particular enzyme prepara­
tion.

The Enzymatic Oxidation of £-Cresol
When a typical high catecholase preparation is 

used, with and without gelatin in the reaction 
medium, the enzymatic oxidation of ^-cresol, as 
followed by manometric measurements of oxygen 
consumption, proceeds as shown by the curves of 
Fig. 1. In these experiments a constant amount 
of the enzyme was employed and the substrate 
(^-cresol) concentration was varied tenfold, that 
is from 2.5 to 25 mg. in an 8.0-cc. reaction vol­
ume. In contrast to the enzymatic oxidation of 
catechol which starts at a maximum rate,11 it can 
be seen from Fig. 1 that the enzymatic oxidation 
of £>-cresol is characterized by an initial lag or in­
duction period in the rate of oxygen absorption. 
The length of this induction period can be varied 
in a number of ways and this phase of the reac­
tion has been studied6»8 in attempts to distinguish 
more clearly the differences between cresolase 
and catecholase activity. From Fig. 1 it is ap­
parent that a tenfold variation in £-cresol con­
centration has no pronounced effect on the length 
of the induction period, either in the presence or 
absence of gelatin. Only in the case where gelatin 
is present in the reaction medium (Curves I-G,
II-G, etc.) might it be inferred that the induction 
period is significantly less with the lower sub­
strate concentrations.

With the high catecholase preparation, the rate 
of oxygen absorption after the initial lag period 
in the ^-cresol reaction reaches a maximum value, 
usually in twenty to thirty minutes. This rate 
then continues at nearly a constant value whether 
gelatin is used or not. Thus, in the case where
2.5 mg. of p-cresol was used (Curves I and I-G 
of Fig. 1) it can be seen that the maximum value 
was maintained until about 75% of the £-cresol 
was completely oxidized.13

When a typical high cresolase preparation is 
used, the general course of the reaction is some-

(13) T he com plete enzym ic oxidation  of i>-cresol results in the  
absorption  of th ree  a tom s of oxygen per mole of £-cresol,s which for
2.5 mg. of j>-cresol corresponds to  an oxygen up take of 785 cu. mm.

Fig. 1.—Showing the effect of gelatin and substrate 
concentration on the enzymatic oxidation of ^-cresol by a 
high catecholase tyrosinase preparation. Oxygen absorp­
tion determined in Warburg Respirometer using flasks of 
50-cc. capacity; 120 oscillations per minute; temperature 
25°; p K  7.1. Total reaction volume was 8.0 cc., con­
sisting of 1.0 cc. 0.2 M  citrate-0.4 M  phosphate buffer, 
1.0 cc. (5 mg.) of gelatin solution where indicated, 1.0 cc. 
of ^-cresol solution of indicated concentration (see data 
below), 1.2 cc. of a diluted (1:100) high catecholase tyro­
sinase preparation C144 added from the flask side arm to 
initiate the reaction, and water to bring to volume. 
Preparation C144 from the common mushroom, Pscilliota 
campestris, had a catecholase to cresolase activity ratio 
of 13.8 and dry wt. (undiluted) of 2.6 mg. per cc.; con­
tained 0.105% copper and 693 catecholase units per y  
copper. Catecholase and cresolase activity were deter­
mined using methods previously described.6’12 Each of 
the above curves is an average curve obtained from 3 
to 5 experiments with readings taken at five-minute 
intervals. Such experiments are generally more repro­
ducible when gelatin is a component of the system, i. e.„ 
the points making up the average curve show less devia­
tion. To compensate for this a greater number of ex­
periments was employed in the systems containing no 
gelatin. The maximum rate values indicated below are 
obtained from the average curves over the time range 
where the oxygen uptake per five-minute interval was 
maximum and constant to within ^3 cu. mm.

---- --------- N o ge la tin -----------------s ------ — G elatin ------- -— «.

£-Cresol,
mg.

M ax. ra te , 
cu. m m ./ 

5 m in.

M ax . ra te , 
cu. m m ./ 

5 m in .

2.5 I 88 I-G 93
5.0 II 81 II-G 90

15.0 III 46 III-G 74
25.0 IV 39 IV-G 69
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Fig. 2.—Showing the effect of gelatin and substrate 
concentration on the enzymatic oxidation of £-cresol by a 
high cresolase tyrosinase preparation. Reaction mixture 
and procedure the same as indicated in the legend of Fig. 1 
except that 0.9 cc. of the diluted (1:500) high cresolase 
preparation C143F2 was used. This preparation has been 
previously described.12 See legend of Fig. 1 for method 
of obtaining maximum rate values shown below.

---------N o  gelatin----------- * ,-------------—Gelatin-------------- -
M ax. ra te , M ax. ra te ,

£-Cresol, mg. cu. m m ./5  min. cu. m m ./5  min.

2.5 I 47 I-G 65
5.0 II 48 II-G 79

15.0 III 34 III-G 73
25.0 IV 40 IV-G 69

what different. This is apparent from Fig. 2 
where the data plotted have been obtained from 
experiments exactly analogous to those described 
in Fig. 1, except that a constant amount of a high 
cresolase preparation was used. I t is to be noted 
that in a reaction medium containing no gelatin 
(Curves I, II, etc., of Fig. 2), the length of the in­
duction period is changed rather appreciably by 
change in substrate concentration. A longer in­
duction period results from the use of lower p-cre- 
sol concentrations. Gelatin in the reaction me­
dium practically eliminates this effect of substrate 
concentration on the length of the induction pe­
riod (Curves I-G, II-G, etc., of Fig. 2). These re­
sults are in contrast to the effects of gelatin and 
substrate concentration on the induction period 
of a high catecholase preparation (Fig. 1).

With a high cresolase preparation the rate of 
oxygen absorption, after the initial lag period, ap­
proaches a maximum more rapidly, and main­

tains this rate constant for a much shorter period 
of time than is the case when a high catecholase 
preparation is employed (compare Figs. 1 and 
2). This is true whether gelatin is present in the 
reaction medium or not, although gelatin does 
tend to increase somewhat the time a nearly con­
stant rate of oxygen uptake is maintained with 
the high cresolase preparation.

For both types of preparations, the most pro­
nounced effect of a tenfold variation in original 
substrate concentration is, on the maximum rate 
of oxygen absorption, obtained after the initial 
lag period (see maximum rate data Figs. 1 and 2). 
Thus, considering the data obtained using the 
high catecholase preparation (Fig. 1), it can be 
seen that when there is no gelatin in the reaction 
medium (Curves I, II, etc.), a marked lowering of 
the maximum rate of oxidation results when the 
original amount of ̂ -cresol is increased from 2.5 to
25.0 mg. However, when gelatin is a component 
of the system (Curves I-G, II-G, etc.), the effect 
of increasing the original substrate concentration 
is much less pronounced. Gelatin appears to pre­
vent, to an appreciable extent, inhibition of en­
zyme action caused by excessive amounts of p- 
cresol. The data obtained with the high cresolase 
preparation (Fig. 2) show qualitatively the same 
thing. I t should be noted, however, that the in­
hibitory effect of excessive amounts of ^-cresol in 
the absence of gelatin (Curves I, II, etc.) is con­
siderably less pronounced for this type of prepara­
tion.

The manner in which the rate of enzymatic 
oxidation of ^-cresol varies with the substrate con­
centration for both types of tyrosinase prepara­
tions, and the influence of gelatin on this varia­
tion, is shown more strikingly in Fig. 3. The data 
in Fig. 3 are those of Figs. 1 and 2 (see legend 
Fig. 3) plotted to show the rates as percentages of 
the optimum rate obtained in each series of ex­
periments. I t  is apparent that in the absence of 
gelatin the rate of oxidation of ̂ -cresol with a high 
catecholase preparation (Curve I) is considerably 
more sensitive to change in original substrate con­
centration than is the rate obtained with a high 
cresolase preparation (Curve II). Of particular 
interest is the quite different picture obtained 
when gelatin is present in the reaction medium. 
Although gelatin does not shift the position of the 
optimum substrate concentration for either type 
preparation, its effect on the substrate-rate curve 
is not the same for both type preparations.
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Fig. 3.—Showing the relationship between substrate 
concentration and cresolase activity when measured in the 
presence and absence of gelatin. The percentages of the 
optimum rates obtained with and without gelatin for each 
type preparation are calculated from the maximum rate 
data given in legends of Figs. 1 and 2 with one excep­
tion. Data obtained as indicated in the legend of Fig. 1 
for 1.25 mg. of ^-cresol have been added to show the 
optimum ^-cresol concentration for the high catecholase 
preparation. Experimental points on the curves are: O,
high catecholase; A, high cresolase;------- —, gélatin;
-------- , no gelatin.

This difference in effect of gelatin is particularly 
noticeable on the low concentration side of the 
optimum.

Inspection of the rate data in Figs. 1 and 2 
shows that when gelatin is present in the reaction 
medium, the maximum rate of the enzymatic 
oxidation of ^-cresol is in all cases greater than 
that obtained when gelatin is not present. Gela­
tin causes an apparent increase in cresolase activ­
ity. The important point to note in this connec­
tion is the fact that the boosting effect of gelatin 
is not constant, but is variable, depending not 
only on the type of tyrosinase preparation, but 
also on the substrate concentration. This state­
ment is emphasized by the data as shown in Fig. 4.

Discussion
Just how gelatin causes the effects described 

above is not clearly understood at the present 
time. The mechanism whereby one protein in­
fluences the state and action of another presents 
an interesting and fundamental problem, but it is 
a problem that cannot be solved until more data 
on the phenomena are available and more is known 
about protein structure. A study of the effect of 
inert protein material on the catalytic action of 
protein enzymes offers one of the most direct at­
tacks on the problem, for the effects produced 
by the inert protein can be easily measured. It

Fig. 4.—Showing that the effect of gelatin on cresolase 
activity varies markedly with the type of tyrosinase 
preparation and with the £-cresol concentration. For 
the high catecholase and the high cresolase preparations 
the ratios (rate gelatin/rate no gelatin) are calculated from 
the maximum rate data given in legends of Figs. 1 and 2 
except for 1.25 mg. of ^-cresol (see legend Fig. 3). The 
data shown for the intermediate preparation14 were ob­
tained as indicated in the legend of Fig. 1 using 0.8 cc. 
of the diluted (1:100) enzyme preparation C144PbAl. 
This preparation had a catecholase to cresolase activity 
ratio of 4.1 and a dry weight (undiluted) of 1.2 mg. per 
cc. contained 0.106% copper and had 690 catecholase 
units per y  of copper. Experimental points are: O, high 
catecholase; A, high cresolase; □, intermediate.

has been the purpose of this study to emphasize 
the fact that the effect of gelatin on tyrosinase 
cresolase activity and characterizing features of 
that activity is variable and markedly dependent 
on the type of tyrosinase preparation, i. e., on the 
state of the tyrosinase protein material.

It has been suggested that the effect of gelatin 
results from the fact that it tends to prevent in­
activation of the enzyme during the course of the 
oxidation,9 primarily by preventing the enzyme 
from entering the air-liquid interface where sur 
face denaturation of the protein-enzyme may 
occur.15 Although it is probable that gelatin does 
‘ ‘protect' ’ the enzyme to some extent in this man­
ner, certain of the data presented here, and else­
where,11 indicate that the function of gelatin is 
considerably more complex, and involves factors 
in addition to those which merely prevent inacti­
vation of the enzyme. For the “protection” view 
of gelatin action to be completely logical and

(14) T yrosinase p repara tions hav ing  a  ra tio  of catecho lase  to  
cresolase ac tiv ity  in th e  range of 3 .5 -4 .0  frequen tly  a re  fo u n d  to  h av e  
properties in te rm ed ia te  to  those characteriz ing  th e  h igh  ca techo lase  
and high cresolase p repara tions. Such enzym e p re p a ra tio n s  h av e  
been term ed “ in te rm ed ia te” p re p a ra tio n s .11» 12

(15) L. Tenenbaum , D isserta tion , Colum bia U niversity , 1940.
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satisfactory in explaining the very significant in­
crease in cresolase activity that is observed when 
gelatin is employed in the measurements, one 
would expect to find considerable evidence of 
inactivation of the enzyme when gelatin is not 
employed. Furthermore, one would expect to 
find correspondingly less evidence of inactivation 
of the enzyme when gelatin is a component of the 
system. Yet when the cresolase activity of a high 
catecholase preparation is measured with no gela­
tin in the system (Curves I, II, etc., Fig. 1), con­
stant rates of oxidation are observed for periods 
of over a half hour with the surface of the system 
changing at least 120 times per minute, i. e.t 
there is no evidence of serious inactivation of the 
enzyme in the absence of gelatin. With the other 
type of tyrosinase preparation (high cresolase 
preparation) there is evidence (short period of con­
stant rate) indicating possible inactivation of the 
enzyme, when the activity measurements are made 
in the absence of gelatin (Curves I, II, etc., Fig. 2). 
However, the change toward a linear oxidation 
curve, effected by making gelatin a component of 
the system (compare Curves II and II-G, Fig. 
2) appears to be hardly enough to explain a 65% 
increase in cresolase activity (compare maximum 
rate data for Curves II and II-G, Fig. 2).

Certain of the data obtained in this study sug­
gest that gelatin increases the enzyme activity 
by perhaps modifying the enzyme molecule, or 
more likely by modifying the enzyme substrate 
relationships diming the course of the reaction. 
Thus the influence of gelatin on the initial phase 
of the reaction, the induction period, was found 
to vary with the type of enzyme preparation and 
the substrate concentration. These same two 
factors were found also to influence the boosting

effect of gelatin on the rate of oxidation obtained 
after the induction period (see Fig. 4).

It is possible that much may be learned in the 
future about the enzyme tyrosinase by studying 
its action in the presence of added protein ma­
terial, such as gelatin. However, it would appear 
that when studies are made for the purpose of 
comparing the various type tyrosinase prepara­
tions, in reference to either their cresolase or 
catecholase activity, the use of gelatin is not to be 
recommended, at least not until more is known 
about its complex role in the system. With 
gelatin present, certain fundamental differences 
between the various type preparations are likely 
to be masked or possibly accentuated.

Summary
1. The effect of gelatin and ^-cresol concen­

tration on the cresolase activity of different type 
tyrosinase preparations from Psalliota campestris 
has been studied.

2. Over a tenfold range of substrate concen­
tration, gelatin causes an increase in the rate of 
^-cresol oxidation as catalyzed by the enzyme 
tyrosinase.

3. The increase in rate of oxidation caused by 
gelatin varies markedly with the type of enzyme 
preparation and the substrate concentration.

4. The different type tyrosinase preparations 
show characteristic relationships of substrate 
concentration to cresolase activity and these rela­
tionships are affected differently by gelatin.

5. I t appears that the role of gelatin in these 
systems is considerably more complex than just 
preventing inactivation of the enzyme during 
the course of the oxidation.
N ew  Y ork, N . Y . R eceived M ay 8, 1942
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Some Physical Chemical Characteristics of Glycogen

B y  W il bu r  B . Bridgm an

The research described in this report was under­
taken with a two-fold purpose. First, the particle 
size of glycogen has not been studied by sedimen­
tation methods, and further information regarding 
its physical characteristics may be of value to the 
biological worker in understanding the relation­
ship of glycogen to animal metabolism. Second, 
it was desired to gain experience and information 
in the application of ultracentrifuge experiments 
to inhomogeneous systems where the particle size 
varies continuously in contrast to the discrete 
size classes generally found in protein systems.

Much of the literature about glycogen is con­
cerned with its determination in tissue and its re­
lation to metabolism. While glycogen is widely 
distributed throughout the bodies of animals, 
about one-half of the total amount is concentrated 
in the liver. This organ is therefore the logical 
raw material for the preparation of glycogen. 
Two principal methods have been used for its ex­
traction. The older method involves heating with 
concentrated alkali as the primary step. More 
recently the first extraction has been made with a 
dilute solution of trichloroacetic acid. Both 
methods have been shown to agree in the amount 
of glycogen obtained and no differences have been 
shown between the materials prepared by these 
two methods.1 The properties of the glycogen 
samples that were compared were rotatory power, 
ash content, iodine color and reducing power. 
It seemed possible that the ultracentrifuge might 
be used to show differences in particle size that 
would not affect the properties previously studied.

In previous attempts to measure the particle 
size, osmotic pressure determinations2 on gly­
cogen or its derivatives have indicated high molec­
ular weights (500,000 to 3,500,000). Early at­
tempts to deduce the molecular size from sub­
stitution and end-group reactions were interpreted 
as indicating a much smaller molecule. In recent 
years these data have also been shown to be con­
sistent with macro-molecules.3 The only pre-

CD D. J . Bell and  F . G. Young, Biochem. J .,  28, 882 (1934).
(2) H . B. O akley an d  F . G. Y oung, ibid., 30, 868 (1936); S. R . 

C arte r and  B. R . R ecord , J .  Chem. Soc., 664 (1939).
(3) W . N . H aw orth , Chem. and In d ., 17, 917 (1939). K . H  

M eyer, "R ecen t D evelopm ents in  S ta rch  C hem istry ," Advances in  
Colloid Science, Interscience Publishers, N ew  Y ork, N . Y ., 1942, pp. 
143-179.

vious account of ultracentrifuge measurements 
with glycogen that the author has found in the 
literature is a statement by Mystkowski4 that in 
preliminary experiments sedimentation of gly­
cogen occurred at speeds of 17,000 to 25,000 
r. p. m. and that it was very poly disperse.

Preparation
The glycogen used in this research was prepared from 

rabbit livers.5 Two methods of preparation were used. 
Method A used 3% trichloroacetic acid to extract the 
glycogen from the liver and was essentially the same as 
that described by Sahyun and Alsberg.6 In method B 
small pieces of liver were digested in concentrated solutions 
of potassium hydroxide on a steam-bath.7 In both cases 
the glycogen was purified by dissolving in water and repre­
cipitating with ethyl alcohol three or four times.

The glycogen was kept in two forms. Some of the ma­
terial was dried to constant weight in a vacuum desiccator 
over calcium chloride at room temperature. In other 
cases water solutions were dialyzed against distilled water 
to remove traces of salts or alcohol. The concentration 
of these stock solutions was determined by evaporation to 
dryness, assuming all non-volatile material to be glycogen. 
The following paragraphs describe the treatments applied 
to the individual samples of glycogen used in this investi­
gation.

Glycogen II.—Five rabbit livers were treated by method 
A. About half of the material from the last precipitation 
was dried. This gave 2.4 g. of glycogen, designated as 
IIADd. The remainder was dissolved and dialyzed. 
This made a 7.14% stock solution, IIAD1.

Glycogen IIIA.—Four rabbit livers were treated by 
method A. About half of this glycogen was dried from 
the last precipitation, giving 1.2 g. of IIIADd. The re­
mainder, IIIADI, was used for the dialyzed stock solution 
of concentration 2.07%.

Glycogen IIIB.—Three livers obtained at the same time 
as those used in IIIA were worked up by method B, using 
50% potassium hydroxide as solvent. The yield from this 
preparation was very small. All of the material obtained 
was dissolved to form a stock solution, IIIBD1, of 0.4% 
concentration.

Glycogen VA.-—A single liver was frozen in dry-ice as 
soon as it was removed from the rabbit. The liver was 
crushed in the frozen .state and divided into two approxi­
mately equal portions. One portion was treated by 
method A. All of the material was dialyzed in this case.

(4) E . M . M ystkow ski, Biochem. J ., 31, 716 (1937). - ■
(5) G ratefu l acknow ledgm ent is m ade of th é  assis tance of D rs. 

W. H . Jaeschke and  E . A. B irge, J r .,  of th e  College of M edicine, for 
assistance in  ob tain ing  these  livers

(6) M . S ahyun  and  C. L. A lsberg, J . Biol. Chem., 89, 33 (1930).
(7) M . Sahyun , ibid., 93, 227 (1931); N . R . B latherw ick , P . J. 

Bradshaw , M . E . Ew ing, H . W. L arson and S. D. Saw yer, ibid., I l l ,  
537 (1935).
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A 25-cc. sample of the dialyzed solution was evaporated 
to dryness. This gave 0.3966 g. of a residue which was 
designated VADd. The bulk of the solution was used as 
stock solution VAD1.

Glycogen VB.—The other half of the liver used in prepa­
ration VA was treated by method B, using 30% potassium 
hydroxide as solvent. After the initial treatments with 
acid and alkali, respectively, the two samples VA and VB 
were purified simultaneously. Each sample received 
identical treatment in the process of purification. Drying 
25 cc. of dialyzed solution gave 0.3884 g. of VBDd. The 
bulk of the solution was used for VBD1. Glycogen VBDd 
had an orange discoloration while VADd was clear white 
in appearance.

Experimental Results
Sedimentation. Constants.—Sedimentation ve­

locity experiments were performed in both the 
Svedberg oil turbine “velocity” ultracentrifuge 
and the Svedberg electrically driven “equilibrium” 
ultracentrifuge. At a speed of 18,000 r. p. m., 
which can be obtained with either centrifuge, 
sedimentation was rapid. In both centrifuges 
the solution was at a distance from 5 to 7 cm. from 
the center of rotation. Observation of the re­
distribution of the components of the solution 
was made by the Lamm scale displacement 
method. The sedimentation constant, s, was cal­
culated by the procedure given by Svedberg and 
Pedersen.8 Because of the heterogeneity of the 
material, the graphs of scale displacement, Z, 
against distance from the center of rotation had 
quite broad peaks, making it difficult to locate the 
maxima accurately. As a result, individual cal­
culations of 5 for successive time intervals during 
a given experiment fluctuated widely. Average 
values of s from separate experiments on the same 
or comparable solutions show agreement with 
=*= 5% in most cases. Satisfactory agreement was 
found between sedimentation constants meas­
ured with the two centrifuges. However, the 
velocity centrifuge was considered to be more 
reliable. In some of the experiments in the 
equilibrium ultracentrifuge, very sharp bound­
aries were observed that were attributed to con­
vection rifts because of their abnormal behavior 
and because of the failure to observe them in dup­
licate experiments in the velocity machine. The 
results obtained with the various samples are 
summarized below.

Glycogen II.—Ten measurements were carried 
out on solutions of this preparation. The con­
centration of glycogen was varied from 0.8 to

(8) T. Svedberg  an d  K . O. Pedersen , “ T he  U ltracentrifuge,’*
Oxford U niversity  Press, New Y ork, N . Y ., 1940.

2.86%. Nine experiments were performed in the 
velocity ultracentrifuge, five at 42,000 r. p. m. and 
four at 18,000 r. p. ni. One experiment was per­
formed in the equilibrium ultracentrifuge at 
17,500 r. p. m. The first two experiments made 
on the dialyzed material indicated the presence of 
two boundaries. Only the slower moving peak was 
sufficiently well-defined to permit the calculation 
of a sedimentation constant. All the remaining 
experiments showed one broad peak. The aver­
age values of s20 for these ten experiments varied 
from 60 to 70 5  (one Svedberg unit, S, = 1 X 
10“ 13 c. g. s. units). The average for the ten 
experiments was S20 =  64.8 S. One of the meas­
urements with glycogen IIDd was made more 
than a year after the preparation of the sample. 
This experiment gave s20 = 60.2 S. An attempt to 
correlate s2q with the concentration of glycogen 
indicated a slight increase of 5 as the concentra­
tion was decreased. This trend was so small in 
comparison to the fluctuations of the individual 
values of s2Q, that no significance was attached to 
it and no attempt was made to extrapolate s2Q to 
infinite dilution. Likewise the solvent was varied 
from distilled water to 1% sodium chloride with­
out producing any significant change. It was thus 
concluded that s20 was independent of the concen­
tration of glycogen or of salt in the range studied 
within the accuracy of the observations. Subse­
quent experiments used 0.1% sodium chloride as 
solvent.

Glycogen IIIA.—Two experiments with glyco­
gen IIIAdl and two with glycogen IIIADd were 
carried out at 17,000 r. p. m. in the equilibrium 
ultracentrifuge. These experiments showed two 
boundaries that gave s20 values in the range 65 
to 88 S. A duplicate experiment in the velocity 
centrifuge at 18,000 r. p. m. indicated a single 
broad peak with s = 61 S. I t was concluded that 
convection must have occurred in the earlier ob­
servations and that this last value is the best 
that can be obtained under present conditions.

Glycogen IIIB.—Five experiments were per­
formed in the equilibrium ultracentrifuge during 
the interval from eleven to forty-five days after 
the livers were obtained. The first two experi­
ments indicated double peaks. The slower peak 
corresponded to values of s20 =  138 and 152 S, 
respectively, and the faster peak gave s — 296 
and 441. The third experiment, carried out a 
week later than the first, gave a single broad 
peak with s2o = 244 S. The next two experiments,
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performed at approximately two week intervals, 
gave single broad peaks, with s20 = 120 and 92 S. 
A check experiment in the velocity ultracentri­
fuge with this last sample gave the same type of 
peak with s = 1 0 5  S. This behavior suggests a 
change had taken place in the material on stand­
ing, with the final state being a single maximum 
distribution with the maximum corresponding to 
$20 = 100 S.

Glycogen VA.—Two solutions of glycogen 
VAD1 gave values of s20 =  85 and 81 S . There 
was a suggestion of a second peak of lighter ma­
terial (s2o of the order of magnitude of 10 S) (see 
Figs. VI and VII). Two experiments were also 
made with solutions of glycogen VADd. One of 
these gave s20 = 79 S. The other was inconclusive 
as the first two exposures showed a single maxi­
mum peak but in later pictures this had broken 
up into a series of four peaks that bore no re­
semblance to any of the other three experiments. 
The average of the three experiments is s20 = 82 S.

Glycogen VB.—Two solutions of glycogen 
VBD1 and one of glycogen VBDd gave values of 
S20 = 67, 75, and 77 S, respectively. The average 
is s2q = 73 5. All experiments with glycogen VA 
and VB were made in the velocity ultracentrifuge.

Diffusion Constants.—Five diffusion experi­
ments were performed in a glass Lamm diffusion 
cell. Observations of the blurring of the boundary 
were made by the scale line displacement method. 
The diffusion constant was calculated by means 
of the expression

D = a2/2 t

where t is the time and <7 is the standard deviation 
of the curve obtained by plotting the scale dis­
placement, Z, against position in the cell. A 
method of second moments was used for evaluat­
ing <r. Values of D20 calculated from individual 
exposures during these five experiments are 
shown graphically in Fig. 1. The abscissas are 
times after the formation of the boundary. The 
observed values of D are seen to fall into two 
groups. The results for glycogen IIIB are dis­
tinctly lower than the other values which are 
fairly consistent among themselves. The three 
values for glycogen IIIB have an average D20 =
0.69 X 10-7. The average of all the remaining 
values isZ>2o — 1.42 X 10“7. Figure 1 "shows that 
there is a definite trend toward lower values as 
time increases. It is often observed that diffusion 
constants decrease from an initial value to a limit­
ing value that is considered to be the true value.

Seconds X 105.
Fig. 1.—Variation of diffusion constant with time after 

formation of boundary: O, glycogen IIDd; 0 , glycogen 
IIIAD1; 0, glycogen IIIBD1; 0 , glycogen IIDd; 0, 
glycogen VADd.

While no limiting value is clearly indicated by 
the values in Fig. 1, they can be interpreted as 
approaching a value of D20 — 1.1 X 10~7 for the 
main group and D2Q = 0.5 X 10~7 for glycogen 
IIIB . If the individual values are plotted against 
the reciprocal of the time and extrapolated by a 
straight line to infinite time, lower values of D2Q =
0.8 and 0.35 X 10-7, respectively, are obtained. 
This extrapolation may overcorrect the value 
since the diffusion constants should eventually 
become constant, instead of continuing to de­
crease. It is thought that the values obtained 
from Fig. 1 represent the best interpretation of the 
data.

The experimental line displacement-distance 
curves were compared to a normal distribution 
curve by a transformation of coordinates. In 
Figs. 2 and 3 the points represent experimental 
data obtained with glycogens IIIB and VA, 
respectively, and the solid line is the ideal dis­
tribution curve plotted on the same scale. The 
other three experiments gave results similar to 
those which form Fig. 2, i. e., good agreement 
with the ideal curve. For a curve of ideal shape 
the value of D calculated from the area and maxi­
mum height

D = A y t H l ^

should be the same as that calculated by the first 
method. Good agreement was found between the 
values of D calculated by the two methods in all 
cases except for glycogen VA. In this case the 
height-area method gave consistently lower 
values.

Partial Specific Volume.— Densities of a series 
of water solutions of glycogen IID d were deter­
mined pycnometrically at 25°. The most con­
centrated solution contained 1% glycogen. The 
apparent partial specific volume calculated from 
the density was 0.65.
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Fig. 2.—Comparison of normal distribution curve with 
scale line displacements obtained from diffusion experi­
ment on glycogen IIIBDl. Solid line is theoretical curve. 
Points are calculated from experimental data at various 
times after the formation of the boundary: 0,174,000 sec.; 
0 , 329,000 sec.; O, 521,000 sec.; arbitrary units.

Fig. 3.—Comparison of normal distribution curve with 
the scale line displacements obtained from diffusion ex­
periment on glycogen VADd. Solid line is theoretical 
curve. Points are calculated from experimental data at 
various times after the formation of the boundary: O, 
254,000 sec.; ©, 347,000 sec.; 0 , 432,000 sec.; 0,518,000 
sec.; arbitrary units.

Refractivè Index.—Refractive indices of the 
solutions used in the density determinations were 
measured with a dipping refractometer. The

value of the refractive index increment,8 a, was 
found to be 1.38 X 10~3 for the sodium D line at 
25°.

Discussion of Results
Sedimentation.—Sedimentation experiments 

with glycogen II performed at different centri­
fuge speeds appeared to give peaks of the same 
width when the boundary had moved a given dis­
tance from the meniscus. This suggested that the 
blurring of the boundary was due to inhomo­
geneity of the material and that diffusion was 
negligible during the time of the experiment. In 
such a case the shape of the sedimentation curve 
can be used to obtain the particle size distribu­
tion in the sample.

Mathematical functions relating the Z  vs. x 
curves obtained at different times during the same 
experiment have been derived on the assumption 
of no diffusion taking place during the expert 
ment.8,9 If the experimental curves can be super­
imposed when transformed to the same basis by 
these relationships, that is proof that diffusion has 
been negligible.

These transformations were applied to the 
data from two of the experiments. The results 
are shown graphically in Figs. 4 and 6. In the

Fig. 4.—Scale line displacement vs. distance from center 
of rotation for a sedimentation experiment on glycogen 
IIDd. Curves corresponding to different times after the 
start of sedimentation have all been transformed to the 
same time (60 min.) assuming diffusion to be negligible: 
1, 30 minV; 2, 40 min.; 3, 50 min.; 4, 60 min.

(9) R. Signer and H . Gross, H e lv .  C h im .  A c ta ,  17, 726-735 (1934).
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case of Fig. 4 (a 1% solution of glycogen IIDd at
18,000 r. p. m.) the agreement is very satisfactory. 
The maximum heights of the four curves agree 
very well. The horizontal shifting of the curves 
may be due to error in the determination of the 
position of the meniscus or the starting time of the 
experiment. Both of these quantities are im­
portant in the calculations. The beginning of 
sedimentation was taken as the time when the 
ultracentrifuge had reached operating speed. 
Actually some sedimentation has probably oc­
curred during the period when the machine is 
coming up to speed (about seven minutes in this 
case). The agreement of these curves is taken 
as proof of the absence of diffusion during this 
experiment. In Fig. 5 is given a distribution 
curve indicating the relative concentrations of 
components as a function of the sedimentation 
constant. This distribution curve has been con­
structed from the last curve of Fig. 4 by using the 
expressions

and
s ~  \n x_

Xo/ tco2

dc
ds

dc
dx

The scale displacement, Z, is used to evaluate 
dc/dx.%

Svedberg units.
Fig. 5.—Distribution curve calculated from curve 4 of 

Fig. 4 showing variation of concentration as a function of 
the sedimentation constant.

Figure 6 shows the results of attempting to 
superimpose the data from an experiment with

Fig. 6.—Scale line displacement vs. distance from center 
of rotation for a sedimentation experiment on glycogen 
VADd. Curves corresponding to different times after 
the start of sedimentation have all been transformed to 
the same time (53 min.) assuming diffusion to be negligible: 
1, 13 min.; 2, 23 min.; 3, 38 min.; 4, 53 min.; 5, 68 min.; 
6, 83 min.

glycogen VBD1. With the exception of the first 
and last curves, the agreement is quite satis­
factory on the left side of the peak. Toward the 
bottom of the cell there is a marked decrease with 
increasing time. This may be accounted for in 
several ways. These curves were obtained during 
the period from thirteen to eighty-three minutes 
after the centrifuge had reached operating speed. 
The curves of Fig. 4 cover the interval from thirty 
to sixty minutes. Thus any error in the posi­
tion of the meniscus or the initial time will be 
much more apparent in Fig. 6 than in Fig. 4. 
Furthermore, the calculations show that posi­
tions corresponding to size classes in the leading 
edge of the peak in the early pictures will fall 
beyond the bottom of the cell in the last exposures 
(i. e., the time is sufficient for some of the ma­
terial to have sedimented to the bottom of the 
cell). This fact makes questionable the usual 
practice of using the z values at the bottom of 
the cell to determine the base line. In the later 
exposures of this experiment no portion of the 
cell could be expected to have the original un­
changed concentration present. The curves 
given in Fig. 6 were obtained by drawing in a base 
line in the conventional manner. Another cal­
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culation in which the displacements measured in 
the comparator were used directly without any 
base line correction gave somewhat more erratic 
results but did not show any essential differences 
from Fig. 6.

In spite of the failure of the curves to superim­
pose exactly there is considerable indication that 
diffusion is not the cause of the discrepancy. The 
maximum heights of the curves (omitting the 
last two) agree within 10%. The heights of the 
original experimental curves, i. e., before the trans­
formation was made, varied tenfold. The original 
curves of Z  against x without any base line cor­
rection are shown in Fig. 7. The first two curves 
have been corrected for differences in the optical 
arrangement so as to be comparable with the rest. 
The broken lines in Fig. 7 are the theoretical 
functions for the variation of the height of the 
peak with position in the cell. The upper one is 
for the case of a homogeneous material, the blur­
ring being entirely due to diffusion. The lower 
onè represents the case of no diffusion. The ob­
served heights of the curves agree very well with 
the prediction for no diffusion. If blurring is due 
to diffusion, the application of the transformation

Fig. 7.-—Scale line displacement vs. distance from center 
of rotation for a sedimentation experiment on glycogen 
VADd. Solid lines are observations of the boundary at 
various times: 1, 13 min.; 2, 23 min.; 3, 38 min.; 4, 53 
min.; 5, 68 min.; 6, 83 min. Broken lines are the theo­
retical functions for the decrease in maximum height of the 
curves based on different assumptions: • —• • — ----homo­
geneous material with diffusion;----- ---- inhomogeneous
material with negligible diffusion.

equations will result in the later curves being 
. higher than the curves obtained from exposures 

at an earlier time.9 Actually the trend of Fig. 6 
is in the opposite direction. In spite of the evi­
dence pointing to the absence of diffusion in this 
experiment, the failure of the individual curves 
to superimpose completely makes it undesirable 
to calculate a size distribution curve from any 
one of them.

The later curves in both Figs. 6 and 7 show a 
small but definite peak of lighter material that 
was not resolved in the earlier exposures.

Analysis of the transformation equations shows 
that the scale line displacements corresponding 
to the more rapidly moving components de­
crease more rapidly than those for the components 
which move more slowly. This means that as 
sedimentation proceeds the maximum of the 
Z  curve shifts toward the lighter components. 
Thus a sedimentation constant calculated from 
the maxima of successive Z  curves might be ex­
pected to decrease as the length of the experiment 
increases and it would not represent the specific 
sedimentation constant for a particular com­
ponent. The extent of this effect would depend 
upon the shape of the distribution curve, being 
greatest for a curve with a very broad maximum. 
A calculation applied to the data for the thirty- 
minute and sixty-minute curves in Fig. 4 showed 
that in this case the apparent sedimentation 
constant calculated from the maximum points 
would differ by less than 2% from the actual sedi­
mentation constant of the component in the 
maximum at one time. In view of the experi­
mental error in determining the position of the 
maximum this effect is not considered for correc­
tion. This effect does not explain the shifting of 
the maxima in Figs. 4 and 6 since the transforma­
tions should correct the apparent shift of the maxi­
mum caused by the more rapid separation out of 
the heavier components.

By combining values of the sedimentation con­
stant, diffusion constant and partial specific vol­
ume, molecular weight and shape factor data for 
glycogens can be obtained.8 In Table I are sum­
marized average values of s20 and D2o for each of the 
samples of glycogen which were studied, together 
with the values of molecular weight and shape fac­
tor calculated from them. Aside from glycogen 
IIIB the variations between the samples are not 
considered significant. In preparation IIIB a gly­
cogen of definitely greater particle size was ob-
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tained. This may be connected with the small 
yield of glycogen obtained in this preparation. 
It seems likely that an unintentional fractionation 
may have occurred in the extraction or purifi­
cation of this sample. It is of interest in showing 
that glycogen exists or can be prepared in sam­
ples of varying size.

T a b l e  I

M o l e c u l a r  K i n e t i c  D a t a  f o r  G l y c o g e n s

Glycogen S20
(S  units)

D20x 107 ///o M  X 10 “e
II 65 1.1 1.90 4.1

IIIA 61 1.1 1.94 3.9
IIIB 100 0.5 2.78 13.9

VA 82 1.1 1.76 5.2
VB 73 1.1 1.83 4.6

Some experiments, particularly those with gly­
cogen IIIB, suggested that when first prepared 
larger sized particles were present. On standing 
in water solution, the distribution changed to a 
function with a single maximum at a lower mole­
cular weight. The evidence for this is, however, 
not conclusive. This possibility is of interest in 
the light of K. Meyer’s conclusion that starch 
undergoes a continual aggregation in water solu­
tion.10

Samples of glycogen VA and VB, which should 
provide the most critical test for any differences 
in the products obtained by the acid method or 
basic method, do not show significant differences.

A shape factor of 1.9 corresponds to an ellipsoid 
of revolution having an axis ratio of 1 to 18 for a 
prolate ellipsoid or a ratio of 1 to 25 for an oblate 
ellipsoid. This dissymmetry is much greater than 
other investigations of glycogen have indicated. 
A larger value of the diffusion constant would 
lower the shape factor.

In order to translate the sedimentation con­
stants used as abscissa in Fig. 5 into molecular 
weight, it is necessary to make assumptions re­
garding the particle shape. At the top of Fig. 5 
are three molecular weight scales based on differ­
ent assumptions. M ' is calculated on the as­
sumption that the diffusion constant, 1.1 X 10“7, 
is the same for all components. M "  is based on 
the assumption that the shape factor 1.9 is con­
stant for all species. M is the value for spherical 
particles. Probably no one of these scales repre­
sents the actual relationship exactly, but to­
gether they give an indication of the range of 
sizes possible.

(10) K. H. Meyer (see ref. 3), p. 146-105.

An interpretation of diffusion measurements on 
polydisperse material has been made by Gralén.11 
His investigation shows that for a polydisperse 
system the value of the diffusion constant cal­
culated will be greater, the higher the moments 
used in its calculation. This difference in diffusion 
constant, calculated by the different moments, 
can be used as a measure of polydispersity but re­
quires very accurate data. The results with gly­
cogen lead to the conclusion that comparison of 
the observed scale line displacement curve with 
the Gaussian error curve is not a sensitive test of 
homogeneity. The one diffusion experiment which 
did not show good agreement with the normal 
distribution curve was with sample VA where the 
ultracentrifuge also had indicated some lighter 
material grouped about a second maximum (see 
Figs. 6 and 7).

Apparently, polydispersity of the degree ob­
served here is not sufficient to cause marked devi­
ation from the ideal case as long as the particle 
size distribution can be described by a simple curve 
with a single maximum.

There is no proof that the principal component 
in sedimentation would be the principal factor in 
determining the diffusion constant. The molec­
ular weight calculated from sedimentation and 
diffusion may be questioned on this basis that the 
two average values do not necessarily apply to the 
same component. A process of fractionation 
followed by sedimentation and diffusion studies 
with the more homogeneous fractions should be 
very helpful in interpreting data of this type.

Acknowledgment.—The author wishes to ex­
press his appreciation to Professor J. W. Wil­
liams for his cooperation and advice in the prepa­
ration of this report.

Summary
Glycogen solutions prepared by either the 

acidic or basic method give an inhomogeneous 
product. The bulk of the material prepared by the 
methods used lies in the range of sedimentation 
constant from 20 to 120 S  with the maximum com­
ponent having a value of s20 = 70 5. This maxi­
mum corresponds to a molecular weight of 2,000,- 
000 if the particle is spherical or a molecular 
weight of 4,000,000 if the measured diffusion con­
stant can be used to evaluate the frictional re­
sistance to sedimentation. I t has not been proven 
that the glycogen in the tissue is of this same par-

(II) N. Gralén, Kollo id , 95, 188 (1941).
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tide size or that this particle represents the chemi­
cal molecule rather than an aggregate. This in­
vestigation indicates the possibility of further 
work on the natural state of glycogen, methods

of its preparation and the interpretation of ex­
perimental results on inhomogeneous systems in 
general.
M a d is o n , W i s c o n s i n  R e c e i v e d  J u n e  29t 1942

[C o n t r i b u t io n  f r o m  t h e  N o y e s  C h e m ic a l  L a b o r a t o r y , U n i v e r s it y  o f  I l l i n o i s ]

The Structure of Copolymers of Vinyl Chloride and Vinyl Acetate1
By C. S. M arvel, G iffin  D. Jones, T. W. M astin and G. L. Schertz

It is widely recognized that the simultaneous 
polymerization of two monomers in a mixture 
leads to products that are quite different from the 
mixtures obtained by polymerizing the two mono­
mers separately and then combining the polymers. 
The copolymerization of the monomers thus must 
lead to mixed units of two monomers in a single 
polymer chain.

Considerable experimental evidence support­
ing this generally accepted fact can be cited. Hill, 
Lewis and Simonsen2 have made copolymers of 
butadiene and methyl methacrylate and then ozo­
nized them. The ozonolysis products were such 
as to show that, in general the methyl methacrylate 
units were sandwiched between butadiene units 
and that the latter were usually attached by the 1 
and 4 carbon atoms in the chain. There was also 
evidence of direct union between butadiene units 
and between methyl methacrylate units in the 
polymer chain. Thus in this particular case al­
most every possible type of union between the 
monomers seems to have occurred when the mix­
ture of monomers was polymerized.

Staudinger,3 Norrish,4 and others5 have shown 
by their studies of copolymers of styrene and p -  

divinylbenzene that cross-linking of chains occurs 
due to the participation of the divinylbenzene in 
the reaction. Hence real copolymers must form.

Staudinger and Schneiders6 have shown that a 
copolymer of vinyl chloride and vinyl acetate can 
be separated into products containing varying 
amounts of chlorine by means of fractional pre­
cipitation. This suggests considerable non-homo­
geneity of product.

(1) T his paper was first presented  a t  th e  G ibson Island Conference 
on Polym ers in Ju ly , 1941, and  it is the  fo u rteen th  communication 
on th e  s tru c tu re  of v inyl polym ers. For th e  th ir teen th  see T h is 
J o u r n a l , 64, 1675 (1942).

(2) Hill, Lewis and  Simonsen, Trans. Faraday Soc., 35, 1073 (1939).
(3) S taudinger, ibid., 32, 323 (1936).
(4) N orrish  and  Brookm an, Proc. Roy. Soc. (London), 163A, 205 

(1937).
(5) Blaikie and Crozier, In d . Eng. Chem., 28, 1155 (1936).
(6) S taud inger and Schneiders, A n n ., 541, 151 (1939).

Previous work in this Laboratory has shown that 
vinyl chloride when polymerized alone gives a 1,3 
product7 and likewise when vinyl acetate alone 
polymerizes,8 a 1,3 product results. The present 
work on the copolymers of these two compounds 
was undertaken to see whether the two monomers 
entered the copolymer chains in the same arrange­
ment. The first samples examined were some 
high-chlorine experimental “Vinylites” prepared 
in the research laboratories of Carbide and Carbon 
Chemicals Corporation and furnished to us with 
that Company’s permission by Dr. G. H. Young at 
Mellon Institute. An attempt was made to study 
the distribution of chlorine in the polymer chain 
by statistical methods using the dehalogenation of 
the polymer by zinc.7 The results of these experi­
ments seemed to be what was expected for a chance 
distribution in the polymer chains of vinyl chlo­
ride and vinyl acetate units.9

Next an attempt was made to apply the same 
procedure to some low-chlorine vinyl chloride- 
vinyl acetate copolymers made in our own Labora­
tory. In early results we found the chlorine was 
removed in far greater quantities than should 
have been the case if the vinyl chloride units were 
distributed in the polymer chains according to 
chance alone. The dehalogenation experiments 
did not prove to be too satisfactory and were, in 
fact, not readily reproducible but they did prove 
that the chlorine atoms were closer together than 
chance alone would explain.

At this stage of our work, Wall10 pointed out 
that two monomers may have quite different tend­
encies to enter the growing chain of the copoly­
mer. If the two monomers do enter the chain at 
different rates the polymer found will not have a 
uniform composition. Wall’s equation10 can be 
used to express this relation. When a is 1, the

(7) M arvel, Sam ple and R oy, T h is  J o ur n a l , 61, 3241 (1939).
(8) M arvel and  Denoon, ibid., 60, 1045 (1938).
(9) W all, ibid., 62, 803 (1940); ibid., 63, 821 (1941).
(10) W all, ibid., 63, 1862 (1941).
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two monomers enter the chain at the same rate 
and the polymer formed at any instant will be 
of the same composition as the mixture of mono­
mers from which it is produced.

Since our low chlorine copolymer of vinyl 
chloride and vinyl acetate lost more chlorine than 
was expected when treated with zinc, it was 
thought that the a value for this pair of mono­
mers was probably not unity for the experimental 
conditions used in preparing the samples studied. 
To test this we ran some interrupted polymeriza­
tions to see how the chlorine content of the grow­
ing copolymers change. A wide variety of mix­
tures of vinyl chloride and vinyl acetate were 
prepared. These mixtures were polymerized under 
different conditions and for different lengths of 
time. The complete details are recorded in the 
experimental part but one example here shows the 
general trend. A mixture of vinyl chloride and 
vinyl acetate containing 12.48% of chlorine was 
divided into four sealed tubes. A little benzoyl 
peroxide was added and the tubes were allowed to 
stand for various times. The tubes were opened 
and the polymers isolated. The molecular weights 
of the polymers formed at different stages were not 
markedly different as indicated by viscosity meas­
urements. The tube opened first gave a 49% yield 
of a copolymer containing 17.65% of chlorine; 
the second tube gave a yield of 65% containing 
15.08% of chlorine; the third tube gave a yield 
of 78% containing 13.90% of chlorine and the last 
tube gave a 95% yield of polymer containing 
12.48% of chlorine. I t is thus obvious that vinyl 
chloride enters the polymer chain much more 
rapidly than does vinyl acetate when these two 
monomers are copolymerized from a mixture. It 
is also obvious that each polymer chain laid down 
from this mixture is probably different from every 
other one, for as the composition of the monomer 
changes, the ratio of units which enter the polymer 
will change.

From the examination of a wide variety of co- 
polymerization mixtures of vinyl chloride and 
vinyl acetate the value of a in Wall's equation at 
40° seems to be between 1.5 and 2 and the ratio 
seems to approach 1 as the temperature of the poly­
merization is increased.

Once these facts were established, it was clear 
that the suggestion contained in certain patents11

(I D Johnson, British Patent 467,084 (C . A ., 31, 8077 (1937)).

that copolymers of improved uniformity could be 
obtained by the addition of portions of one con­
stituent during the polymerization was based on 
information of the same sort which we have re­
discovered.

Likewise, it has been shown in other cases that 
the composition of a copolymer is not necessarily 
related to the composition of the monomer mix­
ture from which it is produced. Thus, in a 
thorough study of copolymers of vinylidene chlo­
ride, it has been found that in general, vinylidene 
chloride enters the growing polymer chain faster 
than do vinyl esters,12 various esters of allyl alco­
hol derivatives13 and vinyl ethers.14 In the case 
of the copolymers of vinylidene chloride and the 
acrylate esters, temperature appears to be an im­
portant factor since at 45° vinylidene chloride 
enters the chain faster than ethyl acrylate, whereas 
at 30° methyl methacrylate and methyl acrylate 
enter the growing chains more rapidly than does 
vinylidene chloride.15 In the case of copolymers 
of styrene and vinylidene chloride, a copolymer 
containing 60% by weight of styrene has been ob­
tained from a monomer mixture containing about 
30% by weight of styrene.15

Further experiments on the removal of chlorine 
from copolymers of vinyl chloride and vinyl ace­
tate have yielded results which are not as readily 
reproducible as would be desired. Yet they are of 
interest when compared with the statistical calcu­
lations made by Wall.9*10

In Fig. 1 we have reproduced certain curves 
which Wall has published9»10 and have superim­
posed on them certain points which were arrived 
at by averaging the results of many dehalogena­
tion experiments on different copolymers. While 
the degree of accuracy of the dehalogenation is 
not all that one may desire yet the apparent trend 
is for these points to follow the curves based on a 
“head to tail" arrangement of the monomer unit 
in the chain.

The dehalogenated product did not decolorize a 
dilute solution of potassium permanganate in 
acetone but did decolorize a solution of bromine 
in carbon tetrachloride. These reactions indicate 
that dehalogenation may have produced cyclo­
propane units in the chain and do not indicate an

(12) W iley, U. S. P a te n t 2,160,931 (C. A ., 33, 7443 (1939)).
(13) B ritton , D avis and  Taylor, U. S. P a te n ts  2,160,940, 2,160,941, 

2,160,942 (C. A .,  33, 7441 (1939)); B ritto n  and  T ay lor, U. S. Patent; 
2,160,946 (C. A .,  33, 7442 (1939)).

(14) B ritto n  and  D avis, U. S. P a te n t 2,160,943 (C. A .,  33 , 7442 
(1939)).

(15) W iley, U. S. P a te n t 2,160,932 (C. A .,  33, 7443 (1939)),
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Fig. 1.—A, ƒ — l — x “head to head” arrangement of 
monomer units; B, ƒ = e ~ x(l  ~  (x/2)) random arrangement
of monomer units; C,ƒ 

of monomer units

'head to tail” arrangement

where R  is the ratio of vinyl acetate to vinyl chloride in the 
completed polymer and a  = 2; E, ƒ as function of x for 
a. — 5; F, ƒ as a function of x for a  =  10.

olefin structure. Further evidence of the absence 
of 1,2-chlorine atoms was the fact that no iodine 
was produced when a sample of “Vinylite” was re­
fluxed in acetone with potassium iodide.

Careful hydrolysis of a copolymer of vinyl ace: 
tate and vinyl chloride by treating the ester with 
water, ethyl alcohol and hydrochloric acid in di­
oxane solution has given the chlorohydrin.16 
This product is not oxidized by periodic acid. The 
best available evidence thus indicates that the 
vinyl chloride and the vinyl acetate enter the co­
polymer chain to give “head and tail” units just 
as they do when polymerizing alone. The fact 
that the chlorohydrin is actually obtained is 
further proof that a real copolymer is in hand and 
that the reaction does not merely produce mixtures 
of individual polymers.

The relative homogeneity of some of these co­
polymers has been further tested by solubility 
methods. 1-Heptyne will dissolve polyvinyl ace­
tate17 but does not dissolve “Vinylite.” Phenyl- 
acetylene will dissolve low-chlorine “Vinylites” 
but will not dissolve high-chlorine “Vinylites” or 
polyvinyl chloride. Mixtures of polyvinyl ace­
tate, polyvinyl chloride and the copolymer were

(16) T he  hydrolysis of such a  copolym er by  means of sulfuric 
acid, alcohol or benzene has been reported  in F ren ch  P a ten t 724,910 
(1931).

(17) M arvel, H arkem a and Copley, T h is  J o ur n a l , 63, 1609 
(1941).

separated into different fractions but due to the 
non-homogeneity of the copolymer the separation 
was not 100%. These solubility experiments 
showed that none of the copolymers tested in this 
work was strictly homogeneous.

I t  should be pointed out that most of the molec­
ular weights reported in this manuscript were 
determined by viscosity methods and are, there­
fore, only of relative value. Since the results of 
Staudinger and Schneiders6 do not permit an un­
equivocal choice of a K m for “Vinylite” in dioxane 
solution and since viscosity molecular weights are 
of comparative significance only, an approximate 
K m value was used in this work. This value was 
obtained by determining the viscosity of a single 
polymer in dioxane and in methyl ^-propyl ketone. 
Douglas and Stoops18 have determined that K m 
has the value 3.2 X 10 4 for “Vinylites” in ketone 
solvents. Our comparisons indicated a value 4.1 
X 10~4 would be an approximate K m in dioxane.

Experimental
Molecular Weight Determination.—All molecular 

weights were obtained by making viscosity measurements 
on solutions containing 0.1 g. of polymer in 50 cc. of pure 
dioxane at 20 ° in an Ostwald viscometer, and then calcu­
lating the molecular weight by the Staudinger equation 
using the K m value 4.1 X 10“4. This value was ascer­
tained by determining the relative viscosities of a given 
polymer in dioxane and in methyl propyl ketone. Only 
this one experiment is recorded in detail.

An experimental “Vinylite” containing 37.7% chlorine 
was used. The following results were obtained at 20° 
using a 5-cc. Ostwald viscometer.

Tim e in  seconds

122.2 122.6 122.5

132.2 133.2 132.5 132.2

131.2 132.3 132.8 132.8

65.5 65.5 65.1 65.1 65.3

69.5 69.5

69.5 69.6
r̂el in dioxane 1.0817; 7jrel in methyl w-propyl ketone 

1.064
^ re l. 1   __ V r e l .  1

~ K ~ C ~  K ^C ~
(dioxane) (methyl w-propyl ketone)

0.0817 0.064
Km (dioxane) 3.2 X 10 

Am (dioxane) = 4.08 X 10~4.
This figure was rounded off to 4.1 X 10'4 for further use.

(18) Douglas an d  S toops, In d . Eng. Chem., 28, 1152 (1936).

L iquid

Pure dioxane 
0.10 g. of polymer in 

10 cc. of dioxane 
0.10 g. of polymer in 

10 cc. of dioxane 
Pure methyl n-propyl 

ketone
0.10 g. of polymer in 10 

cc. of methyl w-propyl 
ketone

0.10 g. of polymer in 10 
cc. of methyl w-propyl 
ketone
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T a b l e  I

P r e p a r a t io n  a n d  P r o p e r t i e s  o f  L o w -G h l o r i n e  C o p o l y m e r s  o f  V i n y l  C h l o r i d e  a n d  V i n y l  A c e t a t e

Vinyl
chloride

— R eagen ts  used, g.—— 
V inyl 

ace ta te
Benzoyl
peroxide

Tim e of 
experim ent 

in  hr.
0.86 3.06 0.03 63
2.53 2.24 none 100
3.45 4.79 0.03 100
1.27 3.85 none 70
1.10 2.97 0.03 40

Higher Chlorine Copolymers.—Four experimental 
“Vinylites”19 containing 87, 77, 65 and 60% vinyl chloride, 
respectively, were used in the early part of this work. 
These polymers were white powders which softened at 
about 110° and were reported to have molecular weights 
in the range of 28,000. Chlorine analyses in our Labora­
tory confirmed the compositions reported. In the inter­
rupted polymerizations reported later in this manuscript 
a few other high-chlorine “Vinylites” were obtained.

Low-Chlorine Copolymers.—Copolymers containing less 
than 50 mole per cent, of vinyl chloride (42% vinyl chlo­
ride or 23.9% chlorine) were prepared by adding freshly 
distilled vinyl acetate to liquefied vinyl chloride and add­
ing a small amount of benzoyl peroxide (“Lucidol”). The 
mixture was cooled in dry-ice and sealed in a glass tube. 
The mixture was allowed to come to room temperature 
and in most cases irradiated with ultraviolet light at about 
40 °. The tubes were usually exposed at this temperature 
for about thirty hours or until they contained a milky 
opaque solid. Longer exposure to ultraviolet light gave 
deeply colored products.

After polymerization had apparently stopped, the tubes 
were opened and the contents dissolved in dioxane to give 
a solution containing from 0.5 to 2% of polymer. The 
lower concentrations were used for the lower chlorine 
polymers. This solution was then aspirated in a fine spray 
on the surface of vigorously stirred running water. The 
outfit used is shown in the diagram (Fig. 2). The right- 
hand tube carried water and the left-hand tube com­
pressed air. Only in this way could low-chlorine copoly­
mers be isolated as solids which could be handled. The 
precipitation of one lot of polymer usually required about 
eight hours per liter of dioxane solution. The polymer 
which was collected in the filter cloth was dried by squeez­
ing out most of the water and then heating at 55° (boiling 
acetone) in a drying pistol over phosphorus pentoxide at 
about 20 mm. until the weight was constant.

Copolymers having more than 10% chlorine can be iso­
lated easily as fluffy powders by this method. Copolymers 
with less than 10% chlorine are very hard to get in a pow­
dery form. They adhere together in a tough mass but these 
tough masses seem to give constant analyses if carefully 
dried.

Table I shows the results of some of these experiments. 
All the experiments were carried out at 40 °.

Interrupted Polymerizations.—Various mixtures of 
vinyl chloride and vinyl acetate containing benzoyl per­
oxide were prepared and divided into tubes. The mixtures

(19) These were obtained from Carbide and Carbon Chemical 
Corp. through the courtesy of Dr. G. H. Young of Mellon Institute. 
We are grateful to Dr. Young and to the Carbide and Carbon 
Chemicals Corp. for their aid.

Yield of Chlorine,20 Mol. wt.
product, g. % (viscosity)

3 .7 2 12 .48 14,000
3 .8 2 3 0 .2 8,100
7 .2 9 2 3 .9 14,000
4 .1 7 13 ,7 21,000
3 .2 0 15 .4 12,000

were allowed to polymerize for various lengths of time 
and then the polymer isolated as above and examined. In 
other cases a solution of vinyl chloride and vinyl acetate of 
known chlorine content was allowed to polymerize for a 
certain period and then the polymer isolated to determine 
the yield and chlorine content. Other experiments were 
made with solutions and emulsions. In every case where 
polymerization was stopped before the yield of polymer was 
essentially quantitative the polymer contained a higher 
percentage of chlorine than had been present in the original 
polymerization mixture.
The results of these experi­
ments are summarized in 
Table II.

Dehalogenation Experi­
ments on “Vinylites.”—In
general, the zinc dehalo­
genation experiments were 
carried out as described pre­
viously7 except that the so­
lutions were only one-half 
as concentrated in this work.
Usually, 0.2 g. of polymer 
was dissolved in 50 cc. of 
dioxane. In some runs large amounts of solute and solvent 
were used but this ratio was always maintained. That 
boiling alone did not affect the polymer was shown by re­
fluxing a sample of “Vinylite” having 26.5% chlorine and 
a molecular weight of 17,000 for five days in dioxane. 
After isolation of the polymer the molecular weight was 
found to be 17,000 and the chlorine content 25.9%.

Boiling a “Vinylite” sample (1 g.) having 15.4% chlorine 
in dioxane (750 cc.) containing 0.148 g. of zinc chloride for 
five days gave a red-brown solution. On isolation the 
polymer contained only 9.18% chlorine after this treat­
ment. In a similar experiment the following analyses 
before and after treatment, respectively, were obtained: 
C, 48.3; H, 6.23; Cl, 23.9; and C, 52.8; H, 5.8; Cl, 15.0.

These experiments indicate that dehalogenation by zinc 
may be accompanied by other reactions which account 
for the erratic results in some experiments recorded in 
Table III.

No evidence that acetate groups were removed by the 
zinc treatment was obtained by applying the lanthanum 
nitrate test21 or by comparing the analyses of the polymer 
before and after the treatment.

There is some indication that the dehalogenation does 
not cause as much degradation and side reaction as does 
the zinc chloride treatment. For example, in the zinc

(20) Analyses by Parr bomb fusion, followed by Volhard titration.
(21) Reedy, “Elementary Qualitative Analysis,” 3rd ed., McGraw- 

Hill Book Co., Inc., New York, N. Y., 1941.
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Yield of Chlorine Mol. wt. at
Chlorine content Conditions of polymer, content of (viscosity Wall’s

Expt. mixture, % polymerization Time, hr. % polymer, % method) equation
7.1 12,48a Peroxide, 24 49 17.65 9,900 2.24
7.2 light, 40° 28 65 15.08 17,000 1.81
7.3 33 78 13.90 12,000 1.83
7.4 63 95 12.48 14,000
8.1 30.2a Light, 40° 23 3.4 37.4 1.73
8.2 30 26 37.3 7,600 1.83
8.3 14 16 35.3 8,600 1.49
8.4 100 80 30.2 8,100

11 34.1 Light, 40° 15 5.6 42.4 7,600 2.01
13 47.7 Peroxide, 60° 120 53 49.3 8,600 1.41
14.1 15.4ft Light, 40° emulsion 24 16 33.9 7,600 4.80
14.2 23 17 33.4 10,000 4.65
14.3 31 56 13.4 11,000 0.74
14.4 62 79 15.4 12,000
15.1 26.0a Light, peroxide, 40° soln. 33 51 30.0 3,500 1.56
15.2 34 66 26.9 1,900 1.14
15.3 82 82 26.0 3,800
17.1 26. r Light, 18° 71 11 38.5 18,000 2.47
17.2 peroxide 80° 25 33.2 4,100 1.62
17.3 40° 90 26.1 14,000
20.2 10.13a Peroxide 122° 12 26 14.6 5,000 1.77
20.4 135° 6 26 14.4 4,500 1.73
20.5 149° 6 25 12.0 4,400 1.12
20.1 Light 40° 48 90 10.13 46,000
19 17.9 Peroxide 123° 10.5 25 21.6 3,800 1.37

5% tetrapropyl tin added
a Inferred from composition of polymer in completely polymerized case.

T a b l e  III
D e h a l o g e n a t io n  E x p e r i m e n t s  w i t h  V a r io u s  E x p e r im e n t a l  " V i n y l i t e ’' S a m p l e s

,------------- ------------------ ---------- D escrip tion  of polym er u sed — ------ ----- ----------------------- —-

% Cl % vinyl Cl
Mole fraction 

vinyl Cl
% yield (where 
not complete 

polym.)
Fraction
chlorine

remaining
Calcd.

For 1,3-arrange­
ment, at ~  2

fraction
Random

arrangement
4 9 .4 87 0 .905 0 .1 9 8 0 .163 0 .221
4 3 .7 77 .823 .193 .190 .260
3 6 .9 65 .718 .242 .230 .311
34 .1 60 .674 .278 .250 .338
2 1 .0 3 6 .9 .447 .290 .377 .497
13 .2 2 3 .2 5 .302 .409 .502 .628
11 .7 2 0 .6 5 .260 .320 .548 .671

5 .8 5 10.3 .137 .820 .720 .812
15.08 2 6 .5 .332 65 .863 .473 .599
3 7 .4 6 5 .8 . 726 3 .4 .216 .229 .308
3 7 .3 6 5 .7 .725 26 ^205 .229 .308
3 5 .3 6 2 .2 .693 16 .216 .241 .327
3 0 .2 5 3 .2 .611 80 .305 .280 .377
4 3 .2 76 .0 .813 53 .160 .194 .263
2 3 .9 42 .1 .499 89 .307 .344 ,456
4 2 .4 7 4 .7 .802 5 .6 .106 .198 .268
13 .7 24 .1 .304 82 .891 .500 .626
4 9 .3 8 6 .9 .901 53 .138 .163 .223
3 3 .9 5 9 .7 .670 16 .503 .250 .341
3 3 .4 5 8 .8 ,663 17 .144 .255 345
13.4 2 3 .6 .297 56 ,589 .508 .632
15 .4 2 7 .1 .339 79 .494 .476 592
3 0 .0 5 2 .8 .607 51 .237 .282 .380
2 6 .9 4 7 .4 .553 66 .362 .312 .416
2 6 ,0 4 5 ,8 ,537 82 ,372 ,321 ,428
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T able IV
S o l v e n t  F r a c t i o n a t io n  o f  C o p o l y m e r s  o f  V i n y l  C h l o r i d e  a n d  V i n y l  A c e t a t e

Structure of Copolymers of Vinyl Chloride and Acetate

Copolymer,
g-

%
Chloride in 
copolymers

Mol. wt.
(viscosity)

Extracted by 
1-heptyne, g. %

Chlorine
Extracted 
by phenyl­

acetylene, g.
%

Chlorine
Insoluble 

fraction, g. „ % Chlorine
1.984 47.5 4,500 0.195 0.627 35.8 1.611 47.9
2.003 36.9 13,000 .286 1.947 23.6 0.851 47.4
2.282 49.3 8,600 .088 0.394 2.059 48.6
2.226 25.0 3,800 .800 , 14.4 1.576 29,8 trace
1.741 30.0 3,500 .220 26.4 1.487 30.7 trace

chloride treatment, the solution becomes red, but the de­
halogenation solution does not; alsp the color of the 
former solution is destroyed by refluxing an hour with zinc. 
Furthermore, analyses indicate that less of chlorine is the 
major result of the dehalogenation treatment. For ex­
ample, a polymer which had been 35% dehalogenated (the 
dehalogenation was incomplete, since the theory would 
have predicted 65% removal) had the composition before 
treatment: C,47.45; H,5.83; Cl,27 (ratio, C:H :Cl:O -  
1.00:1.46:0.193:0.312) and after treatment: C, 52.9; H, 
6.5; Cl, 17.5; (ratio: C:H:C1:0 = 1.00:1.46:0.112:0.328).

In a theoretically complete dehalogenation of a polymer 
having initially 26.1% chlorine, there was obtained a 
product that had poorer agreement with the calculated 
composition. Calcd.: C, 58.7; H, 7.4. Found: C, 58.3;
H, 6.31; Cl, 9.5.

The results of a large number of dehalogenation ex­
periments are summarized in Table III. It should be 
pointed out that it is not entirely correct to obtain from 
Wall’s formulas®-10 values for the calculated mole fraction 
of chlorine remaining in the case of polymers isolated after 
incomplete polymerization.

There were dozens of other similar experiments per­
formed but these can be taken as illustrative. In some of 
these experiments polymer precipitated; in others it did 
not. In a few experiments the reactions were carried on 
for as long as thirteen days. In general, this made little 
difference in the results. The reaction does not seem to be 
sufficiently quantitative to be useful.

The polymer remaining after the zinc treatment of a 
“Vinylite” having a chlorine content of 43.7% was soluble 
in dioxane, did not decolorize a cold dilute potassium per­
manganate solution in acetone, but did decolorize a solu­
tion of bromine in carbon tetrachloride.

Solubility Experiments.*—A mixture made up of 2.010 
g. of polyvinyl acetate, 2.018 g. of polyvinyl chloride and
I. 986 g. of a “Vinylite” containing 36.9% chlorine was 
extracted with 40 cc. of 1-heptyne. After filtering and 
evaporating the solution 1.589 g. of residue was obtained. 
This residue was purified by dissolving in dioxane and pre­
cipitating the polymei in water. The chlorine content was 
1.49%. The residue from the first extraction was then 
treated with 25 cc. of phenylacetylene. This solution on 
evaporation gave 1.480 g. of polymer containing 18.7% 
chlorine. The material insoluble in the two acetylenes 
weighed 3.154 g. and contained 50.9% chlorine. The 
weight of the total recovered material is somewhat higher 
than that used, because the surplus amount of solvent is 
held by the polymer under the conditions of the experi­
ment. This is lost in the purification of the product, but 
also a considerable amount of polymer is lost, and that 
introduces a still greater error into the figures.

This experiment was typical of several which showed 
that only a small amount of very low chlorine “Vinylite” 
would be found in the heptyne extract whereas “Vinylite” 
containing up to 65% vinyl chloride was soluble in phenyl­
acetylene. By using these two solvents on samples of 
copolymers separation into fractions was obtained. Some 
of these separations are listed in Table IV.

The last two samples of copolymer reported in Table IV 
were prepared by the interrupted technique. The last one 
which was obtained by stopping polymerization at a 51% 
yield seems to be more homogeneous than the preceding 
sample which was made by stopping the polymerization 
after an 83% yield.

Hydrolysis of “Vinylite” to a Polychlorohydrin.—To a
solution of 10 g. of “Vinylite” in 11. of dioxane was added 
25 cc. of concentrated hydrochloric acid and 25 cc. of 95% 
ethyl alcohol. The mixture was heated to 50° for twelve 
hours and a deep red color developed. An additional 25 cc. 
of alcohol was added and the solution was boiled under a 
reflux condenser for eleven hours. The polymer was then 
precipitated by spraying the solution into water. A brown­
ish polymer was obtained which was richer in chlorine 
than was the original. Two different copolymers were 
hydrolyzed by this procedure. The analytical figures 
before and after hydrolysis indicate conversion of the 
acetate groups to hydroxyl groups.

Sample

Anal, before hydrolysis
' % c  
47.45

Sample 1- 
% H
5.83

% Cl 
26.5

2
% Cl 
46.6

Anal, after hydrolysis 45.65 6.48 34.0 49.4
Calcd. for polychlorohydrin 44.4 6.42 35.8 51.1

The polychlorohydrin obtained in this manner did not 
show reduction of periodic acid solution. The chlorine 
atoms could not be hydrolyzed to hydroxyl by moist silver 
oxide or by treatment with mercuric acetate. The poly­
chlorohydrin did not liberate iodine from an acetone 
solution of potassium iodide.

Contrary to the statements in the literature22 we could 
not hydrolyze by means of aqueous alkali a copolymer of 
vinyl chloride and vinyl acetate prepared by exposing a 
methanol solution of the monomers and uranyl nitrate to 
sunlight.

Summary
1. Vinyl chloride and vinyl acetate copoly- 

merize to produce polymer chains containing both 
units. However, the polymer molecules produced 
in a given case differ widely in composition and 
the first chains produced are richer in vinyl chlo-

(22) O erm an P a te n ts  362,666, 516,996.
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ride than is the monomer mixture from which 
they are formed. The copolymers made by com­
plete polymerization of a given starting mixture 
of monomer vary in composition from chain to 
chain.

2. The monomer units appear to be oriented 
in a 1,3-fashion in the polymer chain.

3. Some reactions of these copolymers have 
been described.
U rb  a n a , I l l in o is  R e c e iv e d  M ay  27, 1942

[Co n t r ib u t io n  No. 34 from  the  D epa r t m e n t  of C h e m ist r y , U n iv e r s it y  of  T e n n e s s e e ]

The Acid Catalyzed Hydrolysis of Phenyl Substituted Aliphatic Esters1
By H ilton A. Smith and R. R . M yers

In a recent publication2 a study of the effect of 
the character of an alkyl chain on the reaction 
velocity of acid hydrolysis was reported for a num­
ber of esters of aliphatic acids. It was demon­
strated that the effects were similar to those pro­
duced in the processes of esterification3 and of 
saponification of the same (ethyl) esters.4

The purpose of the present paper is to report 
the results of a study of the velocity of hydrolysis 
of a number of phenyl substituted aliphatic esters, 
and to compare these results with those pre­
viously reported for saponification of the same 
esters5 and for the acid-catalyzed esterification of 
phenylacetic, hydrocinnamic and 7 -phenylbutyric 
acids in absolute methanol.6

Experimental
All of the esters were prepared by esterification 

of the corresponding organic acid with absolute 
ethanol using sulfuric acid as a catalyst. The 
esters were purified by fractionation in efficient 
distillation columns. Each sample used for rate 
measurements distilled at a constant head tem­
perature and was also shown by analysis using the 
method already described4 to be, within the pre­
cision of the method, 100% pure.

Phenylacetic, hydrocinnamic, phenylethyl- 
acetic and diphenylacetic acids were obtained 
from Eastman Kodak Co.; 7 -phenylbutyric, 5- 
phenylvaleric, cyclohexylacetic and hydratropic 
acids were all prepared by methods which have 
been previously described.5’6»7

The hydrolyses were all carried out in 70%
(1) Presented at the Memphis meeting of the American Chemical 

Society, April 22, 1942.
(2) Smith and Steele, This Journal, 63, 3466 (1941).
(3) Smith, ibid., 62, 1136 (1940).
(4) Levenson and Smith, ibid., 62, 1556 (1940).
(5) Levenson and Smith, ibid., 62, 2324 (1940).
(6) Smith, ibid., 61, 1176 (1939).
(7) The authors are indebted to Mr. H. S. Levenson and Mr. J. H.

vSteele for the preparation and analysis of some of the esters used in 
this research.

acetone solution, the concentration of both ester 
and catalyst (hydrochloric acid) being 0.1 M . The 
acetone used in making up the medium was care­
fully purified by fractionation from alkaline per­
manganate in a five-foot, one-inch diameter 
column packed with glass helices. The fraction 
retained distilled at constant head temperature. 
The method employed in making up the reaction 
mixtures was the same as that already described 
by Smith and Steele,2 and the general experimen­
tal procedure was also the same. Corrections 
were made for the contraction in volume which oc­
curs when acetone is mixed with water and also 
for thermal expansion of the solvent. The reac­
tions were run in electrically heated water thermo­
stats which gave temperatures constant to 
± 0 .01°.

Experimental Calculations and Results
The rate constants were calculated using the 

expression for a first order reaction
 ̂ _  2.303 log a/ (a  — x)

(catalyst)/
where a is the initial ester concentration, x is the 
concentration of organic acid formed after time t, 
and the (catalyst) is the concentration of added

T a b l e  I
Acid Catalyzed H ydrolysis of Ethyl 5-Phenyl valer - 

ate in  70% Acetone at 30°
a =  (ester) =  (HC1) -  0.100 M

10%,
minutes ( a  — x ) liters moles-1 sec.

5 0.0999
2080 .1246 22.6
2690 . 1304 22.6
2980 . 1331 22.5
3500 .1379 22.7
4240 . 1429 22.0
4360 . 1449 22.8
5025 .1497 22.9
5440 .1539 23.8

Average, 20-50% 22.6
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hydrochloric acid. Table I gives the results of a and were checked by the method of least squares, 
typical run. These activation energies together with reaction

For each run, the individual rate constants were rate constants at 25° are found in Table III.
averaged over the range of about 20-50% reac­
tion. These limits were set in order to avoid any 
possible effects due to errors in making up the 
reaction mixture, due to loss of solvent as samples 
were withdrawn from the reaction flask, or caused 
by the reverse esterification reaction. The num­
ber of values averaged was usually six or seven, 
and the ^  errors were of the order of one per cent. 
The average rate constant for each run is listed 
in Table II.

T a b l e  I I

R ea ctio n  R a te  C o n st a n t s  fo r  A cid  H yd r o ly sis of 
E thyl  E ster s  of  P h e n y l -su b st it u t e d  A cids in  70% 

A c e to n e

a = (ester) = (HC1) = 0.100 I f
106& (liters moles _1 sec. _1)

E th y l ester i = 20°

Phenylacetate 9.35
9.32

Av. 9.34
Hydrocinnamate 8.03

8.07
Av. 8.05

7 -Phenylbutyrate 8.08
7.99
7.95

Av. 8.00

5 - Pheny lvaler at e 8.56
8.65

Av. 8.61
Hydratropate 0.169

.172

Av. .171
Phenylethylacetate .0669

.0669

Av. .0669
Diphenylacetate .0296

.0296
Av. .0296

Cyclohexylacetate 3.01
2.99

Av. 3.00

t = 30° t = 40° t = 50°

23.8 55.0 120
23.6 54.9 120

54.9
23.7 54.9 120

20.7 47.5 110
20.3 47.7 109
20.5 47.6 110

2 0.8 48.6 114
19.7 48.6 111
19.6
2 1 .1
2 1.0
20.4 48.6 112

2 2.0 53.2 123
22.6 53.7 119
22.6
22.4 53.5 121

0.443 1.11 2.46
.451 1.11 2.55

2.52
.447 1.11 2.51
.177 0.435 0.99
.179 .430 1.07

1.04
.178 .433 1.03
.0839 .210 0.506
.0833 .207
.0836 .209 .506

7.80 19.0 44.7
19.0 43.9

43.9
7.80 19.0 44.1

Included in this table are also &2s and activation 
energies for the processes of esterification and 
saponification. Figures for several unsubstituted 
esters are given for comparison purposes.

3100 3200 3300 3400
l / T  X 106.

Fig. 1.—-Temperature coefficients for acid hydrolysis 
of phenyl substituted aliphatic esters: A, ethyl diphenyl- 
acetate; B, ethyl cyclohexylacetate; C, ethyl hydra- 
tropate; D, ethyl phenylacetate; E, ethyl 5-phenyl- 
valerate; F, ethyl hydrocinnamate; G, ethyl 7 -phenyl- 
butyrate; H, ethyl phenylethylacetate.

The relative entropies of activation of these 
acids and esters have been calculated for the proc­
esses of esterification, acid hydrolysis and saponi­
fication, and are given in Table III. These 
values were calculated from the equation

As* — Aso* = R In a / ao

where As* — Aso* is the relative entropy of ac­
tivation and a  is the “temperature independent” 
factor in the Arrhenius equation

k = Ae~E/RT

Figure 1 gives a plot of log k against l /T  for the The subscript zero refers to ethyl acetate for acid
hydrolysis of these esters. The activation ener- hydrolysis and saponification and to acetic acid
gies were calculated from the slopes of these lines, for the process of esterification.
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T a b l e  III
R e a c t io n  R a t e  C o n s t a n t s , A c t iv a t io n  E n e r g i e s  a n d  R e l a t iv e  E n t r o p i e s  o f  A c t iv a t io n  (r e f e r e n c e  s u b s t a n c e

ACETIC ACID OR ETHYL ACETATE) FOR THE PROCESSES OF ACID H Y D RO LYSIS, ESTERIFICATIO N AND SAPONIFICATION
Acid or —Acid hydrolysis------------—.

ethy l ester 105&268 E AS*  -  ASa* ioST
Phenylacetate 1.47 16,100 -2 .5 8 2.62
Phenylacetate11 1.54 16,200
Hydrocinnamate 1.28 16,300 -2 .1 9 2.67
7 -Phenylbutyrate 1.27 16,500 -1 .53 2.67
5-Phenylvalerate 1.39 16,600 -1 .02
Hydratropate 0.277 16,900 -3 .22
Phenylethylacetate .110 17,100 -4 .3 8
Di-phenylacetate . 0503 17,700 -3 .9 2
Cyclohexylacetate .481 16,900 -2 .1 2
Acetate 4.55 16,200 0 5.93
Propionate 3.77 16,300 -0 .0 3 5.73
Butyrate 1.86 16,400 -1 .11 2.90
Valerate 1.82 16,500 -0 .8 1 3.08

Discussion
As seen from an inspection of Table III, the 

substitution of a. phenyl group on the terminal 
carbon atom of an alkyl chain causes an increase in 
the reaction rate for the process of saponification, 
and this is accompanied by the expected decrease 
in the activation energy. These changes are ap­
parently caused by the fact that the phenyl group, 
when not a part of a conjugated system, acts as an 
electron sink, thus drawing electrons away from 
the carboxyl group, and so facilitating the ap­
proach of the hydroxyl group. The magnitude 
of this effect decreases as the phenyl group is 
moved farther from the carboxyl group, as would 
be expected. When, however, substitution of the 
phenyl group takes place in the alpha position of 
an ester such as ethyl propionate or butyrate, the 
reaction rate is decreased, and the activation 
energy increased. This is evident from inspection 
of Table III.

This apparent discrepancy in the influence of 
the introduction of a phenyl group on the velocity 
of saponification has been explained as being due 
to the fact that this group not only acts as an elec­
tron sink, but also exhibits a rather large steric 
effect.5 The former causes an increase in the rate 
of reaction and a lowering of E. The latter causes 
a decrease in the reaction rate, and apparently an 
increase in the activation energy.

(8) In te rp o la ted  from  th e  d a ta  in  T able  I I  and  from  those of Sm ith 
and  Steele, ref. 2.

(9) C alculated  from  th e  d a ta  of Sm ith, ref. 6, and  of Sm ith and 
R eich a rd t, T h is  J o u r n a l , 63, 605 (1941).

(10) F rom  th e  d a ta  of Levenson an d  S m ith , ref. 5.
(11) From  th e  d a ta  of D avies and  E vans, J . Chem. Soc., 339 

(1940). These values were determ ined using 0.05 M  solutions of 
este r and  cata ly st. U nder these  conditions th e  reaction ra te  is 
g rea te r by  abou t 5%  th a n  when 0,10 M  concen trations are employed 
(see Sm ith  and  Steele, ref. 2).

---- E sterification9--------------- .
E  A S* -  A S q*

^---------------Saponification10------------—
I0*kn E  A S*  -  A S q*

9,900 -1 .9 6 10.1 14,100 -1 .2 6

9,600 -2 .9 3 5.04 14,500 -1 .3 0
10,100 -1 .2 5 2.69 14,900 -1 .21

2.28 14,700 -2 .21
0.802 15,400 -1 .9 3

.264 15,900 -2 .4 7

. 560 16,000 -0 .6 3

.509 15,600 -2 .1 7
10,000 0 6.92 14,700 0
10,000 -0 .0 7 3.55 14,700 -1 .3 3
10,000 -1 .4 2 1.83 15,100 -1 .3 0
10,000 -1 .3 0 1.92 14,700 -2 .5 5

The data for acid hydrolysis as given in Table
I l l  offer no direct evidence that the phenyl group 
acts as an electron sink, since its introduction 
always decreases the reaction velocity. Other 
data, however, may lead one to expect the 
opposite result.12 In fact, the postulated mech­
anisms for acid and alkaline hydrolysis involve 
the same intermediate,13 although the influence 
of substituents is smaller for the acid catalyzed 
reaction.14

Some idea of the relative magnitude of the in­
ductive effect may be gained from a comparison 
of the rates of ethyl cyclohexylacetate with those 
for ethyl phenylacetate. In saponification the 
activation energy is 15,600 calories per mole for 
cyclohexylacetate and 14,100 for the phenylace­
tate. For acid-catalyzed hydrolysis the corre­
sponding values are 16,900 and 16,100. Assum­
ing the steric influence of the phenyl and cyclo­
hexyl groups to be the same, the inductive effect 
is represented by some 700 calories less influence 
in the activation energy for acid hydrolysis than 
for base catalyzed hydrolysis. Since the drop in 
activation energy caused by introduction of a 
phenyl group into ethyl acetate is only 600 calories 
for saponification, one would expect little change 
in the activation energy for the process of acid 
hydrolysis. This agrees with the experimental 
findings as shown in Table III.

This type of reasoning also explains the fact 
that ethyl diphenylacetate is hydrolyzed about 
twice as fast as ethyl phenylethylacetate in the

(12) C f. Ingold  and  N a th an , J . Chem. Soc., 222 (1936); T im m  and 
Hinshelwood, ibid., 862 (1938).

(13) W aters an d  Lowry, “ Physical Aspects of O rganic C hem istry ,” 
D. Van N ostrand  Co., N ew  Y ork, N . Y ., 1937, page 268.

(14) G lasstone, Laid ler and  Eyring , “ The T heory  of R ate  P roc­
esses,” M cG raw -H ill Book Co., Inc., New York, N . Y., 1941, p. 451.
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T a b l e  IV

E f f e c t  o f  « - P h e n y l  S u b s t it u t io n  o n  S a p o n i f ic a t i o n  a n d  A c id  H y d r o l y s is

Acetate —> phenylacetate 
Propionate —► hydratropate 
Butyrate -*■ phenylethylacetate 
Phenylacetate —► diphenylacetate

------------ Saponification-
A 22A log k

+  .1642 — 600
-  .6460 +  700
-  .8409 +  1000
— 1.2561 +1900

#—-------- Acid hydrolysis
A log k A Ë

-  .4907 -  100
- 1 .1 3 3 8 +  600
- 1 .2 2 8 1 +  700
- 1 .4 6 5 7 +  1600

Summarybase-catalyzed reaction, but only half as fast when
the acid catalyst is employed. I t  is also substan­
tiated by noting that in both processes the intro­
duction of a phenyl group into the alpha position 
causes a much greater effect when another sub­
stituent is already present on the same carbon 
atom. This is shown in Table IV.

Unfortunately, the data for esterification are not 
sufficiently complete to allow many deductions, 
but apparently this process is similar to that of 
acid hydrolysis in that the steric effect due to 
phenyl substitution always outweighs the induc­
tive influence, even when such substitution takes 
place on the terminal carbon atom. The fact 
that phenylacetic, hydrocinnamic and 7 -phenyl­
butyric acids esterify with almost identical rates is 
perhaps better explained as a fortuitous balance 
between inductive and steric effects than as caused

The kinetics of acid catalyzed hydrolysis in 
70% acetone has been studied for ethyl phenyl­
acetate, ethyl hydrocinnamate, ethyl 7 -phenyl- 
butyrate, ethyl 5-phenylvalerate, ethyl hydratro­
pate, ethyl phenylethylacetate, ethyl diphenylace­
tate and ethyl cyclohexylacetate.

The introduction of a phenyl group into an ali­
phatic ester results in a decrease in the reaction 
rate for all esters studied, even though the phenyl 
group acts as an electron sink, and should cause 
an increase in the rate of hydrolysis. The results 
may be explained on the assumption that the steric 
effect of the phenyl group always outweighs its 
inductive effect for this process.

A comparison is made of the effect of phenyl 
substitution on the processes of acid hydrolysis, 
saponification and esterification.

by ring formation.6 K n o x v i l l e , T e n n . R e c e i v e d  J u n e  8 , 1942

[C o n t r i b u t io n  f r o m  t h e  N o y b s  C h e m ic a l  L a b o r a t o r y , U n i v e r s i t y  o f  I l l i n o i s ]

The Reduction of Unsaturated Hydrocarbons at the Dropping Mercury Electrode,
IL Aromatic Polynuclear Hydrocarbons1

By S. W a w zo n ek  and  H. A. L a it in e n

Aromatic compounds possessing a high degree 
of resonance, such as benzene, do not undergo re­
duction at the dropping mercury electrode. On 
the other hand, aromatic polynuclear hydrocar­
bons showing a diminished degree of resonance are 
reducible. The polarographic reduction of such 
hydrocarbons is described in the present paper.

Results
The behavior of various aromatic polynuclear 

hydrocarbons was studied in a 0.175 M  tetra­
butylammonium iodide, 75% dioxane solution.1 
A summary of the observed half-wave potentials 
and individual diffusion current constants is given 
in Table I.

(1) P ap e r I,. Laitinexi an d  W aw zonek, T h is  J o u r n a l , 64, 1765 
(1942). This paper was presented  before th e  Division of Organic 
Chem istry  of th e  A m erican Chem ical Society a t  th e  Buffalo m eet­
ing, Septem ber, 1942.

In general, all of the hydrocarbons gave well- 
defined reduction waves similar to that shown in 
Fig. 1 for 3-methylcholanthrene. Exceptions to 
this behavior were treated in the following man­
ner. For compounds (phenanthrene and pyrene) 
showing two waves of equal height close together 
such as those shown in Fig. 2 for phenanthrene, 
the half-wave potentials were calculated by using 
one-fourth and three-fourths of the total diffusion 
current. In the table for such cases only the 
total diffusion current is reported even though 
two waves were obtained. For compounds 
(chrysene and 3,4-benzpyrene) which gave indefi­
nite waves such as that shown in Fig. 3 for 3,4-benz­
pyrene, only the total diffusion current is given. 
For indene which gave a wave at a potential too 
negative to be measured, the starting point of the 
wave is given .
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Table I
Half-Wave Potentials and D iffusion Current Constants of Various Compounds in 0.175 M  T etrabutyl­

ammonium Iodide-75  % D ioxane
T1/2 VOltS id C, m illim oles/ id/C , microamperes/

Com pound vs. S. C. E. m icroam peres lite r millimole/ l i te r
Naphthalene 2.49 5.19 1.01 5.14

2.51 10.40 2.02 5.15
1,2-Dihydronaphthalene 2.57 9.55 2.154 4.44
Acenaphthene 2.57 5.46 1.11 4.92

2.58 10.85 2.22 4.89
Indene starting point 2. 54
3-Phenylindene 2.33 4.28 9.12 4.69

2.32 8.40 1.823 4.61
Fluorene 2.65 7.50 1.33 5.65
Biphenyl 2.70 5.19 0.745 6.96
Phenanthrene 2.46 2.71 19.9 2.252 8.84

2.44 2.67 14.1 1.376 10.25
9,10-Dihydrophenanthrene 2.62 6.70 0.932 7.18
Chrysene 14.3 1.11 12.88
Pyrene 2.10 2.46 2.67 2.38 3.89 0.740 3.22 5.25

2.10 2.47 2.69 4.77 8.26 1.580 3.22 5.59
Anthracene 1.94 4.17 (3.48) 0.933 4.47
1,2-Benzanthracene 2.03 2.54 6.80 (5.73) 1.66 4.10 4.54

7.53
1,2,5,6-Dibenzanthracene 2.07 2.53 3.18 (2.18) 0.773 4.12 7.55

5.83
9,10-Dimethyl-1,2-benz­ 2.05 2.53 3.62 (2.85) .875 4.14 4.32

anthracene 3.78
3 -Methylcholanthrene 2.11 2.51 4.86 5.44 1.313 3.70 4.15
3,4-Benzpyrene 1.88 . . . . 2.71 4.52 0.966 2.72 4.54

The reduction of anthracene gave a wave of con­
stant diffusion current of 3.48 microamperes 
which, at more negative potentials, increased to
4.17 microamperes. The larger value is probably

Fig. 1.—Curve for 0.001313 M  3-methylcholanthrene in 
0.175 M  (C4H9)4NI, 75% dioxane.

the true diffusion current since it is closer to that 
observed for phenanthrene (5.15 microamperes). 
A similar phenomenon occurred with the substi­
tuted anthracenes. A small wave always pre­

ceded the second reduction wave as shown in 
Fig. 4 for 9,10-dimethyl-1,2-benzanthracene. The 
figures in parentheses in the table are the lower 
diffusion current values used in calculating the 
half-wave potential of the first wave. The figures 
without parentheses include the small wave.

Potential, vs. S. C. E., volts.
Fig. 2.—Curves in 0.175 M  (C4H9)4NI, 75% dioxane; R, 

residual current; A, 0.001376 M  phenanthrene.
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Fig. 3.—Curve for 0.000966 M  3,4-benzpyrene in 0.175 M  
(C4H9)4NI, 75% dioxane.

The half-wave potential was found to be inde­
pendent of the concentration of the hydrocarbons. 
From this behavior it is assumed that the half­
wave potential is independent of the pH of the 
solution, as was the case with the phenyl substi­
tuted olefins and acetylenes.1

The diffusion current was proportional to the 
concentration in every case studied. An appar­
ent exception is phenanthrene but in this case 
two different samples of phenanthrene were used. 
One sample (diffusion current constant of 10.25) 
was obtained from Gesellschaft ftir Teervertung 
while the other (diffusion current constant of 
8.84) was prepared by purifying crude phenan­
threne by the method of Bachman.2 It is evident 
that the polarographic method offers a possible 
quantitative procedure for the determination of 
these hydrocarbons in the absence of more readily 
reducible substances.

Comparison of the diffusion current constants 
and of the half-wave potentials for the various hy­
drocarbons indicates that the reduction resembles 
the phenomenon of the addition of alkali metals to 
aromatic polynuclear hydrocarbons or their re­
duction by alkali metals and alcohol. Polaro­
graphic data likewise offer a means of determining 
the arrangement of the double bonds in the vari­
ous nuclei.

The reduction of naphthalene involved only 
two electrons and must take place by a 1,4-mech­
anism since 1 ,2-dihydronaphthalene was reducible 
at a more negative potential. The low diffusion 
current obtained in the latter case was probably

(2) W . E . B achm an, T h is  J o u r n a l , 57, 557 (1935).

Fig. 4.—Curve for 0.000875 M  9,10-dimethyl-1,2-benz­
anthracene in 0.175 M  (C4H9)4NI, 75% dioxane.

due to the presence of some 1,4-dihydronaphtha- 
lene which is not reducible at the dropping mer­
cury electrode. The electroreduction of a double 
bond conjugated with a phenyl group is appar­
ently not affected by its presence in a ring since 
the value of 2.57 volts obtained for 1,2-dihydro- 
naphthalene is very close to the value obtained 
for /3-methylstyrene (2.54 volts).1 Tetralin, the 
reduction product from 1 ,2-dihydronaphthalene, 
was not reducible at the electrode. Acenaphthene 
was reduced similarly to naphthalene since it 
gave a wave involving two electrons.

Indene gave a wave at a potential too negative 
to be evaluated. This behavior is probably due 
to resonance of the double bond in the five-mem­
bered ring. The resonance apparently disappears 
or is diminished with the introduction of a phenyl 
group into the ring as it is shown by the more posi­
tive value of 2.32 volts obtained for 3-phenylin- 
dene. This value would point to the conjugation 
of the double bond with the phenyl group since the 
value is approximately equal to the value of 2.27 
volts obtained for 1,1-diphenylethylene. Reduc­
tion of a double bond in the other position would 
certainly give a value closer to that of 1 ,2-dihydro- 
naphthalene or /3-methylstyrene. Hydrindene did 
not reduce at the dropping mercury electrode.

The reduction of biphenyl and fluorene seems to 
be similar in nature. The course of the reduction 
is probably through a 1 ,4-addition like that pro­
posed for the reaction of lithium with biphenyl.3

(3) Schlenk and  B ergm ann, A n n ., 463, 1-97 (1928).
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Phenanthrene gave two waves involving two 
electrons each, with the first wave at 2.44 volts 
corresponding to the reduction of the 9,10-double 
bond since 9,10-dihy drophenanthrene reduces at 
2.62 volts, a value approximately equal to the 
2.67 volts observed for the second wave of phe­
nanthrene. This second reduction wave corre­
sponds to that observed for biphenyl and fluorene, 
and probably involves a 1,4-reduction in one of 
the rings similar to the 1,4-addition of lithium 
to biphenyl observed by Schlenk and Berg­
mann.3

Chrysene gave rather ill-defined waves starting 
at 2.18 volts with a diffusion current constant of 
12.88 microamperes per millimoles per liter. This 
indicates the introduction of six electrons, two 
for either the 5,6- or the 11 ,12-double bond, two 
for the resulting substituted naphthalene nucleus 
and two for the resulting substituted dihydro- 
phenanthrene.

Pyrene gave three waves involving two elec­
trons each. The first wave, at 2.10 volts, corre­
sponds to that observed for stilbene1 at 2.14 volts 
and must be due to the reduction of the 1,2- 
double bond. The remaining two waves at 2.46 
and 2.69 volts are identical with the two waves 
observed for phenanthrene at 2.46 and 2.71 volts, 
respectively. A structure for pyrene which would 
fit these facts is shown by formula A and is in 
agreement with ozonolysis studies carried out with 
this compound.4

Anthracene gave a wave at 1.94 volts involving 
two electrons and a 1,4-reduction at the 9,10-posi­
tions. Substituted anthracenes, such as 1,2- 
benzanthracene, 1,2,5,6-dibenzanthracene, 9,10- 
dimethyl- 1,2-benzanthracene and 3-methylcho- 
lanthrene, which possess carcinogenic properties, 
were also studied. All showed one half-wave po­
tential value approximately equal to that for

(4) V ollm ann, Becker, Corell and  S treeck , A nn., 531,1-160 (1937).

anthracene and another of 2.53 volts, which corre­
sponds to the reduction of the resulting naphtha­
lene residue. This latter value is apparently a 
very characteristic reduction potential for the 
naphthalene nucleus. For 3,4-benzpyrene the 
first wave at 1.88 volts, involving two electrons, 
indicates a reduction similar to that occurring in 
anthracene. This type of reduction is likewise 
indicated by a second wave of two electrons, 
which would necessarily be the reduction of the 
naphthalene residue in structure B. The total 
reduction is in agreement with structure C pro­
posed for 3,4-benzpyrene by Cook and Hewett5 
on the basis of absorption spectra.

Experimental
The conditions and electrode used were exactly  

the same as described in the first paper of this 
series.1

Materials.—Naphthalene, tetralin, acenaph­
thene, indene, 3-phenylindene, fluorene, bi­
phenyl, phenanthrene, chrysene and pyrene 
were obtained from stock and purified before us­
ing. Anthracene and all carcinogenic hydrocar­
bons were obtained from Eastman Kodak Com­
pany and used without further purification. 1 ,2- 
Dihydronaphthalene,6 9,10-dihydrophenanthrene7 
and hydrindene8 were prepared by appropriate 
methods given in the literature.

Summary
A polarographic study has been made of the 

reduction of certain aromatic polynuclear hydro­
carbons.

The compounds gave half-wave potentials 
which were independent of their concentration 
and characteristic of certain structures. The 
diffusion current was found to be proportional to 
the hydrocarbon concentration. The polaro­
graphic method has been shown to be useful in the 
quantitative determination of the hydrocarbons 
and in determining the arrangement of double 
bonds in their various rings.
U r b  a n a , I l l i n o i s  R e c e i v e d  J u l y  9, 1942

(5) Cook and  H ew ett, J . Chem. Soc., 400 (1933).
(6) T iffeneau an d  Orechow, Bull. soc. chim., [4] 27, 787 (1920).
(7) D urland  an d  A dkins, T h is  J o urn al , 59, 135 (1937).
(8) V. B raun , Arkuszew ski and  K ohler, Ber., 51, 291 (1918).
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[C o n t r i b u t i o n  f r o m  t h e  D e p a r t m e n t  o f  C h e m i s t r y , O r e g o n  S t a t e  C o l l e g e ]

The Apparent Energy of the N-N Bond as Calculated from Heats of Combustion1

B y  Carl M. Anderson and E. C. G ilbert

Heats of combustion of suitable simple com­
pounds in the gaseous state have offered the most 
direct approach to the calculation of bond ener­
gies,2 and results recently obtained in this Labora­
tory on hydrazine3 have been used thus to calcu­
late the energy of the covalent N-N bond.2 
This calculation has also been made from data on 
the heat of combustion of phenylhydrazine and 
methylphenylhydrazine2’4 giving somewhat dif­
ferent values. The combustion data on phenyl­
hydrazine5 are very discordant and it was thought 
that new and accurate data on combustion might 
give better agreement in the bond energy calcula­
tion. Redetermination of the heat of combustion 
was undertaken and in the meantime measure­
ments on the velocity of dissociation of tetra- 
phenylhydrazine by Cain and Wiselogle6 indicated 
to them the possibility that the value for the N-N 
bond was subject to revision or re-interpretation 
of the data. Lewis and Lipkin7 in turn have ex­
amined the conclusions of Cain and Wiselogle.

In an effort to provide additional data for the 
elucidation of this problem the heat of combustion 
of tetraphenylhydrazine has now been determined. 
Calculation of bond energies in the ordinary man­
ner is precluded with such a compound since the 
heats of fusion and vaporization are unknown and 
presumably unobtainable. Were these available, 
there remains the question of resonance energy, 
which for complex molecules is still only a matter 
of estimate. This is true for instance with phenyl­
hydrazine, which contains an undetermined 
amount of resonance energy.

An interesting approach is possible however in 
which the effect of several of these variables can be 
reduced to a minimum. This may be done by 
comparing the heat of combustion of structurally

(1) T aken  from  th e  thesis subm itted  by  C. M . Anderson in partia l 
fulfillm ent of the  requ irem ents for th e  P h .D . June. 1942. Published 
w ith th e  approval of th e  M onographs P ub lica tion  Com m ittee, Oregon 
S ta te  College, as R esearch  P aper No. 62, School of Science, D epart­
m ent of Chem istry.

(2) L. Pauling, “ T he  N a tu re  of th e  C hem ical B ond,” 2nd ed., 
Cornell U niversity  Press, Ithaca , New Y ork , 1940; O. K . Rice, “ Elec­
tron ic  S tru c tu re  and  Chem ical B ind ing ,” 1st ed., M cGraw-Hill 
Book C om pany, Inc ., New Y ork, N . Y ., 1940.

(3) H ughes, Corruccini and  G ilbert, T h is  J o u r n a l , 61, 2639 
(1939).

(4) Sidgwick, S u tto n  an d  T hom as, J . Chem. Soc., 406 (1933).
(5) K harasch , J . Research N all. Bur. Standards, 2, 359 (1929),
(6) Cain and  Wiselogle, T h is  J o u r n a l , 62 , 1163 (1940),
(7) Lewis and  L ipkin , ibid., 68, 3232 (1941).

similar molecules in pairs. For this purpose the 
following pairs were chosen and the various heats 
of combustion determined: (1 ) tetraphenylhydra­
zine and diphenylamine ( 2  moles); (2 ) phenyl­
hydrazine and aniline; (3) benzamide (2 moles) 
and dibenzoyl hydrazide; (4) hydrazobenzene 
and aniline (2 moles). In the last instance the 
recent combustion data of Swietoslawski and 
Bobinska on hydrazobenzene were utilized . 8

Experimental
The Calorimeter.—The calorimeter used was of the adia­

batic type and has been described previously.3»9 It was 
recalibrated with the use of benzoic acid, Standard Sample 
No. 39e, Natl. Bur. Standards, and found to have the same 
heat capacity as reported in the earlier work, i. e., 2607.3 
cal. per degree. The precision attainable under optimum 
conditions with this calorimeter is 0.01-0.02%.

Materials.—The materials used in the combustions were 
prepared in the following ways. The physical constants 
given have Only a general significance since the calorimetric 
measurements are much more sensitive to very small 
amounts of impurities than common criteria of purity.

Aniline.—A single sample, enough for twelve combus­
tions, was prepared from Eastman Kodak Co. white label 
grade by vacuum distillation from zinc dust in a nitrogen 
atmosphere, collected over stick sodium hydroxide and re­
distilled.

Benzamide.—Benzamide was recrystallized from alcohol 
three times and dried at 60° in a vacuum oven twenty-four 
hours and over phosphorus pentoxide two days. The 
sample had a melting point of 130°.

óym-Dibenzoylhydrazide.—A large sample of dibenzoyl- 
hydrazide had been previously prepared by Albert Hughes 
of this Laboratory in 1938. A portion of this was recrystal­
lized from ethanol and ethanol-water, dried in vacuum at 
60° twenty-four hours and over phosphorus pentoxide 
three days. A melting point of 237-238° was found.

Diphenylamine.—Samples of diphenylamine were puri­
fied by each of the following methods: (1) recrystallized
four to six times by precipitation from ethanol solution by 
adding water. (2) recrystallized three to four times from 
high boiling petroleum-ether. (3) the residues from the 
above procedure were steam distilled and recrystallized 
once from ethanol-water. The samples were dried over 
phosphorus pentoxide for two to four days before using 
them. Each of the samples had a melting point of 53°.

Phenylhydrazine.—Eastman Kodak Co. white label 
grade of phenylhydrazine was crystallized in a nitrogen at­
mosphere by cooling with cold water. About one-half of 
the material was crystallized out and the mother liquor was 
removed with a filter stick by suction. A given sample was 
crystallized four to six times before filling the bulbs

(8) Swietoslawski and B obinska, C- A ., 24, 1790 (1930).
(9) D avies and  G ilbert, T h is  J o u r n a l , 68, 2730 (1941),
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The freezing point of each sample was 19.6° for at least 
the last two crystallizations. Phenylhydrazine purified in 
this manner retained a faint yellow color and slight odor.

Colorless and odorless samples were obtained by vacuum 
distillation in a nitrogen atmosphere of 400-500 cc. of the 
material collecting the middle 100-cc. fraction over stick 
sodium hydroxide and redistilling. These samples had a 
freezing point of 19.6° and rapidly turned yellow in con­
tact with air.

Additional amounts of phenylhydrazine were prepared 
in this Laboratory according to the procedure given by 
Coleman.10

Tetraphenylhydrazine.—Tetraphenylhydrazine was pre­
pared by the oxidation of diphenylamine with potassium 
permanganate in acetone solution according to the pro­
cedure given by Gattermann and Wieland.11 Samples 
were recrystallized from benzene by precipitation with 
ethanol and were well washed with cold ether. These were 
then dried in the vacuum desiccator over phosphorus pent­
oxide for twenty-four hours. After standing three to four 
days the samples were rewashed with cold ether or re­
crystallized again. Melting points anywhere in the range 
of 145-175° could be obtained depending upon the rate of 
heating the melting point bath and the temperature at 
which the melting point tube was placed in the bath.

Calculations.—All weighings were in vacuo. The data 
are referred to a standard temperature of 25°. The energy 
unit used is the arbitrary calorie obtained by multiplying 
the international joule by the factor 4.1833. The technique 
and precautions were the same as described in the earlier 
work.3»9 —AUb, the heat experimentally evolved in the 
bomb process per gram formula weight was first calculated. 
From this was obtained — A Ur the decrease in energy for 
the combustion reaction at the standard state at constant 
volume, as defined by Washburn.12 In making this calcu­
lation it was assumed that the nitrogen produced in the 
reaction may be treated as if it were oxygen and the cor­
rection equations modified appropriately. — A H r, the 
heat evolved in the isothermal process in the standard 
state at constant pressure was also calculated. The 1941 
table of atomic weights was used.

Results
The combustion data are shown in Tables I -  

VI, and collected values for the isothermal heats 
of combustion in comparison to earlier results in 
Table VII. Of the substances investigated the 
latent heat of vaporization at 25° is obtainable 
for only two, aniline13 (ca. 12,000 cal./mole) and 
phenylhydrazine14 (14,690 cal./mole). Utilizing 
these data and the accurately established heats of 
formation of water and carbon dioxide,15 AH2m.i 
for formation of aniline in the gaseous state is

(10) O. M . Colem an, “ O rganic S yn theses,” Collective Volume I, 
Jo h n  W iley and  Sons, Inc ., New Y ork, N . Y ., 1941, p. 442.

(11) L. G a tte rm an n  and  H . W ieland, “ L abora to ry  M ethods of 
O rganic C hem istry ,” T he  M acm illan  Co., N ew  Y ork, N . Y ., 1937, p. 
355.

(12) W ashburn , J .  Research, N atl. Bur. Standards, 10, 544 (1933).
(13) G arrick , Trans. Faraday Soc., 23, 560 (1927).
(14) W illiam s, G. E ., M .S. T hesis, 1942, Oregon S ta te  College.
(15) Rossini, J , Research Natl. Bur. Standards, 22, 407 (1939).

T a b l e  I
H e a t  o f  C o m b u s t io n  o f  A n i l i n e 0

T rue 
mass of 

sam ple in 
gram s

A T,b 
°C.

T otals
heat,
cal.

H eat
from

HNOa,
cal.

— A t/fi/m , 
ca l./g .

Dev.
from
m ean

0.84186 2.8107 7339.2 18.20 8696.2 -3 .9
.74038 2.4729 6457.0 17.84 8697.7 - 2 .4
.73698 2.4623 6429.9 16.25 8702.7 +2.6
.81119 2.7103 7077.5 17.85 8702.9 +2.8
.86075 2.8748 7507.3 17.97 8700.9 + 0 .8

Mean At/js/m = —8700.1 cal./g. 
a Professor H. M. Huffman of the California Institute of 

Technology very kindly communicated his own values for 
the heat of combustion of aniline obtained some years ago. 
The few results here shown agree, perhaps fortuitously, 
almost exactly with his more precise determinations (see 
Table VII). 6 Corrected for the heat of stirring and for the
combustion of the iron wire.

T a b l e  II
H e a t  o f  C o m b u s t io n  o f  B e n z a m id e

T rue 
mass of 

sam ple in  
gram s

A T ,a 
°C.

Total®
heat,
cal.

H eat
from

HNOa,
cal.

— AU  b / m , 
ca l./g .

Dev.
from
m ean

0.98378 2.4052 6280.9 16.51 7008.8 +  1.4
.75424 2.0291 5298.4 13.93 7006.3 -1 .1
.74775 2.0112 5251.9 12.40 7006.9 - 0 .5
.91260 2.4553 6411.5 16.39 7007.6 +0.2
.76797 2.0671 5395.0 14.13 7006.7 - 0 .7
.83282 2.2389 5846.4 14.18 7002.9*
.87296 2.3488 6133.4 15.89 7007.8 + 0 .4

Mean A U b / m  = —7007.4 cal./g. 
a Corrected for the heat of stirring and for the combustion 

of the iron wire. 6 Not used in calculating the mean value.
T a b l e  III

H e a t  o f  C o m b u s t io n  o f  D ib e n z o y l h y d r a z in e
T rue 

mass of 
sam ple in  

grams
A T ,a 
°C.

T o ta l
heat,
cal.

H eat
from

HNOa,
caj.

— A U B / m ,  
ca l./g .

Dev.
from
m ean

0.41701 1.11687 2916.2 8.28 6973.2 - 0 . 1

.57335 1.53517 4008.5 10.29 6973.4 +0.1

.87038 2.4195 6084.1 14.13 6973.9l + 0 .6

.85797 2.3845 5996.1 13.74 6972.7b - 0 .6
Mean A U b / m  = —6973.3 cal./g. 

a Corrected for heat of stirring and for the combustion 
of the iron wire. b These values were obtained previously 
by Hughes.

T a b l e  IV
H e a t  o f  C o m b u s t io n  o f  D i p h e n y l a m i n e

T rue 
mass of 

sam ple in  
gram s

AT,®
°C.

T o ta l
heat,
cal.

H eat
from

HNOa,
cal.

— A U s /m ,  
ca l./g .

Dev.
from
m ean

0.75908 2.6347 6880.0 11.45 9048.6 + 1.2
.75902 2.6352 6881.2 10.87 9051.6 +  1.8
.97940 3.4008 8880.9 16.99 9050.3 + 0 .5
.74002 2.5677 6705.1 8.89 9048.7 -1 .1
.71390 2.4792 6473.9 13.89 9048.8 - 1 . 0

.94402 3.2765 8556.4 11.59 9051.5 +  1.7

.85398 2.9635 7738.9 10.85 9049.4 -0 .4
Mean AFb/ w — —9049.8 cal./g. 

a Corrected for the heat of stirring and for the combus­
tion of the iron wire.
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T a b l e  V
H e a t  o f  C o m b u s t io n  o f  P h e n y l h y d r a z in e

T rue 
m ass of 

sam ple in 
grams

AT,®
°C .

Total®
heat,
cal.

H e a t
from

HNOa,
cal,

— AU  b/ w , 
cal./g .

Dev.
from
mean

1.03210 3.1937 8340.4 25.81 8056.0 +0.6
0.68679 2.1259 5551.5 19.52 8054.8 -  .6

.60413 1.8705 4884.3 17.99 8055.1 -  .3

.81049 2.5084 6550.4 19.75 8057.76

.86707 2.6812 7001.8 19.13 8053.2'*

.99564 3.0804 8044.5 24.30 8055.3 -  .1
1.00967 3.1253 8161.7 27.54 8056.2 +  • 8
0.79900 2.4736 6459.4 23.65 8054.7 -  .7

Mean AU b/ m  — —8055.4 cal./g.
0 Corrected for the heat of stirring and for the combustion 

of the iron wire. 6 Not used in calculating the average 
value.

T a b l e  V I

H e a t  o f  C o m b u s t io n  o f  T e t r a p h e n y l h y d r a z in e

T rue 
m ass of 

sam ple in 
gram s

AT,®
°C .

Total®
h eat,
cal.

H ea t
from

HNOa,
cal.

— A U b / w , 
cal./g .

Dev.
from
m ean

0.36953 1.2843 3353.4 5.14 9060.86 + 0 .8
.36252 1.2612 3293.1 7.93 9062.0 + 2.0
.33084 1.1509 3005.1 7.68 9060.0 + 0.0
.57309 1.9936 5205.5 13.76 9059.1 - 0 .9
.36897 1.2829 3349.7 7.50 9058.1 -1 .9

Mean A U b / m  =  —9060.0 cal./g. 
a Corrected for the heat of stirring and for the combus­

tion of the iron wire. 6 A heavy nickel crucible was used 
in the bomb and the combustion was carried out under 20 
atmospheres pressure of oxygen. Appropriate corrections 
were made in the calculations.

T a b l e  VII
S u m m a r y  o f  t h e  H e a t s  o f  C o m b u s t io n  M e a s u r e d  a n d  

t h e  V a l u e s  R e c o r d e d  i n  t h e  L i t e r a t u r e

Substance

H ea t of com bustion, 
A H r  kcal./m o le  

F o u n d  reported?* Observer

Aniline -  810.55 -  812.7 Stohmann
-  811.7 Lemoult
-  816.7 Swartz
-  810.48 Huffman®

Benzamide -  848.76 -  847.6 Stohmann and
Dibenzoyl- Schmidt

hydrazide -1675.5
Diphenylamine -1531.9 -1536.2 Stohmann

-1530.2 Lemoult
Phenylhydra­ -  871.68 -  875.4 Lemoult

zine -  805.4 Petit
Tetraphenyl­

hydrazine -3048.7
b These values are those reported by Kharasch.6 c Pri­

vate communication (1942).

found to be +48.91, and for phenylhydrazine 
+  19.25, kcal./mole. From the structures of the 
two compounds it is seen that the difference 
AH  = 29.66 kcal./mole, involves any difference 
in resonance energies, the formation of an atom

of hydrogen and an atom of nitrogen, respectively, 
from their molecules (AH  =  136.7 kcal.),2 the 
formation of one N-H bond and the formation of 
one N-N bond. If the approximation used by 
Pauling is now made for the formation of the 
N-H bond, i. e., AH = 83.7 kcal. (one-third of 
the energy required to dissociate the ammonia 
molecule completely in the gaseous state) the 
apparent energy of formation of the N -N  bond 
becomes AH  = 23.3 kcal. That the assumption 
of equality of resonance energy in the two mole­
cules and the equivalence of the 3 N -H  bonds 
in ammonia to each other and to N -H  bonds in 
substituted ammonias is only an approximation is 
shown by the appreciable lack of agreement be­
tween the figure thus obtained for the N -N  bond 
and that derived from combustion data on hydra­
zine itself ( AH  =  —20.0 kcal.).2

If the heat of formation of gaseous phenylhy­
drazine alone is used, assuming a resonance en­
ergy of 6 kcal. per mole (the same as aniline2) and 
using Pauling’s values for the remaining bonds, 
the energy of the N-N bond is 23.7 kcal.

The remaining compounds investigated are 
solids (except for aniline whose heat of fusion is 
known) and examination of the pairs chosen 
shows that in each case the difference in the heat 
of formation lies in the energy of two N -H  bonds 
and one N-N bond. For solids however objec­
tion may be made to the simple assumption used 
previously that the energy of the N -H  bond is 
one-third of the total required to dissociate the 
gaseous ammonia molecule, although such an as­
sumption serves as a basis to show definite trends 
in the apparent value of the N-N bond in differ­
ent compounds. A reasonable compromise can 
be made however by combining the heat of va­
porization and fusion with the gaseous data on 
ammonia to arrive at an energy for the reaction
(N-H) in solid ammonia---->  N(g) -J- H(g)

A H  =  -8 5 .9  kcal.
By the use of this value qualitative allowance is 
made for lattice energies, etc. To test the com­
parative effect of such assumption the fusion and 
vaporization data for hydrazine16 were also in­
corporated with the gaseous data on tha t com­
pound and calculation made for the N -N  bond 
in solid hydrazine. A value N-N  — 22.3 kcal. 
was thus obtained, compared to 20.0 kcal. from 
the gaseous data.

Similarly for use with some of the pairs for
( 1 6 )  H ieher and  W oerner, Z. Elektrochem., 40, 262 (1934).
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which liquid data or heats of fusion are available a 
value of
(N-H) in liquid ammonia — >  N(g) +  H(g),

AH  — “*85,4 kcal,

may be obtained.
A summary of the apparent values of the N-N 

bond calculated from the various pairs, and using 
the three assumptions for the N-H bond is shown 
in Table VIII.

T a b l e  VIII
C a l c u l a t e d  E n e r g y  o f  N-N B o n d

C om pounds
com pared

A ssum ption  
N -H  =  

85.9 kcal.

A ssum ption 
N -H  =  

83.7 kcal.

A ssum ptiou 
N -H  =  

85.4 kcal.
T e trap h e n y lh y d ra -  : 

z ine j- solids 14 8 (10 .5 )
D ip h en y lam in e  J1
D ibenzoy lhyd razide
B enzam ide solids 22.1 (1 7 .7 )

H ydrazobenzene
A niline |  solids 2 9 .4 (25 .0 )

H y drazobenzene
A niline ^ liquid 28 .4

P h en y  lh y  drazine 
A niline |  gas 2 3 .3

P h en y lh y d raz in e
A niline |  liquid 24 .5

P h en y lh y d raz in e
A niline j- solids 25 .9

H y d ra z in e — solid 
H y d ra z in e — liquid 
H y d ra z in e — gas

22 .3

2 0 .0
23 .3

These values, calculated on any basis, support 
the contention of Lewis and Lipkin7 that the ap­
parent strength of the N-N bond is dependent 
upon the substituents in the molecule. Further

work is under way in this Laboratory which it is 
hoped will throw additional light on this issue. 
By all calculations the value of the N-N bond in 
tetraphenylhydrazine thus obtained is consider­
ably less than in any of the other compounds. 
The values for hydrazobenzene are somewhat out 
of line. Previous experience with the data of 
Swietoslawski and Bobinska indicate that their 
results may be on the low side.17 Upward re­
vision of their combustion data would reduce the 
value assigned to the N-N bond.

Grateful acknowledgment is due to the Cyrus
M. Warren Fund of the American Academy of 
Arts and Sciences and the General Research 
Council of the College for financial assistance 
which made this work possible.

Summary
1 . New data for isothermal heats of combus­

tion of tetraphenylhydrazine and vym-dibenzoyl- 
hydrazide are reported.

2. Revisions of earlier data for the heat of 
combustion of aniline, benzamide, diphenylamine 
and phenylhydrazine are given.

3. Using certain arbitrary assumptions, values 
are computed for the energy of the N-N bond in 
tetraphenylhydrazine, vyra-dibenzoylhydrazide, 
hydrazobenzene, and phenylhydrazine. The ap­
parent value thus obtained depends on the sub­
stituents attached to the nitrogen.

(17) C orruccin i an d  G ilbert, T h is  J o ur n a l , 61, 2925 (1939). 
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[C o n t r i b u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m i s t r y , P u r d u e  U n i v e r s i t y ]

The Heat Capacity of Organic Vapors. III. A Comparison of Flow Calorimeters
B y James B. M ontgomery1 and T homas D e Vries

The constant-flow calorimeter for measuring 
the heat capacity of vapors was devised by Calen­
dar and adapted by Swann2 to measure the spe­
cific heat of air. An improved calorimeter was 
described by Scheel and Heuse.3 An outstanding 
example of good design is the calorimeter used by 
Osborne, et al.4 Typical of the calorimeters used

(1) P resen t address: H ercules E xperim ent S ta tion , W ilm ington,
D el. T h is  pap er is an  ab s trac t from the  thesis subm itted  by J. B. 
M o n tg o m ery  in partia l fulfillm ent of the  requirem ents for the degree 
of D o c to r  of Philosophy. T h e  second pap er of th is  series appeared  in 
T h is  J o u r n a l , 64, 1224 (1942).

(2) C allendar and  B arnes, Trans. Roy. Soc. (L ondon), 199A, 55- 
263 (1902); Sw ann, Proc. Roy. Soc. (L ondon), 82A, 147 (1909).

(3) Scheel and  Heuse, A n n . P hysik , (4) 37, 79 (1912).
(4 )  O sborne, S tim son, Sligh and Cragoe, U , S . Bur. o f  Standards, 

S c i. P a p e r s ,  2 0 ,  6 5 - 1 1 0 ,  1 1 9 - 1 5 1  ( 1 9 2 5 ) ,

recently for measuring the heat capacity of or­
ganic vapors have been those described by Benne- 
witz and Rossner, De Vries and Collins, and 
Pitzer.5

In this investigation modifications of the flow 
calorimeter were studied as part of a general pro­
gram to measure the heat capacity of organic 
vapors.

Experimental
Flow calorimeters may be arbitrarily classified on the 

basis of the method used for correcting for heat losses. In
(5) Bennewitz and Rossner, Z. physik . Chtm . ,  B39, 126 (1938),

De Vries and Collins, T his Journal, 63, 1343 (1941); Pitzer, ibid.,
68, 2413 (1941).
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the calorimeters of the first class there is a direct flow of 
vapor over the first thermometer, the heater, the second 
thermometer and out of the calorimeter. The heat loss 
varies inversely with the rate of flow and may be cor­
rected for by extrapolating the data to infinite rate of 
flow. The calorimeters described by Swann and by Pitzer 
belong to this class. In the second class, represented 
by the Scheel and Heuse design, a reversed flow of the 
vapor returns part of the lost heat to the calorimeter, 
and the heat loss varies inversely as the square of the 
rate of flow.

Apparatus.—The calorimeters were placed in a thermo­
stat filled with hydrogenated vegetable oil and regulated

to within 0,005°. Electri­
cal measurements were 
made with a Rubicon, Type 
B, potentiometer. The va­
porizer used in our earlier 
work5 was found to have 
insufficient capacity to per­
mit attainment of equilib­
rium at high rates of flow. 
A recycling vaporizer was 
designed which proved to be 
satisfactory. It consisted 
of a “Pyrex” glass boiler of 
600-ml. capacity with an 
exposed twelve-ohm inter­
nal chromel wire electrical 
heater at the bottom and a 
spray trap at the top (Fig. 
1). The vaporizer was sup­
ported in a copper hypsome- 
ter in which was placed 
either the same type of 
liquid as was used in the 
vaporizer or a liquid having 
the same boiling point.

Electrical heaters in the 
calorimeters were con­

structed from chromel wire and supported on glass sup­
ports. The current through the heater was computed 
from the potential drop across a standard resistance of 
0.9339 =±= 0.0003 ohm in series with the heater, and from 
the potential across the heater.

In the first two calorimeters platinum resistance thermom­
eters were used. They had a resistance of approximately 
60 ohms, and were constructed from no. 40 B. and S. gage 
platinum wire which was bifilarly wound on mica supports 
and fused to gold lead out wires (two at each end). The 
thermometers were annealed to remove strains and were 
found to give reproducible calibrations at the ice, steam 
and boiling sulfur points. In the third calorimeter a five- 
junction copper-constantan thermel of no. 30 gage wire 
was used. Measurements made with and without a heat 
block5 on the outlet end of the thermel proved the value of 
using the heat block.

The calorimeters were constructed from “Pyrex” glass 
tubing. Their jackets were silvered, evacuated with a 
mercury vapor pump while being slowly heated to 500°, 
cooled to 400°, and sealed off. The cross-sections of the
three calorimeters are shown in Figv^

0 5 10 cm.
Fig. 2.—Sketch of calorimeters, details not shown.

Results.—The first calorimeter (I) was designed to 
provide a double layer of heated vapors around the outlet 
thermometer. Measurements were made upon methyl 
alcohol vapor at 109 °. Steady state conditions were 
attained slowly because of the large amount of glass which 
had to be heated. The precision of the experimental 
points was excellent. The results (see Fig. 3) with the 
heater exposed to region A were too high because of a 
direct loss of heat to the surroundings which is only par­
tially corrected for by increasing the rate of flow (F) and 
extrapolating the data to infinite rate of flow according to 
the equation, CP — H(  1 — k /F )/F A T ,  which obtains for 
this type of calorimeter. With the heater further into the 
calorimeter at position B, the results were about 8% lower 
than those reported by De Vries and Collins.5 These low 
results were explained by assuming that heat from the hot 
vapors in region B was conducted along the wall of the tube 
to the entering vapor, thus being used twice.

0 20 40 60
1/Flow, sec. per gram.

Fig. 3,—Test runs, calorimeter I: methyl alcohol at 109°.

From the results obtained with the first calorimeter it
became evident that the Scheel and Heuse modification is
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preferable for the arrangement which returns part of the 
lost heat to the incoming vapor with the result that the 
heat loss varies inversely as the square of the rate of flow.5 
The second calorimeter (II) was built with a short reverse 
section to minimize the time required to obtain steady state 
conditions. Measurements were made with carbon tetra­
chloride at 107°. The observed specific heats gave a 
curved line when plotted against 1/F 2 indicating that the 
heat loss, which was proportional to 1/F  in the region 
around the outlet thermometer (T2), was becoming 
appreciable at low rates of flow. A straight line could be 
obtained even at low rates of flow by plotting the results 
against 1/F1*8. Extrapolation to infinite rate of flow gave
0.1417 cal. per gram degree (see Fig. 4). About two hours 
were required to obtain steady temperatures before weighed 
samples of the compound were collected for five to twenty 
minutes.

0 200 400 600
l/(Flow)2, (sec. per gram)2.

Fig. 4.—Test runs, calorimeter II: carbon tetrachloride 
at 107°.

A third (III) calorimeter was built in which steady tem­
peratures were obtained in about fifteen minutes. For the 
first heater arrangement (not shown) the results were 
about 3% low. It was believed that radiation from the 
heater direct to the thermel junction at T2 made AT  too 
large. This belief was substantiated by the fact that 
higher results were obtained when the heat input was held 
constant and AT" was decreased at the higher rates of flow.

Another heater arrangement (III in Fig. 2) gave satis­
factory results. The method of measurement with either 
AT  constant or AH  constant had no effect on the result. 
It appeared that the radiation error had been eliminated. 
In this arrangement the heater, 4 cm. long, was supported 
on a glass tube, 10.5 cm. long, with two radiation shields (S) 
of nickel gauze at the upper end. The current carrying 
leads of no. 26 copper wire were in the vapor region for 5 
cm., passed inside the glass tube for one cm. to avoid the 
radiation shields, then reappeared in the vapor space and 
passed the thermel junctions at T2. Just beyond this 
point the potential leads were attached to the current 
carrying leads. With this arrangement no heat is lost 
from the heater without first passing into the vapor. A 
failure to obtain this condition gives a positive error in the 
data.

The performance of the third calorimeter was checked by 
measuring the heat capacity of oxygen at 100°. Com­
pressed oxygen from a tank was used and purified to re­
move ammonia and water vapor. At atmospheric pressure

the value 7.158 cal. per mole degree was found, based upon 
the use of 4.1833 joules per cal. (see Fig. 5). This value is
0.2% higher than 7.143, calculated from spectroscopic data 
by Johnston and Walker,6 and experimentally determined 
by Henry.7 The above value includes the correction from 
the Berthelot equation for the difference between the 
ideal state of zero pressure and one atmosphere.

0 200 400 600 800 1000
1 /Flow, sec. per mole.

Fig. 5.—Test runs, calorimeter III, oxygen at 100°, 
AT: 0 , 2 ° ;  0 , 4 ° ;  Qt S°.

The heat capacity of carbon tetrachloride was measured 
at various rates of flow at 107° (Fig. 6). The result 21.82 
cal. per mole degree agrees well with 21.80, measured with 
the second calorimeter of this investigation, and with the 
value 21.68, measured by Mr. Chas. F. Coleman8 of this 
Laboratory using the apparatus of De Vries and Collins.5 
The above value is about 1% lower than 22.05 reported by 
Pitzer5 and calculated by Void9 from spectroscopic data. 
But Pitzer’s value at 107 ° was based upon measurements 
at only two rates of flow and Void claimed an accuracy of 
only 3% (5% for CP calculated to atmospheric pressure). 
A definite positive error may result from the use of vibra­
tional frequencies determined in liquids, an error which 
may only be partially compensated by the fact that Void 
used the rigid rotator-harmonic oscillator formulas.

Fig. 6.—Test runs, calorimeter III, carbon tetrachloride 
at 107°: O, AT  constant; 3, AH  constant.

This study has indicated that it is possible to construct 
flow calorimeters in which the results may be precise to

(6) Jo h n sto n  and  W alker, T h is  J o u r n a l , 55, 172 (1933).
(7) H enry , Proc. Roy. Soc. (L ondon), A133, 492 (1931).
(8) P u rd u e  R esearch  F o u n d a tio n  Fellow, unpublished  d a ta .
(9) Void, T h is  J o u r n a l , 57, 1192 (1935).
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within =*=0.3%, and to make measurements in which 
accidental errors are reduced to values within this limit of 
precision. However, the elimination of constant errors 
from design and the construction of flow calorimeters which 
will give accurate measurements of specific heat to better 
than a few per cent, is much more difficult. Also these 
results would suggest that some of the high degree of accu­
racy which has been claimed for published data on heat 
capacity might be actually a high degree of precision.

Some essentials of a properly designed flow calorimeter 
include: (a) a minimum rate of heat loss, obtained by
reducing the radiating surface to a minimum, by evacuating 
the jacket space around the calorimeter, and by using prop­
erly spaced radiation shields to prevent radiated heat 
from being used twice; (b) a proper arrangement of the 
vapor heater and thermometers to eliminate constant 
errors due to the effect of direct radiation and conduction

from the heater; and (c) a construction which uses a 
minimum volume of material of low heat capacity to re­
duce the time-lag to temperature changes.

One of the authors (J. B. M.) is grateful to 
E. L du Pont de Nemours and Co., Inc., for a 
fellowship which made this work possible.

Summary
A study was made of flow calorimeters for the 

determination of the heat capacity of organic 
vapors. The simpler calorimeter, following the 
design of Callendar, was preferred.

A recycling vaporizer for producing a constant 
rate of vapor flow was designed.
W est Lafayette, I ndiana  R eceived  J u n e  24, 1942

[C o n t r i b u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m i s t r y , P u r d u e  U n i v e r s i t y ]

The Heat Capacity of Organic Vapors. IV. Benzene, Fluorobenzene, Toluene, 
Cyclohexane, Methylcyclohexane and Cyclohexane

B y James B. M ontgomery1 and T homas D e Vries

This paper is a continuation of a program for 
measuring the heat capacity of organic vapors. 
The heat capacities of benzene, fluorobenzene, 
toluene, cyclohexane, methylcyclohexane and 
cyclohexene vapors have been measured at atmos­
pheric pressure at temperatures from their boil­
ing points to 410°K. With the exception of ben­
zene, little information is available on the heat 
capacity of these compounds. There are no 
published data for fluorobenzene and cyclohexene.

Experimental
The heat capacity of the vapor was determined by a 

flow-calorimeter method, using the modified Callendar 
direct-flow calorimeter described in the preceding paper of 
this series.2 To correct for heat losses in the calorimeter, 
the observed heat capacities were plotted against the 
reciprocal of the rate of flow and extrapolated to infinite 
rate of flow. At each temperature approximately ten 
determinations were made at different rates of flow. The 
method of least squares was used to make the extrapola­
tions. The precision of the results is within =*= 0.3%.

Purification of Chemicals.—The observed boiling points 
and refractive indexes of the compounds are compared 
with reported values in Table I. The compounds were 
rectified in a twelve plate column, and only the middle 
fractions with boiling point ranges within 0.1° were used. 
Several compounds were distilled from a flask before recti­
fication in a column.

(1) T h is  pap er is an  a b strac t from  th e  thesis subm itted  by  J . B. 
M ontgom ery  in  p a rtia l fulfillm ent of th e  requirem ents for the  
degree of D octor of Philosophy.

(2) M ontgom ery  an d  D e Vries, T h is  J o u r n a l , 64, 2372 (1942).

T a b l e  I
P h y s ic a l  C o n s t a n t s  o f  C o m p o u n d s

Boiling-point, R efrac tiv e  index , 
W20D

Com pound Obs. L it. Obs. L it.

Benzene 80.0 80.09° 1.5004 1.50176
Fluorobenzene 84.6 84.85c 1.4657 1.4677''
Toluene 110.8 110.70d 1.4962 1.49675“*
Cyclohexane
Methyl­

80.6 80.80* 1.4262 1.4262/

cyclohexane 100.7 100.8g 1.4224 1.4230/
Cyclohexene 82.8 83.25* 1.4465 1.44646*'

° Smith and Matheson, Bur. Stand. J. Research, 20, 641 
(1938). b Lange, “Handbook of Chemistry,” Handbook 
Publishers, Inc., Sandusky, Ohio, 1939, pp. 794, 781. 
c Timmermans and Hennaut-Roland, J. chim. phys., 32, 
501, 589 (1935). d Mathews, see ref. 4. * Timmermans
and Martin, J. chim. phys., 23, 733 (1926). / Wibaut and 
Langedijk, Rec. trav. chim., 59, 1220 (1940). 9 Hicks-
Bruun and Bruun, Bur. Stand. J. Research, 8, 525 (1932). 
h Timmermans, Bull. soc. chim. Belg., 30, 62 (1921). 
V Vogel, J. Chem. Soc., 1323 (1938).

Benzene.—Thiophene-free benzene from the Barrett 
Company was dried over phosphorus pentoxide, rectified 
and stored over sodium.

Fluorobenzene.—The fluorobenzene was prepared by 
the method of Flood.3 It was dried over calcium chloride, 
distilled through a Glinsky type column and rectified.

Toluene.—A Merck and Company purified grade of 
toluene was treated successively with concentrated sulfuric 
acid, 5% sodium hydroxide solution and water. It was 
dried with calcium chloride, allowed to stand over mercury

(3) Flood, ‘‘Org. Syntheses,” 13, 46 (1933).



2376 J ambs B. M ontgomery and Thomas De Vries Vol. 64

for ten days, dried over phosphorus pentoxide, rectified and 
stored over sodium.4

Cyclohexane.—An Eastman Kodak Co. practical grade 
of cyclohexane was treated with nitrating acid to remove 
benzene, washed, dried over calcium chloride, distilled, 
rectified and stored over sodium.

Methylcyclohexane.—The methylcyclohexane, obtained 
from the Paragon Testing Laboratories, was treated with 
nitrating acid, distilled, dried over sodium, rectified and 
stored over sodium.

Cyclohexene.—The cyclohexeue was prepared by the 
method of Coleman and Johnstone,5 dried over calcium 
chloride and rectified.

Results.—The results are summarized in 
Table II and in Fig. 1. Data from this investi­
gation are indicated by open circles which are 
connected by lines to facilitate comparison. All 
data are reported in terms of the defined calorie 
equal to 4.1833 Int. joules. The experimental 
results were corrected for gas imperfections by 
means of the Berthelot equation. The critical 
point data for benzene, fluorobenzene, toluene 
and methylcyclohexane were taken from the lit­
erature.6 The critical temperature for cyclohex­
ene was estimated to be 534°K. The critical

Temp., °K.
Fig. 1.-—Experimental heat capacities: 9 , Bennewitz 

and Rossner (benzene, toluene, cyclohexane, methyl­
cyclohexane) ; O, Jatkar (benzene, cyclohexane); ©, Dixon 
and Greenwood; Q, Déjardin; Ö, Wiedemann.

(4) M athew s, This J ournal, 48, 562 (1926).
(5) Colem an and  Johnstone, “ Org. Syn theses,”  5, 33 (1925).
(6) “ In te rn a tio n a l C ritical T ab les,” Vol. I l l ,  p . 248; Nogorttov

a n d  R o tin y an tz , A n n . in st. anal. ph ys. chim .. 8 ,1 6 2  (1926).

pressures of methylcyclohexane and cyclohexene 
were estimated to be 34.6 and 31.6 atmospheres, 
respectively. The uncertainty involved in these 
estimations and calculations is negligible, since 
the gas imperfection correction is of the order of 
one per cent.

T able II
E xperim ental H eat Capacities 

(Units are cal. per mole per degree C.)
r, *k . Cp (1 atm.) c p c p (calcd.) % Diff.

Benzene
370 25.43 25.1 24.6 - 2 .0
390 26.81 26.5 25.9 - 2 .3
410 27.81 27.6 27.1 - 1 .8

Fluorobenzene
370 28.98 28.6 26.8 - 6 .3
390 30.24 29.9 28.1 - 6 .0
410 31.45 31.2 29.4 - 5 .8

Toluene
390 33.93 33.5 31.6 - 5 .7
410 35.35 35.0 33.2 -5 .1

Cyclohexane
370 33.41 33.0 34.8 + 5 .5
390 35.38 35.0 36.5 + 4 .6
410 37.13 36.8 38.4 + 4 .4

Methylcyclohexane
390 43.69 43.2 42.4 - 1 .9
410 45.63 45.2 44.5 - 1 .5

Cyclohexene
370 32.08 31.9 30.5 - 4 .4
390 33.91 33.8 32.1 - 5 .0
410 35.62 35.5 33.7 -5 .1

The results for benzene agree reasonably well 
with previous work. The result taken from Dixon 
and Greenwood’s7 measurement of Cp/Cv at 
363°K. by a velocity of sound method was 2.5% 
above the extrapolated curve. Déjardin’s result8 
from CP/CV at 373°K. was 0.8% above the curve. 
Wiedemann’s9 average value of 25.9 cal. "per mole 
degree over the temperature range from 308 to 
453°K. was 0.6% below the curve. Regnault’s10 
average value of 29.3 for the temperature range 
from 389 to 491°K. falls on a straight-line extra­
polation of the experimental curve. Bennewitz 
and Rossner’s11 value at 410°K., obtained with a 
flow calorimeter, was 1 .6% lower than the meas­
urement in this investigation.

Bennewitz and Rossner also reported the follow-
(7) D ixon an d  Greenwood, Proc. Roy. Soc. (L ondon), 105A, 199 

(1924).
(8) D éjard in , A n n . phys., (9) 11, 253 (1919).
(9) W iedem ann, Wied. A n n ., 2, 195 (1877).
(10) R eg n au lt, M em . de 1'Acad., 26, 1 (1862).
(11) B ennèw it? an d  R ossner, Z , physik. Chem., B39s 126 (1938).
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ing values at 410°: toluene, 33.6 cal. per mole de­
gree; cyclohexane, 37.3; and methylcyclohexane,
44.5. With the exception of cyclohexane, these 
values are lower than the results found in this 
investigation. Other investigators have obtained 
higher results than Bennewitz and Rossner for 
acetone,12 heptane and pentane.13

Discussion
For the more complex organic molecules, which 

have not yet yielded to the methods of calculating 
heat capacity from spectroscopic data, semi-em­
pirical equations for the calculation of heat ca­
pacity have great practical importance. An ex­
cellent general equation is the one which was pro­
posed by Bennewitz and Rossner11 and modified 
by Fugassi and Rudy14 and by Dobratz.15 In this 
equation, the vibrational contribution to heat ca­
pacity is calculated by means of the Einstein func­
tions, using valence-bonding frequencies evalu­
ated from Raman spectra and deformation fre­
quencies empirically calculated from experimental 
data.

(12) De Vries and  Collins, unpublished  d a ta .
(13) Pitzer, T h is  J o u r n a l , 62, 1224 (1940); ibid., 63, 2413

(1941).
(14) Fugassi and  R u d y , In d . Eng. Chem., 30, 1029 (1938).
(15) D obratz, ibid., 33, 759 (1941).

Heat capacities calculated with the modified 
equation of Dobratz are represented in Table II. 
The agreement with toluene, fluorobenzene, cy­
clohexane and cyclohexene is not very satisfactory. 
In both the aromatic and alicyclic series the cal­
culated results are relatively lower for the com­
pounds in which the ring symmetry has been de­
stroyed by substituted groups. The discrepancy 
between the experimental and calculated results 
suggests that the empirically assigned deforma­
tion frequencies should be corrected to bring the 
calculated values into closer agreement with re­
cent experimental data. Further work is in 
progress on this problem.

One of the authors (J. B. M.) is grateful to 
E. I. du Pont de Nemours and Co., Inc., for a 
fellowship which made this work possible.

Summary
Measurements have been reported for the heat 

capacities of benzene, fluorobenzene, toluene, 
cyclohexane, methylcyclohexane and cyclohexene 
vapors at atmospheric pressure from their boiling 
points to 410°K.

The experimental results have been compared 
with semi-empirically calculated heat capacities.
W e s t  L a f a y e t t e , I n d ia n a  R e c e i v e d  J u n e  24, 1942

(C o n t r i b u t io n  f r o m  t h e  N o y e s  C h e m ic a l  L a b o r a t o r y , U n i v e r s it y  o f  I l l i n o i s )

The Preparation and Physical Properties of Trimeric Phosphonitrilic Chloride
B y  R. S t e in m a n , F. B. S c h ir m er , J r ., a n d  L. F. A u d r ie t h

The phosphonitrilic chlorides, which may be 
represented by the empirical formula PNCb, may 
be looked upon as the ammono analogs of phos­
phoryl chloride. Like their aquo analog they are 
capable of undergoing a wide variety of solvolytic 
reactions. However, they differ from phosphoryl 
chloride in their ability to undergo polymerization 
with formation of compounds of high molecular 
weight, some of which resemble rubber in appear­
ance and properties. In addition to these highly 
polymerized forms a series of stable polyhomologs 
is known ranging from (PNC12)3 to (PNOh^.

The preparation of the phosphonitrilic chlo­
rides involves the partial ammonolysis of phos­
phorus pentachloride. Ammonia,1 ammonium 
chloride and ammonobasic mercuric chloride2 have

(1) Liebig and  W öhler, A n n .,  11, 139 (1834).
(2) G ladstone an d  H olm es, Chem. Soc., 17, 2 2 i (1864)

been employed as ammonolytic agents. However, 
only ammonium chloride has been used success­
fully, first by Stokes,3 who heated mixtures of 
the reactants in closed tubes under pressure, and 
later by Schenck and Romer,4 who employed 
s-tetrachloroethane as a medium for the reac­
tion. Mixtures of the various polyhomologs are 
always obtained.

It has also been reported by Besson and Rosset5 
that phosphonitrilic chlorides may be obtained 
by heating together equimolecular quantities of 
phosphorus pentachloride and ammonium chlo­
ride; in other words, neither solvent nor reaction 
under pressure are necessary. Unfortunately, 
neither yields nor conditions are specified by

(3) Stokes, T h is  J o u r n a l , 17, 275 (1895); 19, 782 (1897).
(4) Schenck and  R öm er, Ber., 57B, 1343 (1924).
(5) Besson and  R osset, Compt. rend., 143, 37 (1906).
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these investigators. A careful study of all three 
procedures led to choice of the Besson and Rosset 
method, after the influence of ratio of reactants 
and of temperature conditions had been deter­
mined. The present paper describes the prepara­
tion of the phosphonitrilic chlorides, the separa­
tion and the purification of the trimer and a study 
of the vapor pressure of the latter over the tem­
perature range 75.2 to 189.3°.

Experimental
Preparation of the Phosphonitrilic Chlorides.—The

equation PC15 +  NH4C1 ---->■ PNC12 +  4HC1 indicates
that the extent and speed of the reaction can be deter­
mined readily by observing the rate of evolution of hydro­
gen chloride and by weighing the reaction product. All 
experiments were carried out in 50-cm. test-tubes made 
from 35 or 50-mm. Pyrex tubing. Intimate mixtures of 
phosphorus pentachloride, 52.1 g. (0.25 mole), and vary­
ing quantities of ammonium chloride (25 to 100 g.) were 
placed in the bottom of the tube and then covered with a 
capping of ammonium chloride one to three inches in thick­
ness. The tube was immersed in an oil-bath to such a 
depth that the ammonium chloride cap was kept largely 
above the liquid level. The outlet to the reaction tube 
was connected to a trap containing sulfuric acid.

Heating was continued at bath temperatures varying 
from 120 to 160° until the evolution of hydrogen chloride 
had practically ceased. During the course of the reaction 
considerable amounts of the trimer were observed to sub­
lime and collect in the cooler portions of the reaction vessel. 
On the basis of a large number of experiments optimum 
yields of trimer-tetramer fractions are obtained if the 
bath temperature is kept between 145 and 160°. A heat­
ing time of four to six hours is necessary to achieve 90- 
95% conversion to the phosphonitrilic chlorides.

After completion of the reaction, the residue was ex­
tracted with low-boiling petroleum ether (50-70°) which 
removes quantitatively the trimeric and tetrameric homo­
logs. Evaporation of the solvent yielded mixtures of 
these corresponding to 38 to 43% of theory based upon the 
amount of phosphorus pentachloride used. Using the 
amounts specified above, 11 to 12.5 g. of the trimer- 
tetramer mixture was obtained consistently.6

(6) A fte r th e  tr im er and  te tram er have been rem oved, th e  higher 
polyhom ologs can  th en  be ob tained  from  th e  residue by  extraction 
w ith  benzene, carbon te trach lo ride  or chloroform . E vaporation  of 
these  so lutions invariab ly  resulted  in  th e  fo rm ation  of th ick , viscous 
oils o r rubbery  solids. This ex traction  also rem oves th e  unreacted  
phosphorus pentachloride, and  i t  is th e  opinion of the  au tho rs  th a t

For preparation of the pure trimer it was necessary to 
distill fractionally the mixture under reduced pressure to 
give a trimer-rich fraction (12-14 mm. with a bath tem­
perature of 140°). This product was then recrystallized 
by solution in a minimum amount of hot 100% acetic acid 
and subsequent cooling. It was then further purified 
by repeated fractional sublimation at 100 =*= 5° at a pres­
sure of one mm. or less. Products prepared in this manner 
were used for the determination of the vapor pressure.

Vapor Pressure of Trimeric Phosphonitrilic Chloride.— 
The apparatus and method employed in the measurement 
of the vapor pressures of trimeric phosphonitrilic chloride 
were those previously described by Laubengayer and 
Schirmer.7 Two series of measurements using different 
samples were carried out representing a total of 37 read­
ings whose maximum deviation from calculated values, 
with one exception, amounted to =*=0.5 mm. with an 
average deviation of 0.2 mm. A plot of these results as a 
function of log p  and l / T  gives two straight lines which 
represent the solid-vapor and the liquid-vapor equilibria, 
the equations for these lines being
log p  = -3978(1 / T )  +  H.187 (where t = 75.2 -  114.9) 

and
xo g p  = — 2880(1/T) +  8.357 (where / = 114.9 -  189.3)

respectively. The intersection of these curves, the triple 
point, representing the melting point of the trimer, corre­
sponds to a temperature of 114.9°. This agrees well with 
the value 114° reported by other investigators.3’4 The 
normal boiling point obtained by extrapolation of the 
liquid-vapor curve to 760 mm. pressure is 252.7° which is 
somewhat lower than the previously accepted value 256° 
reported by Stokes3 in 1897.

The molal heat of vaporization calculated from the slope 
of the liquid-vapor curve is 13.2 kilocalories; the molal, 
heat of sublimation calculated from the slope of the solid- 
vapor curve is 18.2 kilocalories; and the molal heat of 
fusion obtained by difference is 5.0 kilocalories.

Summary
1. A simplified procedure for the preparation 

of the phosphonitrilic chlorides is described.
2. The trimer has been carefully purified and 

its vapor pressure determined over the tempera­
ture range 75.2 to 189.3°.
U r b a n a , I l l i n o i s  R e c e i v e d  J u n e  26, 1942
the  presence of th is  m a te ria l causes extensive polym erization to  take  
place.

(7) L aubengayer an d  Schirm er, T h is  J o urn al , 62, 1578 (1940).
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Partial Molal Volumes of Nickel Sulfate Solutions
By R. W. Gelbach and H. M. Louderback
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Densities of nickel sulfate solutions have been 
determined at 25 =*= 0.02°.

Materials, Apparatus, Method.—Mallinckrodt 
Analytical Reagent nickel sulfate was thrice 
recrystallized from distilled water. A stock solu­
tion was prepared by dissolving the purified salt 
in redistilled water. The nickel sulfate content 
was determined by precipitation of the nickel di- 
methylglyoxime salt from weighed samples of the 
stock solution. The precipitates were filtered 
into weighed Gooch crucibles and brought to con­
stant weight at 105°.1 The accepted value was 
the average of three analyses in which the maxi­
mum deviation was less than 0.08% of error. 
Molal solutions in low concentrations were pre­
pared by diluting weighed samples of stock solu­
tion to volume in calibrated flasks at 25°, then 
weighing the diluted solutions. In this way both 
molar and molal concentrations were obtained. 
The concentrated solutions were made up to 
volume, then weighed portions were analyzed. 
A saturated solution was prepared by allowing a 
warm concentrated nickel sulfate solution to cool 
to 25°, thus permitting it to come to equilibrium 
with the solid phase which separated. Weighed 
samples of the supernatant liquid were analyzed 
as previously. The solubility was found to be
28.42 g. of (=±=0.02) nickel sulfate per 100 g. of 
solution.

For density determinations, Weld precision 
specific gravity bottles of approximately 25-ml. 
capacity were used. All weighings were corrected 
to vacuum. The density given for each concen­
tration is the average of two series of determina­
tions. The maximum deviation between each 
series is 0.005%.

Apparent molal volumes have been calculated 
from the equation

_ F 1000 d — do
 ̂ d md do

where <j> is the apparent molal volume, F the for­
mula weight of nickel sulfate, d0 the density of 
water, 0.99707, d the density of the solution and 
ni the molal concentration. Densities and the 
corresponding values of </> are shown in Table I.

(1) Kolthoff and Sandell, “ Textbook of Q uan tita tive  Inorganic 
Analysis,” Thé M acm illan Co., New Y ork, N . Y ., 1936, p. 684.

T a b l e  I
C oncen tration

M olar M olal d425 4> 5 4>

0 .06343 0.06357 1.00758 - 1 0 .9 8 - 0 .0 1
.34504 .34537 1.05250 -  5 .9 2 +  .10
.74331 .74465 1.11332 -  1 .64 -  .24

1.1612 1.1659 1.17592 +  0 .7 7 4- .07
1.6448 1.6575 1.24685 2 .9 0 +  .06
2 .0 5 3 8 2 .0774 1.30646 4 .1 2 - f  .09
2 .3467 2 .3806 1.34889 4 .8 4 +  .01
2 .5246 2 .5 6 5 8 1.37460 5 .2 2 -  .09

From the data, an equation expressing 0 as a 
function of m was found by the method of aver­
ages,2 employing finally the principle of least 
squares to obtain best values of the coefficients

<f> =  -1 4 .8 8  4- 15.10mV* 4- 1.80m -  2.14m3/* (2)

In column 5 are shown the deviations, 8<j>, of the ob­
served values from those calculated by equation (2).

Redlich3 has on the basis of the Debye-Hückel 
theory given as a limiting relationship

0 = ^ 4 *  t o 3/**;1/* (3)

where w =  y 2 vx is the number of ions of
species i and z is the valence. Assuming k == 1.86, 
expressing 0 as a function of m and applying the 
equation to nickel sulfate, a bi-bivalent electrolyte, 
the equation becomes

<f> «  <t>o 4- 14.88m1/* (4)

The slope, d<£/dm1/2, as m approaches 0, is 15.1 for 
equation (2) as compared to 14.88 in equation
(4) . The deviation in slope from that correspond­
ing to k = 1,86 is within limits of experimental 
error, thus further confirming the validity of the 
limiting equation, (3). The partial molal volume 
at zero concentration was determined as —14.88 
ml. per gram formula weight.

Summary
1. Densities at 25° of nickel sulfate solutions 

ranging from 0.0634 molar to 2.525 molar (satu­
rated) have been determined.

2. The solubility of nickel sulfate at 25° was 
determined: 28.42 g. per 100 g. of solution.

3. Nickel sulfate was found to conform to the 
limiting equation as developed from Debye- 
Hückel theory.
P u l l m a n , W a s h in g t o n  R e c e i v e d  J u l y  20, 1942

(2) L ipka, “ G raphical and  M echanical C om puta tion ,” John  W iley 
and Sons, Inc ., New Y ork, N . Y ., 1918, p. 163.

(3) R edlich, J . Phys. Chem ., 44, 619 (1940).
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The Solubility Relations of Mercuric Oxide in Aqueous Solutions of Hydrogen
Chloride1

B y  A . B. G a r r e t t  and  J a m es  L em ley

A. B. Garrett and J ames Lemley

This paper presents data on the solubility of 
mercuric oxide (yellow) and basic mercuric chlo­
ride (2HgOHgCl2) in dilute solutions of hydro­
chloric acid. The data on the mercuric oxide- 
hydrochloric acid equilibria are similar to those 
obtained in a study of the mercuric oxide-nitric 
acid equilibria2 which involve the hydrogen ion 
effect, but these have the additional interest in 
that they include the reaction with the chloride 
ion. Hence, the following equilibria are involved 
in interpreting the mercuric oxide-hydrochloric 
acid data in the very dilute range.

HgO(s) +  H20  Hg(OH)a(aq.) (1)
HgO(s) +  H+ Hg(OH)+ (2)

HgO(s) +  2H+ Hg++ +  H20  (3)
HgO(s) +  H+ +  CL Hg(OH)Cl(aq.) (4)
HgO(s) +  2H+ +  2 0 “ HgCl2(aq.) +  H20

(5)
HgO(s) +  2H+ +  3 0 “ HgCl3“ +  H20  (6)
HgO(s) +  2H+ +  Cl“ HgCL +  H20  (7)3

Since the compound 2HgOHgCl2 was identified 
as the solid phase in the higher concentrations of 
acid, the following additional reactions are to be 
considered
3HgO(s) +  2H+ +  2 0 “ >  2Hg0-HgO2(s) +  H20

(8)
2HgO-HgCl2(s) +  H20  +  H+ +  CL 3Hg(0H)Cl

(9)
2HgO-HgCl2(s) +  4H+ +  4 0 “ 3HgCl2(aq.) +  2H20

(10)
2HgO-HgCla(s) +  4EL +  CL 3HgCL +  2H20

(11)
2HgOHgCl2(s) -f- 4H+ +  7 0 ” 3HgCls“ +  2H20

(12)

The preparation of this trimercuric oxychloride is 
described in this paper. The existence of it is re­
ported in early work.4

(1) Original m anuscrip t received April 5, 1940.
(2) G arre tt and  Howell, T h is  J o u r n a l , 61, 1730 (1939).
(3) O ther equilibria m ay  be ind ica ted  by  w riting such equations

HgO +  Cl- HgOCl- (a)
2HgO +  2C1- +  H ,0 2Hg(0H)Cl (b)

However, equations (a) and  (b) seem  very  im probable due to  th e  
pronounced hydrogen ion effect in th is  reaction.*

(4) See M ellor, “A C om prehensive T rea tise  on Inorganic and 
Theoretical C hem istry /" L ongm ans an d  C om pany, London, 1923, 
Vol. IV , pages 839-844, for a discussion of th e  oxychlorides of m er­
cury . Reference is given here .to several of th e  early  workers who

The constants for the equilibria represented by 
equations (1), (2), and (3) have been evaluated.2

Procedure.—The general procedure is identical 
to that described in earlier work.2 The hydro­
chloric acid used was Grasselli c. p . acid. The 
samples from which the data were obtained for 
Table II were made by adding the same amount 
of Baker and Adamson Reagent mercuric oxide 
(6.000 g.) to each flask to which was then added 
200 ml. of the standard hydrochloric acid solution. 
This procedure was followed in order that we 
might attempt to observe the progressive change 
in the solid phase as well as the change in solubil­
ity. The samples from which the data were ob-

T a b l e  I
S o l u b i l i t y  o p  Y e l l o w  M e r c u r ic  O x i d e  i n  H y d r o ­

c h l o r ic  A c id

Varying amounts of HgO and HC1. Samples of mer­
curic oxide were washed repeatedly in conductivity water 
previous to preparation in order to remove fine particles.

Moles H C1/

10“4 X moles 
HgO 

(yellow )/ M oles HC1/

10 4 X moles 
HgO 

(yellow )/
1000 g. h 2o 1000 g. h 2o 1000 g. h 2o 1000 g. HaO

5.0 X 10“5 2.47® 8.0 X 10“3 18.7
1.0 X 10~4 2.52 8.0 X 10“3 36
3.0 X 10“4 3.7 8.2 X 10“3 18.1
3.0 X 10"4 4.1 8.4 X 10“3 18.6“
5.0 X 10“4 4.9 ■ 8.6 X 10“3 41.3
7.0 X 10"4 6.5 9.0 X 10“3 19.0
9.0 X 10"4 8.4 1.0 X 10“2 18.5
9.0 X 10“4 7.1 1.0 X 10“2 56
1.0 X 10“3 6.7 1.0 X 10“2 50.3
1.1 X 10“3 7.2 1.2 X 10“2 31
1.3 X 10“3 9.8 3.0 X 10“2 18.9
1.7 X 10“3 11.7 5.0 X 10“2 16.3
1.9 X 10“3 13.0 8.0 X 10“2 17.7
2.0 X 10“3 13.1 1.0 X 10”1 19.8“
4.0 X 10“8 25.4 1.2 X 10-1 2 2 . 8 “
5.0 X 10“3 26.2 1.2 X 10-1 34"
5.0 X 10“8 25.8“ 1.4 X 10"1 47®
6.0 X 10“3 29.6 1.8 X 10"1 232“
7.0 X 10“3 36.6 2.0 X 10"1 414®
7.0 X 10“3 28.7 2.8 X 10“* 534*
7.5 X 10“3 20 . r 4.0 X 10“1 1490s

5.0 X 10-1 1480s
3 and “ indicate approach to equilibrium from the side of 

saturation and unsaturation, respectively ; these symbols 
are also used in Tables II and III.
crystallized 2HgO H gClt from  a  hot solution containing mercuric 
oxide an d  m ercuric chloride. See Roucher, A nn . chim. phys., [3] 
27, 353 (1849); Compt. rend., 19, 773 (1844); Thum m el, Arch. 
Pharm., 223, 919 (1885); 227, 589 (1889); Schioek, T h is  Jo urnal 
29, 332 (1903); and  D roit, Compt. rend., 152, 960 (1911).
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tained for Table I were made from Baker and 
Adamson Reagent mercuric oxide (yellow) which 
was washed ten times with conductivity water 
before use.

The Basic Mercuric Chloride, 2HgO-HgCl2 
(Trimercuric Oxychloride).-—The black solid 
phase in the samples (Table II) containing 0.1 N  
to 0.28 N  hydrochloric acid was identified by mer­
cury and chloride analysis as conforming to the 
formula 2HgO*HgCl2. Basic mercuric chloride 
was prepared by adding mercuric oxide to 0.15 N  
solutions of hydrochloric acid, in a slight excess 
of the amount sufficient to convert the mercuric 
oxide to the basic salt in accordance with the equa­
tion

3HgO(s) +  2HC1 ^ ± 1  2HgOHgCl2(s) +  H20  (8)

The mixture was stirred vigorously, during 
which time its color turned from a yellow to 
black; this color change usually occurred within 
the first two hours. The solution was then de­
canted and the black solid washed repeatedly with 
conductivity water containing a small amount 
of hydrochloric acid. The samples used to ob­
tain the water solubility (Table III) were washed 
carefully with water before they were made. 
The mercury analysis of four of these samples

T able IX
S o l u b il it y  o f  Y e l l o w  M e r c u r ic  O x i d e  i n  H y d r o ­

c h l o r ic  A c id

200 ml. of standard HC1 solution added to each sample 
containing 6.000 g. of dried reagent HgO.

Moles of 
HC1/1000 g.
HaO

x
moles of 
HgO/1000 g.

of HaO
pu

(glass
electrode)

Character of solid phase 
Color %Hg

0.00100 9.0 5.0 Yellow
.00300 20.8s 4.9 Yellow
.00500 3.18 4.9 Yellow
.00700 40.7 4.7 Yellow and black
.0090 28.9 4.9 Yellow and black
.0120 30.9 5.1 Yellow and black
.0160 29.1 5.0 Yellow and black
.0200 22.1 4.8 Yellow and black
.0300 15.0 5.0 Yellow and black
.0400 10.0 5.2 Yellow and black
.0500 21.6 5.1 Brown
.1007 S2U 4.0 Black
. 1210 237 4.1 Black
.1412 387 4.2 Black 85.4
.1614 545 4.0 Black
.2018 880 3.8 Black 85.5
.2425 1150 3.9 Black 85:6
.2832 1410 Black 85.4
Theoretical normality of 200 ml. of HC1 to change 6.000 

g. HgO to 2HgO-HgCl2 is 0.0922 N: Theoretical % of Hg 
in 2HgO-HgCl2 is 85.4%.

analyzed was 85.5%, the chloride analysis was 
9.9% (theoretical, Hg 85.4% and Cl 10.06%).

The data are given in Tables I, II  and I I I  and 
are shown grapnically in Figs. 1 and 2 . All 
values are expressed in moles per 1000 g. of 
water.

Scale B 0.00010.0002 0.0004 0.0006 0.0008 0.001
Moles HC1/1Q00 g. H20.

Fig. 1.—Curves 1 and 3, HC1 as samples were made up; 
Curve 2, HC1 corrected for HC1 added by reaction due to 
the equation 2HgO-HgCl2(s) +  H20  = 3HgO +  2HC1.

Fig. 2.-— Table II data corrected for HC1 necessary to 
convert HgO to 2HgOHgCl2; O, Table III data; data 
corrected for the amount of HC1 added due to the reaction 
2HgO-HgCl2(s) -b H20  -  3HgO -f- 2HC1.

The data in Table II show a definite change in 
the solubility which is accompanied by a change 
in the solid phase from yellow HgO to black 
2HgO*HgCl2. This indicates that reactions rep­
resented by equations (4), (5), (6) and (7) are 
applicable to the data only below the region of 
the change; above this region and up to wHci ^
0.1 a new solid phase is being formed, equation 
8; above ci = 0.1 a new equilibrium is estab­
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lished which may be represented by equations 
(9), (10), (11), and (12).

The value of the water solubility of this basic 
chloride (2HgOHgCl2) is 11.4 X lO^4 (Table III).

T a b l e  III
S o l u b i l i t y  o f  B a s ic  M e r c u r ic  C h l o r i d e  2HgOHgCl2 
i n  W a t e r  a n d  i n  D i l u t e  S o l u t io n s  o f  H y d r o c h l o r ic  

A c id

(Calculated as moles of HgO to compare with data in
Table II.)

M oles 
of H C 1/
1000 g.

h 2o

10-4 x  
moles 

of H g O /
1000 g.

h 2o

M olality  of 
HC1 a t  

equilibrium  
(m olality  of 

H C l a t  s ta r t  
+  Vs -n HgO. 
(See E q. 8)

pH
(glass
elec­

trode)

Solid phase 
analysis 

Hg, Cl,
% %

0.00 11.9
.00 12.5
.00 12.3
.00 12.3
.00 10.5
.00 11.4
.00 11.6
.00 11.3
»00 11.6
.00 12.1
.00 9.9
.00 11.4
.00 9.8
.00 13.0
.00 10.0
.00 10.5
.00 11.2
.00 11.9
.00 11.4
Average 11.4 0.00076

0.00200 25.8 0.00372 4.8 85.2 94
.00200 24.7 .00364 4.9
.00300 32.5 .00517 4.8
.00500 48.2 .00821 5.1 85.2
.00500 49.6U .00831 4.7
.00701 62.2 .0112 5.0
.00801 68.4 . .0126 4.6
.01002 87.8 .0159 4.6 84.8 94
.03003 238 .0459 4.6
.0501 385 .0757 4.2
.0801 626 . 122 4.2
.1008 760 .151 85.0

Solid phase removed from flasks of samples, 
reported in Table II, containing HC1 varying 
from 0.12 to 0.28 N; this material was washed 
with conductivity water previous to making these 
samples: theoretical % Hg in 2HgOHgCl2,
85.4%; theoretical % Cl in 2HgOHgCl2, 10.1%.

Above muci = 0.1 Table II only one phase 
(black) is observed. This phase gave the mercury 
and chlorine analysis in agreement with the 
formula 2HgOHgCl2. Further evidence of the 
identity of this phase is the fact that 200 ml. of

mnci =*= 0.0922 should convert the 6.00 g. of mer­
curic oxide to 2HgO*HgCl2. It is to be observed 
from the data in Table II that the solid phase 
becomes homogeneous at approximately 0.1 M  
hydrochloric acid and the inflection of the solu­
bility curve appears here. Additional evidence 
is obtained from the data in Table III also shown 
in Fig. 1. In this experiment samples of 2HgO* 
HgCl2 were prepared by the method described 
above, and their water and acid solubility deter­
mined. These data were then plotted on the same 
graph (Fig. 1) as is used for the data in Table II. 
In order to compare these two sets of data the 
ordinate is moved to the right to mHci — 0.0922 +  
raHCi (due to solution of 2HgOHgCl2) which is 
the point at which all the HgO should be con­
verted to 2HgOHgCl2 and at which the data 
from Tables II and III should be comparable. 
The agreement is excellent.

The equilibrium constants, K±, Ado, Ku  and 
Ru, are difficult to evaluate due primarily to the 
uncertainty of the value of aci-. Some informa­
tion can be obtained about the relative distribu­
tion of the dissolved mercury among the forms 
Hg(OH)Cl, HgCl2, HgCl+ and HgCl3“ above the 
transition point if one makes the safe assumption 
that the two mercury bearing ions HgCl+ and 
HgCl3“ only appear in appreciable concentra­
tions at higher concentrations of mercury. The 
relative distribution of the dissolved mercury 
between Hg(OH)Cl and HgCl2 above the transi­
tion point is given in Table IV.

T a b l e  IV
A p p r o x i m a t e  D i s t r i b u t i o n  Of  D is s o l v e d  M e r c u r y  i n  

t h e  R e a c t io n  o f  2HgO HgCl2 w i t h  HC1
Calculated from the equation below; smooth data from

C
Moles of added  

HC1/1000 g. H 20

s
2 H g O H g C l2 

expressed as 10 
moles H g O /
1000 g. h 2o

% H C l transform ed 
to  HgO-HCl 

assum ing only 
HgO-HCl and 

H gC l2 are formed

0 .0 0 1 18.4 49
.0015 22.0 32
.002 25.6 24
.004 40.3 12
.006 55.3 8
.008 70.0 6
.01 85.3 4
.02 161 3
.04 308 1

X
_ (S/C) -  0.75 

2.25

The Transition.-“ No definite statement can
s made of the exact value of M h c i  the
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transition point. The problem yet to be solved 
is to determine the equilibrium concentrations 
of HCl, HgO and 2HgOHgCl at the triple point.

Summary
The solubilities of mercuric oxide and of basic 

mercuric chloride, 2HgOHgCl2, have been meas­
ured in hydrochloric acid solutions. A break oc­

curs in the solubility relationships due to the 
formation of a new solid phase (2HgOHgCl2). 
This basic mercuric chloride, 2HgOHgCl2, has 
been prepared and identified; the water solubility 
is 11.4 X 10"~4. The relative distribution of mer­
cury among several different ion species is indi­
cated.
Columbus, Ohio R e c e i v e d  J u l y  25, 1942

[C o n t r i b u t io n  f r o m  D e p a r t m e n t  o f  C h e m i s t r y , U n i v e r s it y  o f  C h i c a g o ]

Adsorption and the Energy Changes1 at Crystalline Solid Surfaces
B y G. E. B oyd and  H. K. L iv in g s t o n 13

Theory
Adsorption is accompanied by a change both 

in the total and in the free surface energy of a 
surface. The classical relation of J. W. Gibbs2 for 
interfaces between fluids has been used extensively 
and certainly must be regarded as valid when 
properly applied. The question of the applicabil­
ity of the theorem to the interface between solids 
and fluids must be considered, and we are fortu­
nate that Gibbs has discussed the problem in de­
tail in the case in which the solid is anisotropic.

Thus, if the total surface energy, Eso; sur­
face entropy, Sso; surface densities of chemical 
species, Tg chemical potentials, ixx\ and tem­
perature, T, are used, it is possible to define a 
quantity, f , for the arbitrarily restricted case of a 
system of two components by the equation3

r = £so -  TSso -  MTi -  /u2r 2 (1)
In Gibbs’ words, “The quantity f evidently rep­

resents the tendency to contraction in that por­
tion of the surface of the fluid which is in contact 
with the solid. It may be called the superficial 
tension of a fluid in contact with a solid. Its value 
may be either positive or negative.

“It will be observed for the same solid surface 
and for the same temperature but for different 
liquids the values of 7sf (in all cases to which the 
definition of this quantity is applicable) will differ 
from those of f by a constant, viz., the value of 
7so for the solid surface in a vacuum.”

(1) Original m anuscrip t received F eb ru a ry  4, 1942.
( la )  Present address: Jackson L aborato ry , E. I. du P on t de

N em ours and Co., D eepw ater, N . J.
(2) J. W. Gibbs, “ Collected W orks,” Longm ans, Green & Co., 

N ew  York, N . Y ., 1928, p. 314.
(3) I t  will be noticed th a t  we have tak en  th e  liberty  of modifying 

p a r t of G ibbs’ original nom enclatu re  in  o rder to  bring i t  in to  approxi­
m a te  correspondence w ith  p resen t-day  usage in chemical therm o­
dynam ic literature.

Obviously, f is defined by
r  =  =  - tt (2)

or, the spreading pressure, tt, is equal to the dif­
ference between the free surface energy of the 
clean solid surface (in a vacuum) and the free sur­
face energy when in equilibrium with a chemically 
dissimilar fluid component (i. e.\ gas or liquid).

Utilizing Gibbs’ general thermodynamic meth­
ods, from equation (1), it is possible to obtain for 
a system consisting of a crystalline adsorbent and 
one adsorbate

d.7r — S&0d T  -j- Tidjui -f- r2d^2 (3)

If isothermal conditions are maintained, and if 
the Gibbs plane from which adsorption is reck­
oned is chosen so that the surface density of ad­
sorbent, Ti, is zero, one may write

dir =  r 2( 1)dA«2

or
r»o> = U )  (4)

\ O f J . 2 / T ,  P,  ixi

For the case in which the fluid contiguous to the 
solid surface is a gas or a vapor

d/x2 = R T  d In / 2 (5)
where f i  is the fugacity, and for vapors at low 
pressures

R T  d In / 2 = R T  d ln p2 (6)

is true with sufficient accuracy, so that equation
(4) may be written as

dir = RTT2Wd ln p2 (7)
where p% is to be taken as the equilibrium pressure 
of a gas or vapor above the crystal surface upon 
which adsorption has occurred.4

(4) E xtensive calculations to  establish  th e  correctness of E qn .
(6) fo r a num ber of vapors are  given in  A ppendix C of H . K . L ivings­
ton, P h .D . Thesis, U niversity  of Chicago, Decem ber, 1941.
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Evidently, values of p2 may range from zero to 
the saturation vapor pressure, p\> of the pure liquid 
from which the vapor is formed. An integration 
of equation (7) gives

J^dTT = 7 S0 -  y8V ** R T  J * ' T2(1} d 111 p‘2 (8)

where 7SV represents the free surface energy of the 
solid in equilibrium with the vapor of the foreign 
component 2 at pressure p%. The quantity Yso — 
7SV may be looked upon as either the two-dimen­
sional spreading pressure of the adsorbed film on 
the solid surface,5 or, as the free energy of immer­
sion at constant temperature of a unit surface of 
clean solid in an infinite amount of vapor at pres­
sure pz. If the solid be immersed in a saturated 
vapor, of pressure p\, equation (8) becomes

rp°
y*o -  Tbvo *= R T  I r2C1) d in Pt (9)

A determination of the important free energy 
of immersion of a solid in a saturated vapor is 
possible if the right-hand member of (9) can be 
integrated. This might be effected if an equation 
for the adsorption isotherm up to the pressure of 
the saturated vapor were known (i. e., r 2(1) as a 
function of p*). Recent attempts6 in this direc­
tion have been partially successful, but, for the

spring and platinum powder bucket, M; manometer, L; 
charcoal trap, K; McLeod gage, I; vapor compressing 
chamber, H; cutoffs, G, D and C; vapor pipets, E and 
F, and trap, B.

(5) T he  concept th a t  th e  molecules of a  substance adsorbed on a 
c ry sta l surface exert a  tw o-dim ensional spreading  pressure was 
used first by  Volmer, (Z . physik . Chem., 115, 253 (1925)) and  arose 
q u ite  n a tu ra lly  o u t of th e  researches on  m obile films on solids. 
In  th is  paper no assum ptions a re  m ade concerning the  physical s ta te  
of th e  adsorbed films, b u t ra th e r  a  therm odynam ic  view point is m ain­
ta ined .

(6) B runauer, Deining, Deining and Teller, T h is  Jo u r n a l , 62,
1723 (1940).

problem at hand, it was found that a graphical 
integration of (9) was the least time-consuming.

Two special points need be made concerning 
this procedure. From (9) it is evident that at 
p* = 0 the integrand approaches negative infinity, 
whereas, as p2 = pi, experimentally the adsorp­
tion, r 2(1), appears to increase without bound.

The first difficulty may be overcome by observ­
ing that

ri>l r p \  p  (i)
R T  r2(1> d ln pt = R T  dp, (10)

Jo  Jo pz

vSince the ratio /p 2 approaches a constant 
value (Henry’s law for surfaces) for the adsorp­
tion of gases or vapors at low pressures, the in­
tegral may be evaluated at the lower limit. At 
the upper limit, the value of the integral is ob­
tained by a short extrapolation when suitable 
methods are used.7,8

Experimental
In order to carry out the calculations described 

in the previous section it is necessary to have ac­
curate adsorption data up to the saturation pres­
sure of the vapor studied. An examination of the 
volumetric adsorption method as used in these 
laboratories9 indicates that it is not a feasible 
technique to employ at pressures higher than 
half-saturation. Consequently, in these more 
recent studies the technique of McBain and Bakr10 
was used in which the amount of material ad­
sorbed, q, is determined directly by the increase 
in weight of a given mass of crystalline non-porous 
adsorbent shown by the increased extension of a 
fine silica spring which supports the adsorbent, 
as in Fig. 1, M. The method has numerous ad­
vantages for this type of work, among which are: 
it is (1) rapid and accurate; (2) buoyancy correc­
tions are small; and (3) organic vapors may be 
utilized without difficulty. Isotherms by this 
method are shown in Figs. 2-5.

It is important to make clear the connection 
between the adsorption experimentally meas-

(7) See A ppendix D  of H . K . L ivingston, Ph .D . Thesis, U niver­
sity  of Chicago, 1941.

(8) A lthough th e  ideas p resen ted  in  th is section s tem  directly  from 
the  classic p ap er of J . W. G ibbs on th e  “ Equilibria of Heterogeneous 
Substances," th e  au th o rs  wish to  acknowledge the  s tim ulation  they  
have received from  th e  very  recen t publications of B angham  and his 
co-workers (B angham  and  R azouk, Trans. Faraday Soc., 33, 1459, 
1463 (1937); Proc. Roy. Soc. (L ondon), A166, 572 (1938)). The 
experim ental w ork from  th e  lab o ra to ry  a t Cairo has dealt so far 
only w ith a  porous charcoal in  which i t  is likely th a t  th e  effects of 
capillary condensation  were present.

(9) G ans, B rooks an d  Boyd, In d . Eng. Chem., Anal. Ed., 14, 
396 (1942)

(10) M cB ain and  B akr, T h is  J o u r n a l , 48, 690 (1926)
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p/po, relative pressure.
Fig. 4.—Adsorption of water, propyl alcohol and heptane 

vapors on crystalline BaS04 (X-ray grade).

Fig. 2.—Adsorption of water, propyl alcohol and heptane 
vapors on crystalline, non-porous Ti02 (anatase).

p/po, relative pressure.
Fig, 3.—Adsorption of water, propyl alcohol and heptane 

vapors on crystalline Si02 (quartz).

Fig. 5.—Adsorption of water, propyl alcohol and heptane 
vapors on graphite (Dixon 0708).

of solid, r the thickness of the surface region, and 
i)2 is the molal volume of the vapor. Since the 
vapor behaves as a perfect gas

% = R T / p 2 (12)
tired, expressed in milligrams (or micromoles) ad­
sorbate per gram adsorbent, and the quantity, 
r2(1), of equation (9). This latter adsorption has 
units of moles of adsorbate per sq. cm. adsorbent, 
and is defined by Gibbs2 as, “ . . . the surface 
density of fluid (in our case, vapor) component 
determined by the excess of matter in the vicinity 
of the surface over that which would belong to the 
solid if it were bounded by a vacuum in place of 
the fluid, and to the fluid, if it extended with 
a uniform volume-density of matter just up to 
the surface of the solid . . . . ” ■

Thus, equation (11) serves to define r2(1) experi­
mentally

r,(») g
MX

r
Vi (11)

where q is the measured adsorption given in milli­
grams per gram of adsorbent, M  the molecular
weight of the vapor, 2  the area in sq. cm, per gram

so that

r ’(1) -  - k
Tp2 

' R T (13)

Substituting equation (13) into (9) 
R T
MX [ r  *."*]■ [ r !'dft] <,4>

A simple numerical computation shows that
f p °

the term I rdp2 makes no significant contribu­
tion : therefore

7,0 - 7,vo ~ S  X % dp* (is)
If the adsorption isotherm for a vapor on a 

crystalline non-porous powder is obtained, and if 
the total area per gram of powder, 2 , is deter­
mined, it is possible to calculate the change in the 
free energy of a clean solid surface upon immer­
sion in a saturated vapor. The surface areas em-



2386 G. E. Boyd and H. K. Livingston Vol. 64

ployed in this calculation were determined by the 
method of Brunauer, Emmett and Teller.11

Table I summarizes the results of the graphical 
integrations carried out on the data obtained in 
this work, as well as on selected data from the 
literature.

T a b l e  I

F r e e  S u r f a c e  E n e r g y  C h a n g e s  u p o n  I m m e r s io n  i n  
S a t u r a t e d  V a p o r  ( yso — y sv0) a t  25.0°

(ergs cm.-2)
Values calculated from the data of (a) Gans, Brooks and 

Boyd, op. tit.; (b) Palmer and Clark, Proc. Roy. Soc. 
(London), A149, 360 (1935); and Palmer, ibid., A160, 254 
(1937).

V ap o r TiOz-I
T iO s-

VI S i0 2 BaS04
G raph­

ite SnOa

Water 214“ 228 244 246 59 220“
w-Propyl

alcohol 85“ 90 110 77 73 80“
Acetone 856
Benzene 55“ 52b
w-Heptane 38 39 38 56

The Change of the Free Energy of a Solid 
Surface upon Immersion in Bulk Liquid.12—
In  order to determine the magnitude of the free 
energy of immersion of a clean solid surface, 
7so — Ysl, in a large amount of bulk liquid, it is 
necessary to find some relation of this quantity to 
the magnitude in Table I.

If a drop of liquid is placed upon a freshly cleaved 
crystal surface, in the absence of any other com­
ponents, a number of possibilities arise: (1) the 
droplet will extend over the solid surface until it. 
appears to cover the surface with an extremely 
thin film of uniform thickness; (2) the droplet 
flattens under gravity to an equilibrium shape in 
which an angle of contact is formed between the 
liquid and the crystal surface now covered with a 
film which may be monomolecular or of somewhat 
greater thickness as is shown in Fig. 6.13

According to Gibbs2 the condition for the forma­
tion of an equilibrium contact angle is

tsB  — tsA  =  YAB COS 0E ( 1 6 )

(11) B runauer, E m m ett and Teller, T h is  J o ur n a l , 60, 309 (1938).
(12) T h e  m ateria l in th e  following section was given on Septem ber 

24, 1941, in  a paper read  by  G. E. B. a t the  Sym posium  on Surface 
C h em istry  in  celebration  of th e  F if tie th  A nniversary of th e  U niver­
s ity  of C hicago under th e  title : Some A spects of th e  Properties of 
Solid Surfaces. Subsequently , Professor W. D. H arkins has in ­
c o rp o ra ted  a  portion  of th e  d a ta  p resented  (T able II)  and some of the  
conclusions in  a recen t publication , W. D. H arkins and H. K. 
L iv in g sto n , J . Chem. P hys., 10, 341 (1942).

(13) In  his pioneering researches on th is  subject W. B. H ardy
[Phil. M ag., 38, 49 (1919); In s ti tu t  In te rn a tio n a l de Chimie Solvay,
B russels (1925) ] has described th e  diverse phenom ena involved in the
sp read in g  an d  lens fo rm ation  by  liquids on clean solid surfaces.
I t  is of in te re s t th a t  he rem arks th a t  m echanism  (1) never occurs for a
p u re  liq u id  and  th a t  th e  process w hereby a  film is b u ilt in (2) involves
a  tra n s fe r  of molecules of liquid th rough  th e  vapor phase from the
lens to  th e  solid (t. e., “ vapor spreading”).

where fAB and fsA are quantities related to the film 
pressures ttsB and ttsA and 0B is the equilibrium 
contact angle14 

Since
fl”sB ~  YSO “ * YgB tsB

and
"TTsA “  Ys0 Yba  5=5 ta  A

equation (16) may be written
TTbA ~  TTsB =  Y AB COS 0E

or
YsB -  YsA = Lab cos 0e

If fluid phase B is the saturated vapor and 
phase A the pure liquid with which the vapor is 
in equilibrium, then

Ysvo —  L i  =  Y lv0 COS 0 E ( 1 7 )

where Ysvo is the free surface energy for the inter­
face between solid and saturated vapor, 7sl for the 
solid-bulk liquid interface, and Ylvo for the bulk 
liquid and its own saturated vapor.

Equation (17) may be written as
( L o  -  Ysl)  -  (Y so -  L v o )  =  L v o  C O S 0E  ( 1 8 )

from which the free energy of immersion in bulk 
liquid may be computed if the quantities (7so — 
Ysv0), l̂vo* and 0B are known.

Fig. 6.—Equilibrium contact angle diagram; 7 iv°, sur­
face tension of pure liquid in equilibrium with its saturated 
vapor; 7 si, interfacial tension between solid and liquid; 
Y sv ° , surface free energy (or tension) of film covered solid 
in equilibrium with the saturated vapor of the pure bulk 
liquid.

In the special case in which 0E = 0, equation 
(18) assumes the form

(Lo -  Li) -  (Yso -  Lvo) =  Ylvo (19)

An examination of the relatively limited amount 
of reliable contact angle data15 * * * *~20 indicates that (a) 
clean polar solid surfaces are completely wet

(14) This is th e  equilibrium  value theore tically  assum ed by  the  
angle betw een th e  solid and  liquid  surfaces when m ovem ent of th e  
liquid over th e  solid surface is such as to  a lte r th is  angle; cf. C. G. 
Sum ner, “ W etting  and  D etergency ,” Chem ical Publish ing  Co., 
New Y ork, N . Y ., 1937, p. 15.

(15) “ In te rn a tio n a l C ritical T ab les,” 4, 434 (1928).
(16) R ichards and  C arver, T h is  J o u r n a l , 43, 827 (1921).
(1?) H u n ten  and  M aass, ibid., 51, 156 (1929).
(18) C arver and  H ovorka, ibid., 47, 1325 (1925).
(19) B arte ll, C ulbertson  a nd  M iller, J .  Phys. Chem,, 40, 881 (1936).
(20) B arte ll and  Zuidema* T h is  J o u r n a l , 58, 1449 (1936).



Oct., 1942 A d s o r p t io n  a n d  E n e r g y  C h a n g e s  at  C r y st a l l in e  S o lid  S u r f a c e s 2387

(i . e., 0E = 0) by water and by polar and non-polar 
organic liquids,21 (b) that non-polar liquids wet 
non-polar solids; but that generally, (c) polar 
liquids show finite angles with non-polar solids.22

The values of the free energy change upon im­
mersion in bulk liquid, 7so — Ysl, calculated using 
(19) for the polar solids given in Table I are given 
in Table II. A comparison with the values for a 
non-polar solid, graphite, is included. In this 
case the free energy change was calculated from 
(18) using the measured contact angle of 85.7° 
with water taken from the work of Fowkes.23

The Work of Adhesion of a Liquid to a Solid. 
The Spreading of a Liquid over a Crystal Sur­
face^—The work of adhesion24 of a pure liquid 
to a clean solid surface is given by equation (20) 

Wa = Tso +  Tivo “  %l (20)
and this quantity may be calculated from the 
previous value of the free energy of immersion in 
bulk liquid. These values are shown in Table II.

An important consequence of a knowledge of the 
free energy of immersion in bulk liquid, 7so — 7sl, 
is that a measure of the tendency of a bulk liquid 
to spread over an initially clean crystalline surface 
can be obtained. Although the spreading of 
liquids on clean crystalline surfaces bears an anal­
ogy to the spreading of immiscible liquids on 
water or mercury, a special consideration of the 
coefficients of spreading must be given in the light 
of the fundamental differences in mechanism in the 
two cases.25

For the spreading of a liquid as a duplex film 
over a solid surface, the initial spreading coeffi­
cient, 5lvo/so, may be defined by equation (21)

♦SlvO/so ^  Yso “  Y8i Yivo (21)

and the final spreading coefficient, 5ivo/svo, by 
equation (22)

*Sivo/svo =  Y8vo Tgi Tivo (2 2 )

Combination of equations (22) and (17) yields
*SlvO/svo — Tivo (COS 0je 1 )  ( 2 3 )

which is a useful form for the purpose of calcula­
tion of the latter coefficient.

(21) However, m ercury, a  non-po lar liquid , shows a large contact 
angle on glass, a  polar solid. P ublished  values of 0e  range from  128 
to  148°, since effects of roughness and  con tam ination  of the  solid or 
liquid surface all com bine to  cause angles g reater th a n  90° to  be too 
large; th e  value of 128° mgy be th e  m ore reliable.

(22) T his generalization is again  n o t w ithou t exception as has been 
shown by th e  work of B arte ll and  Z uidem a (ref. 20) where zero angles 
for bu ty l ace ta te  and  am yl alcohol on ta lc  are  reported.

(23) F . M . Fow kes, P h .D . D isserta tion , U niversity  of Chicago, 
1938.

(24) D upré, “ T héorie M écanique de la  C haleur,” 1869, p. 369.
(25) N . K . A dam , “ T he  Physics an d  C hem istry of Surfaces,” 

Oxford Press, New Y ork , N . Y ., 1941, p . 215.

T a b l e  II
E n e r g y  R e l a t io n s  w it h  S o l id s  S h o w in g  Z e r o  C o n t a c t  

A n g l e s  a t  25°
(Values expressed in ergs cm.-2)

Solid-Liquid® -  T'sl wa •SlvO/so •SlvO/svO

Ti02-H 20 300 370 228 0
Ti02-C3H70H 114 138 90 0
Ti02-C6H« 85 114 56 0
Ti02-C7H16 58 78 38 0
Si02-H 20 316 388 244 0
Si02-C3H70H 134 158 110 0
Si02-(CH3)2C0 109 133 85 0
Si02-CeH6 81 110 52 0
Si02—C7H16 59 79 38 0
BaS04-H 20 318 390 246 0
BaS04-C3H70H 101 125 77 0
B aS04—C7Hi6 58 78 38 0
Sn02-H20 292 364 220 0
Sn02-C3H70H 104 128 80 0
Graphite-H20 64 136 -  8 -6 7
Graphite-C3H7OH 95 118 73 0
Graphite-C7Hi6 76 96 56 0
Hg-H20 101 174 32 0b
Hg-C3H7OH 108 132 85 0b
Hg-(CH3)2CO 86 110 62 0b
Hg-CöHo 119 148 90 oh
Hg-CsHis 101 123 79 ob

0 Surface tensions of pure liquids and mercury were
taken from “ International Critical Tables/’ 4, 436 (1928). 
b Cf. Bartell, Case and Brown, T h is  J o u r n a l , 55, 2769 
(1933).

However, equations (21) and (22) refer to the 
tendency of the film of liquid to spread over the 
solid surface without change of the angle between 
solid and liquid at the line of contact, whereas 
0E of equation (23) refers to equilibrium condi­
tions. Now this restriction may be satisfied if 
in spreading the movement of the liquid over the 
crystal surface is made to take place infinitely 
slowly, for then the contact angle would theo­
retically achieve its equilibrium value. Under 
these circumstances evaporation from the liquid 
and condensation on the crystal (i. e., Hardy’s 
secondary spreading) may be the actual physical 
process whereby the solid is covered. The final 
result at equilibrium in either case will be that 
the crystal face is covered with an exceedingly thin 
film, which is duplex if 0E = 0 and non-duplex for 
0e >  Ö*

Equation (23) shows us that if 0E = 0, the final 
spreading coefficient vanishes or, that the free sur­
face energy of the solid in equilibrium with a 
saturated vapor, 7sv0, is equal to the sum for the 
surface tension of the bulk liquid against its own 
vapor, 7lvo and the interfacial tension between
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solid and liquid, 7sl. This equality can be taken 
as the definition of a duplex film on a solid sur­
face. Values for the initial and final spreading 
coefficients are included in Table II. Also it is 
instructive to note that combination of equations 
(19) and (21) gives

bjyö/s© ** i (24)
or, if a liquid forms a zero contact angle with a 
solid, the initial spreading coefficient of that liquid 
on the solid surface has the same value as the free 
energy change upon immersion in the saturated 
vapor of that liquid.

Energy Changes for Solids Showing Finite 
Contact Angles.—Inspection of equation (23) 
shows that 5ivo/svo cannot be positive for finite 
values of 0E. In such cases the final spreading 
coefficient is more appropriately a “recession co­
efficient/’ and measures the tendency of a duplex 
film, produced by some means over the surface, to 
contract. However, this does not mean that the 
withdrawal of the duplex film will denude the solid 
of molecules of the liquid substance. In fact, 
some evidence can be obtained that a non-polar 
crystalline surface is actually partially covered 
with a monolayer when a drop of liquid showing 
a finite contact angle rests upon another part of 
the surface.

The work of adhesion defined by equation (20) 
gives the amount of energy necessary to destroy 
one sq. cm. of liquid-solid interface and to form a 
unit area of liquid and of clean solid surface. 
However, since it is physically impossible to 
separate a solid and a liquid without leaving the 
solid covered with at least a monolayer in equilib­
rium with the vapor of the bulk liquid, it is con­
venient to define the work for such a process, 
W^f shown in equation (25)

WL -  Vo +  Tivo -  r Bl (25)

Substitution of (25) into (17) gives the work of 
separation, as

w & «  Tivo (1 +  cos eE) (26)

It is evident also that
Wia, — y»o Tgvo SlvO/so (27)

Table III gives a summary of values for a num­
ber of liquids on a few hydrophobic solids com­
pared with a value of mercury on glass.

T a b l e  I I I

E n e r g y  R e l a t i o n s  w it h  S o l id s  S h o w in g  F in it e  C o n  
t a c t  A n g l e s

Liquid-Solid <?E
M ercury-glass0 90
Water-paraffin 109 .0
W ater-stibrnte*3 84 .0
W ater-graph ite r 86 .0
Water—talc6 88,.0
CHjIs-talc6 53 .0
CH2Br4-ta lc6 47 .0
a  Br. naphthalene

talc.6 34..0
Benzyl alcohol-talc6 32. 0
C2H4Br2-ta lc6 26. 0
C6H6B r-talcb 12. 0
Water-TiOa 0. 0

Wc -
^IvO/svfl w' w& 2Yivo

-4 7 6 476 952
-  97 47 48 144
-  65 79 144
-  67 77 136 144
-  69 75 144
-  20 80 100
-  16 83 98

-  7 .5 80 88
-  6 .0 73 79
-  3 .8 72 76
-  0 .8 71 72

0.0 144 370 144

252 (1939). ‘ Bartell and* Bate, Phil. Mag., 28, 
Zuideraa, ref. 20. e Fowkes, ref. 23.

A deduction consistent with the data of Table 
III is that in separating bulk water from a non­
polar solid, since the amount of work, Wi, is 
considerably less than the work of cohesion, WCf 
of water, the film left on the solid does not possess 
the properties of a liquid. It is possible that this 
film is even somewhat less than a complete mono- 
layer.

Summary
1. The determination of the fundamentally 

important free energy change upon immersion in a 
saturated vapor for the non-porous crystalline 
solids, T i02 (anatase), Si02 (quartz), BaS04, 
Sn02 and graphite has been made. This was ac­
complished through the graphical integration of 
vapor adsorption data utilizing the Gibbs ad­
sorption relation.

2. The free surface energy change upon im­
mersion in bulk liquid was obtained for these solid 
surfaces from the data of (1) combined with the 
correct equilibrium contact angle equation.

3. The data of (2) were employed to obtain 
the work of adhesion of a liquid to a solid surface, 
and to determine values of the changes in free 
energy associated with the spreading of a liquid 
as a duplex film over a crystal face.

4. An examination of the free energy changes 
for solids and liquids where the equilibrium con­
tact angle is greater than zero indicates that, al­
though a duplex film cannot exist, a monolayer 
may cover the solid surface.
C h ic a g o , I l l in o is R e c e iv e d  J u l y  29, 1942
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[C o n t r i b u t io n  f r o m  t h e  R e s e a r c h  L a b o r a t o r y  o f  t h e  G e n e r a l  E l e c t r ic  C o .]

Electrical Properties of Solids. XIII. Polymethyl Acrylate, Polymethyl Methacry­
late, Polymethyl-a-chloracrylate and Poly chloro ethyl Methacrylate1

B y D arwin J. M ead and Raymond M. Fuoss

1. Introduction.—In a recent paper,2 we 
presented some measurements on several high 
polymers in which the polar groups were attached 
to chain carbons by flexible bonds. In this paper, 
we present data covering the following four sys­
tems: I, polymethyl acrylate; II, polymethyl 
methacrylate; III, polymethyl-a-chloracrylate
and IV, polychloroethyl methacrylate.

-CH*CH—
I

CO
I

OCHs
I

CHgCCl—
1 . 

CO
I

OCHs
III

--CH*C(CHs)—

CO
I
OCHs
II

~~CH2C(CHS)—

CO
I
0CH2CH2C1
IV

In these, the polar carbonyl group is attached to a 
chain carbon, and then a second polar group is at­
tached to the carbonyl. In addition, two of them 
contain C-Cl dipoles. These compounds are the 
first of a series of polymers of the general type 
(—■CHg-CXY-—)n which we planned to investi­
gate.

Polymethyl acrylate is an isomer of polyvinyl 
acetate. The reversal of position of the —COO— 
group with respect to the chain produces several 
distinct changes in the electrical properties. The 
static dielectric constant of polymethyl acrylate 
is lower than that of polyvinyl acetate at a given 
temperature, and the peak loss factor is much 
lower. The distribution of relaxation times3 is 
wider for the acrylate, because the highly polar 
carbonyl group is attached to the chain carbon, 
and only the weaker methoxy group is relatively 
free from the restrictions of motion imposed by 
the chain configurations.

Substituting a methyl group for a chain hydro­
gen of I gives II (“Lucite”), polymethyl methac­
rylate, which is markedly different in its elec­
trical behavior from the simple acrylate. Ap­
parently the methyl group on the same carbon 
which carries the polar group stiffens the chain

(1) P ap er X II ,  T h is  J o u r n a l , 64, 283 (1942).
(2) M ead and  Fuoss, ibid., 63, 2832 (1941).
CS) Kirkwood and  Fuoss, Cksm. Fhy-s^ 9, 329 <1941}..

so that free rotation4 is very much reduced. Con­
sequently we find here a low static dielectric 
constant and a very broad distribution of re­
laxation times. Furthermore, the low tempera­
ture maximum in loss factor which has appeared 
for the other polar polymers which we have inves­
tigated fails to appear. Replacing the ester 
methyl group by a chloroethyl group again raises 
the dielectric constant, as expected. The chlor- 
acrylate is quite similar to the methacrylate, when 
allowance is made for the dielectric contribution 
of the halogen. Like Lucite, it also does not have 
a secondary low temperature maximum in loss 
factor, which confirms the idea that steric hin­
drance due to two groups on a chain carbon pre­
vents crystallization.

2. Experimental Details.—Cells, electrical 
apparatus and general procedure were much the 
same as those used in previous papers of this
series.

Polymethyl acrylate was otained from a commercial 
sample. It was freed from monomer and some material 
of low molecular weight by dissolving in acetone (17 g. to 
800 cc.) and precipitating by adding an excess of cold 
methyl alcohol slowly to the chilled acetone solution. The 
original polymer was rather soft and the precipitate co­
agulated, instead of remaining flocculent. I t was vacuum 
dried and stored over phosphorus pentoxide in an evacu­
ated desiccator for a week before use. Discs were made by 
pressing for five minutes in a closed mold at 145°. Aqua- 
dag electrodes were painted on the discs, after which they 
were dried in a desiccator over phosphorus pentoxide. 
The index of refraction, measured on a Benford refrac- 
tometer,5 was 1.48.

The viscosities at 25° in cyclohexanone were measured 
for solutions containing 0.0288, 0.0528 and 0.0784 mono­
moles per liter of polymethyl acrylate. The measurements 
at each concentration were made at a series of pressures, 
and extrapolated to zero pressure.6 The pressure de­
pendence was about four times as large as for polyvinyl 
chloride. The three data give a straight line when X = 
(In rjr)/c, the equivalent viscosity, is plotted against 
concentration. The corresponding equation is

X = 12.38 (1 -  1.92 c) (1)
No estimate of molecular weight can be made because no 
absolute determination for polymethyl acrylate is avail­
able.

(4) B unn, Proc. R oy . Soc. (L ondon), 180, 67, 82 (1942).
(6) Benford, J .  Optical Soc. A m ., 29, 352 (1939).
(6) Mead and  F uqm , T h is  J ournal , 64, 277 (1942),
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Polymethyl methacrylate was obtained in powder form 
by pouring a dilute (25 g./1300 cc.) dioxane solution of a 
commercial polymer into water. After digesting to de- 
gelatinize the precipitate, it was thoroughly washed with 
water and vacuum dried. Discs for measurements were 
hot pressed, five minutes at 170°. Aquadag would not 
wet the polymer satisfactorily, so thin tin-foil electrodes7 
rubbed on with a little vaseline were used to eliminate the 
air film. The index of refraction was 1.47.

Several plasticized samples were made, by dissolving 
diphenylmethane in petroleum ether and mixing the solu­
tion with the powdered polymer.8 After evaporation of 
the ether, discs were hot pressed: five minutes at 155° 
for the 20% sample, and five minutes at 150° for the 30% 
sample. The indices of refraction were 1.53 and 1.68.

Viscosities of solutions of the polymethyl methacrylate 
in cyclohexanone at 25° were determined. Concentra­
tions were 0.0232, 0.0502 and 0.0760 monomole per liter; 
the data, after extrapolation to zero pressure, gave a 
straight line when X was plotted against c

X = 5.29(1 -  0.44 c) (2)
Although the methyl methacrylate probably has a higher 
molecular weight than the acrylate, the constant X0 is 
smaller for the former; this may mean that the methyl 
groups on the chain carbon inhibit curling of the chain in 
the methacrylate.

Polymethyl-o'-chloracrylate was used without any 
fractionation. A piece of resin was crushed cold, and then 
hot pressed for five minutes at 155°, to form a test disc. 
The d. c. conductance was rather high, either due to 
pyrolysis or to impurities in the sample. The conduct­
ance, however, was not high enough to interfere with the 
low temperature measurements, which were the main point 
of interest for this polymer.

Chloroethyl methacrylate was prepared by ester inter­
change between methyl acrylate and ethylene chloro­
hydrin: 200 g. (2 moles) of monomethyl methacrylate, 
241 g. (3 moles) of ethylene chlorohydrin, 6 g. of coned, 
sulfuric acid in 40 cc. of water and 4 g. of pyrogallol were 
refluxed for two hours, and then distillation of methyl al­
cohol was started. After the expected amount of alcohol 
was removed, the contents of the flask were washed several 
times with water containing 2.5% pyrogallol (to inhibit 
polymerization), in order to remove sulfuric acid and excess 
chlorohydrin, and then the chloroethyl methacrylate was 
distilled; it came over at 78° at about 18 mm. The nor­
mal boiling point was found to be 170°, by the usual micro­
method. (By using the micro-method, a boiling point de­
termination could be made before appreciable polymeriza­
tion took place.) The ester was then polymerized by 
heating for five days at 40-45°. A hard, transparent solid 
was obtained. Chlorine analyses gave 20.87, 20.80% Cl, 
as compared with 23.8% theoretical. Apparently, some 
hydrogen chloride split out during the heating, giving a 
small amount of vinyl methacrylate. This was confirmed 
by the behavior of the polymer toward solvents: it
swelled in ketones and ethylene chloride, but would not dis­
solve. Vinyl methacrylate is a bifunctional polymerant, 
and hence could give cross bonds in the final product, 
which would account for the insolublity. For electrical

(7) Fuoss, T h is  J ournal, 5 9 , 1703 (1937).
(8) Fuoss, ibid., 63, 369 (1941).

measurements, discs were pressed (ten minutes at 150°) 
from a coarse powder made by crushing a piece of the poly­
mer. The samples were not quite smooth, so they were 
polished flat before painting on the aquadag electrodes. 
The index of refraction was 1.51.

3. Experimental Results and Discussion.—
A summary of the 60-cycle data for the four 
polymers is given in Table I; data at other fre­
quencies are summarized in tabular form9 as 
American Documentation Institute Document 
No. 1642.

T a b l e  I
E l e c t r ic a l  P r o p e r t i e s  a t  6 0  C y c l e s  o f  P o l y m e t h y l  
A c r y l a t e  (I), P o l y m e t h y l  M e t h a c r y l a t e  (II), P o l y - 
METHYL-a-CHLORACRYLATE (III) AND POLYCHLOROETHYL

M e t h a c r y l a t e  (IV)
I I I  I I I  IV

t , ° c . e* €* e' c" e"
- 7 0 3.942 0 .045 2 .850 0 .035 3.264 0 .055 4 .01 0.032
- 6 0 3 .990 .040 2 .882 .040 3.330 .062 4 .0 8 .034
- 5 0 4 .0 4 .036 2.916 .045 3 .394 .067 4 .1 4 .035
- 4 0 4 .09 .034 2 .952 .053 3 .473 .075 4 .2 1 .037
- 3 0 4 .13 .032 2 .998 .066 3 .559 .087 4 .2 8 .041
- 2 0 4 .19 .035 3.057 .085 3.650 .102 4 .3 6 .049
- 1 0 4 .26 .041 3 .130 .111 3.764 .123 4 .4 4 .059

0 4 .3 6 .053 3.206 .137 3 .885 .151 4 .5 0 .069
5 4 .4 4 .068

10 4 .6 4 .119 3.322 .177 4 .0 1 .176 4 .5 9 .083
15 4 .9 6 .236
20 5.42 .424 3.453 .217 4 .1 4 .209 4 .6 9 .099
24 6 .12 .620
30 6 .98 .541 3 .590 .251 4 .3 7 .278 4 .7 8 .116
35 7 .33 .299
40 7.21 .083 3 .79 .283 4 .5 6 .343 4 .95 .138
45 7 .13 .032
50 7.05 .014 4 .0 0 .298 4 .83 .443 5.19 .179
55 6.89
60 6 .84 4 .2 0 .283 5 .12 .554 5 .46 .244
70 6.61 4 .40 .250 5 .42 .591 5 .7 8 .347
80 6.53 4 .61 .218 5 .77 .622 6.23 .444
90 6 .28 4 .8 2 6.62 .421

100 6.13 6 .79 .402

The results for several frequencies in the dis­
persion range for the polymers are shown in Figs. 
1, 2, and 3. A definite similarity between the 
behavior of polymethyl acrylate (I) and that of 
its isomer, polyvinyl acetate (PViAc),10 will be 
noticed, as well as some marked differences. Both 
show a dispersion and absorption which is describ- 
able in terms of a distribution of relaxation times, 
as indicated by the fact that the maximum loss

(9) F o r a  copy of these  tab les, o rd e r D ocum ent 1642 from  th e  
Am erican D ocum entation  In s titu te , Offices of Science Service, 
2101 C onstitu tion  Ave., W ashington , D . C., rem itting  25 cents 
fo r microfilm or 60 cents for photocopies readab le  w ithou t optical aid. 
T he  tables give dielectric  constan ts  an d  loss factors for th e  following: 
Table  S-I, polym ethy l acry la te  a t  60, 600, 6000 cps. 0 to  —70°; 
S -II, polym ethyl acry la te  a t  60, 120, 240, 480, 1000, 2000, 4000 and 
8000 cps., 5 to  100°; S -III , po lym ethy l m ethacry late  a t  1000 cps., 
- 2 0  to  - 7 0 °  and  a t  60, 600 and  6000 cps., 40 to  90°; S-IV, poly­
m ethyl m ethacry late-d ipheny lm ethane , 80:20 a t  60-8000 cps., 20 
to  90°; S-V, polym ethy l m ethacry late-d ipheny lm ethane , 70:30  a t  
60-8000 cps., 20 to  70°; S-VI, polychloroethyl m ethacry late  a t  60, 
600 and  6000 cps., —70 to  + 1 0 0 ° ; an d  S-VI I, polychloroethyl 
m ethacry late  a t  60-8000 cps. an d  —73°.

(10) Ref. 2, F ig. 2.
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Fig. 1.—Electrical properties of polymethylacrylate.

Fig. 2.—Electrical properties of polymethylmethacrylate- 
diphenylmethane, 80 :20.

factor is considerably less than half the difference 
between the square of the index of refraction and 
the static dielectric constant.11 For I, the ratio 
2e"w/(€0 — too) — 0.245 while for PViAc, it is
0.536, nearly twice as large. (These figures are 
calculated from the 60 cycle data; e" =  0.645 at 
27° for I and 1.78 at 57° for PViAc. The static 
dielectric constants were determined by extra­
polating the asymptotic envelopes of the corre­
sponding e' — T  curves to the temperatures of the

(11) Fuoss an d  K irkw ood, T h is  Journal, 63, 385 (1941).

Fig. 3.—Electrical properties of polydiloroethylmeth- 
acrylate.

loss factor maxima.2) For a system describable 
by a single relaxation time, this ratio is unity, of 
course. It is interesting to note that the spatial 
reversal of the —CO O— ester group from PViAc 
to I broadens the distribution considerably; in 
the former, the strongly polar carbonyl is at­
tached to the chain by a flexible oxygen hinge 
and hence is relatively free to move, while in the 
latter it is directly attached to the chain carbon 
(like the halogen in PViCl) and its orientation is 
controlled by the configurations of the polymeric 
chain. The moment per monomer unit11 of poly­
methyl acrylate is 2.0 X 10 ~18, as compared with
2.3 X 10”18 for polyvinyl acetate.

The mechanical properties of polymethyl acryl­
ate are also quite different from those of polyvinyl 
acetate. The former was soft and flexible at 
room temperatures, while both Gelva 15 and 60 
were hard. The corresponding limiting viscosi­
ties in cyclohexanone were: I, 12.38; Gelva 15, 
4.25 and Gelva 60, 9.25. If we assume that the 
loss factor maximum at a given frequency comes 
at lower temperatures for compounds of lower 
molecular weight,12 then the acrylate had the lower 
molecular weight, because its 60-cycle maximum 
is at 27°, while those for the Gelvas are at nearly 
60°. If it is argued, however, that the acrylate is 
soft, because it has a low molecular weight, then 
it must have a very much larger Staudinger con­
stant than the acetate; ultracentrifuge or os-

(12) Fuoss, ibid., 63, 2401 (1941).



2392 D a r w in  J. M e a d  a n d  R a y m o n d  M , F u-o ss Vol. 64

mo meter data on these compounds would be very 
valuable aids in clearing up this point.

The only structural difference between the 
acrylate and methacrylate (aside from differences 
in molecular weight and distribution) is that, in 
the latter, the hydrogen atom on the carbon carry­
ing the polar group has been replaced by a methyl 
group. This substitution has a far-reaching effect 
on the properties of the polymer. The 60-cycle 
loss factor maximum is shifted up to 50° from 
27°, which indicates a very considerable increase 
in internal viscosity. At the same time, the static 
dielectric constant is reduced from 7 +  to 5 + , 
showing that internal rotations are very much 
hindered, even at low frequencies.

The most striking difference between poly­
methyl methacrylate and the other polymers so 
far studied, however, appears in the low tempera­
ture properties. Instead of showing a secondary 
loss factor maximum at low temperatures, poly­
methyl methacrylate has a single absorption peak 
in the high temperature range, from which it 
drops uniformly wTith decreasing temperature.

/, °C.
Fig. 4.—Comparison of polymers at low temperatures: 

1, ^-methyl-methacrylate; 2, ^-methyl acrylate; 3, 20% 
plasticized p-vinyl chloride; 4, p-vinyl chloroacetate; 5, p -  
vinyl chloride.

As is shown in F'ig. 4, the shape of the curve re­
sembles most closely that of a plasticized poly­
mer, which contains enough plasticizer to elimi­
nate the low temperature maximum. It is not 
likely that polymethyl methacrylate exhibits a 
secondary maximum at temperatures below 
— 70°, the lower limit of our experimental range, 
because the Cole plots13 are symmetrical and, as 
was shown in the case of polyvinyl chloride and 
acetate, they are necessarily unsymmetrical when 
a low temperature maximum appears. Data for 
polymethyl methacrylate in the dispersion range

(13) Cole an d  Cole, J . Chem. Phys,» 9, 341 (1941),

are given in Table II. A circular arc through 
these points extrapolates at e" =  0 (ƒ =  oo) very 
closely to 2.16, the square of the index of refrac­
tion, n. In all cases where a low temperature 
maximum appeared, a circular arc through the 
e' — e" points in the dispersion range terminated 
at a point on the e'-axis much larger than n2.

Table II
Electrical Properties of Polymethyl M ethacrylate :

t —
D ispersion Curves 

60° t -  70° t a 00 o o

ƒ «' ef/
60 4.16 0.282 4.36 0.252 4.56 0.216

120 4.03 .305 4.24 .289 4.46 .259
240 3.88 .311 4.09 .316 4.33 .294
480 3.72 .309 3.93 .330 4.18 .333
1 kc. 3.55 .297 3.75 .335 4.00 .348

2 3.42 .258 3.58 .318 3.80 .358
4 3.28 .227 3.42 .291 3.62 .343
8 3.17 .207 3.26 .255 3.43 .311

It has been argued2 that the secondary maxi­
mum was characteristic of a polymer which was 
largely crystalline, while the high temperature 
maximum was due to dipole orientation in the 
liquid-like disordered or amorphous state. If 
this hypothesis is correct, then we assume that the 
methyl groups on the chain carbon interfere with 
close packing of the polymeric chains, and thus 
prevent crystallization, much as does the addi­
tion of a plasticizer of low molecular weight to a 
polymer of the (—CH2 CHX—)n type. The addi­
tion of plasticizer9 to polymethyl methacrylate 
affects the electrical properties in the expected 
way: it shifts the loss factor peak for a given 
frequency to lower temperatures.

Polymethyl- a-chloracrylate resembles poly­
methyl methacrylate in its mechanical and elec­
trical properties. Data through the dispersion 
range were not obtained, on account of difficul­
ties due to warping, and to the high d. c. con­
ductance ( kq =  0.078 X 10”10 at 90°). Enough 
of the curve was obtained, however, to show that 
the 60-cycle maximum in absorption comes at 
about 90°, and an estimate of 9.2 as the lower 
limit for the static dielectric constant at 90° can 
be made. The chlorine atom on the chain raises 
the dielectric constant by about the expected 
amount, and, like the methyl group in Lucite, 
gives a uniformly decreasing loss factor with de­
creasing temperature (Table I).

Polychloroethyl methacrylate (IV) has a higher 
static dielectric constant than II, on account of 
the halogen, and the relatively free rotation of the
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latter at the end of the —CH2*CH2C1 group. 11 is, 
however, much lower than the static dielectric 
constant of polyvinyl chloroacetate,2 although it 
contains the same kind and number of polar 
groups. Two reasons for this difference may be ad­
vanced: (1) the methyl group in IV inhibits the 
rotation of the polar ester group, as shown by the 
comparison of I and II, and (2) the carbonyl 
group is attached directly to the chain, instead of 
through an oxygen. There is also a possibility 
that the side-chain carrying the chlorine is long 
enough to permit some intramolecular association 
of dipoles, which reduces the polarization much as 
intermolecular dipole interaction decreases the 
polarization of ordinary polar liquids.

A detailed discussion of IV is not possible, be­
cause the chlorine analysis and the insolubility 
suggest that it is somewhat cross-linked, instead 
of being a simple linear polymer. Other prepara­
tions, made under milder conditions, gave higher 
chlorine analyses, but the polymers were also 
insoluble in solvents which might be expected to 
dissolve polymers of the structure IV. However, 
only a few hundredths of a per cent, of bifunc­
tional polymerant is enough to produce an insol­
uble polymer. It will be noted that IV, in con­

tradistinction to II, shows the presence of a 
secondary maximum at low temperatures. Prob­
ably the replacement of a methyl hydrogen of II 
by the —CH2C1 group changes the spatial rela­
tionships so that crystallization becomes possible 
again; this is indicated by some simple experi­
ments with models. But considerable work re­
mains to be done on the (—CIT-CXY)^ poly­
mers before a detailed correlation between struc­
ture and mechanical and electrical properties can 
be made.

Summary
1. The dielectric constants and loss factors of 

polymethyl acrylate, polymethyl methacrylate
(alone and plasticized with 20 and 30% diphenyl- 
methane), polymethyl- a-chloracrylate and poly- 
chloroethyl methacrylate at temperatures in the 
range —70° to +100° and at frequencies from 
60 to 8000 cycles have been determined.

2. The preparation of chloroethyl methacry­
late (b. p. 170°) is described.

3. Some preliminary results on a correlation 
between structure and electrical properties for 
polymers of the type (—CH2*CXY— )n are given,
S c h e n e c t a d y , N.'Y. R e c e i v e d  J u l y  7, 1942

[C o n t r i b u t io n  p r o m  E a s t e r n  R e g io n a l  R e s e a r c h  L a b o r a t o r y , B u r e a u  o f  A g r ic u l t u r a l  C h e m i s t r y  a n d  
E n g i n e e r i n g , U n i t e d  S t a t e s  D e p a r t m e n t  o f  A g r i c u l t u r e ]

The Hydration of 0-Lactoglobulin Crystals*
B y T homas L. M cM e e k in  and R obert  C. W arner

Knowledge of the composition of protein crys­
tals is of importance in the interpretation of solu­
bility, precipitation and X-ray data on proteins.

Several methods have been utilized in calculat­
ing hydration of protein crystals. S0rensen and 
Hpyrup1 developed the “Method of Proportion­
ality” for evaluating the water content of protein 
crystals. Adair and Adair2 applied density de­
terminations to the measurement of hydration. A 
further method was devised by Crowfoot and 
Riley,3 which is based on X-ray measurements of 
wet and dry crystals. The present report deals 
with the direct measurement of hydration by the

* N o t copyrighted .
(1) S. P. L. Sorensen and  H 0yrup , Compt. rend, trav. lab. Carlsberg, 

12, 169 (1917).
(2) ; A dair and  A dair, Proc. Roy-. Soc. (London), B120, 422 

(1936).
(3) C row foot and  R iley , Nature. 141, 621 (1938).

loss in weight of a single protein crystal as well as 
hydration deduced from density determinations.

d-Lactoglobulin crystals as described by Pal­
mer4 are particularly valuable for direct study of 
hydration, since the crystals are quite large and 
may be prepared in the absence of salt or in the 
presence of high concentrations of salt.

Materials and Methods
/3-Lactoglobulin was prepared from skim milk by the 

method of Palmer.4 After several recrystallizations by 
dialysis, a further crystallization was made by adding con­
centrated ammonium sulfate solution to the protein solu­
tion through a rotating cellophane membrane. When 
the concentration of ammonium sulfate reached 2.66 
molar, needle-shaped crystals appeared. The crystals 
were separated from the supernatant liquid and dissolved 
in a small volume of water. Salt was then removed by dia­

(4) P a lrn tr, J .  BioL Ch«m>, *04, 859 (1934),.



2394 T h o m a s  L. M cM e e k in  a n d  R o b e r t  C. W a r n e r Vol. 64

lyzing for two days against distilled water in the presence 
of toluene. The solution contained 3% protein and had a 
pH of 5.2. This solution, with a small amount of toluene, 
was stored at 4° in a closed Erlenmeyer flask. After 
several weeks large crystals of /3-lactoglobulin appeared. 
Both tabular and plate crystals were present; however, 
only the stable tabular crystals were used in obtaining the 
reported measurements. Many of the crystals were from 
2 to 3 mm. in length and about 1 mm. in each of the other 
dimensions. The nitrogen content of a single oven-dried 
crystal was found to be 15.7% in good agreement with Pal­
mer’s5 most recent value of 15.6%.

Fig. 1.—Rate of loss of water by /3-lactoglobulin crystals 
at room temperature: Curves 1, 4 and 5, crystals from 
salt free solution; Curve 3, crystal from ammonium sul­
fate solution; Curve 6, crystal of Na2SO4-10H2O; Curve 
2, plot of logarithm of weight of water in the crystal 
shown in Curve 1.

Hydration of the protein crystal was determined by 
weighing the wiped crystal on a rapid-weighing spring 
balance sensitive to 0.01 mg. The loss in weight by the 
crystal from the moment of its removal from the mother 
liquor until it reached the equilibrium weight obtained 
after drying in a vacuum oven at 80 °, or over phosphorus 
pentoxide at room temperature was considered to be the 
water of hydration. The loss in weight with time was 
plotted (Fig. 1) and the weight of the crystal at zero time 
was determined by extrapolation. The adhering mother 
liquor was removed by placing the crystal between the 
smooth sides of two small pieces of absorbent cotton

(5) M . Sorensen and Palm er, Compt. rend. trav. lab. Carlsberg, 21,
283 (1938).

flannel. This operation required about thirty seconds. 
The drying crystal was kept on a removable weighing pan 
during the entire drying and weighing operation. The ef­
fectiveness of the method of removing the adhering mother 
liquor was demonstrated on crystals of ammonium sulfate, 
sodium sulfate decahydrate and copper sulfate penta- 
hydrate. The crystals of ammonium sulfate or copper 
sulfate did not lose weight in air after being wiped with the 
cloth as described. The copper sulfate crystal lost 29.1% 
of its weight in a vacuum oven at 80°. The theoretical 
loss in weight is 28.8% when four molecules of water are 
removed. The amount of water in the hydrated sodium 
sulfate crystals was found by this method to be: (a) 
55.8%, and (b) 57.2%. The theoretical value for 10 
molecules of water is 55.9%. While it seems probable 
that a small amount of mother liquor would adhere to the 
crystal, these results on crystals with and without water 
of crystallization indicate that the amount of mother 
liquor adhering to the crystal is small and within the ex­
perimental error of other measurements involved.

The amount of protein in the /3-lacto globulin crystal was 
determined from the dry weight in vacuum at 80°, or in 
vacuum over phosphorus pentoxide at room temperature. 
In the case of the experiments with added ammonium 
sulfate, the weight of ammonium sulfate was deducted 
from the total dry weight to give the weight of the protein. 
Ammonium sulfate was determined by direct nessleriza- 
tion in a volume of 50 ml. The presence of the protein 
during the development of the color with ammonia and 
Nessler reagent caused a small increase in the color, 
amounting to 3.5%. Correction for this effect has been 
applied to the measurements.

Densities were determined in mixtures of bromobenzene 
and xylene and, in some cases, in solutions of saturated 
ammonium sulfate containing added sodium sulfate or in 
solutions of sucrose. The crystals were removed from 
the mother liquor on the end of a thin strip of paper, 
pressed against a piece of cotton flannel and then placed 
in a test-tube containing the flotation medium in a water- 
bath at 25°. The composition of the solutions was ad­
justed so that the crystals just sank in one solution and 
just floated in another. The densities of the two solu­
tions, referred to water at 4°, were then determined pyc- 
nometrically at 25°. The density of the crystal was taken 
as the mean of the two values.

Hydration of /3-Lactoglobulin at pH 5.2 in the Absence 
of Salt.—The loss of water by single protein crystals at 
room temperature and at 80° in vacuo was determined. 
The amount of water present in the crystal was independ­
ent of the temperature at which the crystal had been 
stored. Thus, the amount of water in a crystal kept at 
4° was the same as that of a similar crystal stored at 25°. 
The results of the measurements on the rate of evapora­
tion at room temperature and total amount of water 
present in 0-lactoglobulin crystals are shown in Fig. 1 and 
Table I. The average values of 0.66 g. of water per g. of 
air-dried protein and 0.84 g. of water per g. of vacuum- 
dried protein are of the same order as the value of 0.54 g. 
of water per g. of air-dried protein calculated from the 
data of Crowfoot.* 283 6 The rate of evaporation follows a first- 
order equation, the rate of loss of water being proportional

(6) Crowfoot, Chem, R evit 28, 215 (1941).
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T a b l e  I
H y d r a t io n  o f  /3-La c t o g l o b u l in  C r y s t a l s  a t  pH 5.2

i n  t h e  A b s e n c e  o f  S a l t

W ater per
W et crystals 
(extr. to  zero 

tim e ), 
mg.

Air d ry  
crystals, 

mg.

g. of a ir 
dried 

p ro te in , 
g.

O ven d ry  
crystals, 

mg.

W ater per 
g. of oven 

d ry  protein, 
g-

1.80 1.07 0.68 0.96 0.87
3.10 1.82 .70 1.64 .89
3.12 1.92 .62 1.71 .82
2.64 1.58 .67 1.48 .78
2.95 1.79 .65 1.55 .90
3.59 2.03“ 77
1.07 0.57“ .88
1.41 0.77 .83
8.27 4.56 .81
4.32 2.60 .66 2.35 .84

Average 0.66 =c=40% 0.84 =0=
water 46% water

“ Dried over phosphorus pentoxide at room tempera­
ture.

to the amount of water remaining. This is shown by 
Curve 2 in Fig. 1, in which the logarithm of the weight of 
water in the crystal is plotted as a function of time. A 
straight line is obtained up to the point at which about 
70% of the water has been lost. Beyond this the rate falls 
below that calculated from a first-order equation. It 
might be inferred from this calculation that the vapor 
pressure of water in the crystal does not change while most 
of the water is being lost. The first-order constant ob­
tained for the rate of loss of water increases as the size of 
the crystal is decreased, presumably because of the in­
crease in surface per volume ratio. Ferry and Qncley7 
analyzed dielectric dispersion curves of /3-lactoglobulin 
solutions and compared the results with those obtained 
from ultracentrifuge, diffusion and viscosity measurements. 
The data are interpreted in terms of an elongated ellip­
soidal molecule and hydration of 0.3 g. of water per g. of 
protein. Since their measurements were made on solu­
tions, it is not necessarily to be expected that such hydra­
tion would be the same as that of the crystal.

Hydration of /3-Lactoglobulin in the Presence of Con­
centrated Ammonium Sulfate Solutions.—0-Lactoglobulin 
crystals freed from adhering solution were placed into
28.9, 30.2 and 31.6% by weight solutions of ammonium 
sulfate. All of the crystals floated at first and later sank 
to the bottom, the time of sinking increasing with increase 
in concentration of salt. The crystals and salt solutions 
were allowed to equilibrate for two days at 25° and then 
the crystals were removed and their surfaces freed from 
adhering liquid. The amounts of water and ammonium 
sulfate in the crystal were determined as previously de­
scribed. The results are recorded in Table II.

The amount of water associated with 1 g. of protein 
remained unchanged when the salt-free crystals were placed 
in concentrated salt solutions. However, ammonium 
sulfate diffused into the crystal and, on the assumption 
that ammonium sulfate goes into the water of the protein 
crystal rather than becoming attached to the protein, the 
concentration of salt in the water of the protein crystal

(7) F e rry  and Oneley, T h is  J o u r n a l , 63, 272 (1941).

T a b l e  II
Composition of /3-Lactoglobulin Crystals in  the 
Presence of Ammonium Sulfate Solutions at pH  5.2 

and 25°
Am. Am . Concn. am .

sulfa te  
in  
fil­

tra te , 
w t. %

H y d ra ted  
c ry sta l 

(ex tr. to  
zero tim e), 

mg.

D ry
crys­
ta l,
mg.

sulfa te
in

crys­
ta l,
mg.

Am. su lfa te  
su lfa te  in  c ry sta l 

in  c ry sta l expressed as 
w ater, %  of concn. 
w t. % in  filtra te

W ate r 
p e r g. 

d ry
p ro te in ,

g.
28 .9 (a) 3 .3 0 1.97 0 .415 23 .8 8 2 .3 0 .8 6

(b) 5 .8 5 3 .55 .719 23 .8 8 2 .3 .82
3 0 .2 (a) 7 .8 0 4 .8 2 .915 (23 .5 )° (7 7 .8 )° ( .76)°

(b) 2 .6 4 1.62 .328 2 4 .3 8 0 .4 .79
3 1 .6 (a) 4 .7 8 2 .8 8 .683 26 .4 8 3 .4 .86

(b) 6 .5 5 4 .0 0 .910 26 .3 8 3 .2 .82
Average 8 2 .3 .83

“ Not included in the average.

amounts to about 82% of the salt concentration in the 
surrounding liquid. This finding is confirmed by density 
determinations as recorded in the next section.

Direct measurements were made of the length and 
width of a crystal by means of a micrometer at low mag­
nification before and after placing it in the concentrated 
salt solution. No change in crystal dimensions was noted. 
However, the method was sensitive to only about 2% and 
the calculated increase in the linear dimensions of the crys­
tal due to the presence of ammonium sulfate would be 
about 2%, assuming that the partial specific volumes of the 
constituents remain unchanged in the presence of salt. 
The protein crystals break more easily in the presence of 
salt than in its absence. This may be an indication of an 
increase in volume of the protein crystal due to the added 
salt.

When a /3-lactoglobulin crystal, in equilibrium with a 
30.2% by weight solution of ammonium sulfate of pH 
5.2, was heated in boiling water for thirty minutes, the 
crystal became opalescent and insoluble in water without 
obvious loss of form. The heat-coagulated crystal con­
tained less water than the uncoagulated crystal, the water 
content being 0.53 g. per g. of protein. However, the salt 
concentration calculated on the basis of the water present 
in the coagulated crystal was found to be the same as in 
the uncoagulated crystal. When the method of propor­
tionality is applied to the data obtained on the heat- 
coagulated /3-lactoglobulin crystal, a value of 0.15 g. of 
water per g. of protein is obtained. Adair and Adair2 
obtained values of 0.17 to 0.19 for coagulated egg albumin 
by means of the method of proportionality.

Density of /3-Lactoglobulin Crystals.—The data ob­
tained on density determinations are recorded in Table III. 
The “density difference” given in the table is the difference 
between the densities of the solutions of higher and of 
lower density than the crystal.

The wet crystals were found to increase gradually in 
density after immersion in the bromobenzene-xylene mix­
ture. There was essentially no change for about five 
minutes and the densities recorded are based on the initial 
behavior of the crystals on being placed in the solutions. 
Since this behavior was independent of the size of the 
crystal over a range of more than tenfold in weight, it is 
improbable that the results are appreciably influenced by 
occlusion of air or other possible surface effects. When the 
wet crystals had stood for as long as twenty-four hours in
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T a b l e  I I I

D e n s i t y  D e t e r m i n a t io n s  o n  /3-L a c t o g l o b u l in  C r y s ­
t a l s

P repara tion
F lo ta tio n
m edium

D ensity  
D ensity  difference

W et c rystals BBX® 1.146 0.004
D ry  crystals B B X 1.260 .003
W et crystals a fte r s tan d ­

ing  24 hrs. in BBX® B B X 1.260 .001
C rystals  equilibrated  

w ith  30.2%  (N H 4)2S 0 4 B B X 1.214 .005
W et crystals Satd . (NH-OaSO* +  N a2S04 1.240 .007
W et crystals Sucrose 1.256 .008

a BBX refers to mixtures of bromobenzene and xylene.

t he flotation medium, their density had increased so that 
it was precisely equal to that of the dry ones. The water 
in the crystal had thus evidently been removed, leaving 
only the anhydrous protein. Crystals which were dried 
over phosphorus pentoxide did not change in density fol­
lowing immersion and were not influenced by placing the 
system in a vacuum.

The density of 1.260 for the anhydrous crystal is in good 
agreement with determinations on other dry proteins. 
The specific volume of 0.794 for the crystal is thus much 
higher than the partial specific volume of 0.751 deter­
mined in dilute solution.8 Cohn9 has pointed out that 
this difference cannot be accounted for by electrostriction 
of the solvent as is the case with amino acids.

The density of 1.146 found for the wet crystals is lower 
than any density previously reported for protein crystals. 
I t is, however, consistent with the high fraction of water 
found in the crystal. Using the partial specific volume of 
lactoglobulin vp = 0.751 determined by Pedersen,8 and 
assuming that of water to be i;H2o ^  1» the specific volume 
of the crystal, v, can be calculated from the formula 
v ~ VpXo +  ^h2ô h2o* where X P — fraction of protein —
0.54, and X mo = fraction of water = 0.46. The density 
(l/v) is found to be 1.155. The partial specific volumes of 
proteins have been found in general to be independent of 
concentration over a range up to 10 or 15% protein. It 
is probable that this constancy does not extend to a sys­
tem which has the composition of the crystals and that 
vp is higher than the value assumed above (and t/H2o conse­
quently lower). Any change of this sort would tend to give 
a better agreement with the observed value.

The higher values reported in the literature for the den­
sity of wet protein crystals have all been obtained in aqueous 
media. In view of the results reported above on the salt 
content of crystals in ammonium sulfate solution which 
demonstrate the ease with which salt exchange takes place 
with the environment, it can be concluded that the density 
of a protein crystal in equilibrium with its mother liquor 
cannot be determined by immersion in an aqueous medium 
of different composition. This is well shown by the density 
determinations in aqueous media given in Table III. 
The crystals which had a density of 1 146 in bromoben- 
zene-xylene increased to 1.240 in (NH^SCh +  Na2SC>4 
and to 1.256 in sucrose because of the diffusion of salt or 
sugar into the water in the crystal. The difference be­
tween the densities in the two aqueous media is similar to 
that found by Adair and Adair2 and is evidently due to a

(8) Pedersen, B iochem . S0, 961 (1936).
(9) C ohn, A n n , Rev, B iochem „ 4, 93 (1933)

difference in the distribution of salt and sugar between 
the inside and the outside of the crystal. The fact that the 
observed density in the sugar solution approaches the value 
for the density of the anhydrous protein indicates that the 
distribution must be nearly equal in this case.

The density of crystals equilibrated with 30.2% am­
monium sulfate was determined in bromobenzene-xylene 
to be 1.214. The analytical results on such crystals 
(Table II) show the concentration of ammonium sulfate in 
the water of the crystal to be 24.4% and the composition 
of the crystal to be 48.7% protein and 51.3% salt solution. 
The ammonium sulfate solution in the crystal would have 
a specific volume of 0.877. From these data and the as­
sumption that the partial specific volume of the /3-lactoglob- 
ulin is 0.751, the density of the crystal can be calculated 
to be 1.225 by the method used above for the salt-free solu­
tion. The error in the calculation is probably referable to 
the value assumed for the partial specific volume of the 
protein.

The use of organic solvents for density determinations 
on wet crystals has been criticized because of the possi­
bility of irreversible changes caused by the solvents. We 
have found that crystals which have stood for several days 
in the bromobenzene-xylene are completely soluble in 
dilute salt solutions, indicating the absence of denatura- 
tion. Any error incurred by the use of such solvents is 
certainly less than that inherent in the use of salt solutions 
which yield densities bearing little relation to the density of 
the crystal in its mother liquor.

Discussion
The hydration of proteins as determined by 

the “method of proportionality” of S0rensen and 
H0yrup1 involves the determination of the nitro­
gen factor (x) as calculated from the equation x — 
100/Pb[l — #b/#f] where a{ is weight per cent, of 
ammonia nitrogen in the filtrate, ab is weight per 
cent, of ammonia nitrogen in the crystal and ad­
hering mother liquor, and Ph is weight per cent, 
of protein nitrogen in the crystal. The hydration 
value is obtained by comparing the nitrogen fac­
tor of the wet crystals with the nitrogen factor of 
the anhydrous salt-free protein. Adair and Adair2 
have derived a formula to give the same informa­
tion from density determinations as is obtained 
by the “method of proportionality' ’ from analyti­
cal data.

S0rensen and H0yrup1 found the nitrogen fac­
tor (x) to be independent of the concentration of 
salt in the presence of varying concentrations of 
ammonium sulfate. They considered this to be evi­
dence that salt did not go into the crystal. Table 
IV shows the results obtained when our data are cal­
culated by means of the proportionality formula.

The nitrogen factor here is found to be inde­
pendent of the concentration of salt. Direct 
analysis of these identical crystals shows a. con-
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Table IV
Composition of /3-Lactoglobulin Crystals in the 
Presence of Ammonium Sulfate Solutions at p H  

5.2 a n d  2 5 ° Calculated According to Sorensen and
H0YRUP

NHa-N in N H a-N  in P ro tein  N  in W t. of protein
filtra te  (af), c ry s ta l (at>), c ry sta l (J°b)» containing 1 g.

w t. % w t. % w t. % N  (x j

6.13 (a) 2.66 7.35 7,70
(b) 2.60 7.55 7.63

6.40 (a) 2.49 7.80 7.83
(b) 2.63 7.64 7.71

6.70 (a) 3.02 7.17 7.68
(b) 2.94 7.36 7.64

Average 7.70

centration of salt in the crystal which is apparently 
a constant ratio of the concentration of salt in the 
surrounding liquid. If the total water in the 
crystal and the ratio of the concentration of salt 
inside the crystal to that outside are independent 
of the salt concentration, it follows that the nitro­
gen factor (x) will show a variation of about 0.5% 
for the salt concentration range used in our ex­
periments. Thus the constancy of the nitrogen 
factor is not a measure of the freedom of the crys­
tal from salt, and the value of this factor is not 
related to the total amount of water associated 
with the protein crystal. This view, that the salt 
penetrates the protein crystal and that the con­
centration of the salt in the crystal is about 82% 
of the salt concentration in the surrounding 
liquid, independently of the concentration, is 
strengthened by the results of Chick and Martin10 
on egg albumin in ammonium sulfate solutions. 
Chick and Martin found that the water in pressed 
crystalline egg albumin contained less salt than the 
filtrate. In three experiments the salt present in 
the pressed crystals amounted to 17.6, 22.1 and 
22.4% by weight of ammonium sulfate, while the 
corresponding filtrates contained 26.9, 27.2 and 
28.1% by weight of ammonium sulfate. The per­
centage ratio of salt inside of the crystals to that 
of the filtrate is 65.4, 81.2 and 80.0 which compares 
with our value of 82.3% for /3-lactoglobulin.

The finding that ammonium sulfate diffuses into 
the protein to the extent of 82% of the outside 
concentration on the basis of water of crystalliza­
tion may be considered to indicate that the water 
of crystallization is bound in two different ways, 
as is the case of water in copper sulfate crystals.11 
The present measurements do not furnish evidence

(10) Chick and  M artin , Biochem. J 7, 392 (1913), and  correction 
on page 548 of th e  sam e volum e.

(11) Beevers and  Lipson, Proc. Roy. Soc. (London), A146, 570 
(1934).

of the distribution of salt in the crystal, although 
in the calculation of a numerical value for the 
ratio of the concentration of salt in the crystal 
to the outside salt concentration, the assumption 
is tacitly made that the salt is equally distributed 
in the water of the crystal. Following the formula 
of S0rensen and H0yrup,1 the water of hydration 
for /3-lactoglobulin may be calculated as (7.70 — 
6.41)/6.41 = 0.20 g. of water per g. of protein, in 
contrast to the direct experimental finding of
0.83 g. of water per g. of protein.

Adair and Adair’s2 formula may be applied to 
the experiment in 30.2% ammonium sulfate for 
which density determinations on the crystals were 
made. Their formula requires the density of the 
crystal to be equal to that of the salt solution in 
which it is suspended and hence it is not directly 
applicable to the case considered above. How­
ever, by the use of the additional analytical 
data available, a value for the water of hydra­
tion of 0.294 g. water per g. of protein can be cal­
culated by their method as compared with the 
above value of 0.20 g. The application of the 
method of proportionality to /3-lactoglobulin in 
very dilute salt solutions led M. S0rensen and 
Palmer5 to conclude that /3-lactoglobulin does not 
contain “surplus water but, on the contrary, 
surplus ammonia or ammonium chloride.”

Density determinations on protein crystals have 
been made in connection with X-ray measure­
ments. Crowfoot and Riley3 thus report values 
for /3-lactoglobulin of 1.257 for the wet crystal in 
sugar solutions and 1.27 for the dry crystal in or­
ganic solvents. These values are in agreement 
with those found here under similar experimental 
conditions. Crowfoot realized that the value for 
the wet crystal was an upper limit, but neverthe­
less discarded the value for the dry crystal because 
it was so close to that for the wet crystal. She 
assumed 1.31 (dry density of insulin) in making 
her calculations when it was the wet density that 
was in error. A recalculation from the data of 
Crowfoot6 using the density 1.146 for the wet /3- 
lactoglobulin crystal gives a value for the wet 
molecular weight of 61,100 and on a dry basis 
(46% water) a value of 33,000.

The molecular weight for an air-dried crystal 
calculated from the data of Crowfoot,6 using a 
density of 1.26, is 39,700. The data in Table I 
show that our air-dried crystals contained 9.78% 
water. Applying this correction, an anhydrous 
molecular weight of 35,800 is obtained.
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Crowfoot6 also has given the dimensions of the 
unit cell in wet and in air-dried /3-lactoglobulin 
crystals, and the following shrinkages on drying 
can be calculated for the various dimensions: 
a =  11.1%, b =  6.7%, and c — 28.6%. In order 
to correlate the unit cell shrinkage with the macro­
scopic behavior of the crystal, we have observed 
the change in dimensions of the crystal on drying 
in the air in a low power microscope with a microm­
eter eyepiece. The shrinkages observed in two 
experiments were: length, 8.5% and 9.9%; height, 
6.8% and 7.8%; width, 29.5% and 26.4%. These 
changes are of the same order as those in the unit 
cell. The shrinkage of the crystal was also meas­
ured in a mixture of bromobenzene-xylene over a 
period of twenty-four hours. The change in di­
mensions observed was 9.8% and 31.5% in the 
length and width, respectively. This confirms the 
conclusions from density determinations that a 
dehydrated crystal is obtained after contact with 
bromobenzene-xylene for twenty-four hours. It 
also indicates that the water in the crystal is not 
replaced by the organic liquid. In order to check 
this point a crystal which had been dehydrated in 
xylene was wiped and weighed by the technique 
used previously. There was no change in weight 
after putting the crystal on the balance or after 
placing the crystal in an oven at 105°. These 
measurements, together with the consideration 
that the densities of vacuum-dried crystals and 
crystals which stood in bromobenzene-xylene are 
the same, indicate that in the dry crystal there is 
no space occupied by air.

The dehydrated crystals obtained with bromo­
benzene-xylene had good form and a high degree 
of birefringence as compared with the air-dried 
crystal. This technique might be used with ad­
vantage to obtain completely dehydrated crystals

for X-ray examination. In any such application 
xylene alone should be used as the dehydrating 
agent because of the tendency of the crystal to 
become discolored after long standing in the 
presence of bromobenzene.

I t seems likely that previous estimates of the 
water of hydration of protein crystals are entirely 
too small, because of the effect of diffusion of salt 
into the crystals. I t may be calculated that the 
cell shrinkage reported by Crowfoot6 for crystal­
line hemoglobin amounting to 46.6% would lead 
to a hydration value nearer to 0.9 g. of water per 
g. of protein than the value of 0.18 to 0.30 g. cal­
culated by Adair and Adair.2’12

Summary
1. /3-Lactoglobulin crystals were found to 

contain 0.83 g. of water for each g. of anhydrous 
protein over a wide range of temperature in the 
absence of salt or in the presence of high concen­
trations of ammonium sulfate.

2. Ammonium sulfate diffuses rapidly into the 
/3-lactoglobulin crystal; however, the concentra­
tion of ammonium sulfate on the inside of the 
crystal reaches only 82.3% of the salt concentra­
tion in the surrounding liquid.

3. The density of wet £-lactoglobulin crystals 
was measured in organic liquids and was found to 
be 1.146. This value is consistent with the high 
water content of the crystal. Values for the 
density of /3-lactoglobulin crystals under various 
conditions are reported. I t is shown that the 
method of measuring the density of wet crystals in 
aqueous media is subject to large errors.
P hiladelphia , P a . R eceived  July  3, 1942

(12) Since the preparation of this paper, Bailey {T ran s. F araday  
Soc., 38, 186 (1942)), has reported that crystalline edestin contains 
about 0.67 g. of water per g. of protein.
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[Contribution prom Bell Telephone Laboratories]

Macromolecular Disorder in Linear Polyamides. Relation of Structure to Physical
Properties of Copolyamides

B y W. O. B aker  and C. S. F u ller

Macromolecular solids are supposed to gain 
especial strength and continuity because the pri­
mary valence bonds of a single chain extend for 
hundreds of Angstrom units and it thus reacts with 
the force fields of numerous other polymer mole­
cules. Also, the ends of adjacent chain molecules 
in a given cell are presumed not to be coplanar. 
Rather, the chains overlap,1 and thus planes 
along which ordinary molecular solids are easily 
sheared and ruptured are actually absent in the 
polymers. It is desirable to investigate what 
general chain arrangements (such as dipole associa­
tion) are characteristic of these especial physical 
properties of polymer solids.

The present report includes the results of X-ray 
diffraction and elastic modulus measurements on 
several linear polyamides.2 Simple relations be­
tween the mechanical properties of the molecular 
solids, and the atomic constitution. and relative 
positions of the long chains have been found.

Experimental
Materials.—The linear polyamides studied are ob­

tained from the controlled reaction of dibasic acids and 
diamines.3 For the aliphatic series, a single dibasic acid 
and a single diamine yield a simple linear polyamide which 
is described by two numbers: the first, the number of C 
atoms in the diamine chain; the second, the number in 
the acid chain. Thus, polyhexamethylene adipamide, 
from hexamethylenediamine (1,6-diamino-hexane) and 
adipic acid, is a 6-6 polyamide, polyhexamethylene sebac­
amide is a 6-10 of the typical formula

O
H H2 H2 H2 II H2 H2 H2 H2
N C C C C  C C  C C

' \ / \ / \ / \ / \ / \ / \ / \ / \
H C C C N C C C C

H2 h 2 H2 H h 2 h 2 h 2 h 2

A representative copolyamide chain containing 50-50 
proportions of the 6-6 and 10-10 base units is

~ O O 1
H 11 H 11
N C N c

V x \ /  \
H (CH2)« j'  (CH2)8 /1 (CH2)10 /' (CELL

\  / \7
N c N c
H Ö H 11oj

O

O.

Various diamines and various dibasic acids may react 
together to form copolyamides, as shown by Carothers’ 
work.4 These contain the base units presumably ran­
domly distributed (see a later discussion) along the chain, 
but always in the sequence dibasic acid—diamine-dibasic 
acid- etc. The randomness varies with the relative 
amounts of different diamines and/or different acids.

(1) This was suggested by  H. Staudinger, see Staudinger and 
Signer, Z . K r is t . ,  70, 193, 202 (1929).

(2) “The Collected Papers of W. H. Carothers,” Interscience 
Publishing Company, N ew  York, N . Y ., 1940.

(3) Carothers, U. S. Patent 2,071,250.
(4) U. S. Patents 2,130,948 and 2,191,367.

H

For convenience in describing the copolyamide series studied 
here, each composition has been considered to arise from 
the random mixture of the components of simple poly­
amides which have also been studied. No polymers con­
taining more than two different diamines and two different 
dibasic acids are discussed below, so that the compositions 
of the series are recorded as the molar percentage of one 
pair (giving one simple polyamide), say 6-6, in another, 
say 6-10. Such grouping of constituents does not, of 
course, imply that order in the reaction products.

The polymers were obtained either commercially or 
according to the published procedures. The intermediates 
were carefully purified and each polymer represents a well- 
characterized compound containing a statistical distribu­
tion of chain lengths. All polymers were of weight average 
molecular weight, Mw, greater than 10,000, as estimated 
from viscosities.

X-Ray diffraction patterns were obtained for both 
unoriented and cold drawn2 polyamides. The latter were 
highly oriented fibers; both types of samples were first 
studied quenched from the melt, and then annealed to 
states of maximum crystallinity.8’6 The determinations 
of Young’s modulus and moisture sorption were made on 
sheets molded in a nitrogen atmosphere between plane 
plates and uniformly annealed. Each was 3 X 2  cm. and 
0.051 cm. thick. These specimens were conditioned or 

dried over phosphorus pentoxide before meas­
urement.

O X-Ray Methods.—Copper characteristic radia­
tion, nickel filtered and carefully collimated, was 
directed through rigidly mounted samples onto 
a cassette containing the film. Each oriented 
sample employed for estimation of the repeating 

distance, I, along the fiber axis was dusted with finely 
ground and screened sodium chloride, whose Debye- 
Scherrer rings superposed on the fiber pattern served 
as a primary standard for the distance determinations 
on each photograph. The fibers were flat, and of ap­
proximately 18-mil thickness; the salt was always dusted 
on both sides. Repeated exposures of each composition 
facilitated selection of an exposure time giving the opti­
mum intensity of the features measured. This was es­
sential for the copolyamides possessing the middle concen-

H

(5) Fuller, Baker and Pape, T h is  J o u r n a l , 62, 3275 (1940).
(6) Baker, Fuller and Pape, ib id ., 64, 776 (1942).
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trations of components, since their “identity period” 
spots were relatively diffuse. The X-ray negatives were 
measured on an improved light box of the type described 
by Klug.7

All of the I, A. values reported were obtained on sepa­
rately repeated photographs with a precision of ±0.3 A.

Elastic Modulus.—Young’s modulus was computed 
from the elastic indentation of a spherical quartz segment 
in a plane panel of the polymer. For such a penetration

where E is Young’s modulus in dynes per sq. cm., c is a 
constant, L  is the load on the sphere, in grams, D is its 
diameter, in cm., and d is the depth (cm.) to which the 
sphere sinks below the surface under the weight.8’9 This 
depth was read five seconds after application of the load. 
The latter was chosen so that only elastic and no perma­
nent deformation occurred, except for a few of the softest 
compositions. For the latter, E  is modified by a plasticity 
factor (yield point), but it still characterizes the polymer.

The measuring apparatus is essentially a Pfund hard­
ness tester. A heavy steel lever with the fulcrum at one 
end contains the quartz spherical segment in the center 
and a platform for the load weights on the other end. 
The quartz segment is ground on the end of a quartz 
cylinder. Coaxially with this cylinder and above the lever 
is mounted a microscope fitted with a Leitz ocular microm­
eter. Since the refractive index of the quartz-polymer 
interface differs from that of the quartz-air interface, the 
intersection of the plane of the surface of the test material 
with the periphery of the quartz segment produces a dark 
disc in the microscope field.. The diameter of this highly 
magnified disc is measured with the micrometer. The 
radius of the sphere corresponding to the quartz section, 
D /2, is 3.24 mm. When r is the radius of the dark disc, 
the depth of impression, d, is given by

d = 0.324 -  y / (0.324)2 -  r2 (2)
Numerous readings were obtained and averaged for each 
dried sample, at 25 =*= 2°.

Moisture Sorption.—Samples of equal dimensions were 
dried to equilibrium over phosphorus pentoxide, in glass- 
stoppered weighing bottles, weighed and reweighed after 
equilibration at 100% R. H. in water at 25.0 ±  0.5°.

Results and Discussion
Crystalline Nature of Linear Polymers.—

The molecules of w-paraffins and their deriva­
tives have been shown to lie in the crystal as ex­
tended chains whose terminal groups formed 
planes in some cases perpendicular and in others 
oblique to the long chain axes.10,11,12 Linear 
polymers such as polyoxymethylenes, polyesters 
and polyamides likewise possess chains, and a 
series of studies has indicated analogous structures

(7) K lug, Ind . Eng. Chem., A nal. Ed., 12, 753 (1940).
(8) Larrick, Bull. A m . Phys. Soc., 14, 17 (67) (1937).
(9) Davies, M iller and Busse, T h is  J o u r n a l , 63, 361 (1941).
(10) M üller, J .  Chem. Soc., 123, 2043 (1923).
(11) M üller, Proc. Roy. Soc. (L ondon), A120, 437 (1928).
(12) M alkin, J . Chem. Soc.: 2796 ' 1931).

e x c e p t t h a t  th e  r e p e a t in g  p o la r  g ro u p s  o f t h e  p o ly ­
m e rs  r e p la c e  t h e  te r m in a l  g ro u p s  o f th e  m o n o m e rs  
in  g e n e ra t in g  th e  c h a ra c te r i s t ic  p la n e s  re c u r r in g  
a lo n g  th e  c h a in  a x e s .1’13,14,15 H o w e v e r, o th e r
in v e s t ig a t io n s 5,6 h a v e  e m p h a s iz e d  s h a rp  d if fe r­
ences, a n d  e sp e c ia lly  im p e rfe c tio n s , in  th e  c ry s ta l ­
lin e  s t a te  o f m a c ro m o le c u le s  c o m p a re d  to  o rd in a ry  
m o le c u la r  c ry s ta ls .  T h e  m o lecu le s  a re  o f n o n - 
u n ifo rm  s ize ; t h e  c h a in s  c o m p r ise  a  d is tr ib u t io n  
of le n g th s  c lu s te r in g  a b o u t  a n  a v e ra g e  v a lu e .16 
A lso , t h e y  p re s u m a b ly  d o  n o t  lie  lik e  e x te n d e d  
ro d s  fo r  th e i r  w h o le  le n g th  in  th e  p o ly c ry s ta l l in e  
so lid  b u t  a re  h ig h ly  k in k e d .17,18 T h e  c ry s ta ll in e  
c o n te n t  p ro fo u n d ly  a ffe c ts  t h e  p h y s ic a l p ro p e r t ie s  
o f th e  s o lid  p o ly m e rs  a n d  c a n  b e  re a d i ly  v a r ie d  
b y  th e r m a l  t r e a tm e n t :  q u e n c h in g  p ro d u c e s  m in i­
m u m  a n d  a n n e a l in g  m a x im u m  c ry s ta l l in i ty .

A m id  th e  c o m p le x ity , s t r ik in g  g e n e ra l it ie s  
a b o u t  th e s e  p o ly m e r  so lid s  a p p e a r .  T h e  p o la r  
g ro u p s  w h ic h  r e p e a t  a lo n g  th e  c h a in s  a lw a y s  a s ­
so c ia te  s t ro n g ly  to  fo rm  d ip o le  la y e rs . T h e  in t e r ­
a c tio n  in  th e s e  la y e r s  a n d  th e i r  c o n c e n t ra t io n  p e r  
u n i t  v o lu m e  g o v e rn  th e  in te r n a l  e n e rg y , m e ltin g  
p o in t  a n d  s t r e n g th  o f t h e  so lid s . S u c h  in t e r ­
a c tio n  is  e s p e c ia lly  s ig n if ic a n t in  th e  p o ly a m id e s , 
w h e re , a s  in  th e  p ro te in s ,  b o th  o rd in a ry  d ip o le  
a t t r a c t io n  a n d  a lso  h y d ro g e n  b o n d in g  o b ta in . 
L a te r a l ly ,  th e  c h a in s  p a c k  s o m e w h a t s im ila r ly  in  
a ll o f th e  c o m p o u n d s , a l th o u g h  e v e n  th e  la te r a l  
p a c k in g  is  a  fu n c t io n  o f  t h e  s t r u c tu r e  of th e  p o la r  
la y e rs . (A lso , t h e  c h a in s  d o  n o t  n e c e ssa rily  a s ­
su m e  p la n a r  z ig za g  c o n f ig u ra t io n s .)  W e  sh a ll 
th u s  r e g a r d  t h e  d ip o le  la y e r s , d i s t r ib u te d  th r o u g h  
th e  p o ly c ry s ta l l in e  m a s s  a s  th o u g h  im b e d d e d  in  a  
p a ra f f in  c h a in  m a t r ix ,  a s  th e  c r i t ic a l  f a c to r s  in  th e  
so lid  s t r u c tu r e .  I n  th e  s tu d ie s  be lo w , (1) th e  
s e p a ra t io n  o f th e s e  p la n e s  h a s  b e e n  v a r ie d  b y  
v a ry in g  th e  n u m b e r  of m e th y le n e  g ro u p  “ s p a c e r s "  
in  th e  b a s e  u n it s  o f th e  s im p le  p o ly a m id e s . T h e  
(2) p o p u la t io n  o f p o la r  g ro u p s  in  th e  a v e ra g e  
p la n e s  h a s  b e e n  v a r ie d  b y  c o p o ly m e riz a tio n , fo r, 
in  a d ja c e n t  c h a in  s e c tio n s  c o n ta in in g  m ix e d  b a se  
u n its ,  if th e  p o la r  g ro u p s  c o in c id e  a t  o n e  p o in t ,  
th e y  w ill o f te n  fa i l  t o  d o  so  f u r th e r  a lo n g  th e  sa m e  
c h a in s , b e c a u se  o f u n e q u a l  m e th y le n e  g ro u p  s p a c ­
in g . T h is  f a c to r  is  r e p r e s e n te d  to  sca le  in  F ig . 1, 
fo r  th e  50% c o m p o s it io n  o f t h e  6-6:6-10 c o p o ly ­
am id e . T h e  c irc le s  in d ic a te  th e  p o la r  g ro u p s

(13) H engstenberg, A n n . Physik, 84, 245 (1927).
(14) F u ller , Chem. Rev., 26, 143 (1940).
(15) Fuller, F rosch  and  Pape, T h is  J o u r n a l , 64, 154 (1942).
(16) Schulz, Z . physik. Chem., B32, 27 (1936).
(17) K uhn, ibid., A161, 1, 247 (1932).
(18) M eyer, Z. Elektrochem., 45, 225 (1939).
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along the chains. Thus, fewer of them can in­
habit the average planes, and, also, the displaced 
polar units are, in general, surrounded by hydro­
carbon groups. They are effectively sheathed 
from contributiing to the dipole interaction. The 
copolymerization also alters the apparent average 
plane separation (in addition to the plane popula­
tion) in striking and still unexplained fashion. 
Finally, (3) the order in the dipole planes has 
been modified by both changes in population 
(whereby hydrocarbon chains occupy defect sites 
in the layers) and by quenching (whereby the 
groups are turned out of the most stable posi­
tions in the layers5).

6-10 copolyamide (schematic).

Spacing of Dipole Layers.—Either layer-line 
or meridian reflections19,20 on the fiber diagrams 
yielded several orders of the identity period, I. 
This we associate with the separation of successive 
planes of polar groups tilted or normal, as the case 
may be, to the chain axes. Less directly, I repre­
sents the identity period within the molecules. A 
possible formation of these layers in the 6-6 poly­
amide is represented schematically in Fig. 2. 
Actually, disorder may occur in this idealized ar­
rangement. For instance, a polar linkage in a 
given chain is formed by an A-D (acid-diamine) 
union. The associated linkage in an adjacent 
chain may result (in the same direction along the

(19) Po lany i, Z . P hysik , 7, 149 (1921).
<20) K a tz , "D ie  R ön tgenspek trog raphie als U ntersuchungsm eth- 

od e ,"  U rb an  an d  Schw arzenberg, Berlin, 1934.
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Fig. 2.—Layer structure resulting from association of polar 
groups in polyhexamethylene adipamide (schematic).

chain axis as above) from a D-A union. This phe­
nomenon leads to a displacement of certain suc­
ceeding polar groups along the chains, and thus 
causes disorder in the system. This condition 
can be seen by turning one of the chains in Fig. 2 
end-for-end about a C = 0  axis. Such ' ‘chain 
inversion” in adjacent segments in the solid 
must be considered in the structures of all poly­
mers of the types considered here.

Figure 3 relates the structural property, I, to a 
thermodynamic quality, the melting point, of 
simple polyamides. The triangles are the spacings 
calculated for a plane, zigzag chain containing no 
kinks or bends between the diffracting planes. 
The best interatomic distances were used.21

Fig. 3.—Relation of interplanar spacing, I, to melting 
points of linear polyamides.

(21) A stbury, Chem . and In d ,, 60, 491 (1941).



2402 W. O. B a k e r  a n d  C. S. F u l l e r Vol. 64

Only for polyhexamethylene adipamide (6-6) do 
the calculated agree with the observed values. 
The observed spacings in the other polyamides 
are, although carefully checked, always short. 
I t  appears that chain tilting or twisting between 
the planes defining the period I may occur. Fig­
ure 3 gives independent evidence of diminished 
plane separation and attendant closer packing. 
The observed points, except those of polynona- 
methylene azelamide (9-9), lie on a smooth curve; 
the calculated points cannot be thus connected. 
The greater the I, the lower the melting point, 
because the fewer the polar groups per unit vol­
ume to contribute to the mol cohesion. But, the 
comparison of polyhexamethylene sebacamide 
(6-10) with polydecamethylene adipamide (10-6) 
and of 9-9 with the rest of the series emphasizes 
further significance of the separation. When the 
dipole planes are oblique to the chain axes, the 
chains are “tilted” and pack more closely than 
when the chains are vertical and the planes per­
pendicular; the lattice energy is higher. This was 
Strikingly demonstrated for the paraffin deriva­
tives.12»22'23'24 From the X-ray results for 9-9, its 
chain sections are essentially in the perpendicular 
form; a low melting point is implied. If its 
chains were in the form of the other polyamides, 
it should melt at 202°; a 27° lower value is found, 
175°. Further, 6-10 and 10-6 have the same 
calculated I, their chains are in the tilted form, 
and if they had the same sort of interplanar modi­
fication to explain the shortened observed I, 
they should melt at the same temperature. How­
ever, 10-6 exhibits a markedly reduced I, closer 
packing is expected, and the observed melting 
point is 15° higher than for 6-10. The association

—
o —

6-6  -*>6-10

100-0 50-50 0-100
Composition in per cent.

Fig. 4.—Variation of the spacing I with composition of a 
mechanical mixture of the polyamides 6-6 and 6-10.

(22) M üller and  Saville, J .  Chem. Soc., 127, 599 (1925).
(23) G arner, van  B ibber and  K ing, ibid., 1533 (1931).
(24) K ing and  G arner, ibid., 1449 (1934).

of the lattice energy with the spacing between 
dipole layers and their concentration per unit 
volume is thus established. The vertical form 
of the odd-membered (9-9) polyamide chains has 
been proposed to result from the alternating di­
rections of the interchain dipole association, as 
generally found for polymers formed from odd- 
membered base units,25 in addition to the favor­
able hydrogen bonding of the vertical form.

Mechanical Mixture Patterns.—We proceed 
next to consider the effect on I and on the solid 
state properties of mechanical mixtures of two 
simple polyamides. Can the effective spacings 
in the lattice be thus altered? The molar propor­
tions indicated in Fig. 4 of 6-6 and 6-10 were 
fused and thoroughly mixed under hydrogen at 
280°. Fibers were drawn, and the patterns of 
both polymers appeared on each photograph ob­
tained. These are illustrated in Fig. 5C. How­
ever, the component present in 25% amount gave 
features too weak to measure well, and these points 
have been omitted from the graph. While there 
appears to be some systematic decrease of I with 
increase in added polymer, the respective con­
tributions to the structure are relatively inde­
pendent. Similarly, the crystallization appears to 
be separate, although the melting points of the 
mixtures lie surprisingly near the figures for the 
higher melting component, 6-6. The mechanical 
and structural effects of mechanical mixture are 
slight. Interestingly, although the two polymers 
differ by only four carbon atoms in the acid chains, 
mixed crystal formation was undetected. The 
same result arose for mixtures of polyesters26 and 
also of ten- and twelve-membered polyoxymethyl- 
enes13; the individual patterns (from the end- 
group planes) persisted. When, however, the 
polyoxymethylene chains were very long and of a 
distribution of lengths, a single pattern was found, 
involving repeating distances within the chains. 
We show below that when a mixture of base units 
in the solid is effected by co-reaction rather than 
mechanical mixture of chains, a single pattern with 
an “identity period” depending on composition 
is obtained.

Copolyamide Patterns.—The curve for the 
copolyamide 6-6 :6—10 in Fig. 6 (the data for all of 
the series are in Table I) resembles Fig. 4 but the 
diagrams of the former showed always but one set 
of I spacings, in contrast to the mechanical mix-

(25) Y ager an d  B aker, T h is  J o u r n a l , 64, 2164 (1942).
(26) Fuller, In d . Eng. Chem., 30, 472 (1938).
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tures. The copolyamide structure exhibits a 
rapid change in the neighborhood of 50%, and 
here, also, the diffuse scattering is greatest and 
the population of the scattering planes least. The 
melting point is near the minimum and the poly­
mer is softest, with greatest molecular disorder. 
The concentration variation of I in the similar 
system containing the components of 6-6:10-6

T a b l e  I
P er cent.

Com position,
i, A. i, A.

E  X 10~9 w ater
mole per cent. (dynes, sorption
6-6 9-9 calcd. obs. sq. cm.) 100% R . H,

100 0 17.4 17.4
80 20 16.6
66 33 16.2
60 40 16.8
50 50 20.2
33 66 20.9
0 100 24.9 24.0

6-6 6-10

100 0 17.4 17.4 3.6 1 0 .1
66 33 16.8 2.2 5.6
59 41 17.0
30 50 20.9 1 ,1 4.3
33 66 21.1 1 .6 5.0
0 100 22.4 21.7 2.2 3.0

6-6 10-6

100 0 17.4 17.4
60 40 20.9
40 60 20.9
20 60 20.7
0 100 22.4 20.0

6-6 10-10

100 0 17.4 17.4 3.6 10.1
80 20 16.5 1.9 5.7
66 33 16.1 1.2 4.5
50 50 22.3 0.8 4.7
33 66 24.1 1.1 3.7
20 80 26.3 1.3 3.5

0 100 27.5 25.6 1.3 2.0
6-10 10-6

100 0 22.4 21.7
66 33 21.7
50 50 22.6
33 66 21.2
0 100 22.4 20.0

6-10 10-10

100 0 22.4 21.7
60 40 20.5
45 55 21.5
30 70 24.4
0 TOO 27.5 25.6

10-6 10-10
100 0 22.4 20.0
60 40 23.7
45 55 25.9
30 70 26.6
0 100 27.5 25.6

Composition in per cent.
Fig. 6.—Variation of the spacing I with composition of 

copolyamides: hollow circles, 6-6:10-6; filled circles,
6-6:6-10.

also has a rapid change in the 50% region, but 
here the altered structure of the 10-6, remarked 
above, is evident as a down slope of the I curve 
on the 10-6 side. In both the 6-6:6-10 and
6-6:10-6 series, and the 6-10:10-10 and 10-6:10- 
10 subsequently discussed, the introduction of a 
single new acid or single new diamine so th a t it 
just exceeds in molar concentration the other 
acid or other diamine, respectively, causes the 
sharp change in spacing. That is, keeping the 
diamine constant and changing the relative con­
centration of the dibasic acids, or keeping the 
acid constant and changing the diamines, causes 
this characteristic sharp shift of I around 50%.

When the constituent units are made longer, 
but when still only an acid or a diamine, not both, 
is varied, the phenomena of Fig. 7 result. For 
the system 6-10:10-10, the “transition” range 
is broadened. The concentration of the dipole 
layers per unit volume is decreased, compared to 
the earlier series, and there is enhanced oppor­
tunity for defects in their population, i. e., there 
is more hydrocarbon matter in which a polar 
linkage may become isolated. Some illustrative 
patterns from this series are shown in Fig. 8. 
The 55-45 (8C) copolymer exhibits the charac­
teristically diffuse reflections corresponding to 
the layer line spots of the ordered structures. 
Throughout the series, normal equatorial features 
can be obtained, in support of the concept th a t 
the lateral packing is essentially constant despite 
changes in the dipole layer spacing. The data for 
10-6:10-10 really only define the 10-10 side of the 
curve in Fig. 7, but have a pronounced maximum 
in I when about 70% 10-10 is introduced. This 
may occur partly because the peculiar 10-6 struc­
ture perturbs and lessens the factors causing the 
generally shortened I.
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Fig. 7.—Variation of the spacing I with composition of 
eopolyamides: hollow circles, 10-6:10-10, filled circles,
6-10:10-10.

Figure 9 represents the behavior of series in 
which two dibasic acids and two diamines occur 
as variables. All of the base units are of different 
lengths; there is increased scrambling, and the 
change in I occurs over a very broad concentra­
tion range. For 6-6:10-10, addition of the longer 
components first depresses the I values, then a 
steep and broad increase leads to a maximum from 
which still further addition of longer units again 
decreases I to the figure for pure 10-10. The 
crystallinity, melting point and elastic modulus 
are persistently low through the 20 to 80% range. 
The large and rapid change in the average inter-

100-0 50-50 0-100
Composition in per cent.

Fig. 9.—Variation of the spacing I with composition of 
copolyamides: hollow circles, 6-6:10-10; filled circles,
6-6:9-9.

planar spacing is accompanied by much defection 
in the layers.

The 6-6:9-9 data reflect a new variable of 
structure. As noted before, the dipole planes of 
polynonamethylene azelamide (9-9) are essen­
tially vertical to the chain axes, whereas those of
6-6 are tilted. Thus, different features as well as 
different distances appear on the photographs. 
At high concentrations of either (arbitrary) pair 
of components, the patterns of the other are in­
visible, but at intermediate proportions, features 
suggestive of both patterns appear and yield the 
same d values. Thus, each structure is modified 
quantitatively by components leading to the 
presence of the other. Figures 10A and 10D il­
lustrate the different structures of 6-6 and 9-9 
whereas 10B represents qualitatively the 6-6 
structure. However, the 50% composition is 
dominated by the 9-9 form. The contrast in 
sharpness of the 50% and 100% 9-9 meridian 
spots again emphasizes the disorder in the copoly­
amides.

Figure 11 provides independent evidence for 
previous interpretations. The components plotted 
there, 6-10 and 10-6, have the same calculated I. 
Thus, various molar percentages of the pairs 
should result in constant identity periods. Of 
course, this is affected by the shortening found in 
pure 10-6, but, further, a maximum in I occurs 
near the usual 50% transition region. It is again 
as though in the region of maximum scrambling 
of polar groups, where there are most defects in 
plane population, the additive scattering pro­
duces a concentration on the film corresponding 
to an increased average plane separation. That is, 
planes capable of producing the I features occur 
with diminished frequency throughout the crys­
tals because beginning with one plane, additional 
progression (than normal) is needed to find enough 
polar groups organized together to form another.

Fig. 11.—Variation of the spacing I with composition of 
the copolyamide 10-6 :6-10.



D
Fig. 5.—Effects of copolymerization and mechanical admixture on X-ray patterns of oriented polyamides (fiber axis vertical): A, 100% 6-6; B, 50%

6-6 :6-10 copolymer; C, 50% 6-6 :6-10 mechanical mixture (quenched); D, 100%^6-10.



D
Fig. 10.—X-Ray patterns of oriented polyamides and copolyamides of the 6-6 :9-9 series: A, 100% 6-6; B, 80% 6-6 and 20% 9-9; C, 50% 6-6 and 50% 9-9;

D, 100% 9-9.
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Equivalently, a large I may result from irregu­
larities in a given long molecule, such as periodic 
twisting. This is adjunctive to the decreased 
plane population and enhanced amorphous con­
tent already noted for the middle concentrations. 
A statistical analysis would be required for proof 
of the preceding hypothesis.

Salt pairs reacted in the formation of the present 
polyamides,3 i. e.t the salt of the organic base 
(diamine) and acid was used for a given polymer. 
If the components react randomly, independent of 
this salt grouping (which is reflected in the symbols
6-10:10-6, etc.), the 50% concentration in the
6-6:10-10 and 6-10:10-6 series should be the 
same. Accordingly, equal melting points are found 
and the I values agree, as seen from Table I.

None of the copolyamide series follows the 
linear change of I with composition calculated 
by simple weighted averaging of the constituent 
units. Thus, they do not follow Vegard’s rule 
for ordinary mixed crystal formation. This rule 
was approximately observed for the single spacings 
from mixtures of ̂ -fatty acids, by Ott and Slagle.27 
The intrachain nature of the polyamide mixture 
causes the new behavior.

Quenching of all the copolyamides caused ex­
tensive lateral disorder of the chains, including 
the groups in the dipole layers. This was inferred 
from the large background scattering and blurring 
of features, and especially from the characteristic5 
replacement of the two side spacings (4.40 and 
3.70 A.) occurring in the highly crystalline state 
by a single spacing (4.18 A.). This indicates 
that the chains are turned in all directions about 
their long axes. Annealing (at 20 to 50° below the 
melting points, in general) was found in all cases to 
cause rotation of segments in the solid state into 
the ordered, crystalline array, and a marked hard­
ening of all samples. The temperature (thermal 
energy) necessary for annealing was in all cases, 
however, less the greater the dipole layer separa­
tion, and the larger the number of defects intro­
duced into the layers by copolymerization. An­
nealing of the fiber samples always effected a 
sharpening of the I features as well as resolution of 
the equatorial spots. Typical examples of these 
changes appear in Fig. 12, where quenched fiber 
patterns are compared with those produced by 
annealing in the solid state. This annealing was 
evidently effected without loss of orientation since 
the drawn fibers were annealed and not redrawn.

(27) O tt and Slagle, J . P h ys. Chem., 37, 257 (1933).

Incidentally, when certain of the oriented co­
polyamides were annealed, especially near the 
50% compositions, spontaneous elongation, as 
observed on cooling stretched rubber, occurred 
on cooling. This indicates again a partial con­
tent of amorphous, kinked chains5 which straighten 
as they crystallize.

Elastic Properties.—The graph of Young’s 
modulus in Fig. 13 shows the composition de­
pendence and the abrupt change at 50% of the
6-6:6-10 copolyamide. The diffraction results 
predict such behavioi: in support of the concept 
that the separation, order and population of the 
dipole layers dominate the internal energy. If 
the E  values reflect the force necessary to dis­
place the chain sections from their equilibrium 
positions, such motion is markedly easiest when 
disorder is greatest. We regard the 50% com­
position as representing the minimum of both 
crystalline content and order in the crystallites. 
The elastic modulus can thus be interpreted by 
structural knowledge of the dipole layers.

Fig. 13.—Dependence of Young's modulus, E, on composi­
tion of the copolyamide 6-6 :6-10.

The dependence of E  on composition in the
6-6:10-10 series of Fig. 14 differs from Fig. 13, 
again in agreement with the X-ray results. The 
minimum for E  is shallow and broad, correspond­
ing to the relatively continuous I variation 
through the system. Traced from the 6-6 side, E  
in Fig. 14 falls off on addition of 10-10 compo­
nents considerably more steeply than in Fig. 13, 
from addition of 6-10 components, in which only 
one new unit, the 10 acid, is introduced. The I 
values follow, respectively, a similar course. 
The triangle in Fig. 14 was obtained for a sample 
of relatively short chain-length in which crystal­
lization was more complete than in the high 
polymers. The higher E  shows the importance 
of crystallite formation as well as copolymeriza-
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Fig. 14.—Dependence of Young’s modulus, E, on composi­
tion of the copolyamide 6-6:10-10.

tion in the solids’ properties. On the other hand, 
the significance of the latter factor is repeatedly 
evident; a new example appears from comparison 
of the pure 6-10 and the 33% 6-10 polymers of 
the 6-6:6-10 series in the plot of Fig. 15. These 
have the same E  and virtually the same melting 
points. Although the disorder is greater in the 
33% compound than in the 100%, the former’s 
crystallites contain so many more polar groups 
because of the 6-6 content that the lattice ener­
gies of the two are nearly equal. The maximum 
disorder in the 50% composition causes it to fall 
off the line in Fig. 15. Its crystallite content is so 
sharply reduced compared to the rest of the 
series that E  is reduced beyond the value pro­
portional to the melting point of the remain­
ing crystalline regions.

1.2 1.6 2.0 2.4 2.8 3.2 3.6
£  X 10 9 for 6-6 :6-10 series.

Fig. 15.—Relation of Young’s modulus, Et to melting point 
in 6-6 :6-10 series.

Moisture Sorption.—The polar groups in 
polymers provide loci of water sorption; only 
minute amounts of moisture are taken up by 
non-polar solids like polystyrene or polyethylene.

Hence, the preceding ideas of dipole layer popula­
tion may be further tested by sorption measure­
ments. The greater the concentration of polar 
groups in the simple polyamides, the higher their 
sorption; this is the chief factor also in the copoly­
amides and appears for both types in Figs. 16 and 
17. Both series show inflection of the sorption

Fig. 16.—Relation of water sorption at 100% R. H. and 
25° to composition of the copolyamide 6-6 :6-10.

10 30 50 70 90
Per cent, of 6-6 components in 10-10.

Fig. 17.—Relation of water sorption at 100% R. H. and 25 ° 
to composition of the copolyamide 6-6:10-10.

curves in the middle regions of concentration, in 
accord with the X-ray and elastic modulus de­
terminations. When defects are introduced in the 
layers by copolymerization, the displaced polar 
groups are uncompensated by association with 
other dipoles and can bond with water. This 
presumably causes the maxima in Figs. 16 and 17. 
However, the exact significance of the maxima’s 
positions is obscured because the “freed” polar 
linkages occur immersed in paraffin surroundings 
(from the methylene portions of the chains). 
This is a hydrophobic environment, so the water 
content is not affected as sensitively by disorder 
as the other properties studied. However, such 
qualities of technical importance as moisture sorp­
tion have not previously shown this direct con­
nection with molecular structure in polymer ma­
terials.

A large portion of the water sorption is sup-
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posed to be in non-crystalline regions of the poly­
mers. Furthermore, the total polar group con­
centration changes gradually and continuously 
in a given series. Hence, the percentage taken up 
should not be so sensitive a function of com­
position as I, the spacing in the crystallites. This 
is confirmed by the data of Table I or by com­
parison of Figs. 16 and 17.
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X-ray studies, and to Mr. J. H. Heiss, Jr., for the 
determinations of Young's modulus and moisture 
sorption.

Summary
Thirty-one linear polyamides and copolyamides 

of varying crystal structures and concentrations 
of polar linkages along the chains have been 
studied as fibers and as polycrystalline sections 
by X-ray diffraction. Also, the elastic modulus 
and moisture sorption were determined on typical 
samples of the polymers.

The series represents a range of solid polymers 
from soft to porcelain-like in properties, with sev­
eral-fold variation in Young’s modulus. The polar 
linkages which join the paraffin sections of the

base units together in the long chains associate 
in adjacent macromolecules to form hydrogen- 
bonded dipole layers. This interaction is sup­
posed to govern the physical properties of the 
solids. By this concept it was possible to inter­
pret systematically the melting points, hardness, 
elastic modulus and moisture sorption of the solids 
in terms of the concentration, separation, popula­
tion and perfection of the dipole layers. Disorder 
introduced by copolymerization in which dipoles 
were shifted randomly along the chains altered 
the average dipole layer separations and also re­
placed polar groups in the layers by hydrocarbon 
chain sections. Such disorder caused marked 
softening of the solids. It likewise caused the 
X-ray identity periods along the chains to vary 
with composition of the copolyamides in a novel 
fashion. Periods were found in the copolymers 
both larger and smaller than those which arise 
from any simple polyamides made from the same 
base units.

Macromolecular solids containing some crystal­
line regularity may apparently be treated as de­
fect systems in which, nevertheless, relatively 
simple factors such as the position and organiza­
tion of interacting polar groups govern physical 
properties.
N e w  Y o r k , N. Y. R e c e i v e d  M a y  20, 1942

[C o m m u n ic a t io n  N o . 3 8  f r o m  t h e  L a b o r a t o r ie s  o f  D i s t i l l a t i o n  P r o d u c t s , I n c .]

Crystalline Aliphatic Esters of Vitamin A1
B y J ames G. B axter  and Charles  D. R obeson

This Laboratory is engaged in the preparation 
of the pure growth promoting factors in fish liver 
oils. As part of this program three crystalline 
aliphatic esters of vitamin A have been prepared: 
vitamin A acetate, vitamin A palmitate, and di­
vitamin A succinate. Since in fish liver oils vita­
min A is esterified with aliphatic acids, such as 
palmitic,2 these crystalline esters are suitable for 
the study of vitamin A as it occurs naturally. 
Vitamin A /3-naphthoate, a previously prepared 
crystalline ester,3 was also made to compare it 
with the aliphatic esters. I t  had the undesirable

(1) Presented  in  p a r t  before th e  D ivision of Biological Chem istry 
of th e  A m erican Chem ical Society, A tlan tic  C ity  m eeting, Sept., 
1941.

(2) Tischer, J . Biol. Chem., 125, 475 (1938).
(3) H am ano, Sci. Pap. In s t. phys. chem. Res., Tokyo, 28, 69 

(1935); M ead, Biochem. J .,  33, 589 (1939).

property that the aromatic nucleus contributed ex­
traneous absorption at 328 m/x.

This paper is concerned with these properties 
of the esters: (a) their resistance to atmospheric 
oxidation, (b) their extinction coefficients at 328 
m/x and of their antimony trichloride blue colors 
at 620 m/x, (c) their biological potency compared 
with that of crystalline vitamin A. Part (c) is 
a preliminary report of bioassays made by Dr.
P. L. Harris of this Laboratory.

The esters were made by esterifying crystalline 
vitamin A4 with the appropriate acid halide. The 
yields of ester were sharply reduced when potent 
vitamin A concentrates 328 m/x =  1200 or
greater) were esterified instead of crystalline vita­
min A.

(4) B ax ter and  Robeson, T h is  J o u r n a l , 69, 2411 (1942).
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Resistance to Atmospheric Oxidation.—In
crystalline form, vitamin A acetate was the most 
stable of the esters prepared. The stability test 
consisted of exposing thin layers of the crystals 
to air at 5° in darkness. The percentage decom­
position at various times was determined by the 
percentage drop in the extinction coefficient at 
328 m/x (Table I) .

T a b l e  I

R e l a t iv e  R e s i s t a n c e  o f  C r y s t a l l i n e  V i t a m in  A  E s t e r s  
t o  A t m o s p h e r ic  O x i d a t i o n  a t  5 °

%  of in itia l E\tm . 0 2 8 mjLi) value after
V itam in  A 1 2 7 16

Acetate 97 88
j8-Naphthoate 95 40
Palmitate 89 73
Succinate 84 68

The superior stability of vitamin A acetate may 
be partly due to the crystal size (Fig. I).5 The 
large prisms expose a smaller area to the action of 
air, per unit amount of vitamin A, than do the 
smaller prismatic crystals of di-vitamin A succi­
nate or the plate-like crystals of vitamin A palmi- 
tate and vitamin A /3-naphthoate (Fig. 2, 3, 4). 
The excellent stability of vitamin A /3-naphthoate 
cannot be attributed to the size of its crystals. 
Possibly they have less tendency to adsorb air 
than vitamin A palmitate and succinate.

All the esters could be stored in evacuated, 
sealed glass tubes at —35° for long periods of time 
without change in the extinction coefficient. Thus, 
the extinction coefficient of vitamin A palmitate at 
328 m/x was unchanged after nine months of stor­
age under these conditions. The tubes were evac­
uated with a high vacuum condensation pump 
for four hours before they were sealed off. This 
removed most of the air adsorbed on the surface 
of the crystals.

Extinction Coefficients at 328 and 620 m/x.-— 
The extinction coefficients of the esters at 328 m/x, 
in ethyl alcohol, are given in Table 2A.6 The 
extinction coefficient of the vitamin A obtained 
by saponifying the esters is also compared with 
the equivalent extinction coefficient of vitamin 
A calculated from the coefficients of the esters. 
I t appears that the equivalent absorption of 
vitamin A at 328 m/x is slightly depressed in the 
fatty acid esters. A marked depression in the 
equivalent absorption of vitamin A was observed

(5) Photom icrographs, Figs. 1, 2, 3, 4, courtesy  of M r. R. P. 
L oveland, E astm an  K odak  Com pany, R esearch  Laboratories.

(6) Spectrographic m easurem ents were m ade w ith  a  H ilger quartz 
spectrograph, m odel E-498, w ith  a  Spekker u ltrav io le t photom eter. 
T he  light source was a  tungsten-steel spark.

in di-vitamin A succinate and a smaller one was 
observed in vitamin A /3-naphthoate.

The extinction coefficient and melting point 
obtained for vitamin A /Tnaphthoate (xEuL. 328 
m/x = 1090, m. p. 74-75°) were lower than the 
values reported by Mead (£}?m. 328 m/x =  1180, 
m. p. 78°).3 Our value for the melting point agreed 
more closely with the value of 76° determined 
by Hamano. However, through the kindness of 
Dr. Mead we were able to examine a sample 
of his vitamin A /Tnaphthoate. We found an 
E ^ m (328 m/x) value of 1000 and a melting point 
of 74-75°. Hence, the /3-naphthoate crystals made 
in the two laboratories appear to be equally pure. 
Probably the values of the constants were not 
the same because the experimental technique was 
different.

The extinction coefficients at 620 m/x of the 
antimony trichloride blue colors of the esters 
are given in Table 2B.7 The equivalent extinc-

T a b l e  II
E x t in c t io n  C o e f f i c i e n t s  o f  (A ) t h e  V i t a m in  A  E s t e r s  
a t  328 m/x, i n  E t h y l  A l c o h o l , (B )  t h e  A n t im o n y  T r i ­
c h l o r id e  B l u e  C o l o r s  o f  t h e  V i t a m in  A E s t e r s  a t  

620 m/x

E qu iv .
E\fm. (328 m*> 

for v it. A
£1% (328 m ft) by  saponi­
^ I c m . calcd. fo r fication of

Vitam in A (328 mM) v it. A esters®
(A)

Ester:
Acetate 1510 1730 1710
Palmitate 940 1720 1700
Succinate 1240 1420 1700
/3-Naphthoate 1090 1640* 1700

Alcohol: 17804

E 1%
E quiv. E\%m

cm. (620 m/x)
V itam in A (620 m/i) calcd. for v it. A

(B)
Ester:

Acetate 4580 5250
Palmitate 2535 4640
/3-Naphthoate 2940 4520
Succinate 4450 5090

Alcohol: & 00 o o

a Amber glassware was used during saponification and
ether extraction to prevent decomposition of vitamin A by
light. The estimations were kindly done by H. Rawlings 
of this Laboratory. In calculating this from E1£n 
(328 m/x) for vitamin A /3-naphthoate, a correction was 
needed for the absorption of the naphthoate radical at 328 
m/x. The correction used was the molecular extinction 
coefficient of ethyl /3-naphthoate at 328 m/x. This we 
found to be 1058.

(7) We are indebted to Mr. E. Richardson, Eastman Kodak Com­
pany, Research Laboratories for measuring the absorption spectra.
A Hardy recording v isu a l  spectrophotometer was used.



Fig. 2.—Di-vitamin A succinate, 30 X.



Fig. 4.—Vitamin A /3-naphthoate, 24 X.
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tion coefficients of vitamin A calculated from 
the extinction coefficients of the esters are also 
reported. On an equivalent basis vitamin A 
acetate had a greater Eu?m% (620 m/x) value than 
the other vitamin A esters prepared. The equiva­
lent extinction coefficient of the acetate at 620 m/x 
was also greater than that of free vitamin A.

The method used to determine the (620
m/x) values has been described.4

Biological Potency.—The crystalline aliphatic 
esters of vitamin A had substantially the same 
equivalent biological potency as crystalline vita­
min A (Table III). The conversion factors of the 
esters (biological p o t e n c y 328 m/x) were 
also substantially the same as that of vitamin A. 
The high conversion factor of di-vitamin A succi­
nate was partly due to the low equivalent extinc­
tion coefficient of vitamin A in this ester. The 
factor for vitamin A /Tnaphthoate was signifi­
cantly higher than that of the aliphatic esters. 
The reason for this is not yet clear.

This finding that certain aliphatic esters of 
vitamin A have the same equivalent biological 
potency as vitamin A agrees with the work of 
Braude, et a l .8 These workers found that a 
natural vitamin A ester concentrate prepared by 
the molecular distillation of a fish liver oil had the 
same conversion factor as a vitamin A concentrate 
prepared by the molecular distillation of a saponi­
fied fish liver oil. However, the conversion factor 
of the vitamin A esters in undistilled fish liver oils 
has usually been greater than that of the free vita­
min A prepared from the oils by saponification.9 
This difference was probably due to the presence 
of impurities in the oils which absorbed at 328 m/x 
but which had lower biological potencies than 
vitamin A. Baxter and Robeson4 and Braude, 
et al.,8 review what is known of these substances.

At present it is difficult to compare conversion 
factors measured in different laboratories because 
the bioassay procedures are not sufficiently uni­
form. These procedures may not give the same 
potency for a pure vitamin A compound. Thus, 
the biological potency of vitamin A /Tnaphthoate 
determined in this Laboratory (four assays gave 
a mean of 3,440,000 U. S. P. XI units per g.) was 
over 50% higher than the value found by Underhill 
and Coward (2,225,000 I. U. per g.).10 I t is in es-

(8) B raude, Foo t, H enry, K on, Thom pson and M ead, Biochem. J ., 
35, 693 (1941).

(9) E m m ett an d  Bird, J . B io l. Chem., 119, xxxi (1937); H ickm an, 
J . Biol. Chem., 128, xliii (1939); M oll and  Reid, Hoppe-Seyl. Z ., 260, 
9 (1939).

(10) U nderhill and  Coward, Biochem. J .,  33, 594 (1939).

tablishing such uniform bioassay procedures in 
different laboratories that we believe the new 
crystalline esters should be most useful.

T a b l e  III
C o m p a r is o n  o f  B io l o g ic a l  P o t e n c y  o f  V it a m in  A 

E s t e r s  a n d  V it a m i n  A
M ean

Conversion

V itam in  A

No.
as­

says

T o tal 
no. of 
ra ts

Citl
potency  E quiv . biological 

(U. S. P. po tency  of v ita - 
X I m in A (U. S. P. 

u n its /g . X I u n its /g . e 
X 10 -e) X 10-6)

fac to r:
biological
po tency

E m .  <3 2 8 m ">
A cetate 9 90 3 .52 4 .0 4  ±  0 .23 2350 ±  133
P a lm ita te 8 80 2 .31 4 .2 3  *  .31 2520 ±  183
Succinate 1 24 3 .1 4 3 .5 9 2630
/3-Naphtho-

a te 4 40 3 .4 4 5 .29  =t= .24 3160 =fa 145
Alcohol 8 160 4 . 304 4 .3 0  =*= .39 2460 *  227

The biological potencies assigned to the vitamin 
A esters in this paper are provisional values which 
may be changed slightly in the forthcoming paper 
by Harris in which the assays are described in de­
tail. H. J. Cannon of the Laboratory of Vitamin 
Technology, Chicago, independently performed 
biological assays on solutions of the crystalline 
compounds (except di-vitamin A succinate) in re­
fined cottonseed oil. These solutions were identi­
fied only by code numbers. The biological poten­
cies calculated from his results lay, in each case, 
within the standard deviations found by Harris.

Experimental
Vitamin A Acetate.—Crystalline vitamin A (4.5 g., 

0.016 mole) was dissolved in a mixture of ethylene chloride 
(25 cc.) and pyridine (5 cc.) and cooled to 10°. A solu­
tion of acetyl chloride (1.4 g., 0.018 mole) in ethylene 
chloride (25 cc.) was slowly added. After standing for 
two hours at room temperature, protected from light, the 
mixture was poured into 0.5 A aqueous sulfuric acid and 
extracted with ether. The extract was successively 
washed with 0.5 N  sulfuric acid, water, 10% potassium 
carbonate solution, and water. After distillation of ether 
under reduced pressure, the residue (5.0 g.) was crystal­
lized from methyl alcohol (50 cc.) at 5°. Recrystalliza­
tion gave pale yellow prismatic crystals of vitamin A 
acetate which were filtered and dried under suction in a 
funnel of the type previously described.4 The yield was 
75% of the theoretical. The acetate melted at 57-58° 
and had an elimination maximum of 132.5 ° from petroleum 
constant yield oil compared with 121° for the standard 
reference dye, Celanthrene Red.

Anal. Calcd. for C22H320 2: C, 80.48; H, 9.76. Found: 
C, 80.34; H, 9.86.

Vitamin A Palmitate.-—Vitamin A (3.5 g., 0.012 mole) 
was dissolved in a mixture of ethylene chloride (35 cc.) 
and pyridine (5.0 cc.) and cooled to —15°. Palmityl 
chloride (3.7 g,, 0.013 mole) was added slowly with 
shaking. After standing for three hours at room tem­
perature, the reaction mixture was extracted as for vita-
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min A acetate, except that after the carbonate washes the 
ether solution was washed three times with 0.5 N  sodium 
hydroxide; After removal of ether the palmitate was 
obtained as a yellow oil (6.02 g.). This oil was dissolved 
in petroleum ether (100 cc., b. p. 30-65°) and extracted 
five times with 83% ethyl alcohol to remove unesterified 
vitamin A. The recovered palmitate (5.1 g., E ^ m 328 mix 
= 861) still contained traces of palmitic acid (acid value 
= 5). This was removed by crystallization from propyl­
ene oxide (165 cc.) at —30° for two hours. The acid was 
filtered (0.19 g.) and the filtrate was cooled slowly, by 
lagging to —30°. In eighteen hours vitamin A palmitate 
Crystallized as thin yellow plates which were filtered and 
dried under vacuum. The yield (3.1 g.) was 48% of the 
theoretical. After recrystallization from propylene oxide 
the palmitate had m. p . 27-28°. Its elimination maximum 
from glyceride constant yield oil was 213° (Celanthrene 
Red 126°).

Anal. Calcd. for C86H6o02: C, 82.45; H, 11.45.
Found: C, 82.11; H, 11.52.

The preparation of crystalline vitamin A palmitate was 
troublesome because the ester frequently separated in 
amorphous form. This form appeared to be more soluble 
in propylene oxide than the crystals and separated from 
solution more slowly. Decomposition of vitamin A during 
esterification did not cause the formation of amorphous 
palmitate. I t  separated frequently from crude prepara­
tions with high £j«n. (328 m/x) values.

To prevent the formation of amorphous palmitate cer­
tain changes in the preparative method were made. 
Pyridine was replaced by quinoline; ethylene chloride was 
replaced by chloroform. The esterification was performed 
in a system from which oxygen was rigorously excluded. 
The solutions were both rapidly cooled and slowly cooled 
during the crystallization step. However, these changes 
were ineffective.

It was then thought that the amorphous ester might 
be a geometrical isomer of the crystalline ester. There­
fore, catalysts known to isomerize carotenoids were em­
ployed. Solutions of the amorphous ester in propylene 
oxide were treated with traces of iodine and organic bases. 
The solutions were exposed to sunlight. Unsuccessful 
attempts were then made to crystallize the ester samples. 
At present the experimental conditions necessary to ensure 
the preparation of crystalline palmitate are not known.

Di-vitamin A Succinate.—Vitamin A (2 g., 0.007 mole) 
was dissolved in a mixture of ethylene chloride (10 cc.) 
and pyridine (2 cc.) and cooled to 0°. A solution of

succinyl chloride (0.55 g., 0.0035 mole) in ethylene chlo­
ride (10 cc.) was slowly added, with shaking, and the 
mixture was allowed to stand one hour at room tempera­
ture. The extraction was performed as for vitamin A 
acetate.

The crude product, a red oil (2.4 g.) was crystallized 
from ethyl formate (10 cc.), then recrystallized from ethyl 
formate (15 cc.), at —35°. The crystals were yellow 
prisms, m. p. 76-77°. The yield was 46% of the theo­
retical. The elimination maximum was above 250° from 
glyceride constant yield oil.

Anal. Calcd. for C44H«204: C, 80.73; H. 9.48. Found: 
C, 80.26; H, 9.50.

Vitamin A /3-Naphthoate.—This was obtained by a 
procedure which gave a better yield than that reported 
by Mead.8 Vitamin A (4.5 g., 0.016 mole) was dissolved 
in ethylene dichloride (25 cc.) and pyridine (5 cc.). f3-
Naphthoyl chloride (m. p. 51-52°, 3 g., 0.016 mole) in 
ethylene dichloride (25 cc.) was added at 25° and the 
mixture was allowed to stand for four hours at room 
temperature. The ester was extracted as for vitamin A 
palmitate. I t  consisted of a viscous yellow oil (7 g.). 
This was crystallized from absolute ethyl alcohol (150 cc.) 
at 5° (yield 58% of theoretical). The ester consisted of 
delicate, yellow plates which melted at 73-74°. After 
one recrystallization the m. p. was 74-75°. Repeated 
crystallizations did not raise the m. p. further.

Anal. Calcd. for C3iH360 2: C, 84.53; H, 8.18. Found: 
C, 84.90; H, 8.13.

Summary
1. Three crystalline esters of vitamin A have 

been prepared by the esterification of crystalline 
vitamin A. These esters are: vitamin A acetate, 
vitamin A palmitate, and di-vitamin A succinate.

2. The extinction coefficients of the esters at 
328 m/x and of the antimony trichloride blue colors 
at 620 m/x have been determined.

3. The biological potency of the esters, ad­
justed for differences in the molecular weights, 
was the same as that of crystalline vitamin A.

4. Vitamin A acetate was the most resistant 
of the crystalline preparations to atmospheric 
oxidation. I t appears to be the most stable crys­
talline ester of vitamin A yet prepared.
R o c h e s t e r , N e w  Y o r k  R e c e i v e d  M a y  27, 1942
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The Holmes and Corbet Crystals
Holmes and Corbet2 crystallized the vitamin 

A in ishinagi liver oil from methyl alcohol as 
yellow needles, melting at 7.5-8°. The authors3 
crystallized the vitamin A in ling cod and other 
fish liver oils from ethyl formate as yellow prisms, 
melting at 63-64° (hereafter called 64° crystals) 
(Fig. 1). Because the Holmes and Corbet crystals 
had different properties from ours we have pre­
pared and examined specimens of the crystals 
melting at 7° (hereafter called 7° crystals).4 This 
examination indicated that the 7° crystals are not 
pure vitamin A, but contain methyl alcohol. 
Crystalline vitamin A melts at 64°. The evidence 
for these conclusions and certain properties of 
crystalline vitamin A are given in this paper.

The 7° crystals were prepared from the liver oil 
of the California jewfish (Stereolepis gigas). This 
oil is similar to the liver oil of the Japanese ishi­
nagi {Stereolepis ishinagi), used by Holmes and 
Corbet. The method of isolation was similar to 
that of Holmes and Corbet except that the vita­
min A esters were concentrated by molecular 
distillation of the fish liver oil prior to saponifi­
cation and crystallization from methyl alcohol.

The moist crystals were dried at a temperature 
gradually rising from —30 to —5° in a system 
continuously evacuated by a high vacuum conden­
sation pump (limiting vacuum = 0.001 mm.). 
The rate of drying was determined by measuring 
the vapor pressure in the system with a Pirani 
type gage. The pressure decreased steadily during 
six hours to a value of 0.008 mm., then remained 
substantially constant for sixteen hours at —5°. 
The crystals were then examined. They were 
needle-like in structure (Fig. 2), resembling those 
of Holmes and Corbet, but melted less sharply at
7-10°.

The following observations were made:
(1) The 7° crystals retained methyl alcohol. 

This was determined by drying a sample in a
(1) Presented  in  p a r t  before th e  D ivision of Biological Chem istry 

of th e  A m erican Chem ical Society, A tlan tic  C ity  m eeting, Septem ber, 
1941.

(2) Holmes and  C orbet, T h is  J o u r n a l , 59, 2042 (1937).
(3) B ax ter and  Robeson, Science, 92, 203 (1940).
(4) A t th e  A tlan tic  C ity  m eeting  th e  64. and  7° crystals  were 

identified as ot- and  fi-v itam in  A. T h is  nom enclature has been dis­
carded.

stream of nitrogen at 50° and finding the loss in 
weight. The percentage of alcohol found (10%) 
corresponded to one mole of methyl alcohol per 
mole of vitamin A. Since, however, the samples 
used in the determination were small, this per­
centage was considered to be only approximate. 
The 64° crystals lost no weight when they were 
similarly dried.

(2) The 64 and 7° crystals were intercon­
vertible. When the 7° crystals were cooled in 
ethyl formate solution, 64° crystals separated. 
When a solution of the 64° crystals in methyl 
alcohol was cooled 7° crystals were deposited.

(3) The 64 and 7° crystals gave the same
crystalline vitamin A acetate (m. p. 57-58°) and 
jft-naphthoate (m. p. 74-75°). Also, the extinc­
tion coefficient of the 7° crystals 328 mix =
1720, corrected for methyl alcohol present) was 
nearly the same as that of the 64° crystals
328 mix = 1750).

I t  was concluded from these data that the 64° 
crystals represent crystalline vitamin A. The 
7° crystals, which appeared to be similar to those 
made by Holmes and Corbet, were vitamin A con­
taining methyl alcohol.

Evidence was noted indicating that the methyl 
alcohol in the 7° crystals was not merely en­
trained: (1) Most of the alcohol in the moist
7° crystals, as previously mentioned, was re­
moved readily under high vacuum but the last 
10% could not be removed in this way. (2) The 
7° crystals had a different crystalline structure 
than crystalline vitamin A (when the latter was 
crystallized from methyl alcohol) and they sepa­
rated from solution more rapidly and in greater 
yield (see next section). (3) Specimens of the 
7° crystals prepared independently by Holmes 
and Corbet,2 by Mead5 and by us melted at sub­
stantially the same temperature, and hence prob­
ably contained similar quantities of methyl al­
cohol, although they were crystallized and dried 
by different procedures. I t seems improbable 
that this would have occurred if the methyl alcohol 
had merely been held by entrainment.

The question as to whether the 7° crystals rep­
resent a true molecular compound containing

(5) M ead, Biochem . J ., 33, 589 (1939).
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T a b l e  I
C r y s t a l l iz a t io n  o f  V i t a m in  A C o n c e n t r a t e  328 m/x = 1550) f r o m  M e t h y l  A l c o h o l , E t h y l  F o r m a t e ,

P r o p y l e n e  O x i d e  a n d  P e t r o l e u m  E t h e r  (B. P. 30-65°)
Concentration of vitamin A (g./100 cc. solution) = 20%.

C rystn . Solvent
Seeded w ith  

cryst. -
T ype  of c ry s ta l 

separa ting
C rystn . tem p,, 

in  deg.
% yield of 

v it. A a

1 MeOH Vit. A Vit. A -3 5 18
2 MeOH Vit. A (MeOH) Vit. A (MeOH) -3 5 62
3 MeOH Vit. A (MeOH) or no seeding Vit. A (MeOH) -7 0 81
4 Et. Form. Vit. A, vit. A (Et. FormJ) Vit. A -3 5 40

5 Et. Form.
or no seeding 

Vit. A Vit. Ac -7 0 74
6 Et. Form. Vit. A (Et. Form.) Vit. A (Et. -7 0 60

7 Prop. ox.
or no seeding 

Vit. A
Form.) 

No crystn. -3 5
8 Prop. ox. No seeding Vit. A -7 0 20
9 Pet. eth. No seeding Vit. A -3 5 20

10 Pet. eth. No seeding Vit. A -7 0 45
* Yield figures obtained after evaporating solvent from crystals in stream of nitrogen at 50°. 6 These seed crystals

dissolved. c The solution was crystallized, but not filtered, at —35 and — 55° before being crystallized and filtered at
-7 0 ° .

fixed proportions of vitamin A and methyl alcohol 
was not examined.

Crystallization of Vitamin A.—In the further 
study of the affinity of vitamin A for various
solvents, a rich concentrate (E\cm. 328 m/t = 
1550) was crystallized from methyl alcohol, ethyl 
formate, petroleum ether (b. p. 30-65°), and 
propylene oxide, at temperatures of approxi­
mately — 35 and —70°. The solutions were 
usually seeded to prevent supersaturation and 
were allowed to crystallize for as long as two 
weeks, in certain cases, to attain equilibrium. 
The nature of the crystals formed and the yields 
obtained are shown in Table I.

These experiments indicated that vitamin A 
has an affinity for ethyl formate as well as for 
methyl alcohol. In the table the notations 
'Vitamin A (MeOH)” and “vitamin A (Et 
Form.)” mean that the designated crystals con­
tained methyl alcohol and ethyl formate which 
could not be removed completely under high 
vacuum without melting the crystals. The nota­
tion does not imply that a molecular compound 
existed nor that a molecular proportion of solvent 
was retained by the crystals.

Vitamin A (MeOH) separated in Crystalliza­
tions (Crystns.) 2 and 3, i. e., when a 20% solution 
of a vitamin A concentrate in methyl alcohol was 
cooled to —35° and seeded with vitamin A 
(MeOH) crystals, or cooled to — 70° without 
seeding. In Crystn. 1, vitamin A separated. 
Thus, either vitamin A or vitamin A (MeOH) 
could be crystallized from methyl alcohol.

Vitamin A (Et Form.) crystallized from ethyl 
formate at —70° (Crystn. 6) unless the solution 
was cooled gradually to —70° in the presence of 
vitamin A crystals. Then vitamin A crystallized 
(Crystn. 5). Only vitamin A could be crystallized 
from ethyl formate at —35° (Crystn. 4).

Since vitamin A (Et Form.), like vitamin A 
(MeOH), separated from solution more rapidly 
than vitamin A, concentrates from distilled and 
saponified fish liver oils were first crystallized in 
this form at —70° to remove the bulk of the im­
purities in the non-saponifiable matter. Vitamin 
A was then obtained by recrystallizing the con­
centrate from ethyl formate at —35°.

Vitamin A (Et Form.) was only briefly exam­
ined. Even after filtration under pressure the 
preparations contained as much as 80% adsorbed 
and entrained ethyl formate. After fifteen hours 
of continuous evacuation at —35° (final vapor 
pressure = 0.009 mm.) one sample melted at —4 
to 2° and contained 12% ethyl formate. Another 
preparation contained 10% ethyl formate and 
melted at 7-10°. The percentages are again only 
approximate.

Solvent-free vitamin A crystallized from propyl­
ene oxide or petroleum ether (Crystns. 7-10). 
Thus, it appears that only the more polar sol­
vents have an affinity for vitamin A. The hy­
droxyl group of the vitamin is evidently respon­
sible for this property because esters of vitamin 
A, such as the acetate, crystallized from methyl 
alcohol or ethyl formate without solvent of crys­
tallization.



Fig. 1.—Crystalline vitamin A, m. p. 63-64°, X 14. (Photomicrographs, Figs. 1 and 2, courtesy of R. P. Love­
land, Eastman Kodak Company, Research Laboratories.)



Fig. 2.—Crystals of vitamin A (MeOH), m. p. 7-10°, X48.
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Properties of Crystalline Vitamin A
Extinction Coefficient at 328 m/x and 622 m/x.—

Nine recent preparations of crystalline vitamin 
A have had an average extinction coefficient at 
the absorption maximum of 1750 =*= 21 in absolute 
ethyl alcohol6 (unless otherwise stated all extinc­
tion coefficients reported in this paper were deter­
mined in this solvent). One of these preparations 
had an extinction coefficient at the absorption «j 
maximum of 1780 (average of 3 determinations)
(Fig. 3). Dr. F. P. Zscheile and R. L. Henry of 
Purdue University kindly assayed this latter prepa­
ration and also obtained the value 1780 at the 
maximum. They have recently reported spectro- 
graphic data for other preparations of crystalline 
vitamin A.7

The spectrographic measurements did not sup­
port the value of E\f^  325 m/x =  1880 for pure 
vitamin A, suggested as the probable value by 
Morton.8

The position of the absorption maximum of 
vitamin A varied from 326-328 m/x in ethyl 
alcohol with our instrument. Zscheile and 
Henry, using an instrument capable of greater 
precision, found the maximum in ethyl alcohol to 
be at 324 m/x. Thus, the wave length now 
assigned to the vitamin A maximum (328 m/x) may 
be incorrect. It has, however, seemed advisable 
to determine the extinction coefficients reported 
in this paper at the absorption maximum and to 
report them as at 328 m/x unless the maximum lay 
outside the range 326-328 m/x.

In petroleum ether (b. p. 30-65°) and ethyl 
formate the average extinction coefficients of 
vitamin A at 328 m/x were 1760 and 1715, re­
spectively. These values were not considered 
significantly different from that in ethyl alcohol.
In cyclohexane and chloroform the extinction 
coefficients were 1550 and 1260 at 328 m/x and 333 
m/x, respectively. These values seemed to be 
significantly lower than the value in ethyl alcohol.

We believe that certain solvents such as cyclo­
hexane are able to repress the absorption of 
vitamin A. The suggestion of Adamson and 
Evers9 that the extinction coefficient of vitamin A 
is higher in ethyl alcohol than in cyclohexane 
because complex formation occurs in the former

(6) M r. G. W ait and  assistan ts  of th is L aborato ry  m ade the  
spectrographic m easurem ents using a  H ilger quartz  spectrograph, 
model E-498, w ith  a  Spekker u ltrav io le t photom eter. T he light 
source was a tu n g sten -stee l spark.

(7) Zscheile and  H enry , Ind . E ng. Chem., Anal. Ed., 14, 422 (1942).
(8 ) M orton, A n n . Rev. Biochem ., X I, 368 (1942).
(9) Adamson and Evers, A na lys t, 66, 106 (1941).

does not seem probable in view of the high ex­
tinction coefficient of vitamin A in petroleum 
ether.

Wave length, m/i.
Fig. 3.—Spectrophotometric curve of crystalline vitamin 

A in ethyl alcohol 328 tnj» = 1780).

The extinction coefficient of solutions of vitamin 
A in. ethyl alcohol was unchanged after two days 
of storage in amber bottles at rcyn temperature. 
Thus, we were unable to confirm the observation 
of Darby, quoted by Holmes and Corbet,2 that 
the extinction coefficient of highly purified vitamin 
A preparations rapidly decreases in ethyl alcohol 
solution. The solutions in ethyl alcohol were 
stable also to radiation from the spark used with 
the spectrograph even when exposures of 160 sec., 
four times the normal exposure, were given. 
Zscheile and Henry reported a similar finding.7 
However, the extinction coefficient of solutions of 
vitamin A in cyclohexane and chloroform did de­
crease from 2 to 6% during storage for twenty- 
four hours at room temperature.

The extinction coefficient of the antimony 
trichloride blue color of vitamin A at 622 m/x was 
4800. This is the average of five determinations 
on vitamin A with 328 m/x =  1750 and agrees 
well with the value 4700 previously reported3 
from measurements on other vitamin A prepara­
tions. In a typical determination 1 cc. of a vita­
min A solution in chloroform (0.001576 g./100 cc.) 
was treated with 10 cc. of a chloroform solution of 
antimony trichloride (saturated at 20°). The 
percentage transmission at 622 m/x of the tran­
sitory blue color was measured within three 
seconds with a Hardy recording spectropho­
tometer.10

From our work the value -EÏJL 617 m/x =  6000, 
suggested as being probable by Morton,8 appears 
to be too high.

(10) W e are indeb ted  to  M r. E . R ichardson, E as tm a n  K odak  
C om pany R esearch L aboratories, for m easuring th e  ab so rp tion  
spectra.
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The “L” Value.—Vitamin A can be assayed 
rapidly by measuring the intensity of its anti­
mony trichloride blue color with certain photo­
electric colorimeters, such as the Evelyn. This 
instrument uses sharply filtered rather than 
monochromatic light. Therefore, the results are 
expressed in terms of a quantity L rather than E. 
L  is analogous to E , the extinction, and the L 
value (XllSj. 622 m/x) is analogous to E 622 m/x. 
Dann and Evelyn11 found that L  was proportional 
to the vitamin A concentration for galvanometer 
readings (G) between 20 and 70. Thus, in this 
range the L  value was nearly constant. Koehn 
and Sherman,12 however, found that L  was not 
proportional to the vitamin A concentration over 
this range and the L value was consequently not 
constant. In these experiments pure vitamin A 
was not used. Both groups of workers used the 
non-saponifiable matter from fish liver oils, pos­
sibly containing oxidized vitamin A.

The relation between L  and the vitamin A con­
centration is of practical as well as theoretical 
interest. For this reason the L value of crystalline 
vitamin A was measured at concentrations cor­
responding to galvanometer readings from 20-70

T a b l e  I I

V a r i a t io n  o f  t h e  L  V a l u e  (Zj^jk 622 m/0 w i t h  C o n c e n ­
t r a t io n  o f  (A) V i t a m in  A a n d  (B) V i t a m in  A A c e t a t e

Concn. G a lvanom eter reading, r l%  «99
(g ./ 1 0 0  cc. X 1 0 4) average, cor. ^ lc m . m/x

a. Vitamin A (E ^ k  328 m/x = 1740)
1.73 742 3880
2.60 640 3920
3.46 552 3875
4.33 473 3895
5.19 4l3 3840
6.06 362 3800
6.93 31° 3860
7.79 28° 3730
8.66 242 3705
9.35 213 3725

10.39 181 3735

. Vitamin A acetate { E \^  328 m/x = 1470)
1.63 77I 3600
2.61 662 3565
3.26 592 3635
4.89 462 3565
5.22 442 3540
6.52 36° 3575
8.15 282 3510
9.78 223 3455

11.41 173 3455
13.04 142 3375

(11) D ann  an d  E velyn , Biochem. J ., 32, 1008 (1938).
(12) K oehn and  Sherm an, J .  Biol. Chem., 132, 527 (1940),

(Table Ha). The L  value of crystalline vitamin 
A acetate was measured in the same way to 
determine the effect of esterification on the L 
value of vitamin A (Table lib ).

The procedure was similar to that of Dann and 
Evelyn. Samples of vitamin A (0.0433 g.) and 
vitamin A acetate (0.0815 g.) were dissolved in 
chloroform (50 cc.) to prepare stock solutions. 
From 1-9 cc. of these stock solutions were further 
diluted to give solutions with the desired vitamin 
A concentration. Portions of these solutions (1 
cc.) were treated with 10 cc. of a solution of anti­
mony trichloride in chloroform, saturated at 20°. 
Duplicate readings were taken at each dilution 
(maximum deviation =  1 (G) unit) and the values 
of G were averaged.

A linear relation did not exist between L and 
the concentration of vitamin A or vitamin A 
acetate for galvanometer readings between 20 and 
70. A nearly linear relation did exist between 
G =  30-70. In this range vitamin A {E^m. 328 
m/x =  1740) had an average L  value of 3865 =*= 39. 
Vitamin A acetate (E^h, 328 m/x =  1470) had an 
average L value of 3570 =*= 40.

From the standard deviations it was calculated 
that 21 out of 22 observations of the L  value of 
vitamin A or vitamin A acetate would lie within 
=*= 2.2% of the average value, for galvanometer 
readings taken between G =  30-70. This error 
was doubled if the range G — 20-70 was used.

Our purest vitamin A (E ^ . 328 m/x = 1780) 
had an L value of 3990. The equivalent L value 
of vitamin A calculated from the L  value of 
vitamin A acetate was 4090. It thus appears that 
the L value of vitamin A is about 4000 and that 
the blue color of one ester of vitamin A had a 
greater equivalent absorption than vitamin A 
itself.

The following relations were determined be­
tween the extinction coefficients of vitamin A 
(E\cm. 328 m/x = 1740) and vitamin A acetate 
(Eicm. 328 m/x =  1470) and the average L  values 
Vitamin A: 328 m/x = L  value X (0.45 =*= 0.005).
Vitamin A acetate: E j ^  328 m/x = L  value X

(0.41 ±  0.005)
The value for the conversion factor of vitamin A 
lies between the value of 0.41 =*= 0.05 reported by 
Dann and Evelyn and the value 0.50 =*= 0.01 re­
ported by McFarland and Sutherland.13

Other Physical and Chemical Constants.—
The molecular weight of vitamin A, determined

(13) M cF arland and Su therland , Can. J .  Research, 16, 421 (1938).
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by a micro modification of the Menzies-Wright 
ebullioscopic method in ethyl alcohol, was 263.14 
The calculated value for C2OH30O was 286. The 
index of refraction was n22d 1.6410. In this deter­
mination the refractive indices of 20-70% solu­
tions of vitamin A in refined mineral oil were 
measured with an Abbe refractometer. These 
indices when plotted against the vitamin A con­
centration gave a straight line which could be 
accurately extrapolated to 100% vitamin A. The 
acetyl value, determined by the method of West, 
Hoaglund and Curtis,15 was 149. The calculated 
value was 150 mg. CH3CO per gram. The iodine 
value determined by the method of von Mikusch 
and Frazier16 was 390. The theoretical value was 
444. A 500% excess of 0.4 N  Hanus solution was 
used for a reaction period of three hours at 0°.17 
The elimination maximum was 125°, one degree 
below that of the reference dye, Celanthrene Red, 
added to the solution before distillation. Glycer­
ide constant yield oil was used.18

Biological Potency
Crystalline vitamin A was found to have a 

provisional biological potency of 4,300,000 U. S. P. 
XI units per gram. This value is about 30% 
higher than that suggested as being probable by 
Morton.8 The factor for converting the average 
extinction coefficient at 328 mju of the preparations 
bioassayed to U. S. P. XI units was 2460.

This conversion factor of 2460 is higher than the 
value of 2000 widely accepted as the conversion 
factor of vitamin A in fish liver oils. If confirmed, 
it means that fish liver oils contain substances (or 
a substance) absorbing at 328 m/i which are either 
biologically less active than crystalline vitamin A 
or are biologically inactive.

Baxter, et al.,19 have reported evidence tending 
to show that these substances may have vitamin 
A activity. However, we have not been successful 
in separating them from vitamin A by chromato­
graphic adsorption. Robinson20 has suggested 
that these substances absorbing at 328 m/i are 
oxidized vitamin A which has no biological activ­

ely W e wish to  th a n k  D r. L. T . H a lle tt, E astm an  K odak  Com­
pany  R esearch L aboratories, for th e  microanalysis.

(15) W est, H oaglund, and  C urtis, J .  Biol. Chem:, 104, 627 (1934).
(16) von M ikusch an d  Frazier, In d . Eng. Chem., Anal. Ed., 13, 782 

(1941).
(17) The determ ina tion  was k in d ly  done by  M r. E . S. B arnitz  of 

th is Laboratory .
(18) H ickm an, In d . Eng. Chem., 29, 968 (1937); Em bree, ibid., 

29, 975 (1937).
(19) Baxter, H arris , H ickm an an d  Robeson, J . Biol. Chem., 141, 

991 (1941).
(20) Robinson, Biochem . J .,  32, 807 (1988).

ity. His experimental results, however, do not 
appear to establish this explanation. A significant 
discrepancy did not appear between spectro­
graphic and biological assays made on his oxidized 
vitamin A preparations until the 328 mu band of 
vitamin A had been badly deformed and shifted 
toward the ultraviolet.

The value of 4,300,000 U. S. P. XI units per 
gram for crystalline vitamin A was obtained as 
the average of eight biological assays (a total of 
160 rats used) made by Dr. P. L. Harris of this 
Laboratory. They will be reported in detail else­
where. Vitamin A was also assayed by H. J. 
Cannon of the Laboratory of Vitamin Technology, 
Chicago. From his results an average biological 
potency of 4,700,000 U. S. P. XI units per gram 
was calculated. For the 7° crystals Harris found 
a biological potency of 3,900,000 U. S. P. XI units 
per gram, corrected for the methyl alcohol present. 
Only two assays were performed, however, so the 
biological potency was not established as accu­
rately as for vitamin A itself.

Experimental
Preparation of Crystalline Vitamin A

A. Distillation of Fish Liver Oils.—Cryst. vitamin A 
was prepared from shark liver (e J ^  328 m/x =  100), ling 
cod liver (E]Tm 328 mp, = 129), California jewfish liver 
(Ei^i. 328 mix = 317) and halibut viscera (E } |^ 328 m/x = 
72), oils.

A cyclic molecular still, similar to that described by 
Hickman18 was used. The vitamin A esters distilled from
180-220° at a pressure of 0.003 mm. The distillates 
were light yellow oils without fishy taste or odor. Frac­
tions with an extinction coefficient at 328 mfx of 400 or 
greater were combined for saponification. From 50-70% 
of the initial vitamin A was obtained at this potency.

B. Saponification.—A vitamin A ester concentrate 
(67 g., E ^ k  328 mix =* 539) from distilled ling cod liver oil 
was saturated with nitrogen by bubbling commercial gas 
through it for ten minutes. Then 190 cc. of 2 A  alcoholic 
potassium hydroxide, similarly saturated with nitrogen, 
was added. Saponification was effected by refluxing the 
mixture for thirty minutes in an atmosphere of nitrogen. 
The mixture was then diluted with freshly boiled and 
cooled water and extracted with reagent grade ethyl ether. 
The extract was washed with 10% aqueous potassium 
carbonate, with water, and dried. The ether was dis­
tilled under reduced pressure.

The free vitamin A concentrate (28.6 g., E } ^  328 m/i = 
1260) was a red viscous oil which could be directly crystal­
lized from ethyl formate. However, vitamin A of greater 
purity was obtained by first distilling the saponified con­
centrate.

C. Redistillation.—The saponified concentrate from 
(B) was dissolved in two volumes of corn oil residue and
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distilled in a cyclic molecular still. Fractions were taken 
at 10 ̂ intervals from 90-160° with two cycles at each 
temperature. Vitamin A distilled principally from 105- 
135° as an odorless, orange oil. The distillate was viscous 
and the condenser wall had to be warmed to cause the 
distillate to flow into the receiver. Fractions with an 
extinction coefficient of 1400 or greater were combined for 
crystallization (17.5 g., Ej^jk 328 m/x = 1440).

D. Crystallization of Vitamin A (Ethyl Formate).—The 
vitamin A concentrate from (C) was dissolved in ethyl 
formate (70 cc.), cooled to —35° for eighteen hours, seeded 
with cholesterol and then cooled to —55° for eight hours. 
The solids which separated (1.1 g.) were filtered in a 
Büchner funnel cooled with dry-ice. The filtrate deposited 
no solids when cooled at —70° for eighteen hours so the 
flask was scratched at intervals to promote crystallization. 
In three hours crystallization began and was complete in 
three days, The crystals were filtered and washed in a 
modified Büchner funnel, cooled with dry-ice (see Filtration 
and Drying). Much entrained solvent was pressed out 
with dental dam. After distillation of ethyl formate 
under reduced pressure a vitamin A concentrate was ob- 
tained (9.2 g„ E1̂  328 mu = 1670).

E. Crystalline Vitamin A.—The vitamin A concen­
trate from (D) was dissolved in ethyl formate (40 cc.) and 
stored at —35° for eighteen hours during which time the 
flask was repeatedly scratched. Vitamin A began to 
separate in large prismatic crystals during this period and 
crystallization was allowed to continue for an additional 
twTenty-four hours. The crystals were filtered in the modi­
fied Büchner funnel and dried.

The first crop of crystals weighed 1.67 g. By concen­
trating the filtrate and seeding it at —35° an additional 
1.06 g. was obtained. The yield was further increased by 
1.32 g. by cooling the filtrate from the second crop to —70° 
for five days and recrystallizing the vitamin A at —35°. 
The average -£iCm. 328 m(x value of the three crops of crys­
tals was 1720. Thus, the yield of crystalline vitamin A 
was approximately 15% of that present in the fish liver oil. 
After two crystallizations from ethyl formate vitamin A 
melted at 63-64° and had E } ^  328 mju = 1750.

Anal. Calcd. for C2oH300: C, 83.84; H, 10.56. 
Found: C, 83.90, 83.70; H, 10.30, 10.40.14

An alternative crystallization procedure gave an over-all 
yield of 25%. The solution of (D) in ethyl formate (40 
cc.) was crystallized at —35, —55, and finally at —70°. 
The crystals were not filtered until crystallization was com­
pleted at —70°. Under these conditions vitamin A and 
not vitamin A (ethyl formate) separated. The extinction 
coefficient of the crystals at 328 m/x was 1710 but more 
small crystals with inferior keeping quality were present 
than when the other procedure was used.

Vitamin A was sealed in glass ampoules, under vacuum, 
and stored at —35°. Under these conditions the extinc­
tion coefficient and the biological potency were unchanged 
after four to six months.

Filtration and Drying.—A modified Büchner funnel was 
constructed to filter vitamin A under nitrogen pressure. 
A circular steel ring, 0.5" wide, was provided for the mouth 
of the funnel (75 mm, inside diameter). This was held in

place by tie rods connected to a similar steel ring fitted to 
the throat of the funnel. A steel cover was provided with 
a hose connection to admit nitrogen. A pressure-tight 
union between ring and cover was obtained with a rubber 
gasket and six bolts attached to the periphery of the metal 
ring. These bolts fitted through holes in the cover. Ex­
cess solvent in the crystals was removed by pressure from a 
piece of dental dam fitted between gasket and cover. The 
funnel was cooled by a removable insulated jacket filled 
with dry-ice.

To dry the crystals the cover was tightened and the 
funnel was evacuated by connecting its outlet to an oil 
pump. Evacuation for fifteen to twenty hours at a 
temperature gradually rising from —60 to 5° was usually 
necessary. Filtrations and drying were done in a cold 
room at 5°.

Refrigeration.—Three temperatures were used most 
frequently, —35, —55, and —70°. An ice-cream cooling 
cabinet maintained a temperature of — 35° =*= 5°. A 
wooden box insulated with cork, and cooled with dry-ice 
served to keep a temperature near —55°. Vessels were 
cooled to —70 =*= 10° by packing them in powdered dry-ice 
and storing them in the insulated cabinet.

Solvents.—Eastman Kodak Co. ethyl formate was fil­
tered through anhydrous potassium carbonate to remove 
formic acid and was then fractionally distilled. Solvents 
such as propylene oxide, petroleum ether (b. p. 30-65°), 
and methyl alcohol were Eastman grade and were used 
without further purification.

S um m ary
Crystalline vitamin A has been isolated from 

shark liver, ling cod liver, California jewfish liver 
and halibut viscera oils as yellow prisms, melting 
at 63-64°. Evidence was obtained indicating that 
the crystalline vitamin A of Holmes and Corbet 
(m. p. 7.5-8°) contained methyl alcohol.

Crystalline vitamin A had a provisional bio­
logical potency of 4,300,000 U. S. P. XI units per 
gram. Its conversion factor, 2460, was higher 
than the conversion factor of vitamin A in fish 
liver oils.

The extinction coefficient of crystalline vitamin 
A at 328 m/x was 1780. The extinction coefficient 
of the vitamin A antimony trichloride blue color 
at 622 mu was 4800. The L  value (L1̂  622 m/x), 
measured with an Evelyn photoelectric color­
imeter, was 3990. L was a nearly linear function 
of the vitamin A concentration for galvanometer 
readings (G) between 30 and 70.

The molecular weight, the elimination maxi­
mum, the index of refraction, the acetyl value, 
and the iodine value of crystalline vitamin A wrere 
determined. These confirmed the formula for 
vitamin A proposed by Karrer.
Rochester, N ew York Received April 24, 1942
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The Nitration of Lepidine and 2-Chlorolepidine
B y  Stanley  E. K rah ler1 and  A lfred  B urg er

In the course of an investigation of quinoline 
derivatives of potential antimalarial activity, 
certain aminolepidines were prepared from the 
corresponding nitro compounds.2 It was found 
that the nitration of 2-chlorolepidine yielded two 
isomeric mono nitro derivatives in a ratio of 1:6. 
The isomer formed in smaller amount was iden­
tified as 6-nitro-2-chlorolepidine, while the major 
reaction product was postulated to be 5-nitro-2- 
chlorolepidine. The 8-position was ruled out for 
the nitro group because the chloro-2-hydroxy- and 
chloro-2-chlorolepidine prepared from our nitro 
product differed from the 8-chloro-2-hydroxy- 
and the 2,8-dichlorolepidine, respectively, as re­
ported by Kermack and Muir.3 The data fur­
nished by the British authors did not seem to call 
for re-investigation since their preparation of 8- 
chloro-2-hydroxylepidine from 0-chloroacetoacet- 
anilide, and the melting point of their product, 
had been confirmed by Monti and Cirelli.4

Shortly after the publication of our experi­
ments, Johnson and Hamilton5 reported that the 
compound obtained by cyclization of 0-chloro- 
acetoacetanilide could also be prepared from the 
major nitration product of 2-chlorolepidine. The 
melting point of their product checked that of the 
compound which we had regarded as 5-chloro-2- 
hydroxylepidine. Likewise, the melting point of 
the 2,8-dichlorolepidine of Johnson and Hamilton 
did not agree with that observed by Kermack and 
Muir for their dichloro compound, but with that 
of the substance to which we had assigned the 
structure of 2,5-dichlorolepidine.

In the nitration of lepidine the nitro group 
enters position 8 since the corresponding amino- 
lepidine can be derived from 8-nitro-2-chlorolepi- 
dine by reduction.5a

We repeated Johnson and Hamilton’s ring 
closure using commercial 0-chloroacetoacetani- 
lide, and corroborated the results of these authors. 
A mixture melting point of the 8-chloro-2-hy- 
droxylepidine obtained by this procedure ex­
hibited no depression with a sample of our chloro-

(1) Eli Lilly R esearch Fellow, 1940-1942.
(2) K rah ler and  Burger, T h is  J o u r n a l , 63, 2367 (1941).
(3) K erm ack and M uir, J . C h e m . S o c ., 300 (1933).
(4) M onti and  Cirelli, G a zz . c h im . i ta l . ,  66, 723 (1936).
(5) (a) Johnson and H am ilton , T h is  J o u r n a l , 63, 2864 (1941); 

(b) 63, 2867 (1941).

2-hydroxylepidine, and thereby established the 
structure of our nitro derivative as 8-nitro-2- 
chlorolepidine.

The position of the nitro group has now been 
confirmed by degradation to a well-known nitro- 
quinoline. For this purpose, 8-nitrolepidine was 
converted to 8-nitroquinoline-4-aldehyde by the 
method of Koenigs,6 and the aldehyde was oxi­
dized to 8-nitrocinchoninic acid. This acid was 
decarboxylated to 8-nitroquinoline, which was 
identified by mixture melting point with a sample 
prepared from 0-nitroaniline by the Skraup syn­
thesis. Moreover, 5-nitrocinchoninic acid pre­
pared by nitration of cinchoninic acid7 depressed 
the melting point of our 8-nitroquinoline-4-car~ 
boxylicacid.

It seemed probable that Kermack and Muir, 
and Monti and Cirelli, had obtained the isomeric
8-chloro-4-hydroxyquinaldine in their ring clos­
ures. A support was given to this assumption 
by recent studies of Jacini,8 who showed that 
in the preparation of acetoacetanilide derivatives 
by the method of Fierz-David and Ziegler,9 
elimination of one molecule of water rather than 
of ethanol may occur with the formation of 
ethyl /L ary lam ino croton ates. This method had 
been used by Monti in the synthesis of com­
pounds interpreted by her as 2-hydroxylepidine 
derivatives.

8-Chloro-4-hydroxyquinaldine as described by 
Hughes and Lions10 melts at 220°. We repeated 
the synthesis of these investigators, and obtained 
a compound melting at 229-230°. Chlorination 
of this derivative yielded 4,8-dichloroquinaldine; 
the structure of this compound was proved by 
degradation to quinaldine. The dichloro deriva­
tive reacted with piperidine to furnish 8-chloro-4- 
piperidinoquinaldine; with sodium methoxide it 
yielded 8-chloro-4-methoxyquinaldine.. The melt­
ing points of these compounds are listed in the 
following table and compared with those of the 
supposedly isomeric lepidine derivatives of Ker­
mack and Muir.

(6 ) Koenigs, B e r . ,  31, 2364 (1898).
(7) K oenigs an d  Lossow, ib id . ,  32, 717 (1899).
(8 ) Jacin i, G a zz . c h im . i ta l . ,  71, 53 (1941).
(9) F ierz-D avid  and  Ziegler, H e lv . C h im . A c ta ,, 11, 776 (1928).
(10) H ughes and  Lions, J .  P r o c . R o y .  S o c . N .  S .  W a le s ,  71, 458 

(1938); C h em . Abs., 33, 611 (1939).
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D erivatives of M . p .}
K erm ack  and^ M u ir’s 

postu la ted  derivatives M . p.,
quinald ine °C. of lepidine °C.

8-Chloro-4-hydroxy- 229-230 8- Chloro-2 -hy droxy- 230
4,8-D ichloro- 87-88 2,8-D ichloro- 87-88
8 - C hlor o-4-piperidino- 124-125 8- Chloro-2-piperidino- 125-126

-p icra te 161-163 -p icra te 159
8-C hloro-4-m ethoxy- 122-124 8-Chloro-2-m ethoxy- 122

Only 2-hydroxylepidine could be isolated from 
the reaction mixture when 2-chlorolepidine was 
oxidized with selenium dioxide. Bromination of
2-chlorolepidine yielded small amounts of 4-(di- 
bromomethyl)-2-hydroxylepidine; this compound 
could not be hydrolyzed to 2-hydroxyquinoline-4- 
aldehyde.

In an experiment designed to synthesize 2- 
lepidylmalonic acid, sodium diethyl malonate 
was condensed with 2-chlorolepidine in carefully 
dried ethanol solution. The reaction product was 
found to be 2-ethoxylepidine instead; sodium 
ethoxide had competed with sodium diethylmalo 
nate in the condensation.

Experimèntal
8-NitroquinoIine-4-aldehyde.—Several attempts were 

made to oxidize 8-nitrolepidine to the aldehyde with 
selenium dioxide according to the direction of Johnson 
and Hamilton,5a but more reproducible results were ob­
tained by the method of Koenigs.6 Bromination of 8- 
nitrolepidine gave 8-nitro-4-(dibromomethyl)-quinoline in 
89% yield, m. p. 111.5-112.5°. The hydrolysis of the di- 
bromomethyl group was effected by dissolving equal parts 
of the compound and of silver nitrate in five parts of 60% 
acetic acid and heating the mixture on a steam-bath for 
four hours. A small amount of hydrochloric acid was 
added to complete the precipitation of silver halides. The 
solution was filtered, made alkaline with solid sodium car­
bonate, and the precipitated aldehyde was isolated. The 
yield of crude colorless product of m. p. 163-173° was 97%; 
the compound could be used in the following oxidation 
without further purification.

8-Nitroquinoline-4-carboxylic Acid.—One and seven- 
tenths grams of the crude aldehyde, dissolved in 50 cc. of 
acetone, was oxidized by dropwise addition of 17.75 cc. of a 
5% potassium permanganate solution at 40°. The pre­
cipitated manganese dioxide was brought into solution by 
adding some water saturated with sulfur dioxide, the ace­
tone boiled off; and the volume of the solution maintained 
constant by dilution with water. 8-Nitrocinchoninic acid 
crystallized as glittering yellow needles, m. p. 253-254° 
(dec.). The yield was 1.3 g. (71%).

Anal. Calcd. for Ci0H6N2O4: N, 12.84. Found: N,
12.55.

8-Nitroquinoline.—Three-tenths gram of 8-nitrocin- 
choninic acid, mixed with an equal amount of copper 
bronze, was heated gently at 100 mm. pressure until the 
rapid decarboxylation had subsided. The reaction product 
was distilled out under 20 mm. pressure, and the oily dis­
tillate crystallized on cooling. Sublimation at 70° and 2 
mm. yielded yellow crystals, m. p. 86-89°. A mixture

melting point with an authentic sample of 8-nitroquinoline 
(m. p. 88-90°) showed no depression.

Attempted Preparation of 2-Chloroquinoline-4-alde- 
hyde.—To a boiling solution of 2.2 g. of 2-chlorolepidine 
and 4.4 g. of anhydrous sodium acetate in 35 cc. of glacial 
acetic acid was added a solution of 4.2 g. of bromine in 20 cc. 
of glacial acetic acid. Decolorization occurred after thirty 
minutes of boiling. The solution was cooled, poured into 
ice-water, and the precipitated solid extracted four times 
with ether. The insoluble material was recrystallized 
from boiling ethanol. The almost colorless needles melted 
at 307-308° (dec.), the yield was 0.5 g. (12%). The com­
pound proved to be 4-(dibromomethyl)-2-hydroxyquino­
line.

Anal. Calcd. for CioH7Br2NO: C, 37.86; H, 2.23. 
Found: C, 38.06; H, 2.65.

Hydrolysis to 2-hydroxyquinoline-4-aldehyde was un­
successful. This is in accord with the observation5 a 
that 2-hydroxy-4-(bromomethyl)-quinoline resists hy­
drolysis when refluxed with 80% acetic acid.

The oily residue from the combined ether extracts of the 
high-melting 2-hydroxy-4-( dibromomethyl)-quinoline was 
hydrolyzed with silver nitrate in acetic acid solution. The 
oily reaction product gave a pronounced aldehyde test but 
did not crystallize and yielded no crystalline derivatives.

8-Chloro-4-hydroxyquinaldine.—Ten grams of o-chloro- 
aniline was dissolved in 10 g. of ethyl acetoacetate, one 
drop of 17% hydrochloric acid was added, and the mix­
ture was allowed to stand over sulfuric acid in an evacu­
ated desiccator for twenty-four hours. The oily yellow 
ethyl /?-(o-chlorophenyl)-aminocrotonate was dropped with 
stirring into 100 cc. of dry paraffin oil preheated to 240°. 
When all the ester had been added, the temperature was 
maintained at 240° for five minutes. The clear yellow 
solution was allowed to cool; crystallization set in at 150°. 
The mixture was diluted with ligroin, the product was fil­
tered and recrystallized from dilute ethanol. The colorless 
crystals melted at 229-230°; the yield was 4.4 g. (29%).

Anal. Calcd. for CioHgClNO: C, 62.03; H, 4.17.
Found: C, 62.10; H, 4.79.

4,8-Dichloroquinaldine.—A mixture of 1.4 g. of 8-chloro-
4-hydroxyquinaldine and 5 cc. of phosphorus oxychloride 
was heated on a steam-bath until all the material had gone 
into solution. This chlorination proceeded more rapidly 
than the corresponding reaction with 2-hydroxylepidine. 
The mixture was poured into ice-water and made ammo­
niacal. An oily precipitate appeared, and solidified on 
scratching. Recrystallization from dilute methanol, and 
sublimation at 70° and 2 mm. yielded 1.3 g. (85%) of 
colorless needles, m. p. 87-88°.

Anal. Calcd. for Ci0H7Cl2N: C, 56.63; H, 3.33.
Found: C, 56.62; H, 4.30.

One-half gram of the dichloro compound was mixed with 
3 g. of zinc dust, and heated slowly in a small distilling 
flask. A few drops of a clear oil distilled from the mixture. 
The picrate, prepared from the distillate and recrystallized 
from boiling ethanol, appeared as yellow needles, m. p. 
188-190° (dec.). A mixture melting point with quinaldine 
picrate (m. p. 192-194°) showed no depression.

8-Chloro-4-piperidinoquinaldine.—A mixture of 0.6 g. 
of 4,8-dichloroquinaldine and 5 cc. of piperidine was re­
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fluxed for four hours, poured into water, the precipitated 
piperidino derivative was filtered and recrystallized three 
times from dilute methanol. The compound appeared 
as lustrous colorless plates; m. p. 124-125°.

Anal. Calcd. for Ci5Hi7C1N2: C, 69.09; H, 6.57.
Found: C, 69.26; H, 7.41.11

The picrate crystallized from ethanol as yellow needles, 
m. p. 161-163°.

8-Chloro-4-methoxyquinaldine.—A solution of 0.043 g. 
of sodium in 2 cc. of methanol was added to a solution of 
0.4 g. of 4,8-dichloroquinaldine in 30 cc. of methanol, and 
the mixture was refluxed for twelve hours. The reaction 
product was precipitated as an almost colorless solid by 
dilution with water, and purified by fractional sublimation 
at 90° and 3 mm. The small colorless plates melted at 
122-124°.

Anal. Calcd. for CnHioClNO: C, 63.62; H, 4.85.
Found: C, 64.30; H, 5.39.

2-Chlorolepidine and Sodium Diethyl Malonate.—
A solution of 9 g. of diethyl malonate in 10 cc. of absolute 
ethanol was refluxed with a solution of 1.3 g. of sodium 
in 30 cc. of absolute ethanol for five minutes; 10 g. of 2- 
chlorolepidine in 10 cc. of absolute ethanol was added, 
and the mixture boiled for fifty hours. The separated 
sodium chloride was filtered, 7.6 g. of potassium hydroxide 
was added, and the alkaline mixture refluxed for four hours 
to complete hydrolysis of the ester. Neutralization with 
dilute acetic acid precipitated an oil which crystallized on 
cooling. It was recrystallized from dilute alcohol and ap­
peared as colorless needles, m. p. 49-50°. Analysis 
showed it to be 2-ethoxylepidine.12

Anal. Calcd. for Ci2H13NO: C, 76.97; H, 7.00.
Found: C, 76.33; H, 6.91.

2-Oxo-4-methylquinoline-l ,8-diazoimide.—The method 
of preparation of this diazoimide which we had interpreted2 
as 5-hydroxy-3-pyrido- [4,3,2-de ]-cinnoline, has now been 
improved. A hot solution of 8-amino-2-hydroxylepidine

(11) T he values for hydrogen fo r ou r quinald ine derivatives ran  
high due to  w eather conditions. T h e  da ily  te s t  m icroanalyses of 
know n com pounds showed th e  sam e tendency .

(12) K norr, A n n .,  236, 69 (1886).

c h 3

N = N
in 21 cc. of 10% hydrochloric acid was cooled, and the 
suspension of the finely divided hydrochloride was diazo­
tized with sodium nitrite solution. The diazoimide sepa­
rated as a brown amorphous precipitate. I t  was filtered, 
suspended in hot water, and the mixture heated on a steam- 
bath for one hour. The tan solid was filtered; the yield 
was 1.0 g. (47.5%); m. p. 236-237.5° (dec.).

The diazoimide could be recrystallized from boiling 
ethanol without decomposition, in contrast to other diazo- 
irnides (aryl azides)13 which decompose under these condi­
tions with the loss of one molecule of nitrogen. However, 
when our diazoimide was boiled in ethanol solution with 
“darco” a strong odor of acetaldehyde was noted, and 2- 
hydroxylepidine crystallized on dilution with water. 
I t was identified by a melting point and a mixture melting 
point with an authentic sample.

Summary
1. The structure of the lepidine derivatives 

substituted in position 8 prepared by Johnson and 
Hamilton has been confirmed. These compounds 
are identical with those previously interpreted 
by us as the isomeric .^substituted derivatives of 
lepidine.

2. The compound described by us as 5-hy- 
droxy-3-pyrido- [4,3,2-üte] -cinnoline is therefore 2- 
oxo-4-methylquinoline-1,8-diazoimide.

3. The 8-chloro derivatives of lepidine re­
ported by Kermack and Muir apparently are 8- 
chloro derivatives of quinaldine.

(13) S ah  an d  W en-H ou Y in, Rec. trav. chim., 59, 238 (1940). 
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The Synthesis of Phenolic Glycosides
B y Thomas H . Bembry and Garfield Powell1

In the course of work in this Laboratory on 
derivatives of tetrahydrocannabinol, we had oc­
casion to attempt the preparation of the glucoside. 
The method of Helferich and Schmitz-Hille- 
brecht,2 employing zinc chloride or ^-toluenesul- 
fonic acid as catalyst in a fused mixture of phenol 
and sugar pentaacetate, was first used. It was

(1) We are indeb ted  to  S m ith , K line and  French Laboratories, and  
one of us (T. H . B.) to  th e  Ju liu s  R osenw ald F und  for generous grants 
to  support th is  work.

(2) Helferich and  Schm itz-H illebrecht, Ber., 66 , 378 (1933).

not possible in the case of the difficultly accessible 
phenol, tetrahydrocannabinol, to use the large 
excess ordinarily employed in this procedure, and 
poor results were obtained when equimolar quan­
tities of the reactants were used.

On the other hand, we found that tetrahydro­
cannabinol and a number of other phenols con­
dense smoothly with fully acetylated sugars in 
benzene solution in the presence of moist phos­
phorus oxychloride, giving high yields of acetyl-
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ated /3-glycosides based on the amount of phenol 
used. We believe that this method gives distinct 
promise of general usefulness for the preparation 
of the phenolic glycosides.

The present work describes the application of 
the method to the preparation of the glycosides 
of a number of representative phenols, using vari­
ous fully acetylated sugars. The preparation of 
the glucoside of tetrahydrocannabinol will be 
described elsewhere.

Experimental
Pure phosphorus oxychloride appeared to be unsatis­

factory as a catalyst, and we used as a standard a reagent 
made by the addition of 1% by volume of distilled water 
to a redistilled analytical reagent grade of the material.

Procedure
A solution of phenol (1 mole), the fully acetylated sugar 

(1 mole), and the phosphorus oxychloride reagent (Va 
mole) in dry benzene was heated under reflux for three 
hours. After cooling, the reaction mixture was shaken 
with ice water, and the benzene layer was separated, 
washed with dilute sodium hydroxide solution, then with 
water, and then dried over calcium chloride. After evapo­
ration of the solvent under reduced pressure, th# residue 
was crystallized from an appropriate solvent, usually 95% 
ethanol.

In this way we prepared tetraacetyl-phenol-/3-d-gluco- 
side2’3 (44%), m. p. 125-126° (cor.), [a]26D -2 3 q 
(CHCls), from phenol and /3-pentaacetyl glucose; tetra- 
acetyl-phenol-/3-d-galactoside2’4 (44%), m. p. 123-124° 
(cor.), [a]21D —26° (C6He), from phenol and /3-penta- 
acetylgalactose; triacetylphenol-(3-^-xyloside2 (57%), m. p. 
147-148° (cor.), [ a ] 22D —52° (CHCls), from phenol and 
tetraacetylxylose; tetraacetyl-«-naphthol-/3-d-gluo:>side3’5 
(58%), m. p. 178-179° (cor.), [a]22o -7 2 °  (2HC13),

(3) F isher and  M echel, Ber., 49, 2813 (1916); C arte l, ibid., 63, 
586 (1930); M ontgom ery , R ich tm yer an d  H udson, This Journal, 
64, 690 (1942).

(4) F isher and  A rm strong, Ber., 35, 833 (1902),
(5) D rouin , Bull. soc. chim., 13, 5 (1895),

from a-naphthol and /3-pentaacetyl glucose; and the new 
tetraacetyl- (o-hydroxy diphenyl) -/8-d-glucoside6 (35%),
long white needles form 95% ethanol, m. p. 155-156° 
(cor.), [ a ] 22D —56° (CHC13), from u-hydroxydiphenyl and 
/3-pentaacetylglucose.

Anal.7 Calcd. for C26H28O10: C, 62.40; H, 5.60.
Found: C, 62.56; H, 5.59.

The latter derivative was deacetylated by the method 
of Zemplén8 to give o-diphenyl-/?-d-glucoside (90%) as 
shining needles from water, m. p. 76-77° (cor.), [a]25i> 
—42° (EtOH).

Anal.6 7 Calcd. for C18H2o06: C, 65.06; H, 6.02. Found: 
C, 64.81; H, 6.07.

For the preparation of tetraacetyl-pkenol-/3-d-fructo- 
side,2 m. p. 129-130° (cor.), [«122d -147° (CHC13), it was 
found that the reaction mixture darkened less and a some­
what better yield (33%) was obtained if (1) the benzene 
solution of the reactants was allowed to stand at room tem­
perature for twenty-four hours, rather than being heated 
under reflux for three hours as in the general procedure, 
and (2) the benzene extract was washed with bicarbonate 
rather than sodium hydroxide.

As a further check on the identity of the known glyco­
sides, quantitative carbon-hydrogen determinations were 
run7 on all samples; satisfactory agreement with theory 
was obtained in each case.

Summary
A method for the condensation of phenols with 

the fully acetylated sugars in the presence of phos­
phorus oxychloride in benzene solution to form 
glycosides of phenols has been described. The 
physical constants of o-diphenyl-/9-i-glucoside are 
reported.
N e w  York, N .  Y. R e c e i v e d  March 30, 1942

(6) These substances were assigned th e  /3-configuration on th e  basis 
of the  analogy w ith  th e  o the r cases, in  which th e  configuration was 
established by  com parison w ith  au th en tic  sam ples p repared  by  o th e r 
m ethods.

(7) We are indeb ted  to  M r. Saul G ottlieb  for carry ing  ou t these  
analyses.

(8) Zemplén, Ber., 62, 1613 (1929).
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Friedel-Crafts Acylations of Some Sterically Hindered Alkylbenzenes
B y G. F. H e n n io n  and  S. F. d e C. M cLe e s e 1

Introduction
The Friedel-Crafts ketone synthesis has been 

applied to but few ^-alkylbenzenes; there are no 
reports of such reactions with jfc>-di-s-alkyl deriva­
tives. Since the latter are sterically hindered with 
respect to the available ortho positions, have 
tertiary hydrogen in the side chains, which also 
are susceptible to rearrangement, migration and 
displacement in the presence of aluminum chlo­
ride, it was thought of interest to study the course 
«of their reactions with acetyl and benzoyl chlo­
rides. A variety of these hydrocarbons was avail­
able from previous investigations.2

We were especially interested in the possibility 
of acylating within the side chains since these con­
tain labile hydrogen which might react in pref­
erence to hindered hydrogen of the ring. This 
was not observed, however, and it appears now 
that 1,4-di-s-alkylbenzenes substitute normally 
in the 2-position. Mono-s-alkylbenzenes react
in the 4-position as expected. Reactions of
i-butylbenzene, ^-s-butyltoluene and £-di-/-butyl- 
benzene were studied also to permit comparisons 
of the products with those obtained from the 
other hydrocarbons. An anomalous reaction was 
observed only with ^>-di-/-butylbenzene, which

terephthalic acid. Oxidation of dialkylaceto- 
phenones with dilute nitric acid yielded the 
corresponding 4-alkylisophthalic acids, thus prov­
ing that the previous dichromate oxidations had 
completely removed the acetyl group in each case. 
Nitric acid converted ^-s-alkylacetophenones to 
^-s-alkylbenzoic acids. In further confirmation 
of the assigned structures, 2,5-di-s-butylaceto- 
phenone was degraded to trimellitic acid by 
oxidation with chromic acid followed by heating 
with nitric acid in a sealed tube. The ^-alkyl- 
benzophenones and 2,5-dialkylbenzophenones 
were readily converted to ^-benzoylbenzoic acid 
and benzoylterephthalic acid, respectively.

The non-identity of £-s-butylacetophenone and 
the ^-/-compound, coupled with the established 
identity of ^-5-butylbenzoic acid with an authen­
tic sample, serves to show that the 5-alkyl groups 
are not altered in structure under the conditions 
of the experiments.

The various ketones are described in Table I 
and some of the oxidation products in Table II. 
These list the new compounds only. It is to be 
noted (Table I) that there is considerable exalta­
tion in the molecular refractions, characteristic of 
compounds of this type.

T a b l e  I

C o n s t a n t s , Y i e l d s  a n d  A n a l y t ic a l  D a t a  f o r  K e t o n e s

B. p, Yield, M ol. w t. M R % C arbon %  H yd ro g en
C om pound °c. M m . «20D % Calcd. Obsd, Calcd. Obsd. Calcd. Obsd. Calcd. O bsd.

J>-s-Butylacetophenone 134-135 11 1.5195 0.9631 74 176 172 54 .03 55.51 81.81 81 .75 9 .0 9 9 .1 1
y-s-A m ylacetophenone 144-145 11 1.5150 .9555 58 190 185 58 .64 59 .96 82.11 82 .18 9 .4 7 9 .7 2
P s-O ctylacetophenone 
2-M ethyl-5-s~buty Iaceto-

134-135 3 1.5078 .9333 68 232 227 72 .50 74 .08 82 .76 83 .15 10 .34 1 0 .3 7

phenone 132-133 11 1.5180 .9588 85 190 188 58 .64 60 .05 82.11 81 .98 9 .4 7 9 .4 2
2,5-D i-s-butylacetophenone 148-149 14 1.5056 .9316 80 232 230 72 .50 73 .9 4 82 .76 82.91 10 .34 10 .11
2 ,5-D i-s-amy lacetophenone 126-127 3 1.5052 .9278 65 260 254 81.73 83 .15 8 3 .0 8 83 .02 10 .77 1 0 .7 6
i>-$-Butylbenzophenone 188 9 1.5760 1.0359 88 238 238 73 .52 76 .03 85.71 85.52 7 .5 6 7 .8 0
J>-s-Amylbenzophenone 188-190 5 1.5672 1.0205 60 252 249 78 .13 80 .69 85 .72 85 .76 7 .9 4 7 .8 2
£-s-Octylbenzophenone 212-214 5 1.5540 0.9981 73 294 287 91 .99 94 .40 85.71 85 .80 8 .8 4 8 .7 8
J>-s-Dodecylbenzophenone 243-245 4 1.5392 .9689 45 350 344 110.46 113.19 85.71 85.62 9 .7 1 9 .7 0
.2,5 D i-s-butylbenzophenone 155 3 1.5540 .9968

lost one butyl group, giving ̂ -/-butylacetophenone
60 294 284 '91.99 94.51  85.71 

T a b l e  II

85 .60 8 .8 4 8 .8 6

in 72% yield.
In order to establish structures for the various 

ketones, it was necessary to oxidize them to known 
or identifiable benzene-carboxylic acids. With 
sodium dichromate-sulfuric acid-acetic acid mix­
ture the alkyl and dialkylacetophenones gave

O x i d a t i o n  P r o d u c t s

Com pound M. p. °c. Calcd. O bsd.
4-s-Butylbenzoic acid 91-- 92 178 176
4-s-Amylbenzoic acid 103-■104 192 189.3
4-s-Butylisophthalic acid 237--238 111 112
4-s-Amylisophthalic acid 230--231 118 120.7

(1) P resen t address, W ebster College, S t. Louis, Mo.
(2) H ennion, et al., This Journal, 62, 1145 (1940); 

<1941).
63. 2603

Experimental
Acetophenones.—These were prepared in 0.2- to 0.8- 

mole quantities after the manner described in “Organic
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Syntheses.”3 The monoalkylbenzenes reacted even at 
— 10°; with the dialkylbenzenes it was necessary to heat 
to the reflux temperature of carbon disulfide for several 
hours. Products were fractionated through a 40-ctn. col­
umn to constant ra>. £-£-Butylacetophenone from t- 
butylbenzene had b . p. 133-134° (11 mm.); w20d  1.5199; 
d2Q 0.9642; from £-di-2-butylbenzene, b. p. 134° (11 mm.); 
n20d 1.5195; d20 0.9635. The two semicarbazones had
identical m. p. and mixed m. p., 220-221° (uncor.).

Benzophenones.—The method of Gattermann and Wie­
land4 was used. Products are semi-viscous, slightly yellow 
liquids. They were distilled twice from glass wool in a low 
side-arm Claisen flask, followed by fractionation by means 
of a horizontal flask molecular still.5

Oxidations with Dichromate.—Two-gram samples of 
alkyl- and dialkylacetophenones were heated at 65-75° 
with 32 g. of sodium dichromate in 60 cc. of acetic acid con­
taining 44 g. of sulfuric acid. After diluting with water 
and standing overnight, the terephthalic acid was filtered, 
washed and dried. Neutralization equivalent, calcd., 83; 
obs. 83.5. Dimethyl ester, m. p. and mixed m. p., 139- 
140°.

Oxidation of Monoalkylacetophenones with Nitric 
Acid.—A 6-g. sample was refluxed with 600 cc. of dilute 
nitric acid (d. 1.09) for from eight to forty-eight hours. 
Terephthalic acid was removed from the hot solution and 
the £-s-alkylbenzoic acid allowed to crystallize.6 The 
latter was purified by heating for four hours in 15 cc. of 
acetic acid containing 4 g. of tin and 1 g. of zinc dust and 
a little hydrochloric acid, to remove nitrated impurities. 
Several crystallizations from dilute alcohol then gave pure 
products.

Oxidation of Dialkylacetophenones with Nitric Acid.—
Six-gram samples were boiled with 600 cc. of nitric acid 
(d. 1.09) for several days and the products purified as de­
scribed above.

Trimellitic Acid.—An 11.6-g. sample of di-s-butylaceto- 
phenone was oxidized with 75 g. of chromic acid (added in
1-g. portions over a period of thirty-five hours) in 170 g.

(3) “ O rganic Syntheses,” Jo h n  W iley and  Sons, Inc., New York, 
N . Y ., 1934, Vol. X IV , p. 1.

(4) “ L abora to ry  M ethods of Organic C hem istry ,”  The M acm illan 
Co., N ew  Y ork, N . Y ., 24 th  ed., 1938, p. 343.

(5) M orton , “ L ab o ra to ry  Technique in  O rganic C hem istry,” 
M cG raw -H ill Book Co., Inc ., N ew  Y ork, N . Y ., 1938, p. 120.

(6) i>-s-Octylacetophenone gave on ly  te rep h th a lic  acid.

of acetic acid. The solution was poured into ice-water and 
extracted three times with ether. The extract was dis­
tilled, yielding a solid residue which could not be purified. 
Two grams of this material was heated with 10 cc. of 1:2 
nitric acid in a sealed tube for twenty-four hours. After 
the terephthalic acid was separated, trimellitic acid crystal­
lized on cooling. I t  is very soluble in water; neutraliza­
tion equivalent, calcd., 70; obs., 76.

Oxidation of Benzophenones.—When boiled with dilute 
nitric acid, £-s-butyl- and £-s-amylbenzophenone gave p- 
benzoylbenzoic acid, m. p. and mixed m. p. 192-193 ° (cor.). 
The 5-octyl and s-dodecyl derivatives were not appreciably 
affected in this manner. Oxidation of 3-g. samples was 
accomplished by heating for sixteen hours with 20 g. of 
potassium dichromate in 90 g. of water containing 30 g. of 
sulfuric acid. 2,5-Di-s-butylbenzophenone was oxidized 
with dichromate-sulfuric acid-acetic acid mixture at 40°: 
benzoylterephthalic acid, m. p. 283° (cor.); neutralization 
equivalent, calcd., 135; obs., 137.

Ketone Derivatives.—Monoalkylacetophenones yielded 
semicarbazones in the usual manner. Prolonged heating 
was required to derivatize the dialkyl compounds. The 
new acetophenone semicarbazones with their melting 
points are: ^-5-butyl, 190-191°; p-s-amyl, 173-174°; 
^-5-octyl, 144-145°; 2-methyl-5-s-butyl, 114-115°; 2,5- 
di-5-butyl, 160-161°; 2,5-di-s-amyl, 149-150°. Semi­
carbazones could not be obtained from the benzophenones.

Summary
1. s-Alkyl and ^-di-s-alkylbenzenes react with 

acetyl and benzoyl chlorides in the presence of 
aluminum chloride without disturbance of the 
alkyl groups.

2. When /?-di-/-butylbenzene reacted with 
acetyl chloride one 2-butyl group was displaced by 
acetyl.

3. Structures of the various ketones were 
proved by oxidation.

4. A number of new substituted acetophe­
nones, benzophenones and benzene carboxylic 
acids are reported and described.
N o t r e  D a m e , I n d i a n a  R e c e iv e d  J u l y  17, 1942
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The Preparation and Alkylation of 1,4-Dimesityl-3-methyl-l ,2,4-butanetrione Enol
B y R obert E. L utz and D a n ie l  H. T er r y 1

The substitution of halogen, alkyl, phenyl or 
benzoyl on the 3-carbon of 1,4-diphenyl-1,2,4- 
butanetrione enol promotes cyclization and stabil­
izes the hydroxyfuranone form. The effect of 
these groups on the keto-enol tautomerism is 
obscured because of the cyclization. On the other 
hand, the 1,4-dimesityl compound and its bromo 
derivative2 do not cyclize because of the excessive 
steric hindrance, and in these types the keto-enol 
reactions can be investigated without this com­
plication. It seemed desirable to study a few 
more examples of this type, and the present report 
deals with the preparation and alkylation of the 
3-methyl derivative.

The 3-methyl triketone enol (V) was first 
obtained as a minor product in the alkyla­
tion of the silver salt of 1,4-dimesityl-1,2,4- 
butanetrione enol»3 A better method of 
preparation has now been devised which also 
demonstrates the structure of the product.
This synthesis started from dimesitoyl- 
methylethylene (I) which was made from 
mesaconyl chloride by the Friedel-Crafts 
reaction. Bromination gave cis-bromodi- 
mesitoylmethylethylene (II).4 The bromo 
compound reacted with sodium methoxide 
to give two enol methyl ethers which from 
their mode of formation must be the cis- 
and /raws-isomers (III and IV). Acid hy­
drolysis of these ethers, or alkali hydroly­
sis of the bromo unsaturated diketone itself 
(II), gave the desired triketone enol (V) in 
good yield.

The triketone enol (V) is yellow in color, 
gives a red color with ferric chloride and re­
acts rapidly with bromine and with diazo­
methane. It is strongly acidic as is shown 
by its solubility in sodium carbonate and 
it gives an unstable brilliant yellow silver 
salt. It shows no tendency to cyclize to a hy­
droxyfuranone.

The methylation with diazomethane gave four 
isomeric compounds. Two of these proved to be

(1) d u  P o n t Fellow , 1939-1940. P resen t location, Jackson 
L abora to ry , du  P o n t de  N em ours Co., W ilm ington, Del.

(2) (a) L u tz  an d  W ood, This Journal, 60, 705 (1938); (b) L utz 
an d  T erry , J .  Org. Chem., 7, 274 (1942).

(3) L u tz  an d  T erry , ibid, 7, 320 (1942).
(4) L u tz  and  T erry , This Journal, 64, 2426 (1942).

the cis- and £ra?w-2-inethyl ethers (III and IV) 
which were obtained as mentioned above by the 
action of sodium methoxide on the bromo un­
saturated diketone (II). One was assigned the 
^^-configuration (III) on the basis of its instabil­
ity and conversion by means of methanolic hy­
drogen chloride into the other which was stable 
and therefore was assumed to be trans (IV). The 
inversion in the opposite direction from trans to 
cis was accomplished by exposure to sunlight in 
pure methanol.

The other two of the four isomeric methylation 
products were shown also to be enol ethers by the

CH3

C9HiiCOCH=CCOC9Hi1
I

Br2
Br CHs

C9HuCO C=CCO C9Hii 
IX \

C9HhCO— C— OCHs HC1‘

NaOCHs 
-CHsOH3̂  C9HuCO— C— OCHs 

>  II
C9HhCO— C— CHs 

Isomer-A 
(labile, cis)
III

Sunlight

HCl-AcOH

CHs— C— COC9Hn 
Isomer^B 

(stable, trans)
IV

C9HhCOC=

CHs
I

=C— CC9Hn

NaOH
CHsOH

Ag salt-CHal

OH . . O

C9HiiCOCO— C— CHs

C9H„—è—OCH,
Isomer-A 
(labile, cis)

CHsOH— HCl

CsHuCOCO— C— CHs
II

CHgO—-C— C9Hii

Sunlight
VI

Isomer-B 
(stable, trans)

VII

C9H11COCOC(CH3)2COC9Hll ------------
VIII

facile acid hydrolysis to the enol (V). By differ­
ence they must be the structurally isomeric cis- 
and transA-methyl ethers (VI and VII). The 
cis-trans relationship was confirmed by the inver­
sion of one (the stable) into the other (the labile) 
by the action of sunlight; unfortunately, inversion 
in the opposite direction was not accomplished. 
We are assuming tentatively that the labile form



2424 R o b e r t  E. L utz a n d  D a n ie l  H . T e r r y Vol. 64

is that one which has the mesityl and mesityl- 
glyoxyl groups on the same side of the molecule, 
namely, VI.

One striking fact was observed in this series, 
namely, that the enol (V) reacted readily and 
quantitatively with methanolic hydrogen chloride 
to give the labile 4-methyl ether (VI). This type 
of reaction does not take place with dimesitylbu- 
tanetrione enol itself (the diphenyl analogs all 
give the alkoxyfuranones under these conditions). 
There is analogy for direct etherification of a 
strongly acidic enolic hydroxyl in the case of hy- 
droxynaphthoquinone, where etherification to
2-methoxy-£-naphthoquinone takes place under 
these conditions.6 In the case in hand it is per­
haps surprising that the labile 4-methyl ether 
should be the one formed.

The formation of all of the four possible isomeric 
ethers in the reaction between the enol (V) and 
diazomethane calls to mind the formation of three 
of the four possible isomeric ethers in the similar 
methylation of the dimesitylbutanetrione enol 
itself.3 I t is clear from these results that there is 
no simple stereochemical relation between the 
products of methylation and the presumably 
chelated enols from which they were made.

Alkylation of the silver salt of the enol (V) was 
of interest because it was expected to produce 
results closer to those obtained in the case of di­
mesitylbutanetrione silver enolate than to those 
obtained in the case of the diphenyl analog. The 
dimesityl triketone silver enolate underwent 
chiefly oxygen-alkylation at the 4-oxygen whereas 
the diphenyl analog was found to undergo mainly 
carbon-alkylation. The results in the present 
case were approximately as predicted. Dimesityl- 
methylbutanetrione silver enolate reacted with 
methyl iodide to give a mixture of carbon and 
oxygen-alkyl derivatives. The carbon-alkyl de­
rivative (VIII) was obtained in a yield of 30%. 
The oxygen-alkyl derivative was obtained in 65% 
yield and was the expected 4-enol methyl ether, 
but it was the stable stereoisomer-B (VII).

In summary of the alkylation results it may be 
said that diazomethane reacts with the enol to 
give all four 2- and 4-enol ethers; methanolic 
hydrogen chloride- gives the labile 4-enol ether; 
and the silver salt with methyl iodide gives the 
stable 4-enol ether along with a lesser but sizeable 
yield of the carbon-alkyl derivative. The marked 
tendency to react a t the 4-oxygen is noteworthy.

(5) Fieser, T h i s  J o u r n a l , 48, 2922 (1926).

Experimental
1,4-Dimesityl-3-methyl-l,2,4-butanetrione Enol (V).— 

A suspension of 4.5 g. of the cis-2-enol methyl ether (III) 
in 40 cc. of coned, acetic acid, 10 cc. of coned, hydrochloric 
acid and 5 cc. of water was stirred vigorously at room tem­
perature for three hours. The solution became bright 
yellow, and 4.25 g. (98%) of bright yellow needles sepa­
rated (m. p. 120-122°). When the reaction mixture was 
refluxed the yields were smaller and a larger amount of 
non-crystalline material formed. Repeated crystalliza­
tions from methanol brought the melting point to 124.5- 
125°.

Anal. Calcd. for C23H2603: C, 78.86; H, 7.5. Found: 
C, 78.40, 78.81; H, 7.23; 7.39.

Alternative preparations are as follows.
(a) A suspension of 1.5 g. of the cis-bromo unsaturated 

diketone (II) in 75 cc. of 90% methanol and 1.5 g. of 
sodium hydroxide was refluxed for ten minutes after solu­
tion was complete. The purple solution was acidified with 
dilute hydrochloric acid, diluted with water and extracted 
several times with ether. The ether extract was shaken 
four times with 25-cc. portions of 5% sodium hydroxide. 
Acidification of the alkaline solution and extraction with 
ether removed the enol which was isolated as a partly 
crystallized residue upon evaporation of the solvent. 
Crystallization from ethanol gave 0.8 g. (64%).

In a similar experiment using 80% methanol and re­
fluxing for one hour, largely non-crystalline material was 
obtained along with a 30% (by weight) yield of a colorless 
solid which upon repeated crystallization from ethyl ace­
tate melted at 234° (it contained no halogen). Anal. 
C, 81.98; 81.73; H, 6.90; 6.77. This compound has not 
been investigated.

(b) The action of methyl iodide on the dimesitylbu­
tanetrione silver enolate in isopropyl ether (refluxing for 
two hours) gave the carbon-methyl derivative (V) in 7% 
yield.

(c) Hydrolysis of the cL-2-enol methyl ether by means 
of saturated methanolic hydrogen chloride gave the enol
(V) in 81% yield.

The enol (V) gave a deep maroon color with alcoholic 
ferric chloride. I t is soluble in aqueous sodium carbonate.

The sodium enolate did not crystallize from a methanol 
solution. I t  proved to be quite soluble in water and al­
cohol, in contrast to the sodium salt of the parent dimesityl­
butanetrione enol. The silver salt (bright yellow) was 
precipitated from an aqueous or methanolic solution of the 
sodium salt by the addition of silver nitrate; it darkened 
rapidly on standing and was black within twenty minutes.

Hydroxylamine in pyridine or in methanol was without 
action, as also was semicarbazide and 2,4-dinitrophenyl- 
hydrazine in ethanol.

Methylation by Diazomethane.—Two grams of the enol
(V) was added to 50 cc. of ether containing 0.4 g. of diazo­
methane. After the vigorous reaction subsided the solution 
was allowed to stand overnight and was washed with di­
lute hydrochloric acid and with water. Upon evaporation 
of the ether in a current of dry air, an oil was obtained from 
which digestion with ethanol produced a crystalline precipi­
tate (0.72 g. or 44%) which proved to be the main product, 
the 2-enol methyl ether-A (cis) (III) (described under this
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compound). A second fraction (0.18 g., 9%) was then 
obtained and shown to be the trans-2-enol methyl ether 
(IV) (described under that compound). Upon standing 
the filtrate deposited a third compound (yield 15%) which 
was found to be the cis--4-enol methyl ether (VI) (described 
under that compound). Careful manipulation of the resi­
dues produced a fourth and more soluble isomer in a 30% 
yield. This was obtained from 90% ethanol and was 
shown to be the 4-enol methyl ether-B (trans) (VII) (de­
scribed under that compound).

Alkylation of the Silver Enolate with Methyl Iodide.— 
A methanol solution of 1.2 g. of the enol (V) and one 
equivalent of sodium methoxide was treated with 3.5 cc. 
of methyl iodide. The mixture was stirred mechanically 
and maintained at 0°. An aqueous solution (65 cc.) of 
2% silver nitrate was added slowly and stirring was con­
tinued for three hours while the mixture was allowed to 
come to room temperature. The mixture was then heated 
on a water-bath at 60° fcr one hour, filtered from silver 
iodide, diluted with water and extracted with ether. The 
ether solution was shaken three times with 20-cc. portions 
of 10% sodium hydroxide which removed the unchanged 
enol present (0.34 g. was recovered). Evaporation of the 
ether gave a bright yellow solid which was washed with 
methanol; yield 0.58 g. (65%). This proved to be the
4-enol methyl ether-B (trans) (VII). From the methanol 
solution 0.3 g. (37%) of bright yellow crystals of the di- 
methyltriketone (VIII) was isolated (see that compound).

c?V-l,4-0Dimesityl-3-methyl-l,2,4-butanetrione 2-Enol 
Methyl Ether (III).—This compound was obtained as 
described under the methylation of the enol with diazo­
methane (yield 44%). It was obtained in better yield as 
follows.

A mixture of 2.5 g. of cfs-bromodimesitoylmethylethyl- 
ene (II) and 50 cc. of methanol containing 2 g. of dissolved 
sodium was stirred for two hours at room temperature. 
The colored solution was concentrated and diluted with 
water slowly; 0.22 g. (12%) of pale yellow crystals sepa­
rated and was identified as the trans-2-enol methyl ether-B 
(described below). Further concentration of the filtrate 
produced 1.08 g. (58%) of a more soluble and colorless 
product. This was recrystallized repeatedly from metha­
nol and melted at 134.5-135°. This latter compound 
was obtained in almost quantitative yield by exposing a 
methanol solution of the trans-isomer-B (V) to the action 
of sunlight for eight hours.

Anal. Calcd. for C24H2sOs: C, 79.12; H, 7.74; OCH3,
8.5. Found: C, 78.93; H, 7.63; OCHs, 8,79, 8.44.

Hydrolysis of 4 g. in a mixture of coned, acetic acid, 10 
cc. of coned, hydrochloric acid and 5 cc, of water, at room 
temperature (three hours) or under refluxing for fifteen 
minutes, gave nearly quantitative yields of the enol (V).

The enol ether (III) was recovered unchanged after (a) 
exposure to sunlight for six hours in chloroform containing 
a trace of iodine; and (b) treatment with alcoholic sodium 
acetate under reflux for seven hours.

Treatment of 0.5 g. of the compound for five days with 
saturated methanolic hydrogen chloride gave two crystal­
line fractions. The first (0.3 g.) was the /raws-isomer-B 
(IV), and the second (0.15 g.) the enol (V).

trans-l ,4-Dimesityl-3-methyl-l ,2,4-butanetrione 2-Enol 
Methyl Ether-B (IV) .—This compound was obtained as

described above in 12% yield by the action of sodium 
methoxide on the cis-bromo unsaturated diketone (II), 
and in 9% yield by the action of diazomethane on the enol
(V). I t was obtained also in 60% yield by the action of 
saturated methanolic hydrogen chloride on the cis-isomer- 
A (III) at room temperature for five days (as described 
above). The /raws-isomer-B was purified by repeated 
crystallizations from ligroin, 85% methanol, and methanol; 
pale yellow crystals of m. p. 156.5-157°.

Anal. Calcd. for C24H280 3: OCH3, 8.52. Found:
OCHs, 8.48.

Hydrolysis of 0.5 g. by a mixture of 10 cc. of coned, 
acetic acid, 3 cc. of coned, hydrochloric acid and 2 cc. of 
water at room temperature for three hours gave 0.3 g. 
(6%) of nearly pure enol (V).

cis-(?) -1,4-Dimesityl-3-methyl-1,2,4-butanetrione 4- 
Enol Methyl Ether-A (VI).—A solution of 0.45 g. of the 
enol (V) in saturated methanolic hydrogen chloride 
was allowed to stand for five days at room temperature. 
Evaporation in an air stream gave 0.44 g. (92%) of product 
which was crystallized repeatedly from methanol and ob­
tained as colorless prisms of m. p. 142°.

Anal. Calcd. for C24H280 3: C, 79.12; H, 7.74; OCH3,
8.52. Found: C, 78.25; H, 7.99; OCH3, 8.33.

This compound was obtained also in 15% yield in the 
methylation of the enol with diazomethane, as described 
above. I t  was also obtained by the action of sunlight for 
seven hours on a methanol solution of the /raws-isomer-B 
(VII).

Hydrolysis of 0.25 g. by 25 cc. of coned, acetic acid, 4 cc. 
of coned, hydrochloric acid and 3 cc. of water under reflux 
for fifteen hours gave 0.2 g. (83%) of nearly pure enol
(V). Treatment of the ether (VI) with methanolic po­
tassium hydroxide under reflux for five hours was with­
out effect. This ether was not changed by exposure to 
sunlight for six hours in chloroform containing a trace of 
iodine.

trans-( ?) -1,4-Dimesityl-3-methyl-l ,2,4-butanetrione 4- 
Enol Methyl Ether-B (VII) .—This isomer was prepared as 
described above by the action of methyl iodide on the silver 
enolate and also by the action of diazomethane on the enol. 
Upon repeated crystallization from methanol it was ob­
tained as pale yellow needles of m. p. 119.5-120°.

Anal. Calcd. for C24H280 3: C, 79.12; H, 7.74; OCH3,
8.52. Found: C, 78.57; H, 8.09; OCH3, 8.79.

Hydrolysis of 0.25 g. in the coned, acetic-hydrochloric
acid-water mixture (refluxing for one and one-half hours) 
gave 0.21 g. (81%) of nearly pure enol (V). The com­
pound was recovered unchanged after treatment with (a) 
methanolic potassium hydroxide (refluxing for ten hours) 
and (b) saturated methanolic hydrogen chloride (for three 
days at room temperature).

l,4-Dimesityl-3,3-dimethylbutanetrione-l,2,4 (VIII).— 
This bright yellow compound was obtained as described 
above in the methylation of the silver enolate of (V) by 
methyl iodide. Repeated crystallizations from ethanol 
brought the melting point to 132.5-133°.

Anal. Calcd. for C24H2803: C, 79.12; H,7 .74; OCH3, 0. 
Found: C, 79.28, 79.41; H, 7.60, 7.85; OCH3, 0.

The compound was recovered unchanged when treated 
with (a) the coned, acetic-hydrochloric acid-water mixture
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(refluxing for thirty minutes) and (b) hydroxylamine in 
methanol (refluxing for ten hours).

Summary

1,4- Dimesityl-3-methyl-1,2,4-butanetrione enol 
has been synthesized from mesaconyl chloride.

Methylation with diazomethane gave all of the 
four possible methyl ethers. The cis-trans 2-enol 
methyl ethers were made in another way by the

action of sodium methoxide on bromodimesitoyl- 
ethylene. The configurations were determined by 
interconversions and relative stability. The labile 
4-enol methyl ether was obtained in a second way 
by acid catalytic methylation of the enol; and 
the stable 4-enol methyl ether, along with the 
carbon-methyl derivative, was obtained by alkyla­
tion of the silver enolate.
C h a rlo ttesv ille , Va . R eceiv ed  J u ly  6, 1942

[Co n t r ib u t io n  from  t h e  C obb Ch em ical L aboratory  of t h e  U n iv e r sit y  o f  V ir g in ia ]

The Stereoisomeric Bromo 1,4-Dimesityl Unsaturated 1,4-Diketones
B y R obert  E. Lutz a nd  D a n iel  H . T e r r y 1

This report deals with the preparation of some 
halogen derivatives which were made in connec­
tion with the work on 1,4-dimesityl and 1,4-di- 
mesity 1-3-methyl 1,2,4-butanetrione enols.

The 1,4-Dimesityl Series
The yellow /raws-bromodimesitoylethylene (II) 

is made easily from dimesitoylethylene dibro­
mide (I).2 I t  is converted by the action of sun­
light into a colorless isomer which, therefore, must 
be the cis-isomer (III). Conversion back into the 
trans-isomer was brought about by the action of 
sunlight on a chloroform solution containing a 
trace of iodine as a catalyst.

C9HnCOCHBrCHBrCOC9Hn — ^  C9HnCO—C—Br

I H—C—C O C 9 H 1 1

j  NaOH
T

CgHnCOCH^CHCOCgHn C9HnCOC=CH—CC9Hn
I II

IV OH . . .  O
V

Both cis- and /raws-isomers react with metha­
nolic potassium hydroxide to give the triketone 
enol (V) and with sodium methoxide to give the 
m-2-enol ether (VI). In the latter reaction no 
consistent stereochemical orientation is involved. 
1,4-Addition probably occurs, but the intermedi­
ate 4-enolates, while theoretically capable of ex­
isting and maintaining individual configurations,

Sunlight CsHuCO—C—Br

would hardly be expected to do so during this re ­
action under alkaline conditions.3

The action of potassium iodide on the bromo 
unsaturated diketones in both cases gave trans- 
dimesitoylethylene (IV), a somewhat surprising 
reaction which must be attributed to the fact that 
these compounds contain the conjugated a-bromo- 
ketone system. The halogen in the corresponding 
dimesitylmethyl series is not reducible under the 
same conditions, however, due perhaps to an in­
crease in the total steric hindrance by the sub­
stituted methyl group.

Chlorination of dimesitoylethylene (IV) was 
carried out to verify certain compounds and re­

actions which had 
been previously re­
ported.2»4 Phenyl 
iodochloride in cold 
chloroform converted 
the unsaturated dike­
tone into the dichlo­
ride (VII) which had 
previously been iso­
lated in extremely 
small amounts when 

free chlorine was used.2 This dichloride when
subjected to the action of boiling ethanol lost 
hydrogen chloride and gave the yellow trans- 
dimesitoylchloroethylene (IX) which can be
made by the action of hydrochloric acid on
dimesitoylethylene oxide4 and by the action 
of phosphorus pentachloride on dimesitoylglycol 
(X).

Sunlight C 9H n C O —C—H 
C H C I 3 — 1 2

----------- XXX

NaOCHs

C9HnCO—C-
II

CgHnCO—C- 
VI

" t
- O C H 3

-H

(1) d u  P o n t Fellow , 1939-1940; p resen t location, Jackson L abora­
to ry , E. I. d u  P o n t de N em ours & Co., W ilm ington, Del.

(2) L u tz , T h is  J o u r n a l , 48, 2905  (1926).

(3) Cf. the  facile rearrangem en t of th e  labile 4-enol e ther [Lutz 
and  T erry , J . Org. Chem., 7, 320 (1942)].

(4) L u tz  and W ood, T h is  J o u r n a l , 60, 229 (1938).
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I V ---------------CgHnCOCHClCHClCOCgHn
C6H5IC12 i

i  VII
C6H5IC12 y

,, boiling CHCI3 C9H11COCC1=CHCOC9H1i

C22H22C1202 PCI5 |  IX

VIII C9H11COCH—CHCOC9H11
I !

OH OH X
When dimesitoylethylene was treated with phenyl 
iodochloride in boiling chloroform, a dichloro 
unsaturated diketone (VIII) was obtained which 
was shown to involve nuclear substitution, by the 
resistance toward reduction by zinc and acetic 
acid of at least one of the halogens. This com­
pound evidently is a derivative of IX.

The l,4-Dimesityl-3-methyl Series
The unsaturated diketone of this series (XI) 

does not give a stable dibromide but reacts slowly 
in chloroform solution to give what appears to be 
the m-bromo unsaturated diketone (XIV), along 
with two other products, the saturated diketone
(XIII) and a tribromo compound which is be­
lieved to be XII. Possibly the unstable dibro­
mide and hydrobromide are involved and, in the 
presence of hydrogen bromide generated during 
the reaction, act as a-bromoketones to give up 
bromine and simultaneously to undergo reduc­
tion.5

In order to avoid complications due to second­
ary bromination the same reaction was carried out 
in the presence of an excess of powdered sodium 
bicarbonate to remove hydrogen bromide. Under 
these conditions the cis-bromo unsaturated di­
ketone was obtained relatively free from by-prod­
ucts and in good yield.
C9HnCOC=CHCOC9Hii 

c h 8

Pt -f H2 or S11CI2
—--------- -j

Br2
NaHCOs

XI

Br2
C9Hi1COCHCH2COC9H11

\ \
CsHnCOCBrCBrjjCOCgHn

j Zn
CHa X II AcOH

CHs
A

X II
KI

X III

C9H11CO—C—c h 3
il

CjHuCO— C—Br 

XIV

AcOH f
C9HuCO—C—CH3 

NaOAc ||
—------- ^  Br—C—COC9Hnor
pyridine XV

The structure of the m-bromo unsaturated di­
ketone (XIV) was proved by analysis and by the

(6) Cf. Couper and Lutz, J. Org. Chem.,1, 79 (1942).

facile rearrangement under the influence of sodium  
acetate or pyridine into a stable isomer which con­
sequently must be the trans-iorm (XV). The 
trans-compound was then reduced by means of 
zinc and acetic acid to the saturated diketone 
(XIII) which was obtained also by direct reduc­
tion of the unsaturated diketone (XI).

The conversion of the /raws-unsaturated dike­
tone (XI) to the labile m-bromo unsaturated 
diketone (XIV) by bromination presumably in­
volves the intermediate formation of an unstable 
dibromide. Obviously, in view of the production 
of the labile-stereoisomer under these circum­
stances this transformation is best interpreted as 
a trans-addition of bromine to give an unstable 
dibromide of the configuration (XVI), followed 
by /ra^s-elimination of hydrogen bromide.

H H

C 9 H 1 1 C O — C— C— COC9H h X V I

CH3 Br

The structure of the tribromo derivative (X II) 
was deduced from analysis and the conversion by  
means of potassium iodide into the trans-bromo 
unsaturated diketone (XV).

Incidental to this work the acetoxyfuran 
(XVII) was made from the unsaturated diketone 
(XI). When the usual combination, acetic an­
hydride and sulfinic acid, was employed, there 
was produced a sulfur containing compound of 
empirical formula C23H26O5S; however, when 
acetyl chloride was substituted for acetic anhy­
dride, as was done in the case of dimesitoylethyl­
ene itself, the acetoxyfuran was then obtained 
without difficulty.

CHs— C------- C—OCOCHs

C9H n— Cx  y C — C9H u X V II
XK

Experimental
The 1,4-Dimesityl Series

/raws-2-Bromo-l ,4-dimesityl-2-butanedione-l ,4 (1 ,2- 
dimesitoylbromoethylene) (II).—The best preparation has 
previously been reported.6 The bromo compound has 
now been obtained in other ways as follows:

(a) A suspension of 5 g. of the dibromide of dimesitoyl­
ethylene (I) and 1.5 g. of sodium benzoate in 75 cc. of ab­
solute ethanol was refluxed for one and one-half hours. 
On cooling 0.85 g. of unchanged material separated. 
On diluting the filtrate with water 3.5 g. (84%) of crude 
products separated.

(b) A mixture of 5 g. of dibromide (I), 3 g. of freshly 
prepared silver benzoate, and 50 cc. of isopropyl ether was

(6) C onan t and  L u tz , T his Journal, 47, 881 (1925).
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refluxed for eight hours and filtered. Evaporation gave
2.8 g. (55%) of II.

(c) A solution of 0.2 g. of the cis-isomer (III) in chloro­
form to which a crystal of iodine had been added, was ex­
posed to sunlight for six hours; 0.05 g. of pure trans- 
isomer (II) was recovered and identified.

The following experiments were performed on the trans- 
compound (II) :

(a) Treatment of 2.0 g. in 70% ethanol with 1 g. of 
potassium hydroxide under refluxing for one hour gave 
1.6 g. (94%) of nearly pure enol (V).

(b) Treatment with a 30:5:3 coned, acetic acid- 
coned, hydrochloric acid-water mixture under refluxing 
for two hours was without result.

(c) Exposure of a solution of one gram in ethanol to 
sunlight for eight hours gave 0.8 g. of the m-isomer.

(d) A solution of 0.15 g. in coned, acetic acid with 
potassium iodide reacted slowly on standing. Iodine 
was liberated. Upon diluting with water 0.1 g. of dimesi­
toylethylene separated and was identified.

(e) Acetic anhydride and a small amount of coned, 
sulfuric acid at 100° for five minutes was without action.

(f) A solution of sodium methoxide was added under 
stirring to a methanol solution of 0.75 g. of II and the re­
action was allowed to continue at room temperature for 
thirty minutes. Dilution with water gave 0.57 g. (62%) 
of nearly pure product which was recrystallized and identi­
fied as the cw-2-enol methyl ether (VI).

cL-2-Bromo-1,4-dim esity 1-2-butene dione-1,4 (1,2-di-
mesitoylbromoethylene) (III).—An ethanol solution of 1 g. 
of the trans-isomer (II) was bleached by exposure for eight 
hours to sunlight. Upon evaporation and crystallization
0.8 g. of colorless cis-isomer was isolated. After repeated 
crystallization from 70% ethanol it melted at 88-89°.

Anal. Calcd. for C22H23Br02: C, 66.2; H, 5.8. Found: 
C, 66.2; H, 6.1.

The action of 0.2 g. of potassium hydroxide in 30 cc. of 
70% methanol on 0.3 g. of III (refluxing for one hour) 
gave 0.23 g. (92%) of nearly pure enol (V).

Potassium iodide in cond. acetic acid at 75° converted 
this compound in good yield into dimesitoylethylene.

Acetic anhydride and a trace of coned, sulfuric acid at 
100° for five minutes was without effect.

Sodium methoxide in methanol acting on 0.15 g. of III 
a t room temperature for thirty minutes gave 0.11 g. 
(83%) of nearly pure cis-2-enol methyl ether (VI).

2,3-Dichloro-1,4-dimesitylbutanedione-l,4 (Dimesitoyl­
ethylene dichloride) (VII).—A solution of 2 g. of the trans- 
unsaturated diketone (IV) in 50 cc. of dry chloroform was 
treated with 1.8 g. of phenyliodochloride; the mixture 
was allowed to stand in a glass-stoppered flask for five 
days at room temperature, with occasional shaking. 
Evaporation of the resulting solution gave a colorless 
solid residue which was washed with ethanol; yield 0.94 
g. (39%). Repeated crystallization from ethyl acetate 
brought the melting point to 209° (decomp.) (cf. ref. 2).

Anal. Calcd. for C22H24CI2O2: C, 67.52; H, 6.18;
Cl, 18.12. Found: C, 67.51, 66.52; H, 6.16, 5.71; Cl, 
18.04.

/rawj-2-Chloro-l,4-dimesityl-2-butenedione-1,4 (Di- 
mesitoylchloroethylene) (IX).—The compound has been 
reported previously.4 I t may be obtained also as follows:

(a) A solution of 0.2 g. of the dichloro saturated dike­
tone (VII) in 25 cc. of ethanol was refluxed for eight hours. 
The yellow solution was evaporated and 0.17 g. (95%) of 
nearly pure product was obtained. It was recrystallized 
and identified by mixture melting point with a sample pre­
pared previously.4

(b) A solution of 0.3 g. of dimesitoylethylene glycol
(X) in dry chloroform was treated with 0.2 g. of phosphorus 
pentachloride. A vigorous reaction took place with evolu­
tion of hydrogen chloride. The chloroform was evapo­
rated, water added and the organic material was extracted 
with ether. Upon evaporation and crystallization of the 
residual oil from ethanol 0.2 g. of the chloro, unsaturated 
diketone was obtained in nearly pure condition. It was 
identified by mixture melting point.

A Dichlorodimesitoylethylene (VIII).—A mixture of 10 
g. of dimesitoylethylene, 8.6 g. of phenyliodochloride and 
50 cc. of dry chloroform was refluxed for three hours. 
Concentration under reduced pressure gave 0.4 g. of bright 
yellow solid which was purified by repeated crystalliza­
tion from ethyl acetate; yellow needles; m. p. 209.5-210°.

Anal. Calcd. for C22H22C1202: C, 67.84; H, 5.65.
Found: C, 68.06, 68.08; H, 5.67, 5.44.

Reduction of a small sample by zinc dust and coned, 
acetic acid gave a new chlorine containing compound of 
m. p. 166-167° which was not purified or investigated fur­
ther. This sufficed to show that at least one of the chlo­
rines of VIII was in a mesityl nucleus.

The 1,4-Dimesityl-2-methyl Series
trans-1,4-Dimesityl-2-methyl-2-butenedione-1,4 (1,2-

Dimesitoylmethylethylene) (XI).—The following modifica­
tion of the earlier procedure7 was used. Thirty grams of 
mesaconyl chloride was added dropwise over two hours to 
a well-stirred mixture of 120 cc. of carbon disulfide, 60 g. 
of finely ground anhydrous aluminum chloride and 48 g. of 
mesitylene. The mixture was then warmed on a water- 
bath for twenty minutes and poured into ice and hydro­
chloric acid. The carbon disulfide layer was separated 
and distilled, and the residue crystallized from ethanol; 
yield 54.6 g. (91%) melting at 88-90°. Recrystallized 
material melting at 96° was used in succeeding experi­
ments.

The action of sunlight (two days) on a methanol solu­
tion was without result. Bromination according to the 
earlier method8 gave much non-crystalline material and 
small yields of solids which were mixtures. Attempts to 
isolate a dibromo compound failed and it appeared likely 
that this desired compound was unstable and easily con­
verted into the unsaturated bromo diketone through loss of 
hydrogen bromide. A typical experiment is as follows: 
a chloroform solution (15 cc.) of 7.2 g. of bromine was 
added dropwise with mechanical stirring to a solution of 15 
g. of (XI) in 20 cc. of chloroform at —10°. Copious 
evolution of hydrogen bromide was observed and the color 
of bromine was discharged slowly. After the addition the 
mixture was allowed to stand for fifteen minutes and was 
evaporated under reduced pressure. The solid which ap­
peared was washed with petroleum ether and filtered (18 
g. melting at 124-126°). A portion of this (0.5 g.) upon

(7) L u tz  and  T ay lor, T h is  J o u r n a l , 55, 1168 (1933).
(8) Taylor, D isserta tion , U niversity  of Virginia, 1932.
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distillation in the vacuum oven at 130° gave a crystalline 
deposit on the cold-finger condenser of 0.3 g. (m. p. MO- 
142 °) which was identified as the as-bromo unsaturated 
diketone (XIV). The residue from this distillation was 
crystallized from ethanol and gave 0.15 g. of colorless 
solid of m. p. 180-182°. This is described below as tri- 
bromodimesitylbutanedione (XII). Concentration of the 
petroleum ether washings of the crude product (above) 
gave an oil which contained little halogen. This material 
was finally induced to crystallize by vacuum distillation at 
135° onto a cold-finger condenser, followed by manipula­
tion and seeding of the distillate. This product (0.33 g.) 
melted at 58-60° and was identified as the saturated dike­
tone (XIII).

Chlorination attempts, using phenyl iodochloride, were 
unsuccessful.

1,4-Dimesityl-2-methylbutanedione-1,4 (XIII).—A so­
lution of 3 g. of the unsaturated diketone (XI) in 100 cc. 
of ethanol was hydrogenated using 0.15 g. of platinum 
oxide. One molecule was absorbed rapidly. Two drops 
of piperidine were added and the mixture was allowed to 
stand for six hours under hydrogen. Filtration and 
evaporation gave an oil, which, upon vacuum distillation 
onto a cold-finger condenser and manipulation in solvents, 
was finally induced to crystallize. Upon repeated re­
crystallization from ethanol it melted at 60.5°.

Anal. Calcd. for C23H2802: C, 82.14; H, 8.33. Found: 
C, 81.72; H, 8.49.

This same compound was obtained by reduction of the 
unsaturated diketone (XI) by means of stannous chloride 
in a 3:1 mixture of coned, acetic and hydrochloric acids, 
and also by reduction of the trans-bromo unsaturated di­
ketone (XV) by means of zinc and coned, acetic acid.

Attempts to obtain a crystalline furan through the use 
of hydriodic acid (sp. gr. 1.7), or refluxing acetic acid con­
tinuously saturated with hydrogen chloride, were without 
success. The use of acetic anhydride and sulfuric acid led 
to a compound of m. p. 102-103° (crystallized from ligroin) 
which was shown not to be the furan by analyses. This 
was not studied further.

2,2,3-Tribromo-l,4-dimesityl-3-methylbutanedione-l,4 
(XII).—The crude material obtained as described above 
was partially purified by vacuum evaporation of the im­
purities consisting of compounds containing less halogen, 
and was further purified by repeated crystallization from 
an ethanol-ethyl acetate mixture; m. p. 188°.

Anal. Calcd. for CaHasOaBr,: C, 48.17; H, 4.36.
Found: C, 47.85; H, 4.42.

This compound was isolated in several experiments from 
mixtures obtained by brominations followed by manipula­
tions in which sodium methoxide was used. This com­
pound did not react and remained as an insoluble residue.

Reduction of the tribromo compound (0.15 g.) in coned, 
acetic acid by potassium iodide (warming to 70° and then 
allowing to cool slowly on standing for three hours) gave
0.06 g. of nearly pure trans-hromo unsaturated diketone 
(XV) which was purified by crystallization from ethanol 
and identified.

ax-2-Bromo-l ,4-dimesityl-3-methyl-2-butenedione-l ,4 
(XIV).—A chloroform solution of 4.8 g. of bromine was 
added dropwise to a mechanically stirred solution of 10 g. of

the unsaturated diketone (XI) in chloroform containing 
1 g. of suspended powdered sodium bicarbonate. The 
temperature was maintained at 0°. The color of bromine 
disappeared within twenty minutes after the last addition. 
This solution was then washed in succession with aqueous 
sodium bisulfite and with water. Upon evaporation and 
crystallization of the residue from petroleum ether, 7.8 g. of 
fine colorless needles was obtained (77.7%). Repeated 
crystallizations from ethanol-ethyl acetate mixtures 
brought the melting point to 143.5-144°. From the fil­
trates 1.4 g. of starting material was recovered.

Anal. Calcd. for C23H2502Br: Br, 19.37. Found: Br,
19.55.

/raws-2-Bromo-l,4-dimesityl-3-methyl-2-butenedione-
1.4 (XV).—A mixture of 3 g. of the ax-isomer (XIV), 3 g. 
of sodium acetate and 50 cc. of 95% ethanol was refluxed 
for two hours. Upon cooling and diluting with water
2.05 g. of product separated (m. p. 168-169°). Alternate 
crystallizations from ethanol and from ethyl acetate 
raised the melting point to 171-171.5°.

Anal. Calcd. for C23H250 2Br: C, 66.85; H, 6.10.
Found: C, 67.14; H, 6.14.

This compound was obtained also when sodium benzo­
ate was substituted for sodium acetate; and it was ob­
tained when a mixture of the ax-isomer and isopropyl ether 
and freshly precipitated silver benzoate was refluxed for 
twelve hours. The same transformation was effected by 
the action of a 1:1 mixture of pyridine and water under 
refluxing for one hour.

Reduction of 0.5 g. of XV by 25 cc. of coned, acetic acid 
and 1 g. of zinc dust under stirring for ninety minutes at 
room temperature gave an oil which finally was induced to 
crystallize after distillation in the vacuum oven at 133°. 
The yield was 0.16 g. and the m. p. 57-59°; it was identi­
fied by mixture melting point as the saturated diketone 
(XIII).

3-Acetoxy-2,5-dime sitylM-methylfuran (XVII).—Two
drops of coned, sulfuric acid were added to a suspension of
1.5 g. of dimesitoylmethylethylene (XI) in 10 cc. of acetyl 
chloride. The suspended solid dissolved immediately 
with darkening. After warming for five minutes the mix­
ture was hydrolyzed with ice-water and neutralized with 
sodium carbonate. Extraction with ether and subsequent 
evaporation gave 0.52 g. of almost pure product. Re­
peated crystallization from ethanol raised the melting point 
to 88°. Some starting material was recovered from the 
residual oils.

Anal. Calcd. for CsöHasOa: C, 79.84; H, 7.49. Found: 
C, 79.57; H, 7.75.

When acetic anhydride was used instead of acetyl chlo­
ride in the above experiment only unchanged material was 
obtained.

Summary
^ra^s-Bromodimesitoylethylene has been con­

verted into a cis-form. Reactions of the stereo­
isomers have been studied.

The chlorination of dimesitoylethylene with 
phenyliodochloride gave the monochloro deriva­
tive in good yield.
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Bromination of dimesitoylmethylethylene gave 
a as-monobromo derivative from which the trans- 
isomer was made by inversion. The use of sodium

bicarbonate in preventing secondary reactions 
during bromination is described.
C h a r l o t t e s v il l e , V a . R e c e i v e d  J u l y  6 , 1942

[C o n t r i b u t io n  f r o m  N ic h o l s  L a b o r a t o r y , N e w  Y o r k  U n i v e r s i t y ]

Condensation Reactions of Isoquinaldaldehyde
B y  R o bert  S. B arrows a nd  H. G. L indw a ll

The successful use of lepidine as a source of 
cinchoninaldehyde1 suggested that 1-methyliso- 
quinoline might similarly be oxidized through the 
action of selenium dioxide to yield isoquinald­
aldehyde (I). The method of Spath,2 with modi­
fication, was used for the preparation of 1-methyl- 
isoquinoline. The modification involved the sub­
stitution of Raney nickel for platinized asbestos 
in the dehydrogenation of 1-methyl-3,4-dihydro- 
isoquinoline. The 1-methylisoquinoline thus ob­
tained was characterized by the preparation of 
several known derivatives.

The oxidation of 1-methylisoquinoline by 
selenium dioxide was carried out in dioxane solu­
tion with vigorous stirring; an excess of selenium 
dioxide was avoided. The product (I), which is 
volatile with steam, reacts with Tollens reagent, 
gives a sodium bisulfite addition product, and 
forms an oxime, a phenylhydrazone and a semi­
carbazone. The aldehyde (I) formed no hydrate.

A similar oxidation of 1,3-dimethyl-6,7-methy 1- 
enedioxy-isoquinoline was carried out. The 
product, an aldehyde, formed a monoxime, and is 
tentatively assigned the structure 3-methyl-6,7- 
methylenedioxy-isoquinaldaldehyde (II).

CHO CHO

I II
The condensation reactions of compound I with 

a series of “active methylene” compounds were 
studied. Condensation with nitromethane was 
accomplished readily to yield a:-nitro-/3-hydroxy- 
/T(isoquinolyl-l)-ethane (III).

Initial attempts at condensation with aceto­
phenone gave a mixture of products; with varied 
conditions, however, either IV, V, or VI could be 
obtained as the principal product. If the con-

(1) K w artie r and  L indw all, T h is  J o u r n a l , 59, 524 (1937).
(2) Spath , Berger and  K u n ta ra , B er.t 63, 134 (1930); S path  and 

Polgar, M onatsh., 51, 190 (1929).

densation of equimolecular quantities of iso­
quinaldaldehyde and acetophenone was carried 
out in the presence of sodium hydroxide for a 
short period of time, IV was obtained, but if 
longer time was allowed or if sodium ethylate was 
used, compound V resulted. With an excess of 
acetophenone and either sodium hydroxide or 
sodium ethylate, VI was the principal product.

HO— CH— CH2N 0 2

N
I

III
CH=CHCOC6Hf
I

N

HO— CH— CH2CO— CgHfi

IV
CH(CH2COC6H5)2

/ \ N

V VI
No product could be obtained from isoquin­

aldaldehyde and phenylacetic acid under condi­
tions of the Perkin condensation, but two deriva­
tives of phenylacetic acid were condensed under 
other conditions. Phenylacetonitrile and com­
pound I yielded VII in the presence of diethyl­
amine or sodium ethylate; ethyl phenylacetate 
and I gave VIII when sodium ethylate was used 
as the catalyst.

COOC2H5

VII VIII

Experimental
l-Methylisoquinoline.—To 1-methyl-3,4-dihydroiso-

quinoline (15 g.) was added an excess of Raney nickel and 
the mixture was heated under reflux for fifteen to twenty 
minutes or until the temperature of the mixture had 
reached 248° (the boiling point of 1-methylisoquinoline); 
yield, 70-75%; boiling point 124-126° (at 10 mm.). 
Melting points of derivatives: picrate, 230-232°; sul­
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fate, 246-248°; hydrochloride 200-205 °; chloroplatinate, 
233-234°; methiodide, 208°.

Isoquinaldaldehyde (I).—To a solution of 1-methyliso­
quinoline (10 g.) in dioxane (17 cc.) was added, drop by 
drop, a solution of selenium dioxide (8.9 g.) in dioxane (90 
cc.); the solutions were mixed over a period of one-half 
hour with agitation and gentle warming. The final mix­
ture was then heated, with agitation, on the steam-bath for 
three hours. At the end of this time the solution was 
cooled and the precipitated selenium was removed; the 
bulk of the dioxane was removed under diminished pres­
sure; the residual material was then steam distilled. The 
product (I) crystallized from the distillate after several 
hours at ice-box temperature; long white needles, m. p. 
55-55.5°; yield, 42%. The product reduces Tollens re­
agent and forms a bisulfite addition product slowly. It is 
soluble in acetone, ligroin, benzene, but it is only slightly 
soluble in water.

Anal. Calcd. for C10H7NO: C, 76.49; H, 4.46; N,
8,92. Found: C, 76.40; H, 4.80; N, 8.90.

Semicarbazone of I.—Yellow plates from ethyl alcohol; 
m. p. 195-197°.

Anal. Calcd, for CnH10N4O: N, 26.17. Found: N,
25.95, 26.41.

Oxime of I.—White needles from 50% ethyl alcohol; 
m. p. 171-172°.

Anal. Calcd. for Ci0H8N2O: N, 16.27. Found: N,
16.01.

Phenylhydrazone of I.—Yellow needles from ethyl alco­
hol; m. p. 174-175°.

Anal. Calcd. for Ci6H13N3: N, 17.00. Found: N,
17.19.

3-Methyl-6,7-methylenedioxy-isoquinaldaldehyde (II).
—To a solution of 2.2 g. of l,3-dimethyl-6,7-methylene- 
dioxy-isoquinoline in 20 cc. of dioxane was added, drop by 
drop, a solution of 1.3 g. of selenium dioxide in 20 cc. of 
dioxane. The mixture was stirred and warmed gently 
during the addition which required one-half hour. One 
and one-half hours of further heating on the steam-bath 
were allowed. The precipitated selenium was filtered from 
the hot mixture and the filtrate was steam-distilled. When 
the bulk of the dioxane had been removed in the course of 
this distillation, the product (II) began to separate from the 
residue; yield, 34% after crystallization from toluene. 
Light yellow needles from ethyl alcohol; m. p. 186.5- 
188.5°. The product (II) reduces Tollens reagent.

Anal. Calcd. for C12H9NO3: N, 6.51. Found: N, 
6.64.

Oxime of IL=—Needles from 50% ethyl alcohol; m. p. 
215-216°.

Anal. Calcd. for C12H10N2O3: N, 12.17. Found: N,
11.90.

a-Nitro-jS-hydroxy-/3-(isoquinolyl-l)-ethane (III).—To a
mixture of 0.3 g. of nitromethane and 0.32 g. of I was added 
diethylamine (2 drops). The solution, which became 
warm, was cooled and allowed to stand for two hours. A 
small amount of water was then added and an oil separated. 
Vigorous scratching caused the oil to solidify. The crude 
product (III) was dried on a porous tile; crude yield, 71%. 
The product may be crystallized from ligroin but heating

in solvents causes apparent gradual decomposition; m. p. 
106-107°, approx.

Anal. Calcd. for CnHioN20 3: N, 12.84; Found: N, 
12.75.

/S-Hydroxy-j8-(isoquinolyl-l) -propiophenone (IV).—A few
small pieces of ice were added to a solution of 0.2 g. of I 
and 0.17 g. of acetophenone in 8 cc. of ethyl alcohol. 
Then 15 cc. of 10% sodium hydroxide solution was added 
slowly. The solution soon became milky and after fifteen 
to twenty minutes a yellow crystalline product (IV) ap­
peared; recrystallized from ethyl alcohol; m. p. 114.5- 
115°; yield, 85%.

Anal. Calcd. for Ci8H15N 02: N, 5.05. Found: N, 4.76.
/3-(Isoquinolyl-l) -acrylophenone (V). Method A.— 

Compound I (0.25 g.) was dissolved in 15 cc. of ethyl alco­
hol, and to this solution was added an excess of aceto­
phenone (0.38 g.) and a small amount of ice. After then 
adding 6 cc. of 10% sodium hydroxide solution, the mix­
ture was allowed to stand for one hour at room tempera­
ture. At the end of this time the product had appeared 
as fine yellow needles; yield, 60%; recrystallized from 
ethyl alcohol, m. p. 144-146°. Method B.—Equimolec- 
ular amounts of I (0.5 g.) and acetophenone (0.33 g.) 
were dissolved in 2 cc. of absolute alcohol and to this was 
added 5 drops of a solution of sodium ethylate in alcohol 
(0.05 g. of sodium per 1 cc.). At first the solution became 
warm and turned green but after standing the color 
changed to yellow and finally solidified to a crystalline 
mass. Treatment with bone black and crystallization 
from alcohol gave light yellow needles, m. p. 145.5-146°; 
yield 77%. A melting point determination when mixed 
with the product of method A showed no depression.

Anal. Calcd. for Ci8H13NO: C, 83.38; H, 5.04; N,
5.40. Found: C, 83.32, 83.23; H, 5.14, 4.99; N, 5.50, 
5.44.

Bis-acetophenonyl- (isoquinolyl-1) -methane (VI) .—Com­
pound I (0.25 g.) and acetophenone (0.35 g.) were dissolved 
in 2 cc. of absolute ethyl alcohol and to this solution was 
added 0.5 cc. of a solution of sodium ethylate in alcohol 
(0.05 g. of sodium per 1 cc.). The product (VI) was re­
moved by filtration after twenty hours. White plates 
from alcohol, m. p. 133-133.5°; yield, 42%. A small 
amount of VI was also obtained from the residual liquid 
after the removal of compound V in method “A” above.

Anal. Calcd. for Ci6H2iN 0 2: C, 80.90; H, 5.73; N, 
3.69; mol. wt., 277. Found: C, 81.26; H, 5.57; N, 3.68, 
3.84; mol. wt. (micro-cryoscopic, with camphor), 264.

cK-Phenyl-jS-(isoquinolyl-l)-acrylonitrile (VII).—A solu­
tion was prepared consisting of 0.4 g. of phenylacetonitrile
0.5 g. of isoquinaldaldehyde and 1 cc. of absolute ethyl 
alcohol. To this was added a small amount of sodium 
ethylate solution (three drops* of solution containing 0.05 
g. of sodium per 1 cc. of ethyl alcohol). After cooling and 
scratching the product separated as light yellow needles; 
recrystallized from ethyl alcohol, m. p. 96.5-97°; yield, 
92%.

Anal. Calcd. for Ci8Hi2N2: C, 84.36; H, 5.13; N,
10.93. Found: C, 84.44; H, 4.83; N, 10.94.

Ethyl Ester of a-Phenyl-/3-hydroxy-j8-(isoquinolyl-l)- 
propionic Acid (VIII).—Compound VIII was prepared by 
a method similar to that used in the preparation of VII.
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employing ethyl phenylacetate with isoquinaldaldehyde; 
recrystallized from ethyl alcohol as white needles, m. p.
134.5-135.5°; yield, 45%.

Anal. Calcd. for C20H19NO3: C, 74.72; H, 5.98; N, 
4.36. Found: C, 74.46; H, 5.61; N, 4.47.

Summary
1. 1-Methylisoquinoline and l,3-dimethyl-6,7- 

methylenedioxyisoquinoline are oxidized by sele­

nium dioxide to yield isoquinaldaldehyde and
3-methyl-6,7-methylenedioxy-isoquinaldaldehyde, 
respectively.

2. Isoquinaldaldehyde has been found to 
undergo condensation reactions with nitrometh­
ane, acetophenone, phenylacetonitrile and ethyl 
phenylacetate.
N e w  Y o r k , N .  Y . R e c e iv e d  J u l y  17, 1942

[C o n t r i b u t io n  f r o m  t h e  A v e r y  L a b o r a t o r y  o f  C h e m is t r y  o f  t h e  U n i v e r s i t y  o f  N e b r a s k a ]

Amino Ketones. I. Synthesis of Amino Alcohols and 1,3-Diamino Compounds
from /3-Amino Ketones

B y  N orman H. Crom w ell , 0. T. W il e s1 and  O. C. S ch ro eder2

Although many previous investigations3 have 
been concerned with the addition of various 
amines to a,/3-unsaturated ketones, few studies 
have been made with the resulting /3-amino 
ketones.

It seemed of interest to attempt the preparation 
of certain amino alcohols and the corresponding
I, 3-diamino compounds of possible pharmaco­
logical value from such /3-amino ketones by the 
application of certain known reactions.

The present investigation deals with the addi­
tion of certain amines to benzalacetone and ben- 
zalacetophenone and the conversion of the 
products to amino alcohols and 1,3-diamino com­
pounds.

It has been found that both morpholine and 
piperidine add readily to benzalacetone to give, 
respectively, /3-morpholinobenzylacetone (I) and 
/3-piperidinobenzylacetone (II), isolated as the 
hydrochlorides. The preparation of /3-amino 
ketones using high boiling, water soluble amines 
is best accomplished in water insoluble solvents. 
This allows the removal of the excess reactant 
amine by wrater washing. Conversely, the prepa­
ration of /3-amino ketones from water insoluble 
amines such as aniline is easiest to manipulate in 
a water soluble solvent such as alcohol.

The oximes (III) and (IV) of the amino ketones
(1) P resent address: Shell D evelopm ent Co., Em eryville, Calif.
(2) Present address: E. I. du  P o n t de N em ours an d  Co., Charles­

ton , W. Va.
(3) (a) T am bor and  W ildi, Ber., 31, 352 (1898); (b) Sm ith  and

Adkins, T h i s  J o u r n a l , 60, 407 (1938); (c) Georgi and Schwyzer,
J . prakt. Chem., 86, 273 (1912); (d) K ohn and  M orgenstern, M on­
atsh., 24, 773 (1903); 28, 479 (1907); (e) Pollard  an d  Stew art, T h i s  

J o u r n a l , 58, 1980 (1936); (f) 59, 2006, 2702 (1937); (g) M acovski 
and  Silberg, J . prakt. Chem., 137, 131 (1933); (h) Jones and
K erner, J . Chem. Soc., 363 (1933).

(I) and (II) were prepared in good yields but it 
was necessary to take certain precautions to 
obtain these results. The best yields were ob­
tained when the reaction medium was strongly 
basic. It was necessary that the amino ketone 
hydrochloride be added only after the hydroxyl- 
amine was available in the reaction medium to 
react immediately with the amino ketone before 
it could decompose to the a,/3-unsaturated ketone. 
These amino ketoximes were amphoteric. The 
oximes (XIII) and (XIV), respectively, of 
/3-morpholinobenzylacetophenone3f and of /3- 
anilinobenzylacetophenone3a were also prepared.

Attempts to reduce these various amino ketox­
imes with catalytic hydrogen to the corresponding
1,3-diamino compounds were not successful. In 
all cases the following reaction was noted 

H2
R—CH—CH2—C—R ----- >

| ]| metal
)>N NOH

R—CH2—CH2—CHR -1- )N H
I X

n h 2
The oximes (III) and (IV) however, were re­

duced in fair yields to the 1,3-diamino compounds
(V) and (VI) using sodium and alcohol according 
to the method of Kohn.4 The benzamides (VII) 
and (VIII) of these diamines were also prepared.

In order to obtain possible ephedrine-like amino 
alcohols the /3-amino ketones (I) and (II) were 
reduced with sodium amalgam according to the 
method of Kohn.5 These amino ketone hydro­
chlorides were not stable to catalytic hydrogena­
tion though various conditions were employed.

(4) K ohn, M onatsh., 29, 519 (1908).
(5) K ohn, ibid., 28, 423 (1907).
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CfiH5— CH=C IT COCH; +  ) n h  • C6He

c 6h 6- -CH j— C— C H 3

\

c6h 5

C H -
I II

>N NOT I
(III) and (IV) 
N aj,C 2H &OH

N H 2OH

—CH-

T

—CH- -C H 2— CH — CHs

(I) and (II) 
HsöjNaHg 

C«Hft— CH—CH2-

s>n

(IX) and (X) 
CeHfiCOClj

CH CHs
I

OH

CcH6-

N H 2

(V) and (VI)
| c 6h bc o c i

C H ..-CH2— CH— CH;

C6H 5C H - -CHy—CH— CH;
I

o —c o c 6h b

/-■N

—CH
I

H N — COC6H 5

(XI) and (XII) 

odd (no.), — 

even (no.),(VII) and (VIII)

The benzoates (XI) and (XII), isolated as the 
hydrochlorides, were prepared from the corre­
sponding am no alcohols.

The studies of these reactions and products are 
being continued and extended.

Experimental6
Ö-Morpholino- and /3-Piperidino-benzylacetones.—

Benzalacetone (10 g., 0.068 mole) dissolved in petroleum 
ether (35 ml., b. p. 88-100°) was refluxed for fourteen 
hours with an excess (0.10 mole) of the corresponding 
amine. The mixtures were then allowed to stand in the 
ice chest for two days. Ether was added to dissolve any 
precipitated oil and the mixtures completely extracted with 
several portions of water to remove excess amine. The 
dry ether-petroleum ether solutions were then treated with 
dry hydrogen chloride to precipitate the white hydro­
chlorides (I) and (II). The hydrochloride (I) was re­
crystallized from methanol-dry ether mixtures while the 
hydrochloride (II) was recrystallized from ethanol-dry 
ether solutions. Both of these hydrochlorides decomposed 
to give benzalacetone when water solutions of them were 
warmed.

Amino Ketoximes, (III) and (IV).—To a cooled solution 
ot potassium hydroxide (48 g., 0.84 mole) in methanol (200 
to 300 ml.) hydroxylamine hydrochloride (14.4 g., 0.20 
mole) dissolved in water (30 nil.) was added. To this 
solution the corresponding /3-amino ketone hydrochloride 
(0.044 mole) in methanol (25 ml.) was added. The reac­
tion mixtures were allowed to stand at room temperature 
for two days. The precipitated potassium chloride was 
then removed and most of the methyl alcohol evaporated 
in vacuo. The remaining water solutions were cooled in 
an ice-bath and slowly neutralized with dilute hydrochloric 
acid. The oily solid which separated was extracted in each 
case with 50 ml. of ether. The impure products were ob­
tained by evaporation of these solutions.

The products were recrystallized from petroleum ether 
(b. p. 35-40 °)-ether solutions. Although two isomeric

(6) M icro D um as analyses for n itrogen  and semi-micro analyses 
for carbon and  hydrogen by th e  A naly tical Laboratory , D epartm ent 
of Chem istry, U niversity  of (Nebraska, under the  supervision of H. 
Armin Page!,

-CH 2COCH 3 forms seemed to be present here, only the
higher melting ones were isolated. Both of 
these amino ketoximes were soluble in dilute 
hydrochloric acid and in dilute potassium 
hydroxide solutions. These two substances 
were unstable to heat, especially in acid solu­
tions.

Attempts to reduce these amino ketoximes 
to the diamines (V) and (VI) using catalytic 
methods were not successful. Using fifteen 
hundred pounds of hydrogen with Raney 
nickel at 40 °, ethanol solutions of (III) and 
(IV) gave only 4-phenyl-2-aminobutane, iso­
lated as its hydrochloride, m. p. 142°,7 and 
morpholine and piperidine, respectively. Re­
sults of the same nature were obtained using 
pressures of fifty pounds of hydrogen and 
Raney nickel catalyst. In one experiment a 
little coned, ammonium hydroxide was added 

to the reduction mixture but still only these decomposition 
products could be isolated.

4-Phenyl-4-morpholino-2-aminobutane and 4-Phenyl-4- 
piperidino-2-aminobutane.—The corresponding amino ke- 
toxime (10 g.) was dissolved in 80 ml. of ethanol and heated 
under reflux. Over a period of two hours 12 g. of sodium 
was added a piece at a time. Enough ethanol (80 cc.) was 
added from time to time to dissolve the sodium. The 
mixture was cooled and 12 ml. of water added to destroy 
the sodium ethoxide. The solution was cooled to 0° and 
neutralized with dilute hydrochloric acid. The salt was * 
filtered off and the alcohol removed by vacuum distillation. 
To the thick residue, strong sodium hydroxide (50%) was 
added to precipitate the free base as an oil which was re­
moved by extraction with ether. The ether solution was 
washed well with saturated salt solution, dried and evapo­
rated.

The products were distilled under vacuum with an effi­
cient pump. In each of these preparations some decom­
position took place to give 4-phenyl-2-aminobutane. The 
formation of the diamine (VI) was also accompanied by the 
formation of a very high boiling, glassy-like product which 
was soluble in dilute hydrochloric acid but was not identi­
fied.

Both of the water-clear diamines (V) and (VI) were only 
slightly soluble in water but were readily soluble in dilute 
hydrochloric acid.

Benzamides.—The benzamides (VII) and (VIII) were 
prepared from the diamines (V) and (VI) by treating 
cooled ether solutions of them with one equivalent of 
benzoyl chloride. The precipitated hydrochlorides were 
hydrolyzed with dilute sodium bicarbonate solutions to 
give the benzamides. These products were recrystallized 
from dilute alcohol solutions. Both of these compounds 
were soluble in dilute hydrochloric acid solutions.

4-Phenyl-4-morpholinobutanol-2 and 4-Phenyl-4-piperi- 
dinobutanol-2.—Attempts to reduce the amino ketone 
hydrochlorides (I) and (II) with hydrogen and noble metal 
catalysts gave only very low yields of the desired amino 
alcohols. Decomposition, with the loss of morpholine or 
piperidine, respectively, occurred; the /3-piperidinobenzyl- 
acetone was the least stable.

(7) H arries  and  Osa, 3 e r it 36, 2997 (1903).
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T a b l e  I

A n a l y t ic a l  a n d  P h y s ic a l  D a t a  f o r  A m in o  K e t o n e s  a n d  D e r i v a t i v e s

,------------------------------P e rcen tag e  com position-----—------
Y ield , -̂-------------C alcu la ted --------------•. .-----------------Found-

C om pound C pd. no. % M . p., °C.

/3-Anilinobenzyl
acetophenone oxime (XIV) 67 131

/3-Morpholinobenzyl-
acetone hydrochloride6 (i) 63 152
acetone oxime (in) 50 107
acetophenone oxime (XIII) 57 178

4 -Phenyl-4-morpholino-
2-aminobutane (V) 37 130°
2-benzamidobutane (VII) 55 158
butanol-2 hydrochloride (IX) 40 156
butanol-2 benzoate

hydrochloride (XI) 30 236
4-Phenyl-4-piperidino-

2-aminobutane (VI) 30 112®
2-benzamidobutane (VIII) 50 144
butanol-2 (X) 50 137®
butanol-2 benzoate

hydrochloride (XII) 55 217
/3-Piperidinobenzyl-

acetone hydrochloride0 (II) 70 158
acetone oxime (IV) 60 105
° B. p., at 1 mm. 6 Calcd. : Cl, 13.14. Found : Cl, 13.

Reduction was accomplished with sodium amalgam 
(3%). The corresponding amino ketone hydrochloride 
(10 g.) was dissolved in 100 ml. of water and cooled to 
— 3°. To these solutions, over a period of one hour, so­
dium amalgam (190 g., 3%) was added in small portions. 
I t  was necessary to add small amounts of acid from time 
to time to keep the solution just acid (19 ml. of coned, 
hydrochloric acid and 50 ml. of water).

The acid solution was decanted from the mercury and 
made strongly basic with coned, sodium hydroxide (50%) to 
precipitate the free base. The amino alcohol (IX) was 
isolated and identified as its hydrochloride by passing dry 
hydrogen chloride into ether solutions of the base. The 
hydrochloride of the amino alcohol (X) was too hygro­
scopic to analyze, so the free base was vacuum distilled to 
give a water-white, thick oil which was readily soluble in 
dilute hydrochloric acid but only slightly water soluble.

4-Phenyl-4-morpholinobutariol-2 Benzoate Hydro­
chloride.—To 4.5 g. of the amino alcohol hydrochloride 
(IX) was added 16 g. of benzoyl chloride. This mixture 
was heated at 115° for two hours. The red oily mixture 
was cooled and mixed with dry ether to give a gummy pre­
cipitate. The gummy hydrochloride was dissolved in 
water and color removed from the solution with activated 
charcoal. The colorless solution was cooled and neutral­
ized with strong sodium hydroxide. The precipitated oil 
was dissolved in ether and converted to the hydrochloride 
with dry hydrogen chloride. This product was recrystal­
lized several times from alcohol (95%)-ether mixtures to 
give white needles (XI).

4-Phenyl-4-piperidinobutanol-2 Benzoate Hydrochlo­
ride.—To 0.80 g. of the amino alcohol (X) dissolved in 6 ml. 
of dry ether 0.48 g. of benzoyl chloride was added slowly. 
The white solid precipitate that formed immediately was

C H N C H N

79.71 6.37 8.86 79.49 6.39 8.68

5.19 5.20
67.71 8 . 1 2 67.49 8.28
73.51 7.14 9.02 73.62 7.33 8.75

71.72 9.46 11.95 71.37 9.59 11.82
74.52 7.74 74.50 7.72
61.86 8.15 61.78 8.26

67.10 6.97 66.84 7.02

12.06 11.77
78.53 8.40 8.32 78.46 8.49 8.19
77.21 9.93 6.00 76.92 9.81 5.88

70.67 7.55 70.61 7.66

67.27 8.28 67.28 8.48
73.13 9.00 72.95 8.91

2. * Calcd.: Cl, 13.24. Found: Cl, 13.47.

recrystallized several times from a mixture of dry ether, 
ethyl acetate and ethanol to give white needles (XII).

j3-Morpholinobenzylacetophenone Oxime (XIII).—The 
/3-morpholinobenzylacetophenone for this experiment was 
prepared in 95% yields according to the method of Pol­
lard and Stewart.31 This /3-amino ketone (20.0 g.) was 
added to a mixture of 9.4 g. of hydroxylamine hydro­
chloride, 14.0 g. of sodium acetate, 30 ml. of water, and 200 
ml. of methyl alcohol. This mixture was heated to boiling 
with shaking for ten minutes and then allowed to stand at 
room temperature for one day. The white precipitate was 
filtered off and washed with two portions of 50% methyl 
alcohol-water solution and then water, and the product 
dried, wt. 12 g., m. p. 178°. Recrystallization from 50% 
mixtures of chloroform and. methanol did not change the 
melting point. This product was only slightly soluble in 
dilute sodium hydroxide, but was readily soluble in dilute 
hydrochloric acid.

Attempts to reduce this amino ketoxime with sodium and 
alcohol were not successful. The amino ketoxime was re­
covered unchanged.

/3-Anilinobenzylacetophenone Oxime (XIV).—/3-Anilino- 
benzylacetophenone for this experiment was prepared in 
good yield by the method of Tambor and Wildi.3a This 
amino ketone (10 g., 0.033 mole) was added to a mixture of 
hydroxylamine hydrochloride (11.4 g., 0.165 mole), potas­
sium hydroxide (33 g., 0.60 mole) and 300 ml. of methanol 
and the mixture refluxed for fifty minutes. The reaction 
mixture was cooled and water added to give a white precipi­
tate. Recrystallization of this product from methanol 
gave 7 g. of flaky white crystals. This product was not 
soluble in fifty, ten or five per cent, solutions of potassium 
hydroxide. I t  was also insoluble in 5% hydrochloric acid 
but dissolved in the coned, acid.
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Summary
1. Two new /3-aminobenzylacetones have been 

prepared and procedures for preparing oximes of 
/3-amino ketones discussed.

2. General methods for preparing /3-amino 
alcohols and 1,3-diamino compounds from «,/3-

unsaturated ketones have been investigated.
3. Two new amino alcohols with their corre­

sponding benzoates and two new 1,3-diamines with 
their corresponding benzamides have been pre­
pared.
L i n c o l n , N e b r a s k a  R e c e i v e d  M a r c h  27 , 1942

[C o n t r i b u t io n  f r o m  t h e  D i v i s i o n  o f  C h e m i s t r y , N a t io n a l  I n s t i t u t e  o f  H e a l t h , U. S. P u b l i c  H e a l t h  S e r v i c e ]

Studies on D-Galactosan<l,5>j8<l,6>
B y  R aymond M. H a nn  a n d  C. S. H udso n

The hexose anhydride, D-galactosan <  1,5 > /3- 
<  1,6 >, was first synthesized by Micheel1 by the 
action of hot aqueous barium hydroxide upon
2,3,4,6 - tetraacetyl - d  - galactopyranosido - 
trimethyl-ammonium bromide; the over-all yield 
of the anhydride, based on the crystalline aceto­
bromo-D-galactose employed, was 38%. Micheel 
also reported that he obtained a small amount of 
the same anhydride by the pyrolysis of /3-d- 
galactose at temperatures of 270 to 360° and a 
pressure of 3 millimeters.2 The < 1 ,5 X 1 ,6>  
structure was assigned by Micheel on the basis 
that acetobromo-D-galactose contains the 1,5 
ring and that the 1,6 ring is probably more stable 
than the 1,3 and 1,4 rings; the < 1 ,5>  <1,6>  
structure was also the only probable one contain­
ing two adjacent hydroxyl groups in the ap­
position, which seemed necessary in order to 
account for the ready formation of a monoacetone 
compound (m. p. 151-152°; [«]20D —73.3° in
chloroform). These inferences of Micheel were 
proved to be correct by the work of McCreath 
and Smith3; they isolated as a by-product in the 
preparation of 1,2:3,4-diacetone galactose a mono­
acetone galactosan agreeing in physical properties 
with the one described by Micheel, and by methyl­
ation they converted it to a sirupy monomethyl- 
monoacetone-D-galactosan, which, upon hydroly-

(1) M icheel, Ber., 62, 687 (1929).
(2) O rdinary  galactose is th e  «-form ; we have shown (T h is 

Journal, 63, 2241 (1941)) th a t  its  pyrolysis gives good yields of d- 
g a la c to s a n < l,5 > /? < l,6 > . W e find th a t  th e  yield of levoglucosan 
(D -g lu co san < l,5 > j3 < l,6 > ) is independen t of th e  form  of anhydrous 
glucose {a. or /?) th a t  is pyrolyzed. T h e  m elting  of such a- or /S- 
form s establishes equilibrium  betw een them , as m ay be inferred from  
an  old record by  C. T a n re t {Bull. soc. chim., [3] 13, 734 (1895)). We 
have repeated  his experim ent under m ore precise control. The 
glassy m elts which were ob tained  by  h eating  sam ples of pure <x~ and 
/3-D-glucose a t  170° for fifteen m inu tes were cooled and  th en  dissolved 
in  w a ter a t  20°; th e  specific ro ta tio n s  a fte r seven m inutes were essen­
tia lly  alike (+ 5 3  and  + 5 0 ) , represen ting  th e  equilibrium  ro ta tion  of 
glucose.

(3) M cC rea th  and  S m ith , J .  Chem. Soc., 387 (1939).

sis with strong acid, formed the known crystalline 
2-methyl-D-galactopyranose4; the monomethyl- 
monoacetone-D-galactosan, upon selective mild 
acid hydrolysis and subsequent methylation, 
formed a crystalline trimethyl-D-galactosan, 
which, upon complete acid hydrolysis, yielded 
crystalline 2,3,4-trimethyl-galactopyranose mono­
hydrate. The ring structure of the parent galac­
tosan is therefore < 1 ,5>  <1 6>  and the ^-con­
figuration is assigned to the 1,6 ring, as first pro­
posed by Micheel because the space formula in­
dicates a high probability for this configuration. 
The monoacetone derivative is accordingly 3,4- 
isopropylidene-D-galactosan <  1,5 > /3 <  1,6 > , as 
originally inferred by Micheel.

Recently we5 have found that the pyrolysis of 
«-lactose monohydrate, under the experimental 
conditions previously used for the preparation of 
D-mannosan <  1,5 > /3 <  1,6 >  from vegetable
ivory, yields a distillate containing both levo­
glucosan and D-galactosan <  1,5 > /3< 1,6 > . The 
anhydrides are readily separable through the fact 
that the galactosan, but not the glucosan, con­
denses with acetone; average yields of 12.3 g. of 
levoglucosan and 20.7 g. of 3,4-isopropylidene-D- 
galactosan <  1,5 > /3 <  1,6 > have been obtained by 
the pyrolysis of a 200-g. charge of lactose mono­
hydrate; economy in price of starting material, 
simplicity and speed of experimental procedures, 
and the relatively high yields of the desired prod­
ucts, thus combine to make this procedure of 
pyrolysis an excellent method for obtaining an 
abundant supply of these two sugar anhydrides 
at relatively low cost. In the case of the galac­
tosan, such a result is of special importance; the 
galactosan and its acetone derivative are now in­
expensive and readily accessible substances, suit-

(4) O ldham  and  Bell, This Journal, 60, 323 (1938).
(5) H an n  an d  H udson, ibid., 63, 1484 (1941).
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able for synthetic studies in the preparation of 
new compound sugars possessing a linkage at the 
second carbon atom of galactose.

Although the structure of D-galactosan <  1,5 > - 
fi <  1,6 > has been firmly established through the 
methylation studies of McCreath and Smith, it 
seemed desirable to seek confirmation of it by 
application of the periodate methods previously 
employed in this Laboratory in studies on D-glu- 
cosan (levoglucosan),6 D-altrosan,7 and D-manno- 
san.8 It was found that the oxidation of the 
anhydride by per-iodic acid or sodium meta­
periodate proceeded with the reduction of two 
molecular equivalents of the oxidant and the 
generation of a molecular equivalent each of 
formic acid and L'-oxy-D-methylene-diglycolic 
aldehyde; the latter compound, upon further 
oxidation with bromine water in the presence of 
strontium carbonate, formed strontium L'-oxy-D- 
methylene-diglycolate, the same crystalline salt 
that had been obtained previously from D-glu- 
cosan, D-altrosan and D-mannosan. This result 
proves that the same structure and fi<  1,6 > 
configuration are common to the four hexose 
anhydrides; the galactosan is therefore D-galac- 
tosan < l,5> /3< 1 ,6> , and the conclusions of the 
previous investigators are confirmed by this inde­
pendent method.

The present investigation has been extended to 
include the preparation of several new derivatives 
of D-galactosan <  1,5 > fi<  1,6 >; by customary 
procedures 3,4-isopropylidene-D-galactosan <1,5- 
> fi<  1,6 > has been converted into its 2-sub- 
stituted acetyl, benzoyl and tosyl derivatives, all 
of which are crystalline; by selective mild acid 
hydrolysis the isopropylidene group of these com­
pounds is removed and, although the 2-acetyl-D- 
galactosan<l,5>/3< l,6>  could not be crystal­
lized, it was possible to crystallize 2-benzoyl- and 
2 - tosyl -  d  - galactosan<1,5>/3<1,6>; migra­
tion of the acyl groups does not appear to occur 
under the experimental conditions of the hy­
drolysis since the monobenzoate, upon treatment 
with acetone and anhydrous copper sulfate, 
regenerates 2 - benzoyl - 3,4 - isopropylidene - d  - 

galactosan <  1,5 > fi<  1,6 > in high yield. The 
2-benzoyl-D-galactosan < 1 , 5 > $ < 1 , 6 >  yielded 
by suitable reactions, crystalline 3,4-diacetyl and
3,4-ditosyl derivatives; by treatment with ben­
zoyl chloride, it formed a crystalline 2,3,4-tri-

(6) Jackson  and  H udson, T h is  J o u r n a l , 62, 958 (1940).
(7) R ich tm yer and  H udson, ibid., 62, 961 (1940).
(8) K nauf, H an n  and  H udson, ibid., 63, 1447 (1941).

benzoyl-D-galactosan <  1,5 >  fi <  1,6 > , which was 
identical with the tribenzoate obtained by direct 
benzoylation of D-galactosan <  1,5 > fi <  1,6 > -
The 2-tosyl-D-galactosan <  1,5 > fi <  1,6 > is a corn 
pound of particular interest, since studies now in 
progress indicate that upon detosylation it forms 
a compound (m. p. 132-133°; [ap°D —84° in 
water), which gives correct carbon and hydrogen 
analyses for an anhydro-D-galactosan< 1,5>/T 
<  1,6 > ; its behavior thus parallels that of 4- 
tosyl-D-mannosan <1 ,5>/3<1 ,6>,  which is 
known9 to form an anhydro-D-mannosan<l,5>- 
fi <  1,6 > , presumably 3,4-anhydro-D-talosan
<1,5>/3<1,6> ,  upon detosylation.

We express our appreciation to Dr. A. T. Ness 
for performing the microchemical analyses in 
connection with this study.

Experimental
D-Glucosan<l,5>/8<l,6> and 3,4-Isopropylidene-D- 

galactosan<l,5>/S<l,6> from «-Lactose Monohydrate.
—Three successive charges of 75, 65 and 60 g. of «-lactose 
monohydrate were pyrolyzed in the apparatus and under 
the experimental condition specified8 for the preparation of 
D-mannosan <1,5 >/3 <1,6 > from vegetable ivory. The 
combined pyrolysates, a dark colored sirup, was dissolved 
in 200 cc. of water and the solution, after clarification by 
filtration through a layer of 45 g. of decolorizing carbon on 
a Büchner funnel of 171 mm. diameter, was concentrated 
in vacuo to a thick sirup; a solution of the sirup in 75 cc. 
of acetone was poured in a thin stream into an additional 
325 cc. of acetone, and, after decantation from, a small 
amount of precipitated gum, the acetone solution was agi­
tated with 40 g. of anhydrous copper sulfate for twenty- 
four hours; the copper sulfate was removed by filtration 
and the filtrate was concentrated in vacuo to a magma of 
the consistency of honey; the magma was thinned with 25 
cc. of isopropyl alcohol and the crystalline product (24.0 
g.), which was mainly 3,4-isopropylidene-D-galactosan- 
< 1 ,5> |0< 1 ,6> , was separated by filtration and preserved 
for final purification as described later in this paragraph. 
The filtrate was concentrated in vacuo to remove the iso­
propyl alcohol, and the resulting sirup was transferred to a 
crystallizing dish with the aid of 20 cc. of warm acetone; 
crystallization, which occurred spontaneously as the solu­
tion cooled, was allowed to progress for twenty-four hours 
in the refrigerator and the precipitate (13.6 g.), which was 
nearly all levoglucosan, was then separated by filtration. 
The further purification of the products was conducted as 
follows: the levoglucosan fraction was refluxed for ten
minutes with 5 parts of chloroform, in which 3,4-isopropyli- 
dene-D-galactosan<l,5>/3<l,6> is readily soluble and 
levoglucosan practically insoluble, and the crystalline 
levoglucosan was removed by filtration; to the chloroform 
filtrate the 3,4-isopropylidene-D-galactosan <  1,5 >  0- 
< 1 ,6>  fraction previously isolated and additional chloro­
form to maintain a volume of 5 cc. of solvent for each gram 
of solid were added and the mixture was refluxed for ten

(9) H arm  and  H udson, ibid., 64, 925 (1942),



Oct., 1042 Studies on d-Galactosan<  1,5 >  <  1,6 > 2437

minutes, and then allowed to stand for several hours at 
room temperature; the levoglucosan was removed by filtra­
tion an d the 3,+isopropylidene-D-galactosan < 1,5 > d- 
<1,6 > was recovered by concentration of the chloroform 
filtrate = The average yield of levoglucosan from 200 g. of 
lactose rnonohydrate was 12.3 g. (13%) and tha t of 3,4 
isopropylidene-D-galactosan <  1,5 >/? <  1,6 >  was 20.7 g. 
(18%). The la tte r compound m ay be crystallized from 3 
parts of water or 5 parts of ethyl acetate; it melted a t 151- 
152° and showed a specific rotation10 of —72.9° in chloro­
form (c, 0.87). Micheel1 records a melting point of 151- 
152° and a specific rotation of —73.3° in chloroform (c, 
1.4), and McCreath and Smith3 record the same melting 
point and a specific rotation [«]19d of —72.5° in chloro­
form (ct 1.7) for 3,4-isopropylidene-D-galactosan <l,5>/3- 
< 1,6 > .

Anal. Calcd. for C9H14O5: C, 53.46; H, 6.98. Found: 
C, 53.41; H, 6.88.

2-Acetyl-3,4-isopropylidene-D-galactosan< l,5> /3-< l,6> . 
—A solution of 2.0 g. of 3,4-isopropylidene-D-galac- 
to sa n < l,5 > /3 < l,6 >  in a mixture of 10 cc. of pyri­
dine and 10 cc. of acetic anhydride was allowed to stand 
overnight at room temperature and then poured upon 
crushed ice. The crystalline acetyl derivative (2.0 g.; 
83%) which separated was recrystallized from 50 parts of 
boiling water and obtained as colorless plates, which melted 
at 136-137 0 and had a specific rotation of — 51.4 0 in chloro­
form (c, 0.88).

Anal. Calcd. for CiiHi60 6: C, 54.09; H, 6.60; CH3CO,
17.6. Found: C, 54.36; H, 6.49; CH3CO, 17.5.

2-Benzoyl-3,4-isopropylidene-D-galactosan< 1,5>|8< 1,- 
6> .—To an ice-cold solution of 3.0 g. of 3,4-isopropyli- 
dene-D-galactosan<l,5>/3<l,6> in 10 cc. of pyridine, 
benzoyl chloride (1.9 cc.; 1.1 molecular equivalents) was 
added dropwise; the reaction mixture was allowed to stand 
overnight at room temperature and then poured upon 
crushed ice to precipitate the crystalline benzoyl deriva­
tive. The yield was 3.7 g. (82%). The substance de­
posited from its solution in 5 parts of alcohol in fine needles 
which melted at 119-120° and exhibited a specific rotation 
of +6.3° in chloroform (c, 0.84).

Anal. Calcd. for CieHisOe: C, 62.74; H, 5.92; C6H5CO, 
34.3. Found: C, 62.96; H, 5.92; C6H5CO, 34.7.

2-Tosyl-3,4-isopropylidene-D-galactosan< 1,5>|S< 1,6>. 
—This compound was obtained in quantitative yield by 
the action of ^-toluene-sulfonyl chloride (1.4 g.; 1.5 mo­
lecular equivalents) on a solution of 1.0 g. of 3,4-isopropyli- 
dene-D-galactosan <  1,5 >  /3 <  1,6 >  in 6 cc. of pyridine. It 
was recrystallized from 8 parts of alcohol in the form of 
quadrilateral plates, which melted at 118-119° and showed 
a specific rotation of —63.7° in chloroform (c, 0.92).

Anal. Calcd. for C16H20O7S: C, 53.92; H, 5.66.
Found: C, 53.85; H, 5.61.

D-Galactosan< l,5>/3< 1,6> from 3,4-Isopropylidene- 
D-galactosan< 1,5>/3 <  1,6 > .—A solution of 20.0 g. of 3,4- 
isopropylidene-D-galactosan< 1 ,5> /3< 1 ,6>  in 220 cc. of 
0.1 N  hydrochloric acid was allowed to stand for twenty­

mo) All of th e  crystalline com pounds described in the  experi­
m ental p a rt were recrystallized  to  constan t m elting po in t (cor.) and 
specific ro ta tion  [« ]20d ; c is  th e  concen tration  in gram s in 100 cc. of
solution; th e  tu b e  leng th  was 4 dm .

four hours at 20°, during which period the specific rotation 
reached a  constant v a l u e  of —17.9°, e q u iv a le n t  to a  rota ­
tion of “ 22,4 0 for D - g a la c t o s a n  <1,5 >/3< 1,6 > , The 
s o lu t io n ,  which was devoid of reducing power (negative 
F e h l in g  t e s t ) , w a s  t r e a t e d  with stiver carbonate to remove 
t h e  h y d r o c h lo r i c  a c id  a n d  then concentrated in vacuo to 
d r y n e s s .  The y ie ld  of r>-galactosan < 1,5 > ft < 1,6 > was
14.5 g. (91%) and t h i s  m a t e r i a l  required no further purifi­
cation for use in synthetic work. After recrystallization 
to constant physical properties from 5 parts of alcohol, it 
melted at 223-2240 and showed a specific rotation of
— 22.0° in water (c, 1.96). Micheel1 records a melting 
point of 220-2210 and a specific rotation [a] 21d  of —21.9° 
in water (c, 2.14).

Anal. Calcd. for CöH ioOö: C, 44.44; H, 6.22. Found: 
C, 44.51; H, 6.28.

Per-iodic Acid Oxidation of D-Galactosan<l,5>/3- 
<1,6>.—A solution of 5.6199 g. of D-galactosan<l,5>/3-
<  1,6 >  in 75 cc. of water was cooled in an ice-bath and 122
cc. of 0.625 M  aqueous per-iodic acid (2.2 molecular equiva­
lents) was gradually added. The oxidation was allowed to 
proceed at 20 ° for twenty-four hours and the volume was 
adjusted to 250 cc. by the addition of water. The titra­
tion of a 5-cc. aliquot for excess per-iodic acid revealed that
2.02 molecular equivalents of oxidizing agent had been 
reduced. The specific rotation of the oxidation product, 
calculated as L'-oxy-D-methylene-diglycolic dialdehyde, 
was —13.9°. This value is in good agreement with those 
reported for the per-iodic acid oxidation of levoglucosan,6 
D-altrosan <  1,5 >  (3 < 1,6 > 7 and D-mannosan <1,5>/3-
< 1 ,6 > ,8 namely, —15.0°, —14.5° and —14.9°, and
— 14.2°, respectively. The sirupy aldehyde was isolated 
and further oxidized by bromine water in the presence of 
strontium carbonate in the usual way; crystalline stron­
tium L'-oxy-D-methylene-diglycolate pentahydrate was 
obtained in a yield of 4.7 g. (38%). This salt, after two 
recrystallizations from water, gave a specific rotation of 
+27.7° (c, 0.6), a value near that of +28.1° recorded by 
Richtmyer and Hudson for the same salt obtained from 
D-altrosan <  1,5 >  (3 < 1,6 > . When 0.5731 g. of the penta­
hydrate was dissolved in 25 cc. of N  hydrochloric acid the 
specific rotation of the resulting solution of free L'-oxy-D- 
methylene-diglycolic acid was +7.9°, in close agreement 
with the values of + 8 .0°,6 + 7 .9°,7 and +7 .8  °8 previously 
reported.

Anal. Calcd. for C5H406Sr-5H20: C, 17.78; H, 1.19; 
Sr, 25.94; H20 , 26.67. Found: C, 17.67; H, 1.16; Sr,
25.90; H20 , 26.45.

Sodium Metaperiodate Oxidation of D-Galactosan-
< 1,5>/3<1,6>.—To an ice-cold solution of 0.5900 g. of 
D-galactosan <  1,5 > /?< 1,6 > in 25 cc. of water, 20 cc. of 
0.546 M  aqueous sodium periodate (3.00 molecular equiva­
lents) was added and the oxidation reaction allowed to 
proceed at 20° for twenty-four hours. The volume was 
adjusted to 50 cc. with water and a 5-cc. aliquot, upon 
analysis, indicated the consumption of 2.00 molecular 
equivalents of the periodate during the oxidation; the 
titration of a further 10-cc. aliquot with 0.1 N  sodium 
hydroxide, using methyl red as an indicator, consumed 7.15 
cc. of alkali, equivalent to the production of 0.98 molecular 
equivalent of formic acid as a product of the oxidation. 
D-Galactosan < 1 ,5> /3< 1 ,6>  would be expected to reduce
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two equivalents of periodate and form one equivalent of 
formic acid.

2.3.4- Tribenzoyl-D-galactosan< 1,5> /3< 1,6 > .—A solu­
tion of 1.0 g. of D-galactosan <  1,5 > 0 <  1,6 >  in 10 cc. of 
pyridine was cooled in an ice-salt bath and 2.35 cc. (3.3 
molecular equivalents) of benzoyl chloride was added drop- 
wise. The reaction mixture was allowed to stand at room 
temperature for twenty-four hours and poured upon 
crushed ice; the crystallization of the thick sirup which 
precipitated was difficult but was finally attained by the 
alternate addition and slow evaporation of small amounts 
of methyl alcohol. The tribenzoate deposited from its 
solution in 20 parts of methyl alcohol in the form of glisten­
ing prisms, which melted at 89-90 ° and showed a specific 
rotation of +84.8° in chloroform (c, 1.05).

Anal. Calcd. for C27H22O8: C, 68.35; H, 4.67; C6H5CO,
66.5. Found: C, 68.41; H, 4.63; C6H6CO, 66.2.

2.3.4- Tritosyl-D-galactosan< 1,5>(3< 1,6>.—To an ice- 
cold solution of 2.0 g. of D-galactosan <  1,5 >  (3 < 1,6 >  in 20 
cc. of pyridine, 7.8 g. of tosyl chloride (3.3 molecular 
equivalents) was added and the reaction mixture allowed 
to stand for twenty-four hours at room temperature. The 
gum which separated upon addition of the pyridine solu­
tion to water gradually crystallized over a period of two 
weeks and yielded 6.3 g. of a granular powder. By frac­
tional crystallization, first from aqueous acetic acid and 
finally from alcohol, a yield of 2.0 g. (26%) of tritosyl-D- 
galactosan<1,5>#<1,6>  was separated from the mixture 
of partially tosylated galactosans. The tritosyl compound 
deposited from its solution in 4 parts of alcohol in the form 
of small needles which melted at 103-104° (cor.) and 
showed a specific rotation of — 51.10 in chloroform (c, 1.26). 
These constants were not changed by further recrystalliza­
tion.

Anal. Calcd. for C27H28O11S3: C, 51.91; H, 4.52; S,
15.40. Found: C, 51.76; H, 4.70; S, 15.31.

2-Benzoyl-D-galactosan< 1,5> /3< 1,6 > .—A solution of
2.5 g. of 2-benzoyl-3,4-isopropylidene-D-galactosan<l,5>- 
(3 <  1,6 >  in 25 cc. of 20% acetic acid was refluxed for two 
and one-half hours; upon cooling, the solution deposited
1.5 g. (68%) of 2-benzoyl-D-galactosan. The benzoate was 
recrystallized from 5 parts of alcohol or 15 parts of 20% 
acetic acid; it formed prisms which melted at 164-165° 
and had a specific rotation of +47.2° in chloroform (c, 0.8). 
The presence of other monobenzoylated-D-galactosans in 
the product, as a result of a conceivable acyl migration, 
would seem to be excluded, since (as described in the fol­
lowing paragraph) a nearly quantitative yield of authentic 
2-benzoyl-3,4-isopropylidene-D-galactosan <1,5> /3<1,6>  
may be obtained from it by treatment with acetone and 
anhydrous copper sulfate. Upon further benzoylation, the 
2-benzoyl-galactosan yields the 2,3,4-tribenzoyl-D-galacto- 
san <  1,5> /3 <1,6 >  previously described.

Anal. Calcd. for Ci3H140 6: C, 58.64; H, 5.30; C6H5CO,
39.5. Found: C, 58.68; H, 5.23; C6H6CO, 39.2.

2-Benzoyl-3,4-isopropylidene-D-galactosan< 1,5>£<1,- 
6> from 2-Benzoyl-D-galactosan< 1,5>/3<1,6>.—A
solution of 1.0 g. of the 2-benzoyl-D-galactosan <1,5  >/3- 
< 1 ,6 >  in 25 cc. of acetone was refluxed with 5.0 g. of 
anhydrous copper sulfate for three hours. The copper 
sulfate was separated by filtration and the filtrate was con­
centrated to a dry crystalline residue. The reaction prod­
uct was recrystallized from 5 cc. of alcohol and gave a yield 
of 1.0 g. (91%) of 2-benzoyl-3,4-isopropylidene-D-galacto- 
sa n < 1 ,5 > /3 < 1 ,6 > , identical in melting point and specific 
rotation with the substance obtained by direct benzoyla­
tion of3,4-isopropylidene-D-galactosan<1,5>/3<1,6>. A 
mixed melting point showed no depression.

2-Benzoyl-3,4-diacetyl-D-galactosan< l,5>/3< 1,6>.— 
A solution of 1.0 g. of 2-benzoyl-D-galactosan <1,5  > £ -  
< 1 ,6 >  in a mixture of 10 cc. of pyridine and 10 cc. of 
acetic anhydride was allowed to stand at room temperature 
for eighteen hours and then poured upon crushed ice. 
The precipitated 2-benzoyl-3,4-diacetyl-D-galactosan (1.3 
g., quantitative) was separated by filtration and recrystal­
lized from 10 parts of alcohol. It formed needles which 
melted at 103-104° and rotated + 85 .4° in chloroform (c, 
0.9).

Anal. Calcd. for C^HisOs: C, 58.28; H, 5.18. Found: 
C, 58.48; H, 5.13.

2-Benzoyl-3,4-ditosyl-D-galactosan< 1,5> j8< 1,6>.— 
This substance was obtained by tosylation of the mono- 
benzoyl-D-galactosan < 1 ,5 > /3 < 1 ,6 >  by the usual 
method; recrystallized from 5 parts of alcohol, it was ob­
tained in prisms which melted at 119-120° and rotated 
+ 78 .0° in chloroform (c , 0.8).

Anal. Calcd. for C27H26O10S2: C, 56.42; H, 4.55; S,
11.16. Found: C, 56.43; H, 4.56; S, 11.07.

Summary
The pyrolysis of a-lactose monohydrate under 

reduced pressure forms a sirup from which, after 
condensation with acetone, yields of 13% of levo­
glucosan and 17.5% of 3,4-isopropylidene-D- 
galactosan<1,5>/3<1,6> were obtained. Se­
lective mild acid hydrolysis converts the latter 
compound into the known D-galactosan <  1,5 > £- 
<1 ,6> .  Confirmation of the ring structure and 
configuration of the galactosan was obtained by 
periodate oxidative procedures. A number of 
new derivatives of 3,4-isopropylidene-D-galac- 
tosan<  1,5 >  /? <  1,6 > and of D-galactosan<  1,5 > - 
/5 <  1,6 > have been prepared and described. 
Bethesda, M d . R eceived July 31, 1942
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[C o n t r i b u t i o n  N o . 867 f r o m  t h e  K o d a k  R e s e a r c h  L a b o r a t o r i e s ]

The Behavior of Certain Carbonyl Bridge Compounds with Alkaline Hydrogen
Peroxide

B y C. F . H . A llen  and J .  W . G ates , J r .

Some time ago1 it was shown that when the 
bimolecular product I, that results from treat­
ment of anhydroacetonebenzil with acidic dehy­
drating agents, was treated with chromium tri­
oxide in acetic acid, poor and varying yields of an 
isomer were obtained. This new substance also 
lost carbon monoxide on heating, to give an inda­
none II having two phenyl groups on the same 
carbon atom. It was furthermore concluded that 
the isomerism was due to space relations. Since 
many new facts about the reactions of the bimo­
lecular product are now available,2 as a result of 
which the structure has been slightly modified,213 
it was necessary to re-examine the ‘ ‘oxidation 
product” isomer III. During the course of this 
work degradation and synthesis established the 
correctness of the structure previously assigned 
to the indanone.

When the bimolecular product I is stirred at 
room temperature with a cold alkaline solution 
of hydrogen peroxide, a peroxide IV is formed; 
this contains four extra atoms of oxygen. It loses 
this oxygen almost explosively when heated, but 
seems stable at room temperature. Upon treat­
ment with hydrogen bromide, bromine is liber­
ated and the bimolecular product regenerated. 
It likewise liberates iodine from potassium iodide 
in acetic acid. When it is dissolved in acetic 
acid, oxygen is evolved and the '‘oxidation prod­
uct” isomer III, previously seemed with difficulty 
by means of chromic acid, was formed. These 
reactions are practically quantitative.

Both isomers I and III give the same deriva­
tives; thus, with alkaline reagents the acid V re­
sults, phenylmagnesium bromide gives the same 
carbinol, and in the Grignard machine both 
show one active hydrogen and one addition. The 
only difference is in the results of pyrolysis: both 
lose carbon monoxide, but one gives the indanone 
II and the other its isomer VI, by way of two 
intermediate isomeric unsaturated ketones.2 
Since the same derivatives are obtained from both, 
the only difference being the result of pyrolysis, 
the difference between the isomers must be of a

(1) Allen an d  R udoff, Can. J .  Res., B15, 321 (1937).
(2) Allen and  G ates, T h i s  J o u r n a l , 64, (a) 2120 (1942); (b) 64, 

2123 (1942).

spatial nature. That is, the position of the hy­
drogens on the bond common to the two rings 
appears to be the significant factor, and, as con­
cluded in the earlier paper,1 the two substances 
are presumably geometrical isomers, as repre­
sented in I and III.

/CTK
C6H5C I H—C-

II CO I
-c c 6h 5

C6H5C | H --c c c 6h 5
^CH—

II
I 0

c 6h 5c  h - G-----CC6H6
II CO 1 II

c 6h 6c C—H CCeHfc
^ c /

II
III o

OTT H
/  2\ l

c 6h 5c  c — c c 6h 5
II I II 

c 6h 5c  c  c c 6h 5

V

J , V
o

COOH

The above formulas differ from those previously 
assigned1 only in the interchange of the angular 
phenyl group and one hydrogen atom at the other 
end of an allylic system. The fact that both give 
the same derivatives is explained on the basis of 
catalysis by acidic or basic substances present in 
all reactions. The only reaction carried out in 
the absence of a possible catalyst is the heating, 
and this leads quantitatively to a different prod­
uct in each instance. The previous suggestion 
that the bimolecular product was a mixture has 
been abandoned,2 but the reasons1 for assigning 
it a ^-configuration I are retained.

The indanone II, in which the grouping —CH2- 
CO— had been proved previously, has now been 
degraded to a lactone VII and to a hydrocarbon 
XI, both of which have been synthesized by reac­
tions that leave no doubt as to their structures. 
The synthesis from the known keto acid VIII 
also establishes the position of the side chain.

The diketone IX resulting from the action of
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selenium dioxide on the indanone is readily 
cleaved by alkaline hydrogen peroxide to the acid 
X, When the latter is treated under decarboxylat- 
ing conditions with copper carbonate (or oxide), a 
portion loses the carboxyl group and gives the 
triphenylmethane derivative XI; this was syn­
thesized, as shown in the outline, from 3,4-di- 
phenylbenzophenone. The remainder of the 
product is the lactone VII, evidently formed by 
oxidation of the triphenylmethane hydrogen atom 
of X  to hydroxyl, followed by closing of the lac­
tone ring. The interrelation and lactone syn­
thesis are shown in the chart.

It is obvious that there has been a 1,2-shift of 
a phenyl group during the decarbonylation of the 
bimolecular product isomer III; this rearrange­
ment must have been due to the heating. It has 
been shown previously that there was no rear­
rangement during the decarbonylation of the 
isomer I, by accomplishing the removal of the 
bridge carbonyl by the action of sodium methoxide 
at the boiling point of methanol2a and securing 
the same end-product in both reactions, the inda­
none V I; the phenyl groups are linked to the same 
carbon atoms in I and in VI.

The behavior of the indandione IX toward al­
kaline hydrogen peroxide is similar to that of the 
simpler 3,3-diphenylindandione-l,2, as described 
by Gagnon3 but neither of these is in agreement 
with the results of Koelsch.4 In the work de­
scribed in this paper, all variations of experimental

(3) G agnon, H udon , C an tin  and G anas, Trans. Roy. Soc. Can., 
( I l l )  33, 47 (1939).

(4) Koelsch and  LeGIaire, J . Org. C h e m 6, 532 (1941),

procedure always gave the same product, but the 
yields were much improved by the use of Gag­
non’s technique; the intermediate aroylformic 
acid was not isolated.

The indandione IX gives a quinoxaline with 
o-phenylenediamine, instead of the anil1; the last 
molecule of water is held very tenaciously. This 
observation may account for the disagreement 
reported on the quinoxaline of 3,3-diphenylindan- 
dione-1,2.3*4 The diketone IX also gives a crys­
talline glycol XVIII with excess phenylmagne­
sium bromide.

Evidence as to the structure of the peroxide is
not decisive. A 
homologous bimo­
lecular product X II5 
that has no hydrogen 
in the positions alpha 
to the carbonyl 
group does not give 
a peroxide; neither 
does it show active 
hydrogen in the Gri­
gnard machine. Thus 
these two anomalous 
properties must be 
related in some way 
to the carbonyl 
bridge and adjacent 
hydrogen. The most 
obvious relation is 
that of an enol, and 

such has already been suggested20 to account for 
the active hydrogen. It is also well established 
that highly substituted enols are capable of form­
ing peroxides.6 These, however, have but two 
atoms of oxygen, whereas the bimolecular product 
peroxide has four.

C H 3

C e H s C / V c ------ CCeHs CcHfifj-V fli CO | ||
CeH6Cx |^ C X c / c CH, c 6h ! A

1 CHS || ||
CHS O o
X I I X I I I

The isomer III does not form a peroxide; this 
suggests that the space relations also have an in­
fluence upon its formation.

During the preparation of the isomeric bimo­
lecular product III by the action of chromic acid,1

(5) Allen an d  V an A llan, T h is  J o u r n a l , 64, 1260 (1942),
(6) K ohler and  M ydans, ibid., 64, 4667 (1932).
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substances of varying melting points resulted, all 
of which, upon analysis, were found to contain 
varying amounts of oxygen, and which gave no 
depression of melting point on admixture; upon 
heating, they all gave the indanone II practically 
quantitatively. This suggests that they were a 
single substance plus oxygen; the maximum 
value, plus four oxygen atoms, was only obtained 
by the use of alkaline hydrogen peroxide. A 
variety of products, which will be described in de­
tail in a later paper, resulted when tetraphenyl- 
indenone, XIII, was treated with alkaline hydro­
gen peroxide. A true peroxide appears to be 
formed primarily, however.

The proof of the —CH2CO— group in the re­
arranged indanone II previously proved in several 
ways has received confirmation in this paper 
through stepwise reduction of the dibromo substi­
tution product XIV by means of the Grignard 
reagent. This is characteristic of a-haloketones7; 
one halogen is removed at a time, so the mono­
bromoketone XV can be isolated as an inter­
mediate during the process.

C(C6H5)2 
I /OH 
C<

c 6h 5
-h 2o

C6H b o h  
XVIII

The indanone II gave carbinols XVI with 
Grignard reagents. On dehydration these gave 
hydrocarbons XVII. These are isomeric with 
other hydrocarbons2 of which the structures are 
still in doubt, obtained from closely related car­
binols; however, the non-identity shows that in 
the others there must be a different arrangement 
of phenyl groups around the indene ring.

Experimental
The Peroxide IV.—In a solution of 500 cc. of alcohol, 

50 cc. of water and 8 g. of sodium hydroxide, was suspended 
42 g. of bimolecular product I; to this was added 50 cc. 
of 16% hydrogen peroxide with vigorous stirring and the 
temperature kept below 30° for two hours. Then it was 
chilled externally by ice, filtered, rinsed with a little meth­

(7) K ohler and Tishler, T h is  J o u r n a l , 54, 1594 (1932); 57, 217 
(1935).

anol, and air-dried. The yield was 40-42 g. I t softens 
about 80°, gradually decomposing up to 200°.

Anal. Calcd. for C34H24O6: C, 77.8; H, 4.5. Found: 
C, 77.3; H, 4.5.

The peroxide liberates the halogen from potassium iodide 
or hydrogen bromide in acetic acid, with regeneration of 
the bimolecular product, but if an acetic acid solution is 
heated to boiling, the solid dissolves with evolution of gas, 
and on cooling, the isomeric indenone III separates in rods 
which melt at 215°.

Anal. Calcd. for C34H24O2: C, 87.9; H, 5.2. Found: 
C, 87.9; H, 5.1.

This melting point was not lowered on admixture with 
samples of widely varying melting points from chromic 
acid oxidation; these specimens melted with decomposition 
all the way up to 264° and contained fractional amounts of 
oxygen not corresponding with exactly one or two equiva­
lents. Regardless of the melting point, each gave the 
same indanone II on decarbonylation and loss of oxygen.

The isomeric bimolecular product III no longer forms a 
peroxide; on heating at 260-270°, 3,3,5,6-tetraphenylin- 
danone-1 II is formed practically quantitatively. I t  also 
gave the acid V with alcoholic potash, confirmed by con­
version to its methyl ester, and the same phenyl car- 
binol2b with phenylmagnesium bromide and decomposition 
by iced ammonium chloride and corresponding hydrocar­
bon20 on dehydration above 300°.

The Quinoxaline of the Diketone 
IX.—This was obtained as previ­
ously described,1 bu t recrystallized 
from benzene-ligroin. Before an­
alysis it was dried at 100° in vacuo 
over phosphorus pentoxide for nine­
teen hours.

Anal. Calcd. for C39H26N2: C, 
89.7; H, 5.0. Found: C, 89.6;
H, 5.2.

Cleavage of the Diketone IX.—To
a suspension of 27 g. of the diketone1 
in 600 cc. of alcohol was added a 
solution of 12 g. of sodium hydrox­

ide in 75 cc. of water; after cooling in ice and stirring for 
a half hour all had dissolved. Then 75 cc. of 16% hydro­
gen peroxide was added and after an additional two hours 
the solution was diluted with 600 cc. of water, filtered 
an4 the filtrate acidified with acetic acid. After extract­
ing with chloroform and appropriate manipulation, 16 g. 
(61%) of the acid X, (4,5-diphenyl-2-benzhydrylbenzoic 
acid) m. p. 258-259°, was collected. The yield by this 
variation in procedure is much better than when sodium
peroxide is used.1 The acid dissolves in dilute alkali
only.

Anal. Calcd. for C32H240 2: C, 87.3; H, 5.5. Found:
C, 87.5; H, 5.5.

The methyl ester, prepared in the usual manner, sepa­
rates in rods from benzene-methanol; m. p. 165°.

Anal. Calcd. for C33H2S02: C, 87.2; H, 5.7. Found:
C, 87.5; H, 5.5.

The Lactone VII (3,4-Diphenyl-diphenylphthalide). 
(a) Synthesis.—This was accomplished by treatment of
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E m pirical Calcd. Found
Substance M . p ., °C . form ula C H C H

XVI, R =  G6H5 233-234 d.a C39H30O 91.1 5.8 91.0 5.9
XVII, R = CHS 180® C34H26 94.0 6.0 93.6 6.0
XVII, R = C6H6 227a C39H28 94.4 5.6 94.1 5.6
XVII, R = a-CioH7 244& C43H30 94.5 5.5 94.2 5.6
XVIII

Prisms. b Needles.
159c

c Tiny rods.
C45H3 4 0 2 89.1 5.6 88.9 5.7

2-benzoyl-4,5-diphenylbenzoic acid VIII8 with phenyl­
magnesium bromide, decomposing the complex with 
ammonium chloride, and recrystallizing from acetic acid. 
I t  forms rods; m. p. 180°.

Anai. Calcd. for C32H22O2: C, 87.7; H, 5.0. Found: 
C, 87.7; H, 4.9.

(b) From the Acid X.—An intimate mixture of 15 g. of 
the acid and 2 g. of copper carbonate was heated at 260- 
265 0 for a half hour, and the cooled melt extracted with hot 
benzene; it was filtered from metallic copper and diluted 
with ligroin. The lactone was deposited in a yield of 20%. 
From the filtrate 3,4-diphenylbenzhydrylbenzene XI crys­
tallized in a 30% yield. I t forms needles and rods from 
acetic acid, m. p. 143°.

Anal. Calcd. for C31H24: C, 93.9; H, 6.1. Found: C, 
93.9; H, 6.0.

The hydrocarbon XI was also synthesized from 3,4-di- 
phenylbenzophenone and phenylmagnesium bromide; 
the oily carbinol was reduced by zinc and acetic acid.

The lactone is unaffected by bromine, acetyl chloride 
and chromic acid. I t  is reduced to the acid X by zinc aUd 
acetic acid.

2-Bromo-3,3,5,6-tetraphenylindenone, XV, was ob­
tained when the dibromoketone XIV1 was treated with 
excess phenylmagnesium bromide in the usual manner. 
I t  separates in needles from benzene, m. p. 240°. The 
yield was 60%. Repetition of the treatment on this 
bromoketone gave the indanone II.

(8) Allen, A. C. Bell, A. Bell and  V anA llan, T h is  Jo u r n a l , 62, 656  
(1940).

Anal. Calcd. for C33H230Br: C, 76.9; H, 4.5; Br, 15.5. 
Found: C, 76.7; H, 4.4; Br, 15.4.

The carbinols, XVI, were secured by the usual proce­
dure, decomposing the organometallic complex with am­
monium chloride. The corresponding hydrocarbons XVII 
were produced by refluxing 4 g. of the carbinols in 50 cc. of 
2% sulfuric acid in acetic acid for a half hour. Their 
properties are collected in Table I.

The glycol, l,2,3,3,5,6-hexaphenylindandiol-l,2,XVIII, 
was prepared from the diketone IX and an excess of 
phenylmagnesium bromide in butyl ether for six hours 
at 100°.

Summary

The bimolecular product, formed by the action 
of acidic dehydrating agents on anhydracetone­
benzil, forms a peroxide, upon treatment with 
alkaline hydrogen peroxide. This substance loses 
its oxygen and gives an isomer in acetic acid solu­
tion. The isomer affords a previously described in­
danone on decarbonylation.

The indanone has been degraded to known 
products, the syntheses of two of which are de­
scribed. It has also been converted into a car­
binol and hydrocarbon isomeric with some closely 
related substances.
R o c h e s t e r , N. Y. R e c e i v e d  J u l y  6, 1942

[C o n t r i b u t io n  f r o m  t h e  N ic h o l s  C h e m is t r y  L a b o r a t o r y  o f  N e w  Y o r k  U n i v e r s i t y ]

Deamination of S-Amino-S-nitroisoquinoline1
By Bertram Keilin and W. E. Cass2

In an attempt to prepare 8-nitroisoquinoline, 
5-acetylaminoisoquinoline3 was nitrated and the 
resulting acetylaminonitroisoquinoline hydro­
lyzed to an aminonitroisoquinoline. When the 
aminonitroisoquinoline was diazotized in hydro­
chloric acid solution and treated with hypophos-

(1) C onstructed , in  p a rt,  from  th e  B.A. research  paper of B ertram  
K eilin , N ew  Y ork  U niversity , U niversity  College, 1942.

(2) P resen t address: R esearch L abora to ry , G eneral E lectric
C om pany, Schenectady, New York.

(3) C raig and  Cass, T h is  Jo u r n a l , 64, 783 (1942).

phorous acid,4 there was obtained 8-chloroiso- 
quinoline, identified by analysis and by compari­
son with a known sample of 8-chloroisoquinoline.5

In the preceding diazotization-deamination, the 
nitro group was displaced by chlorine, nitrous 
acid being evolved. This displacement of the 
nitro group possibly occurred during diazotization,

(4) Adam s an d  K ornb lum , ibid., 63, 188 (1941).
(5) Pom eranz, M onatsh., 18, 1 (1897), prepared , bu t did no t 

analyze, 8-chloroisoquinoline b y  ring  closure of o-chlorobenzalamino- 
ace ta l.
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because it was noted that an excess of nitrous 
acid was always present in the diazotized solution, 
even when less than the theoretical amount of 
sodium nitrite had been added. Since the re­
placement of the nitro group by chlorine resulted 
in the formation of 8-chloroisoquinoline, the 
structure, 5-amino-8-nitroisoquinoline, was as­
signed to the starting material. Other examples 
of the displacement of a nitro group, labilized by 
the diazonium group, have been observed in the 
case of dinitroanisidines6 and l-nitro-2-amino- 
naphthalene.7

Several further attempts to prepare 8-nitro- 
isoquinoline from 5-amino-S-nitroisoquinoline 
were made without success. Diazotization in 
dilute or concentrated sulfuric acid and deamina­
tion with alcohol or hypophosphorous acid failed 
to lead to 8-nitroisoquinoline. The use of acetic 
and sulfuric acids as a diazotization medium8 
and alcohol deamination likewise failed, possibly 
as a result of the low solubility of 5-amino-8- 
nitroisoquinoline in glacial acetic acid.

Experimental
All melting points are corrected.
5-Acetylamino-8-nitroisoquinoline.—Finely powdered

and thoroughly dried 5-acetylaminoisoquinoline9 (18.6 g., 
0.1 mole) was added slowly with mechanical stirring to 100 
cc. of concentrated sulfuric acid maintained at 0-10°. 
When all of the acetylaminoisoquinoline had dissolved, a 
cool solution of 11.1 g. (0.11 mole) of potassium nitrate in 
40 cc. of concentrated sulfuric acid was added with con­
stant stirring during the course of forty-five minutes, the 
mixture being maintained at 15-20°. After the addition 
of the potassium nitrate-sulfuric acid was complete, the 
reaction mixture was allowed to stand at 15-20° for an ad­
ditional forty-five minutes and then poured onto excess 
cracked ice. The acid solution was neutralized with am­
monium hydroxide, more ice being added as necessary to 
keep the solution cool. The precipitated crude product 
was filtered and recrystallized from alcohol, using decolor­
izing charcoal, as yellow-brown needles; yield, 11.2 g; 
m. p. 225-227°. By concentration of the mother liquor, 
an additional 5.2 g. of substance of m. p. 224-226° was 
recovered, making the total yield 16.4 g. (71%). Further 
recrystallizations from alcohol gave yellow needle clusters 
of m. p. 226-228°.

Anal. Calcd. for CiiH90 3N3: C, 57.14; H, 3.92; N, 
18.18. Found; C, 57.3; H, 3.8; N, 18.1.

(6) M eldola and  Eyre, J . Chem. Soc., 79, 1076 (1901); 81, 988 
(1902).

(7) M organ, ibid., 81, 1376 (1902).
(8) H odgson and  W alker, ibid., 1620 (1933).
(9) In  th e  p repara tion  of large am ounts of 5-acetylam inoisoquino­

line,3 it  was observed th a t  th is  substance, recrystallized from  dilute 
alcohol, lost its  crystalline appearance on standing  in a vacuum  desic­
cator over sulfuric acid. A nalysis indicated  th a t  the  substance 
crystallized as a hem i-hydrate. Anal. Calcd. for C n H io O N ^ A H ^ : 
H 2O, 4.62. F ound: H 2O, 4.6.

5-Amino-8-nitroisoquinoline Hydrochloride.—A solu­
tion of 15 g. of 5-acetylamino-8-nitroisoquinoline in 150 cc. 
of 20% hydrochloric acid was boiled under reflux for 
twenty-five minutes. The reaction mixture was cooled 
and the orange-red crystalline precipitate filtered. This 
substance proved to be the monohydrate of 5-amino-8- 
nitroisoquinoline hydrochloride. The crude yield was 15.6 
g. (97%). The substance was recrystallized from water 
plus a small amount of hydrochloric acid as orange needles, 
m. p. 288-290° (dec.). On standing in a vacuum desic­
cator over sulfuric acid, the product became orange-red in 
color and lost its water of hydration. (This color change 
was also observed during the melting point determination 
for the hydrated salt.) The anhydrous salt melted at 289- 
291° (dec.).

Anal. Calcd. for C9H80 2N3C1H20 : H20, 7.39.
Found: H20, 7.3, 7.4. Calcd. for C9H80 2N3C1: N, 18.63; 
Cl, 15.71. Found: N, 18.5; Cl, 15.7..

5-Amino-8-nitroisoquinoline.—Neutralization of a hot 
aqueous solution of the preceding hydrochloride with am­
monium hydroxide caused the formation of a voluminous 
precipitate of the free base in nearly quantitative yield. 
The substance crystallized from alcohol as orange needles, 
m. p. 268-270° (dec.).

Anal. Calcd. for C9H70 2N3: C, 57.14; H, 3.73; N,
22.22. Found: C, 57.3; H, 3.7; N, 22.1.

Treatment of 5-amino-8-nitroisoquinoline with warm di­
lute hydrochloric acid caused the formation of the hydrate 
of its hydrochloride salt (m. p. 288-290° (dec.)). Like­
wise the substance, heated with acetic anhydride, was 
transformed into 5-acetylamino-8-nitroisoquinoline (m. p. 
226-228°).

8-Chloroisoquinoline.—A suspension of 4.88 g. (0.02 
mole) of the hydrate of 5-amino-8-nitroisoquinoline hydro­
chloride in 30 cc. of concentrated hydrochloric acid was 
cooled to —10-0° and, with stirring, a solution of 1.3 g. 
(0.019 mole) of sodium nitrite in 10 cc. of water was slowly 
added. As diazotization proceeded, the color of the solu­
tion lightened and the suspended aminonitroisoquinoline 
hydrochloride dissolved. A starch-iodide test for nitrous 
acid was at all times positive. After the addition of the 
nitrite, the solution was stirred and cooled for five minutes 
and then 20 cc. of ice-cold 50% hypophosphorous acid was 
added. Nitrogen and some oxides of nitrogen were 
evolved. The reaction mixture was allowed to stand in an 
icebox six hours, then overnight at room temperature and 
finally was poured on ice and made basic with 20% sodium 
hydroxide solution. Steam distillation of the mixture 
separated a colorless oil which, on standing in the icebox, 
crystallized in long fine needles. The crude yield was 2.3 
g. (70%); m. p. 54-55°. The substance crystallized from 
petroleum ether as small, white prisms of m. p. 55.5-56.5° 
(Pomeranz5 reported m. p. 55°). The substance showed 
no depression in a mixed melting point with a sample of 
8-chloroisoquinoline, prepared by ring closure, described 
below.

Anal. Calcd. for C9H6NC1: C, 66.07; H, 3.70; N, 
8.56; Cl, 21.67. Found: C, 66.0; H, 3.6; N, 8.5; Cl,
21 .2 .

Picrate.—Recrystallized from alcohol as hair-fine yellow 
needles; m. p. 189.5-191.5°. No depression was observed
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in a mixed melting point with the picrate of 8-chloroiso­
quinoline prepared by ring closure.

Anal. Calcd. for C15H9O7N4CI: N, 14.27. Found:
N, 14.0.

0-Chlorobenzalaminoacetal.—Equimolar amounts of 0 - 
chlorobenzaldehyde and aminoacetal10 were heated in an
oil-bath at 110° until the liberated water was driven off. 
The product, distilled under reduced pressure, was ob­
tained as an almost colorless oil in 95% yield; b. p. 114- 
117° (2 mm.) (oil-bath at 150-160°).

Anal, Calcd. for C13H i80 2NC1: C, 61.05; H, 7.10; N, 
5.48. Found: C, 60.7; H, 7.0; N, 5.3.

8-Chloroisoquinoline.—The method of Tyson,11 using 
sulfuric acid and phosphorus pentoxide, was employed for 
the ring closure of o-chlorobenzalaminoacetal. The 
method of working up the product, however, was modified 
as follows. The cooled sulfuric acid reaction mixture (from

(10) Cass, T h is  J o u r n a l , 64, 785 (1942).
(11) Tyson, ibid., 61, 183 (1939).

20 g. of tf-chlorobenzalaminoacetal) was poured on ice and 
made basic with ammonium hydroxide. The basic solu­
tion was extracted with three 200-cc. portions of ether. 
The combined ether extracts were then extracted with 100 
cc. of 6 N  hydrochloric acid. The hydrochloric acid solu­
tion was evaporated to dryness on the steam-bath, made 
basic with potassium carbonate solution and steam dis­
tilled. There was obtained 8-chloröisoquinoline of m. p. 
55-56° in 9% yield. The picrate crystallized from alcohol 
as very fine yellow needles of m. p. 189.5-191.5°.

Summary
1. The preparation of 5-amino-8-nitroiso- 

quinoline has been described.
2. Deamination of 5-amino-8-nitroisoquinoline 

in hydrochloric acid has been shown to yield
8-chloroisoquinoline.
N e w  Y o r k , N. Y. R e c e i v e d  J u l y  28, 1942

[C o n t r i b u t io n  f r o m  t h e  N ic h o l s  C h e m is t r y  L a b o r a t o r y  o f  N e w  Y o r k  U n i v e r s i t y ]

2-Phenyloxazole; para-Substituted Derivatives1
B y J erome J. R osenbaum  and  W . E . Ca ss2

In an extension of previously reported work3 on 
the synthesis of ortho-substituted derivatives of 
2-phenyloxazole, ^-nitrobenzalaminoacetal was 
treated with sulfuric acid and phosphorus pent­
oxide. The product isolated from this reaction 
proved to be 2-(^-nitrophenyl)-oxazole. Oxida­
tion of this substance yielded ^-nitrobenzamide. 
By reduction of the nitro group there was ob­
tained 2-(^-aminophenyl) -oxazole, from which 
several derivatives were prepared. Deamination 
of 2- (^-aminophenyl)-oxazole resulted in the 
formation of 2-phenyloxazole, identical with the 
substance obtained by the deamination of 2-(o- 
aminophenyl)-oxazole.3 Nitration of 2-phenyl­
oxazole resulted in the formation of 2-(£-nitro- 
phenyl)-oxazole.

The preparation of 2-(^-nitrophenyl)-oxazole 
was also accomplished by treatment of p-nitro- 
benzoylaminoacetal with sulfuric acid and phos­
phorus pentoxide. Unlike the case of the corre­
sponding ortho derivative,3 this alternate method 
of preparation gave 2- (^-nitrophenyl) -oxazole in 
yields comparable to those obtained from ^-nitro- 
benzalaminoacetal.

(1) C onstructed , in  p a rt,  from  the  B.A. research paper of Jerom e 
J . R osenbaum , N ew  Y ork  U niversity , U niversity  College, June, 1942.

(2) P resen t address: R esearch L abora to ry , General Electric
C om pany , Schenectady, N ew  York.

(3) Cass, T h is  J o u r n a l , 64, 785 (1942).

Pharmacological tests on 2- (^-sulfanilamide- 
phenyl) -oxazole were carried out by the Merck 
Institute for Therapeutic Research, Rahway, 
New Jersey. In staphylococcal infections in mice, 
this compound was not particularly effective in 
comparison with sulfathiazole. In streptococcal 
infections, although some activity was shown, the 
compound was not as effective as sulfanilamide.

Experimental
All melting points are corrected.
^-Nitrobenzalaminoacetal.—Equimolar amounts of p- 

nitrobenzaldehyde and aminoacetal3 were heated in an oil- 
bath at 110-120° until the liberated water was driven off. 
The reaction mixture was allowed to cool somewhat and 
twice its volume of dry ether was added. Cooling of the 
ether solution with dry-ice resulted in the precipitation of 
^-nitrobenzalaminoacetal in 80-87% yield. Further re­
crystallization from ether gave white plates of m. p. 56-57 °, 
b. p. 165-168° (2 mm.) (oil-bath 200-210°).

Anal Calcd. for Ci3H180 4N2: C, 58.62; H, 6.81; N,
10.52. Found: C, 58.7; H, 6.5; N, 10.6.

2-(/;-Nitropheny1) -oxazole from ^-Nitrobenzalamino- 
acetal.—The reaction of ^-nitrobenzalaminoacetal with 
sulfuric acid and phosphorus pentoxide was carried out 
following the method used in the preparation of 2~{o~ 
nitrophenyl)-oxazole.3 The crude product, however, was 
not purified by steam distillation but by recrystallization 
from alcohol, using decolorizing charcoal. 2-(/>-Nitro- 
phenyl)-oxazole was thus obtained as. yellowish needles in 
40% yield, m. p. 163.5-164.5°.
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Anal. Calcd. for CoHeOiN*: C, 56.85; H, 3.18; N, 
14.73. Found: C, 56.8; H, 3.3; N, 14.6.

2-(^-Nitrophenyl)-oxazole was weakly basic, dissolving 
in concentrated hydrochloric or sulfuric acid, but re­
precipitating on dilution of the solution with water. The 
substance could be recrystallized from benzene as stout 
yellowish needles. A test for the nitro group was positive. 
Steam distilled, the substance passed over as small white 
crystals* which, however, crystallized from benzene as 
yellowish needles.

Oxidation of 2-(^-nitrophenyl)-oxazole was carried out 
using potassium permanganate or bromine water as previ­
ously described for the oxidation of 2- (o-nitrophenyl) - 
oxazole.3 In each case the product of oxidation, recrystal­
lized from water plus a small amount of ammonium hy­
droxide, was identified as ^-nitrobenzamide by a mixed 
melting point determination with an authentic sample of 
p-nitrobenzamide (m. p. 199-202°).

2-(£-Nitrophenyl) -oxazole from ^-Nitrobenzoylamino- 
acetal.—^-Nitrobenzoylaminoacetal4 (10.8 g., 0.038 mole) 
was added slowly with constant stirring to 70 cc. of con­
centrated sulfuric acid cooled to —5°. This cold solution 
was allowed to drop during eight minutes onto a mixture 
of 25 g. of phosphorus pentoxide and 6 cc. of sulfuric acid 
in a flask fitted with an efficient reflux condenser and main­
tained at 180-190 ° in an oil-bath. The flask was occasion­
ally shaken and, after the addition was complete, the reac­
tion mixture was allowed to stand twenty-five minutes at 
180-190°. After cooling, the reaction mixture was poured 
on ice and made basic with ammonium hydroxide. The 
crude product was filtered and recrystallized from alcohol, 
using decolorizing charcoal. There was obtained 3.3 g. 
(45%) of product as almost white needles of m. p. 163.5- 
164.5°. This substance showed no depression in a mixed 
melting point determination with 2-(^-nitrophenyl)-oxa­
zole prepared from ^-nitrobenzalaminoacetal.

2-(£-Aminophenyl) -oxazole.—Hydrogenation of a sus­
pension of 2-(^-nitrophenyl) -oxazole in absolute ethanol 
was carried out, using Raney nickel, as previously described 
for the corresponding ortho derivative.3 After filtration 
of the catalyst and evaporation of the alcohol under re­
duced pressure, the crude product (obtained in nearly 
quantitative yield) was recrystallized several times from 
benzene as white needles of m. p. 121-123 °.

Anal. Calcd. for C9H8ON2: C, 67.49; H, 5.04; N, 
17.49. Found: C, 67.5; H, 5.0; N, 17.5.

The reduction of 2-(A-nitrophenyl)-oxazole was also car­
ried out using stannous chloride. A solution of 5 g. 
(0.0263 mole) of the nitro compound in 22.5 cc. of concen­
trated hydrochloric acid was added to 18.5 g. (0.0812 mole) 
of stannous chloride dissolved in 22.5 cc. of concentrated 
hydrochloric acid. The reaction mixture was warmed on 
the steam-bath and then, with cooling, made strongly 
basic with 33% sodium hydroxide solution. The precipi­
tated crude product was obtained in 92% yield.

Unlike the corresponding ortho derivative,3 2-(^-amino- 
phenyl)-oxazole in alcohol solution did not show fluores­
cence in daylight. In ultraviolet light, however, a bluish 
fluorescence was observed.

Derivatives of 2-(A-Aminophenyl)-oxazole.—The pic­
rate and the acetyl, benzoyl and acetylsulfanilyl deriva­
tives of 2-(^-aminophenyl)-oxazole were prepared as previ­
ously described for the corresponding ortho derivatives,3
essentially the same yields being obtained. These deriva-
tives are listed in Table I.

T able I
2-(—)-oxazole

Anal.
M . p., °C. Calcd.

N , % Found
A-Aminophenyl, pic- 182.5-184 (dec.)

ratea,c CisHnOgNs 17.99 18.0
/>-Acetylaminophenyla,<* 191.5-192.5

CnH10O2N2 13.86 13.9
A-Benzoylamino- 163.5-164.5

phenyl"’® Ci6H120 2N2 10.60 10.7
p- (N 4- Acetylsulf anil- 226.5-228

amido) -phenylM C17H1504N3S 11.76 11.7
a Recrystallized from 50% alcohol. 6 Recrystallized

from absolute alcohol. c Yellow needles. d Needles. 
e Plates or prisms.

2-(£-Sulfanilamidophenyl)-oxazole.—Hydrolysis of 2- 
(£-(N4-acetylsulfanilamido)-phenyl)-oxazole was effected 
by boiling the substance under reflux with ten times its 
weight of 12% hydrochloric acid for thirty minutes. By 
neutralization of the solution with ammonium hydroxide 
the product was precipitated in 95% yield. The sub­
stance was recrystallized from 50% alcohol, using decolor­
izing charcoal, as small plates; m. p. 191.5-192.5°.

Anal. Calcd. for Ci5H130 3N3S: C, 57.13; H, 4.16; N, 
13.33. Found: C, 57.2; H, 4.1; N, 13.2.

2-Phenyloxazole.—Deamination of 2-(£-aminophenyl)- 
oxazole, as described previously for the corresponding 
ortho derivative,3 resulted in the formation of 2-phenyl­
oxazole (b. p. 226-228°) in 34% yield. The picrate (m. p. 
115-116°) prepared from this substance showed no depres­
sion in a mixed melting point with the picrate of 2-phenyl­
oxazole previously prepared.3

Nitration of 2-Phenyloxazole.—To 0.2 g. of 2-phenyl­
oxazole in 5 cc. of concentrated sulfuric acid was added 0.2 
g. (excess) of potassium nitrate. The mixture was stirred 
until the potassium nitrate was dissolved, allowed to stand 
one hour at room temperature and then warmed to 70° 
for ten minutes. Ice was added and the mixture neutral­
ized with ammonium hydroxide. The crude yield was 0.2 
g. (77 %); however, the product was impure as was shown 
by its low melting point (below 100°). Recrystallization 
from alcohol followed by recrystallization from benzene 
and ligroin gave a small amount of yellowish needles of 
m. p. 162.5-164°. No depression was observed in a mixed 
melting point with 2-(^-nitrophenyl)-oxazole prepared 
from £-nitrobenzalaminoacetal.

Summary
1. Certain para-substituted derivatives of 

2-phenyloxazole have been prepared.
2. Pharmacological tests on 2-(£>-sulfanil- 

amidophenyl)-oxazole have been reported.
N ew Y ork, N . Y. R eceived July 28. 1942(4) L ob , B e r . ,  27, 3093 (1894).
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[C o n t r i b u t io n  p r o m  t h e  N o y e s  C h e m ic a l  L a b o r a t o r y , U n i v e r s it y  o f  I l l i n o i s ]

o r th o  Alkylation and Arylation of Mesityl Aryl Ketones
B y  R eynold  C. F uso n  and  S. B . S peck

The action of aryl Grignard reagents on mesityl 
aryl ketones1 and aryl mesitoates2 has been shown 
to bring about ortho arylation. The change evi­
dently involves 1,4 addition followed by oxidation 
of the addition product, although the manner in 
which the latter transformation occurs has not 
been determined. It amounts to the elimination 
of a molecule of hydrogen from the dihydroben- 
zenoid compound or its enol form.

A method has now been discovered whereby the 
arylation can be effected smoothly and in high 
yields. It consists simply in the use of mesityl
0-methoxyaryl ketones. An example is the con­
version of 2-methoxy-5-methylbenzoylmesityl- 
ene (I) to 2-phenyl-5-methylbenzoylmesitylene 
(II) by the action of phenylmagnesium bromide.

CH;
I

C6H5MgBr ------------- =►

The reaction proceeded readily and in good yield 
at room temperature.

ortho-Alkylation could be effected also. When 
ethylmagnesium bromide was used the product 
was 2-ethyl-5-methylbenzoylmesitylene (III).

tion involves the monophenyl ketone (VI) as an 
intermediate.

OCHs

C6H5
VII

The conversion of the methoxyl compound (V) 
to the monophenyl ketone takes place much more 
readily than the introduction of the second phenyl 
group, i. e.t the transformation of VI to VII. The 
two processes are evidently dissimilar in nature. 
In order to simplify the study of the replacement 
of methoxyl groups, the investigation was ex­
tended to l-mesitoyl-2-methoxynaphthalene (X) 
which has no second ortho position. This ketone 
reacted smoothly with phenylmagnesium bromide 
to yield l-mesitoyl-2-phenylnaphthalene (XI, 
R = C6H5).

c 2h 5 C6H5

III IV

As was to be expected, phenylmagnesium bro­
mide at higher temperatures brought about di- 
phenylation to produce 2,6-diphenyl-3-methyl- 
benzoylmesitylene (IV).

Similar results were obtained with 2-methoxy- 
benzoylmesitylene (V). One or two phenyl groups 
could be introduced, the products being VI and 
VII, respectively. The monophenyl derivative
(VI) had been obtained, though in lower yield, 
by the action of phenylmagnesium bromide on 
benzoylmesitylene (VIII).1 It is significant that 
the 2-bromo derivative (IX) yielded the diphenyl- 
ated ketone, VII. Presumably, this transforma-

(1) F u so n , A rm s tro n g  a n d  S peck , J .  O r g .  C h e m . ,  7, 297 (1942).
(2) F u so n , B o tto rff  a n d  S peck , This Journal. 64, 1450 (1942).

o c h 3 r

In a similar manner methyl, ethyl, n-butyl and 
a-naphthyl groups were introduced by use of the 
appropriate Grignard reagents. The yields varied 
from 56 to 80%.

An attempt to replace a methoxyl group in a 
meta position was unsuccessful. 3-Methoxyben- 
zoylmesitylene (XII) reacted with phenylmag­
nesium bromide to yield a methoxy compound, 
which probably has the structure represented by
XIII.

CH30 c h 3o
V
< f  ^ — C O M e s

c6h 5
XIII

\
-COMes

XII
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This is in contrast to the action of phenylmag­
nesium bromide on V, the ortho isomer of XII, to 
produce o-phenylbenzoylmesitylene (VI).

The new reaction served to establish the struc­
ture of 2- (2-methoxyphenyl) -benzoylmesitylene
(XIV) reported previously.2 It was found pos­
sible to obtain it by condensing 2-methoxyben- 
zoylmesitylene with tf-methoxyphenylmagnesium 
bromide.

OCH3
o-CH3OC6H4MgBr 

-COMes----------------- ------ >
"V-COMes

The new method for introducing alkyl and aryl 
radicals into an aromatic ring appears to depend 
on 1,4 addition of the Grignard reagent followed 
by the elimination of the elements of methanol. 
The ether is a vinylog of methyl mesitoate and 
would, therefore, be expected to react with the 
Grignard reagent in an analogous manner. This 
suggests also the alternate possibility that the 
replacement of the methoxyl group might be the 
result of simple metathesis.

Experimental3
1- Mesitoyl-2-methoxynaphthalene (X).—A solution of 

76 g. of mesitoyl chloride in 90 cc. of carbon disulfide was 
added slowly to a mixture of 75 g. of /3-naphthyl methyl 
ether, 63 g. of aluminum chloride and 150 cc. of carbon di­
sulfide. The mixture was stirred at room temperature for 
about twelve hours and then treated with an ice-hydro­
chloric acid mixture. The organic layer was separated 
and washed with dilute sodium hydroxide solution and 
water. The solvent was removed by evaporation, and 
the solid product, l-mesitoyl-2-methoxynaphthalene, was 
recrystallized from ethanol. The yield of l-mesitoyl-2- 
methoxynaphthalene was 65 g. The ketone crystallized 
from alcohol in yellow plates; m. p. 109-110°.

Anal. Calcd. for C2iH2]02: C, 82.57; H, 6.95. Found: 
C, 82.97; H, 6.49.

2- Methoxy-5-methylbenzoylmesitylene (I).—This com­
pound was prepared by the Friedel-Crafts method in a 
manner similar to the foregoing. From 36.6 g. of 4- 
methylanisole and 54.6 g. of mesitoyl chloride was obtained 
54 g. of the methoxy ketone. It crystallized from ethanol 
as light green needles; m. p. 103°.

Anal. Calcd. for Ci8H20O2: C, 80.55; H, 7.52. Found: 
C, 80.63; H, 7.44.

m-M ethoxy benzoylmesitylene.—This ketone was pre­
pared from m-methoxybenzoyl chloride and mesitylene by 
the Friedel-Crafts method. The yield was 58% of the 
theoretical. The compound separated from ethanol as 
colorless crystals; m. p. 76°.

(3) M ic ro n a ly se s  b y  M iss M a rg a re t  M c C a r th y  a n d  M iss T h e ta  
S poo r.

Anal. Calcd. for Ci7Hi80 2: C, 80.29; H, 7.10. Found: 
C, 80.15; H, 7.36.

0- Methoxybenzoylmesitylene (V).—The Grignard re­
agent prepared from 14 g. of magnesium and 85 g. of o- 
bromoanisole in 250 cc. of dry ether was added slowly, with 
stirring, to a solution of 72 g. of mesitoyl chloride in 200 
cc. of dry ether. Heat was generated and a white pre­
cipitate formed. The mixture became semi-solid when all 
the reagent had been added. I t was decomposed with 
dilute acid and washed with successive portions of water, 
dilute sodium hydroxide, and more water. The solvent 
was removed by evaporation and the residue crystallized 
from alcohol. The yield was 30 g. of o-methoxybenzoyl- 
mesitylene, which separated from ethanol in light yellow- 
green crystals; m. p. 112-113°.

Anal. Calcd. for Ci7H i80 2: C, 80.29; H, 7.10. Found: 
C, 80.15; H, 7.23.

Action of Grignard Reagents on Mesityl o-M ethoxy aryl 
Ketones.—The experimental procedures for the reactions 
are very similar and can be indicated by a detailed de­
scription of two representative procedures.

2-Methoxy-5-methylbenzoylmesitylene and Phenylmag­
nesium Bromide.—A solution of 13.4 g. of 2-methoxy-5- 
methylbenzoylmesitylene in 60 cc. of dry benzene was 
added slowly to the reagent prepared from 3 g. of mag­
nesium and 16.0 g. of bromobenzene in 30 cc. of dry ether 
and the mixture was heated under reflux for eight hours. 
The temperature remained at about 60°. The color 
of the solution changed successively to green, deep blue 
and, finally, dark red. The reaction mixture was treated 
with cold dilute hydrochloric acid. The organic layer 
was washed with dilute acid and water and the solvent 
removed by evaporation. The viscous red oil was dis­
tilled under reduced pressure. About 3.5 g. of a solid was 
isolated from a fraction of the distillate. This substance 
crystallized from alcohol in colorless needles. I t  had the 
composition of 2,6-diphenyl-3-methylbenzoylmesitylene 
(IV).

Table I lists this and five other condensations that were 
carried out in a similar manner with 2-methoxybenzoyl- 
mesitylene and 2-methoxy-5-methylbenzoylmesitylene. 
Yields, melting points and analytical data are given for the 
products.

1- Mesitoyl-2-methoxynaphthalene and Ethylmagnesium 
Bromide.—A solution of 7.6 g. of l-mesitoyl-2-methoxy- 
naphthalene in 25 cc. of dry ether was added over a period 
of ten minutes to the reagent prepared from 1.2 g. of mag­
nesium and 4.2 g. of ethyl bromide in 30 cc. of dry ether 
and 20 cc. of dry benzene. The stirring was continued for 
an additional fifteen minutes. The color of the reaction 
mixture became pale green and later changed to orange-red. 
A large amount of a white precipitate formed. The mix­
ture was treated with an ice-hydrochloric acid mixture 
and the organic layer washed with water. The solvent 
was removed by evaporation and the solid residue taken 
up with alcohol and allowed to crystallize. A yield of 6 g. 
of l-mesitoyl-2-ethylnaphthalene was obtained. This 
substance separated from aqueous alcohol in colorless crys­
tals.

This and four other condensations are shown in Table 
II. Melting points, yields and analytical data are given 
for the products.
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T able I

R  in  fo rm u la  
O C H s

-R eactan ts^ -

y
C O M e s T e m p .

of
re a c tio n ,

°C .

—̂ P roduct®
/

R
'G rig n a rd
re a g e n t

S u b s t i tu te d
b en z o y lm e s ity le n e

M . p .,°c.
Y ie ld ,

%

' ----  XTLJJlcliy OCji} / 0 '
C a lc d . F o u n d  

C  H  C  , H

H CeHsMgBr 30 2-Phenyl-1 89 35
H CeHsMgBr 60 2,6-Diphenyl-6 162 20 89.32 6.43 89.74 6.44
H ö-CH3OC6H4MgBr 60 2- (2-Methoxyphenyl) -2 94 47
CH3 CeHsMgBr 30 2-Phenyl-5-methyl- 73 18 87.84 7.07 87.82 7.20
CHs CeHsMgBr 60 2,6-Diphenyl-5-methyl- 131 20 89.18 6.71 89.50 6.87
CHs CaHsMgBr 30 2-Ethyl-5-methyl- 58 28 85.65 8.34 85.77 7.93

w The products were purified by recrystallization from ethanol, 
action of phenylmagnesium bromide on o-bromobenzoylmesitylene. 
phenylmagnesium bromide with 2-phenylbenzoylmesitylene.

6 This compound was obtained in 2.5% yield by the 
It was also formed in traces by the condensation of

Table II
R eactions o f  1-Mesitoyl-2-methoxynaphthalene

T e m p . ,---------------- ;----------- P ro d u c t-

G r ig n a rd
re a g e n t

of th e  
re a c tio n , 

°C .

S u b s t i tu te d
1 -m esito y l-

n a p h th a le n e
M . p .,°c. Y ield ,

%
✓---------------------------- A n a ly se s ,

C a lcd .
C  H

%-------- —
F o u n d

C H

CeHsMgBr 60 2-Phenyl-° 136 59 89.09 6.34 88.64 6.35
a-CioH7MgBr 30 2- a-N aphthyl-2 ’b 181 76
CHjMgl 30 2-Methyl-°’c 67 56 87.47 7.01 87.56 7.17
C2H5MgBr 30 2-Ethyl-a 90 80 87.36 7.34 87.47 7.21
w-C4H9MgBr 30 2-w-Butyl-° 73 55 87.22 7.93 86.96 7.79

® Recrystallized from ethanol. b Recrystallized from a mixture of benzene and ethanol. c l-Mesitoyl-2-methylnaph- 
thalene was prepared also from 2-methyl~ 1 -naphthoyl chloride and mesitylene by the Friedel-Crafts method and by 
the condensation of 2-methyl-1-naphthoyl chloride with mesitylmagnesium bromide. These syntheses were carried out 
by Mr. B. C. McKusick.

Anal. Calcd. for C23H2202: C, 83.59; H, 6.72. * Found : 
C, 83.59; H, 7.02.

Summary
It has been found that when 2-methoxyaryl 

mesityl ketones are treated with a Grignard rea­
gent the methoxyl group is smoothly replaced by 
the hydrocarbon radical of the Grignard reagent. 
The reaction occurs with either alkyl or aryl 
Grignard reagents.
Urb ana, Illinois R eceived June 29, 1942

Action of Phenylmagnesium Bromide on ra-Methoxy- 
benzoylmesitylene.—A solution of 6.4 g. of m-methoxy- 
benzoylmesitylene in 50 cc. of dry benzene was added to a 
solution of Grignard reagent prepared from 1.5 g. of mag­
nesium, 8.0 g. of bromobenzene and 25 cc. of dry ether. 
The mixture was heated for eight hours under reflux, 
during which time it developed a red-brown color. De­
composition in the usual manner and distillation of the 
product yielded 0.5 g. of a solid that, after recrystalliza­
tion from petroleum ether (b. p. 60-120°), melted at 194- 
195° (cor.). I t was probably 2-phenyl-5-methoxybenzoyl- 
mesitylene.
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[ C o n t r i b u t i o n  f r o m  t h e  D e p a r t m e n t  o f  C h e m i s t r y  o f  t h e  S t a t e  C o l l e g e  o f  W a s h i n g t o n ]

The Bromination of 4-Phenylphenyl Chloroacetate
B y Stew art  E, H azlet , L e e  C. H en sley  and H erm an  J ass

Earlier work1 on the bromination of 4-phenyl­
phenyl acetate and benzoate in the presence of 
iron as a catalyst showed that the acetyloxy 
radical caused 2-orientation while the larger 
benzoyloxy group promoted 4'-orientation in the 
biphenyl nucleus. A study has now been made 
of the corresponding ester of chloroacetic acid in 
order to see whether the spatial or other possible 
influence of this intermediate-sized radical were 
large enough to inhibit 2-orientation. The re­
sults in carbon tetrachloride and 1,1,2-trichloro- 
ethane show that the chloroacetyloxy group had a 
steric effect, i. e., caused the bromine to enter the 
4'-position. Abnormal results were found, how­
ever, when the reaction was carried out in acetic 
acid.

Anal. Calcd. for C14Hn02Cl: Cl, 14.4. Found: Cl, 14.3.
4-Phenylphenyl Bromoacetate.-—This compound was 

prepared in 75.7% yield by a method essentially the same 
as that used for the preparation of the analogous chloro 
compound. The product was purified by recrystalliza­
tion from ethanol and by distillation; b. p. 185° (3 mm.) 
and m. p. 112-112.5°. I t  was in the form of colorless 
needles, almost identical with 4-phenylphenyl chloroace­
tate. I t  is interesting to note that this bromoacetate and 
the corresponding chloroacetate, when mixed, melt with­
out depression.

Anal. Calcd. for CuHnCbBr: Br, 27.5. Found: Br,
27.6.

Chloróacetates of Bromophenylphenols.—By treatment 
of the appropriate phenols with one and one-half to two 
equivalents of chloroacetyl chloride in the presence of a 
little more than enough dry pyridine to combine with all of 
the hydrogen chloride liberated and usually in the presence 
of 1,4-dioxane, the esters shown in Table I were obtained.

T a b l e  I

C h l o r o a c e t a t e s  o f  t h e  B r o m o p h e n y l p h e n o l s
A n a ly s e s ,

Y ie ld , %  C l -h B r
P h e n o l u sed % S o lv e n t C ry s ta l  fo rm , co lo rless M . p .,  °C . F o rm u la C a lc d . F o u n d

2-Bromo-4-
phenyl-2 46 Ligroin (70-90°) Short, hexagonal prisms 60 .5 -62 C14H10O2 CIBr 35.5 35.5

2,6-Dibromo-4-
phenyl-2 67.5 Ligroin (70-90°) Needles 83 -  84 CuHsC^ClB^ 48.3 48.3

4-(4-Bromo-
phenyl)-3 45.5 Ethanol Platelets 140 -141.5 Ci4Hi0O2ClBr 35.5 35.5

Experimental Part
4-Phenylphenyl Chloroacetate.—Seventy-eight grams of

4-phenylphenol was dissolved in a solution containing 63 
ml. of pyridine and 126 ml. of 1,4-dioxane; the solution was 
cooled to 5°, and 52 ml. of chloroacetyl chloride was added 
in small portions. The mixture was allowed to stand over­
night, and it was then gradually warmed to 115° and heated 
at that temperature for three and one-half hours. Again 
it was allowed to stand overnight at room temperature. 
The ester was extracted from the reaction mixture with 
three 50-ml. portions of boiling benzene. The combined 
extracts were washed with water, with 10% hydrochloric 
acid and 5% sodium hydroxide solutions, and finally with 
water, and then dried with anhydrous sodium sulfate in the 
presence of Norite. A yield of 82.8 g. (73.2%) was ob­
tained after removal of the benzene by distillation. After 
two recrystallizations from ethanol, the product, colorless 
needles, melted at 116-117°. The compound was also 
purified by distillation; b. p. 185° (3 mm.). The melting 
point of the distillate was 116-117°.

(1) F o r  th e  l a s t  p a p e r  on  s u b s t i tu t io n s  in  e s te rs  c o n ta in in g  d i­
p h e n y l g ro u p s  see H a z le t a n d  K o rn b e rg , This Journal, 63, 1890 
(1941).

(2) H a z le t,  A lliger a n d  T ied e , i b i d . ,  61, 1447 (1939).
(3) B ell and R obinson , J .  C h e m . S o c . ,  1127 (1927); H azlet, T his 

J o u r n a l , 59, 1087 (1937).

Bromination of 4-Phenylphenyl Chloroacetate in Glacial 
Acetic Acid (“Analytical Reagent”)-—(A) Fifteen grams of
4-phenylphenyl chloroacetate was dissolved in 110 ml. of 
glacial acetic acid (“analytical reagent”). The solution 
was heated to 100 °, a trace of iron powder was added, and 
4.1 ml. of bromine dissolved in 25 ml. of glacial acetic acid 
was introduced dropwise over a period of thirty, minutes. 
Mechanical stirring, which had been provided, was con­
tinued for six hours while the mixture was heated at 118° 
(=•=2°). After standing overnight at room temperature, 
the dark red reaction mixture was poured into 600 ml. of 
water, and extraction with three 70-ml. portions of benzene 
followed. The combined benzene extracts were washed 
with 5% sodium hydroxide solution and water and dried 
with anhydrous sodium sulfate in the presence of Norite; 
the material in this solution constituted Fraction A -I. The 
alkaline solution, mentioned above, was acidified and ex­
tracted with benzene— Fraction A-II.

(B) A second bromination was carried out in the same 
manner as described above, but the reaction mixture was 
not poured into water, and the major portion of the acetic 
acid was removed by distillation under reduced pressure. 
The residue was dissolved in ether, and the solution was 
shaken with solid sodium bisulfite and allowed to stand 
overnight with this reagent in the presence of Norite. 
After filtering, the ether was removed by distillation; The
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residue was next distilled at low pressure. Fraction B-I 
distilled at 80-82° (5 mm.); Fraction B-II was collected at 
137° (2 mm.); no other material distilled at this pressure 
up to 160° where the distillation was stopped.

The compounds isolated from these various fractions are 
represented below in Table I I ; only very small amounts of 
purified products were obtained.

T a b l e  II
Fraction Compound M. p., °C .a
A-I 4-Phenylphenyl chloroacetate 111. 5-112.5
A-IIb 4-Phenylphenol 154 -158

2,6-Dibromo-4-phenylphenol 85 -  86
B-I Chloroacetic acid 45 -  48
B-II 4-Phenylphenyl acetate 83 -  85

a Identification by means of a mixed melting point de­
termination with an authentic sample was made in each 
case. 6 Separated by fractional crystallization.

Bromination of 4-Phenylphenyl Chloroacetate in Spe­
cially Treated Glacial Acetic Acid.—Ten grams of 4- 
phenylphenyl chloroacetate was dissolved in 30 ml. of 
acetic acid which had been freshly distilled from phos­
phorus pentoxide. A trace of iron powder and then 3.3 ml. 
of bromine were added. The reaction mixture was stirred 
and heated at 115-120 0 for ten hours. The acetic acid was 
removed by distillation at reduced pressure, and the residue 
solidified on cooling. After one crystallization from 70- 
90 ° ligroin, the product was obtained as colorless, granular 
crystals; 8.25 g. (70% yield). Ethanol was used for re­
crystallizations, and colorless needles resulted; m. p. 110-
111.5°. Qualitative analysis (sodium fusion method) gave 
a test for bromine.

Anal. Calcd. for CnHnC^Br: Br, 27.5. Found: Br,
27.5.

When the product was mixed with 4-phenylphenyl 
bromoacetate, a melting point of 111-112.5° was observed.

Hydrolysis of 4-Phenylphenyl Bromoacetate.—To fur­
ther prove the identity of the material assumed to be 4- 
phenylphenyl bromoacetate, a sample of the product ob­
tained by the bromination of 4-phenylphenyl chloroacetate 
in specially treated glacial acetic acid was hydrolyzed. 
When the phenol which was obtained (m. p. 159-161°) was 
mixed with a carefully purified sample of 4-phenylphenol 
there was no softening below 161 °, and the mixture melted 
between 161.5 and 163°. Thus its identity as 4-phenyl­
phenol was established.

Bromination of 4-Phenylphenyl Chloroacetate in Carbon 
Tetrachloride.—Four and eight-tenths grams of the chloro­
acetate was dissolved in carbon tetrachloride, a trace of 
powdered iron was added, the mixture was heated to 75°, 
and 1.2 ml. of bromine was added dropwise with stirring. 
After the mixture had been heated for four hours at 70 to 
80 °, it was poured into water and extracted first with ether 
and then with chloroform. From the ether solution there

was obtained 0.8 g. of product; m. p. 139-141°. The 
chloroform extract yielded 0.8 g. of product; m. p. 139.5- 
141.5°. The total yield was 1.6 g. (26%). Because mix­
tures of the two samples melted without depression, they 
were combined and recrystallized from ethanol; needles 
were obtained, m. p. 141-142.8°. This compound was 
shown to be 4-(4-bromophenyl)-phenyl chloroacetate; a 
mixture of it and 4-(4-bromophenyl)-phenyl chloroacetate, 
prepared as described in a previous paragraph, melted 
without depression.

Hydrolysis of 4-(4-Bromophenyl)-phenyl Chloroacetate.
—A small amount of the reaction product obtained by the 
bromination of 4-phenylphenyl chloroacetate in carbon 
tetrachloride solution was hydrolyzed, and the crude 
phenolic product was dissolved in pyridine and converted 
to 4-(4-bromophenyl)-phenyl benzoate as described previ­
ously.2 The product, after crystallization from methanol, 
melted at 191 ° and there was no depression when mixed 
with a known sample of the benzoate.

Bromination of 4-Phenylphenyl Chloroacetate in 1,1,2- 
Trichloroethane.—The procedure for this bromination was 
the same as that carried out in carbon tetrachloride as de­
scribed above except that after the reaction had been car­
ried out in 1,1,2-trichloroethane, the mixture was washed 
with water, and then the solvent was removed by distilla­
tion. The yield of crude product was nearly quantitative 
but, after recrystallizations from ethanol, the needles 
which melted at 141-142.5° represented only a 60% yield 
of 4-(4-bromophenyl)-phenyl chloroacetate.

Summary
1. The bromination of 4-phenylphenyl chloro­

acetate in different solvents led to a variety of 
products: (a) glacial acetic acid (“analytical 
reagent”)—4-phenylphenyl chloroacetate, 4- 
phenylphenyl acetate, 2,6-dibromo-4-phenyl- 
phenol, 4-phenylphenol and chloroacetic acid;
(b) specially treated glacial acetic acid—4-phenyl­
phenyl bromoacetate; (c) carbon tetrachloride—
4-(4-bromophenyl)-phenyl chloroacetate; (d)
1,1,2 - trichloroethane—4 - (4 - bromophenyl) - 
phenyl chloroacetate.

2. The behavior in carbon tetrachloride and 
1,1,2-trichloroethane in part confirms the earlier 
suggestion that steric effects may determine the 
positions taken by substituents entering an ester 
molecule of the type represented.

3. Several related compounds which had not 
been reported previously have been prepared and 
some of their properties reported.
P u l l m a n , W a s h in g t o n  R e c e iv e d  J u l y  18 1942
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Physiologically Active Phenethylamines Containing a Tertiary Hydroxyl
By C. M. Su ter  and Ar th u r  W. W esto n 1

It has been found that the introduction of an 
alkyl group into the beta position of phenethyl­
amines2 or a-methylphenethylamines3 lowers the 
toxicity without appreciably affecting the physio­
logical action. The extension of this study to 
include the effect of alkylating the carbon atom 
bearing the hydroxyl in amines of the type 
C6H5CH(OH)CH(R)NHR (R is H or CH3) 
seemed of interest.

Despite the great number of ephedrine deriva­
tives that have been prepared, only one reference4 
to the desired alkylephedrines, C6H5C(OH)(R)- 
CH(CH3)NHCH3 (R is CH3 or C2H5), was found. 
A report on the vasoconstricting action of these 
compounds was also included. Similarly, only the 
methyl derivatives of norephedrine, C6H5C(OH)- 
(CH3)CH(CH3)NH2,5 and of its isomer C6HBC- 
(OH)(CH3)CH2NHCH3 (I)6*7 8 have been de­
scribed. Of the other possible series of amines, 
C6H5C(OH)RCH2NH2(II), the methyl,4’*9’10 
ethyl,4’10 butyl,11 and cyclohexyl11 compounds 
have been prepared and some preliminary pharma­
cological data reported.4-11 More recently the
2,5-dimethoxy derivatives of I and II12 have been 
synthesized.

In the present investigation representatives of 
three series of amines containing a tertiary 
hydroxyl in which the beta group is alkyl, alkenyl, 
or cycloalkyl have been prepared and some pre­
liminary data on their toxicity and other pharma­
cological properties obtained.13 All these com­
pounds were synthesized by the reaction of a

R"MgX
C6H5COCH(R)NHR'HCl------------

then H20
C6H6C(OH) (R") CH(R)NHR'

(1) Sharp and Dohm e Research Associate, 1938-1940.
(2) W eston, R uddy and Suter, unpublished work.
(3) Suter and W eston, This Journal, 64, 533 (1942).
(4) Levy and Sergent-M ontsaratt, Paris Mêdical, 21, 148 (1931).
(5) M ills and Grigor, J. Chem. Soc., 1568 (1934).
(6) Tiffeneau, Ann. chim. -phys., [8] 10, 145 (1907).
(7) Foum eau, J. pharm. chim., [6] 20, 481 (1904).
(8) Fourneau, ibid., [7] 2, 337 (1909).
(9) Jacobs and Heidelberger, J. Biol. Chem., 21, 436 (1915).
(10) Tiffeneau and Cahnmann, Bull. soc. chim., [5] 2, 1876 (1935).
(11) Kanao and Shinozuka, J. Pharm. Soc. Japan, 50, 1152 

(1930); C. A., 25, 1636 (1931).
(12) B altzly and Buck, This Journal, 62, 161 (1940).
(13) We are grateful to  Dr. Paul H. M attis and Mr. Albert R.

Latvin of Sharp and Dohm e for permission to include a summary of
their experiments on the toxicity and pressor activity of these com­
pounds.

suitable Grignard reagent upon the aminoketone 
hydrochlorides. This method of preparing hy- 
droxyamines has been used by other investiga­
tors. 4,5’xl’12’14 Although some of the compounds 
contained two asymmetric carbon atoms only one 
racemic modification was formed. This behavior 
also occurs in the reaction between amino ketones 
and aryl Grignard reagents15 and has been attrib­
uted to the effect of the adjacent carbon atom 
bearing the amino group.

The hydroxyamines were not isolated but were 
converted directly into their hydrochlorides and 
purified by crystallization. The yields were very 
good. The reaction of /-butylmagnesium chloride 
upon o'-methylaminopropiophenone gave a mix­
ture of amines whose hydrochlorides could not be 
separated readily. Apparently both reduction 
and addition had taken place.16

The toxicities13 of the amine hydrochlorides 
were determined on white mice by the method 
outlined earlier.17 The results are listed in the 
last three columns of Table I. For comparison 
purposes 2-amino-l-phenyl-l-propanol and ephed­
rine are included.

Preliminary data obtained from investigating 
the effect of these compounds on rabbits, dogs 
and guinea pigs indicate that in general their 
pressor activity is similar to that of ephedrine and 
phenylpropanolamine although the effect may 
be more transient. Tachyphylaxis was noted in 
all tests with these compounds. In accordance 
with the previous observations2’3 the presence of 
an alkyl group beta to the amino group greatly 
reduces the toxicity without apparently impairing 
the activity.

Three of the norephedrine derivatives, the n- 
butyl, n-hexyl, and cyclohexyl compounds, were 
examined for surface anesthesia on the rabbit’s 
cornea.18 Some anesthesia was produced by the 
n-butyl and cyclohexyl compounds in 3% solution 
but this was accompanied by a marked irritation 
which was particularly pronounced in the n-butyl

(14) Tiffeneau, Oryekhov and Roger, Bull. soc. chim., [4] 49, 1757 
(1931).

(15) Tiffeneau, Levy and D itz, ibid., [5] 2, 1848 (1935).
(16) Kharasch and Weinhouse, J. Org. Chem., 1, 209 (1936).
(17) Suter and W eston, T h is  J o u r n a l , 63, 602 (1941).
(18) We are grateful to  Mr. Harry Robinson of Sharp and Dohm e 

for a report of these tests.
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T a b l e  I
P r o p e r t i e s  o f  A m i n e  H y d r o c h l o r i d e s

Yield. M. p., °C. Cl, % Toxicity
Amine %  ' (cod) Solvent Formula Calcd. Founds LDo L . D 50 LDioo

OsHsCCOH) (C2IÏ6) CH 2NH?a 73 180 -181 Dioxane CioHieONCl 17.59 17.66 400 630 900
CeHsC(OH) (C4H»~%)CH2NH5?> 7S 151 152 Dioxane CuHsoONCl 15 44 15.49 2 0 0 310 600
C<,H6C(OH) (CH 3) G H (N H 2) CH sc 6 3 239 -239.5* Abs. ale. CwHwONCl 17.59 17.69 600 850 1100
C6H bC(OH) (CoH b) C H (N H 2) CHs 93 220.5-222* Acetone-alc. CnHisONCl 16 .44 16.47 2 0 0 350 450
C<,HbC (O H ) (C4H9-W) C H (N H 2) C H s 85 213 -216* Bz-pet. ether CisH22ONCl 14 .55 14.53 2 0 0 315 450
CbH bC(OH) (C6H 13-w)C H (N H 2)C H s 81 193 -200* EtOAc-pet. ether Cv&IUoONCl 13 .05 12.94 300 375 450
C6H 5C(OH) (CfeHu-cyclo) C H (N H 2) CHs 57 261 -263*,e Alc.-dioxane CibH 24ONC1 13.14 13.11 2 0 0 275 350
C6H 5C(O H )(C H 3)C H (N H C H 3)CHs/ 75 234 -235 Abs. ale. CiiHisONCl 16 .44 16.44 900 1 1 0 0 1400
C6H 6C(OH) (C2H b) CH(NHCHs) CHs*7 95 197 .5-198.5* Abs. alc.-ether Ci2H2oONCl 15 .44 15.44 400 525 600
C6H6C(OH) (CsH t-w) CH(NHCHs) CHs 91 182.5-183.5* Chloroform Ci3H 22ONCl 14 .55 14.25 2 0 0 310 400
C6H 6C(OH) (C4H 9-W) CH(NHCHa) CHs 8 8 149 -150 Acetone C14H 24ONCI 13.75 13.75 2 0 0 325 500
CeHöC(OH) (C3H 5) CH(NHCHs) CHs1' 90 166 .5-167 .8 Abs. alc.-ether CisH2oONCl 14.67 14.88 300 550 700
CeH*CHOHCHNH2CHa 1 0 0 490 900
C6H iC H O H C H (N H C H 3) CHs 2 0 0 390 700

a Previously prepared by reduction of oxime, m. p. 183.5° (cor.) ref. 10; ref. 4, m. p. 184-186°. b Ref. 11, m. p. 151- 
152°. c Ref. 5, m. p. 244°. d Melted with decomposition. e This material forms a dihydrate which retained water of 
crystallization even after two hours at 100° and 40 mm. After drying at 140° for nine hours the solvent was lost but was 
regained when exposed to the air for a day. Anal. Calcd. for C15H24ONCI 2H2O: H20, 11.78. Found: H20, 12.46.
f  Ref. 4, m. p. 245-248°. a Ref. 4, m. p. 192°. h Since the agreement between our m. p. values and those given in the 
literature was not always entirely satisfactory, analyses for previously known compounds are included. The disagree­
ment probably occurs because the “melting points” are decomposition temperatures and hence vary with the rate of 
heating. % The allylmagnesium bromide was prepared according to the procedure of Gilman and McGlumphy, Bull. soc. 
chim., 43, 1322 (1928).

and ?z-hexyl compounds and was evident even in 
1% solutions. Because of this undesirable effect 
only preliminary tests were made.

Experimental
Aminoketone Hydrochlorides.—The co-aminoacetophe- 

none hydrochloride was prepared by hydrolysis of the prod­
uct obtained from phenacyl bromide and hexamethylene­
tetramine.19 a-Aminopropiophenone hydrochloride was 
obtained by reduction of the corresponding isonitroso com­
pound20 with stannous chloride21 while the N-methyl 
derivative was obtained by the action of methylamine upon 
a'-bromopropiophenone.22

Reaction of Aminoketone Hydrochlorides with Grignard 
Reagents.—The preparation of /3-ethylworephedrine is de­
scribed as a typical example. A Grignard reagent was pre­
pared from 5.3 g. (0.24 mole) of magnesium and a slight 
excess of ethyl bromide so that no unused magnesium re­
mained. To the ether solution was added at 0° with 
stirring 10 g. (0.054 mole) of «-aminopropiophenone hydro­
chloride. Stirring was continued for several hours and the 
mixture was allowed to stand overnight.23 A two-layer

(19) Slotta and Heller, Ber., 63B, 1027 (1930); Mannich and 
Hahn, ibid., 44, 1548 (1911).

(20) Hartung and Crossley, Org. Syn., 16, 44 (1936).
(21) Behr-Bregawski, Ber., 30, 1521 (1897).
(22) Hyde, Browning and Adams, T his J ournal, 50, 2287 (1928).
(23) This was unnecessary as there was little  evidence of reaction 

after a few hours of stirring. In the case of the higher alkyl Gri- 
gnards, however, it was sometimes necessary to reflux the mixture as 
unreacted solid remained after the addition.

system formed. After hydrolysis with ice and dilute sul­
furic acid the ether layer was removed and evaporated to 
dryness but left no residue. The aqueous layer was made 
alkaline, the amine extracted with ether, the ether layer 
dried over sodium sulfate and made acid with hydrogen 
chloride gas. The weight of air-dried material, m. p. 210- 
212° (dec.), was 10.8 g. or 93% of the theoretical amount. 
Crystallization from an acetone-alcohol mixture gave 8.8 g., 
m. p. 219-221° (dec.). Further crystallization raised the 
m. p. only slightly to 220.5-222° (dec.). Essential data 
for this and other similar compounds are listed in Table I. 
All melting points are corrected. The yields given are for 
the crude products.

Summary
1. Twelve /3-hydroxyphenethylaiuine deriva­

tives in which the hydroxyl group is tertiary have 
been prepared by the action of aliphatic Grignard 
reagents upon aminoalkyl phenyl ketone hydro­
chlorides. Seven of the amines are new com­
pounds.

2. Toxicity data of these amines toward 
white mice indicate that they are less toxic than 
the corresponding hydroxy amines having no 
beta alkyl group.

3. A preliminary report on other pharmacologi­
cal properties of these compounds has been made.
Evanston, Illinois R eceived April 11, 1942
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[Contribution from tiie Squibb Institute for Medical R esearch, D ivision of Organic Chemistry]

On t h e  Epimeric 7-Hydroxycholesterols

B y  O. W in t e r st e in e r  and  W illiam  L. R uig h

It has been shown recently that 7(a)- and 7(d)- 
hydroxycholesterol as well as the corresponding 
ketone, 7-ketocholesterol, are formed from cho­
lesterol by autoxidation in aqueous colloidal 
solution.1'2 In connection with studies on the 
mechanism of this reaction it seemed of interest 
to determine whether the reduction of the ketone 
acetate with aluminum isopropylate, which is the 
customary method for preparing 7(a)-hydroxy- 
cholesterol,8 also yields the 7 (d) -epimer, as it does 
in the case of 7-ketoepicholesterol.4 7(d)-Hy- 
droxycholesterol has been so far accessible only by 
permanganate oxidation of cholesteryl acid 
phthalate,5 a method which in our hands has given 
a yield of only 10% or less.

At first we searched for the 7(d)-diol in the 
resinous mother liquor material remaining after 
separation of the crystalline portion of the hydro­
lyzed reduction product which according to 
Windaus, et al.,z should be essentially 7(a)-hy­
droxy cholesterol . We were unable to isolate the 
desired compound from such fractions, which in­
stead yielded two other substances to be de­
scribed later. We therefore turned our attention 
to the crystalline fraction which is obtained by 
precipitating the ethereal solution of the crude 
hydrolyzed reduction product with petroleum 
ether. These crystalline products, with melting 
points a t 165-174°, were consistently found to be 
levorotatory ([a]D —11 to —16°), which was 
surprising in view of the fact that the dibenzoate 
and the 7-monobenzoate6 of the 7(a)-diol have 
specific rotations of +104 and +94°, respectively. 
‘ ‘ 7-Hydroxycholesterol, ’ ’ presumed to be the 
a-epimer, has so far been described only in a 
patent by Windaus and Schenk.7 According to 
these authors it melts a t about 178°, but the 
specific rotation was not given. We found that 
fractions rich in 7 (d) -hydroxycholesterol could 
indeed be obtained from the crude crystalline 
preparations by using a comparatively large 
amount of hot methanol for recrystallization.

(1) W intersteiner and Bergstrom, J. Biol. Chem., 137, 785 (1941).
(2) Bergstrom and Wintersteiner, ibid., 141, 597 (1941).
(3) Windaus, Lettre and Schenk, Ann., 520, 98 (1935).
(4) Windaus and Naggatz, ibid., 542, 204 (1939).
(5) Barr, Heilbron, Parry and Spring, J. Chem. Soc., 1437 (1936),
(6) Wintersteiner and Ruigh, This Journal, 64, 1177 (1942).
(7) Windaus and Schenk, U, ©, Patent 2,098,985 (1937).

Further purification yielded substantial quantities 
of the levorotatory 7(d)-diol. The identity of the 
compound was confirmed by the preparation of 
the dibenzoate.

Recrystallization of the crude diol mixture from 
ether or acetone yielded a mass of fine long needles, 
m. p. 174-176°, answering the description of 
Windaus and Schenk7 for 7 (a)-hydroxycholesterol, 
but retaining the levorotation of the starting 
preparation. Further recrystallization from small 
volumes of methanol did not change these prop­
erties. On benzoylation of this material 7(a)-hy­
droxycholesterol dibenzoate was obtained as the 
sole product in 67% yield, proving that the mix­
ture consisted preponderantly of the 7(a)-epimer. 
There remained to be re-investigated the claim of 
Windaus and Schenk that hydrolysis of the di­
benzoate yields again the substance melting at 
178°. Our hydrolysis product was a gelatinous 
mass with a specific rotation of +4.6°, which 
proved to be much more difficult to crystallize 
than the epimeric mixture. It eventually yielded 
a small amount of needles melting at 178.5° and 
possessing a specific rotation of +7.2°. Benzoyl­
ation of the amorphous product resulted in the 
formation of the dibenzoate in almost theoretical 
yield. Acetylation In pyridine yielded quantita­
tively the higher melting (m. p. 107°) of the two 
forms of the diacetate mentioned in the patent of 
Windaus and Schenk. We conclude that 7(a)- 
hydroxycholesterol is a slightly dextrorotatory 
substance which is much more soluble in organic 
solvents than the 7 (d)-epimer and cannot be as 
readily obtained in crystalline form. The presence 
of small amounts of the 7(d)-epimer evidently 
improves its capacity to crystallize, probably due 
to the formation of mixed crystals. From the 
specific rotations it appears that the crude crystal­
line diol mixtures contain up to 20% of the 7(d)- 
epimer. In regard to the over-all yield of the 
latter compound from cholesterol the route via
7-ketocholesterol is inferior to the oxidative 
method of Barr, et al.; it is of practical value only 
if the a-epimer is also desired.

The differences between the specific rotations 
of 7(a)- and 7(d)-hydroxycholesterol (A =  98°), 
and especially of the corresponding dibenzoates
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(A =  201°) and diacetates (A =  227°) are un­
usually large for epimers and indicate a marked 
deflection of valency angles of carbon atom 7 in 
one or both epimeric forms. It seemed of interest 
to determine whether this factor influences the 
speed of ester hydrolysis at C7, relative to that at 
C3, in the two epimeric dibenzoates. 7(a)-Ben- 
zoxycholesteryl benzoate on hydrolysis with cold 
methanolic sodium ethylate solution yields almost 
quantitatively the 7-monoester.6

Fig. 1.—Absorption curves in ether solution of crude 
products formed from: ©, 7(a:)-benzoxycholesterol, boil­
ing dimethylaniline6; ©, 7(o:)-benzoxycholesterol, pyrol­
ysis6; ®, 7(/3)-benzoxycholesterol, pyrolysis; 7(/?)- 
benzoxycholesterol, boiling dimethylaniline.

When the 7-epimeric dibenzoate was subjected 
to the same treatment, the result was similar in 
that a monobenzoate was the sole hydrolysis 
product. The method used for ascertaining the 
position of the benzoxy group in the 7 (a)-mono - 
benzoate, namely, conversion into 7-dehydro- 
cholesterol, gave inconclusive results, but proof 
that the new monoester was likewise a 7-benzoate 
was adduced by reductive removal of the benzoxy 
group. Extending the observation of Barr, et al.,5 
that 7 (/3)-hydroxycholesterol on catalytic reduc­
tion yields cholestanol, we found that the di­
benzoates of both 7(a)- and 7(0) -hydroxycho­
lesterol are reduced under similar conditions to
0-cholestanyl benzoate. When applied to the new 
monobenzoate the reaction yielded /3-cholestanol, 
while from a mixed ester, the acid succinate- 
benzoate, 0-cholestanyl acid succinate was ob­
tained.

It is thus clear that stereochemical factors do 
not play a role in the relative inertness of the ester 
linkage at C7 toward alkaline hydrolyzing agents. 
However, the ease with which benzoic acid can be

cleaved from the two epimeric 7-monobenzoates, 
either by pyrolysis or by treatment with high- 
boiling amines, to form 7-dehydrocholesterol is 
definitely influenced by the configuration at C 7 .  

This is illustrated in Fig. 1, which shows the ab­
sorption spectra of the crude products obtained 
by these reactions. The 7(a)-monobenzoate in 
both reactions yielded products containing 50% 
or more dehydrosterol, as measured by the ex­
tinction at 283 m/x.6 In contrast, the 7(/^-mono- 
benzoate on pyrolysis gave rise preferentially to a 
compound with a maximum at 305 m/x, which is 
probably identical with the cholestatriene ob­
tained under similar conditions by Windaus and 
Naggatz4 from 7(a)-benzoxyepicholesteryl ben­
zoate and by Eckhardt8 from 7(a)-hydroxycho­
lesteryl benzoate. The reaction product obtained 
from the 7 (0) -monobenzoate by boiling with di­
methylaniline gave an uncharacteristic curve 
without any clearly differentiated maxima. Fur­
ther fractionation with digitonin showed that a 
small amount of 7-dehydrocholesterol was pres­
ent. We also found that by lowering the pressure 
during the pyrolysis from 1 to about 0.01 mm., 
some dehydrosterol was formed in addition to the 
entity absorbing at 305 m/x. Quite analogous 
results were obtained in both reactions with the 
two 7-epimeric dibenzoates. These findings 
justify the conclusion that 7(0) -hydroxycho­
lesterol is greatly inferior to the 7(a)-epimer as a 
starting product for the preparation of 7-dehy­
drocholesterol.

Spectrographic examination of the non-crystal- 
lizable portion of the reduction product revealed 
the presence of two light-absorbing entities, with 
maxima around 240 and 280 m/x, respectively. 
The absorption at 240 m/x is not merely due to 
unchanged 7-ketocholesterol, since after treat­
ment of the mixture with Girard’s reagent it was 
found to be associated for the most part with the 
non-ketonic fraction. From one batch of reduced 
material a crystalline compound of the composi­
tion (C27H44)2Ü was isolated, the spectrum of 
which exhibited a high, sharply defined maximum 
at 243 m/x. This substance was dextrorotatory 
([a]D +92°), and gave an intense Lifschiitz color 
reaction. These properties are compatible with 
the structure either of a di- A4’6-cholestadienyl-3- 
ether or a di-A3»5-cholestadienyl-7-ether. A de­
cision between these alternative structures can­
not be made on the basis of the rotation rule which

(8) Eckhardt, B er . , W, 461 (1938).
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in general permits to distinguish between A4- and 
A5-compounds containing only one ethylenic 
bond.9 A4’6-Cholestadiene10 obeys this rule by 
being dextrorotatory, but A4> 6-cholestadienol- 
3(/3) and its esters are levorotatory.11 On the 
other hand, in the yet undescribed A3>5-cho 
lestadienol-7, and especially in its esters and 
ethers, the sign of rotation might well depend, as 
in the 7-hydroxycholesterols, on the configuration 
of C7.

The dicholestadienyl ether is undoubtedly only 
an incidental by-product formed in small amounts, 
the isolation of which was facilitated by its com­
parative stability. We have spectroscopic and 
other evidence that the parent alcohol is likewise 
present among the reduction products, but 
repeated attempts to effect its isolation were un­
successful.

The compound absorbing in the region around 
280 mu was not, as might have been supposed, 
A3'5-cholestadienone-7, but was identified as the 
epimeric A4’6-cholestadienone-3. The formation 
of the 3-ketone from 7-ketocholesteryl acetate by 
the action of aluminum isopropylate is obviously 
preceded by ester hydrolysis, which is known to 
occur under these conditions.7 The mechanism 
of the subsequent oxidation at C3 probably follows 
the same pattern as the dismutation of dehydro- 
isoandrosterone to testosterone described by 
Oppenauer,12 with the 7-keto group in the present 
case functioning as the hydrogen acceptor. Mi­
gration of the double bond from the 5-6 to the 
4-5 position, followed by dehydration of the
7-hydroxy group, could then occur under the 
tendency to establish a triply conjugated system. 
Alternatively, the precursor may be 7 (0)-hydroxy­
cholesterol, which is capable of rearranging into 
A6-cholestenediol-3(/3),52; the latter compound 
is known to yield A4>6-cholestadienone-3 on oxida­
tion with acetone and aluminum phenolate.13 14 15

Experimental
7(0) -Hydroxy chole sterol.—Twenty-five grams of 7- 

ketocholesteryl acetate was reduced with isopropyl alcohol 
(500 cc.) and aluminum isopropylate (43 g.) in the usual 
manner.3 The mixture was poured into 3 liters of 2% 
aqueous potassium hydroxide solution, allowed to stand

(9) Stavely and Bergmann, J. Org. Chem., 1, 575 (1937).
(10) Eck, Van Peursem and Hollingsworth, This Journal, 61, 171 

(1939).
(11) Petrow, J. Chem. Soc., 66 (1940); Spring and Swain, ibid., 320 

(1941).
(12) Oppenauer, Acta Brevia Neerland. Physiol. Pharmacol, Micro- 

biol., 7,176  (1937); Rec. trav. chim., 56 ,137 (1937).
(13) Bergström and Wintersteiner, J. Biol. Chem., 143, 503 (1942).

for two hours at room temperature, and extracted with 
ether. The washed and dried ether solution was evapo­
rated to 75 cc. On addition of 300 cc. of pentane, a pre­
cipitate of fluffy needles formed on standing (7.8 g., [a] d
— 15.5°, 1.80% in chloroform). Recrystallization from 
methanol (70 cc.) yielded 1.27 g. of material with an 
M d —70.6°, 1.0% in chloroform. After three more 
crystallizations from methanol, 577 mg. of 7(0)-hydroxy­
cholesterol, m. p. 184-185°, [a] d —84° (0.99% in chloro­
form) was obtained. The melting point of a mixture with 
a preparation obtained by the procedure of Barr, et al.,5 
showed no depression.

The results obtained on another batch of reduced 7- 
ketocholesteryl acetate were similar. The crude crystal­
line diol mixtures (m. p. 173-174°, [a]D -1 4 .3 ° ,  1.33% in 
chloroform) did not materially change its properties on re­
crystallization from acetone, or from a small volume of 
methanol. Recrystallization from a larger amount of the 
latter solvent yielded 7 (p)-hydroxycholesterol, m. p. 177- 
178.5°, M 23d -87.6° (0.96% in chloroform).14 The 
preparation lost 3.4% of solvent on drying in vacuo a t 100° 
for one hour.

Anal. Calcd. for C27H46O2: C, 80.52; H, 11.52.
Found: C, 80.74; H, 11.73.

One hundred milligrams was benzoylated with pyridine 
and benzoyl chloride. The resulting product melted at
151-152.5°. The melting point of a mixture with authentic 
7(j8)-benzoxycholesteryl benzoate, m. p. 151-152.5 °16 
showed no depression ([«]23d —107.5° (0.66% in chloro­
form)).

Anal. Calcd. for C^H^O*: C, 80.60; H } 8.92.
Found: C, 80.94; H, 9.01.

7(a) -Hydroxycholesterol.—Five grams of 7(a) -benzoxy- 
cholesteryl benzoate was refluxed in 100 cc. of 5% metha­
nolic potassium hydroxide solution for six hours. The hy­
drolysis product, recovered by ether extraction, was a 
white amorphous mass melting at 167-170°, [ck]d +4.6° 
(0.85% in chloroform). Five hundred milligrams was 
treated with various solvents, and finally a small amount of 
needles, m. p. 177-178.5°, was obtained from ether. On 
recrystallization from the same solvent, the melting point 
became less sharp (55 mg., m. p. 169-177°, [«]d +7.2° 
(1.0% in chloroform)). 250 mg. of the amorphous prepa­
ration yielded on re-benzoylation 327 mg. of crude di­
benzoate, m. p. 169.5-170.5° (85%). On acetylation in 
pyridine, a diacetate melting at 105-106° was obtained in 
theoretical yield; on recrystallization from ether-methanol 
the compound separated as blunt prisms, m. p. 106-107°, 
[a] 27d  +51.8° (1.1% in chloroform).

(14) 7 (/S)-Hydroxy cholesterol, m. p. 186° contains 1 m ole of 
methanol of crystallization; the methanol-free form m elts a t 154- 
157° and forms mixed crystals of intermediate m elting poin ts and 
methanol content w ith the high-melting modification {cf. W inter­
steiner and Ritzmann, J. Biol. Chem., 136, 697 (1940)). T he specific 
rotation is, therefore, a better criterion of purity than th e m elting  
point, which may show erratic changes on recrystallization if the  
more stable low-m elting modification is once present. T he highest 
specific rotation observed for the m ethanol-containing form was
— 91.2° (loc. cit.). Barr, et al., gave —86.4°, which is closer to  the  
values found in the present work.

(15) The melting point of this preparation had been previously  
reported as 155-157° (Wintersteiner and Ritzm ann, ref. 14). The 
higher value is incorrect and was traced to  a standardized therm om ­
eter which had become defective.
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Anal. Calcd. for -CaiHsoO*: C, 76.48; H, 10.36.
Found; C. 76.29; 11,10.27.-

7(/8)-BenzoxycholesteroL—To one gram of 7(0)-ben- 
zoxycholesteryl benzoate in 20 cc. of benzene was added a 
solution of sodium methylate (0.66 g.) in absolute methanol 
(33 cc.). The mixture was allowed to stand at 25° for 
seventeen hours. The hydrolysis product was recovered 
by ether extract ion. The oily ether residue was dissolved 
in a few cc. of warm ether. On standing in the refriger­
ator, the solution deposited crystals, the amount of which 
increased on addition of 30 cc. of pentane. Another crop 
was obtained from the mother liquor material by repetition 
of this process. Altogether 744 mg. (90%) of 7(0)-benzoxy- 
cholesterol was recovered in form of fine needles, which 
melted at 145-146°, [<*]26d —201° (1.04% in chloroform). 
I t is not precipitated by digitonin in 90% ethanol, a be­
havior also shown by the 7 (a)-monobenzoate.

Anal. Calcd. for C34H50O3: C, 80.58; H, 9.95.
Found: C, 80.15; H, 9.95.

The absorption spectrum in alcohol confirmed the pres­
ence of only one benzoxy group: e23i = 12,500, e272 mu — 
705. 7 (/3)-Hydroxycholesterol dibenzoate, e23i = 28,000,
e 272 m M  “  1 4 8 0 .

Benzoylation in pyridine yielded the diester, 7(/3)~ 
benzoxycholesteryl benzoate, m. p. 150-151.5°.

The monoester (101 mg.) dissolved in acid-free ethanol 
(15 cc.) was shaken with palladium black (51 mg.) in a 
hydrogen atmosphere. The hydrogen uptake was ex­
tremely slow, and shaking had to be continued for several 
days for completion of the reaction. After filtering and 
evaporation of the solvent the reaction product was taken 
up in ether, and the latter extracted with sodium carbonate 
solution, from which was recovered 17.6 mg. of benzoic 
acid, m. p. 121°. The material recovered from the ether 
phase was purified by means of digitonin. Decomposition 
of the digitonide (253 mg.) yielded a crystalline product 
which after two recrystallizations from ethanol melted at
139.5-140° and did not depress the melting point of 
authentic /3-cholestanol, m. p. 140.5°. The acetate pre­
pared from this material melted at 108.5-109.5 °, as did a 
mixture with authentic 0-cholestanyl acetate of the same 
melting point.

7( j8) -Benzoxycholesteryl 3,5-Dinitrobenzoate.—The
mixed ester was prepared in the usual manner. It crys­
tallized from benzene-alcohol as needles, m. p. 178.5- 
179.5°; I a] 23d —88.2° (1.0% in chloroform).

Anal. Calcd. far CuHbOsN*: C, 70.26; H, 7.48; N,
4.00. Found: C, 70.59; H, 7.84; N, 4.24.

7(0) -Benzoxycholesteryl Acid Succinate.—A solution of 
70 mg. of the monoester and 300 mg. of succinic anhydride 
in 3 cc. of pyridine was refluxed for two hours. The acid 
ester was recovered in the usual way by extraction from 
ether with potassium carbonate solution, acidification and 
transfer into ether (73.4 mg.). Recrystallization of the 
ether residue from methanol yielded small needles melting 
at 150-151°.

Anal. Calcd. for C, 75.20; H, 8.97.
Found: C, 75.20; H, 8.98.

Ninety-one mg. of 7(0)-benzoxycholesteryl acid succi­
nate was hydrogenated for seventeen hours in a mixture of 
ethanol (5 cc.) and glacial acetic (3 cc.) with palladium

black (45 mg.). The crystalline portion of the reaction 
product (32 mg.) was recrystallized once from methanol 
and formed plates melting at 165-167°, [ a ] 26D 4*13 0° 
(0.61% in chloroform). An authentic sample of 0- 
cholestanyl acid succinate of the same melting point had an 
[a] 26d of 4-13.2°. The melting point of the mixture 
showed no depression,

Dicholestadienyl Ether. The mother liquor of the 
crystalline diol mixture from the reduction of 40 g. of 7- 
ketocholesterol was concentrated to a sirup, which was 
acetylated in pyridine and chromatographed in pentane 
solution according to the scheme described in a previous 
paper.2 About 5 g. of material passed into the first wash­
ings with pentane. When dissolved in a small volume of 
warm benzene-ethanol 1:2 it deposited a crystalline prod­
uct (600 mg., m. p. 150-160°). Several crystallizations 
from ethyl acetate yielded rosets of small needles melting 
at 158-160°, [a]D 4-90.6° (0.90% in chloroform). The 
compound is readily soluble in ether, benzene and hexane, 
sparingly soluble in ethyl acetate, and practically insoluble 
in methanol and ethanol. I t  remained unchanged on 
boiling in 5% methanolic potassium hydroxide solution, 
and was not adsorbed from hexane solution by aluminum 
oxide. Its chromogenic potency in the Lifschütz reaction 
is about equal to that of 7(0)-hydroxycholesterol.

Anal. Calcd. for CöJ I ssO: C, 86.10; H, 11.78; mol. 
wt., 752.7. Found: C, 86.29, 86.25; H, 11.58, 11.84; 
mol. wt. (Rast), 663.

The absorption spectrum of the compound shows a high 
and very narrow band (indicative of the presence of two 
identical chromophoric groups) at 243 mn, « = 54,000 (in 
ether). The curve shows an inflection at about 249 mn 
(e — 48,000). These properties are in accord with the 
spectrographic data for A4,6-cholestadienyl-3-acetate, 
c239 mM — 26,00011 and of A4’ 6> 22-ergostatrienyl acetate, 
*240 = 27,0004°

On hydrogenation in ethyl acetate solution with plati­
num oxide as catalyst, 2 moles of hydrogen was consumed 
per sterol residue. No crystalline products could be 
obtained from the reaction product. I t failed to be ad­
sorbed on aluminum oxide, and was purified by precipita­
tion from ether solution with acetone (m. p. 148-162°, 
[a]d 4-44°, Lifschütz reaction negative). The analysis 
indicated the composition C27H46-48O1/ 2. Obviously, a 
mixture of isomeric reduced ethers had been formed.

A4,6-Cholestadienone-3.—In the hope to effect a separa­
tion of the dicholestadienyl ether by its insolubility in 
methanol, 12.7 g. of pentane-soluble mother liquor ma­
terial from another reduction batch was dissolved in 50 g. 
of hot methanol. The oil which separated on cooling (2.9 
g.) was dissolved in hexane and chromatographed on 
aluminum oxide in the usual manner. The fractions 
eluted with benzene-hexane 1:4, together 460 mg., were 
crystalline, and on recrystallization from 90% alcohol 
yielded heavy plates melting at 80-81 °, which gave no de­
pression of the melting point on admixture of A4,6-cholesta- 
dienone-3, m. p. 80-81 °, prepared by the method of Dane, 
Wang and Schulte.16 17

Anal. Calcd. for C27H42O: C, 84.65; H, 11.07.
Found: C, 84.45; H, 11.18.

(16) Güntzel, Ber., 7 2 , 1317 (1939).
(17) Dane, Wang.and Schulte, Z, physiol. Chem,, 345, 80 (1937).
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The semicarbazone melted at 228-229°; the mixture 
with an authentic sample showed no depression.

The ultraviolet absorption properties of the ketone 
(*285 m/a = 26,000, in ethanol) and of the semicarbazone 
(*305 mil — 46,000, in dioxane) closely agreed with those of 
the authentic preparations.13

We are indebted to Dr. N. H. Coy of the 
Vitamin Laboratory of E. R. Squibb and Sons 
for the spectrographic measurements, and to 
Miss Mildred Moore for able technical assistance.

The microanalyses were carried out by J. F. 
Alicino, Fordham University.

Summary
The crystalline, levorotatory product obtained 

by reduction of 7-ketocholesteryl acetate with 
aluminum isopropylate is a mixture of 7(a)- and 
7 {$)-hydroxycholesterol containing up to 20% of 
the latter epimer. Free 7(a)-hydroxycholesterol,

in contradistinction to its esters, is only slightly 
dextrorotatory. It cannot be as readily obtained 
in crystalline form as the ^-epimer or the epimeric 
mixture.

7(0)-Benzoxycholesteryl benzoate on hydrolysis 
with sodium methylate in the cold yields quanti­
tatively 7(/5)-benzoxycholesterol. The position of 
the benzoxy group was proved by its reductive 
removal, since the monoester, unlike its epimer, 
7(a)-benzoxycholesterol, is not amenable to con­
version into 7-dehydrocholesterol.

Two by-products of the reduction of 7-keto­
cholesteryl acetate, a dicholestadienyl ether and 
A4’ 6-cholestadienone-3, have been isolated. Pos­
sible mechanisms for the formation of the latter 
compound are discussed.
N e w  B r u n s w i c k , N .  J . R e c e iv e d  J u l y  1, 1942

[C o n t r i b u t io n  f r o m  R o h m  a n d  H a a s  C o m p a n y , I n c ., a n d  R e s i n o u s  P r o d u c t s  & C h e m ic a l  C o .]

The Chemistry of Acrylonitrile. I. Cyanoethylation of Active Methylene Groups
B y H erman Alexander B ruson

The reactions of acrylonitrile with amines,1 
phenols,2 hydrogen sulfide,3 butadiene4 and halo­
gens5 have been described almost exclusively in 
the patent literature. Concerning the chemical 
behavior of acrylonitrile with other types of com­
pounds, very little is known.

Because of its extremely reactive double bond, 
acrylonitrile condenses readily with a variety of 
organic compounds having labile hydrogen atoms 
or active methylene groups. These reactions oc­
cur in the presence of small quantities of alkaline 
condensing agents and are of the Michael type. 
The unique property of acrylonitrile in this re­
spect is that it seeks out every available reactive 
hydrogen atom and by direct addition introduces 
the —CH2—CH2—CN group in place thereof.

A powerful alkaline catalyst which is effective 
for promoting the cyanoethylation of many types 
of organic compounds is trimethylbenzylam- 
monium hydroxide which is employed in the form

(1) British Patent 404,744 (1934), 457,621 (1936), I. G. Farben- 
industrie; Hoffmann and Jacobi, U. S. Patents 1,992,615 (1935), 
2,017,537 (1935).

(2) German Patent 670,357 (1939); Langley and Adams, This 
Journal, 44, 2326 (1922).

(3) German Patent 669,961 (1939); U. S. Patent 2,163,176.
(4) Wolfe, U. S. Patent 2,217,632 (1940).
(5) Long, U. S. Patent 2,231,363 (1941); Lichty, U. S. Patent 

2,231,838 (1941); DTanni. U. S. Patent 2,231,360 (1941).

of an aqueous 40% solution known as “Triton B” 
(Trade Mark). In some cases sodium or potas­
sium methylate, 30% methanolic potassium hy­
droxide, or even aqueous 40% sodium hydroxide 
are effective, but the solubility of “Triton B” and 
its high degree of alkalinity renders it particularly 
effective where the other alkalies either fail to 
initiate the reaction at all or to give good yields.

In this paper, the condensation of acrylonitrile 
with compounds having the reactive methylene

or methenyl grouping C =C —CH—C = C  in a 
carbocycle is described.6 Such a grouping is 
present in fluorene, indene, cyclopentadiene, an- 
throne, the fulvenes and many of their substi­
tuted derivatives.

In the presence of a catalytic amount of “Tri­
ton B,” acrylonitrile readily condenses with fluo­
rene to yield bis-9,9-(/3-cyanoethyl)-fluorene (I).

4 - 2CH*=CH— CN

(I)

_______  NCCH2C H / xCH2CH2CN
(6) See also Bruson, U. S. Patent 2,280,058 (1942).
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Indene likewise adds acrylonitrile in the pres­
ence of “Triton B” to yield a liquid di-cyano- 
ethylation product and crystalline tris-(/3-cyano- 
ethyl)-indene very probably, (II) even when 1:1

CH2CH2CN

(II)

NCCHaCHX x CH2CH2CN
molecular proportions of the reactants are em­
ployed.

Antlirone similarly adds two moles of acrylo­
nitrile to form meso-bis-(/3-cyanoethyl)-an throne 
( i n ) .

d u )

n c c h 2c h /  \ c h 2c h 2c n

These reactions take place at room temperature 
with evolution of heat. In order to prevent ex­
cessive polymerization of the acrylonitrile and to 
allow the condensation to proceed smoothly to 
completion, resort to cooling and the use of inert 
solvents such as dioxane or tertiary butanol have 
been found helpful, particularly if the reactive 
methylene compound is a high melting solid. 
In dioxane solution for example, 2-nitro-fluorene 
condenses readily with acrylonitrile in the presence 
of “Triton B” to form 6w-9,9-(/3-cyanoet|iyl)-2- 
nitro-fluorene (IV) almost quantitatively.

A A. A  A —N 02 
n g c h 2c h /  x CH2CH2CN

(IV)

The reaction of acrylonitrile with cyclopenta- 
diene was of particular interest because in the 
absence of a catalyst, a Diels-Alder adduct (V)

CH—CH—CH2

c h 2

Ch—Ĉ H— CH— CN

(V)

is formed by 1,4-addition. This adduct is a color­
less, relatively low boiling liquid and forms 
spontaneously and almost quantitatively with 
considerable evolution of heat when the two com­
ponents are mixed in equimolecular proportions.

However, in the presence of “Triton B” as the 
catalyst, the formation of the Diels-Alder type of 
adduct is so far repressed that each of the six 
hydrogen atoms in the cyclopentadiene molecule

adds to acrylonitrile to form a crystalline hexa- 
cyanoethylation product (VI) melting at 203°,

NCCH2CH2—C— C—CH2CH2CN 

NCCHjCHü—C (C C H 2CH2CN

c
n c c h 2c h 2 c h 2c h 2c n

(VI)

accompanied by a mixture of lower poly-cyano- 
ethylation products of cyclopentadiene, boiling 
much higher than the Diels-Alder adduct.

This unexpected reaction of cyclopentadiene 
can best be explained by a resonating system of 
double bonds making all the methylene and methe- 
nyl hydrogen atoms equally active, or by a mecha­
nism involving a shift of the residual methylene 
hydrogen atom to a contiguous carbon atom as 
soon as the first cyanoethyl group is introduced, 
thus forming new reactive methylene groups suc­
cessively around the cycle as each cyanoethyl 
group enters. When the resonating system is in­
terrupted as for example by dimerization of the 
cyclopentadiene or by adduct formation with the 
loss of a double bond, then acrylonitrile no longer 
can add to the methenyl groups remaining. 
Neither dicyclopentadiene nor the adduct (V) 
reacted with acrylonitrile in the presence of Tri­
ton B. The peculiar shifting of a hydrogen atom 
in the cyclopentadiene nucleus has already been 
pointed out by Ziegler and Crössmann7 to explain 
the activity of various fulvenes.

In order to test the activity of a resonating ful- 
vene system toward acrylonitrile, dimethylfulvene 
was treated with acrylonitrile in the absence and 
in the presence of Triton B. In the former case, 
the expected crystalline Diels-Alder type adduct 
(VII) was isolated, but in the presence of Triton B 
higher cyanoethylation products of dimethyl-

CH—CH-

(VII)

fulvene were obtained in impure form. However, 
w, co-dimethylbenzofulvene8 reacted with acrylo­
nitrile in the presence of Triton B to yield a crys­
talline cyanoethylation product, corresponding 
to the formula VIII-A or VIII-B, whereas with­
out the Triton B only resinous adducts were ob­
tained.

(7) Ziegler and Crössmann, Ann.% 511, 89 (1934).
(8) Thiele and Merck, ibid., 415, 260 (1918).
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' W

-CH2CH2CN

c h /  \ c h 8
(VIII-A)

C^-CH2CH2CN

c h /  \ c h 3
(VIII-B)

The pure poly-cyanoethylation products I, II, 
III and VI were each converted into their re­
spective polycarboxylic acids IX, X, XI and 
XII by alkaline hydrolysis.

Attempts to replace acrylonitrile by acrylic 
esters such as methyl acrylate or ethyl acrylate in 
the above experiments so as to obtain the corre­
sponding poly-(carbalkoxy-ethyl) derivatives were 
unsuccessful. Cyclopentadiene and the acrylic 
esters gave only the Diels-Alder type adducts 
(XIII) regardless of whether Triton B was used 
as the catalyst or not.

CH—CH—CH2 

c h 2

CH—CH—CH— COOR (R = CHS or C8H6)

(XIII)

Crotononitrile reacted in the presence of Triton B 
with indene or cyclopentadiene to give poorly- 
defined, resinous cyano-alkylation products. With 
fluorene, however, a crystalline cyano-alkylation 
product, XIV, was obtained.

V s CH/
(XIV)

CH3—CH—CH2CN
Not only does acrylonitrile cyanoethylate each 

available hydrogen atom of carbocylic compounds 
of the types described above, but also each reac­
tive hydrogen atom of a methyl, methylene, or 
methenyl group which is contiguous to a nitro or 
carbonyl group as in the nitro-paraffins or ketones; 
furthermore as in the reactive methylene groups 
of malonic esters, malonamides, cyanacetic esters, 
cyanacetamides, benzyl cyanides, benzyl sulfon­
amides, a,jö-unsaturated nitriles and amides. 
These will be described in later papers.

Experimental
(I) Bis-9,9-(/?-cyanoethyl) -fluorene.—Acrylonitrile 

(111.3 g.) was added dropwise during the course of one 
hour to a rapidly stirred solution consisting of 166 g. of 
fluorene, 500 g. of dioxane, and 5 g. of aqueous 40% tri- 
methylbenzylammonium hydroxide. The reaction tem­
perature was maintained between 30 and 40 ° by occasional 
cooling with ice-water. The mixture was then stirred for 
three hours longer at room temperature to complete the

condensation. At the end of this time, the dark brown 
solution obtained was neutralized with dilute hydrochloric 
acid and, without interrupting the stirring, 800 cc. of water 
was added to precipitate the product in granular form. 
The precipitate was filtered off and air dried; crude yield 
250 g. Upon recrystallization once from 500 g. of ethanol, 
the product separated as yellowish crystals m. p. 118-119°; 
yield 201 g. or 74%. One more recrystallization from 
ethanol using Norite gave the pure compound as colorless 
needles m. p. 121°. Anal. Calcd. for C19H16N2: C,
83.78; H, 5.92; N, 10.29. Found: C, 84.03; H, 5.76; 
N, 10.33. I t  is readily soluble in benzene, chloroform, 
acetone, ethyl acetate or dioxane at 25°. I t  is insoluble in 
ether, and is only slightly soluble in cold methanol or 
ethanol, but dissolves readily on heating.

(II) Tris-l,l,3-(j8-cyanoethyl)-indene.—To a mixture 
of 69.5 g. of indene (0.6 mole), 100 g. of dioxane, and 4 g. of 
aqueous 40% trimethylbenzylammonium hydroxide there 
was added dropwise during two hours 95.4 g. of acrylo­
nitrile (1.8 mole) while the reaction mixture was stirred 
and cooled to 25-30 °. After the addition, the dark solution 
was stirred at room temperature for an hour and then 
acidified to litmus with dilute hydrochloric acid. The 
mixture was shaken with an equal volume of ethylene di­
chloride and a little water. The aqueous layer was dis­
carded, and the ethylene dichloride layer washed with 
water and then evaporated to dryness under reduced pres­
sure on a steam-bath. The residue was a dark red, viscous 
oil weighing 147 g. Upon distillation in high vacuum, two 
main fractions were obtained as follows

I. 210- 220° (2 mm.) 18 g. pale yellow oil 
II. 280-290° (1 mm.) 58 g. viscous reddish oil

Fraction I analyzed 12.76% N, corresponding to di-(/3- 
cyanoethyl)-indene, C15H14N2 (calcd.: N, 12.61).

Fraction II crystallized on standing. Upon recrystalli­
zation from ethanol using “Norite” for decolorizing, it 
separated in colorless crystals, m. p. 65°.

Anal. Calcd. for Ci8H17N3: C, 78.50; H, 6.23; N,
15.26. Found: C, 78.80; H, 6.09; N, 15.39.

(III) M e so-bis- (/3-cyano ethyl) -anthrone.—Acryloni­
trile (15.9 g.) was added dropwise during thirty minutes 
to a stirred solution consisting of 29.1 g. of anthrone, 100 g. 
of dioxane and 3 g. of aqueous 40% trimethylbenzylam­
monium hydroxide while the reaction mixture was main­
tained at 40°. A deep red solution resulted. This was 
stirred for one hour longer at 35° and then allowed to 
stand eighteen hours. The mixture was then acidified 
with dilute hydrochloric acid whereupon the red color dis­
appeared. The crystalline product was filtered off, 
washed and dried; yield 40 g. After crystallization from 
glycol monoethyl ether (“Cellosolve”), it formed colorless 
prisms, m. p. 215°. Anal. Calcd. for C20H10N2O: C, 79.92;; 
H, 5.37; N, 9.32. Found: C, 80.36; H, 5.45; N, 9.49.

(IV) Bis-9,9-(/3-cyanoethyl)-2-nitro-fluorene.—To a 
solution of 20 g. of 2-nitrofluorene, 150 g. of dioxane and 2: 
g. of aqueous 40% trimethylbenzylammonium hydroxide 
there was added dropwise during twenty minutes 10.6 g. of 
acrylonitrile, while the reaction mixture was stirred and 
cooled to 35-40°. The mixture was then stirred for two 
hours longer and finally neutralized with dilute hydro­
chloric acid. The crystalline product was filtered off,
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washed and dried; yield 21 g. Upon recrystallization 
from glycol monoethyl ether it formed yellow needles, 
m. p. 236-237°. Anal. Calcd. for Ci9H15N30 2: C, 71.90; 
H, 4.77; N, 13.12. Found: C, 72.40; H, 4.80; N, 13.09.

(V) 3-Cyano-l ,4-endomethylene-cyclohexene-5.—To 
33 g. of cyclopentadiene in a flask under a reflux condenser, 
there was added 26.5 g. of acrylonitrile. After standing 
for about ten minutes the mixture became warm and be­
gan to boil. The exothermal reaction lasted for about a 
half hour. The mixture was allowed to stand for four 
hours thereafter and then distilled in vacuum at 11 mm. A 
colorless oil came over at 80-85° (11 mm.), yield 49.5 g.; 
w25d 1.4876; d2525 1.0066. Anal. Calcd. for C8H9N: N, 
11.76. Found: N, 11.70. I t  crystallizes in an ice-bath 
but is liquid at room temperature.

(VI) Hexa- (/3-cy anoethyl) -cyclopentadiene.—Acrylo­
nitrile (106 g.) was added dropwise during two hours to a 
stirred, cooled mixture of 66 g. of cyclopentadiene, 100 g. 
of dioxane, and 4 g. of aqueous 40% trimethylbenzylam­
monium hydroxide while the reaction temperature was 
maintained at 20-25°. The mixture was stirred three 
hours longer at 20°, then neutralized with dilute hydro­
chloric acid. During the condensation the mixture be­
came almost black but bleached to a yellow color on the 
addition of the acid. The crystalline product was filtered 
off. I t  was a tan-colored powder; yield 34 g. Upon re­
crystallization from glycol monomethyl ether it separated 
in colorless needles, m. p. 203°. Anal. Calcd. for 
C23H24N6: C, 71.84; H, 6.30; N, 21.86. Found: C, 
71.80; H, 6.26; N, 21.93.

The original filtrate was washed with water, dried and 
distilled in vacuum. Only a small amount boiled below 
90° at 11 mm. The bulk distilled from TOO to 280° (1 
mm.) with some decomposition and considerable residue 
but a clean fractionation was not accomplished.

(VII) 3-Cyano-l,4-endo-isobutenylidene-cyclohexene-
5.—A mixture of 50 g. of dimethylfulvene and 25 g. of 
acrylonitrile was gently heated on a water-bath under 
reflux for several hours until no further refluxing occurred. 
The viscous reddish product was distilled in vacuum at 1 
mm. At 95-100° (1 mm.) an amber-colored oil came over 
which gradually crystallized; yield 35 g. Upon recrystal­
lization from petroleum ether using Norite for decoloriza- 
tion, the product was obtained as colorless crystals, m. p. 
87°. Calcd. for CnH13N: C, 82.96; H, 8.24; N, 8.80. 
Found: C, 83.20; H, 8.03; N, 8.90.

VIII-A or VIII-B. Cyanoethylated Dimethylbenzoful- 
vene.—To a solution of 44 g. w,co-dimethylbenzofulvene, 44 
g. of dioxane and 3 g. of Triton B, acrylonitrile (15 g.) 
was added dropwise while stirring at 25-35°. The mix­
ture was stirred for four hours after the exothermal reac­
tion had ceased, and then neutralized with dilute hydro­
chloric acid, taken up in ethylene dichloride, and washed 
and dried in vacuo at 100 °. The residual oil weighing 61 g. 
was distilled in vacuum at 1 mm. The main fraction came 
over at 180-230° (1 mm.) and solidified in the receiver; 
yield 13 g. Upon recrystallization from methanol the 
product was obtained as yellow crystals, rn. p. 121°. 
Calcd. for C16H15N: C, 86.07; H, 7.23; N, 6.69. Found: 
C, 85.90; H, 7.11; N, 6.64.

(IX) Bis-9,9-(/3-carboxy-ethyl)-fluorene.—A mixture 
of 16 g. of sodium hydroxide, 400 cc. of water and 40 g. of

(I) was boiled under reflux with rapid stirring, for twelve 
hours. The solution was bleached with charcoal, cooled, 
filtered, and the filtrate acidified hot with hydrochloric 
acid. The white precipitate (yield 41 g. air-dried) was 
recrystallized from ethanol. I t separated in colorless 
crystals, m. p. 273-274°. Anal. Calcd. for CigHisCh: 
C, 73.51; H, 5.85. Found: C, 73.70; H, 5.83.

(X) Tris-1, 1,3-(/3-carboxy-ethyl) -indene.—A mixture 
of 23 g. of potassium hydroxide, 225 cc. of water and 27 g. 
of (II) was stirred and boiled under reflux for three hours. 
The clear solution was bleached with charcoal, filtered and 
acidified with hydrochloric acid. The product separated 
as a resinous solid which became crystalline after being dis­
solved in hot water and allowed to separate slowly on cool­
ing. After several recrystallizations from hot water, the 
melting point remained unchanged at 161-162°. Anal. 
Calcd. for CisHaoOe: C, 65.03; H, 6.07. Found: C, 
64.80; H, 5.97.

(XI) Bis-me so- (/3-carboxy- ethyl) -anthrone.—A mix­
ture of 12 g. of sodium hydroxide, 120 cc. of water, 70 cc. of 
ethanol, and 27 g. of (III) was stirred rapidly and boiled 
under reflux for seven hours. The solution was cooled, 
filtered, and the filtrate acidified with hydrochloric acid. 
The product separated as an oil which rapidly solidified; 
yield 27 g. Upon recrystallization from dilute ethanol 
(75% H20  -f- 25% ethanol) it separated in colorless flakes 
which sinter at 220° and decompose at 230°. Anal. 
Calcd. for C2oH i80 6: C, 70.97; H, 5.36. Found: C, 71.10;
H, 5.41.

(XII) Hexa- (/3-carboxy-ethyl) -cyclopentadiene.—A
mixture of 140 g. of sodium hydroxide, 1000 cc. of water 
and 184 g. of (VI) was boiled under reflux for eighteen 
hours. The dark solution was treated with Norite, 
filtered, and the filtrate acidified with coned, hydrochloric 
acid (350 g.) and cooled to 5°. The white crystalline pre­
cipitate was filtered off, washed on the filter with 200 cc. of 
ice-water and dried in an oven at 60°; yield 199 g. of crude 
acid containing 0.09% ash. I t  may be purified by re­
crystallization from four times its weight of water by chill­
ing the solution to 5°. The purified analytical sample 
formed colorless crystals, m. p. 180-181°. I t  is readily 
soluble in alcohol and in warm water. Anal. Calcd. for 
C23H30O12: C, 55.39; H, 6.07. Found: C, 55.40; H, 5.93.

(XIII) 3-Carbomethoxy-l ,4-endomethylene-cyclohex- 
ene-5.—A mixture of 33 g. of cyclopentadiene and 43 g. of 
methyl acrylate was placed in a flask under a reflux con­
denser. After standing for about thirty minutes the mix­
ture began to boil. After boiling had ceased, the mixture 
was allowed to stand for twenty-four hours and was then 
distilled under reduced pressure. The product came over 
at 71-73° (8 mm.) as a colorless oil of strong characteristic 
valerian odor; yield 64 g. or 84%; ^25d 1.4745; d252s
I. 0543. Anal. Calcd. for C9H12O2: iodine no., 167.
Found: 170.

The corresponding ethyl ester (XIII, R is C2H5) 
was prepared in the same manner as above from ethyl 
acrylate and cyclopentadiene. I t  is a colorless oil of b. p. 
84-85° (10 mm.), w25d 1.4675; d2hs 1.0268. Anal. 
Calcd. for CioHh0 2: saponification no., 338. Found:
338. It is also formed in 85% yield instead of the expected 
poly-(carbethoxy-ethyl) derivative when ethyl acrylate is 
added to cyclopentadiene containing *‘Triton B.”
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(XIV) 9-(j8-Cyano-isopropyl) -fluorene.—To a stirred 
solution of 83 g. of fluorene, 250 g. of dioxane, and 10 g. of 
“Triton B,” there was added dropwise 67 g. of allyl cyanide 
during the course of one hour while the exothermal reac­
tion was maintained at 38—47° by intermittent cooling. 
The mixture was then heated at 45-50 ° for six hours 
longer, cooled, rendered acid to congo red indicator with 
dilute hydrochloric acid, taken up in its own volume of 
ethylene dichloride and washed thoroughly with water. 
The ethylene dichloride layer was evaporated to dryness 
and the residual dark oil distilled in vacuum. After a 
small forerun of unchanged fluorene, the main fraction 
boiled between 190° and 220° (1-2 mm.) and weighed 
60 g. It formed a yellow balsam which gradually solidified 
to a crystalline mass. After recrystallization from meth­
anol, the pure product was obtained as colorless crystals 
melting at 92-93°. Anal. Calcd. for C17H15N : C, 87.50; 
H, 6.49; N, 6.00. Found: C,87.51; H, 6.38; N, 6.07.

The same product is obtained by using crotononitrile in 
place of allyl cyanide.

Acknowledgment.—The analyses of the above 
products were performed by Mr. C. W. Nash, 
and much of the experimental work was done by 
Mr. Thomas Riener of these Laboratories.

Summary

1. Acrylonitrile condenses in the presence of 
strong bases, notably aqueous trimethylbenzyl­
ammonium hydroxide (“Triton B”) as a catalyst, 
with reactive carbocyclic methylene or methenyl 
compounds such as fluorene, indene, anthrone, 
cyclopentadiene and fulvenes to replace each reac­
tive hydrogen atom by a /Tcyanoethyl radical.

2. The preparation and properties of bis-(/T 
cyanoethyl) -fluorene, tris- (^-cyanoethyl) -indene, 
bis- (/Tcyanoethyl) -anthrone, hexa- (^-cyanoethyl) - 
cyclopentadiene, and the corresponding carbox­
ylic acids obtained therefrom by hydrolysis are 
described, as well as the cyanoethylation product 
of dimethylbenzofulvene and certain Diels- 
Alder type adducts of acrylonitrile and acrylic 
esters.

3. Allyl cyanide or crotononitrile condensed 
with fluorene to a 9- (0-cyano-isopropyl)-fluorene.
P h il a d e l p h i a , Pa. R e c e iv e d  J u l y  23, 1942

[C o n t r i b u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m is t r y , D u k e  U n i v e r s i t y ]

The Rearrangement of 1,1,3,3,5,5-Hexamethylcyclohexatriol-2,4,6 to Hexamethyl-
benzene

B y E rle  B. Ayres and Charles R. H auser

In another investigation in this Laboratory a 
method was developed for the synthesis of hexa- 
methylcyclohexatrione-1,3,5 (I) in an over-all 
yield of approximately 25% starting with ethyl 
isobutyrate and isobutyryl chloride.1 It seemed 
possible that the cyclohexatrione (I) might be 
reduced to the triple neopentyl system, 1,1,3,3,5,5- 
hexamethylcyclohexatriol-2,4,6 (II), which might 
be made to undergo a triple dehydration and re­
arrangement to form hexamethylbenzene (V). 
This transformation, which represents a new 
route from an aliphatic to an aromatic compound, 
has been realized.

The cyclohexatrione (I) was reduced catalyti­
cally2 in good yield to the cyclohexatriol (II), 
which was probably a mixture of two stereo-

(1) The methods are described by Hudson and Hauser (T h is  
Journal, 61, 3567 (1939). Better yields were subsequently obtained 
(Hudson, Ph .D . Thesis, Duke University (1911)) as follows: for 
ethyl isobutyryl isobutyrate, 74% ; for ethyl 2,2,4,4,6-pentamethyl- 
3,5-diketoheptanoate, 72% ; for hexamethylcyclohexatrione-1,3,5, 
52%.

(2) The authors are indebted to  Dr. Homer Adkins of the Uni- 
versity of Wisconsin for carrying out this reduction.

isomers; in one of the isomers the three hydroxyl 
groups are arranged on one side of the ring, and in 
the other, two hydroxyl groups are on one side 
and the third hydroxyl on the opposite side of the 
ring. In the present study no attempt has been 
made to separate the two isomers after a sub­
stance was obtained the melting point of which 
was not raised by further recrystallization. The 
cyclohexatriol was dissolved in sulfuric acid, 
giving a colored mixture from which practically 
pure hexamethylbenzene in approximately 20% 
yield was extracted with ligroin. Other products 
were present in the sulfuric acid layer but were not 
identified in the present investigation. The re­
arrangement was also carried out in warm phos­
phoric acid, but the yield of hexamethylbenzene 
was very low. Treatment of the cyclohexatriol 
with thionyl chloride gave only tarry material 
from which no hexamethylbenzene could be 
isolated.

The conversion of the hexamethylcyclohexatriol 
(II) to hexamethylbenzene (V) probably involves
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three separate reactions,3 each consisting of the 
removal of a hydroxyl group (as a molecule of 
water from the oxonium ion formed by the addi­
tion of a proton to the hydroxyl), the shift of a 
methyl group with its attached electron pair, and 
the loss of a proton to form a double bond,4 thus0 

CHs ^ CHs

—c ^ c /  
i 1 V

^ < W

CHs H C—CHs
l \ CHs

CHS

—C——-C* 

CHs c::Hs

It is obvious that the monodehydration of (II) 
can give only one cyclic product (III). Of the 
hydroxyl groups in (III), the one in the «-position 
to the double bond might be preferentially lost 
because of the possibility of allylic resonance in

(3) Although it  would appear improbable that the three dehydra­
tions and rearrangements take place simultaneously, the possibility is 
not entirely excluded; the triply charged oxonium ion required could 
probably be formed in low concentration, and such a reaction would 
involve considerable driving force in forming the aromatic ring.

(4) See especially Whitmore, This Journal, 54, 3274 (1932).
(5) Whitmore and Stahly, ibid., 55, 4153 (1933), found that di-£- 

butylcarbinol, which is analogous to the section of (II) represented 
above, yields the expected olefin only under mild conditions; instead, 
a tertiary butyl group is eliminated as a carbonium ion. It is possi­
ble that this typ e of reaction occurs also with compound (II).

the resulting carbonium ion. Shift of a methyl 
group would give (IV), which contains conjugated 
double bonds. The third rearrangement should 
follow only the course giving hexamethylbenzene. 
In view of the several side reactions that one 
might expect to occur in the conversion of (II) to 
(V), it is not surprising that the yield of hexa­
methylbenzene is only 20%.

E xperim en ta l
1,1,3,3, 5,5-Hexamethylcy clohexatriol-2,4,6.—This sub­

stance was prepared by the reduction2 of hexamethylcyclo- 
hexatrione-1,3,5 (15.3 g.) over copper chromite for five 
hours at 200 atm. at 200 °. The triketone took up approxi­
mately three molecular equivalents of hydrogen. An alco­
holic suspension of the reduction product yielded on filter­
ing 7.0 g. of silky white crystals, m. p. 242-246° after some 
softening at 170°. Evaporation of the filtrate yielded 7.7 g. 
of slightly gummy solid; total yield of crude product, 14.7 g. 
(93%). After several recrystallizations from alcohol or, 
better, from acetone, the crystals melted at 251.0-251.5°. 
The substance could also be purified by sublimation.

Anal.6 Calcd. for C12H24O3: C, 66.63; H, 11.18.
Found: C, 66.85; H, 11.03.

Dehydration and Rearrangement of 1,1,3,3,5,5-Hexa- 
methylcyclohexatriol-2,4,6.—To 15 cc. of ice-cold concen­
trated sulfuric acid was added 1.00 g. of 1,1,3,3,5,5-hexa- 
methylcyclohexatriol-2,4,6. The color of the mixture be­
came pale yellow and then reddish to red-brown during 
two hours. At one point there seemed to be very little 
suspended material; then the quantity of fine white plate­
lets appeared to increase. After standing for two days at 
room temperature, the mixture was extracted with purified 
ligroin (b. p. 54-64°). After washing, drying and remov­
ing the ligroin under partial pressure, there was left an oil 
which solidified completely to 0.15 g. (19.4%) of white 
crystalline solid, m. p. 164-165°; a mixed melting point 
with a sample of Eastman Kodak hexamethylbenzene (m. 
p. 164-165°) was the same. The sulfuric acid layer was 
poured over crushed ice and the oily mixture extracted 
with ether. Upon washing the ether with sodium bicar­
bonate solution, drying and evaporation, there remained a 
trace of unidentified material.

In another experiment, 1,1,3,3,5,5-hexamethylcyclo- 
hexatriol-2,4,6 (1.00 g.) was warmed over a steam-bath 
with 85% phosphoric acid. From a ligroin extract of the 
mixture was obtained a very small amount of impure hexa­
methylbenzene and small amounts of solids which decom­
posed at about 200° and were perhaps phosphoric esters. 
An experiment carried out using thionyl chloride yielded 
only tarry material.

S um m ary
l,l,3,3,5,5-Hexamethylcyclohexatriol-2,4,6 on 

treatment with sulfuric acid undergoes partly 
a triple dehydration and rearrangement of the 
neopentyl type, yielding hexamethylbenzene. 
D u r h a m , N o r t h  C a r o l in a  R e c e iv e d  J u l y  18, 1942

(6) M icroanalysis by  Saul G ottlieb , Colum bia U niversity , N ew
York, N . Y.
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[C o n t r ib u t io n  f r o m  t h e  R e s e a r c h  L a b o r a t o r y  o f  O r g a n ic  C h e m is t r y , M a s s a c h u s e t t s  I n s t i t u t e  o f  T e c h ­
n o l o g y , No. 271]

The Rates of Reaction of Diacetone Glucose, Diacetone Galactose and Diacetone 
Sorbose with ^-Toluenesulfonyl Chloride in Pyridine Solution1

B y R obert  C. H ockett and M ason L. D ow ning

In a previous publication2 the “selective” ac­
tion of triphenylehloromethane upon primary 
alcohols in pyridine solution as compared with 
the action of this chloride upon secondary alco­
hols, was interpreted as a difference in the rates 
of reaction of such alcohols under the conditions 
employed. This view was supported by direct 
rate measurements by polarimetric means upon 
the reactions between trityl chloride3 and the di- 
isopropylidene derivatives of D-glucose, L-sorbose 
and D-galactose, respectively, in pyridine solution. 
All these compounds reacted when an eight to one 
molecular proportion of the chloride was used, the 
reactions were pseudounimolecular, and the times 
of half-change were in the ratio 226:6.6:1 in the 
order of their names.
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H—C— O ^O 'C H s 

*HO—CH O
I I
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HCCK /C H 3
I > <

H2CCK XCHS 
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H3Cv /OCH
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D -g a la c to s e  (primary)

On account of an apparent tendency among 
chemists to regard triphenylehloromethane as a 
quite peculiar or exceptional reagent, we thought 
it worth while to extend the study to an investiga­
tion of the rates of reaction of ^-toluenesulfonyl 
chloride with the same sugar derivatives under the

(1) This paper is taken from a thesis submitted by Mason L. 
Downing in partial fulfillment of the requirements for the Degree of 
Bachelor of Science in June, 1941.

(2) H ockett, Fletcher and Ames, This Journal, 63, 2516 (1941).
(3) “Trityl chloride” has become a widely accepted abbreviation 

for triphenylehloromethane.

same conditions.4 Such a study has yielded re­
sults which are compared with the previous ones 
below.

T a b l e  I
R ate constant Tim es of half-change,

Substance

(hours and dec. logs) 
Trityl Tosyl 
(21°) (23 ±  2°)

hours
T rityl T osyl 
(21°) (23 =*= 2°)

Diacetone glucose 0.00016 0 .0149 1880.0 2 0 .2 0
Diacetone sorbose 0 .0055 0 .5160 5 4 .7 0 .5 8 3
Diacetone galactose 0 .036 1.038 8 .3 0 .272

1.00 g. substance in 50.0 pyridine solution 8:1 ratio of chloride;

2-dm. tube. K =  -  log io -------------t Ott — «00

The obvious conclusions are two: />-toluenesul- 
fonyl chloride reacts faster with all the substances 
than does trityl chloride under the same condi­
tions; the velocity ratios are of the same order of 
magnitude for the three substances in their reac­
tions with either chloride. The rate ratio for the 
diacetone glucose and diacetone sorbose is 34.7/1 
in the reaction with trityl chloride and 34.4/1 in 
the reaction with ^-toluenesulfonyl chloride. 
Thus the latter appears to be equally “selective.” 
More strictly speaking, the selectivity is a char­
acteristic of the alcohols rather than of the halides.

Time, hours.
Fig. 1.—Diacetone-glucose and tosyl chloride at 23 =*= 2°.

Much evidence is accumulating which tends to 
show that benzoyl chloride, acetic anhydride and 
other agents show much the same kind of selec­
tion.5

An extension of these measurements to other 
temperatures is in progress.

We express our indebtedness to Hoffmann-La 
Roche, Inc., of Nutley, N. J., for a quantity of di- 
acetone-L-sorbose.

(4) Cf. Compton, This Journal, 60, 395 (1938).
(5) Cramer, H ockett and Purves, ibid., 61, 3463 (1939); Brigl and 

Grüner, Ber., 65, 641 (1932).
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0 80 160 240 320
Time, minutes.

Fig. 2.—Diacetone-sorbose and tosyl chloride at 23 =*= 2 °.

Time, minutes.
Fig. 3.—Diacetone-galactose and tosyl chloride at 23 ±  2°.

Experimental
l,2;5,6-Diisopropylidene-D--glucofuranose.—A sample of 

this substance obtained from the Corn Products Refining 
Co., contained a considerable amount of monoacetone 
glucose. I t was dissolved in water and extracted three 
times with very small portions of benzene to remove col­
ored impurities. After a treatment with decolorizing 
carbon, the colorless aqueous solution was extracted five 
times with chloroform; the extract was dried with sodium

sulfate, filtered, and concentrated to crystallization. The 
product after a recrystallization from benzene and drying, 
melted from 109.5-110° (cor.) and rotated6 —17.6° (c, 
2.040; H20).

1.2 ;3,4-Biisopropylidene-D-galactopyranose.—This was 
prepared exactly as described previously.2

2.3 ;4,6-Diisopropylidene-L-sorbofuranose.—The dark- 
brown distillate supplied by Hoffmann-LaRoche was dis­
solved in ether and most of the coloring matter was 
removed by extractions with 20% KOH solution and then 
by carbon treatment. Almost colorless crystals were ob­
tained when the dried ether extract was evaporated. A 
final recrystallization from petroleum ether (b. p. 30-60°) 
yielded white crystals melting from 77.5-78.5°.

Toluenesulfonyl Chloride.—Eastman Kodak Co. prod­
uct melting 68.5-69.0° (cor.) was employed.

Pyridine.—A colorless fraction dried over KOH and 
boiling at 115.3-115.5° was used.

The Rate Measurements.—The method described for 
the case of triphenylehloromethane was duplicated.2 The 
reactions took place in a constant-temperature room at
23 db 2°.

Summary
1. The rates of reaction of ^-toluenesulfonyl 

chloride with diacetone glucose, diacetone sorbose 
and diacetone galactose at a molar ratio of 8 to 1 
in pyridine solution, have been measured polari- 
metrically.

2. The reactions were pseudounimolecular 
and gave times of half-change in the ratio 74.2: 
2.1:1 in the order named.

3. The “selectivity” of ^-toluenesulfonyl chlo­
ride toward primary hydroxyl groups as compared 
with secondary ones is of the same order as the 
“selectivity” of triphenylehloromethane.

(6) Specific rotation of the D  line of sodium at 24°.

C a m b r id g e , M a s s . R e c e iv e d  A u g u s t  11, 1942

[C o n t r i b u t io n  f r o m  t h e  R e s e a r c h  D e p a r t m e n t , C alc o  C h e m ic a l  D i v i s i o n , A m e r ic a n  C y a n a m id  C o m p a n y ]

Solubilities of Orthanilamide, Metanilamide and Sulfanilamidela
B y  R . H . K ie n l e  and  J. M . SAYWARDlb

In connection with a broad program of research 
on chemotherapeutic agents of the sulfanilamide 
type, a study of certain physical chemical prop­
erties of sulfanilamide and its therapeutically 
inactive isomers was undertaken. Any distinction 
found between the active para compound and 
the inactive ortho and meta isomers might con­
tribute to the explanation of the therapeutic ac­
tivity of sulfanilamide.

( la ) Presented at the 103rd m eeting of the American Chemical 
Society, Memphis, Tenn., April, 1942.

(lb ) Present address: Stamford Research Laboratories, American 
Cyanamid Company, Stamford, Connecticut.

The present paper reports on the water-solubili­
ties of the three sulfanilamide isomers. The re­
sults led to dilatometry and manometric drying of 
the solid phase of sulfanilamide. Microscopical 
and X-ray investigation of the three isomers is ex­
pected to be published at a later date by our 
Laboratories. Solubilities were also determined at 
37° in buffered solutions.

Experimental
Materials.—Sulfanilamide (U. S. P.) from plant produc­

tion was recrystallized from alcohol and from hot water.
Orthanilamide was synthesized by standard methods
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from 0-nitrochlorobenzene by oxidizing the disulfide, ami- 
dating and reducing. The product was recrystallized 
repeatedly from hot water (using traces of hydrosulfite to 
prevent discoloration), once from diluted alcohol, and once 
from cold diluted acetone.

Metanilamide was prepared from nitrobenzene by con­
verting to the sulfonyl chloride, amidating and reducing. 
It was recrystallized repeatedly from hot water (also using 
hydrosulfite), from hot alcohol and from hot diluted 
acetone.

Titration with nitrite indicated that the products were 
100,0 ± 0.3% pure. Elementary analyses and mixed 
melting point determinations with materials furnished by 
Pr. E. H. Nor they2 confirmed these values.

Buffered solutions used in measuring solubility at vari­
ous pH values are listed with their ionic strengths (calcu­
lated from dissociation constants) in Table III.

Determination of Solubilities.—Half-filled bottles con­
taining excess solid were rotated, usually overnight, in a 
water thermostat controlled to =*=0.02° by an all-glass 
mercury-toluene regulator. Equilibrium was approached 
usually from above and during twelve hours or more (over­
night); exceptions are indicated in Table I and Fig. 1. 
I t  will also be noted that approach toward equilibrium 
from below and shorter runs in general gave equivalent 
results. Sampling was accomplished by forcing the solu­
tion, with air pressure, through a glass wool immersion fil­
ter into a 15-25-cc. pycnometer immersed in the bath. 
The pycnometer (resembling a pipet bulb) was closed by 
two stopcocks, cleaned, dried, cooled and weighed, after

T a b l e  I
Solubilities, g ./100  g.

Temp., Orthanilamide M etanilam ide Sulfanilamide
°C S 2a S 2a S 2a

2 3 .0 0 .65 1 .1 4 0 .64
.64

24 .0 .6 7 1.21 .69
2 6 .0 .75 1 .34 .77
2 7 .0 .826 ]

S2&»°
)■ ± 0 .0 1 2.82

.83 j
2 8 .0 .82 ± 0 .0 1 8 .87

.82 1.49  ƒ .87
3 0 .5 .91 1.01
3 1 .7 1.08

1.08®
3 3 .0 1.01 1 .89 1.19
3 4 .0 1 .05 1.26

1.27® ± 0 .0 1 5
1.27

35 .5 1.11 2 .1 9 1.37
37 .0 1 .20  ) 2 .3 7  ' 1.47

t - 20 L o  024 2.36® , j . A  A Q 1 1.47
1.20® p 0 -024 2.35® * ==U.Uol 1.47® * ± 0 .0 1 0
1 .1 8 6 J 2 .3 4 & s 1.47®

1 .46&
37.05 1.19
39 .0 2 .5 8 1.61

1.61
4 2 .0 1 .46 3 .0 1 1.84
4 6 .0 1.70 3 .7 0 2.21
5 0 .0 2 .0 0 6 4 .5 8 6 2 .6 8 &

Equilibrium approached from below. 6 Duration less
than twelve hours.

(2) Observed melting points for experimental, Northey's, and 
mixed samples: orthanilamide, 155.2, 155.3, 154.8; metanilamide, 
142.1» 141.9, 142.1; sulfanilamide, 165.9, 165.8, 166.0.

which the contents were flushed into a volumetric flask. 
Duplicate aliquots were acidified (10 cc. of concentrated 
hydrochloric acid per 25-cc. sample), iced below 15°, and 
titrated with N / 25 sodium nitrite to first blue on starch- 
iodide paper.

Fig. 1.—Solubility of sulfanilamide isomers in water; 
I, • ,  orthanilamide; II, ©, metanilamide; III, O, sul­
fanilamide; 0 “ + equilibrium approached from below; 
•-O, duration of experiment less than twelve hours.

In buffered solutions at 37° the solubility was deter­
mined by drawing the sample directly into a volumetric 
pipet, yielding results on a volume basis.

Accuracy of the experimental results, based on the esti­
mated error in weighing and in titration, is taken to be 
about ±0.01 g./100 g. of solution. This corresponds to 
±0.012 X 10"3 in mole fraction (±0.0024 in log N ) ; 
these limits are indicated by the size of the circles in Fig. 1. 
The precision of the results has been calculated in those 
cases where several determinations were carried out at one 
temperature. Values of 2 cr vary from 0.01 to 0.03 g./100 
g .—see Table I. The consistency with which the experi­
mental points fall on straight lines in the log N  versus 
l / T  plot, Fig. 1, is also indicative of the degree of repro­
ducibility.

Dilatometry.—The dilatometers were of the Bouyoucos 
type, 100-ml. capacity, with ground stoppers. They were 
suspended with capillaries immersed in a glass thermostat 
controlled to ±0.1°. They were charged with about 35 
g. of sulfanilamide hydrate crystals (large plates formed 
from a 1.75% solution by slow cooling below 40°) sus­
pended in toluene or Solvesso No. 2. Readings of the 
capillary level were taken periodically until essentially con-



2466 R. KL Kienle and J. M. Sayward VoL 64

Stant at each temperature. Above 37° this required many 
hours.

Manometric Drying.3—The apparatus consisted of a 
mercury manometer, cold trap and vacuum pump con­
nected to a flask in a thermostat at 21°. In the flask was 
placed a thin layer of ground-up, wet crystals prepared as 
for dilatometry. During evacuation, pressures were 
read at intervals (four minutes after closing the connec­
tion to the pump). After a definite fall in pressure a 
sample of the crystals was removed and analyzed both by 
drying at 110° and by titrating with nitrite.

Results
Solubilities of orthanilamide, metanilamide and 

sulfanilamide, as directly determined by weight 
in the temperature range 23-50°, are given in 
Table I. Values of 2 cr were calculated where du­
plicate data made this possible.

Solubilities by volume do not differ from values 
on the weight basis by more than 0.01 g./100 cc. 
This follows as, over the range 23-50°, the densi­
ties of the solutions varied only as follows: orthan­
ilamide, 0.999 to 0.995; metanilamide, 1.000 to 
1.001; sulfanilamide, 0.999 to 0.996 g./100 cc.

The experimental aqueous solubility data are 
plotted in Fig. 1, using logio N. and l / T  as co­
ordinates. The discontinuity in the curve for 
sulfanilamide indicates a phase transition, which 
was confirmed by dilatometry (see below) as well 
as by the microscopical and X-ray investigations. 
Manometric drying, reported below, has shown the 
transition to involve a monohydrate.

A possible discontinuity at about 43° in the 
case of metanilamide is also shown. Dashes have 
been used for the higher temperature line, because 
only two points determine it, and the 50° point 
is perhaps unreliable since equilibrium was ap­
proached during only 3.3 hours. If the dashed 
line is correct, the main portion of the curve rep­
resents a metastable equilibrium, for it corre­
sponds to higher solubilities than would the ex­
tension of the dashed line. (In the microscopical 
work, various modifications of the anhydrous 
solid phases of all three isomers were observed. 
In preparing crystals for this examination it ap­
peared that a transformation for metanilamide 
may occur near 43°.)

Equations expressing the relation of tempera­
ture and solubility, in terms of mole fraction, have 
been derived from the straight lines of Fig. 1. 
The general equation is
_ _ _ _ _  log N  -  a (l/T )  +  b (1)

(3) These measurements were carried out by Drs. W. L. Seaman 
and J .  J. Freeman, of the Caico Laboratories, to whom grateful 
acknowledgment is made.

where N  is mole fraction and T  is degrees absolute. 
Values of the constants, a and h, are given in 
Table II. Solubility as g./100 g. of solution may 
be derived from mole fraction by the relation

5  =  (17,214iV)/(18.02 +  154iV) (2)

Differential heats of solution have been cal­
culated from the lines of Fig. 1, using the Schroder 
equation

»  -  '■» «  - j i k { k  -  r . )  o)
where AH is heat of solution in calories per mole, 
values for which appear in Table II. Taking the 
heat of transition as the difference between the 
heats of solution of the two forms, the heat ab­
sorbed by the hydrate —» anhydrous transition of 
sulfanilamide at 37° is 1810 cal./mole.

T a b l e  I I

Compound

H eat of 
solution, 
cal./m ole

Constants for 
solubility equationa b

Orthanilamide 7,820 -1710 2.615
Metanilamide 9,570 -2091 4.156
Sulfanilamide (<  37°) 10,860 -2373 4.844
Sulfanilamide ( >  37°) 9,050 -1978 3.570

Qualitative independent evidence of the transi­
tion of sulfanilamide, indicated by the solubility 
data, was sought in a dilatometric investigation. 
Such was found, there being a distinct increase in 
volume, evidenced by a discontinuity in the tem­
perature-volume curve, which occurred within 
2-4° above 37°. Suspended or negligible rate of 
transformation close to the transition point ac­
counts for the higher temperature observed in 
these experiments. Figure 2 portrays the curves 
obtained from two such experiments.

It had been noticed early that platy sulfanil­
amide crystals grown at ordinary temperatures 
changed when exposed to air (or to alcohol or ace­
tone), becoming opalescent, even at room tem­
perature. This change could be forestalled in a 
saturated or a controlled humidity (such as over 
18% sulfuric acid). Crystals rinsed with alcohol 
gave evidence of water content in rough moisture 
determinations. Manometric dehydration was 
undertaken to determine the composition of the 
hydrate thus indicated.

Hydrate existence of orthanilamide or metanil­
amide had not been indicated either by change in 
appearance or by weight loss on drying, so mano­
metric drying was not carried out in these cases.

In Fig. 3 is a graph of observed vapor pres­
sure as wet crystals of sulfanilamide hydrate were
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Fig. 2.—Dilatometry of sulfanilamide monohydrate: 
O, final readings; 9 , non-equilibrium points one hour after 
temperature change (Curve II).

dried at 21°, plotted against time. The first 
plateau, of course, corresponds to saturated solu­
tion wetting the crystals. After a sudden fall in 
pressure, another step occurs; crystals removed 
from the system at this point analyzed 9.4% 
water by drying and 9.1% by titration; theory 
for the monohydrate is 9.4%. Such a determina­
tion was carried out on two samples, from sepa­
rate preparations of crystals, with the same re­
sults. Further dehydration, during which the 
temperature was raised to 30° and alcohol-carbon 
dioxide used on the cold trap, reduced the pressure 
to a few tenths of a millimeter. Drying at 110°

Time, hours.
Fig. 3.—Manometric drying of sulfanilamide mono­

hydrate: A-B, wet crystals; C-D, monohydrate; E-F, 
anhydrous solid; sample removed at X contained 9.4% of 
water; A-B and C-D at 21°, E-F at 30°.

of a sample removed at this point showed only
0.5% loss in weight.

Fig. 4.—Solubility of sulfanilamide isomers in buffer 
solutions at 37°: • ,  orthanilamide; €), metanilamide; O, 
sulfanilamide.

Solubility data at 37° in buffered solutions of 
various pH  values appear in Table III. Figure 
4 shows solubility to be minimum at pH  4.5-5.0. 
Solubility increases markedly above pH  9 and 
below pH  3. Sulfanilamide shows an especially 
great increase below pH  2. Different buffers 
of the same pH  may give different results (Table
III); the curves in Fig. 4 were drawn for corre­
sponding buffers for the three isomers.

T a b l e  III
S o l u b il it y  a n d  pH  a t  37.0°

Solubility, g ./1 0 0  cc.

pn Components
Ionic

strength

Orth­
anil­

amide

M et­
anil­

amide

Sulf­
anil­

amide
1 .2 KC1 0 .1 2 1 .92 4 .4 8 4 .0 7
2 .2 KC1 .06 1.57
2 .2 Phthalate .05 1.31 3 .0 7 1 .79
4 .2 Phosphate-citric

acid .84 1 .08 2 .2 6 1 .4 0
6 .9 Phosphate .03 1 .19 2 .3 0 1 .44

(5 .7) Distilled water 1.19 2 .3 6 1 .4 7
9 .4 Boric acid-K C l .08 1 .34 2 .6 1 1 .55
9 .7 Boric acid-K C l .09 1.39 2 .6 0 1 .6 0

11 .8 Glycine .11 1 .93
11 .8 Citrate .40 1 .65
12.4 Borate .23 1.96 3 .2 8 2 .0 5

Discussion
Several types of sulfanilamide crystals have been 

noted by Van Zyp.4 Undoubtedly one of these
(4) Van Zyp, Pharm. Weekblad, 75, 585 (1938).
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is the hydrate form., but neither composition nor 
temperature conditions of formation were specified.

Polymorphism of sulfanilamide has been de­
scribed by Watanabe,5 working in Japan. By 
means of X-ray study three forms of the solid 
were defined. The crystals studied were all ob­
tained from alcohol; hence Watanabe could not 
have obtained the hydrate which is the main fea­
ture of this investigation.

Since 37° is body temperature, the sulfanilamide 
hydrate or transition thereof may hypothetically 
bear some relation to therapeutic activity, per­
haps as a water carrier in biological coupled reac­
tions or as an energy transfer mechanism.

The behavior in buffers bears out the hypothesis 
that sulfanilamide and its isomers may behave as 
ampholytes, with minimum solubility at an 
“isoelectric point” {pH 4.5-5.0 at 37°). The solu­
bility increase for sulfanilamide at pH  1.2 appears 
to be exceptionally large.

The similarity of “isoelectric point” of sul­
fanilamide with that of blood serum proteins may 
be involved in therapeutic activity.

(5) W atanabe, Naturwissenschaften, 29, 116 (1941); Chem. Abs., 
36, 695 (1942).

The authors are indebted to Dr. G. L. M. 
Christopher for help rendered in the preparation 
of this paper and to Dr. M. L. Crossley for the en­
couragement to carry through this type of in­
vestigation.

Summary

1. The aqueous solubilities of orthanilamide, 
metanilamide and sulfanilamide have been deter­
mined in the range 23-50°.

2. Heats of solution calculated from the solu­
bility data are: orthanilamide 7820; metanila­
mide 9570; sulfanilamide below 37°, 10,860, 
above 37°, 9050 cal./mole.

3. The discontinuity in the solubility curve of 
sulfanilamide at 37° represents a transition, con­
firmed by dilatometry, and shown by analysis 
to involve a monohydrate.

4. Solubilities in buffered solutions of pH
1.2 to 12.4 at 37° exhibit a minimum for all three 
isomers at pH  4.5-5.0, with striking increase 
above pH  9 and below pH  3, especially for sulfan­
ilamide below pH  2.
B o u n d  B r o o k , N e w  J e r s e y  R e c e iv e d  M a y  7, 1942

[C o n t r i b u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r ie s  o f  t h e  U n i v e r s i t y  o f  C a l i f o r n ia ]

Reactions in Solutions Containing 0 3, H20 2, H> and Br~. The Specific Rate of the
Reaction 0 3 +  Br- —>

B y H enry  T aube

When ozone and bromide ion are mixed in acid 
solution, the net reaction

0 3 +  2H+ +  2Br~ = 0 2 +  Br2 +  H20
takes place so rapidly that a direct measure of 
the specific rate is not possible. In the present 
paper, experiments on the measurement of this 
specific rate by an indirect method are reported. 
The system studied contained acid, O3, Br” at a 
relatively low concentration and H2O2. Hydrogen 
peroxide possesses the properties that at low 
(Br”), it rapidly reduces bromine to Br- ,1 that 
the reaction with Br” under the present condi­
tions is negligibly slow, and that the direct inter­
action with ozone is also slow.2 The net reaction 
which takes place in this mixture is

H20 2 +  0 3 = 202 +  H20  (A)
It has been shown2 that this reaction is ac-

(1) Bray and Livingston, This Journal, 50, 1663 (1928).
(2) Taube and Bray, ibid., 62, 3357-3373 (1940).

celerated by Br~, and that the catalytic decom­
position of ozone

2Q3 = 302 (B)
which accompanies reaction A in a mixture of 
H20 2, O3 and acid is suppressed by low concen­
trations of Br”.

The experiments consisted of a study of the 
variation of the rate of A with (O3), (H20 2), (H+) 
and (Br”). Analysis of the data showed that three 
distinct paths are available for reaction A. Mech 
anisms for these paths, consistent with the data, 
and with other work in this field are proposed.

Experimental
Acid solutions of 0 3 at 0° were prepared as described2; 

redistilled water was used for the most part. Merck’s 
inhibitor free Superoxol was used to make up the solution 
of H20 2. A stock supply of sodium perchlorate solution 
was prepared by neutralizing perchloric acid with c. p . 
sodium carbonate.
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The method of handling the solutions was the same as 
that described in the earlier article. Usually nine cells 
were filled for a single experiment; these were placed in an 
ice-bath shielded from light and analyzed at intervals. 
The time of emptying, less than one-tenth minute, was 
small compared to the shortest interval between successive 
quenchings, one and one-half minutes.

The rates were obtained by plotting the values of (03) or 
(H2O2) against time in minutes, and measuring the slopes 
at intervals on the curve. Each experiment yields values 
of the rates for a fairly wide range of (03) and (H20 2) ; 
for each experiment a table was computed listing corre­
sponding values of time, (H20 2), (03), rates and suitable 
functions of these variables. The system is not nearly 
as sensitive to traces of impurities as it is in the absence of 
Br-  and results were reproducible.

All experiments were carried out at 0°. Except where 
otherwise stated, the ionic strength was maintained at 0.20 
by the addition of sodium perchlorate solution. The units 
used throughout are: concentration in moles per liter and 
time, t, in minutes.

In all experiments for which rate data are presented, 
(H+) and (Br- ) were sufficiently high to eliminate reaction 
B almost completely, so that A(H20 2) = A(03). For the 
analysis in most cases the cell content was forced into an 
acidified solution of sodium bromide, and potassium iodide 
and ammonium molybdate solutions were then added. 
After the hydrogen peroxide had reacted completely with 
the iodide ion, the total iodine (equivalent to the sum of 
the ozone and hydrogen peroxide) was determined. One 
cell in each run was allowed to proceed to completion,

0 1 2  3 4
(Br- ) X 105.

Fig. 1.—Variation of fa with (Br- ); m = 0.20: (H20 2) =
12.5 X 10-4 M. The lower row of values for the abscissa 
refers to lines 3 and 4, the lines being numbered from top 
to bottom. Points represented by the same symbol are 
results of the same experiment; the upper one always is 
a result later in an experiment after (03) has decreased to 
the designated value. To eliminate (H20 2) as a variable, 
the data were corrected to the recorded value of (H20 2) 
using the law of variation with (H20 2) demonstrated in 
Fig. 2; the maximum correction was about 6%.

line (Os) X 104 (H+) X 103 slope
1 2 1 .1 6 1750
2 3 1 .1 6 1600
3 1 2 .6 0 1750
4 2 2 .6 0 1520

and the final concentration of the reagent in excess then 
determined. This permitted the concentration of hy­
drogen peroxide and ozone at any time to be calculated 
from the corresponding value of their sum. Orienting ex­
periments showed that this method gave the same re­
sults as the method of separate analysis.2

In most of the experiments, (Br- ) added was small com­
pared to (H20 2) or (03) ; when (Br2) was appreciable, ap­
propriate corrections were made in calculating the con­
centration of ozone and hydrogen peroxide.

Results
Figure 1 presents data on the variation of the 

rate of reaction A with (Br~) at low values of 
(H+) and at low values of the ratio (03)/(H2C>2). 
The specific rate kb which is plotted as ordinate, 
is defined by

-d (H 20 2)/d* -  - d ( 0 3)/d* -  ft(08)
For each line in the figure, the only variable is the 
concentration of Br“. The results show that the 
rate law consists of at least two terms. One of 
these varies directly with (Br- ) ; its value is given 
by the slope of the straight lines through points 
of constant (H+), (H2O2) and (03) and varying 
(Br- ). The slopes of the lines (cf. table under 
Fig. 1) are nearly constant and independent of 
(H +). The slight variation as (O3) decreases and 
time increases is discussed in connection with 
Fig. 2. The other term represented by the inter­
cept on the vertical axis is independent of (Br-'); 
the variation of this term with (H+) over a wide 
range is discussed below.

Fig. 2.—Variation of fa with (H20 2), at 3 X 10-5 M  
Br- , 1.16 X 10-2 M  HC104> ju = 0.20. All points from 
one experiment are distinguished by the same symbol. 
The open circles distinguish an experiment in which the 
method of handling the solutions was changed (see text). 
Numbering the lines from top to bottom: for line 1,
(0)3 -  0.5 X 10-4 M; for 2, 1.0 X 10-4 M; 3, 2 X 10-4 
M; 4, 3.25 X 10-4 M; 5, 4.2 X 10-4 M.
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Figure 2 shows the variation of k{ with (H2O2) 
at 1.16 X lO-3 M  HCIO4, 3 X lO"5 M  B r- and 
low values of the ratio (C>3)/(H202). Along each 
line, the only variable is (H2O2); from line to line,
( O 3 )  differs. It is again apparent that there are 
at least two terms in the rate law. The peroxide 
independent term, which is represented by the 
finite limiting value of k{ =  0.048 =*= 0.002 at zero 
peroxide, can be identified with the bromide de­
pendent term of Fig. 1. This follows since the 
coefficient obtained by dividing the value of the 
intercept by the concentration of Br~~(0.048/ 
3 X 10“5) == 1600 is the same as the slope of the 
lines in Fig. 1. The peroxide dependent part of 
the rate law then corresponds to the (Br- ) inde­
pendent term of Fig. 1.

The experiment in Fig. 2 represented by the 
open circles was an experiment in which five 
cells were rapidly and consecutively filled. Dur­
ing the experiment, the ozone concentration fell 
to one-third of its initial value; these points are 
seen to fall in line with the initial points in the 
other experiments and prove that kx is inde­
pendent of (03) (i. e.y rate is proportional to (03)) 
for these conditions. In all the other experiments, 
the process of filling the cells was interrupted to 
make analyses. This probably occasioned a loss 
of ozone from the main body of the solution and 
the variation of ki, ca. 40% for an 8-fold variation 
in ( O 3 ) ,  with ( 0 3) shown by the lines through these 
points is therefore mainly due to this cause; 
these results have been included for the sake of 
completeness, but the lower line is taken as the

V l/ ( H +) X 10-1.
Fig. 3.—-The variation of ka with (H+) ; v «  0.2. (08) =*

3.0 X 10*"4 M, H20 2 = ca. 14.0 X 10“ 4 M  for the series. 
(Br“ ) = 2 X 10“ 6 M  except in the two experiments at 
lowest H+ where it was 5 X 10“ 5 M. In the two experi­
ments at high (H+), the bottom of the arrow is the value 
if the maximum correction for path III is applied; top is 
the value if no correction for path III is applied (see text)*

best representation of the rate of reaction for these 
conditions.

The results of Figs. 1 and 2 may be summarized 
by the equation

ki = 1600 ±  100 (Br“) +  jfeH (H20 2) * (I)

Line 2 in Fig. 1 passes through the most accurate 
data and the slope of this line was taken as the 
numerical coefficient of the first term of rate law I.

In rate law I, &H is not a true constant but varies 
with (H+). A number of experiments were per­
formed to study this variation; these results are 
presented in Fig. 3. At values of (H+) <  1.15 X 
10“3 My (Br- ) was raised to 5 X 10-ë M  to sup­
press reaction B. at any value of (H+) within 
the range for which rate law I is valid, can readily 
be calculated by the use of this equation from the 
measured value of kx. As will be shown later, at 
high (H+), Br-  is present at the steady state 
largely as Br2, and a new path for reaction A is 
available. Corrections, consistent with the later 
findings, are applied to the experimental values 
ki to allow for these effects; these corrections are 
necessary only at the two highest values of (H+). 
There is an uncertainty in applying the correction 
for the new path due to bromine in the present 
range of values for (03)/(H 202); the uncertainty 
is in such a direction that kH is greater than the 
plotted value. For the point at highest (H+), 
&H may well be twice as great as the plotted value; 
for the next point, only slightly greater. In spite 
of this uncertainty, the results indicate that 
&H approaches limiting values both at high and at 
low (H+).

When (H+) and the ratio (03)/(H 202) are in­
creased, the kinetics of the reaction change 
radically. In Fig. 4, the results of a series of ex­
periments for this concentration region are pre­
sented. To represent these results, it was found 
convenient to define a specific rate ka (not neces­
sarily a constant) by the equation

—d(H202)/dJ * ka V(H202)(03)
A single experiment is represented by a series 

of points starting at the right and usually covers 
a 6-12 fold change in the concentration of hy­
drogen oxide. The lines have been drawn in to 
conform to the rate law
kii -  1.26 V (B r2)/(H+) +  1.41 X 102 V (B r2)(H20 2) (II)

((Br2) =  (Br~)0/2  where (Br~)0 is the concen­
tration of bromide ion added) and represent the 
data with satisfactory fidelity except at the lowest
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value of (H+) investigated in this series (upper 
part of the figure).

In preliminary work, the law of variation with 
the concentration of added Br“, (Br- )0, was 
tested over a wider range than is done in Fig. 4. 
These data are presented in Table I. The re­
sults, though not strictly comparable with those 
of Fig. 4 (the ionic strength was less and (H+) was 
not accurately known) are consistent with them. 
These results again show that varies directly 
with V (R a ­

table I
Variation of hi with Added Br~

HC104 is ca. 0.15 M  and ju is ca. 0.15. (H2C>2)o = 3.6 X

o 1
9 

5̂
 

J (Oa) foi kii
X 106 X 104 X 102 V(B^

10 7.60 1.30 0.58
20 8.17 1.87 .59
40 7.17 2.64 .59

100 6.87 4.20 .59
300 6.90 7.80 .63

Discussion
The rate laws obtained show that at each of the 

extremes—low (H+), low (03)/(H 202) and high 
(H+), high (03)/(H 20 2)—there are two paths for 
reaction A.

The first term of rate law I and the first term 
of rate law II both follow from the non-chain path 
represented by the following reactions (arrows 
designate rate determining steps).

P a t h  I  

h
Br"" +  0 3 ■— > BrO~ +  0 2 (1)

H+ +  BrO~ = HBrO
-^Br2

Br2 +  H2O 7 " ^  HBrO +  H+ +  Br“

H20 2 +  HBrO H4* +  Br“ +  H20  +  0 2 (2)

When reaction 1 is the sole rate determining 
step (i. e.y (Br2) and (HBrO) <C (Br )), the simple 
rate law corresponding to the first term of rate 
law I follows. It will be shown that this condi­
tion is realized in the experiments at low values of 
(H+) and (03)/(H 20 2). The numerical coefficient 
of this term therefore gives the value of k\\ thus, 
the rate of interaction of 0 3 and Br-  at 0° and 
fi =  0.2 is 1600 =*= 100 1. mole-1 min.-1.

The following considerations show that at low 
(H+) and low (03)/(H 20 2), (Br- ) »  (HBrO). 
At the steady state, £i(03)(Br~) =  &2(H20 2) 
(HBrO) and (Br- )/(HBrO) -  ■

V(CH20 2) X 103.
Fig. 4.—Variation of k& with (H20 2), (O3), (H+), (Br~)0 

at high (03)/(H 20 2) and M -  0.20. All points obtained 
from a single experiment are distinguished with the same 
symbol.

Sym bol ®  O  ©  ®  O  ö  O
(O3)o X 104 16.46 12.3 14.32 7.54 15.11 14.45 13.2
(H+)X 10*20.1 8.86 4.48 20.2 20.2 0.63 0.63
(Br“ )oX 1052 2 2 8 8 2 2

Bray and Livingston,1 from an analysis of Balint’s3 
measurements on the rate of reaction of bromine 
and peroxide at 0°, report for k2KBr* a value of
6.2 X 10-4 .=*= 9%. For the same ionic strength 
(zero) Liebhafsky4 reports K bt2 at 0° =  6.9 X 
10 ~10. Thus fe =  9 ±  1 X 105.5 When this value 
is substituted in the above expression together 
with h  =  1600, (Br- )/(HBrO) =  560 when 
(H20 2) =  (03). For the experiments under con­
sideration (H20 2) always exceeded (03) by more 
than a factor of 3 and (HBrO) becomes corre­
spondingly less compared to (Br- ).

To show that (Br2) is small for the same condi­
tions, the expression for the steady state con­
centration of Br-  when the hydrolysis is not 
complete and when (HBrO) (Br- ) (i. e.f
(03)/(H 20 2) does not exceed ca. 25) is derived; 
the result is

(3) Balint, Thesis (in H ungarian), U niversity of Budapest, 1910.
(4) Liebhafsky, This Journal, 56, 1500 (1934).
(5) This is the value calculated for “  0; the value n »  0.2  

should not differ widely since both molecules are neutral.
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(Br")
^ „ r2 +  8(Br-)„ XBri |  (H+) 

4 !< “ * > &

JO aLV A
(H A )/ - K

( H I )

Using the values k\ =  1600, fe =  9 X 10s and 
J W  = 1.1 X ID"9, (Bra) -  [(Br-)o ~  (Br~)]/2 
is calculated to be 5 X 10“7 for the most extreme 
case presented in Fig. 1 [lower right-hand point 
in Fig. 1; (H +) -  2.65 X 10“3, (Br")0 = 3 X 
10"8, (03)/(H 20 2) =  0.148]. The point under 
consideration is actually below the line through 
the other points; this effect may be attributed to 
the fact that some of the Br" is in the form of 
Br2 and the maximum rate is thus not observed.

A rate law of the form of the first term of rate 
law II follows from the mechanism above when 
(Br") and (HBrO) are small compared to (Br2). 
It can readily be shown by using Equation III 
that this condition is realized for all the experi­
ments in Fig. 4 except the two in the upper part 
of the diagram.

The rate law derived from the mechanism for 
this condition is

..d(d” 2Q?- =  V h k K i n  V (O 0 (H A )

where (Br2) =  (Br")0/2. This has exactly the 
same form as the first term of rate law II. Com­
paring the coefficients of the theoretical and ex­
perimental laws we obtain the result: kik̂ K̂ v̂  — 
1.60. From the measured value of 1600 for k\ and 
the estimated value of 1.1 X 10"9 for K bt2 at fx —
0.20 and 0°, we obtain for &2 a value of 9.0 X 
106. The agreement with the value of 9 =*= 1 X 
105 calculated from Balint’s results is good con­
firmation for the interpretation of the data. The 
limits of accuracy for the value of k% from the pres­
ent work are about the same as for Balint’s.

On the interpretation given, a discrepancy in 
the observed direction between the experimental 
points and those predicted by rate law II is ex­
pected at 6.3 X 10"3 M  H + (experiments at the 
top of Fig. 4) since (Br") and (Br2) have com­
parable values. However, a quantitative com­
parison of theoretical and experimental results is 
not possible since the contribution to the rate by 
the path corresponding to the second term of rate 
law II cannot be calculated accurately for this 
range of values for ( O 3 )  /  (H20 2).

(6) Liebhafsky's value of K-qtï — 6.9 X 10-10 for 0° and low ionic 
strength is corrected approximately for the change to n — 0.2 by 
dividing by ^HBr. Livingston’s value (This Journal, 48, 45 
(1926)) of at fi w 0.2 and 25° was used.

While the non-chain reactions of Path I give a 
consistent explanation for the first terms of both 
rate laws I and II, the last terms of these rate 
laws are best interpreted by chain reactions. Al­
though the rate corresponding to the second term 
of rate law I is proportional to (H20 2) (O3), it 
cannot be explained by the direct interaction of 
ozone and hydrogen peroxide. The specific rate 
of interaction of these substances is 0.14 while 
&H at 2.6 X 10"3 M  is ca. 50. Experiments with 
inhibitors support the assumption of chain reac­
tions. Table II presents data showing the effect 
of methanol in decreasing &H.

T a b l e  II
Effect of CH3OH on h  at 1.15 X 10“ 8 M  HC104, 

3 X 10-6 M  Br~ 4.18 X 10~* M  0 2
(CH8OH) (HaOs)

h fenX 10* X 10*
0 1 2 .5 3 0 .1 0 9 49
4 1 1 .3 9 .0 7 6 25

10 1 1 .1 8 .0 7 4 23
20 1 2 .4 5 .0 7 4 21

Ethanol and phosphorous acid give similar re­
sults (the limiting value of &H differing however 
for the different inhibitors) and a similar decrease 
in the rate under the conditions for which rate 
law II is valid is also observed. The fact that 
&H (and the coefficient of the second term of rate 
law II) are not reduced to very low values is not 
inconsistent with the assumption of long chains. 
The radical which results from the reaction of the 
active intermediate with the “inhibitor” may it­
self catalyze the reaction7*; cases are known in 
which the resulting chains are longer than the 
original ones.7b

A rate expression of the form of rate law I fol­
lows (on the assumption of long chains) from the 
series of reactions (3)-(7).

P a t h  I I
Chain initiating step

hH2O2 +  O3 - HO +  H 02 +  0 2 (3)
Chain continuing steps

- >  HO 4- 202H 02 + Os - (4)
HO -1- H + -{- Br = H20  -J- Br (5)

Br +  H2O2 — > H+ +  Br~ +  HO, (6)
Chain breaking step

krH 02 +  Br ► H+ +  B r- +  0 2 (7)

Reactions 3 and 4 have been made plausible by 
other work2; 5, 6 (and 7 under limited conditions)

(7a) Taube and Bray, ref. 2, p. 3362.
(7b) Taube and Bray, ref. 2, p. 3363



Oct., 1942 T he Specific Rate o f  the Reaction O* 4- Br" 2473

find their exact analogy in experiments with 
H2O2 +  O3 +  Cl- .2 Reaction 6 furthermore is 
a probable step in the photoreaction between 
peroxide and Br2.8 Br is presumably the inter­
mediate which reacts with the inhibitors; the 
photochemical experiments of Dhar and Batta- 
charya9 indicate that Br and methanol do react.

If the reactions
P a t h  III

Br2 +  0 3 +  H20  ■— > HO +  Br +  BrOH +  0 2
or H 02 +  Br +  Br" ■+ H+ +  0 2 (8) 

Br +  Br — >  Br2 (9)

are substituted for the chain initiating and chain 
breaking steps, respectively, of Path II, the re­
sulting mechanism (again assuming long chains) 
leads to a rate law of the form of the second term 
of rate law II. The following considerations show 
that these changes are not unreasonable. In going 
from the conditions for which rate law I is valid 
to those of II, (H+), and (O3) are increased, 
(H20 2) is decreased. (Br2) increases markedly 
with respect to (H2O2), and reaction (8) becomes 
more probable than (3) on concentration con­
siderations. Furthermore, increasing the ratio
(03)/(H 202) increases (Br)/(H 02) and the chain 
breaking step (9) becomes more probable than 
(7).

It must be stressed that the second terms of 
rate laws I and II are limiting laws valid only for 
the extreme concentration ranges considered, 
where one or the other of the chain breaking 
steps (7) and (9) operate. Experiments which 
because of their complexity are not reported in 
detail suggest that in the intermediate range both 
chain breaking steps operate.

The variation of &H with (H+) observed in 
Fig. 3 can be explained if it is assumed the H 02 is 
a fairly strong acid with iTdiss> ca. 10“2. On this 
basis, at (H+) =  0.1 M, the free radical is present 
mainly as H 02 and a limit for &H at high (H+) is 
expected; at (H+) =  10”3 M , 0 2“ will be the 
reactant, undergoing reactions similar to those 
of HO2, and a limit for &H at low acid will also 
result. Weiss,10 Latimer11 and Bray12 suggest

(8) Callow, Griffith and M cKeown, Trans. Faraday Soc., 35, 412-
20 (1939).

(9) Dhar and Battacharya, Z. anorg. allgem. Chem., 176, 372 
(1928).

(10) Weiss, Imrans. Faraday Soc., 31, 968 (1935). Weiss promised 
publication of the experimental work on which his estimate is based. 
A search of the literature from 1935 to date failed to reveal this work.

(11) Latimer, “ Oxidation P o ten tia ls /’ Prentice-Hall, Inc., New  
York, N . Y ., 1938, p. 41.

(12) Bray, T h is  J o u r n a l , 60, 86 (1 938 ).

values of ca. 10”6, ca. 10”6 and ca. 8 X 10”8, 
respectively, but the evidence available for these 
low dissociation constants does not suffice to ex­
clude the higher value indicated by the new 
kinetic data.13 The experiments of Callow, 
Griffith and McKeown8 and of Taube and Bray2 
on chain reactions of HO2 do not give a clue to 
the value of K Ho2 since the substance was not in­
volved in the chain breaking steps for the con­
centration range in which quantitative results 
were available.

In conclusion, a correlation of the present re­
sults with those obtained in the 0 3, H2O2, H + and 
Cl” system2 may be interesting. In that case, 
the non-chain path corresponding to Path I con­
tributed little to the reaction, due to the fact 
that the specific rate of interaction of O 3  and 
Cl” is much less than that for O 3  and Br” — 0.023 
compared to 1600. For the same reason, (Cl2) at 
the steady state was always very small, and the 
path corresponding to Path III was absent. The 
path analogous to Path II accounted for most 
of the reaction at high Cl” ; however, to eliminate 
HO, (Cl”) had to be increased to such an extent 
that complications due to the formation of Cl2” 
appeared. Analogous to the behavior in the 
present system, there appeared to be a change 
(at low Cl”) from Cl +  Cl —» as chain breaking 
step to H 02 +  Cl —> when the ratio (03)/(H2O2) 
was decreased. Finally, the system with Br” 
present is less sensitive to stray impurities than 
with Cl”, since Br is less reactive than Cl.

The author is grateful to Professor William C. 
Bray for helpful discussions of this work.

Summary
The rate of reaction A is studied over a wide 

range of the variables (03),(H20 2), (H+) and (Br~) 
at 0° and limiting rate laws, valid for extreme 
conditions, are obtained.

Three paths are necessary and sufficient to inter­
pret the data. The results are consistent with the 
following conclusions:

Path I, a non-chain path, involves oxidation of 
Br” by 0 3 to BrO~, and reduction of hypo- 
bromous acid by peroxide. The specific rate 
of the former reaction is found to be 1600 =*= 100, 
and the value of 9 X 105 obtained for the latter 
reaction agrees with the value reported in the

(13) An alternative explanation, suggested by the Referee, for 
the variation of &h  with (H +) is th at HOs forms a complex H 02*H +, 
Evidence for or against the existence of such a complex w ith a d is­
sociation constant of 10 *"2 could not be found in the literature.
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literature. No evidence is found for the oxida­
tion by O3 of Br~ by a free radical process.

Paths II and III are chain paths initiated by 
reaction of ozone with peroxide and bromine, 
respectively, to produce free radicals. The chain 
continuing steps are the same for both paths;

the nature of the chain breaking step depends on 
the ratio (Os) /  (H.2O2) • An explanation of the 
variation of the rate by Path II with (H+) is 
afforded by the assumption that HO2 is a fairly 
strong acid with K diss. ca. 10 ~2.
I t h a c a , N e w  Y o r k  R e c e iv e d  M a r c h  25, 1942

[C o n t r i b u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m is t r y , N e w  Y o r k  U n i v e r s i t y ]

The System Sodium Nitrate-Dioxane-Water at 25°
By B. Selik so n  and J. E. R icci

In connection with studies on the solubilities of 
salts in dioxane-water mixtures the formation of a 
two liquid system was observed in high dioxane 
solutions saturated with sodium nitrate. The 
experimental study of the phase relationships of 
such ternary systems involving a solid and two 
liquid components is in general rendered difficult 
by the problem of analysis for one of the liquid 
components in addition to the usually simple 
determination of the solid component. For solids 
forming no solid solvates with the liquid com­
ponents the solubility curve is easily determined 
as a binary problem by using mixed solvents of 
known composition. Under favorable circum­
stances a binodal curve in such a system may be 
established by the synthetic method of titration 
with one of the liquid components, as in the sys­
tem potassium carbonate-dioxane-water studied 
by Kobe and Stong.1 Otherwise the analytical 
problem has usually been solved through the 
measurement of some physical property of the 
solution, or of the distillate from some ternary 
solution or ph&se, for the determination of the 
ratio of the two liquid components; examples of 
such properties are the refractive index (used for 
the study of the system lithium chloride-dioxane- 
water, by Lynch2), the density, or even the solu­
bility of some reference salt in the unknown mix­
ture of the two liquids. For more precise work it 
is desirable to attempt some direct determination 
of one of the liquid components. In the system 
silver nitrate-dioxane-water,3 in which a solid 
dioxanate of silver nitrate appears at 25°, water 
was determined directly gravimetrically, with 
fairly accurate results, by volatilization of the 
solvents and absorption of water in barium mon-

(1) Kobe and Stong, J. Phys. Chem., 44, 629 (1940).
(2) Lynch, ibid., 46, 366 (1942).
(3) Skarulis and Ricci, T his Journal, 63, 3429 (1941).

oxide. In the present system, a more rapid and 
possibly more exact method was attempted, by 
the application of the Karl Fischer reagent for the 
direct volumetric determination of water.4

Materials and Analysis.—The sodium nitrate was a 
c. p . sample used without further purification, after grind­
ing and drying at 110°. The dioxane was treated and 
dried as described in previous similar investigations.5 
The Karl Fischer reagent (active ingredients: iodine, 
sulfur dioxide and pyridine, in methanol as solvent) pre­
pared according to the directions of Smith, Bryant and 
Mitchell,6 was used with synthetic '‘anhydrous” methanol 
as back-titrating solution, and was standardized against a 
standard solution containing a known weight of pure water 
in the same methanol. The water content of the methanol 
and the effective titer of the reagent itself were calculated 
from a set of titrations using 1, 2 and 5 ml. (all at least in 
duplicate) of the standard solution of water (1 ml. con­
taining 0.01793 g. of H20  by preparation). The titer of 
the Karl Fischer reagent was found to fall with time, as 
expected (from 0.002582 to 0.001986 g. of water per ml. in 
fifty-eight days); in the actual use of the reagent, however, 
standardization titrations against the standard water 
solution were always run just before and just after any 
set of analyses, all being done within a few hours at most, 
so that the error from such changing strength could be kept 
low. It was found, moreover, that the water content of 
the back-titrating methanol also changed (increased) with 
time, so that a curve of this effect was used to estimate the 
water content of the methanol for some of the standardiza­
tions for which there had not been a satisfactory simultane­
ous determination of the water equivalent of the methanol. 
These corrections were, of course, small, inasmuch as rela­
tively only small volumes of the methanol were used in 
back-titration, and the change in its water titer was only 
from 0.00033 to 0.00056 g. of water per ml., in the same 
period of fifty-eight days.

Solubility Determinations.—The methods for the prepa­
ration of complexes, temperature control, attainment of 
equilibrium, sampling of liquids for analysis and approxi­
mate density determination, were as used in previous in­
vestigations.8 The equilibrium solutions were analyzed

(4) Fisclier, Angew. Chem., 48, 394 (1935).
(5) Davis and Ricci with Sauter, This Journal, 61, 3274 (1939).
(6) Smith, Bryant and M itchell, ibid., 62, 3504 (1940).
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T a b l e  I
S y s t e m  N a N 0 3- D io x a n e - W a t e r  a t  2 5 °

—Original complex—* /--------------- Lower liquid — -̂------- -U pper liquid— Solid E xtrapolation
No. % NaNOs %h 2o % NaNOs %h 20 D ensity % NaNOs %h 2o D ensity phase error, %HaO

1 47.87 (52.13) 1.384 NaNOs
2 55.44 36.37 40.91 48.22 1.321 NaNOs + 0 .03
3 51.03 33.70 34.94 44.85 1.266 NaNOs -  .23
4 49.28 32.41 32.35 43.27 1.252 NaNOs -  .19
5 43.89 27.30 24.69 36.60 1.191 NaNOs +  .12
6 37.92 24.81 20.02 31.88 1.157 NaNOs + 0 .2 9
7 Excess NaNOg 17.74 30.09 1.144 0.43 6.14 1.032 NaNOs
8 Excess N aN03 17.84 30.07 1.147 .46 6.22 1.030 NaNOs
9 Excess N aN03 18.02 29.92 1.146 .45 6.13 1.035 NaNOs

Average 17.84 30 . 03a 1.146 .44 6.16* 1.032 NaNOs
10 By synthesis 15.36 29.20 None
11 6.96 16.81 14.71 28.70 1.129 .57 7.08 1.035 None
12 7.36 19.34 12.17 27.99 1.108 .74 7.88 1.033 None
13 By synthesis 2.34 14.47 None
14 14.90 4.13 .24 4.63 1.029 NaNOs +  1.23
15 16.71 3.28 .12 3.86 1.028 NaNOs + 0 .37
16 18.54 1.62 .05 2.00 1.029 NaNOs -  .05
a .072 3.74 NaNOs
b .032 2.86 NaNOs
c .009 1.90 NaNOs
d .005 0.96 NaNOs
e .003 .00 NaNOs
a Point A of Fig. 1. b Point B of Fig. 1.

for sodium nitrate by evaporation to constant weight at 
100-150°. For the determination of water weighed sam­
ples of the ternary solutions were diluted with dioxane in 
25-ml. volumetric flasks, and suitable aliquots (usually 1 
or 2 ml., requiring on the average about 15 ml. of titrating 
solution) were analyzed by means of the Karl Fischer 
reagent. Preliminary experiments had established that 
neither dioxane nor sodium nitrate interfered with the 
water determination. Addition of definite volumes of 
dioxane during standardizations showed the presence of 
only a very small amount of water in the dioxane, amount­
ing to a practically negligible correction of only about 0.02 
ml. of the reagent per ml. of dioxane.

Except for an occasional loss of sample, the solutions 
were all analyzed in duplicate for each of the two compo­
nents determined. Five of the analyses (which were gener­
ally made after a day or two of rotation of the complexes) 
were repeated after a few more days or longer, to verify 
the attainment of equilibrium. The values listed in the 
table are the final average compositions thus determined 
for each point on the isotherm. The isothermally invari­
ant solutions saturated with sodium nitrate were analyzed 
from three different complexes. The relative disagreement 
in the duplicate determinations of sodium nitrate were 
generally very small, as expected; for the water deter­
mination the disagreement of duplicates averaged 3-4 parts 
per 1000. The average absolute error in the water deter­
mination may be estimated from the algebraic extrapola­
tions of the eight tie-lines for single liquids saturated with 
sodium nitrate as solid phase. These tie-lines extrapolate 
to 100% sodium nitrate with an average deviation of 0.31 % 
calculated as water; conversely, assuming the solid phase 
to be pure sodium nitrate, as it evidently is, the average 
absolute error of the determination of the water content of 
these solutions is calculated to be 0.08%.

Results.—The results of the solubility deter­
minations are listed in Table I and shown 
graphically in Fig. 1. The compositions are 
given in terms of weight per cent.

Water

Discussion.— On the basis of the diagram and 
of the algebraic extrapolation of tie-lines, the 
only solid phase is seen to be unsolvated sodium 
nitrate. The solubility curve of this solid, how­
ever, is seen to be broken by a rather flat binodal 
region in which immiscible liquids are formed. 
The isothermally invariant conjugate liquids in 
equilibrium with excess of solid sodium nitrate 
have the following compositions

% N aN O s % H 2O D en sity

Lower layer 17.84 30.03 1.146
Upper layer 0.443 6.16 1.072
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Two pairs of conjugate solutions in the binodal 
area, not saturated with solid sodium nitrate, 
were determined by direct and complete analysis 
of the equilibrium phases formed from known mix­
tures of the three components (complexes 11 and 
12 of Table I). The two tie-lines so obtained are 
sufficient to indicate that the plait point of the 
binodal curve must lie considerably over toward 
the dioxane-rich side. Two other points on the 
binodal curve (numbers 10 and 13 of Table I) 
were determined synthetically by a kind of titra­
tion: addition of solid sodium nitrate, in succes­
sive small portions, with shaking, to known weights 
of suitable mixtures of water and dioxane. The 
appearance of a turbidity indicating the formation 
of a second liquid marked a point on the binodal 
curve. In experiment no. 13 the liquids so formed 
were almost immediately approximately equal 
in volume, indicating proximity to the plait point, 
which, however, was not further investigated.

The last five values (a-e) listed in Table I were 
obtained in some earlier more precise work on the 
effect of water on the solubility of sodium nitrate 
in dioxane, using more highly purified dioxane and 
sodium nitrate. These mixtures were rotated for 
at least two weeks, and were analyzed in duplicate, 
and only for sodium nitrate, the percentage of 
water in the equilibrium solutions being calculated 
from the exact composition of the mixed solvent, 
prepared by weight. An enlarged plot of these 
special points for this region of the system is 
shown in Fig. 2, in which the shape of the curve

is seen to be similar to the corresponding portion 
of the solubility curve of silver nitrate in dioxane 
containing small amounts of water.3

Fig. 2.—Effect of water on solubility of sodium nitrate in 
dioxane, at 25°.

Summary
The solubility relationships in the ternary sys­

tem sodium nitrate-dioxane-water at 25 ° have 
been investigated, using a direct analytical deter­
mination of water in the equilibrium liquids by 
means of the Karl Fischer reagent. A small re­
gion of immiscible liquids appears, for solutions 
containing between 52.13 and 93.40% dioxane 
and between 17.84 and 0.44% sodium nitrate. 
Exact determinations are also given for the solu­
bility of sodium nitrate in dioxane containing very 
small percentages of water.
N e w  Y o r k , N .  Y . R e c e iv e d  J u l y  13, 1942

[C o n t r i b u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m is t r y , C o r n e l l  U n i v e r s i t y ]

The Relative Surface Tension of Potassium Chloride Solutions by a Differential
Bubble Pressure Method1

B y F. A. L ong and G. C. N utting

The surface tensions of dilute aqueous solutions 
of electrolytes have been investigated recently by 
a capillary height2 and by a ring method.3 Both 
show a minimum in the surface tension at about
0.001 normal although the depth of the minimum 
is considerably larger for the ring method. To ex­
plain the discrepancy of these results from the 
theoretical Onsager-Samar as4 prediction, two

(1) Presented at the Atlantic City m eeting of the American Chemi­
cal Society, September, 1941.

(2) Jones and R ay, This Journal, 59, 187 (1937); €3, 288, 3202 
(1941).

(3) D ole and Swartout, ibid., 62, 3039 (1940).
(4) Onsager and Samaras, J. Chem. Phys., 2, 528 (1934),

different types of explanations have been ad­
vanced. Dole5 and also Bikerman6 have devel­
oped theories on the assumption that the results 
are true surface tensions. Langmuir7 postulated 
that the true surface tension did not have a 
minimum and that the experimental results were 
due to the neglect of the zeta potential at the silica- 
solution interface. This theory has been dis­
cussed in more detail by Jones and Frizzell.8

(5) Dole, This Journal, 60, 904 (1938).
(6) Bikerman, Trans. Faraday Soc., 34, 1268 (1938).
(7) Langmuir, Science, 88, 450 (1938).
(8) Jones and Frizzell, J . Chem. Phys., 8, 986 (1940).
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The present paper reports an investigation of 
the surface tension of dilute potassium chloride 
solutions using another method of measurement. 
The procedure employed is a differential adapta­
tion of the maximum bubble pressure method 
and is in essence a modification of the method 
devised by Warren.9

The Method.—For a capillary tube small 
enough so that the bubble formed is a true hemi­
sphere the equation for the maximum bubble 
pressure method is

P  max. -  gdp +  & y / r )  (1 )

where d is the depth of immersion of the tube, p 
is the density difference between the liquid and 
the gas, 7 is the surface tension and r is the radius 
of the tube. As this equation indicates the method 
is free from any assumption about the contact 
angle. Warren evolved a differential adaptation 
of this method by using two identical capillaries 
connected to a single source of gas under a slight 
pressure. These capillaries were immersed below 
the liquid surfaces of two different vessels, one 
containing pure solvent and the other the solution 
whose relative surface tension was to be measured. 
The heights of the vessels and thus the depths of 
immersion of the capillaries were varied with 
micrometer screws until bubbles came alternately 
from the two tubes. The maximum pressure in 
the bubbles is then the same and by measuring the 
depths to which the two tubes are immersed and 
the densities of the solutions, the ratio of the two 
surface tensions can be obtained.

The method used in the present work eliminates the dif­
ficult task of measuring the depths of immersion with pre­
cision and substitutes a measurement of surface areas and 
volumes. A sketch of the apparatus is given in Fig. 1. 
In this figure A and A' are two similar circular glass ves­
sels of about two-liter capacity and inner cross sections of 
about 250 sq. cm. The walls of these vessels are very 
nearly perpendicular. C is a bent T made of Pyrex glass 
through which gas flows. The two ends of this T that dip 
into the solutions have identical capillary exits from which 
the bubbles emerge. Saturated nitrogen gas under a pres­
sure of a few cm. of water enters the other opening of the 
T and its rate of flow is regulated by a valve V which is an 
ordinary Hoke needle valve. The glass rod R which dips 
into the right vessel is attached to a screw of known 
pitch. Each vessel contains a stirrer, S and S'. In the 
actual setup the two vessels rest on a very rigid framework 
which allows them to be immersed in a constant tempera­
ture water-bath. The T apparatus is attached rigidly 
to the same framework. The stirrers and the rod R are 
attached to a separate rigid frame. L and L' are close 
fitting glass lids with holes for the tubes and rods.
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Fig. 1.—Differential bubble pressure apparatus.

The cross sectional areas of the two vessels were ob­
tained by eight measurements of their diameters, taken at 
the height to which 1000 ml. of solution came. The net 
areas were obtained by subtracting the cross sectional areas 
of the rods and tubes that were present in the actual setup.

The tips of the T apparatus were obtained by breaking a 
selected piece of capillary tubing with a very nearly circu­
lar cross section. Tubes were used only if the breaks were 
smooth and perpendicular to the axis of the tube. By 
using two ends of a given break it was certain that the 
two orifices had the same diameter. The circularity and 
the diameter of the orifices were determined by six different 
measurements with a traveling microscope. Tubes were 
rejected if any diameter differed by more than 1% from 
the average. The diameter of the capillaries as measured 
by a traveling microscope is certainly not accurate to more 
than a few tenths of a per cent, but as will appear later, this 
is sufficient. Before use the area of the ends of the capil­
laries was reduced to approximately four sq. mm. by 
tapering the ends on a grinding wheel.

To make a surface tension determination the two ves­
sels are filled with just less than 1000 ml. of water, placed 
in the water-bath and the stirrers, rod, lids and T appara­
tus are put in place. After an hour or so has elapsed, to 
ensure temperature equilibrium, a slow current of gas is 
allowed to pass into the T apparatus. This gas is at a 
constant pressure of 10 to 12 cm. of water and the valve V 
is adjusted so that bubbles form from one of the orifices 
at a constant rate of one bubble every twenty to forty 
seconds. Water is added to the vessels until a single drop 
will cause the bubbles to shift from one orifice to the other. 
The water in the two vessels is stirred, allowed two to four 
minutes to equilibrate and then the rod R is turned so that 
bubbles come with equal frequency from the two orifices. 
This indicates equal maximum bubble pressures and repre­
sents the zero point for the apparatus. The position of the 
rod R (which is equipped with a scale to measure the 
distance it is immersed) is a measure of this balance point. 
Three or four further determinations of this zero point are 
made. Usually the apparatus will show a constant bal­
ance for an hour or more. Since the two vessels contain 
only water, at the balance point the depths of immersion 
of the two tips are identical.

After the zero point is established, a few ml. of a potas­
sium chloride solution of known concentration is added to 
one of the vessels from a weight pipet. This shifts the 
bubbling entirely over to the other orifice. Water is 
added to the other vessel, again from a weight pipet, until(9) Warren, Phil. Mag., [7] 4, 358 (1927).
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the bubbles just shift back to the first orifice. The two 
vessels are then stirred and the final adjustment to a new 
balance, the condition where bubbles come from both ori­
fices with equal frequency, is made by changing the posi­
tion of the rod R. This new balance is checked as before 
to see whether it remains constant. If so the apparatus is 
disassembled, the depths to which the tips are immersed 
is determined to about 0.1 mm. and the final volume of the 
dilute potassium chloride solution in the one vessel is deter­
mined to about two ml.

The equation for the calculation of the relative 
surface tension follows directly from equation (1). 
At the initial balance since both vessels contain 
water and since the orifices are identical the equal­
ity of maximum pressures means that d0 = d\ — d. 
At the final balance point there is again a state of 
equal maximum bubble pressure. Hence

P  max. =  gpo(d +  A d 0) +  ^  =  gPl(d  +  A di) +  (2)
ro r j

where the subscript zero refers to the water and 
the subscript one to the potassium chloride solu­
tion. Neglecting for the moment the zeta poten­
tial effect, rQ — ri. AdQ and Adi are the increases 
in depth of immersion of the two tips. These can 
be calculated precisely from the surface areas of 
the two vessels and the volume increases caused 
by the additions of water and salt solution and by 
the change in position of rod R. A transformation 
gives

“  — RST  =  1 +  ~ ~  [d ( p o  — pi) -f- ( A d o p o  — A d i p i )  ] (3)

For dilute electrolyte solutions, when the capil­
laries are immersed only slightly, the last term in­
volving the precisely known Ad's is considerably 
larger than the one involving d which is less pre­
cisely known.

For large capillaries the measured radius should 
not be used in the above equation; instead the 
problem should be solved by the use of the Bash- 
forth and Adam tables.10 For water solutions 
and for tubes of radius smaller than 0.07 cm., a 
corrected radius can be obtained from the Schröd- 
inger11 approximation

2y
gp

For the capillaries used in the present work an 
effective radius was calculated for water by means 
of this equation and then used for the work with 
dilute solutions. This corrected radius differs so 
slightly from the measured value that the calcu-

(10) Adam, “ Physics and Chemistry of Surfaces,” 2nd edition, p. 
365.

(11) Schrödinger, Ann. Physik, 46, 413 (1915).

lation is hardly necessary. More important is the 
fact that the difference in the correction for pure 
water and for dilute electrolyte solutions is quite 
negligible so that it is justifiable to use the same 
value of the radius for both.

Precision of the Method.—In order to illus­
trate the errors of the method, the data and 
calculations for a determination of the relative 
surface tension of a solution of 0.0048 molar potas­
sium chloride are given in Tables I, II and III. 
The errors given for the original data are esti­
mated but they are subsequently treated as 
probable errors.

Table I
Preliminary M easurements and E stimated Errors 
Net surface area of left dish = 247.74 =*= 0.3 sq. cm.
Net surface area of right dish — 247.06 =*= 0.3 sq cm.
Capillary radius = 0.0427 =*= 0.0002 cm.
One turn of rod R = 0.0407 =*= 0.0004 cc.

T able II
Data for a determination of the relative surface tension 

of 0.0048 M potassium chloride. The initial potassium 
chloride solution was 1.086 =*= 0.001 M and its density was 
1.04667 =*= 0.00005.

D ata
Initial balance of R  

KC1 solution added to left

Water added to  right

New balance of R
Final volume of KC1 solution
Final immersion of capillaries

Derived data
Volume on right due to  rod R  
N et volume increase on right 
Ado, inc. of immersion on right 
Molar volume change on left 

dilution of KC1)
N et volume increase on left 
Adi, inc. of immersion on left 
Concentration of final KC1 
Density of final KC1

=  16.2  =«=0.1 turn 
=  4 .6385 =«= 0.0002 g. 
=  4.4316 =*= 0.0002 cc. 

J =  4 .4737 =«= 0.0002 g. 
\  =  4 .4869 =*= 0.0002 cc. 

=  18.4  =*= 0 .2  turns 
=  1000 =«= 2 ml.
=  0 .6 7  =±= 0 .01  cm.

=  0.0895 =«= 0.0085 cc.
=  4.5764 0 .0090 cc.
=  0.018481 =«= 0 .00005 cm. 

to  =  —0.0097 =«= 0.0001 cc.

=  4 .4219 *  0.0003 cc.
=  0.017849 ±  0.00002 cm. 
=  0.00481 =«= 0.00001 M 
=  0.997304 ±  0.000005

Table III
Calculation of R ST  b y  E quation 4 from t h e  D ata of 

T able II

R S T  = 1 -j- [d{PQ — pi) 4- (Adopo — Adipi)]2yo
=  1 +  0.289 [0 .6 5 (- 0.000230) +  (0.018481 po  -

0.017849pi)]
=  1 +  0.289 [-0 .000149  -f- 0.000626]
=  1.000138 =*= 0.000016

An inspection of the data in Tables II and III 
shows that the largest errors arise from the deter­
mination of the position of the rod R and from the 
measurement of the surface areas. Errors in con­
centration, density and molar volume correction, 
which are unimportant in this example, become 
more important as the concentration increases
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but remain relatively small up to 0.05 molar po­
tassium chloride.

The error in the surface areas can be examined 
by making a determination in the same way as for 
a salt solution but adding water to both vessels. 
For solutions of equal density equation 3 reduces 
to

R S T  =  1 +  j g  (Ado -  M ) (4)

Thus if the vessels both contain water (Ad0 — 
Adi) should be zero. For one pair of vessels, a 
series of fourteen water determinations gave an 
average Ad difference of only 0.00002 cm. and it 
was concluded that the measured areas were 
mutually consistent. For a second pair of vessels, 
a series of twelve water determinations gave a 
Ad difference of 0.0015 cm. and this value was 
used to reduce the value of the area of one vessel 
by 0.38 sq. cm.

A more important function of these water de­
terminations is to test the over-all behavior of the 
apparatus. For example, a series of fourteen 
water determinations gave a mean deviation of 
(Ad0 — Adi), irrespective of sign, of 0.000032 cm. 
This figure agrees fairly well with the estimated 
error listed in Table III and clearly indicates that 
the apparatus shows a rather consistent behavior.

The inherent sensitivity of the apparatus can 
be tested by finding the least change in the immer­
sion of the rod R, and thus the least height change, 
that will cause the bubble flow to shift from pre­
dominantly one capillary to predominantly the 
other. Lack of sensitivity is the cause of the error 
in the position of R which is shown in Table II to 
be the most important source of error in a deter­
mination. It has been found that various pairs of 
capillary tips show quite different sensitivities. 
For a good set of tips 0.1 turn of R will shift the 
bubble flow and the shift is reversible in the sense 
that a constant zero is maintained. For a poor 
set as much as 0.8 turn of R may be necessary. 
Tips that needed over 0.4 turn to cause a shift of 
bubble flow were not used in the surface tension 
determinations and one of the functions of the 
frequent water determinations was to test the 
sensitivity.

Errors from contamination are decreased in the 
present apparatus due to the fact that the bubbles 
are formed below the main surface of the liquids 
and are formed continuously. Even so, all parts 
of the apparatus were cleaned with hot chromic 
acid solution before every experiment. The only

exception to this was that a surface tension de­
termination was often preceded by a water run. 
No lubricated valves of any sort were used. The 
weight pipets used to introduce solutions were 
constructed on a siphon principle to eliminate 
stopcocks.

Temperature Control.—The temperature co­
efficients of the surface tension of water and of 
salt solutions are quite similar so that for this type 
of differential apparatus it is only important that 
the temperature of a given determination be con­
stant. Actually the water-bath was maintained 
at 25 =*= 0.01° and since any temperature fluctua­
tions are damped by the lagging effect of the thick 
glass vessels errors due to temperature variation 
are well within the limit of other errors.

One factor which might affect the temperature 
equality is the heat of dilution of the added solu­
tion. The data12 for potassium chloride and for 
sucrose indicate that for solutions below 0.01 
molar this factor is negligible. However for more 
concentrated solutions or for solutions with large 
heats of dilution this effect can be of some im­
portance.

Bubble Rate.—Since the present procedure 
involves a continuous flow of gas it is a dynamic 
method as contrasted with a truly static method 
like the capillary rise. Whether such a dynamic 
method will measure the true equilibrium surface 
tension of a solution depends upon the rate at 
which the bubbles flow and upon the speed with 
which the final surface tension is established. 
It seems reasonable that for solutions of materials 
like simple salts or sucrose where the adsorption 
is small and for which no barrier to diffusion seems 
probable the surface tension will be established 
in a very short time. Some experimental evidence 
is available which justifies this. Working with 
fairly concentrated sodium chloride solutions, 
Bond and Puls13 concluded that the equilibrium 
surface tension is established in less than 0.003 
second. From a fairly rough equation they cal­
culated that the actual time is probably of the 
order of 10“10 seconds.

If the work of Bond and Puls gives the correct 
order of magnitude for the time required to reach 
equilibrium, then a bubble rate of the order of one 
every few seconds should allow ample time. To 
test this, experiments have been done with bubble 
rates ranging from one every five seconds to one

(12) Landolt-Börnstein , Erg. l ib ,  pp. 1538, 1545.
(13) Bond and Puls, Phil. M ag., [7] 24, 864 (1937).
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every two minutes. Table IV gives the surface 
tension results for four potassium chloride solu­
tions, all close to 0.0024 molar. As nearly as 
possible these four runs were carried out in an 
identical fashion. The same apparatus assembly 
and the same initial potassium chloride solution 
were used. The only difference was in the bubble 
rate. The constancy of the results for a ten-fold 
variation of bubble rate strongly suggests that 
both bubble rates are slow enough to allow the 
equilibrium surface tension value to be reached.

T a b l e  IV
C o m pa r iso n  D e t e r m in a t io n s  o f  t h e  S u r f a c e  T e n s io n  

o f  0.0024 M  P o t a ssiu m  C h l o r id e
Seconds per bubble Molar concn. RST

90 0.00229 1.000097
100 .00235 1.000099

9 .00249 1.000072
9 .00241 1.000106

Measurements of the surface tension of sugar 
solutions also afford evidence that the equilibrium 
surface tension is attained. The results obtained 
for sucrose with a rate of one bubble every twenty 
to forty seconds are in quite good agreement with 
Jones and Ray's truly static results. Since su­
crose is a large molecule with a rather small dif­
fusion coefficient it would be expected to afford 
a more severe test than electrolytes like potas­
sium chloride. Consequently on the basis of these 
results and the previously mentioned work, it is 
concluded that for solutions of simple salts, su­
crose and similar molecules a bubble rate of one 
every twenty seconds or slower will give equilib­
rium surface tension values.

Preparation of Materials.—The water used in all this 
work was conductivity water prepared in a Barnstead

Concentration of sucrose.
Fig. 2.—The relative surface tension of sucrose solu­

tions. The open circles are from this investigation; the 
solid circles are taken from the results of Jones and Ray.

conductivity water still. No attempt was made to free 
the water from carbon dioxide. Occasional determinations 
of the conductivity of the water gave an average value of 
0.8 X 10“ 6 mho. This water was stored in a settling 
tower similar to the type used by Jones and Ray.2

The nitrogen gas used for the bubbles was taken from a 
tank of water-pumped nitrogen and was passed through 
absorbent cotton and then through washing towers con­
taining chromic acid and sodium hydroxide. I t was 
finally passed through several washing towers containing 
water to saturate it with water vapor, into a twelve liter 
reservoir flask and so to the valve. The pressure of the 
gas was maintained at a constant value by maintaining a 
continuous flow of about 1 cc. per minute and letting the 
excess flow out of the system through a T tube immersed to 
a depth of 15 cm. in mineral oil.

Reagent grade potassium chloride was used without any 
preliminary recrystallization since the work of Jones and 
Ray indicated that small amounts of other salts would not 
affect the results. The salt was, however, fused in plati­
num dishes to remove any organic matter. Solutions were 
obtained by transferring weighed amounts of the fused 
potassium chloride to volumetric flasks and making the 
solutions up to the required volumes.

S rcrose Measurements.—Several measurements were 
made with sucrose in the range 0.001 to 0.01 molar. The 
capillary tips used in this work had radii of 0.0427 cm. 
The necessary density and molar volume data were ob­
tained from Landolt-Börnstein.14 The experimental re­
sults are shown graphically in Fig. 2 in which the data of 
Jones and Ray are plotted as solid circles for comparison. 
It is obvious that the values are a quite linear function 
of concentration and also that they agree rather well with 
the J ones and Ray data.

Concentration of potassium chloride.
Fig. 3.—The relative surface tension of potassium chlo­

ride solutions. The points give the results of this research. 
The uppermost curve is the theoretical Onsager and Sam­
aras prediction; the dotted curve is that given by Jones 
and Ray; the lowest curve is the one given by Dole and 
Swartout.

(14) Landolt-Börnstein, Vol. I, p. 428; p. 40S.
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Potassium Chloride Measurements.-—A fairly large 
number of measurements on potassium chloride solutions 
were made. Several different starting solutions of the 
salt were used, ranging from 0.2 to 1 M. Four different 
sets of capillary tips were used but their size was close to 
r = 0.042 cm. Densities were calculated from the equa­
tion of Jones and Ray and the molar volume data were 
taken from the work of Geffcken.15 The results are shown 
graphically in Fig. 3, where for comparison the curves of 
Jones and Ray and of Dole and Swartout as well as the 
theoretical Onsager-Samaras curve are also given.

The data in Fig. 3 show a wide deviation from 
the other two experimental curves. The mini­
mum at 0.001 M  is not present although there 
does seem to be a slight concavity in the curve 
near this concentration. For concentrations 
greater than 0.001 M  the results roughly parallel 
those of Jones and Ray but they lie much higher. 
The deviation is, of course, well outside the ex­
perimental error and there seems to be no con­
stant error which will explain the difference.

In order to see if the variation between the 
present results and those of the previous workers 
was maintained at higher concentrations, two 
determinations were made for approximately 0.05 
molar solutions. The data are given in Table V 
where, for comparison, the figures of Jones and 
Ray and of Schwenker16 (0°) are also given. The 
determinations at this concentration are less 
accurate than those for more dilute solutions pri­
marily because the heat of dilution of the initial 
3.86 molar potassium chloride solution is large 
enough to introduce an error due to temperature 
changes. Because of this error the first two sur­
face tension values in Table V may be too large 
by as much as five in the last figure but even so 
the data show that the parallelism between the 
Jones and Ray data and the present work is 
approximately maintained.

T a b l e  V
P o ta ssiu m  C h l o r id e  R e s u l t s  fo r  M ore  C o n centrated

Work
S o l u t io n s

Concentration RST
Present 0.0437 1.00142
Present .0512 1.00179
Jones and Ray .0437 1.00123 (interpolated)
Jones and Ray .0512 1.00146 (interpolated)
Schwenker at (0°) .05 1.00141

Discussion
The most obvious feature of the data for the 

relative surface tension of potassium chloride is
(15) Geffcken, Z. physik. Chem., A1BB, 1 (1931); Geffcken and 

Price, ibid., B26, 81 (1934).
(16) Schwenker, Ann. Physik, [5] U , 525 (1931).

the wide variation from the results of Jones and 
Ray and of Dole and Swartout. There is no 
minimum in the surface tension-concentration 
curve and in general the values agree fairly well 
with the Onsager and Samaras predictions.

There are several possible explanations for the 
disagreement. A conceivable one is that the data 
obtained with the bubble pressure apparatus are 
not true equilibrium values due to the speed with 
which bubbles are formed. If this were true the 
results could not be compared with the static 
values of Jones and Ray. However, for several 
reasons this explanation seems unlikely. The 
previously mentioned experiments with sucrose 
and with varying bubble rates both indicated 
equilibrium. The fact that the values parallel 
those of Jones and Ray at higher concentrations 
also indicates equilibrium since even if equilibrium 
were attained slowly in the region of the Jones 
and Ray minimum it should be attained much 
more rapidly in the region of negative adsorption 
where presumably the image forces predominate.

Another explanation for the discrepancy that 
suggests itself is that the contact angle does not 
stay at zero with salt solutions and that the mini­
mum found by Jones and Ray and Dole and Swart­
out arises from failure to consider the variation of 
the contact angle. However, this explanation 
also seems rather unlikely. The contact angle of 
pure water against glass or fused silica is un­
doubtedly zero.17 To account for the Jones and 
Ray minimum a change in contact angle to about 
1° would be necessary. Although small, this is 
an angle which should be easily detected. More 
serious is the implication with respect to the 
spreading coefficient of water on silica or glass. 
A change of contact angle from 0 to 1° in going 
from water to a dilute salt solution would indicate 
either a large change in the spreading coefficient 
or an initial condition of Wsl, the work of ad­
hesion, almost identical with 2 y. Neither of 
these seems very probable.

A third explanation for the difference between 
the bubble pressure results and those obtained by 
Jones and Ray is that the reason for the minimum 
observed by the latter is the one proposed by 
Langmuir, a change in the effective radius of the 
capillary as the concentration of electrolyte 
changes. Since this change of effective radius is 
caused by the zeta potential at the glass-solution

(17) R ichards and  C arver, T his Journal, 43, 827 (1921); Bos»»-
quet an d  H artley , 16] 42, 4 5 6  (1921L
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interface it should enter for the bubble pressure 
method also. But there are reasons why the 
effect should be smaller for the bubble pressure 
apparatus. The capillaries are of Pyrex instead of 
fused silica and it is probable that the Pyrex- 
solution zeta potential is smaller than for fused 
silica. In addition the capillary is larger by a 
factor of three than that of Jones and Ray and this 
will also decrease the importance of the zeta po­
tential contribution. A third point is that the 
position of the meniscus is quite different for the 
bubble pressure method. In the capillary height 
apparatus the meniscus is formed completely 
within the capillary tube. In the bubble pressure 
apparatus the bubble extends down into the bulk 
of the solution and is in contact with glass only 
at the end of the tube. Although as formulated 
by Langmuir the effect of the zeta potential is 
treated in terms of a layer of solution along the 
capillary it can alternatively be discussed in terms 
of its effect on the radius at the lowest point of 
the meniscus. Because the region of close ap­
proach of the meniscus to the capillary wall is 
much less for the bubble pressure method it is

very probable that the perturbation from the wall- 
solution zeta potential will be less. Thus the 
difference between the two methods of measure­
ment seems likely to be due to a difference in the 
extent of the contribution of the zeta potential.

Summary
1. A differential maximum bubble pressure 

apparatus for the precise measurement of relative 
surface tensions is described. The relative surface 
tension values for dilute aqueous sucrose solutions, 
obtained with the apparatus, are similar to those 
obtained by the capillary height method.

2. The relative surface tension of potassium 
chloride solutions is considerably different from 
that obtained by previous workers. No minimum 
in the surface tension-concentration curve is ob­
served and the results agree fairly well with the 
Onsager-Samaras predictions.

3. Explanations for the lack of agreement of 
the various results are considered and it is con­
cluded that the most likely is the effect of the 
zeta potential as postulated by Langmuir.
I t h a c a , N. Y. R e c e iv e d  A u g u s t  19, 1942

[C o n t r i b u t io n  f r o m  t h e  C r y o g e n ic  L a b o r a t o r y , D e p a r t m e n t  o f  C h e m i s t r y , T h e  J o h n s  H o p k i n s  U n i v e r s i t y ]

The Heat Capacity of Benzene-^1,2
By W aldem ar  T. Ziegler  and  D. H. A n d r e w s

Several years ago Lord, Ahlberg and Andrews 
made a semitheoretical calculation3 of the heat 
capacities of crystalline benzene and benzene-^ 
based upon the spectroscopically determined fre­
quencies4 of the molecules in the gaseous state 
and certain assumptions concerning the con­
tribution of lattice vibrations and the process of 
lattice expansion to the heat capacity. The agree­
ment between the calculated and experimental 
values of Cp for crystalline benzene over the tem­
perature range 4-270°K. may be described as 
very good, clearly indicating the general correct­
ness of the frequency assignments for benzene.

(1) From a dissertation submitted to the Board of University 
Studies of the Johns Hopkins University in 1938 by W. T. Ziegler in 
conformity with the requirements for the degree of Doctor of Phil­
osophy.

(2) Part of this research was presented in a paper with Dr. R. C. 
Lord, Jr., at the Boston meeting of the American Chemical Society, 
September, 1939.

(3) Lord, Ahlberg and Andrews, J. Chem. Phys., 5, 649 (1937). 
For a more complete exposition of the method used see Lord, J. Chem. 
Phys., 9, 693, 700 (1941).

(4) Lord and Andrews, J . Phys. Chem., 41, 149 (1937).

At that time certain of the fundamental fre­
quencies of both benzene and benzene-t/ö were in 
doubt. Since then, the work of Langseth and 
Lord on the deuterated benzenes5 has appeared 
which resulted in several changes in the frequency 
assignments previously made. These changes 
produce an almost insignificant change in the 
calculated values of CP for crystalline benzene,6 
but decrease the calculated CP values for ben­
zene-^ by about 2% at 270°K.

It seemed to us of interest to determine the heat 
capacity of crystalline benzene-de in order that the 
results might be compared with those predicted by 
a calculation of the type described above. Through 
the kindness of Dr. C. K. Ingold of University 
College, London, we obtained a loan of about 5 
ml. of benzene-dö with which to carry out the 
measurements. The semi-micro heat conduction

(5) Langseth and Lord, Kgl. Danske Videnskab. Selskab. Math-fys. 
Medd., Vol. 16, No. 6 (1938).

(6) Bruckseh and Ziegler, J. Chem, Phys., to be published shortly.
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calorimeter described by Stull7 was used for the 
experimental determination of the heat capacity 
as it required only a 5-ml. sample, yet gave results 
accurate to 1-2%. Measurements were made 
throughout the temperature range 100-320°K.

Experimental
The experimental apparatus, operating pro­

cedure and method of calculation employed were 
identical with those described by Stull.7

Calibration of Calorimeter.—The temperature scale 
used by Stull was checked by determinations of the melting 
points of benzene, toluene, cyclohexane and aniline, and 
the transition in crystalline cyclohexane at 186 °K. On 
the basis of these and other measurements described below 
we have estimated our temperature scale to be correct 
to =*=0.3° below 180°K. and =*=0.1 ° in the range 180-320°K. 
with respect to the International Temperature Scale (0°C. 
= 273.10°K.).

Benzene, 99.99 mole per cent, pure, was used as a pri­
mary standard for the calibration of the calorimeter. I t 
was assumed to have the heat capacity values listed in 
Table II. The heat capacities of cyclohexane, aniline and 
toluene were measured to serve as a check on the operating 
procedure, since the heat capacities of these substances are 
known with good accuracy from absolute measurements.

Table I presents a summary of the melting points and 
heats of transition obtained for the various substances 
studied. The agreement with previously observed values 
is seen to be reasonably good, and served as another check 
on the accuracy of the calorimetric method.

On the basis of these comparisons it was concluded that 
the calorimeter would yield values of Cp benzene-dg prob­
ably accurate to about 2%.

Materials: Benzene.—A c. p . “thiophene-free” ma­
terial was first distilled through a five-foot column made 
entirely of Pyrex glass and packed with small glass helices 
similar to those described by Young and Jasaitis.8 The 
middle portion was then fractionally recrystallized six 
times, about one-fifth of the material being discarded each 
time. The resulting product was dried over phosphorus 
pentoxide for two weeks, refractionated and a fraction 
boiling over a range of about 0.03° collected. This ma­
terial was used in all subsequent measurements. It 
melted very sharply, and from the observed premeiting was 
judged to be 99.99 mole % pure.8a

Benzene-d6.—This material was loaned to us by Pro­
fessor C. K. Ingold of University College, London. 
As received, the sample (approximately 5 ml.) was labeled 
as being 99.8 mole per cent, pure benzene-dg, but contain­
ing a trace of water. This was removed by distillation 
from phosphorus pentoxide in a vacuum. The sample was 
handled with all possible precautions to reduce exchange 
reactions to a minimum. From the observed premelting

(7) Stull, T h i s  J o u r n a l , 69, 2726 (1937).
(8) Young and Jasaitis, ibid., 68, 377 (1936).
(8a) The estimation of purity from the observed premelting was 

based upon the assumption that no solid solution was formed and 
that all of the impurity was present in (ideal) solution after a small 
fraction of the benzene had melted. The purity of the other sub­
stances studied was estimated in a similar manner.

of the dry sample its purity was calculated to be 99.8 mole 
%. The benzene-dg melted at 6.7°.

Cyclohexane.—An Eastman Kodak Co. product was 
fractionally recrystallized eight times and then fractionally 
distilled through a small Vigreux column. The purity 
calculated from the observed premelting was 99.9%.

Toluene.—C. p. toluene was twice distilled from the 
five-foot packed column previously described, dried over 
phosphorus pentoxide for three days and finally redistilled. 
From the observed premelting its purity was estimated to 
be 99.7 mole %.

Aniline.—A c . p . product was fractionally distilled 
through a Vigreux column, recrystallized twice, and finally 
refractionated through the Vigreux column. The product 
was water white, and from its premelting was judged to be 
99.85 mole % pure.

Experimental Results
Measurements of the heat capacity of ben- 

zene-de were made throughout the temperature 
range 100-320°K. at approximately 6° intervals. 
4.537 g. (0.05392 mole) of benzene-d6 was used in 
each of the three series of measurements made. 
The experimental results obtained at each tem­
perature (i. e.y mid-point of heating interval) in 
the three series of measurements were averaged9 
to obtain the values of Cp listed in Table II. The 
Cp values of crystalline benzene-d6 listed in the 
last column of Table III were read from a smooth 
curve through the data of Table II.

The heats of fusion of benzene and benzene-J6 
were also measured, the results being 2370 and 
2340 cal. mole-1, respectively (see Table I). 
These values have been corrected for premelting 
and are probably accurate to 1-1.5%.

Substance

M elting point, °C. 
This

research Others

H eat of fusion  
(cal. m ole-1) 

This
research Others

Benzene 5.50 5.50a 2370 2349“
Benzeue-dg 6.70 6.8& 2340
Cyclohexane^ -8 6 .8 - 8 7 .2C 1630 1604c

6.2 6.2C 652 623c
Toluene -9 5 .2 -95.15* 1565 1582*
Aniline -  5.9 -  6.0e 

-  Q.Sf 2610 2521'
° Huffman, Parks and Daniels, T h is  J o u r n a l , 52, 1547 

(1930). 6 Ingold, Raisin and Wilson, J. Chem. Soc., 915 
(1936), state that CgDg melts 1.3 ° above benzene. c Parks, 
Huffman and Thomas, T h i s  J o u r n a l , 52, 1032 (1930). 
* Kelley, ibid., 51, 2738 (1929). * Lang, Proc. Roy. Soc. 
(London), A118, 138 (1928). f Parks, Huffman and Bar- 
more, T h i s  J o u r n a l , 55, 2733 (1933). 0 The data in the 
first line for cyclohexane are for a crystalline transition.

(9) This averaging is possible when measurements are made with a
heat conduction calorimeter due to the fact that the temperature
intervals traversed are always the same.
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T a b l e  II
E x p e r i m e n t a l  V a l u e s  o f  Cp f o r  B e n z e n e - ^  

(0°C. -  273.10°K.; 1 calorie = 4.1833 int. joules)
C p  Cp _

(cal. m ole-1 deg."*1) (cal. mole 1deg. 1
Ben- Ben-

T , °K. Benzene® zene-rfo T , °K . Benzene zene-rfs

101.9 12.10 12.4 234.6 24.10 28.0
112.0 12.76 13.7 240.4 24.85 28.7
121.6 13.42 14.4 246.0 25.59 29.4
130.6 14.06 15.2 251.6 26.37 30.3
139.2 14.68 16.1 257.1 27.25 31.0
147,4 15.28 17.3 262.5 28.15 32.0
155.3 15.94 18.3 267.8 29.10 33.1
162.9 16.53 18.3 273.1 30.15 34.3
170.3 17.13 19.3 M. p. 279.8£*K.
177.5 17.76 20.0 283.5 31.55 34.9
184.4 18.44 21.0 288.5 31.75 34.2
191.2 19.11 21.8 293.6 31.92 35.4
197.8 19.77 22.7 298.5 32.19 35.7
204.3 20.53 23.2 303.4 32.45 35.9
210.6 21.28 24.6 308.3 32.76 36.3
216.8 22.00 25.5 313.1 33.12 36.4
222.8 22.64 26.3 317.9 33.50 36.9
228.8 23.37 27.1 322.6 34.45 36.9
a These values were obtained by interpolation from a 

large-scale plot of the experimental data of (a) Ahlberg, 
Blanchard and Lundberg, J. Chem. Phys., 5, 539 (1937); 
(b) Nernst, Ann. Physik, 36, 395 (1911); (c) Huffman, 
Parks and Daniels, T h i s  J o u r n a l , 52, 1547 (1930); 
(d) Daniels and Williams, ibid., 46, 903 (1924); (e) Rich­
ards and Wallace, ibid., 54, 2705 (1932).

Discussion of Results
The experimental values of Cp for crystalline 

benzene-de have been compared with those cal­
culated by means of the expression (see ref. 3)

Cp — Cv +  [aCt>(L) +  &C,(vib.)]2 T  (1)

In this expression Cv =  C8(L) +  C ŷib.) and T 
is the absolute tempërature. C^d  represents the 
contribution of torsional and translational motions 
of the molecules, considered as units of the molec­
ular lattice, to the heat capacity at constant 
volume, and is assumed to be given by the expres­
sion 6D(0/ jT), where D(Q/T) is the Debye heat 
capacity function for one degree of freedom. 0 has 
been taken as 140°.8

Cv(yib.) — 23 E(Oi/T), where E(B/T) is the Ein-
30

stein heat capacity function, represents the con­
tribution of the internal vibrational frequencies 
of the molecule to the heat capacity (at constant 
volume). The internal frequency assignments 
used were those of Langseth and Lord.10

The constants a and b (assumed temperature 
independent) were given the values 0.0090 cal. “ 1/2

(10) See ref. 5, Table X V III . Frequencies no. 14 and 15 were
ta k en  as 1550 and  850 cm"1, respectively.

and 0.0057 cal. ~ 1/2, respectively, by analogy with 
crystalline benzene (see ref. 6).

The results of the calculation are presented in 
Table III together with the experimental values. 
The calculations also have been made for the 
range 10-100°K. in order to show the relative im­
portance of the terms C ^ ,  C v̂ib.) and Cp — Cv.

T a b l e  III
H e a t C a p a c it y OF BeNZENE-̂ 6
Cv Cv. C P C p

T , °K. lattice vibration C p  -  Cv calcd.® obs,

10 0.34 0.34
15 1.10 1.10
20 2.28 0.01 2.29
25 3.64 .02 3.66
30 4.89 .03 4.92
40 6.91 .15 7.06
50 8.30 0.02 .28 8.60
60 9.24 .07 .41 9.72
70 9.84 .17 .56 10.57
80 10.28 .34 .71 11.33
90 10.60 .59 .88 12.07

100 10.85 .91 1.06 12.82 12.8
110 11.01 1.31 1.25 13.57 13.6
120 11.14 1.78 1.46 14.38 14.4
130 11.24 2.33 1.70 15.27 15.2
140 11.32 2.95 1.97 16.24 16.1
150 11.38 3.64 2.27 17.29 17.1
160 11.44 4.36 2.62 18.42 18.1
170 11.50 5.15 3.00 19.65 19.2
180 11.55 5.98 3.43 20.96 20.3
190 11.60 6.38 3.90 22.33 21.6
200 11.64 7.71 4.42 23.77 23.0
210 11.67 8.61 4.99 25.27 24.4
220 11.69 9.52 5.60 26.81 25.8
230 11.71 10.43 6.25 28.39 27.2
240 11.73 11.32 6.94 29.99 28.5
250 11.74 12.30 7.73 31.77 30.0
260 11.75 13.15 8.49 33.39 31.6
270 11.76 14.05 9.33 35.14 33.6
* Calculated from Eq. (1).
Examination of Table III shows that there is 

good agreement (within experimental error) be­
tween the calculated and observed values of CP in 
the range 100-170°K., but that there is a general 
trend for the calculated values of CP to become 
greater than the observed for increasing tempera­
tures, the calculated value of Cp being about 6% 
too large in the neighborhood of the melting point.

The reason for this discrepancy is not immedi­
ately apparent. Since the agreement is quite good 
in the range 100-170°K., it seems likely that both 
the contributions arising from lattice vibrations 
and from the lowest internal frequencies have 
been accurately evaluated. Above 170°K. the 
higher frequencies as well as the expansion term 
(1CP — Cp) begin to play a more important role,
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so that discrepancies at the higher temperatures 
presumably have their origin in one or both of 
these components of Cp. We conclude, then, that 
one or more of the medium-valued frequencies, 
possibly v 17,11 have been assigned values some­
what too low, and/or that the constant b in the ex­
pansion formula12 has been set somewhat too high.

Acknowledgment.—The authors wish to thank 
Dr. R. C. Lord, Jr., of the Department of Chemis­
try for many helpful discussions.

(11) See ref. 5, p. 68.
(12) The constant a which gives th e lattice portion of the expan­

sion term, presumably is essentially correct because of the satisfac­
tory agreement below 170°K .

Summary
1. The heat capacity of benzene-d6 has been 

measured throughout the temperature range 
100-320°K. with an accuracy of about 2%.

2. A comparison of the experimentally ob­
served values of Cp with those calculated by a semi- 
theoretical method indicates that the low fre­
quencies in the benzene-^e molecule have been 
correctly assigned.

3. The possibility that one or more of the 
medium-valued frequencies have been assigned 
values which are too low is presented.
B altimore, Md. R eceived June  27, 1942

[Contribution from the Knight Chemical Laboratory, U niversity of Akron]

The Halogenation of ^-Diphenylbenzene. II. The Monoiodo Derivative1
B y W alter A. Cook and Kathryn H artkoff C ook

In a previous communication2 the authors 
reported the preparation and proof of structure of 
the monochloro and monobromo derivatives of 
m-diphenylbenzene. The present communication 
describes the preparation of the analogous mono­
iodo derivative from the corresponding amine. 
The latter compound was prepared by ammonoly- 
sis of the monochloro and monobromo derivatives.

Experimental
Ammonolysis Experiment.—The ammonolysis studies 

were carried out in a steel bomb of 500-ml. capacity, 
electrically heated and equipped with a bimetallic thermo­
regulator, safety diaphragm valve, pressure gage and Hoke 
pressure regulator valve. The details of a typical run are 
given as follows: 12 g. of 4-chloro-ra-diphenylbenzene, 
340 ml. of 28% aqueous ammonia, 2 g. of cuprous chloride, 
1.26 g. of calcium oxide and 2 g. of copper tinsel were heated 
with continuous agitation for thirty hours at 190 ° and 800- 
850 pounds pressure. After cooling the bomb contents 
were transferred to a 600-ml. beaker, the aqueous ammonia 
layer decanted and the reaction residue washed with water. 
The reaction product was dissolved in ether, filtered and 
saturated with dry hydrogen chloride gas. The precipi­
tated and dried crude 4-amino-m-diphenylbenzene hydro­
chloride weighed 6 g. The ether layer, after subsequent 
washing with water and evaporation, yielded 2.5 g. of 
unreacted monochloro derivative. The combined yields 
of crude amine hydrochloride from several runs was puri­
fied by moistening with dil. hydrochloric acid and allowed 
to stand for several hours in contact with glacial acetic 
acid. After filtration it was washed with diluted hydro­
chloric acid and water. I t  was then converted into the 
free base with 6 N  potassium hydroxide solution containing

(1) Presented before the Division of Organic Chemistry at the 
M emphis meeting of the American Chemical Society, in April, 1942.

(2) Cook and Cook, T h i s  J o u r n a l , 05, 1212 (1933).

a trace of ammonium hydroxide and filtered. Recrystal­
lization from 95% ethanol yielded pure 4-amino-m-di- 
phenylbenzene, m. p. 74°. Similarly a specimen of the 
amine prepared by the Wardner and Lowy3 method, and 
purified as described above, melted at 74 °, although these 
authors reported a value of 64°. Mixed melting points of 
these products as well as a specimen of the amine prepared 
by Dr. Russell Jenkins4 of Monsanto Chemical Co. agree 
with our value of 74°. The structure of the amine was 
recently reported by France, Heilbron and Hey,5 although 
they were unable to solidify their specimen. A phenyl- 
thiourea derivative of 4-amino-m-diphenylbenzene was 
prepared in the usual way; m. p. 135°.

Anal. Calcd. for C26H20N2S: N, 7.36; S, 8.43. Found: 
N, 7.51; S, 8.60.

4-Xodo-w-diphenylbenzene.—From 28 g. of the corre­
sponding amine hydrochloride, 18.6 g. of a pale yellow oil 
b. p. (1 mm.) 235-240° (cor.) was obtained by diazotiza­
tion and treatment with potassium iodide in the usual 
manner. The oil solidified after standing for several days 
and on crystallization from absolute ethanol melted at 67 °.

Anal. Calcd. for Ci8H13I: 1,35.65. Found: 1,35.41.
Attempts to oxidize this compound to a substituted 

phenylbenzoic acid resulted in such small yield of product 
that it could not be isolated.

The authors acknowledge the helpful assistance 
of Professor D. E. Anderson in the design and con­
struction of the bomb in which the ammonolysis 
studies were undertaken.

Summary
1, The preparation and properties of 4-iodo- 

w-diphenylbenzene are described.
(3) Wardner and Lowy, ibid., 04, 2510 (1932).
(4) Private communication to the authors.
(5) France, Heilbron and H ey, J. Chem. Soc., 1283-1292 (1939).
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2. Further proof of the structure of Wardner 
and Lowy’s mononitro and monoamino derivatives 
is presented.

3. A corrected m. p. of 74° for 4-amino-m-di-

phenylbenzene is reported. For characterization 
purposes, the phenylthiourea derivative is also de­
scribed.
A k r o n , O h io  R e c e iv e d  M a y  8, 1942

[C o n t r i b u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r ie s  o f  N e w  Y o r k  U n i v e r s i t y ]

Symmetrical Cyanostilbenes
B y  J o seph  B . N iederl  and  A lbert  Zie r in g 1

In a previous communication2 the preparation 
of unsymmetrical cyanostilbenes was presented. 
The purpose of this communication is to give re­
port on the preparation of symmetrical and vari­
ously ring and side-chain substituted cyanostil­
benes and dihydrostilbenes related in structure to 
diethylstilbestrol. The ring substituents included 
the following: nitro, amino, hydroxy, acetoxy, 
methoxy, dimethoxy and methylenedioxy groups, 
while the side-chain substituents comprised either 
hydrogen or ethyl groups. The method of prepa­
ration of these compounds consisted in self-con­
densation of the respective benzyl nitriles by 
means of iodine in the presence of sodium meth­
oxide or sodium amide as follows3

CC2H*

R, —H, —OH, OCHs, —Ov
>CH2

R ', —H, —H, OCHs, —CK

Experimental
ctyCL'-Dicyanostilbenes.—One-tenth mole of the respec­

tive benzyl nitrile (/>-methoxy-3,4-methylenedioxy-3,4- 
dimethoxy) was dissolved in 65 cc. of absolute methyl alco­
hol. To this solution 25.4 g. of iodine, dissolved in 130 cc.

(1) Abstracted from Part II of the thesis presented by A. Ziering 
to the Graduate School of New York University in partial fulfillment 
of the requirements for the degree of Doctor of Philosophy, June, 
1942.

(2) J. B. Niederl and A. Ziering, T h is  J o u r n a l , 64, 885 (1942).
(3) Knoevenagel and Chalanay, Ber., 25, 285 (1892).

of absolute ether, was added, followed by the dropwise 
addition of a solution of 4.6 g. of sodium in 70 cc. of abso­
lute methyl alcohol.3 The precipitated solid was filtered 
and recrystallized from ethyl acetate. All dicyanostil­
benes were colored and gave positive unsaturation tests 
with potassium permanganate dissolved in acetone; 
yields, 35% (approx.). The 4,4'-dihydroxy derivative 
was prepared by diazotizing the corresponding amine,4 5 
acetylating the resulting solid and then hydrolyzing the 
acetate with alkali to the phenolic derivative.

a,a '-Dicyanodihy drostilbenes.—One-tenth mole of
phenylethylacetonitrile was added dropwise to a suspension 
of sodamide (0.1 mole) in 150 cc. of anhydrous ether. The 
mixture was refluxed until the evolution of ammonia had 
ceased. To this was then added slowly 0.05 mole of 
iodine in 100 cc. of absolute ether.3 The precipitated solid 
was filtered, washed with water and recrystallized from 
ethanol. All dicyanodihydrostilbenes were colorless and 
the unsaturation tests with potassium permanganate in 
acetone were negative; yields, 25% (approx.).

Piperonylethylacetonitrile was treated in the same man­
ner and the final reaction product was recrystallized from 
dioxane; yield, 25%.

The piperonylethylacetonitrile was prepared by first 
treating 3,4-methylenedioxybenzyl nitrile with diethyl car­
bonate in the presence of sodium at 60 ° in benzene to yield 
the ethyl piperonylcyanoacetate (b. p. 161° at 3 mm.). 
This ester was then ethylated in the usual manner with 
ethyl iodide and sodium ethoxide in absolute ethanol to 
give the ethyl piperonylethylcyanoacetate (m. p. 72°) 
which was then hydrolyzed with alkali in the cold to the 
piperonylethylcyanoacetic acid (m. p. 110°). The acid 
was decarboxylated by heating to 180°. The resulting 
piperonylethylacetonitrile boiled at 174° at 15 mm.

The corresponding phenolic derivative was prepared by 
nitrating phenylethylacetonitrile with fuming nitric acid 
at 0° to yield the p-nitrophenylethylacetonitrile (b. p. 
165° at 3 mm.). The nitro compound was converted to 
the dihydrostilbene by means of iodine and sodium meth­
oxide.3 The resulting dihydrostilbene was then reduced 
to the amine, which was then diazotized and finally hy­
drolyzed to the phenolic derivative, which was recrystal­
lized from benzene containing a little alcohol.

Physiological Tests.—All compounds were subjected to 
the Fluhmann6’6 test for estrogenic activity. Most re­

(4) Heller, Ann., 332, 280 (1904).
(5) Fluhmann, Endocrinology, 18, 705 (1934).
(6) Deckert, Mulhall and Swiney, J .  Lab. C l i n .  Med., 23, 85 

(1937).
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active of all the substances was the a,« '-dicyanostilbestrol, 
which exhibited the following degrees of activity:

Dose, microg. Reaction

a, a '-Dicyanostilbestrol 6.25 5.0
a, «'-Dicyanostilbestrol 3.12 4.5
a, a '-Dicyanostilbestrol 1.56 4.3
«, a '-Dicyanostilbestrol 0.78 3.5
Stilbestro! 0.02 5.0
Estrone

T a b l e  I

0.08 5.0

a, a ' - D ic y a n o s t il b e n e s

Formula (uncor.)
Analyses, % N  
Calcd. Found

4,4 -Dihydroxy C16H10N2O2 287 10.7 10.5
4,4'-Diacetoxy C20H14N2O4 217 8.09 8.17
4,4'-Dimethoxy 
3,4,3',4'-Dimethyl-

C18H14N202 187 9.65 9.50

enedioxy
3,4,3',4'-Tetra-

C18H10N2O4 235 8.81 8.90

methoxy C20H18N2O4 205 8.00 8.20

a, « ' - D ie t h y l - a, a '-d i c y a n o d ih y d r o s t il b e n e s

Unsubstituted
3,4,3',4'-Dimethyl-

C20H20N2 175 9.72 9.51

enedioxy C22H20N2O4 213 7.45 7.26
4,4'-Dinitro C20H18N4O4 225 14.8 14.6
4,4'-Diamino C20H22N4 205 17.6 17.4
4,4'-Dihydroxy C20H20N2O2 218 7.95 7.80

Acknowledgment.—The authors wish to ex­
press their appreciation to Dr. F. R. Eldred of 
Reed and Carnrick, Jersey City, N. J., for the 
numerous physiological tests performed with 
these substances, as well as for repeated fellow­
ship grants.

Summary
Various substituted symmetrical cyano- and 

dihydrocyanostilbenes have been prepared, char­
acterized and tested for estrogenic activity. 
W a s h in g t o n  S q u a r e  C o l l e g e
N e w  Y o r k , N. Y. R e c e iv e d  J u l y  11, 1942

[C o n t r ib u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r ie s  o f  N e w  Y o r k  U n i v e r s it y  a n d  o f  L a f a y e t t e  C o l l e g e ]

Phenylmercapto-thiazolines
By Joseph B. Niederl and William F. Hart

The condensation of allyl- and methallyl mus­
tard oils with phenols yielded thiazolinephenols 
as shown in previous publications.1,2 The same 
condensation procedure has now been applied to 
the reaction between allyl mustard oil and various 
thiophenols.

There were obtained excellent yields of hydro­
chlorides which analyzed correctly for the expected 
salts of thiazoline-thiophenols. From these, pic- 
rates were prepared which also analyzed as ex­
pected. However, when an attempt was made to 
prepare the free bases by neutralization of a solu­
tion of the hydrochlorides with sodium carbonate, 
hydrolysis occurred, one of the products being the 
thiophenol, and the other, 5-methyl-thiazolidone- 
2.

From these hydrolysis products it appears that 
the products of these condensations are the hydro­
chlorides of 5-methyl-2-phenylmercapto-thiazo- 
lines, instead of the expected thiazoline-thio- 
phenols. The hydrochlorides of these thio-ethers 
are remarkably stable to acid treatment. The 
compounds, however, are completely hydrolyzed 
in dilute sodium bicarbonate solution.

(1) Niederl, Hart and Scudi, T h is  J o u r n a l , 58, 707 (1936).
(2) Hart and Niederl, ibid., 61, 1145 (1939); 63, 945 (1941).

Experimental
Condensation.—Allyl mustard oil was condensed with 

thiophenol, thio-o-cresol and thio-w-cresol in the manner 
previously described.2 Condensation was usually com­
plete within one week. The product was taken up in 
water, the acid solution extracted several times with ether, 
and the ether extracts discarded. The acid solution was 
then evaporated to dryness on a water-bath, yielding the 
hydrochloride in a quite pure form. The hydrochlorides 
were washed several times with dry acetone, and then re­
crystallized from 95% ethyl alcohol several times until the 
melting point was constant.

The picrates were made by adding a filtered, saturated 
picric acid solution to an equal volume of filtered aqueous 
solution of the hydrochloride. The resulting crystalline 
precipitate was washed several times with water, dried and 
recrystallized once from 95% ethyl alcohol.

Hydrolysis.—Twenty grams of the hydrochloride of the 
thio-m-cresol condensation product was dissolved in water, 
and the solution was made distinctly alkaline with sodium 
bicarbonate. A blue oil separated, which was removed by 
ether extraction and the ether extracts were in turn ex­
tracted with 10% hydrochloric acid, which removed the 
blue color. The ether solution was washed, dried, and the 
solvent removed by distillation. The residue was an al­
most quantitative yield of 10.5 g. of thio-m-cresol, which 
was identified by the boiling point, and by oxidation to di- 
m-cresyl di-sulfide with 3% hydrogen peroxide in acetone 
solution.

The hydrochloric acid extract was used to acidify the
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original aqueous solution and this solution was evaporated 
to dryness on the steam-bath. The residue was exhaus­
tively extracted with absolute alcohol, and the residual 
sodium chloride was discarded. Upon evaporation of the

T a b l e  I
M. p.,

°C. N  Analyses, %
Compound (uncor.) Formula Calcd. Found

5-Methyl-2-phenylmercapto-thiazoline 
Hydrochloride 171 Ci0H12NS2C1 5.69 5.57
Picrate 141 CieHnO^Sa 12.55 12.65

5-Methyl-2-(2 '-methyl) -phenylmercapto-thiazoline 
Hydrochloride 164 CnH14NS2Cl 5.39 5.75
Picrate 133 Ci7H160 7N4S2 12.38 12.46

5-Methyl-2-(3 '-methyl) -phenylmercapto-thiazoline
Hydrochloride 139 CuH14NS2C1 5.39 5.32
Picrate 118 C17H16O7N4S2 12.38 12.48
Sulfonic Acid CiiH1303NS3

5-Methyl-thiazolidone-2
4.61 4.38

Keto form0 
Enol, hydro­

39 C4H7ONS 11.96 12.12

chloride 204 c4h 8o n s c i 9.12 9.35
“ Calcd.: C, 40.98; H, 6.02; S, 27.37. Found: C, 

41.13; H, 6.08; S, 27.79.

alcohol there was obtained an oil, which was soluble in dry 
acetone. This oil became crystalline on long standing in a 
desiccator, after which treatment with dry acetone yielded 
two fractions. The acetone insoluble fraction upon analy­
sis proved to be the hydrochloride of 5-methyl-2-hydroxy- 
thiazoline. The acetone soluble fraction, which melted at 
39°, proved to be its acid insoluble keto form. I t was re­
crystallized from dry acetone and benzene.

Acknowledgment.—The authors desire to 
thank Merck and Company, Inc., Rahway, 
New Jersey, for a research fellowship.

Summary

Thiophenols on condensation with allyl mus­
tard oil have been found to yield phenylmercapto- 
thiazolines, in contrast with phenols, which yield 
thiazolinephenols. These heterocyclic thio-ethers 
do not rearrange in the presence of the usual acidic 
rearranging agents, but are readily hydrolyzed 
in alkaline solution.
W a s h in g t o n  S q u a r e  C o l l e g e , N e w  Y o r k , N .  Y .  
L a f a y e t t e  C o l l e g e , E a s t o n , P a .

R e c e iv e d  J u l y  13, 1942

[C o n t r i b u t io n  f r o m  t h e  K e d z ie  C h e m ic a l  L a b o r a t o r y , M ic h ig a n  S t a t e  C o l l e g e  o f  A g r ic u l t u r e  a n d  A p p l i e d
S c i e n c e ]

The Sterols of Alfalfa Seed Oil. II. Isolation of jft-Spinasterol and 5-Spinasterol
By L. Carroll King and Charles D. Ball

In a previous communication1 from this 
Laboratory the isolation of a-spinasterol from the 
unsaponifiable fraction of alfalfa seed oil was 
reported. In addition to aj-spinasterol we have 
now obtained two other isomeric sterols, ^-spina- 
sterol 2 and a third substance whose properties 
indicate that it has not before been isolated. 
Since this new sterol is closely related to the 
known a- and /Tspinasterols in structure and 
properties we have designated it as 5-spinasterol.

In order to separate these three isomeric sub­
stances, the crude alfalfa seed oil sterols were 
dissolved in a large excess of acetic anhydride. On 
cooling this mixture, the acetates of a-spinasterol 
and jS-spinasterol separated as flaky crystals and 
were filtered off while the 5-spinasteryl acetate 
remained for the most part in the acetic anhydride 
mother liquors. a-Spinasterol and /3-spinasterol 
were separated by taking advantage of the greater 
solubility of the latter in 85% ethanol.

Each of the three isomeric spinasterols was
(1) King and Ball, T h is  J o u r n a l , 61, 2910 (1939).
(2) H eyl and Larsen, J . Pharm. Assoc,, 22, 510 (1933).

isolated from two different sources—first, from 
Hardigan alfalfa seed oil and second, from Grim 
alfalfa seed oil. The crude sterols from Hardigan 
alfalfa seed oil consisted of about 23% a-spin- 
asterol, 39% /3-spinasterol and 6% 5-spinasterol. 
The amounts of the corresponding substances 
isolated from the crude sterols of Grim alfalfa 
seed oil were 17, 28 and 4.5%, respectively.

The chemical reactions and relationships of 
a-y /?- and 5-spinasterol are summarized in Fig. 1.

5-Spinasterol was purified by fractional crystal­
lization from 95% ethanol and from methanol. 
The purest product obtained had a melting point 
of 142-143° and [a] 19d 6.15°. It precipitated 
with digitonin and gave a positive Liebermann- 
Burchard test.

The analytical data for 5-spinasterol and its 
derivatives indicated the formula C29H470H* 
V2H2O for the sterol. On catalytic reduction of 
the acetate in acetic acid solution, a compound 
identical with a-stigmastenyl acetate3 (I) was 
obtained. 5-Spinasterol is, therefore, a doubly

(3) Fernholz and Ruigh, T h is  J o u r n a l , 62, 234X (1940).
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Fig. 1.—Chemical reactions, 
and relationships of a-spina- 
sterol, (3-spinasterol and S-spin- 
asterol.

a-Spinastenol
(a-Stigmastenol), m. p. 112°

* Formula according to 
Fernholz and Ruigh.3

unsaturated sterol having the same structural con­
figuration as a-spinasterol except for the position of 
the double bonds. It has one double bond located 
at position A8:14 or in a position from which it 
can shift easily into the A8:14 configuration, when 
in the presence of hydrogenating catalysts.

The identity of the /3-spinasterol isolated from 
alfalfa seed oil with that isolated from spinach fat 
is indicated by correspondence in physical proper­
ties, Table I, and also by similar behavior when 
subjected to catalytic reduction.

T a b l e  I

jS-Spinasterol (isolated 
from alfalfa seed oil) 

Acetate 
Benzoate
(8-Spinasterol (isolated 

from spinach fat) 
Acetate

M . p., 
°C.

[a]D  in CHCla, [«]646i,°c. °c.

148-150 5.9
153-155 5.1
181-183 7.5

145-148 7.65
150-154 7.2

The /ö-spinasterol isolated from spinach fat 
gave analytical data for the formula C29H47OH*
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1/ 2H 20  or C 2 9 H 4 7 O H .  On catalytic reduction of 
the acetate in acetic acid solution a-stigmastenyl 
acetate (I) was obtained. /3-Spinasterol is, there­
fore, a doubly unsaturated sterol, related in 
structural configuration to a-spinasterol except 
for the position of the double bonds.

Recently Kuwada and Yosiki4 reported that 
the bessisterol, isolated by them5*6 from the 
rhizomes of Mormordica cochinchenses Spreng, 
was identical with a-spinasterol. The corre­
spondence in chemical and physical properties of 
bessisterol and a-spinasterol is very good except 
that the specific rotation of bessisterol is [a]D
— 13.5°, and that of bessisteryl acetate is [a]D
— 13.47°, whereas the specific rotation of a-spin­
asterol is usually reported at [a]D +1.7° to —3.5° 
and a-spinasteryl acetate at [a]D —4.7°. In 
this Laboratory a-spinasterol was repeatedly 
recrystallized from methanol and from chloro­
form-methanol in an attempt to bring its rotation 
to a value similar to that reported for bessisterol. 
This attempt was unsuccessful; the best value 
obtained was [a]D —2.7°. An attempt to obtain 
a-spinasteryl acetate with a specific rotation 
similar to the value reported for bessisteryl ace­
tate also failed.

Fernholz and Ruigh3 proposed for a-spin­
asterol the structures (XI) and (III). It is of

I I I

interest to note that the specific rotation of 
structure XI, calculated according to the method 
of Bernstein, Kauzmann and Wallis,7 is [a]D 
8.2° while that of structure III is [a]D —10.9. 
Neither of these values can be correlated with the 
observed value for a-spinasterol, but structure 
III is in fair agreement with the observed value 
for bessisterol.

Experimental
1. Separation of Crude Sterols from the Unsaponifiable 

Fraction.—One hundred and fifty grams of crude un­
saponifiable material from Hardigan alfalfa seed oil, 
prepared as directed by King and Ball,1 was dissolved in

(4) Kuwada and Yosiki, / .  Pharm. Soc. Japan, 60, 161 (1940).
(5) Kuwada and Yosiki, ibid., 67, 155 (1937).
(6) Kuwada and Yosiki, ibid., 69, 282 (1939).
(7) Bernstein, Kauzm ann and Wallis, J. Org. Chem., 6, 319 (1941).

enough ethyl ether to make about 500 cc. A stream of 
water vapor8 was passed through the solution until a slight 
turbidity occurred. After the mixture had stood over­
night at 5°, the crystalline mass which separated was 
filtered off and recrystallized from ethyl ether. The 
original mother liquors and those from the subsequent re­
crystallizations were concentrated somewhat and the 
whole process repeated. In this way 26 fractions were 
obtained.

The 26 solid fractions weighing about 47 g. were nearly 
free of colored oily material. The first fraction isolated 
melted about 158°; subsequent fractions had lower and 
lower melting points, while the last fractions had very in­
definite melting ranges in the vicinity of 60 °. These crude 
solid fractions were combined and classified into two 
groups, those melting above 120° (Fraction A) and those 
melting below 120° (Fraction B). Fraction B appeared to 
consist of hydrocarbons, sterols and other alcohols. 
Further work on it is in progress in this Laboratory.

2. Fractionation of the Crude Steryl Acetates from 
Cold Acetic Anhydride.—The crude sterol fractions melt­
ing above 120° (Fraction A) were combined and dissolved 
in acetic anhydride (30 cc. per gram). This mixture was 
heated one hour, allowed to stand overnight, and then 
filtered. The solid steryl acetates (Fraction Ai) so ob­
tained consisted mostly of a-spinasteryl and /S-spinasteryl 
acetates; yield 24.5 g.; m. p. 152-157°.

The acetic anhydride mother liquors from the above 
were hydrolyzed by heating with water. The solid steryl 
acetates precipitated by this treatment (Fraction A2) were 
filtered off and dried; yield 2.9 g.; m. p.122-127°.

3. Separation and Identification of a-Spinasterol and 
/S-Spinasterol. a-Spinasterol.—The crude acetates, m. p.
152-157° (Fraction Ai), were hydrolyzed by boiling one 
hour with 5% alcoholic potassium hydroxide. The reac­
tion mixture was poured into water and extracted with 
ethyl ether. The ether solution was washed with water 
and evaporated to dryness on the steam-bath. The crude 
sterols obtained were dissolved in just sufficient boiling 
85% ethanol to effect complete solution. After about 
twelve hours the crystalline material was separated, re­
dissolved in a minimum amount of boiling 85% ethanol 
and let stand again. This procedure was repeated ten 
times. The resultant crystalline material was then recrys­
tallized from methanol, and from chloroform-methanol; 
m. p. 168.5-169°; [ a ] 27D -2 .7 °  (556 mg., 10 cc. chloro­
form, 1 — 2 dm., a 27D —0.30°, average reading).

a-Spinasteryl Acetate.—A quantity of a-spinasterol 
was dissolved in acetic anhydride and the mixture heated 
one hour. On standing the crystalline acetate separated. 
The product was filtered off and recrystallized from 95% 
ethanol; m. p. 180-182°; [ a ] 21D —6.4° (52.9 mg., 2 cc. 
chloroform, 1 — 2 dm., a 21D —0.34°, average reading).

a-Spinasteryl Benzoate.—Five hundred milligrams of 
a-spinasterol was dissolved in 1.5 cc. of pyridine and 0.5 
cc. of benzoyl chloride added. The mixture was heated in 
a boiling water-bath two hours and allowed to stand twelve 
hours at room temperature. The product was recovered 
and recrystallized twice from 95% ethanol; yield 350

(8) A small amount of water greatly facilitates the separation of
the sterols from the oily mixture. These sterols tend to crystallize
with one-half mole of water, if water is available.
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mg.; m. p. 196-199°; [ a ] 19D 2.1° (51.6 mg., 2 cc. chloro­
form, l — 2 dm., a 19D 0.11°, average reading).

/3-Spinasterol.—The combined mother liquors from the 
isolation of a-spinasterol were evaporated to a small vol­
ume and water added. The precipitate was filtered off 
and taken up in just enough boiling 85% ethanol to 
effect solution. After standing overnight at room tem­
perature the solid material was filtered off. From the 
mother liquors a fraction, corresponding to the 0-spinas- 
terol of Heyl and Larsen,2 was isolated. On recrystalliza­
tion from 95% ethanol, flaky transparent crystals ap­
peared; m. p. 148-150°, In melting they lost water of 
crystallization at 110-125°; [a] 20d  5.9° (52.7 mg., 2 cc. 
chloroform, / «  2 dm., a 20D 0.31°, average reading). The 
substance formed an insoluble precipitate with digitonin.

Anal. Calcd. for C29H47OH V2H2O; C, 82.58; H, 
11.72. Found: C, 82.56; H, 11.98.

Anhydrous /3-Spinasterol.—/3-Spinasterol as isolated 
above was heated at 50° in vacuo for seven days. The 
product was free of water of crystallization; m. p. 148-150°.

Anal. Calcd. for C29H47OH: C, 84.38; H, 11.73. 
Found: C, 84.35; H, 12.12.

/3-Spinasteryl Acetate.—One hundred milligrams of 
/3-spinasterol was dissolved in acetic anhydride and the 
mixture heated one hour. On standing several hours at 
room temperature the crystalline acetate separated. The 
product was filtered off and recrystallized from 95% 
ethanol; m. p. 153-155°; [ a ] 19D 5.1° (44.7 mg., 2 cc. 
chloroform, 1 — 2 dm., a 19D 0.23 °, average reading).

Anal. Calcd. for C31H50O2: C, 81.88; H, 11.097. 
Found: C, 81.83, 81.54; H, 10.92, 11.38.

/3-Spinasteryl Benzoate.—Five hundred milligrams of 
/3-spinasterol in 1.5 cc. of pyridine was treated with 0.5 cc. 
of benzoyl chloride. The mixture was heated two hours 
on a boiling water-bath, allowed to stand overnight, and 
then handled as usual. The product was recrystallized 
from a mixture of ethyl ether and ethanol; yield 450 
mg.; m. p. 181-183°; M 19d 7.5° (56.0 mg., 2 cc. chloro­
form, 1 — 2 dm., a 19D 0.42°, average reading).

Anal. Calcd. for C36H52O2: C, 83.65; H, 10.15. 
Found: C, 83.81; H, 10.25,

Hydrogenation of /3-Spinasteryl Acetate.™Nine hun­
dred and fifty milligrams of j8-spinasteryl acetate was dis­
solved in 25 cc. of glacial acetic acid and shaken for two 
hours in an atmosphere of hydrogen while in the presence 
of 100 mg. of Adams catalyst.® An additional portion of 
catalyst was added and the reaction continued about two 
hours more. The reaction mixture was filtered and the 
filtrate diluted with water. The product was then sepa­
rated off and taken up in ethyl ether. The ether solution 
was washed with water, and the solvent removed by 
evaporation on the steam-bath. The product was re­
crystallized from 95% ethanol; yield 625 mg.; m. p. 115- 
116°; [a ] 17d  9.6° (53.1 mg., 2 cc. chloroform, 1 — 2  dm., 
a 17D 0.51°, average reading).

Anal. Calcd. for C31H52O2: C, 81.50; H, 11.48. 
Found: C, 81.90; H, 11.64.

This compound gave no depression in melting point
(9) Gilman and B latt, “Organic Syntheses,” Collective Volume I, 

2nd ed., John W iley and Sons, Inc., N ew  York, N , Y ., page 463.

when mixed with an authentic specimen of a-stigmastenyl 
acetate (prepared from authentic a-spinasterol).10 * *

a-Spinastenol (a-Siigmastenol) .3—The acetate men­
tioned above was hydrolyzed with 5% alcoholic potassium 
hydroxide. The product was recovered as usual and re­
crystallized from methanol; m. p. 1 1 1 -1 1 2 ° ;  [a ] 15d  2 1 .2 °  
(53.7 mg., 2 cc. chloroform, 1 — 2 dm., a l5o 1,14°, average 
reading).

Anal. Calcd.- for C29H49OH: C, 83.97; H, 12.13. 
Found: C, 84.05; H, 12.28.

There was no depression in melting point when a speci­
men of this substance was mixed with authentic a-stigmas-
tenol.

4. Fractionation of the Material Soluble in Cold Acetic 
Anhydride.—The crude acetates (Fraction A2), m. p. 122- 
127°, were hydrolyzed with 5% alcoholic potassium 
hydroxide. The reaction mixture was poured into water 
and the product extracted with ethyl ether. The ether 
soluton was evaporated to dryness and the residue frac­
tionally crystallized from ethanol. The more soluble 
fractions yielded a crystalline substance; m. p. 122-125°;
[a]2o.sD —4.8° (48.7 mg., 2 cc. chloroform, 1 — 2 dcm.. 
a20,5D —0.23°, average reading). This material was not 
further studied.

5-Spinasterol.—The less soluble top fractions from the 
above fractionation gave a product with a melting point 
of 142-143°. This substance, after repeated crystalliza­
tion from methanol, gave a substance which appeared to be 
a chemical individual; m. p. 143-144 °; [a] 19p 6.2 0 (49.6 mg., 
2 cc. chloroform, 1 — 2 dm., a 19D 0.31°, average reading).

Anal. Calcd. for CasH^OH-V^O: C, 82.58; H, 
11.72, Found: C, 82.80, 82.33; H, 12.03, 11.94.

This substance formed an insoluble precipitate with 
digitonin and gave a positive Liebermann-Burchard test.

5-Spinasteryl Acetate.—The sterol, m. p. 143-145°, was 
dissolved in a small amount of acetic anhydride and heated 
one hour. On standing at room temperature the acetate 
crystallized out. I t  was recrystallized from 95% 
ethanol; m. p. 132-133.5°; [a]16o 0.8° (49.7 mg., 2 cc. 
chloroform, / = 2 dm., a 16D 0.04°, average reading).

Anal. Calcd. for C31H50O2: C, 81.88; H, 11.097. 
Found: C, 81.42, 81.74; H, 11.30, 11.54.

This acetate on hydrolysis gave the sterol; m. p. 143- 
145°.

5-Spinasteryl Benzoate.—Two hundred and ninety milli­
grams of the sterol was dissolved in 1 cc. of pyridine and 
treated with 0.5 cc. of benzoyl chloride. The mixture was 
heated two hours on a boiling water-bath and allowed to 
stand overnight at room temperature. The product was 
recovered as usual, and recrystallized four times from 
ethanol; m. p. 165-168° (softening gradually to a 
viscous liquid); [a]19D 11.1° (50.4 mg., 2 cc. chloroform, 
1 — 2 dm., a 19b 0.56°, average reading).

Anal. Calcd. for C36H5202: C, 83.65; H, 10.15. 
Found: C, 83.20; H, 10.37.

Hydrolysis with 5% alcoholic potassium hydroxide gave 
the original sterol, m. p. 143-145°, and the sterol recovered 
from the benzoate was converted to the acetate; m. p.
131-134°.

(10) We are indebted to  Dr. H . G. Rolloff of the Upjohn Research
Laboratories who very kindly supplied us with a specim en of ct~
spinasterol.
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Hydrogenation of 5-Spinasteryl Acetate—One hundred 
milligrams of 5-spinasteryl acetate was dissolved in 10 cc. 
of glacial acetic acid and shaken for one hour in an atmos­
phere of hydrogen in the presence of 50 mg. of Adams 
catalyst. The product was recovered and recrystallized 
twice from 95% ethanol; yield 40 mg.; m. p. 111-112°; 
[ a ] 24D 8 .6 °  (44.5 mg., 2 cc. chloroform, / = 2 dm., « 24d  
0.38°, average reading). This product when mixed with 
an authentic specimen of a-stigmastenyl acetate showed no 
depression in melting point.

Summary
1. From the unsaponifiable portion of Hardi­

gan alfalfa seed oil we have isolated three isomeric 
sterols of formula CagH^CM/j^O: namely, a~ 
spinasterol, /3-spinasterol and a new sterol which 
was designated as 5-spinasterol.

2. Several derivatives of each of the sterols 
have been prepared and the physical constants 
and analysis observed.

3. Each of the three isomeric sterols can be 
reduced to a'-stigmastenol.

E a s t  L a n s i n g , M ic h ig a n  R e c e iv e d  J u l y  2, 1942

[C o n t r i b u t io n  f r o m  t h e  D e p a r t m e n t  f o r  I n o r g a n ic  a n d  A n a l y t ic a l  C h e m i s t r y  o f  t h e  H e b r e w  U n i v e r s i t y ]

Catalysts for Peroxide Decomposition1
B y M. B obtelsky

Introduction.— In a previous paper2 some facts 
were given relating to the catalytic decomposition 
of hydrogen peroxide in the presence of complex 
cobalt citrates acting as catalysts. One of them, 
pink in color, is stable and without catalytic ac­
tivity; in the presence of hydrogen peroxide it is 
transformed into a green complex and simultane­
ously oxygen is evolved by the decomposition of 
the hydrogen peroxide. Gasometric experiments 
showed that the velocity of this evolution depends 
on the velocity with which the green complex is 
produced.

Nature of the Cobalt Citrate Complexes.—
Our first concern was to ascertain the nature of the 
cobalt citrate complexes. This was accomplished 
by means of conductometric titrations of solu­
tions of mono-, di- and tri-sodium citrates con­
taining cobaltous ions.

These titrations were carried out with a Lautenschlager 
“Lyograph,” in a cell of constant 0.52 with platinized and 
calcined platinum electrodes at 15 and 30°. The solutions 
of mono- and di-sodium citrates were prepared by mixing 
solutions of tri-sodium citrate and citric acid.

Figures 1 and 2 give some of our results. The 
breaks in curves 3 and 4 (Fig. 1) at 0.5 cc. of 1 M  
solution prove the presence of a compound with 
Co++/Gi =  1. The small slope before the 
break indicates formation of undissociated mole-

(1) An extensive revision of the original manuscript, chiefly con­
cerned, however, w ith the presentation, was required and this was 
carried out under the Editor’s direction. Under the disturbed inter­
national conditions now prevailing, it appeared impractical to obtain 
the authors’ approval of th is revision, and, to  avoid delay, this re­
vised version is therefore published on the Editor’s responsibility.—  
T h e  E d it o r .

(2) M . Bobtelsky and M , Rappoport, Compt. r e n d 205, 234 
(1937).

and A. E . Sim chen

cules. Qualitative tests show that sodium hydrox­
ide has no effect on the cobalt in these solutions. 
Figure 2 shows breaks in curves 8 and 9 at 1.5 cc. 
of 1 M  NaH2Ci and 0.75 cc. of 1 M  Na2HCL 
These results prove that only tertiary Ci ions 
take part in the formation of the complexes.

The Catalytic Decomposition of Hydrogen 
Peroxide in Presence of Cobalto-citrate Com­
plexes.—There are two phenomena to be 
elucidated: the transformation of the pink into 
the green complex and the catalytic decomposi­
tion of the hydrogen peroxide.

There are several possibilities as to the mech­
anism of the transformation of the pink complex. 
Hydrogen peroxide may not take part in an oxi­
dation-reduction reaction, since experiments 
prove that cobalt is divalent in the green complex 
too (see below). Another possibility is that a 
peroxidized compound may be temporarily pro­
duced and then transposed into the green form.

The catalytic decomposition to hydrogen per­
oxide may also take place in several ways: hy­
drogen peroxide may add to the green complex 
forming an unstable addition compound; or oxy­
gen atoms may add to the green complex and the 
resultant compound decomposes later, or the di­
valent cobalt may be oxidized to a higher valence 
and then immediately be reduced to Co++ with 
evolution of oxygen.

To test the various possibilities the quantities 
of two of the reactants, Co++, Ci and hydro­
gen peroxide were kept constant and that of the 
third reactant was varied and the resultant 
changes in the system were measured by different
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Fig. 1.—Conductometric titration curves, t — 15°: 
(1) 50 cc. of H20  with CoCl2 1 m.; (2) 50 cc. of H20  with 
Na3Cl 1 m.; 50 cc. of Na3Ci 0.01 m. with CoCl2 1 m.; 
(4) 50 cc. of CoCl2 0.01 m. with Na3Ci 1 m.

methods. Optical measurements could not be 
made during an experiment because of the evolu­
tion of oxygen; they could, however, be carried 
out in solutions in which all of the hydrogen per­
oxide had decomposed.

(a) Preliminary Experiments.—The decompo­
sition of hydrogen peroxide by the pink cobalto- 
citrate complex with simultaneous transformation 
of pink into green complex goes easily when the 
hydrogen peroxide is added to solutions containing 
more than 1 mole of tri-sodium citrate per mole of 
cobaltous chloride; in solutions with an excess of 
cobaltous ions the decomposition of hydrogen per­
oxide takes place very slowly.

Thus, e. g., 20 cc. of a solution 0.1 M  in cobaltous chlo­
ride and 0.05 M  in tri-sodium citrate became green ninety 
minutes after addition of 1.5 cc. of hydrogen peroxide. 
At greater dilutions light-brown precipitates were formed.

(b) Gasometric Experiments.—Experiments 
with variable quantities of citrate. The results 
plotted in Fig. 3 show that the velocity of decom­
position of hydrogen peroxide tends to zero for the 
ratio Na3Ci/Co++ =  1. General composition 
of the solutions used in obtaining Fig. 3: x cc. of 
1 M  cobaltous chloride +  y  cc. of 1 M  tri-sodium 
citrate +  (9 — x — y) cc. of water and 1 cc. of 2 
M  hydrogen peroxide (added last). The results 
for x — 0.50 cc. are plotted in Fig. 3 (those of x 
— 0.25 cc. are similar).

0.5 1.0 1.5 2.0
1 molar salt solution, cc.

Fig. 2.—Conductometric titration curves, t = 30°: 
(5) 50 cc. of H20  with NaH2Ci 1 m.; (6) 50 cc. of H20  
with Na2HCi 1 m.; (7) 50 cc. of H20  with Na3Ci 1 m.; 
(8) 50 cc. of CoCl2 0.01 m. with NaH2Ci 1 m .; (9) 50 cc. of 
CoCl2 0.01 m. with Na2HCi 1 m.; (10) 50 cc. of CoCl2 0.01 
m. with Na3Ci 1 m.

Experiments with Variable Quantities of 
Hydrogen Peroxide.—General composition of 
the solutions: 2 cc. of 0.2 M  cobaltous chloride 
and 3 cc. of 0.2 M  tri-sodium citrate +  (5 — x) 
cc. of water and x cc. of 1 M  hydrogen peroxide 
(added last). The molar ratio (H20 2)/(G o++) 
varied between 0.25 and 3.0. In every case 100% 
of the disposable oxygen of the hydrogen peroxide 
was evolved and the solution contained the green 
cobalto-citrate complex. Thus no oxygen is used 
for the transformation of the pink into the green com­
plex. We may therefore conclude: (1) in the
final green solution the cobalt is only in the divalent 
state} and (2) citrate ion is not attacked during the 
reaction.

The gasometric experiments were carried out with a 
specially constructed apparatus used in this Laboratory3 
permitting measurements up to 20 cc. with a precision of
0.02 cc. and enabling two experiments to be done simul-

(3) B. K irsou, Thesis, Jerusa lem , 1938; M . B obtelsky  and  L.
B ob te lsky -C hayk in , C o m p t. r e n d ., 201, 604 (1935).
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Fig. 3.—Oxygen evolved, % vs. time, at 15°, [Co11] — 
0.05 m. The numbers on the curves indicate the ratio of 
ionic concns. [Ci ]/[Co++].

taneously. The apparatus consists of two reaction vessels 
(glass flasks of 250-cc. volume) suspended on a rocking 
device seated in a water thermostat (=*=0.05°) and joined 
through rubber pressure tubes and three-way glass stop­
cocks to two micro-gas burets (seated in larger concentric 
glass tubes filled with water at room temperature). The 
reaction vessels are closed, after having introduced the 
reaction mixture, by means of rubber stoppers traversed 
by semi-capillary glass tubes (joined to the rubber tubes). 
In each rubber stopper a glass hook of about 5 cm. length is 
inserted on which a little glass bucket may be suspended 
containing the reactant to be added last. After having 
brought the reaction vessels to the thermostat tempera­
ture, the little glass bucket is thrown off the glass hook by 
sudden jarring; the mechanical rocking is then started and 
the evolution of gas recorded.

(c) Conductometric Experiments.—General 
composition of the solutions (30°): 1 cc. of 1 M  
cobaltous chloride +  x cc. of 1 M  tri-sodium ci­
trate +  y  cc. of 1 M  hydrogen peroxide (added 
last) +  (49 — x — y) cc. of water. All initial 
conductivity values of the mixtures with hydrogen 
peroxide were lower than the corresponding values 
for solutions containing water in place of the per­
oxide. The latter has a depressing action on con­
ductivities of electrolytes.4 From the different 
results obtained we show in Fig. 4 only one series 
with x =  1.5 cc. in which the concentration of per­
oxide was varied. In all cases the conductivity

(4) M . Bobtelsky and A. E . Simchen, T h is  J o u r n a l , 64, 454 
(1942).

Fig. 4.—Conductivity X 103 vs. time, at 30 °—composi­
tion: 1 cc. of CoCl21 m. +  1.5 cc. of Na3Ci 1 m. +  (47.5 -  
x) cc. of H20  +  x cc. of H2O2 1 m. Numbers on curves 
represent cc. of H20 2.

increases during the reaction until a constant 
maximum value is attained in about forty minutes. 
The numbers on the curves of Fig. 4 show the 
molar ratio (H20 2)/(C o++) which varies from
0.25-30. It is of interest that only when the ratio 
is ^ 1 do we get a constant maximum of conduc­
tivity; as we shall see later we have in all these 
last cases 100% of the green complex. Thus the 
reaction is proven to he lC o++/ l d  /I iJ20 2.

The appearance of relative maxima and minima 
of conductivity in the experiments made with 
greater quantities of hydrogen peroxide is the re­
sult of a specific influence of hydrogen peroxide 
on the conductivity of electrolytes as shown in 
another paper.4 These maxima and minima are 
fairly reproducible and reappear after addition of 
hydrogen peroxide to the green cobalto-citrate 
complex. The lower branch of the curve, before 
the relative maximum is attained, does not re­
appear upon fresh additions of hydrogen peroxide; 
it corresponds to the transformation of the pink 
into the green complex. When carrying out gaso­
metric and conductometric experiments of the 
same composition and at the same temperature 
(Fig. 5), it is seen that the relative maxima and
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minima of conductivity do not appear in the gaso­
metric curve at all.

30 60
Time in minutes.

Fig. 5.—General composition: 1 cc. of CoCl2 1 m. +  
x cc. of NasCi 1 m. +  10 cc. of H2O21 m. +  (39 — x) cc. of 
H20. Numbers on curves represent cc. of NasCi 1 m.

(d) Optical Measurements.—Composition of 
the five solutions: 1 cc. of 1 M  cobaltous chloride 
+  1.5 cc. of 1 M  tri-sodium citrate +  (47.5 — x) 
cc. of water +  x cc. of 1 M  hydrogen peroxide 
(added last). # =  0.33, 0.67, 1.0, 2.0 and 3.0 cc. 
After complete decomposition of hydrogen per­
oxide the solutions are a mixture of the pink and 
the green complex. The measured percentages 
of green complex are plotted in Fig. 6. It is 
easily seen that here too the final value is obtained 
for H20 2/C o++ =  1.

The colorimetric measurements were made in a two-color 
colorimeter of the Duboscq type, of Heilige, using two 
solutions for comparison. Measurements were made at 
room temperature one hour after preparation in a layer 30 
mm. thick. The solutions for comparison were (1) a 
green complex solution obtained in the above way with x = 
6.0 cc. of 1 M  peroxide (giving 100% green complex); (2) a 
pink complex solution without hydrogen peroxide (100% 
pink complex).

From the results of the conductometric as well 
as the colorimetric measurements the following 
conclusions may be drawn: the reaction between

1 molar H20 2, cc.
Fig. 6.—Green complex, %, vs. cc. of H20 2 1 m.—com­

position: 1 cc. of C0CI2 1 m. +  1.5 cc. of NasCi 1 m. +  
(47.5 — x) cc. of H20  +  x cc. of H20 2 1 m.

hydrogen peroxide and the pink cobalto-citrate
complex in the ratio lCo.+'+/ lC i---- /1H 20 2 must
go to completion almost immediately and there 
is no free hydrogen peroxide present during the 
slow transformation of the pink into the green 
complex.

(e) Influence of Concentrated Neutral Salts.—
The influence of ammonium nitrate and chloride 
on the catalytic decomposition of hydrogen per­
oxide by cobalto-citrate complexes has been 
studied by Bobtelsky and Rappoport.2 We give 
in Fig. 7 results of some gasometric experiments 
made with and without ammonium nitrate (the 
chloride gives analogous results). At a concen­
tration of 3 N  the rate of oxygen evolution has a 
maximum and then diminishes with increasing 
concentration. The influence of electrolyte at 
lower concentration may be in the stabilization 
of the cobalto-citrate complex (similar to citrate 
ion concentration in excess). In the presence of 
highly concentrated electrolyte (>3 N) the green

50 100 150
Time in minutes.

Fig. 7.
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cobalto-citrate complex changes through a blue to 
a brick-red solution and this color remains stable 
for months.

Action of the Cobalto-citrate Complexes on 
the Solid Peroxides P b 02 and M n02.—The
catalytic decomposition of solid peroxides by the 
action of cobalto-citrate complexes was investi­
gated by shaking the finely powdered peroxides at 
constant temperature (30°) with the pink and 
with the green complex and measuring the vol­
ume of oxygen evolved. A slow transformation 
of the pink complex into the green takes place 
with simultaneous evolution of oxygen. The 
last reactant added to the reaction mixture was 
either the cobaltous solution or the powdered lead 
dioxide. Composition of the reaction mixtures: 
with Pb02: 4 cc. 1 I f  CoS045 +  12 cc. of 1 M  
Na3Ci +  4 cc. H20  +  0.5 g. Pb02; with M n02: 
4 cc. of 1 M  C0SO4 +  12 cc. of 1 M  Na3Ci +  4 cc. 
H20  +  0.2 g. of M n02.

Figure 8 shows that more than half the peroxide 
oxygen is evolved from lead dioxide in two and 
one-half hours; lead dioxide is decomposed more 
quickly than manganese dioxide.

Fig. 8.—Influence of NH4NO3—composition: besides 
NH4NO3 the solutions contained per 20 cc.: 0.5 cc. of 
C0CI2 1 m. +  0.75 cc. of Na3Ci 1 m. +  2 cc. of H20 2 1 m. 
Numbers on the curves represent the final concentration 
of NH4NO3; t -  15°.

In the decomposition of solid peroxides it is 
probably not possible to speak of an addition of 
these substances to the pink complex; therefore, 
we probably have, during the formation of the 
green complex, a transitory oxidation of the pink 
complex followed by decomposition with evolution 
of oxygen. It may well be that a similar path

(5) Cobaltous chloride yields exactly the same values.

is followed during the reaction with hydrogen 
peroxide.

Shaking lead peroxide with a solution of the 
green complex formed by the action of excess hy­
drogen peroxide on a cobalto-citrate mixture 
showed that even after one and one-half hours no 
oxygen was evolved. The green complex does not 
decompose these solid peroxides.

The absorption spectrum of the green complex 
from the solid peroxides is identical with that of 
the green complex from hydrogen peroxide.

Comparison of Behavior of Cobalto-citrate 
and -tartrate Complexes.— (a) Qualitative ex­
periments were made with Co++- and di-sodium 
tartrate solutions. On mixing the two solutions 
a pink solution was obtained; its absorption 
spectrum was measured (Fig. 9) and compared to 
the absorption spectrum of the pink cobalto- 
citrate complex solution. Upon addition of hy­
drogen peroxide to the tartrate solution (e. g., 0.5 
cc. of 1 M  cobaltous chloride +  1 cc. of 1 M  
di-sodium tartrate +  25 cc. of water to which 
was added 4.5 cc. of 1 M  hydrogen peroxide) a 
pink precipitate is formed. In the presence of 
still greater quantities of hydrogen peroxide the 
solution becomes brownish-green with precipitate 
and oxygen is evolved.6

Wave length in mju.
Fig. 9.—Light absorption curves: (1) CoCl2; (2) pink 

cobalto-citric complex; (3) green cobalto-citric complex; 
(4) pink cobalto-tartaric complex.

(b) Conductometric titrations were carried out 
in solutions of 50 cc. of 0.01 M  di-sodium tartrate

(6) Only a part of the disposable oxygen could be obtained, the  
tartrate having been attacked (unpublished results of M. Bobtelsky  
and L. B obtelsky-C haykin).
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with 1 M  cobaltous chloride and of 50 cc. of 0.01 
M  cobaltous chloride with 1 M  di-sodium tartrate. 
In both cases breaks were obtained at exactly 
T a-~/C o++ =  1 and Ci“ /Co++ =1. At 
these points the Co++ ions as well as a part of the 
tartrate or citrate ions are bound with one another 
very strongly (sodium hydroxide gives no reac­
tion with Co++). From this fact the following 
computations can be carried out. The observed 
conductivities of 0.01 molar solutions were (30°): 
CoCl2, * =  2.35 X 10“3; Na3Ci, «-= 2.86 X 10“3; 
Na2Ta, k — 2.04 X 10“3; and at 15°, C0CI2 k 

-  1.70 X 10 “3; Na3Ci, k =  2.0 X 10~3. The 
ionic mobilities from a table are: y 3 Ci“ , 60.3; 
y 2 Co++, 43; C l- 65.4; Na+, 43.5; y 2 T a ~ ,  
55; acid Ta~, 31. Table I is deduced from these
values.

T a b l e  I
K X 103 (15°) k X 103 (30°)

Ionic loss Calcd. Found Calcd. Found

7 2C o+ +  +  V«Ci— 2 .98 ] 4.16 '1
1 Co++ +  Va Ci---- 2.64 [ 2.30 3.70  ̂ 3.10
1 Co++ + Va Ci---- 2.25 J 3.15 j1
Va Co++ +  Va Ta— 3.36 '
1 Co++ + Va Ta— 2.89 • 3.02lCo++ + IT a — 2.32
Va Co++ +  HTa- 3.11

It appears from the table that the last assump­
tion is most probable in the case of citrate. There 
are several possibilities for the tartrate.

(c) Conductometric titrations of cobalto-tar- 
trate complexes by sodium hydroxide and hydro­
chloric acid. The pink cobalto-citrate complex 
as well as the green complex was conductometri­
cally titrated with 1 N  sodium hydroxide and with 
1 N  hydrochloric acid (50 cc. complex solution 
contained 1 cc. of 1 AT cobaltous chloride +  1.2 
cc. of 1 M  tri-sodium citrate). The titrations 
with hydrochloric acid did not give clear-cut 
phenomena; during this titration of the green 
complex solution, a slow transformation takes 
place of the green color into the color of cobaltous 
ions and the complex is destroyed (this is valid for 
the pink complex also).

The results of titrations with sodium hydroxide 
are plotted in Fig. 10. In the case of the pink 
complex there is a neat break at NaOH/Co++ =
1. In the case of the green complex there is 
probably a break at about NaOH/Co++ = 2.

The experiments described in this paper lead us 
to the conclusion that in the green complex, the 
cobalt is present in the divalent state. This green 
complex is an extremely active catalyst for the

1 2 3 4
1 molar NaOH, cc.

Fig. 10.—Conductometric titration curves with NaOH, 
at 30°: pink complex—1.0 cc. of CoCl2 1 m. -+* 1.2 cc. of 
Na3Ci 1 m. 4- 47.8 cc. of H20  titrated with NaOH 1 n; 
green complex: 1.0 cc. of CoCl2 1 m. .+ 1.2 cc. of Na3Ci 
lm . +  42.8 cc. of H20  -f 5 cc. of H20 2 1 m., titrated one 
hour after preparation with NaOH 1 m.

decomposition of hydrogen peroxide. It is formed 
after a previous oxidation of the pink cobalto- 
citrate complex during which an intermediary 
peroxidized compound is produced and gradually 
transformed into the green complex, releasing the 
whole of the disposable oxygen at the same time. 
The green complex obtained in this complicated 
way is soluble in water and quickly catalyzes the 
decomposition of hydrogen peroxide (without 
itself being attacked) at concentrations as low as 
10~6 mole g./l.

It is of interest to note that the ferric ion7 shows 
in some respects a similar behavior, giving with 
tri-sodium citrate two8 complexes, one of which is 
without catalytic activity while the second has a 
strong catalytic action,

The other citrate complexes of 2- or 3-valent 
cations (Cu++, M n++, N i++, U 02+y  Ce+++, 
Pb++ A1+++, Mg++, B a+y Cd+y Zn++) show 
scarcely any catalytic action upon the decomposi­
tion of hydrogen peroxide, they give generally 
one complex Ci /M e++ = 1; ferric ion on the

(7) M. Bobtelsky and B. Kirson, Compt. vend., 208, 1577 (1939).
(8) M. B obtelsky and A. E. Simchen, ibid., 208, 1646 (1939).
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other hand gives the complexes (Fe2Ci3) (in­
active) and (Fe3Ci2)+++ (active). With cobalt, 
both complexes, the green as well as the pink, contain 
divalent Co, in the ratio of Ci /Co++ =  2, but 
they differ in their internal structure. The green 
cobalto-citrate complex proved to be the most sen­
sitive catalyst of all the complex citrates studied 
by us for the decomposition of hydrogen peroxide.

The study of the structure of the citrate com­
plexes compared with that of tartrate complexes 
will be the object of a special article. Di-sodium 
tartrate too yields with hydrogen peroxide a green 
complex which catalyzes the decomposition of the 
peroxide, but the tartrate is simultaneously at­
tacked by the peroxide, gives a precipitate and is 
therefore unfit for study. The parallel study of 
Co++ and Fe+++-citrate and -tartrate complexes 
gives a possibility for a deeper insight into the 
structure of these substances. It might be sup­
posed that in the case of citrate (with only one 
oxy-group) complexes the hydrogen of the oxy- 
group is replaced by a metal valence and a stable 
compound is thus produced, while in the active 
form the metal may be found in another way 
through a secondary valence to the oxy-anion.

By comparison with cobalto-ammonia com­
plexes which also catalyze the decomposition of 
hydrogen peroxide,2 it seems probable that the 
structural difference between pink and green

cobalto-citrate complexes is that in the case of 
the green complex the cobalt atom is linked to the 
citrate by a secondary valence, while the linking 
is much stronger in the case of the pink complex.

Summary
A mixture of Co++ and Ci”—' ions (pink com­

plex) with hydrogen peroxide in the ratio lCo++/
ICi-----/IH2O2 immediately leads to a pink per-
oxidized compound (without change of color), 
which decomposes gradually with liberation of 
all the disposable oxygen into a green divalent co­
balt citrate complex. This green complex can 
also be obtained by peroxidizing the pink cobalto- 
citrate complex with lead or manganese dioxide 
instead of hydrogen peroxide. The green cobalto- 
citrate complex thus obtained acts as an extremely 
active catalyst (the most active of all the complex 
citrates) for the decomposition of hydrogen per­
oxide, but it cannot decompose lead or manganese 
dioxides. During all these operations the citrates 
are not attacked at all while corresponding reac­
tions with tartrates lead to attack of the tartrate 
ion.

The properties of the complexes were studied by 
gasometric, photometric and conductometric 
methods.
J e r u s a l e m , P a l e s t i n e  R e c e iv e d  F e b r u a r y  16, 19429

(9) Reported to have been dispatched from Jerusalem on Febru­
ary 25, 1941, but suffered various vicissitudes.

NOTES

The Catalytic Effect of Electrolytes on Solvolytic 
Reactions

B y  L. F . A u d r i e t h , L. D. S c o t t  a n d  O. F . H il l

In a series of publications from this Laboratory1 
it has been demonstrated experimentally that 
ammonolytic and aminolytic reactions, involving 
the action of ammonia and amines upon esters, 
are catalyzed, respectively, by ammonium and 
amine salts presumably acting as acids in these 
solvents. In order to characterize still further the 
catalytic effects of various classes of substances 
upon solvolytic reactions in general, the influence 
of electrolytes (salts) upon the reactions (a) be-

(1) See Glasoe, Scott and Audrieth. T h is  J o u r n a l , 63, 2965  
(1 9 4 1 ), for earlier articles.

tween ^-butylamine and ethyl phenylacetate and 
(b) between liquid ammonia and ethyl benzoate 
were subjected to study. The experimental re­
sults presented below show (a) that additions of 
relatively small quantities of various neutral 
salts speed up effectively the conversion of the 
esters into the corresponding solvolytic products; 
(b) that the catalytic effect of equimolar concen­
trations of these salts is not nearly as marked as 
for the corresponding “onium” salts; and (c) that 
the findings heretofore considered as evidences for 
acid catalysis in basic solvents by the solvated 
proton may be but special cases of what might 
more properly be regarded as examples of elec­
trolyte catalysis.
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Experimental
The experimental procedures employed in 

studying these reactions have already been de­
scribed in previous publications.2,3 The data 
presented in Table I constitute a summary of 
the results obtained using various electrolytes, and 
electrolytes plus definite additions of water, in 
w-butylamine. The essential data for the reac­
tion between liquid ammonia and ethyl benzoate 
are given in Table II. For purposes of com­
parison some data are also included in both tables 
of results previously reported on the catalytic 
effect of the corresponding “onium” salts. In 
both cases the observed catalytic effects are em­
phasized in the last column in which are given the 
experimentally determined half time values (in 
hours) for each series of runs.

T a b l e  I
Aminolysis o f  E thyl P henylacetate i n  ^-Butyl- 

amine at 25°
a = concn. of amine in moles per liter; b = concn. of 

ester in moles per liter.

Catalyst

Concn. of 
catalyst 
in moles 
per liter a b

K
X 10»

d A
(exp.)

None0 5.45 2.80 0.87 158
NaC104 0.1 5.38 2.80 1.55 92
C4H9NH2HC104a .1 5.40 2.80 2.09 70
Nal .1 5.37 2.81 2.06 73
Nal .2 5.30 2.81 2.50 59
C4H9NH2-HIa .1 5.34 2.80 2.57 57
NaSCN .1 5.37 2.81 2.07 73
NaSCN .2 5.42 2.77 2.39 63
C4H9NH2-HSCN° .1 5.36 2.80 2.81 53
NaSCN \
h 2o J

.2 1 
2.0 J 4.91 2.81 4.7 36

Nal \
h 20  j

0.2 i
• 2.0 J 5.11 2.81 5.7 26

a Taken from data summarized in ref. 3.

T able  II
Ammonolysis of E thyl B enzoate in  L iquid  Ammonia 

at 0 °
Moles C6H6COOC2H5 = 0.035; moles NH3 = 0.082 ±

0.3; moles catalyst = 0.00935.
t1 2 3/ 2

Catalyst K X 104 (exp.)

None 0.47 ca, 15000
NH4C1° 7.86 882
NaCl 2.52 2760
NaNOs 1.28 5420

° Taken from data summarized in ref. 2.
N oyes Chemical Laboratory 
U niversity  of Illinois
U rbana , Illinois R eceived  M ay 22, 1942

(2) Fellinger and Audrieth, T h is  J o u r n a l , 60, 579 (1938).
(3) Glasoe, Kleinberg and Audrieth, ibid., 61, 2387 (1939).

Attempt to Detect Free Hydroxyl as an Inter­
mediate in Photochemical Reactions

By W. J. B laedel,1 R. A. Ogg, Jr., and P. A. Leighton

Free hydroxyl has been proposed as an inter­
mediate in several photochemical processes.2,3 
The mechanisms of all the following processes 
might involve this substance (at 2537 A.)

(1) CH3I 4  0 2 +  hv
(2) H20 2 4  hv
(3) H2O2 4- Hg 4  hv
(4) H20  4  Hg 4  hv
(5 )  H2 4  0 2 4  Hg 4  hv
(6) CHsOH 4  Hg 4  h v

In any of these processes, if the reactions by 
which hydroxyl disappears have low rates com­
pared to those by which it is formed, it is conceiv­
able that steady-state concentrations might be 
attained which are sufficient to be detectable by 
the absorption spectrum. The purpose of the 
following work was to detect such absorption if 
possible.

Experimental.-—The photochemical reaction vessel was 
a cylindrical quartz tube, 120 cm. long, and 3.5 cm. in 
diameter, with plane quartz end windows. Irradiation 
was effected by placing two low pressure mercury arcs, each 
120 cm. long and 0.7 cm. in diameter, parallel to and on 
opposite sides of this tube. A cylindrical aluminum re­
flector, open at the ends, enclosed the arcs and quartz tube.

Light from a water discharge giving the 3064 A. hydroxyl 
band in emission was passed lengthwise through the reac­
tion cell and into the slit of a 21-ft. concave grating spec­
trograph. The intensity of the discharge in the region 
containing the Q\ lV 2and()i 21/ 2 lines was measured in the 
focal plane of the spectrograph with a sensitive photocell- 
amplifier system. This region shows the highest absorp­
tion at room temperature. The absorption noted in this 
region when the low pressure arcs were turned on was 
taken as a measure of the steady-state hydroxyl concen­
tration produced.

The limit of detection of hydroxyl was determined by a 
method similar to that of Oldenberg and Rieke,4 by measur­
ing the absorption of water vapor dissociated at a high tem­
perature. Here, the quartz cell was replaced by a cylindri­
cal furnace with quartz end windows. Oxygen and water 
vapor at known pressures were passed through this fur­
nace at about 1400° A. The temperature distribution was 
measured along the furnace axis with a P t/P t-R h thermo­
couple. Zeise’s data5 on the dissociation constants of 
water at various temperatures enabled a calculation of the 
hydroxyl distribution along the furnace axis at the high 
temperature. From the rotational term levels of the 
hydroxyl molecule,4 the absorption of this same distribu­
tion at room temperature was calculated. This, with the

(1) Present address, Northwestern University, E vanston, Illinois.
(2) Urey, Dawsey and Rice, T h is  J o u r n a l , 51, 1371 (1929).
(3) Bates and Spence, ibid., 53, 1689 (1931).
(4) Oldenberg and Rieke, J. Chem. Phys., 6, 439 (1938).
(5) Zeise, Z.  Elektrochem., 43, 704 (1937).
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limit of absorption detectable by the photocell-amplifier 
system, allowed calculation of 5 X 10~5 mm. as the lowest 
hydroxyl pressure detectable at 25° in the 120-cm. path 
length of the quartz reaction vessel.

All the above reactions were studied at 25° by introduc­
ing the reactants into the quartz tube at the following 
pressures: reaction 1 , CH3I =** 10 mm., 0 2 = 1 , 10, 100 
mm.; reactions 2 and 3, H2O2 =* 1.5 mm.; reaction 4, 
H20  — 20 mm.; reaction 5, H2 = 50, 140, 20 mm., and 
0 2 = 20,140, 500 mm., respectively; reaction 6, CH3OH — 
10, 50, 100 mm. In the processes where mercury was re­
quired, a few drops were scattered along the bottom of the 
quartz cell before introducing the reactants.

Results.—No absorption due to hydroxyl was 
detectable in any of the reactions studied. 
Hence, the steady-state concentration of hy­
droxyl, if any, was less than 5 X 10“5 mm. in 
processes 2, 3, 4, 5 and 6. In processes 3, 4, 5 and 
6, the mercury surface became coated with oxide. 
In process 1, there was a slow increase in absorp­
tion due to formaldehyde formation. Any ab­
sorption due to intermediate formation had to be 
sought superimposed upon this drift. This de­
creased the sensitivity so that for this reaction it 
may only be said that the steady-state pressure of 
hydroxyl was less than 0.0003 mm.
D e p a r t m e n t  o f  C h e m i s t r y  
S t a n f o r d  U n i v e r s it y
S t a n f o r d  U n i v ., C a l i f . R e c e iv e d  July 20, 1942

Photoöxidation of Methyl Iodide 
B y  W. J. B l a e d e l , 1 R. A. O g g , Jr ., a n d  P. A. L e ig h t o n

Bates and Spence have postulated a mechanism2 
for the photoöxidation of methyl iodide which has 
a maximum quantum yield of two and involves the 
intermediate formation of free hydroxyl. This 
mechanism was based on a study of the products, 
which were iodine, paraformaldehyde, methylal 
and water, and on a measurement of the quantum 
yield as 2.3, using a chloroacetic acid actinometer, 
assuming its quantum yield to be unity. Since this 
work, experimental data from several sources indi­
cate that this mechanism is not entirely correct.

Iredale found the photodecomposition of methyl 
iodide to be greatly accelerated in the presence of 
nitric oxide.3 His kinetic studies on this process 
and a comparison of his data with those of Bates 
and Spence permitted the inference that the 
quantum yield of photoöxidation should lie below 
a maximum possible value of 1.6.

In the hydroxyl mechanism,2 hydroxyl radicals
(1) Present address, Northwestern U niversity, Evanston, Illinois.
(2) Bates and Spence, T h is  J o u r n a l , 53, 1689 (1931).
(3) Iredale, Tra,ns. Fq.rq,dq.y Soc., 35, 458 (1939).

disappear by the reaction CH3I +  OH—> CH3OH + 1. 
This reaction probably has a high activation 
energy (15-20 kcal.) and, if the mechanism is cor­
rect, a high steady-state concentration of hy­
droxyl should be established. The failure to de­
tect any hydroxyl4 is an indication that this reac­
tion is not an important one in the mechanism.

Lastly, the quantum yield of the chloroacetic 
acid actinometer has been shown to be greatly 
dependent on temperature,5 being only 0.31 at 
25°. Assuming that the photoöxidation quan­
tum yield of 2.3 was measured at this tempera­
ture, the corrected value becomes only 0.71.

In the light of this evidence, suggestion of a new 
mechanism is possible, and the most likely is one 
involving the formation of a peroxide2 as an inter­
mediate.

CH3I -}- hi-----> CH3 -1- I Ja
CH3 -f- I2 — >- CHel 4- I k2

CH3 4- 0 2 — > CH30 2 h '
CH30 2 +  CH3 — ^  CH3OH 4- CH20  W  

2CH3OH 4- CH20  — > H2C(OCH3)2 4- H20  
rcCHsO -— (CH20)„ 

wCH20  4- hv — >  (CH20)„
21 4- M — >  I* -f M '

This differs from the hydroxyl mechanism in reac­
tions 3 'and 4'.

The rate of formation of methyl iodide, as 
deduced from the new mechanism is 

_  d(CHsI) ^ la(02)

d‘ " s ? <l2> + (m
This is identical in form to the experimental rate 
equation of Bates and Spence. The maximum 
quantum yield of unity is in accord with the pre­
viously conflicting data of Iredale and of Bates 
and Spence.

A recalculation of the data of the latter authors 
gives ki/kz =  820, meaning that the activation 
energy of process 3' is 3.6 kcal. greater than that 
of process 2 at 0°.

Reaction 3' is postulated to be a two rather 
than a three body process. The evidence for this 
lies in the data of Bates and Spence, which show 
that ki/kz remains constant as the total pressure 
varies over an eight-fold range from 25 mm. to 
400 mm. This would not be expected if 3' were a 
three body process.

The agreement of this mechanism with the ex­
perimental data indicates that the recombination, 
C H 3 +  I —> C H 3 I ,  is negligible compared to reac-

(4) Blaedel, Ogg and Leighton, T h is  J o u r n a l , 64, 2499 (1942).
(5) Smith, Leighton, Leighton, ibid., 61, 2299 (1939).
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tion 2. This is contrary to the conclusions of 
Iredale,3 who interpreted his data to mean that 
reaction 2 was negligible compared to the recom­
bination. However, his data may be interpreted 
equally well in a second way; and in this case, the 
results are in accord with the findings on the 
photoöxidation. At present, work is in progress 
to determine which of the two processes is pre­
dominant in methyl iodide photolysis.
D e p a r t m e n t  o f  C h e m is t r y  
S t a n f o r d  U n i v e r s it y
S t a n f o r d  U n i v ., C a l i f . R e c e iv e d  J u l y  20, 1942

Vapor Pressures of Indene, Styrene and Di- 
cyclopentadiene

By P. E. B u r c h f ie l d

The vapor pressures of indene, styrene and di- 
cyclopentadiene were determined over tempera­
ture ranges. The pressure-temperature data 
were desired for the development of distillation 
procedure for the separation of the components 
of light oil solutions.

Experimental.—The compounds used in this 
investigation were purified by recrystallization. 
The process of purification and the physical 
properties of the purified compounds are de­
scribed elsewhere.1 The vapor pressures were 
determined by the method developed by Booth, 
Elsey, and Burchfield.2 The temperature was 
measured by means of a calibrated thermometer 
graduated to 0.1°. The necessary stem correc­
tions were calculated and applied.

Due to the reactive nature of the compounds 
studied, a time factor was imposed upon the vapor 
pressure measurements with the exception of those 
of styrene. Two pressure readings, separated by 
a ten-minute time interval, were taken at equal 
temperatures for each determination. The vapor 
pressures of styrene at the three highest tempera­
tures were determined by employing a new sample 
for each measurement, thus reducing the possi­
bility of error through polymerization. Depoly-

T a b l b  I

V a p o r  P r e s s u r e  D a t a  o f  I n d e n e , S t y r e n e  a n d  D i - 
c y c l o p e n t a d ie n e

Clausius-Clapeyron No. 4 Temp, range of Average %
constants measure­ measurements, deviation

Compound A B ments °c. from mean
Indene 7 .919 -2 2 9 1 13 56 .2  to 181.8 1.4
Styrene 7 .929 -2 1 0 3 7 3 3 .5  to 116.3 1.1
Dichloropenta-

diene 7.925 -2 2 1 8 6 40.1  to 90 .8 0 .6

(1) Smoker and Burchfield, “ Cryoscopic Analysis of Light Oil 
Hydrocarbons,” unpublished.

(2) Booth, E lsey and Burchfield, T h is  J o u r n a l , 57, 2066 (1935).

merization was noticeable in the case of dicyclo- 
pentadiene at 100°.

The calculated constant, determined by meth­
ods of least squares, for the simplified, integrated 
Clausius-Clapeyron equation, and other perti­
nent data, are summarized in Table I.
R e s e a r c h  D e p a r t m e n t  
U n i t e d  G a s  I m p r o v e m e n t  Co.
P h il a d e l p h i a , P a . R e c e iv e d  S e p t e m b e r  4, 1942

A New Fructosan Isolated from Yucca  
m ohaven sis, Sarg.

B y  K e e n e  P .  D im ic k  a n d  B e r t  E . C h r i s t e n s e n

Recently in connection with the chemical in­
vestigation of the Yucca mohavensis, Sarg. it was 
observed that its fructose content (3-5%) in­
creased to as high as 60% on mild acid hydrolysis 
of the dried stem. This suggests the possibility 
of the presence of a considerable amount of 
fructosans which may be stored in the stem as a 
plant food. Further work on this material re­
sulted in the isolation of a polyfructosan. This 
fructosan was first obtained from the 70% alco­
holic extract of the stem of the Yucca mohavensis 
and comprised approximately 20% of the dry 
weight. It appeared to be similar to the compound 
Graminin, isolated from rye flour by Schlubach 
and Koenig,1 in that it was a white hygroscopic 
powder, soluble in water and pyridine, and forms 
an addition product with ethyl alcohol.

Experimental
Isolation of the Fructosan.—The stem of the Yucca plant 

was stripped of its bark, cut into small pieces, dried at 60° 
and then ground in a small mill. The meal was then sub­
jected to exhaustive and continuous extraction with petro­
leum ether, ether, absolute alcohol and 70% alcohol in the 
order given. The extract from the 70% alcohol, constitut­
ing 40% of the dry stem, was used in this study.

Twenty grams of the extract was dissolved in water 
and the solution made up to 100 ml. To this was added an 
equal volume of hot concentrated barium hydroxide 
suspension containing 20 g. of the hydrated base. When 
200 ml. of 95% ethanol was added to this mixture, a heavy 
precipitate settled out. After cooling, the precipitate was 
removed and washed with 10% ethanol.

This material was suspended in 100 ml. of water, the 
barium removed with carbon dioxide, and the filtrate 
decolorized with 1 g. of charcoal. The compound was 
again precipitated with barium hydroxide and the treat­
ment repeated.

To remove the last traces of barium the solution was 
treated with a small amount of dilute sulfuric acid until 
one drop would cause no further turbidity. By increasing 
the alcohol content of the aqueous solution the product was

(1) Schlubach and Koenig, Ann., 514, 182 (1934),
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fractionally precipitated into three gummy fractions. It 
is important to precipitate the compound with alcohol in 
order to separate it from the small excess of sulfuric acid. 
If the solution is left even slightly acidic, the compound 
will completely hydrolyze to fructose.

The precipitate from each fraction was dissolved in a 
minimum of water and dried in a vacuum oven at 60°. 
These fractions appeared to be identical; yield 42%.

Anal. Calcd. for (CeHioOö)®: C, 44.4; H, 6.22. Found: 
C, 43.9; H, 6.27.

Preparation of the Acetate.—The acetylation was car­
ried out by slightly modifying the directions of Haworth.1 2 
Three grams of the dried fructosan was added to 35 ml. of 
pyridine and shaken at 30° until dissolved. Thirty ml. of 
acetic anhydride was added slowly with stirring. The 
white precipitate which formed was easily redissolved. 
The mixture was allowed to stand at room temperature for 
eighteen hours and the straw colored mixture then poured 
into 500 ml. of ice water. The white precipitate was 
filtered, washed, dried over phosphorus pentoxide, and 
again acetylated. The acetyl content according to the 
method of Armstrong and Arup3 was found to be 45.4%.

Anal. Calcd. for (CeHyCVSCHsCO)*: C, 50.0; H, 5.5; 
acetyl, 44.8. Found: C, 49.8; H, 5.61; acetyl, 45.4.

Preparation of the Barium Salt.—The barium salt was 
prepared free from barium carbonate in the following man­
ner. Pure fructosan was dissolved in a small amount of 
water and an excess of saturated barium hydroxide was 
added. The slightly turbid solution was filtered by suc­
tion, taking precaution against the passage of air through 
the filter. Alcohol was added to the now clear aqueous 
filtrate, and the snow-white granular precipitate was 
filtered immediately by suction. The precipitate was 
washed first with 50% ethanol, and finally with 95% 
ethanol. The barium salt was then allowed to air dry and 
was finally dried completely in a vacuum oven at 50 °.

Two different samples prepared in a like manner con­
tained 22.4 and 23.5% of barium. The barium salt of the 
fructosan is soluble in water.

Discussion
Although sufficient data are not on hand to 

suggest a possible structure for this compound, a 
few facts have been established.

The fructosan exists in considerable quantities 
in the stem of the Yucca mohavensis. It is very 
readily hydrolyzed, which suggests the possibility 
of a fructofuranose.

The compound appears to be similar to the 
graminin isolated from rye flour.

Although this fructosan was first obtained from 
the 70% alcohol extract, in later work it was 
isolated from the hot aqueous extraction of the 
ground and dried stem.
D e p a r t m e n t  o f  C h e m is t r y  
O r e g o n  S t a t e  C o l l e g e
C o r v a l l is , O r e g o n  R e c e iv e d  M ay 5, 1942

(2) Haworth and Percival, J. Chem. Soc., 2277 (1932).
(3) Armstrong and Arup, ibid., 85, 1043 (1904).

Benzylidene Aminomorpholine Compounds
By L e r o y  D u g a n , J r . ,1 a n d  H e l m u t  M. H a e n d l e r

The structure of 4-aminomorpholine suggested 
its possible use as a reagent for organic qualitative 
analysis. However, the only one of its reactions 
which appeared satisfactory was the condensation 
with aromatic aldehydes to form, in general, 
colorless, crystalline compounds, which may be of 
some value for the identification of certain specific 
aldehydes. 4- (/>-Aminophenyl) -morpholine un­
dergoes similar reactions, and also reacts with o- 
hydroxyacetophenone, but the resulting com­
pounds will probably be useful only in isolated in­
stances.

4-Aminomorpholine was prepared by the method of 
Knorr and Brownsdon2 and was kept as the hydrochloride, 
m. p. 164-165°. Attempts to use reducing agents other 
than zinc and acetic acid resulted in the formation of mor- 
pholinium chloride and ammonium chloride.

The benzylidene compounds were prepared by reaction 
of ether or alcohol solutions of the free amine, formed from 
the hydrochloride by treatment with sodium hydroxide, 
with ether solutions of the aldehydes.

4-(^-Aminophenyl)-morpholine was prepared by the 
general methods of Kremer, Meltsner and Greenstein,3 and 
Lubs,4 m. p. 130-131°, from the nitro compound, prepared 
according to Harradence and Lions.5 The condensation 
products were prepared by refluxing equivalent quantities 
of the reactants in alcohol, followed by crystallization.

The quantitative data for the compounds formed by 
both of these substances are listed in Table I.

T a b l e  I
4-Aminomorpholine a n d  4-(/>-Aminophenyl)-morpho-

l i n e  C o m p o u n d s
Nitrogen

Carbonyl analyses, %
compound Color M . p., °C. Calcd. Found

W ith 4 -aminomorpholine
o-Hydroxybenzaldehyde Colorless 7 5 - 76 .5 13.60 13.90
m-Hydroxy benzaldehyde Colorless 145-147.5 13.60 13.85
£-Hydroxybenzaldehyde Tan 167-168 13.60 13.85
o-Nitrobenzaldehyde Orange 99-101 17.89 17.84
w-Nitrobenzaldehyde Yellow 114-114.5 17.89 17.85
Vanillin Colorless 153-154.5 11.86 11.68
Piperonal Colorless 7 6 - 77 11.91 12.19

W ith 4- (i>-aminophenyl) -morpholine
Salicylaldehyde Orange 161-162 9 .9 4 9 .9 5
Piperonal Tan 167.5-169 9 .0 4 9 .02
Vanillin Yellow 205-207 8 .9 8 9 .0 3
Furfural Brown 208-209 10.91 10.49
o-Hydroxyacetophenone Yellow 206-207 9 .4 3 9 .5 2

D e p a r t m e n t  o f  C h e m is t r y  
U n iv e r s it y  o f  W a s h in g t o n
S e a t t l e , W a s h in g t o n  R e c e iv e d  J u l y  7, 1942

(1) Present address: Chemical Warfare Service.
(2) Knorr and Brownsdon, Ber., 35, 4474 (1902).
(3) Kremer, M eltsner and Greenstein, T h is  J o u r n a l , 61, 2552 

(1939).
(4) Lubs, U. S. P atent 2,004,763, June 11, 1935.
(5) Harradence and Lions, J. Proc. Roy. Soc., N. S. Wales, 70, 406 

(1937).
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Hydrogen Exchange of Aromatic Amines with 
D20  and T20

By B. J. F o n t a n a

Ingold, Raisin and Wilson1 first demonstrated 
the ready H-exchange of the o- and p- H-atoms of 
phenols and aromatic amines when catalyzed by 
dilute bases and acids, respectively. This reac­
tion was studied extensively by Kharasch, Brown 
and co-workers2 in the case of the aromatic 
amines. It has been concluded that the existence 
of the quinoidal resonance forms of the free amine 
or phenolate ion is the chief factor governing the 
labilization of the nuclear H-atoms.

The amino or phenolic character of dyes or dye 
intermediates should then lend these substances 
amenable to the above type of H-exchange. 
Herein are described some quantitative exchange 
data for both deuterium and tritium obtained 
concurrently with attempts to label some organic 
dyestuffs with tritium. Discontinuance of the 
latter project has prevented the accumulation of 
more complete data.

Experimental
Exchange.—In general, 1 g. of the compound was mixed 

with 1 cc. of water (containing the D or T) and, unless 
otherwise noted, 0.01 cc. of 36 N  sulfuric acid. The sealed 
mixture was heated at 100°, usually for seven days. The 
water was then distilled off in vacuo and purified by dis­
tillation in vacuo from potassium permanganate and sodium 
carbonate.

Analysis.—In all cases the change in the D or T con­
tent of the water was determined before and after exchange. 
The initial mole fraction of D was either 0.99 or about 0.7; 
the change in density observed, in general, was from 0.01 
to 0.02 g. per cc. The method of density measurement is 
described elsewhere.3 Note that a 0.1% error in experi­
ment results in a 10% error in the calculated exchange 
number in the case of deuterium.

The tritium4 as recovered from the 60-inch cyclotron 
had an activity of approximately 600 microcuries per mole 
of water (about 10” 10 M  T20) and contained 0.7 mole frac­
tion of D. The D and T exchange could thus be deter­
mined simultaneously. In some experiments this water 
was diluted 1000-fold with H20. The very weak beta- 
radiation from H 8, tritium,5 requires that the activities be 
determined by direct introduction of the hydrogen as a gas 
(water vapor) inside the tube of a Geiger counter. A mix­
ture of 1-cm. pressure of water vapor and 2 cm. of pro­

(1) C. K. Ingold, C. G. Raisin and C. L. Wilson, J. Chem. Soc., 
1637 (1936).

(2) M. S. Kharasch, W. G. Brown and J. McNab, J. Org. Chem., 
2, 36 (1937); W. G. Brown, M. S. Kharasch and W. R. Sprowls, 
ibid., 4, 442 (1939).

(3) B. J. Fontana and M . Calvin, Ind. Eng. Chem., Anal. Ed., 14, 
185 (1942).

(4) L. W. Alvarez and R. Cornog, Phys. Rev., 56, 613 (1939).
(5) S. C. Brown, ibid., 59, 954 (1941).

pane was very satisfactory as a counting gas. The change 
in activity observed, in general, amounted to 20-30%.

Results and Discussion
The experimental results are tabulated in 

Table I. The observed values of the exchange 
number are given in the columns headed nkB and 
nkt. The number of exchangeable hydrogens, n, 
is merely the number of unoccupied nuclear posi­
tions o- and p- to the activating amino groups. 
That only the o- and ̂ -positions undergo exchange 
has been assumed in general in H-exchange of this 
type, and has been shown to occur conclusively in 
the cases of phenol and aniline by Best and Wil­
son.6 The partition ratios follow, kB for deute­
rium and hydrogen; and kr for tritium and hy­
drogen, except in the cases of methylene blue and 
crystal violet where kr is an over-all partition ratio 
for T, D and H. The values of nk given have been 
corrected, where necessary, for exchange with 
added catalyst, amino hydrogens (assuming k =
1.00 for D or T), for water of crystallization in the 
case of methylene blue and for hydrochloric acid 
in the experiments with benzidine.

T a b l e  I
E x c h a n g e  N u m b e r s  a n d  P a r t it io n  R a t i o s

&D
Expt. Compound n tt&D kn (cor.) n k  t k T

1 Crystal violet 6 7 .0 4 1 .1 7 0 .9 5
2 8 .3 8 1 .42 1 .22 9 .1 8 1 .5 3 a
3 M ethylene blue 4 4 .1 4 1 .04 0 .8 5
4 4 .8 4 1 .2 1 5 0 .9 8
5 5 .6 5 1 .41 1 .22 5 .21 1 .3 0 “
6 M ethyl orange 4 4 .9 6 1 .2 3 c’d 1 .00
7 Congo red 8 3 .7 8 0 .47d 0 .3 8
8 Benzidine 8 1 .72 0 .2 2 0 .1 8
9 2 .8 6 0 .3 3

10 0 .9 0 O . l l 6^
11 Benzidine-1 H Clg 0 .6 0 0 . 0 8 ^
12 Benzidine-2HC1 2 .9 0 0 .36*

a Usual heating period plus six weeks at room tempera­
ture. 6 0.03 cc. of 12 N  hydrochloric acid as acid cata­
lyst. c Extensive decomposition; value fortuitous? 
d Eleven days at 100°. 6 0.02 cc. of sulfuric acid catalyst. 
f Solvent 50% ethyl alcohol (95%) and 50% water; ten 
days at 100 °, three months at room temperature. 0 Mix­
ture 50% benzidine and 50% benzidine-2HCl. h No 
added acid catalyst.

The kB values for methylene blue and crystal 
violet have been recalculated for zero D-content 
of water according to the theory of Brodski!.7 
The average of the five corrected values gives 
kB — 1.04, which then might be compared to the 
values 0.90 and 1.4 for the nuclear hydrogens in 
phenol, obtained, respectively, by Ingold, et al., 
and Small and Wolf enden.8 Partial exchange of

(6) A. P. Best and C. L. W ilson, J. Chem. Soc., 28 (1938).
(7) A. I. Brodskii, Trans. Faraday Soc., 33, 1180 (1937).
(8) P. A. Small and J. H .  W olfenden, J. Chem. Soc., 1811 (1936).
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the meta hydrogens might account for the latter 
high value. Using the average value of kn =  1.2 
(uncorrected) and the values for the over-all 
&t ’s observed in experiments 2 and 5, the parti­
tion ratio for T and D is calculated to be approxi­
mately 1.2. The corresponding calculation for the 
k of T and H is very sensitive to experimental 
error; a value of approximately 2.0 is obtained, 
which seems very high. The apparent confirma­
tion of this latter value by the results of experi­
ments 8, 9 and 12 with benzidine is very probably 
fortuitous. The assumption that k =  1.00 for the 
exchange of T with amino H's is obviously ques­
tionable.

The triterated crystal violet lost only about 
2% of its T-activity on standing in 2% aqueous 
solution for three months at room temperature. 
Heating this solution for seven days at 100°, with 
added sulfuric acid catalyst, caused a loss of 60% 
of the activity. The deuterated methylene blue 
(expt. 4) was heated with 1 cc. of water at 100° 
for two hours with no acid catalyst present. The 
calculated Ad for exchange of the 3H2O of crys­
tallization only was 0.0104, actually observed
0.0111. Such exchange was incomplete in only 
five minutes of heating or in twenty-four hours 
at room temperature.

As noted above, the values given for benzidine 
may not be valid. The calculated effect is a small 
one derived from the large observed effect due 
chiefly to exchange of the four amino H’s. How­
ever, one interesting feature of the k values can 
be noted; that is, the very low values of the par­
tition ratios in general. That these are real and 
not merely an indication of a slow rate of reaction 
is indicated first in experiment 10. Here, increased 
solubility was achieved by using a 50% aqueous 
ethyl alcohol mixture as the exchange medium. 
This is further substantiated by experiment 11. 
According to the theory and actual observations 
of Ingold, et al.,1 on the exchange of phenol, and of 
Brown, et al.,9 on dimethylaniline, the conditions 
in expt. 11 are such as to yield the maximum pos­
sible rate of exchange. The result of expt. 12 as 
compared to expt. 9 is also consistent with the 
latter theory. The lower partition ratio observed 
in the aqueous alcohol mixtures can be explained 
in part by the observation of Kharasch, Brown, 
et a/.,2,8 that kv in pure ethyl alcohol as exchange 
medium is about 0.85 (as compared to approxi­

(9) W. G. B row n, A. H . W idiger an d  N . J . L etang , T his Journal,
61, 2597 (1939).

mately unity in water). The low value of k ob­
served with benzidine seems to be in accordance 
with the theory of exchange activation by ap­
pearance of a negative charge on the ortho and 
para positions through the quinoidal resonance 
forms (of the free base in the case of aromatic 
amines). For in the case of benzidine there must 
be an interference between the resonances of the 
two groups with the aromatic nucleus, since the 
two resonance systems induce similar charges in 
the benzene rings. Such an effect does not seem 
to appear in the results obtained by Brown and 
Letang10 with various dimethylamino-naphtha- 
lene derivatives.

A similar resonance interaction would account 
for the relatively small exchange observed with 
the symmetrical dyestuff congo red. Accordingly, 
it was also ascertained that under the conditions 
employed herein, little or no exchange occurred in 
the dyes trypan blue and trypan red. Other 
effects may also be operating here, including the 
steric hindrance of resonance (“peri-effect”) ob­
served in naphthalene derivatives.9

Acknowledgment.—The author gratefully ac­
knowledges the interest and advice of numerous 
members of both the Radiation Laboratory and 
the Department of Chemistry. This work was 
supported by funds from the A. B. Miller 
Foundation.

(10) W. G. Brown and N . J. Letang, ibid., 63, 358 (1941).

D e p a r t m e n t  o f  C h e m i s t r y ,
U n i v e r s it y  o f  C a l i f o r n ia
B e r k e l e y , C a l i f . R e c e iv e d  J u n e  8 , 1942

X-Ray and Optic Measurements on /3-Lacto- 
globulin

B y  I. F a n k u c h e n

Through the courtesy of Dr. T. L. McMeekin, 
a large air-dried crystal of /3-lactoglobulin was 
made available to the writer. In the only pub­
lished work on this material,1 no optic data (save 
the sign of the birefringence) and no correlation of 
the crystallographic axes with the physical direc­
tions of the crystal were given. It was thought 
desirable in view of McMeekin and Warner's2 ob­
servations on shrinkage to make these measure­
ments.

The crystals are of the orthorhombic variety 
designated by Crowfoot as tabular. The small-

(1) D. Crowfoot, Chem. Rev., 28, 215 (1941).
(2) T. L. M cM eekin and R. C. Warner, T h is  J o u r n a l , 64, 2393 

(1942).
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est refractive index, a, lies in the main prism face 
at right angles to the prism length. The other 
two vibration directions p and y  are parallel to 
the thickness and length of the crystal but could 
not be identified as the crystal is almost uni­
axial. This agrees with Crowfoot’s determination 
of the sign of the birefringence as negative.

The ‘V ’ axis was found to be 111 A. and cor­
responds in direction to a, the crystal width. 
The crystal length, “a,” is 60 A. and the thick­
ness “5” is 62 A. These values agree very well 
with Crowfoot’s cell values 110, 60 and 63 A., re­
spectively. This identifies the material as the 
lactoglobulin that Crowfoot studied, and, there­
fore, her unit cell measurements 154, 67.5 and
67.5 for the wet crystals can be used to determine 
cell shrinkage in the various crystal directions. 
The agreement between these shrinkages and 
those observed by McMeekin and Warner on 
the actual crystal is very good. It is also inter­
esting to note that the approximate uniaxial optic 
character of the crystal agrees with the approxi­
mate tetragonal shape of the unit cell. This 
may, of course, be only a coincidence and have no 
bearing on any characteristics of the molecular 
arrangement.
A n d e r s o n  I n s t i t u t e  f o r  B io l o g ic a l  R e s e a r c h  
R e d  W in g , M i n n e s o t a , a n d  T h e  
D e p a r t m e n t  o f  P h y s io l o g y  
U n i v e r s it y  o f  M i n n e s o t a
M i n n e a p o l is , M i n n . R e c e iv e d  J u l y  9, 1942

The Hydrogenation of Disubstituted Acetylenes
B y  K e n n e t h  W. G r e e n l e e  a n d  W. C o n a r d  F e r n e l i u s

Campbell and Eby1 have recently shown that 
the treatment of dialkylacetylenes with sodium 
in liquid ammonia produces the pure trans forms 
of the corresponding olefins. These investigators 
offer no explanation for this startling phenomenon. 
The following suggested mechanism seems to 
account satisfactorily for the observed results.

A solution of sodium in liquid ammonia con­
tains electron ions2

Na ~ ~ ~  Na+ -f- e~ 
e~ +  * NH3----^  e" (NH3)tf

The reaction of sodium with double and triple 
bonds consists in the addition of electrons3

(1) K. N . Campbell and L. T . E by, T h is  J o u r n a l , 63, 216-219
(1941).

(2) For references see W. C. Fernelius and G. W. W att, Chem.
Reviews, 20, 195-258 (1937).

(3) For a review of reactions of solutions of metals see Fernelius 
and W att, ref. 2.

-  I
R te C R  +  e "  >  R C =C R

RC—CR +  e“  >  R C =C R
followed by partial or complete ammonolysis 

RC===CR +  2NH3---->  RH C=CH R +  2 NH2~
In the ionic intermediate, the electrons would 
repel each other into positions as far apart as 
possible, i. e., the trans form. The configuration 
once fixed in the ion (either before or after the 
addition of the second electron), persists in the 
ammonolysis (or hydrolysis) product. The pic­

ture of one of the carbon tetrahedra turning inside 
out like the frame of an umbrella is the same 
mechanism as that frequently offered for the 
Walden inversion.4

(4) W. A. Waters, “ Physical Aspects of Organic C hem istry,” D. 
Van Nostrand Co., Inc., New York, N . Y ., 1936, pp. 331-336.

D e p a r t m e n t  o f  C h e m is t r y  
T h e  O h io  S t a t e  U n i v e r s it y
C o l u m b u s , O h io  R e c e iv e d  J u l y  13, 1942

The Nitration of 4-Phenylphenyl Benzoate
B y  S t e w a r t  E . H a z l e t  a n d  H a r r i s  O . V a n  O r d e n

Earlier studies on the bromination of esters 
containing diphenyl groups, including the bromi­
nation of 4-phenylphenyl benzoate,1 have been 
reported from this Laboratory.2 In the work 
here reported an attempt was made to compare 
the nitration of an ester with the bromination of 
the same compound. Methods of investigation 
were essentially the same as in previously re­
ported work.2 For reference compounds, the 
nitrophenylphenols were prepared by methods on 
record, and the corresponding benzoates were 
prepared by the action of benzoyl chloride on the 
nitrophenols.

Nitration of 4-phenylphenyl benzoate was 
effected under conditions somewhat similar to 
those employed in the bromination which was re­
ported earlier,1 and 4-(4-nitrophenyl)-phenyl ben­
zoate resulted. The course of this nitration, then, 
is strictly parallel to the analogous bromination.

(1) H azlet, Alliger and Tiede, T h is  J o u r n a l , 61, 1447 (1939).
(2) Cf. Hazlet, Hensley and Jass, ibid., 64, 2449 (1942), for the  

last paper in this series.
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T a b l e  I

B e n z o a t e s  o f  t h e  N it r o p h e n y l p h e n o l s

Nitropbenylphenol used Y ield, % Solvent M. p., °C . C

--------------Analyses, %---------------
Calcd. Found  

H  C H
2-Nitro-4-phenyl-3 82 Ethanol Ill®
4- (4-N itrophenyl) - 4 Quant. Propanol 209-210 71.4 4.1 71.2 4.8
2,6-Dinitro-4-phenyl-5 91.5 Propanol 157-158 62.6 3.3 62.4 4.1
2-Nitro-4- (4-nitro-phenyl)-4 Quant. Propanol 151-152 62.6 3.3 62.5 4.0
2,6-Dinitro-4-(4-nitrophenyl)-6 60 Propanol 168 55.8 2.7 55.4 3.3

Acknowledgment is gladly made to the Dow 
Chemical Company, Midland, Michigan, for the 
supply of 4-phenylphenol used in this work.

The Nitrophenylphenyl Benzoates.—These benzoates 
were prepared by treating the necessary phenols with 
benzoyl chloride in the presence of pyridine. The indi­
vidual compounds are described in Table I.

Nitration of 4-Phenylphenyl Benzoate.—Ten grams of
4-phenylphenyl benzoate1 dissolved in 80 ml. of glacial 
acetic acid was treated with a mixture of 5 ml. of fuming 
nitric acid and 2.5 ml. of concentrated nitric acid, which 
was added slowly at room temperature. The mixture was 
stirred and heated gently for a short time on an electric 
heater. After cooling, filtering and one recrystallization 
from glacial acetic acid, 4.8 g. of product was obtained. 
Several more recrystallizations from glacial acetic acid 
gave lustrous colorless plates which melted at 208-210°. 
A mixture of equal amounts of this product and 4-(4-nitro- 
phenyl)-phenyl benzoate melted without depression at 
209-211°.

(3) Raiford and Colbert, T h is  J o u r n a l , 47, 1457 (1925).
(4) Bell and K enyon, J. Chem. Soc., 129, 3048 (1926).
(5) Bands and Guiteras, Andies soc. espan. fis. quim., 21, 126 

(1 9 2 2 ).
(6) Colbert, M eigs and Stuerke, T h is  J o u r n a l , 56, 2129 (1934).

D e p t , o f  C h e m is t r y
S t a t e  C o l l e g e  o f  W a s h in g t o n
P u l l m a n , W a s h in g t o n  R e c e iv e d  J u l y  22, 1942

Some Reactions of Morpholine1
By A l v i n  R. I n g r a m 2 a n d  W. F. L u d e r

In the course of an investigation of the con­
ductivity of morpholine solutions, the following 
reactions were observed.

Morpholine, a weak base, reacts with the acidic 
stannic chloride3,4 to give the expected addition 
compound SnCl4*2C4H9NO. It is similar to the 
compounds of morpholine prepared by Haendler 
and Smith.8 Dilute solutions of morpholine and 
stannic chloride in carbon tetrachloride were 
mixed in a ratio of two moles of morpholine to one

(1) Abstracted from a portion of a thesis presented by Alvin R  
Ingram to the faculty of Northeastern U niversity in partial fulfill­
m ent of the requirements for the M .S. degree, June, 1942.

(2) Present address: General Chemical Defense Corporation,
C laym ont, Delaware.

(3) G. N . Lewis, J. Franklin Inst., 226, 293 (1938).
(4) W. F. Luder, Chem. Rev., 27, 547 (1940).
(5) H . M . Haendler and G. M cP. Sm ith, T h is  J o u r n a l , 63, 1164 

(1941).

of stannic chloride. A white precipitate formed 
immediately. This product was washed in car­
bon tetrachloride, absolute alcohol and petroleum 
ether. It was insoluble in the common organic 
solvents, water and dilute acids, but it dissolved 
with decomposition in hot concentrated acids. 
It melted with decomposition between 215° and 
235°. Anal. Calcd. for SnCl^C^gNO: Sn, 
27.3; Cl, 32.7. Found: Sn, 27.3; Cl, 32.0.

Morpholine also reacts with carbon tetrachlo­
ride and chloroform to give morpholinium chlo­
ride. Similar reactions have been observed pre­
viously with piperidine to form piperidinium 
chloride.6 Because these reactions of morpholine 
with carbon tetrachloride and chloroform were 
of no concern to the investigation under way, no 
attempt was made to isolate other products in 
addition to morpholinium chloride. However, 
from the work of Powell and Dehn,6 the principal 
ones may be N-trichloromethyl and N-dichloro- 
methyl morpholine.

A 4.5% by weight solution of morpholine in 
carbon tetrachloride, made up for another pur­
pose, contained a large quantity of needle-like 
crystals when noticed about four months later. 
The crystals melted at 177° and when dissolved 
in water gave a white precipitate with silver ni­
trate. Mixed melting points, using morpholinium 
chloride prepared by the reaction of dry hydrogen 
chloride with morpholine, confirmed the conclu­
sion that the crystals were morpholinium chloride. 
When approximately equal volumes of morpholine 
and carbon tetrachloride were warmed to tem­
peratures from 50 to 100°, the morpholinium chlo­
ride was formed in a few hours, and the remaining 
liquid became yellow or brown depending on time 
and temperature. Distillation of the colored 
liquid gave a colorless distillate which deposited 
more morpholinium chloride immediately upon 
cooling. The residue was viscous and dark brown. 
When mixed in a ratio of two moles of morpholine 
to one mole of carbon tetrachloride (both being 
dried over calcium chloride or calcium sulfate)

(6) S. G. Powell and W. M . Dehn, ibid., 39, 1717 (1917).
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crystals formed within one day at room tempera­
ture leaving a colorless solution. The reaction 
took place even with calcium oxide present.

The behavior of morpholine with chloroform 
is similar. Morpholinium chloride was identified 
as the product by its melting point, by its reac­
tion with aqueous silver nitrate, and by taking a 
mixed melting point with morpholinium chloride 
prepared from hydrogen chloride and from carbon 
tetrachloride.
H a y d e n  M e m o r ia l  L a b o r a t o r ie s  
N o r t h e a s t e r n  U n i v e r s it y
B o s t o n , M a s s a c h u s e t t s  R e c e iv e d  J u l y  11, 1942

Solubility of the Flavianates of Certain Organic 
Bases in Water, Ethanol, and n-Butanol 

at 3 and 30°
B y  W il s o n  D. L a n g l e y  a n d  T h o m a s  R. N o o n a n

The use of 2,4-dinitronaphthol-7-sulfonic acid 
(flavianic acid) for the purification and characteri­
zation of organic bases, first recommended by Kos- 
sel and Edlbacher, and Kossel and Gross,1 has 
been extended by Sievers and Mueller2 to include 
solubility data, and by Langley and Albrecht3 to 
include crystallographic data. It has been our de­
sire further to extend knowledge of the solubilities 
of the flavianates in certain solvents, so that 
flavianic acid may be more satisfactorily used for 
fractional precipitation of organic bases. Ac­
cordingly, we have determined the solubilities re­
ported in the accompanying table. The solvents 
were selected as being suited for fractionation of 
extracts of tissues, and it was hoped that quantita­
tive separations of bases could be accomplished 
readily once the components of mixtures were 
identified under the microscope. This work has 
been interrupted, and the prospects of it being re­
sumed are remote.

The solvents used were purified by distillation 
just prior to use, and purity was established by 
constancy of boiling point, and by measurement of 
density (pycnometer). The flavianates used had 
been analyzed and reported upon previously.3 
Equilibrium was attained by frequent shaking of 
solvent in contact with solid for various lengths of 
time ranging from several days to several months. 
The saturated solutions were filtered, and were

(1) A. Kossel and S. Edlbacher, Z. physiol. Chem., 110, 241 (1920); 
A. Kossel and R. E. Gross, ibid., 135, 167 (1924).

(2) H. Sievers and E. Mueller, Z.  Biol., 89, 37 (1929); 92, 513 
(1932).

(3) W. D. Langley and A. J. Albrecht, J. Biol. Chem., 108, 729 
(1935).

pipetted immediately by use of pipets which were 
calibrated at the temperatures used. Fifty-ml. 
portions (occasionally 20 ml.) of solutions were 
pipetted into weighed beakers, and the covered 
solutions were evaporated on a steam-bath. 
Final drying of the residue was done in an oven at 
100°, constant weight being attained in each case.

S o l u b il it y  o f  F l a v ia n a t e s  i n  g . p e r  L it e r

Base W ater Ethanol (95% ) w-Butanol
3°

oOCO 3°

0000 3° 30°
Acetylcholine O.O9 0 .4 o
Ammonium 14 .2 2 .5 7 6 .2 2 .29 .3 9
Choline 2 .8 i I 7 • 26
Creatinine 2 .6 5 4 .5 4 1 .0 s 1 .5 2 .09 .4 3
as-Dim ethylguanidine I . 8 5 1 .3 0 3 -2 •2 i .3 0
Ethanolamine 2 .4 5 6 .8 .14 •28
Guanidine 1 .3o 3 .3 4 I . 6 4 3 .5 7 • 19 I 9

Hydroxylam ine l6 a 70a 2 6a 2 . 4 ° 5 -2 a
H ypoxanthine 1 .3 3 ,6 0 .9 5 3 .3 6 0 .3 4 0 .4
M ethylam ine 7 .6 1 .9 5 4 .1 0 .09 .17
M ethylguanidine 2 .5 3 5 .7 2 .6 4 .7 .33 .3 5
M ethyl urea 36° .66 1 • 4a
Piperidine 4 -0 3 .3 ° 1 .3 .13 0 .3 5
Potassium 3 .7 ° 1 1 .2° 0 .1 2 0 .1 6 .0 4 a .05
Putrescine 0 .2 5 0 .3 i 0 .4 6 .06
Tetram ethyl­

ammonium 4 .9 ° 1 2 .ga O. 6 1 1 .5 2 .0 4 O5

Trim ethylam ine 4 7° 4 . 4 “ 7 .2 7 .1 2 •4 1
Tyramine 4 .4 o 1 0 . 3 “ .34 •8
Urea 1 5 .7a 40a 1 2 .4 17 .56 • 8 1

a Single determinations.

The figures represent averages of values which 
were obtained after differences of several weeks in 
contact time, and which, except for the very 
small values, seldom disagreed by as much as 5%. 
Uncertain figures are depressed below the line. 
When the solubilities were great, duplicate deter­
minations were not always made; these single 
values are marked.
D e p a r t m e n t  o f  B io l o g ic a l  C h e m is t r y
U n i v e r s it y  o f  B u f f a l o  M e d ic a l  S c h o o l
B u f f a l o , N . Y. R e c e iv e d  June  27, 1942

1 -Carbamyl-5-methylpyrazole-3-carboxylic Acid
B y  A l b e r t  L . L e h n i n g e r

During the course of some work on the deriva­
tives of acetopyruvic acid,1 the reaction between 
semicarbazide and acetopyruvic acid became of 
interest as a means of identification of the latter 
compound. Von Auwers and Cauer2 had re­
ported that they were unable to obtain the ex­
pected product, l-carbamyl-5-methylpyrazole-3- 
carboxylic acid (I), since the carbamyl group was 
apparently lost on ring closure, leading instead to
5-methylpyrazole-3-carboxylic acid (II).3

(1) Lehninger and Witzemann, T h is  J o u r n a l , 64, 874 (1942).
(2) von Auwers and Cauer, J. prakt. Chem., 126, 146 (1930).
(3) Knorr and M acDonald, Ann., 279, 217 (1894).
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By altering the conditions employed by von 
Auwers and Cauer, it was found that the expected 
carbamyl compound could be obtained easily and 
in large yields. Furthermore, the reason for their 
failure to obtain the compound became apparent 
on studying its properties.

This substance was found to hydrolyze readily 
to 5-methylpyrazole-3-carboxylic acid in water or 
in water-alcohol solutions on standing for several 
days at room temperature or on heating for short 
periods, with or without added acid. The long 
reaction periods employed by von Auwers and 
Cauer probably provided for the conversion of 
the primary product I into II.

HC-----~C—COOHII ' II
h‘cc\ n/ n 

H

II

The product of hydrolysis of the carbamyl 
compound was isolated and identified as 5-methyl- 
pyrazole-3-carboxylic acid.3

Experimental
l-Carbamyl-5-methylpyrazole-3"Carboxyiic Acid.—To a

solution of 1.30 g. of acetopyruvic acid (prepared as previ­
ously described1) in 10 ml. of water was added 1.11 g. of 
semicarbazide hydrochloride dissolved in 10 ml. of water. 
The mixture was stirred and gently warmed. A white 
voluminous mass of microscopic needles immediately pre­
cipitated. The mixture was stirred for two minutes, fil­
tered, washed copiously with cold water and dried over 
phosphorus pentoxide. The compound was thus obtained 
pure without recrystallization; yield, 80-85%; m. p. (dec. 
started at 155°, clear melt at 232-234° (cor.).

Anal. Calcd. for C6H70 3N3: C, 42.60; H, 4.17; N,
24.85. Found: C, 42.74; H, 4.13; N, 24.67. Amide N : 
Calcd. 8.28. Found (hydrolysis with H2S04, followed by 
alkaline distillation of ammonia and titration), 8.12.

Hydrolysis to 5-Methylpyrazole-3-carboxylic Acid.—A 
suspension of 1.0 g. of the compound obtained above in 20 
ml. of water was brought to the boiling point for one min­
ute (evolution of carbon dioxide was apparent) and cooled. 
Crystals of 5-methylpyrazole-3-carboxylic acid separated. 
These were recrystallized from water; m. p. 236-236.5° 
(cor.); melting point of authentic sample (prepared 
according to Knorr and MacDonald3) 236-237°; a mixed 
melting point test showed no depression.

Anal. Calcd. for CbH60 2N2: C, 47.61; H, 4.80. 
Found: C, 47.42; H, 4.60. There was no detectable 
amide nitrogen.
D e p t , o f  P h y s io l o g ic a l  C h e m is t r y  
U n i v e r s it y  o f  W is c o n s i n
M a d i s o n , W i s c o n s i n  R e c e iv e d  J u l y  30, 1942

H C -
ii

HsCC\ n / n

C -N H ,
II
0
1

C—COOH

The Polymerization of Styrene Catalyzed by 
^-Bromobenzenediazonium Hydroxide

B y  C h a r l e s  C . P r ic e  a n d  D o r o t h y  A n n  D u r h a m

The presence of fragments from the catalyst in 
polystyrene and polymethyl methacrylate pre­
pared in the presence of substituted peroxides1 
has been interpreted as evidence strongly sup­
porting the suggestion that such catalysts first 
dissociate into free radicals2 which then initiate 
the polymerization process.3

Since the reaction of alkaline diazotized p- 
bromoaniline with benzene and its derivatives to 
form ^-bromobiphenyl and the corresponding 
derivatives4 has been ascribed to the decomposi­
tion of the diazonium hydroxide to a p-bromo- 
phenyl free radical,2 the action of the diazonium 
hydroxide as a catalyst for the polymerization 
of styrene has been tested.

^-Bromobenzenediazonium hydroxide has 
indeed been found to catalyze the polymerization 
of styrene. The directions followed for carrying 
out the polymerization were those described for 
the preparation of ^-bromobiphenyl4 with the 
single exception that styrene replaced benzene. 
Alkali was added slowly to a vigorously-stirred 
suspension of 30 cc. of styrene in an aqueous solu­
tion of 11 g. of diazotized p-bromoaniline at 0°. 
After the addition of alkali was complete, the 
reaction mixture was allowed to warm up to room 
temperature. The aqueous layer was decanted 
and alcohol was added to the viscous organic 
layer. The polystyrene which precipitated was 
purified further by several reprecipitations from 
ether solution by pouring into ice-cold alcohol. 
The viscosity of a sample of this polymer in tetra­
lin was measured at 20°; rjsp JCgmm =  1.16. Using 
the revised5 value for the constant of the Staud­
inger equation relating this expression to molecu­
lar weight, the polymer contained an average of 
about twenty-two styrene units.

Anal. Calcd. for BrQH^CgHsUCe^Br: C, 
88.07; H, 7.27; Br, 4.65. Calcd. for BrC6H4-

(1) Price, Kell and Krebs, T h is  J o u r n a l , 64, 1103 (1942).
(2) Hey and Waters, Chem. Rev., 21, 169 (1937).
(3) Norrish and Brookman, Proc. Roy. Soc. (London), A171, 147 

(1939); Norrish, Trans. Faraday Soc., 35, 1087 (1939); Kamenskaya 
and M edvedev, Acta Pkysicochem., U. S. S. R., 13, 565 (1940); 
Price and Kell, T h is  J o u r n a l , 63, 2798 (1941).

(4) Gomberg and Bachmann, ibid., 46, 2339 (1924). See also 
Gilman and Blatt, ‘‘Organic Syntheses,” Collected Volume I, 
2nd Edition, John W iley and Sons, Inc., N ew  York, N . Y ., 1941, 
p. 113.

(5) Kemp and Peters, Division of Paint, Varnish and Plastics, 
103rd m eeting of the American Chemical Society, Memphis, Tenn., 
April, 1942.



Oct., 1942 N otës

(C8H8)i7OH: C, 87.75; H, 7.31; Br, 4.11.
Found: C, 87.77; H, 7.24; Br, 4.2.6

Since no polystyrene was formed in a parallel 
experiment in which the diazonium salt was 
omitted, it appears that the £-bromophenyl radi­
cals from the decomposition of £--bromobenzene- 
diazonium hydroxide are capable of initiating the 
polymerization of styrene and are thereby in­
corporated in the polymer.

(6) T his analysis was carried  o u t by  w et oxidation w ith  silver and  
potassium  d ichrom ate  in sulfuric acid. T he  halogen was absorbed 
in alkaline hydrogen peroxide according to  Zacherl and  K rainick 
(M ikrochemie, 11, 61 (1932)) b u t analysis by titra tio n  of excess alkali 
was entirely  unsatisfacto ry , evidently  due to  volatilization  of organic 
acids. Volhard titra tio n  for brom ide ion in the  alkaline peroxide, 
however, proved very  convenient an d  accurate .

N o y e s  C h e m ic a l  L a b o r a t o r y  
U n i v e r s it y  o f  I l l i n o i s
U r b a n a , I l l i n o i s  R e c e i v e d  A u g u s t  10, 1942

The Composition of Alkylmagnesium Chloride 
Solutions in Ethyl Ether

B y  C . R. N o l l e r  a n d  A. J .  C a s t r o

In previous work on the composition of ^-butyl- 
magnesium chloride solutions in ethyl ether,1 it 
was thought that the values obtained were true 
equilibrium values expressing the relation between 
the amounts of ^-butylmagnesium chloride, di- 
w-butylmagnesium and magnesium chloride as 
etherates in ether solution. On attempting to 
repeat, refine and extend this work, we have found 
that other factors seem to be involved. For ex­
ample, in the original experiments it appeared that 
equilibrium was reached after fifty to one hundred 
and fifty hours. In the new series of experiments, 
at least in the higher concentrations, much less 
magnesium chloride had precipitated after seventy 
days than had been precipitated after 150 hours 
in the first series and did not reach the latter 
value until after 300 days. The only difference 
in procedure of which we are aware is that in the 
second series the solutions were kept in sealed glass 
tubes whereas in the first series the tubes were 
closed by stopcocks. It is possible, too, that in 
the second series somewhat more care may have 
been given to avoiding contact with air.

That exposure to air may be the cause of the 
discrepancy was indicated by a third series in 
which extreme care was taken to avoid contact 
with air by preparing the reagent and carrying out 
all transfers in an atmosphere of purified nitrogen. 
After 160 days practically no magnesium chloride 
had precipitated. In fact the chloride concentra-

(1) Noller and Raney, T h is  J o u r n a l , 62, 1749 (1940).

tion of the solution was still greater than the 
alkylmagnesium concentration, a condition which 
had never been observed previously even in freshly 
prepared solutions of Grignard reagent. If no 
magnesium chloride precipitates, one should, of 
course, have an excess of chloride over alkylmag­
nesium because of side reactions which do not re­
sult in the formation of Grignard reagent. Similar 
but even more marked results were obtained with 
Grignard solutions from tertiary butyl chloride 
which after 150 days contained over 2.5 equiva­
lents of chloride for each two equivalents of 
alkylmagnesium.

When increasing amounts of oxygen reacted 
with a 0.5 N  solution of ^-butylmagnesium chlo­
ride, the ratio of halogen to basic magnesium in 
the precipitate was about three to one for one- 
fourth oxidation, about one to one for the next 
fourth while complete oxidation caused removal 
of all of the halogen from the solution and all but 
a trace of basic magnesium. This indicates that 
if ROMgCl is the product of oxidation, it is ca­
pable of bringing down with it additional magne­
sium chloride, presumably by using the unshared 
electrons of the oxygen atom to form a complex 
with magnesium chloride much in the same way 
as dioxane forms an insoluble complex or as ether 
forms a soluble complex. If this is the case one 
might expect the precipitate to have ultimately 
the composition ROMgCl*2MgCl2 in which the 
ratio of chloride to basic magnesium would be 
5:1. To explain the behavior of the Grignard 
solutions on standing one might assume that, in 
the absence of oxygen, magnesium chloride is 
soluble in the Grignard solution either because 
the reagent is entirely in the form RMgCl or be­
cause the Grignard solution is a much better sol­
vent for magnesium chloride than pure ether.2 
If oxygen is present, ROMgX, which itself is rela­
tively insoluble, would be precipitated fairly rap­
idly, carrying down some magnesium chloride with 
it. This precipitate would then slowly go over to 
the still less soluble ROMgCl-2MgCl2, causing 
slow precipitation of more magnesium chloride.

This picture, however, is incomplete because in 
the case of Grignard solutions from benzyl 
chloride, magnesium chloride precipitates fairly 
rapidly in spite of all precautions we have taken

(2) A t present the latter seems to  be the better explanation since 
we have obtained Grignard solutions from tertiary butyl chloride 
which contained as much as 0.3 mole of magnesium chloride per 1000 
g. of solution above the 1:1 ratio while the solubility of m agnesium  
chloride etherate in pure ether is of the order of 0.001 mole.

250Ö
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so far to exclude oxygen. Moreover, the precipi­
tate contains as much as ten equivalents of chlo­
ride per equivalent of basic magnesium, which is 
much greater than the 5:1 ratio expected from the 
formula ROMgCl*2MgCl2. Evidently, the effect 
of some Grignard solutions on the solubility of 
magnesium chloride is much less than others and 
magnesium chloride precipitates in addition to 
that brought down by the oxidized reagent.

Obviously this problem requires further study. 
It will be necessary to devise a technique for the 
preparation and sampling of the Grignard solu­
tions entirely in the absence of oxygen. More­
over, the sampling will have to be done over a 
period of several years to ensure equilibrium con­
ditions. We hope to initiate such experiments 
in the near future,
D epartment of Chemistry 
Stanford U niversity
Stanford Univ ., Calif. R eceived July 6, 1942

. Preparation of Phenylpropiolic Acid
By M arie R eimer

Preparation of phenylpropiolic acid can be 
facilitated by a simple improvement in the prepa­
ration of cinnamic acid dibromide. The fact that 
the usual procedure for addition of bromine to the 
ethylenic linkage, using ice-cold solvents, is dis- 
couragingly slow in the case of cinnamic acid has 
led to the bromination of cinnamic ester.1 The 
preparation of the ester can be eliminated, how­
ever, and a good grade of commercial cinnamic 
acid brominated quickly and in excellent yield by 
use of boiling carbon tetrachloride as solvent. A 
typical reaction is as follows: 74 g. (0.5 mole) of 
cinnamic acid and 500 ml. of carbon tetrachloride 
were placed in a three-necked flask fitted with an 
efficient stirrer, a reflux condenser and a separa­
tory funnel. The mixture was heated to boiling, 
the stirrer started and the addition of 79.9 g. 
(0.5 mole) of bromine in 50 ml. of carbon tetra­
chloride begun. The color disappeared slowly at 
first, then so rapidly that all the bromine could 
be added in the course of forty-five minutes. 
Heating and Stirring were carried on for an addi­
tional fifteen minutes and the stirring continued 
while the mixture cooled. The product, which 
began to separate from the solution when about 
two-thirds of the bromine had been added, con­
sisted of fine colorless, shining needles, softening at 
195Q and melting with decomposition at 199-

(1) Org. Syntheses, 12, 36 (1932).

200°, This is sufficiently pure for subsequent use. 
The yield was 147 g. (95%) with an additional 2 
g. of less pure material obtained by distilling the 
filtrate to 50-ml. volume. Repeated crystalliza­
tion of the cinnamic acid dibromide from carbon 
tetrachloride did not improve the melting point 
appreciably, but after one crystallization from 
chloroform the compound separated in brilliantly 
shining needles, melting at 200-202°,

For obtaining phenylpropiolic acid in small 
amounts, a less elaborate procedure can be used 
than that recommended2 for its preparation in 
larger quantity from the ester of cinnamic acid 
dibromide. Twenty-five grams of cinnamic acid 
dibromide was placed in an evaporating dish, 100 
ml. of a 25% solution of potassium hydroxide in 
methanol added, and the mixture stirred over 
rapidly boiling water until nearly all the alcohol 
had evaporated. To the thick, pasty residue, 75 
ml. of methanol was added and the procedure re­
peated to ensure complete reaction. The pale 
yellow granular product was cooled, subjected to 
strong suction to rid it of a small amount of re­
sidual liquid, washed with a few milliliters of 
chilled methanol and dissolved in 500 ml. of ice- 
water. To the solution, iced hydrochloric acid 
was added to faint acidity. As phenylpropiolic 
acid separates as an oil, the mixture was then 
seeded and the hydrochloric acid added slowly 
with vigorous stirring until the mixture was 
strongly acid. To make sure that all the oil had 
solidified, the mixture was left standing overnight 
in the ice-chest. The acid which had separated in 
80% yield was pure white and melted at 128- 
136°. There was but slight loss on recrystalliza­
tion from boiling carbon tetrachloride from which 
the acid separates in long, shining needles, melt­
ing at 136-138°.

(2) Ibid., 12, 60 (1932).
D epartment of Chemistry 
Barnard College
New Y ork, N . Y. Received July 29, 1942

Formation of Pro-carotenoids in “Monkey 
Flowers” under Some Conditions

B y W. A. Schroeder

An unpublished investigation, which has been 
carried out in these laboratories during the past 
year, has shown that the flowers of Minmlm 
longifiorus Grant (Scrophulariaceae), commonly 
termed “monkey flowers/’ contain no representa­
tive of the class of pro-carotenoids which possess
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a partially ^-configuration.1 This statement 
refers to flowers which have developed fully under 
natural conditions on the intact plant. In recent 
experiments it was found, however, that, if stems 
with buds were placed in water for several days 
and exposed only to diffuse light in the laboratory 
at room temperature, the flowers were noticeably 
different in tint and paler in color than flowers 
which developed on the intact plant in the open. 
Parallel chromatograms of extracts of the two 
materials established the fact that under these 
two sets of conditions, the polyene pigment mix­
tures differed both qualitatively and quantita­
tively with respect to the components found. 
The paler flowers contained a greater number of 
lycopene stereoisomers than the controls. The 
chromatogram of the paler flowers included con­
siderable quantities of prolycopene, C40H56, and 
pro-Y-carotene, C4oH56. The spectral maxima of 
these pigment fractions in petroleum ether 
(b. p. 60-70°) were 467, 440 niju and 461, 431 
m/x, respectively. Upon addition of iodine to 
the solutions, the bands showed the character­
istic shift to 500.5, 469.5, 440 m/x and 494, 461 
m/x. Both pro-carotenoids have been identified by 
mixed chromatograms with samples from other 
sources.

In the light of the above observation, it is 
possible that prolycopene and pro-Y-carotene 
are precursors of lycopene and Y-carotene in the 
biosynthesis of the Mimulus pigment.

(1) L. Zechm eister, A. L. LeRosen, F . W. W ent and  L. Pauling, 
Proc. N at. Acad. Sci., 27, 468 (1941); A. L. LeRosen and L. Zech­
m eister, T h is  J o u r n a l , 64, 1075 (1942); L. Zechm eister an d  W. A. 
Schroeder, ibid., p. 1173.

G ates  and  C r e l l in  L a bora to ries  of C h em istry
C a lifo r n ia  I n st itu te  o f  T echnology
P a sadena , C a lifo r n ia  R ec e iv e d  J uly  1, 1942

Some Physical Constants of N-Octyl-, N- 
Dodecyl- and N-Cetyl-piperidine

By F. H. Stro ss and  R. J. E vans

There exists little available information on the 
physical properties of the higher N-alkyl-piperi- 
dines. When, in the course of an investigation, 
it became necessary to prepare N-cetylpiperidine, 
only two references1»2 were found which men­
tioned this compound. Its ionization constant 
was found to be surprisingly low in comparison 
with the known constants of the lower homologs,

(1) P . K arre r, F . W. K a h n t, R . E pste in , W. Jaffe and  T . Ishii, 
Helv. Chim. Acta, 21, 233 (1938).

(2) H . W . M agnusson an d  E . R . Schierz, U niv. of W yoming, 
P ublications V II, 1-11 (1940).

and, therefore, the N-dodecyl- and N-octyl- 
piperidines were also prepared and their char­
acteristic properties measured. The results are 
given in Table I.

T a b l e  I
P h ysica l  C o nsta n ts  o f  N -O ctyl, N -D o decyl  a nd  N -  

C ety l  P ip e r id in e s

Piperidines N-Octyl N-Dodecyl N-Cetyl
M. p., °C. .. 21

f °C
B‘ P‘ \  Mm.

89 112 122 141 161 176-177
1 6 10 1 5 1

0.8324 0.8378 0.8468
n 20 d 1.4544 1.4588 1.4620
M 0/  S Calcd. 
N ’ % \  Found

7.1 5.5 4.5
6.9 7.0 5.5 4.4

A/r i , ƒ Calcd. 
MoL Wt- \  Found

197.4 253.5 309.6
197 253 304

PKh at 27 °C. 8.28 5.92 5.8

While the N-cetyl and N-dodecyl compounds 
are weak bases of a strength close to that of 
pyridine, N-octylpiperidine occupies a position 
intermediate between the higher homologs and 
the N-methyl- to butylpiperidines. The latter 
are almost as strong bases as the unsubstituted 
piperidine, which has a p K n of 11.1 at 25°.

The bases were prepared by the method de­
scribed by Magnusson and Schierz.2 Aqueous 
piperidine was refluxed with a slight excess of the 
alkyl iodide, while an excess of potassium hy­
droxide was gradually added. The upper of the 
two layers formed during refluxing was fraction­
ally distilled over solid potassium hydroxide at 
2 mm. pressure, yielding a clear distillate. The 
cetylpiperidine was yellow, the dodecyl com­
pound had a slight yellow tinge, and the octyl- 
piperidine was colorless. The analyses were made 
and the constants determined after redistilling 
these products.
Sh e l l  D ev el o pm en t  Co.
E m er y v il le , C a l ifo r n ia  R ec e iv e d  A u g u st  11, 1942

Empirical Heat Capacity Equations of Gases
B y  H u g h  M. Sp e n c e r  and  G ordon  N. F la n n a g a n

Since the publication of empirical heat capacity 
equations of simple gases,1 values of thermo­
dynamic functions for many gases have been 
derived from spectroscopic data.2 In the case of

(1) H ugh  M . Spencer and  Jo h n  L. Ju stice , T h is  J o u r n a l , 56 , 2311  
(1934). T he  h ea t capacities of brom ine and  equ ilib rium  chlorine a re  
b e tte r represen ted  by equations  of form  (2). T h e  co n stan ts  a, b 
X 103, c '  X 10 “5, m axim um  and  average percen tage dev ia tions  a re  
8.911, 0.140, -0 .0 2 9 8 , 0.09, 0.02 an d  8.764, 0.271, -0 .6 5 6 ,  0.24 an d  
— 0.11, respectively .

(2) E. B. W ilson, J r .,  Chem. Rev., 27, 17 (1940).
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Compound Source Range, °K. a b X 10* c X io 7 cr X 10-5 d X 109 M ax. Average

Acetylene 3 273.1-1273.1 11.942 4.387 - 2 .3 2 2 1.28 0.48
Ammonia6 4 291.16-1000 6.189 7.887 -  7 .28 0 .65 .23
Bromoform 5 298.1-600 9.356 32.319 -  212.72 .17 .11
Bromomethane 5 298.1-1200 4.184 22.445 -  74.96 .66 .33
i-Butanec,d 6 298.1-1500 2.296 82.407 -  287.92 .54 .29
»-B'utanec«d 6 298.1-1500 2.247 81.718 -  286.13 .29 .15
Carbon dioxide 7 300-1500 6.369 10.100 -  34.05 2 .07 .62
Carbon dioxide 7 300-1500 5.166 15.177 -  95.78 2.260 0 .35 .15
Carbon disulfide 8 298.1-1800 13.289 0.862 - 2 .5 0 2 1.86 .79
Carbon disulfide 8 298.1-1800 7.692 13.426 -  91.16 2.112 1.04 .41
Carbon oxysulfide 8 298.1-1800 12.288 1.321 - 2 .6 3 0 2.06 .94
Carbon oxysulfide 8 298.1-1800 6.554 13.880 -  88.18 1.964 1.19 .44
Carbon tetrabromide 5 298.1-600 15.238 28.987 -  225.76 0.21 .14
Carbon tetrachloride 9 273.1-773.1 22.675 3.274 - 3 .2 6 4 .57 .24
Chloroform 9 273.1-773.1 7.052 35.598 -  216.86 .69 .30
Chloromethane 9 273.1-773.1 3.563 22.998 -  75.71 .64 .24
Chlorotribromomethane0 10 250-600 12.917 36.565 -  294.64 .50 .23
Cyanogenf 4 291.16-1000 9.892 14.484 -  62.07 .74 .45
Deuteroformaldehyde® 11 291.16-1500 4.419 17.540 -  57.48 1.00 .42
Dichlorodibromomethane 10 250-600 12.902 34.713 -  265.10 1.01 .27
Dibromomethane 13 298.1-600 5.244 31.809 -  177.09 0.12 .06
Dichloromethane 10 250-600 4.309 31.673 -  163.51 .27 .08
Difluoromethane* 10 250-600 4.203 21.623 -  40.88 .95 .34
Diiodomethane 10 250-600 5.839 32.571 -  195.28 .13 .06
Ethyl alcohol1 12 300-1000 3.578 49.847 -  169.91 .28 .15
Ethane7 4 291.16-1000 1.375 41.852 -  138.27 .76 .26
Ethylene* 15,4 291.16-1500 2.706 29.160 -  90.59 1.46 .92
Formaldehyde* 11 291.16-1500 4.498 13.953 -  37.30 1.90 .73
Fluorochloromethane 10 250-600 4.292 27.025 -  106.05 0.57 .21
Fluoromethane 13 298.1-600 3.616 18.239 -  20.35 ,89 .32
w-Heptanec,d 6 298.1-1500 5.401 136.930 -  487.71 .23 .13
n-Hexane0 6 298.1-1500 4.296 118.661 -  421.30 .28 .12
Hydrogen cyanide0 14 300-1000 5.974 10.208 -  43.17 .23 .13
Hydrogen sulfide”' 15,16 298.1-1800 6.385 5.704 -  12.10 2 .00 .50
Hydrogen sulfide”1 15,16 298.1-1800 6.955 3.675 +  7.40 - 0 .5 8 5 1.02 .37
Iodomethanen 13 298.1-600 4.105 24.487 -  97.33 0.14 .07
Methane0 15,4 291.16-1500 3.422 17.845 -  41.65 2.59 .97
2-Methylbutane0,d 6 298.1-1500 2.801 102.820 -  367.41 0.67 .35
Methyl cyanide 4 291.16-1200 5.018 27.935 -  93.02 .40 .21
Nitrous oxide 7 298.1-1500 6.529 10.515 -  35.71 1.26 .68
n-Octane0,d 6 298.1-1500 6.231 155.942 -  558.57 0.24 .14
^-Pentanec,d 6 298.1-1500 3.140 100.532 -  355.60 .32 .16
Phosgene 11 291.16-1000 16.051 2.894 -2 .1 5 9 .59 .31
Phosphine0 17 298.1-1500 4.496 14.372 -  40.72 .29 .13
Phosphorus (diatomic)0 17 298.1-1500 8.643 0.202 - 1 .0 3 0 .13 .05
Phosphorus (tetratomic)0 17 298.1-1500 19.227 0.509 - 2 .9 7 5 .18 .08
Phosphorus oxychloride 17 298.1-1000 23.294 2.185 -3 .5 3 4 .18 .07
Phosphorus pentachloride7' 17 298.1-500 4.739 107.329 -1 1 9 2 .0 0
Phosphorus tribromide0,d 17 298.1-800 18.154 2.045 - 0 .1 5 3 .05 .02
Phosphorus trichloride0 17 298.1-1000 20.068 -0 .2 8 9 -2 .7 0 6 .34 .11
Phosphorus trifluoride0’® 17 298.1-1000 17.559 1.972 -4 .5 6 9 .17 .13
Propanec,d 6 298.1-1500 0.410 64.710 -  225.82 .73 .27
Sulfur dioxide 8 298.1-1800 11.895 1.089 - 2 .6 4 2 3 .18 1.31

(3) E. Ju sti, "Spezifische W arm e, E n thalp ie , E n trop ie  und Dis- 
soziation  technischer G ase,” J . Springer, Berlin, 1938, p. 150.

(4) H . W. T hom pson, T r a n s .  F a r a d a y  S o c ., 37, 344 (1941).
(5) D. P. S tevenson and  J . Y. Beach, J .  C h e m . P h y s . ,  6, 25 (1938).
(6) K. S. P itzer, C h e m . R e v ., 27, 39 (1940).
(7) L. S. K assel, T h is  J o u r n a l , 56 , 1838 (1934).
(8) P . C. Cross, J .  C h e m . P h y s . ,  3, 825 (1935).
(9) R. D. Void, T h is  J o u r n a l , 57, 1192 (1935).

(10) G. G lockler and  W. F . Edgell, I n d .  E n g . C h e m ., 34, 532 (1942).
(11) H. W. Thom pson, T r a n s .  F a r a d a y  S o c ., 37, 251 (1941).
(12) J . G. Aston, I n d .  E n g .  C h e m ., 34, 514 (1942).
(13) W. F. Edgell and  G. Glockler, J .  C h e m . P h y s . ,  9, 484 (1941).
(14) A. R . G ordon, ib id . ,  5, 30 (1937).
(15) E . B. W ilson, J r .,  ib id . ,  4, 526 (1936).
(16) P. C. Cross, ib id . ,  3, 168 (1935).
(17) D. P. Stevenson and  D. M . Y ost, ib id . ,  9, 403 (1941).
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C om pound Source

T a b l e  I (Concluded)
Range, °K . a b X 103 c X 10* cf X 10-5 d X 109

%  D eviation  
M ax. A verage

Sulfur dioxide 8 298.1-1800 6.147 13.844 — 91.03 2.057 0.43 ,23
Sulfuryl chlorider 18 291.16-450 8.567 43.918 ’ ■— 353.57 .05 .03
T etramethylmethanec,<i 6 298.1-1500 1.340 109.879 — 411.71 .55 ,28
Tetramethylmethanec,s 19 300-1500 6.076 98.954 — 353.69 .16 .06
Thiophosgene* 11 291.16-1000 17.773 1.750 -2 .556 .62 .33
Thiophosphoryl chloride0’̂ ’" 17 298.1-1000 23.923 1.968 -3 .114 .48 .16
Trichlorobromomethane 10 250-600 11.462 39.983 — 318.76 .57 .24
Water" 15,20,21 298.1-1500 7.219 2.374 + 2.67 .96 .40

a For a number of gases the heat capacities cited in the references are incorrect at one or more temperatures. New
values for these, based on the same wave numbers, have been calculated, and are indicated as in Note b. b Rotational 
distortion correction amounting to 0.058 X 10“ 3T  has not been included. At 500°K. for Cl — 10.14, read 9.92. c Percent­
age deviation tested with respect to mean heat capacity. d Several heat capacity measurements by K. S. Pitzer (T h is  
J o u r n a l , 63, 2413 (1941)) have caused him to doubt the correctness of the frequencies used in ref. 6. e At 250°K. for 
C°p = 20.11, read 20.12. f At 450°K. for Cp «  15.23, read 15.24. * At 650°K. for Cl = 13.53, read 13.48. h At 350, 
550 and 600°K. for Cl ** 10.22, 14.93 and 15.66, read 11.22,14.88 and 15.65, respectively. 1 The values of the mean heat 
capacity to 400, 700 and 1000° were neglected in setting up and testing the equation. ? At 700°K. for =* 24.33, read 
24.05. k At 700°K. for Cl = 18.3, read 18.83. The rotational distortion correction (0.031 X 10“ 8T) has not been in­
cluded. 1 At 650 and 1200°K. for Cl = 12.07 and 15.92, read 12.00 and 15.88, respectively. m Rotational distortion 
correction amounting to 0.064 X 10“ 3T has been included. n At 350°K, for Cl = 11.48, read 11.47. 0 The rotational 
distortion correction (0.068 X 10” 3T) has not been included. v Only three values of the mean heat capacity were avail­
able; these were solved simultaneously. 9 The mean heat capacity (298.1-350) was excluded. r Simultaneous solution 
at 7  = 300, 380 and 450°K. s Graphically extrapolated values of mean heat capacity at 400, 500 and 600 were used 
in setting up and testing the equation. * At 400 and 650°K. for Cl = 16.68 and 18.45, read 16.78 and 18.38, respectively. 
u The two largest deviations are for temperatures for which the theoretical values do not fall on the curve. 9 Rotational 
distortion correction based on ref. 21, amounting to 0.092 X 10“ 3T, has been included. The correction based on Wil­
son’s15 theoretical value derived from the force constants of the molecule would have been 0.081 X 10“ 3 T.

several triatomic gases more complete spectro­
scopic data have been treated by more satis­
factory statistical mechanical methods. Though 
it is still necessary to consider the polyatomic 
(including some triatomic) molecules as harmonic 
oscillators, thermodynamic data based on this 
conception have proved to be of satisfactory, 
though not absolute, accuracy. Use of the normal 
coordinate analysis of vibrations, the assignment 
of potential barriers due to hindered rotations by 
reference to thermochemical data at one or more 
temperatures, and the methods of extrapolation 
to closely related molecules have further in­
creased the useful applications of this method.

The same remarks concerning the usefulness of 
empirical heat capacity equations for these gases 
might be made as were made in the earlier paper.1

Table I presents the equations and the percent­
age deviations of such equations representing the 
heat capacities of the various gases in the forms 

=  ö  +  +  c t 2 ( i )

=  «  +  c ' / t 2 (2 )

C°p »  a +  bT +  cT2 +  dTs (3)
Except as indicated in the notes to Table I, 

equations of the forms (1) and (2) have been ob-
(18) H. W. Thompson, Trans. Faraday Soc., 37, 340 (1941).
(19) J. G. Aston, C h e m . R e v ., 27, 59 (1940).
(20) A. R . Gordon, J. C h e m . P h y s . ,  1, 308 (1933).
(21) C. C. Stephenson and H. O. McMahon, ibid., 7, 614 (1939).

tained as least square solutions of all the data in 
appropriate forms of heat capacity or mean heat 
capacity. Depending on the relative contribu­
tions of the various wave numbers over the range 
of temperatures concerned, one or the other of 
forms (1) and (2) are to be preferred. If the 
change of curvature with respect to the horizontal 
(T) axis is greater at the higher temperatures of a 
given range form (1) is preferable, and vice versa. 
In some instances the range of temperatures is 
relatively so great that comparatively large devi­
ations from the most appropriate three-constant 
equation occur.22 Adjusted simultaneous solu­
tions of form (3) are offered for these. It should 
be noted that empirical equations are unreliable 
for extrapolation.

The original articles must be consulted to 
ascertain the bases of the theoretical values which 
the equations represent. As in most of the origi­
nal publications constants of the “International 
Critical Tables” have been used.
C obb C hem ical  L aboratory  
U n iv e r sit y  of V ir g in ia
C h a r l o t tesv ille , Va . R ec e iv e d  J uly  11, 1942

(22) F o r one gas, carbon dioxide, a  th ree -co n stan t eq u atio n  has 
been derived  [R. L. Sw eigert an d  M . W . B eardsley, G eorgia School 
of Tech. S ta te  Eng. E xpt. S ta . B u lle tin  No. 2 (1938)] invo lv ing  T°, 
T  ~l and  T  ~2 term s, which m ore accu ra te ly  represen ts  th e  values de­
rived  from  spectroscopic d a ta  th a n  do  th ree -co n stan t eq u atio n s  of 
form s (1) or (2).
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Note on the Structures of the Gallium and 
Indium Trihalides

By D. P. S t e v e n s o n 1 a n d  V e r n e r  S c h o m a k e r

Brode2 recently published the results of an elec­
tron-diffraction investigation of the structures of 
the so-called trihalides of aluminum, gallium and 
indium. We believe that the interatomic dis­
tances which he reported (given in row a of the 
table) have been falsified by his application of an 
unsuitable “correction,”3 and that the values 
given below in rows b and c are significantly more 
reliable. Row b gives the values found by Brode 
with the use of the usual correlation method4 
(omitting the Wierl correction), while those of 
row c are the ones we have obtained by the appli-

T a b l e  I

A v e r a g e  M -X  B o n d  L e n g t h s  i n  t h e  T r i h a l i d e s  o f  
G a l l i u m  a n d  I n d i u m

Cl B r I
Ga a 2.16 2.35 2.40d

b 2.22 2.41 2.48
c 2.22 2.34 2.50

In a 2.39 * 2.49 2.67
b 2.46 2.56 2.76
c 2.46 2.58 2.76

° Brode’s “corrected” value. b Brode’s uncorrected 
value. c From the first peaks of the radial distribution 
functions. d Gals, coplanar equilateral triangle.

ima of the radial distribution functions substanti­
ate Brode’s conclusion that under the conditions 
of his experiments gallium tri-iodide is mono­
meric and coplanar, whereas the five other tri­
halides are dimeric. Inasmuch as we could not 
take account of the minima, for which Brode re­
ported no measurements, the radial distribution 
functions tend to show spurious features, in these 
cases beyond the first two peaks, and we can draw 
no conclusions with regard to the conformation of 
the dimers.
T h e  G a t e s  a n d  C r e l l i n  L a b o r a t o r i e s  o f  C h e m is t r y
C a l if o r n ia  I n s t i t u t e  o f  T e c h n o l o g y
P a s a d e n a , C a l i f o r n i a  R e c e i v e d  J u l y  13, 1942

NEW COMPOUNDS

Some N-Aralkyl Barbituric Acids
The N-benzyl arid N-phenethyl derivatives of amytal 

and neonal have been prepared by conventional methods 
from the corresponding malonic esters and benzyl and 
phenethyl ureas. They were crystallized from hexane. 
Data on these substances are presented in the table. The 
benzyl and phenethyl nembutals were also prepared, but, 
although general identity was shown by analysis, they were 
not obtained in a satisfactorily homogeneous condition.

T a b l e  I
C2H5v  /C O —N—R2

1-Aralkyl-5-ethyl-5-a l k y l  Barbituric Acids /C<f >CO
R /  x CO—NH

Ri R2
M . p.,

°c . F orm ula
Calcd.

C

——A nalys 

H

es, % ------------------
F ound

C H

W-C4H 9 c 6h 5c h 2 64 C17H22O3N2 6 7 .5 0 7 .3 4 67 .7 9 7 .5 9
72-C4H9 c 6h 6c h 2c h 2 74 c 18h 24o3n 2 68 .3 1 7 .6 4 68 .7 6 7 .8 3
i-CiHn c 6h 5c h 2 8 7 -8 8 c 18h 24o3n 2 6 8 .31 7 .6 4 68 .3 8 7 .5 6
i-CbH.11 c 6h 6c h 2c h 2 106-107 G19H2I603N2 6 9 .0 5 7 .9 3 6 9 .1 8 7 .8 7

cation of the radial distribution method5 to his 
data. These two sets of values agree reasonably 
well except in the case of Ga2Br6.

The bond angle values ( Z XMX) indicated by 
the relative positions of the first and second max-

(1) P resen t add ress , Shell D evelopm ent C om pany , Em eryville , 
C alifornia.

(2) Brode, A n n . P h y s ik , 37, 344 (1940).
(3) T h e  correc tion  is one due to  W ierl (ibid., 8, 521 (1931)), 

an d  im plies a  p rocedu re  of m easurem ent d ifferen t from  th a t which 
has been found su itab le  by  P auling  an d  his co-w orkers. A lm ost 
certa in ly  th is  correction  should n o t have been app lied  to  B rode’s 
m easurem ents, for his m easurem ents on a lum inum  chloride agree 
well w ith those rep o rted  by  P a lm er an d  E llio tt  (T h is  J o u r n a l , 60, 
1852 (1938)).

(4) L. Pau ling  an d  L. O. B rockw ay, J .  Chem. Phys., 2, 867 (1934).
(5) L. Pau ling  an d  L. O. B rockw ay, T h is  J o u r n a l , 57, 2684 

(1935); V. Schom aker, A. C. S. m eeting, B altim ore, M d., April, 
1939.

T h e  B u r r o u g h s  W e l l c o m e  &  Co., U. S. A.
E x p e r im e n t a l  R e s e a r c h  L a b o r a t o r i e s
T u c k a h o e , N e w  Y o r k  A l a n  A r d is

J o h a n n e s  S . B u c k  
R ic h a r d  B a l t z l y  

R e c e i v e d  A u g u s t  5, 1942

Chaulmoogryl Quaternary Salts1
Since favorable bacteriological results have been ob­

tained with methiodides and benzochlorides from mixtures 
of chaulmoogryl and hydnocarpyldimethylamines, it was 
decided to prepare some pure substances of this type.

Chaulmoogryl bromide2 was heated in a bomb-tube at 
105-110° with 33% methanolic dimethylamine in excess.

(1) D ittm ar, Z . Krebsforseh., 4 9 , 515 (1939), m entions a “ C haul­
moogryl Zephirol." So fa r as th e  au th o rs  know  these com pounds 
have not been described.

(2) Sacks an d  A dam s, T h is  J o u r n a l , 48, 2397 (1926).
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T a b l e  I

C h a u l m o o g r y l  a n d  O c t a d e c y l t r ia l k y l a m m o n iu m  I o d id e s , R iR 2M e 2 N I

Ri M . p .,
----------------- Analyses, % ----------------- ■»

C alcd. F o u n dRs A ppearance °C. F o rm u la C H C H
C,H7(CH,)U c h 3 Irregular plates > 170 (dec.) C21H42N1 57.89 9.73 57.83 10.00
CisH37 c h 3 Platelets 227-230 (dec.) C21H46N1 57.37 10.54 57.29 10.54
CsH7(CH2)13 c 6h 6c h 2 Yellow leaflets® 

Yellow needles6
99 c 27h 4c,n i 63.36 9.07 63.20 9.05

C18H37 C6H5CH2 Elongated plates 
a From benzene. 5 From water.

93 c27h 50n i 62.86 9.78 62.92 9.91

The resulting tertiary amine boiled at 170° (0.5 mm.) and 
solidified in the refrigerator.

Chaulmoogryldimethylamine reacted with methyl iodide 
in absolute ether to form the methiodide, which is soluble 
in hot alcohol, sparingly soluble in cold alcohol, water, 
ethyl acetate and benzene, and insoluble in ether.

Attempts to prepare quaternary salts from the reaction 
of chaulmoogryldimethylamine with benzyl chloride, p- 
chlorobenzyl chloride and a-menaphthyl chloride resulted 
only in the formation of oils which presumably were in the 
main the desired quaternary salts but did not crystallize. 
Chaulmoogryldimethylbenzylammonium iodide, however, 
prepared from the chloride and sodium iodide, crystallized 
readily. It is soluble in alcohol, hot benzene, ethyl acetate 
and acetone, sparingly soluble in water and cold benzene, 
insoluble in ether and hexane.

For purposes of comparison octadecyltrimethylammon- 
ium iodide3 and octadecyldimethylbenzylammonium iodide 
were prepared, the latter from the tertiary amine and ben­
zyl iodide. Data on these and the preceding compounds 
are presented in Table I. * 15

(3) M entioned, b u t n o t described, b y  Shelton, V an C am pen and 
N isonger, a t th e  B oston m eeting of th e  Am. Chem. Soc., S ep t., 1939.

T h e  B u r r o u g h s  W e l l c o m e  & Co., U. S. A.
E x p e r im e n t a l  R e s e a r c h  L a b o r a t o r ie s
T u c k a h o e , N e w  Y o r k  R ic h a r d  B a lt zl y

W a l t e r  S . I d e  
J o h a n n e s  S . B u c k  

R e c e iv e d  A u g u s t  5, 1942

1,1, l-Trichloro-2-hydroxy-3-nitroalkanes and their 
Reduction Products

The halogenated nitroalcohols were made by a proced­
ure essentially the same as that described by Nicodemus 
and Wulff.1 Four-tenths of a mole (66.2 g.) of chloral 
hydrate was dissolved in a mixture of 200 cc. of water and
15 cc. of concentrated hydrochloric acid, in a 500-cc. 
round-bottomed, three-necked flask equipped with a me­
chanical stirrer and a thermometer dipping below the sur­
face of the solution. A slight excess of nitroparaffin was 
added and the stirrer was started. A saturated aqueous 
solution of potassium carbonate was added until the mix­
ture was just alkaline to litmus. The mixture was heated 
in a water-bath at a temperature of 50-52° for two hours 
(six hours when 1-nitropropane was used), with constant 
stirring. The dark yellow lower layer was removed and 
fractionally distilled under reduced pressure. The results 
are summarized in Table I.

The halogenated nitroalcohols were reduced at room tem­
perature using 0.1 mole of the nitro compound dissolved in 
150 cc. of absolute ethyl alcohol, 9 g. of freshly prepared 
Raney nickel catalyst2 and starting with an initial hydrogen 
pressure of about 55 pounds per square inch. The catalyst 
was removed by suction filtration and the dark green fil­
trate was concentrated by distilling the alcohol under re­
duced pressure. Attempts to remove the color by treat­
ment with decolorizing carbon were unsuccessful. Conse­
quently, the dark brown or black solids were treated with 
benzoyl chloride in alkaline solution. The benzoyl deriva­
tives were washed well with water and recrystallized by dis­
solving in hot ethyl acetate and then adding ligroin to the 
cooled solution. The time required for practically com­
plete reduction, the melting points and analyses of the 
benzoyl derivatives are also given in Table I.

T a b l e  I
N itroparaffin  N itro m eth an e N itro e th an e 1 -N itrop ropane
R eduction  tim e, hours 2 2 20
Y ield, % 63 53 36

f °C. 138-146® 134-1406 136-142
13 9 10

~  ƒ Calcd. 6 .7 0 6 .2 9 5 .9 2N itrogen , %  j  Found 6 .7 5  6 .6 8 6 .2 1  6 .19 5 .8 6  5 .8 2
B enzoyl deriv ., 

m . p ., °C ., cor. 167 .4 182.5 195 .2
_  ƒ Calcd. 4 .9 6 4 .7 2 4 .5 1N itrogen , % | F o u n d 5 .0 1  4 .9 8 4 .7 7  4 .7 9 4 .5 9  4 .5 3

° M. p., 44.7-45.7°, cor.; Henry,3 42-43°; Chattaway 
and Witherington,4 b. p. 119° (3 mm.). 6 Chattaway,
Drewitt and Parkes,5 b. p. 115° (2 mm.).

In an attempt to obtain some pure l,l,l-trichloro-2- 
hydroxy-3-aminopropane, it was found that the addition 
of acetone to a concentrated alcoholic solution of the amine 
resulted in the precipitation of an almost white solid. 
Repeated washing of the solid with acetone followed by re­
crystallization from a mixture of xylene and absolute alco­
hol and spontaneous evaporation of the solvent yielded 
white crystals which melted at 167.4-167.7° (cor.). The 
losses involved in this method of purification were enor­
mous.

Anal. Calcd. for C3H6C13N 0: N, 7.84. Found: N,
7.69, 7.80.
D e p a r t m e n t  o f  C h e m is t r y
B o s t o n  U n i v e r s it y  S a u l  M a l k i e l
B o s t o n , M a s s . J . P h i l i p  M a s o n

R e c e iv e d  J u n e  26, 1942 2 3 4 5
(2) C overt and  Adkins, T h is  J o u r n a l , 54, 4116 (1932).
(3) H enry , Bull. soc. chim., 32, 17 (1896).
(4) C h attaw ay  and  W ithering ton , J .  Chem. Soc., 1178 (1935).
(5) C h attaw ay , D rew itt an d  P arkes, ibid., 1294 (1936).(1) N icodem us an d  W ulff, U. S. P a te n t 2,123,556 (1938).
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Substituted Sulfonamides
N1-Chloroacetyl-/>-nitrobenzenesulfonamide.—To 10 g.

of £-nitrobenzenesulfonamide dissolved in 100 cc. of 
4.4% sodium hydroxide was added, dropwise with stirring 
at 5°, 7 g. of chloroacetyl chloride (Eastman Kodak Co.). 
After fifteen minutes, the solution was neutralized with 
acetic acid and unchanged ^-nitrobenzenesulfonamide

The precipitate was removed and the filtrate clarified with 
activated carbon. The product was precipitated, after 
removal of the carbon, by acidifying the filtrate to congo 
red. It was dried at 60°, and purified by one recrystal- 
lization from benzene-alcohol; yield 1.5 g.

Benzenesulfonamido heterocycles were obtained by the 
reaction of benzenesulfonyl chloride with the appropriate

T a b l e  I

C om pound (cor.) Form ula C N c H N
N Chloroacetyl-£-nitro- 

benzenesulfonamide6 
N Chloroacetylsulf anil-

172-173 CsHrOsNüSCl 10.1 10.4

amidec 157-158 c8h9o3n 2sci 38.6 3.6 11.3 38.7 3.9 10.9
2-Benzenesulfonamido-

pyridine
2-Benzenesulfönamido-

171-172 C11H10O2N 2S 12.0 11.6

pyrimidine
2-Benzenesulfonamido-4-

229-230 CioH902N3S 51.1 3.8 17.9 51.0 4.1 17.9

methylpyrimidine
2-Benzenesulfonamido-

193-194 CnHuQjNaS 16.9 16.7

thiazole
2 - B enzenesulf onamido-

171-172 C9H802N2S2 45.0 3.3 11.7 45.0 3.3 11.3

1,3,4-thiadiazole 188-189 C8H.s02N3S2 17.4 17.4
a Analyses were carried out in these laboratories under the direction of Mrs. Thelma Kirk. h Chlorine, calcd. 12.8%; 

found 12.6%. c Chlorine, calcd. 14.3%; found 14.6%.

separated by filtration. The filtrate was acidified to congo 
red with hydrochloric acid to precipitate the product, 
which was collected and dried at 60°. I t  was then re­
crystallized once from toluene (1 g. per 50 cc.); yield 5 g.

N1-Chloroacetylsulfanilamide was prepared from 5 g. of 
finely divided nitro compound which was added at 35° to 
12.25 g. of SnCl2-2H20 dissolved in 15 cc. of concentrated 
hydrochloric acid. Some cooling was necessary at first. 
After standing for eighteen hours, the solution was cooled 
and made alkaline with 10% sodium carbonate solution.

amino heterocycle in dry pyridine. The general method 
has been described previously1; yields ranged from 75“ 
90%.______

(1) Roblin and  W innek, T h is  J o u r n a l , 62, 1999 (1940).

S t a m f o r d  R e s e a r c h  L a b o r a t o r i e s
A m e r ic a n  C y a n a m id  C o m p a n y  J a c k s o n  P .  E n g l is h
S t a m f o r d , C o n n . D a v id  C h a p p e l l

P a u l  H .  B e l l  
R ic h a r d  O . R o b l i n , J r . 

R e c e i v e d  J u l y  31, 1942

COMMUNICATIONS TO THE EDITOR

BARBALOIN
Sir:

The recent note by Gardner and Campbell1 on 
some reactions of the aloins emboldens us to place 
on record some experiments made in 1939. We 
can confirm Rosenthaler’s statement2 that barba- 
loin does not give methanol when hydrolyzed with 
borax and that Cahn and Simonsen’s3 observation 
is incorrect and we have observed also the forma­
tion of furfural under certain conditions. Our 
most fundamental result is however with reference 
to the empirical formula of barbaloin which was

(1) G ardner and  C am pbell, T h is  J o u r n a l , 64, 1378 (1942).
(2) R osenthaler, Pharm. Acta Helv., 9, 9 (1934).
(3) C ahn and  Sim onsen, J . Chem. Soc., 2537 (1932).

discussed at some length by Cahn and Simonsen.3 
Dr. E. G. Cox of the University of Birmingham 
has very kindly determined the molecular weight 
of barbaloin methyl ether by the X-ray crystal 
structure method and he finds it to be 521. There 
can therefore now no longer be any doubt that 
barbaloin methyl ether has the formula C21H17O2- 
(OMe)? from which it would apparently follow 
that barbaloin itself must be C2iHi702(0H)7. 
This formula for the methyl ether is in accord 
with the analytical data previously recorded 
(C, 64.5; H, 7.15; OMe, 40.7. Calcd. C, 64.8; 
H, 7.4; OMe, 41.9). We hope at some future date 
to be in a position to continue our experiments
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and we shall then discuss in detail the important 
implications which follow from this result.
U n iv e r s it y  C o l l e g e  o f  L .  N .  O w e n
N o r t h  W a l e s , B a n g o r  J. L. S im o n s e n

R e c e i v e d  A u g u s t  15, 1942

THE TEMPERATURE COEFFICIENT OF THE CON­
DUCTANCE OF POTASSIUM CHLORIDE SOLUTIONS
Sir:

In This J ournal, 64, 1544 (1942), Li and 
Fang give conductance data for aqueous solutions 
of potassium chloride at temperatures from 15 to 
40°; they were apparently unaware, understand­
ably enough, of our results both for potassium and 
sodium chloride solutions at temperatures from 
15 to 45° (Gunning and Gordon, J. Chem. Phys. 
10, 126 (1942)). Their conductances at 25° are 
in moderate agreement with those of Shedlovsky, 
Brown and Maclnnes [Trans. Electrochem. Soc., 
66, 165 (1934)] and our own, and their 15° num­
bers are also in rough agreement with the meas­
urements of Thompson and his associates [This 
J ournal, 59, 2372 (1937); 61, 1219 (1939)] and 
ourselves. For 15°, however, they employ a 
linear extrapolation of the Shedlovsky function 
Aq; Shedlovsky, Brown and Maclnnes showed 
that a c log c term was required for potassium 
chloride at 25°, and we showed that it was even 
more important for 15°. It is for this reason that 
the value Li and Fang give for A0 at this tempera­
ture (120.88) is considerably less than the one we 
obtained by an extrapolation from much lower 
concentrations, viz., 121.09.

The values of A0 at 30° and 40° reported by Li 
and Fang are, however, about 0.25 and 1.1% less 
than those obtainable by interpolation in Gunning 
and Gordon's Table V. From LeRoy, Allgood 
and Gordon's transference data [J. Chem. Phys., 
8, 418 (1940)] iL is 0.5103 at 30° and 0.5120 at 
40°; combining these with Li and Fang's values 
of A0, one obtains 84.00 and 99.42 as the limiting 
mobility of chloride ion at these temperatures; 
Gunning and Gordon's Table VI, which resulted 
from a consideration of the transference and 
conductance measurements for both salts, gives 
84.22 and 100.52. Interpolation of Owen and 
Sweeton’s results for hydrochloric acid solutions 
[Th is  J ournal , 63, 2811 (1941)] gives 84.3 and 
100.9; these are in agreement with Gunning and 
Gordon's values within the uncertainty of the 
transference numbers Owen and Sweeton were 
forced to employ.

If the discrepancy be ascribed to error in the 
temperature, this would correspond to a difference 
of 0.1° at 30° and to 0.6° at 40°; Li and Fang 
give no information about their temperature 
scale beyond stating that they used standard 
thermometers; our temperatures were deter­
mined by platinum resistance thermometer with 
N. B. S. certificate. It would therefore seem that 
Li and Fang's 30° and 40° data should be con­
sidered, for the moment at any rate, with reserve.
D e p a r t m e n t  o f  C h e m i s t r y
U n i v e r s i t y  o f  T o r o n t o  A. R. G o r d o n
T o r o n t o , O n t a r i o , C a n a d a

R e c e i v e d  J u l y  29, 1942

NEW BOOKS

Introduction to the Theory of Relativity. By P e t e r  
G a b r ie l  B e r g m a n n , Member, Institute for Advanced 
Study, 1936-1941; Assistant Professor of Physics, 
Black Mountain College. With a Foreword by Albert 
Einstein. Prentice-Hall, Inc., 70 Fifth Avenue, New 
York, N. Y., 1942. xvi +  287 pp. Illustrated. 15.5 
X 23.5 cm. Price, $4.50.
This book not only appears with the imprimatur of 

Albert Einstein, but contains, p. 253, some hitherto un­
published work by Einstein and Bergmann. The proof­
reading has been astonishingly thorough: “mass” for
“velocity” on p. 92, and superscript “s” for “5” in equation 
(18.24) on the very last page of the text, are the only errors 
the reviewer has found; he has, however, some differences 
of opinion with the author. The distinction between

Riemannian and Lobachevskian spaces should be pre­
served, even if it is not of particular interest to the present 
discussion. The author recognizes, p. 60, that “only when 
n is 3 is the 'conjugate’ tensor density to a tensor of rank 2 
a vector density,” but still adheres to Hamilton’s definition 
of the vector product. (To one reader, at least, tensor 
densities seem “excess baggage.”) The treatment of 
relativistic electrodynamics in Chapter VII is distinctly 
less elegant than that of E. B. Wilson and G. N. Lewis 
(1912), principally because the author has given the Car­
tesian interpretation of the derivation, step by step; to the 
reader who is not prepared to think in tensor terms this 
will not seem a defect.

The convention of calling tensors of negative rank 
“covariant” and those of positive rank “contravariant” is
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not original with Dr. Bergmann, but that does not make it 
any less confusing.

In view of the use of subscript comma and semicolon to 
denote, respectively, ordinary and covariant differentia­
tion, it is unfortunate that the equations have been punctu­
ated. The hazards of combining punctuation with mathe­
matical symbols are most amusingly illustrated by the 
caution on p. 239 “ (do not sum over the index r l )”

“The Euclidean character of a space depends only on the 
metric,” p. 162, seems a bit of an overstatement. An ob­
server who found it possible, in a cylinder, to draw in­
finitely many geodesics between two given points, or who, 
in a cone of less than 60° vertex angle, found a geodesic 
intersecting itself, would have ground for questioning the 
Euclidean character of his space, in spite of the patently 
Cartesian metric tensor. Similarly on p. 74, “In . . . Rie- 
mannian spaces . . . there is, in general, a uniquely deter­
mined shortest connecting line between two points.” 
This is certainly not the case for time-like intervals in de 
Sitter hyperspace.

In the matter of gravitational waves, p. 189, it might 
have been pointed out that in a gravitational collision, as 
in an electromagnetic collision between particles of like 
charge and equal mass, there is a first-order compensation 
of the components of the radiation field.

As for the “Schwarzschild singularity,” p. 203, or the 
absence of plane-wave solutions of the rigorous, non-linear 
field equations, p. 189, what fails is, presumably, the fiction 
that either the field or the test particle can be unaffected 
by such extreme conditions.

I t is refreshing that “from the point of view of . . . gen­
eral formalism, there is no difference between the theories 
of Kaluza, Veblen and Hoffmann, and Pauli” (p. 268).

The book has both a synoptic table of contents and an 
index, and is so arranged as to suit readers of all grades of 
interest in the theory of relativity.

E l l i o t  Q . A d a m s

Organic Analytical Reagents. By J o h n  H. Y o e , Ph.D., 
Professor of Chemistry, University of Virginia, and 
L a n d o n  A. S a r v e r , Ph.D., Director of Research, Roa­
noke Plant Laboratory, American Viscose Corporation. 
John Wiley and Sons, Inc., 440 Fourth Avenue, New 
York, N. Y., 1941. ix +  339 pp. 2 figs. 15.5 X 23.5 
cm. Price, $4.00.
Analytical Chemistry being a very old branch of the 

science, it would indeed be difficult to decide who first 
used an organic derivative or reagent to help identify or 
determine an element; the use of acetate, tartrate, citrate 
and other organic groups is far from new, as also are the 
ether extraction of iron and dimethylglyoxime for nickel. 
Modern pure analytical, industrial, biochemical and ap­
plied medical research, however, has vastly stimulated the 
application of organic compounds in analytical processes, 
and this book is an attempt to collect in one place the 
widely scattered literature dealing with this many-phased 
subject.

After an introductory Chapter (I), the authors proceed 
in Chapter II to group the compounds considered into a 
number of classes, according to their properties or func­
tions: Solvents and Wash Liquids, Substances Used in

Neutralizations, Organic Oxidizing Agents, Organic Re­
ducing Agents, Indicators, Primary Standards (for volu­
metric analysis), Acidic Salinogenic Compounds, Basic 
Salinogenic Compounds, Photometric Acids and Sub­
stances for the Control of Adsorption, Diazotization and 
Coupling Agents (for nitrites), Alkaloids and Natural Prod­
ucts. In subsequent chapters are given more detailed 
theory and discussion of the major type groups of com­
pounds, with many examples.

Organic solvents and wash liquids (Chapter III) may 
be used for washing and drying vessels and precipitates, 
lowering solubilities, extracting components of solid and 
liquid mixtures, displacing equilibria, aiding in distillation 
or other processes and serving as protective coatings. 
Most such compounds are hydrocarbons and their deriva­
tives, such as thiols, halides, alcohols, glycols, ethers, 
aldehydes, ketones, esters, ester acids, amines (23 pp.). 
Chapter IV on organic acids and bases opens with a sec­
tion on dissociation constants, lists typical acids and their 
properties, considers constants of bases and similarly lists 
a number of them. Organic oxidizing and reducing agents 
are taken up in six pages (V).

The subject of Indicators is discussed rather lengthily in 
Chapter VI, on the theory that these compounds are weak 
acids or bases and their salts, in colored or colorless form, 
containing chromophore groups which tautomerize or 
resonate. Many illustrative structural formulas are 
given, and tables of color changes and other properties, 
as well as numerous examples. Primary standards in 
volumetric analysis (Chapter VII) is an old field in which 
much profitable research has been done; the chapter is not 
long, since not many organic primary standards are in use. 
A number are described for alkaline and acid solutions, and 
a few for oxidimetry (for permanganate, iodine and thio­
sulfate).

Chapter VIII on valence and complex compounds seems 
to begin rather irrelevantly as one reads through a number 
of pages on the electronic theory of valence, types of 
linkage, Werner theory, complex compounds and their 
dissociation, and chelate groups, all this building up to a 
brief climax of compounds which form characteristic 
colored products with metals, such as various oximes, 
oxine, aurin, cupferron and nitrogen and sulfur compounds 
(with brief mention of isomerism of Werner complexes).

Salinogenic Reagents (Chapter IX) are defined as com­
pounds capable of forming salts with metal or acid ions. 
The acidic ones are various types of ionizable —OH, 
—COOH, —NH and —SH compounds, while the basic 
ones are practically all trivalent nitrogen derivatives. 
Several pages are devoted to a discussion of ionization of 
the agents, the electronic and strain limitations on ring 
size and formation, covalent radii, planetary configuration 
of metal electrons and parachor; the remaining 40 pages 
list and describe the individual compounds in major and 
sub classes.

Chapter X (10 pp.) is entitled Photometric Aids: Col­
loids and Colorimetric Stabilizers, and deals briefly with 
protective colloids and their uses, the preparation, stabili­
zation and precipitation of nephelometric suspensions. 
Miscellaneous Organic Reagents are grouped in Chapter 
XI (9 pp.), listing and describing compounds useful in 
electro-analysis, titration and a number of special analyses.
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Part II consists of the Glossary and Bibliography. 
Chapter XII (22 pp.) is a listing of the reagents for various 
metals, ions and processes. Chapter X III (53 pp.) is an 
alphabetical listing (with properties and uses) of the re­
agents considered. The book ends with a Bibliography of 
2419 references, many of them as late as 1940, and a sub­
ject index. The descriptive theoretical parts of the book 
are neither extensive nor exhaustive; the rest of the work 
seems to succeed quite well in achieving its purpose. 
The typographical design and execution are good (except 
for a difficult block of matter in Chapter II), and obvious 
errors are scarce. The book should prove useful to a vari­
ety of readers and workers.

A l l e n  D. B l is s

Chemical Dictionary. Compiled by F. H. C a m p b e l l ,
D.Sc., F.A.C.I. Chemical Publishing Co., Inc., Brook­
lyn, N. Y., 1942. 85 pp. 15 X 22.5 cm. Price, $2.50.
In his introduction Dr. Campbell writes that terms which 

are known or can be found in textbooks are not included, 
while on the paper jacket the publishers state, “All chemi­
cal terms most commonly used are included.” The com­
piler appears to have tried to effect a compromise between 
these two aims, for this list does indeed comprise many 
terms that perhaps should appear, but his obvious interest 
in physical chemistry has led to the retention of many also 
that should be replaced as being too rarely encountered to 
warrant inclusion in so small a volume. Thus enthalpy 
evacolation, Kurrol salts (but not Graham salt), liminal, 
and even some German terms are listed, while such new 
and important terms as co-polymer, chemurgy, precursor, 
molecular distillation and chemical warfare are omitted. 
The reference “Hydroxide, see Hydrate” does not conform 
with recommended practice. A valence table for pre­
college students is included as a two-page appendix.

The definitions are often explanatory and informative. 
A student of chemistry in high school or college would be 
able to add considerably to his store of special knowledge 
by a careful study of this book page by page.

W i l l i s  A. B o u g h t o n

War Gases. Their Identification and Decontamination.
By M o r r is  B. J a c o b s , Ph .D. Interscience Publishers,
Inc., 215 Fourth Avenue, New York, N. Y., 1942. xiii +
180 pp. 8 illustrations. Cloth. 15.5 X 23.5 cm.
Price, $3.00.
This book is a timely and concise compilation of the 

properties of chemical warfare agents and the methods for 
their analysis and destruction in areas and materials pol­
luted by them. The subject matter is drawn from com­
petent sources, including the most recent literature issued 
by American and British war and defense agencies. 
Many of the data are given in convenient tabular form.

Chapter I on Classification of the Chemical Agents gives 
a list of the war gases used or proposed in the last war and 
the recognized classifications of these gases based on their 
physiological action, their chemical composition, their 
physical properties or their tactical use.

Chapter II follows with a paragraph on the important 
physical and chemical properties and physiological action

of each of the war gases arranged in order of their physio­
logical classification. Further information on chemical 
properties is given in Chapter III which deals with their 
effect on water, food and other materials.

Chapter IV on Scheme of Analysis contains a useful 
table of data from several sources on the minimum de­
tectable odor of war gases and the immediate physiological 
effect produced by them. The literature on field and 
laboratory tests appears to be well covered and procedures 
are concisely stated.

Chapter V (10 pages) is devoted to methods for the 
detection and estimation of arsenic, with special reference 
to foods suspected of contamination by Lewisite or other 
arsenical warfare agents.

Chapter VI gives the confirmatory tests for the identifi­
cation of agents which have been chemically classified by 
the scheme of analysis given in Chapter IV. The qualita­
tive procedures given are supplemented by reference to 
quantitative procedures in the literature.

Chapter VII is a well-arranged and concise description of 
methods for the decontamination of road surfaces, build­
ings, household articles, vehicles, clothing, water and food. 
Proper emphasis is given to the destruction of persistent 
gases such as mustard gas and the poisonous arsenicals. 
This chapter and the last one on the protection of foods 
are based on very recent publications issued by American 
and British defense agencies.

The book is well printed in legible type and should be 
very useful to anyone who has had some chemical educa­
tion and has to deal with chemical warfare agents as an 
air warden, gas-identification officer or a decontamination 
officer. War gas chemists will find it a convenient manual 
for their work.

A. C. F i e l d n e r

The Physical Examination of Metals. Volume II. 
Electrical Methods. By B r u c e  C h a l m e r s , D.Sc., 
Ph.D., F.Inst.P., Physicist, Tin Research Institute, and
A. G. Q u a r r e l l , A.R.C.S., Ph.D., F. Inst. O., Lecturer 
in Metallurgy, University of Sheffield. Longmans, Green 
and Co., Inc., 55 Fifth Avenue, New York, N. Y., 1941. 
viii 4- 280 pp. Illustrated. 14 X 22 cm. Price, 
$6 .00 .

The second volume of “The Physical Examination of 
Metals, Electrical Methods,” carries forward the purpose 
set forth in “Volume I, Optical Methods.” I t  presents a 
non-mathematical exposition and discussion of the tech­
niques which have already proved of value to metallurgists 
or others to whom the examination of metals is important, 
as well as a discussion of new techniques which show prom­
ise. As a series, these volumes will form a convenient and 
valuable reference.

Under the general title of “Electrical Methods,” the 
authors discuss magnetism, electrical measurements, X- 
ray diffraction, electron diffraction, the electron micro­
scope and radiography. Each section presents a brief re­
view of theory and general methods and then proceeds 
to discussion of the application of these methods to specific 
testing problems. Original references are given for the 
techniques discussed.

The section on magnetism and magnetic measurements is
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introduced by a lucid and rapid review of magnetic theory 
followed by a description of precision apparatus for making 
magnetic measurements. Ballistic, oscillographic and 
general ferrometric methods are discussed. With respect 
to specific testing, the section on the Magnaflux method is 
particularly good, there being a detailed analysis of the 
applicability and limitations of Magnafluxing as well as 
of variations in technique. Of particular interest to metal­
lurgists will be the sections on ferrographic metallography, 
the measurement of internal friction, the rapid deter­
mination of carbon content and the excellent section on 
thermomagnetic measurements which supplement routine 
metallography and are valuable in the identification of new 
phases. Measurement of the thickness of coatings and 
platings is also discussed.

In the section on electricity, the authors include a rather 
complete exposition of methods for making precision elec­
trical measurements. These methods are applied to re­
sistance thermometry, thermoelectricity, thermo-electric 
pyrometry, piezo-electricity, photo-electricity and elec­
trical measurement of thickness from one side.

The longest and otherwise the most important section 
of the book is devoted to X-ray diffraction, but the treat­
ment suffers from an attempt to present so much material 
in the space allotted. In the first place, the authors set 
up the diffraction problem with a non-vector formulation 
of the three Laue conditions—a procedure which is always 
somewhat involved and which, when treated in brief as it 
is here, adds nothing to the rigor or elegance of the presen­
tation. The simpler Bragg formulation would perhaps 
have served the purpose better. On the other hand, many 
of the most important aspects of the diffraction technique 
are mentioned only in passing—particularly those aspects 
having to do with interpretation of diffraction patterns, 
the calculation of relative intensities of pattern lines, and 
other calculations of practical importance.

The experimental X-ray techniques are quite clearly 
presented, as are the various aspects of the particle size 
problem, and there is a very lucid treatment of the solid 
solution, superlattices and the order-disorder phenomena. 
Phase diagrams and intermetallic compounds are treated 
in a brief recapitulation of the work of Hume-Rothery and 
associates. There is also a short discussion of orientation 
effects and the effect of deformation upon diffraction pat­
terns.

The section on electron diffraction is interesting and com­
prehensive. Principles, techniques, apparatus, particu­
larly the Finch Diffraction Camera, are presented in de­
tail. The application of electron diffraction to studies of 
basal-plane pseudomorphism, oxide layers, surface coat­
ings, the Beilby layer and bearing surfaces is very enlight­
ening. The discussion of the scope and limitations of the 
technique should be helpful.

Electron microscopy is a new technique which metal­
lurgists are watching closely. Thus far it has proved dif­
ficult to adapt the microscope to metallographic use be­
cause reflection from a massive specimen has not been pos­
sible. The use of transparent surface replicas is at best a 
cumbersome and uncertain procedure. The authors pre­
sent an account of the work that has been done in this field 
and give a detailed discussion of the construction of elec­
tron microscopes.

With respect to radiography the authors discuss the 
requirements for making satisfactory radiographs and the 
nature of flaws and defects which can be revealed.

The appendix contains data on electrolytic brightening, 
X-rays, crystal structure, spacing formulas, etc., and wave 
lengths associated with electrons. The index appears to 
be adequate.

J. N. H o b s t e t t e r

A Symposium on Respiratory Enzymes. Addresses given 
at an Institute held at the University of Wisconsin, 
September 11-17, 1941 (27 Contributors). The Uni­
versity of Wisconsin Press, Madison, Wisconsin, 1942. 
xii -p 281 pp. Illustrated. 15.5 X 24 cm. Price, 
$3.00.
This book contains the following principal articles: 

Intermediate Carbohydrate Metabolism, O. Meyerhof; 
Oxidative Mechanisms in Animal Tissues, E. G. Ball; 
Pasteur Effect, F. Lipmann; Oxidases, Peroxidases and 
Catalase, K. G. Stern; Nicotinamide Nucleotide Enzymes,
F. Schlenk; The Flavoproteins, T. R. Hogness; Cyto­
chromes, E. Stotz; Phosphorylation of Carbohydrates, 
C. F. Cori; Metabolic Cycles and Decarboxylation, E. A. 
Evans, J r .; and Transamination, P. P. Cohen. It also 
records discussions on hydrogen transport (Potter, Elliott, 
Ball and Lipmann, Stern and Haas, and Stotz), phospho­
rylation (Kalckar, Meyerhof, Johnson and Lipmann), tumor 
respiration (Baumann, Elliott, Potter, Burk and Kensler), 
bacterial respiration (Peterson, Wood and Burris, Werk­
man, Barron and Wilson, and Nord and Wilson), and ani­
mal tissue respiration (Elvehjem, Shorr, Elliott, Potter, 
Axelrod, Bernheim, Barron and Stare).

This symposium on respiratory enzymes fulfills the func­
tions of a volume of this type. First, it reflects the best 
judgment of specialists in various branches of the subject 
in respect to the interpretation of data now available, and 
attempts to define the limits to which interpretations of 
physiological and pharmacological activities may safely be 
carried in terms of oxidative enzymes; secondly, it provides 
an up-to-date bibliography of the more important chemical, 
biochemical, and physiological literature in the field of 
biological oxidations and records, very satisfactorily in 
most instances, the advances which have been made in this 
field since the Cold Spring Harbor Symposium of 1939. 
During these three years there have been two major ad­
vances.

The first deals with the importance of phosphate trans­
fer as a method of biological synthesis and has now reached 
the stage where phosphorylation can account for a num­
ber of chemical mechanisms underlying physiological activi­
ties. The paper by Cori and the discussion on phos­
phorylation supplement the earlier reviews of Kalckar and 
of Lipmann in bringing out the importance of phosphoryla­
tion in the control of carbohydrate metabolism.

The second major advance has been in the use of radio­
active and other isotopes in tracing the chemical reactions 
concerned in the breakdown and utilization of carbohy­
drate, particularly the utilization of inorganic carbon di­
oxide by animal tissues to synthesize more complex carbon 
compounds. Various phases of this subject are here dis­
cussed by E. A. Evans, H. G. Wood and R. H. Burris.
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The remarks of the latter two investigators should be 
particularly valuable to chemists and physicists desirous of 
applying such techniques to biological problems.

The article by F. Schlenk brings together a considerable 
amount of practical information regarding the properties 
of diphosphopyridine nucleotide and triphosphopyridine 
nucleotide which is not otherwise readily available in 
English.

The discussion on tumor metabolism will no doubt prove 
interesting to many, since it assembles for the first time 
much of the data currently available on the metabolism of 
butter yellow tumors and on the possible mechanism of 
formation of such tumors.

The book closes with a discussion of methods of handling 
tissue in metabolic experiments, including reference to cer­
tain techniques which have not been mentioned in earlier 
books on respiratory processes. The remarks of E. Shorr 
and K. A. C. Elliott on this subject should prove especially 
useful to chemists and physiologists who are anxious to 
study the relation of biological oxidations to their particular 
problems.

M. E. K r a h l

The Stone that Bums. By W il l ia m s  H a y n e s . D. Van
Nostrand Company, Inc., 250 Fourth Avenue, New
York, N. Y., 1942. xii +  345 pp. 14.5 X 22 cm.
Illustrated. Price, $3.75.
This timely and readable book is a history of the Ameri­

can sulfur industry. Mostly, it is the story of one man’s 
flash of genius; of Herman Frasch’s idea that sulfur deep 
down in the earth could be melted by steam and while still 
molten brought to the surface by an air lift. The book 
covers in detail Frasch’s long and almost vain struggle to 
make this idea work, of his final success and of the great 
development which this process has experienced in later 
years.

In the current textbooks of chemistry Frasch’s process 
is presented as something simple and easy. Nothing could 
be further from the truth. This book is illuminating in 
making clear the difficulties which even an apparently 
simple idea encounters in actual large-scale operation.

The latter part of the book, dealing with the period of 
the first world war and thereafter, is particularly valuable 
from an historical point of view. I t traces in detail the 
development of the European sulfur cartel, one of the 
first representatives of this phenomenon destined to play so 
great and ominous a role in the subsequent economic life 
of the world. Moreover, it records in detail with abundant 
documentation the steps in the creation and growth of the 
great American sulfur companies of today.

This book, however, is more than a monograph on a 
special chapter of chemical engineering. The story it tells 
illustrates in a striking way the functioning of our economic 
system based on the profit motive. Naïve persons are 
often impressed with the philosophical weakness of this 
motive and it is true that as society develops this motive 
requires control. However, the particularized information 
and factual account of the development of the sulfur indus­
try as given in this book cannot but impress the thoughtful 
reader with the ceaseless, multifarious, indomitable and 
ultimately successful operation of the profit motive. So

long as individual initiative can function, so long as men 
are free, the lure of profit, of useful gain, operates. 
Driven by it men are unabashed by the most formidable 
obstacle; they attack first here, then there, again and 
again and again until it is at last overcome!

A r t h u r  B .  L a m b

Advances in Colloid Science. Edited b y  E l m e r  (X  
K r a e m e r , Ph.D., Biochemical Research Foundation of 
the Franklin Institute, Newark, Delaware, in Collabo­
ration with F l o y d  E. B a r t e l l , Ph.D., Professor of 
Chemistry, University of Michigan, Ann Arbor, Michi­
gan, and S. S. K i s t l e r , Ph.D., Associate Director of 
Research, Norton Company, Worcester, Mass. Volume
I. Interscience Publishers, Inc., 215 Fourth Avenue, 
New York, N. Y., 1942. xii +  434 pp. 161 figs.
15.5 X 23.5 cm. Price, $5.50.
Colloid science is not an isolated subdivision of science; 

rather it cuts across many sciences. The breadth and di­
versity of its applications are perhaps responsible for the 
large number of devotees and their almost evangelistic 
enthusiasm.

The present volume, an outgrowth of this enthusiasm, 
is the first of a series intended to present new discoveries in 
colloid science, either experimental or theoretical, in a 
more comprehensive and unified fashion than is possible 
in the regular technical periodicals. As to the manner of 
presentation, the editors say in the Preface, “Since in each 
instance the author (or authors) will have been closely 
identified with the development under discussion, it is to 
be expected that the contributions should have an indi­
vidualistic point of view, and should show a definite em­
phasis upon the author’s own part in the development in 
question. The contributions are thus not intended to be 
reviews or compilations from the literature in the usual 
sense, and the editors are willing to share any censure that 
readers may be inclined sometimes to level at an author 
because he has apparently failed to do adequate justice to 
other investigators in the field.”

This volume contains twelve chapters, as follows:
“The Measurement of the Surface Areas of Finely Divided 

or Porous Solids by Low Temperature Adsorption Iso­
therms,” by P. H. Emmett.

“The Permeability Method for Determining Specific 
Surface of Fibers and Powders,” by R. R. Sullivan and
K. L. Hertel.

“A New Method of Adsorption Analysis and Some of its 
Applications,” by Arne Tiselius.

“Solubilization and Other Factors in Detergent Action,” 
by James W. McBain.

“Recent Developments in Starch Chemistry,” by Kurt H. 
Meyer.

“Frictional and Thermodynamic Properties of Large 
Molecules,” by R. E. Powell and Henry Eyring.

“The Constitution of Inorganic Gels,” by Harry B. Weiser 
and W. O. Milligan.

“The Creaming of Rubber Latex,” by G. E. van Gils and
G. M. Kraay.

“Streaming Birefringence and its Relation to Particle 
Size and Shape,” by John T. Edsall.

“Synthetic-Resin Ion Exchangers,” by Robert J. Myers.
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“The Study of Colloids with the Electron Microscope/’ by
Thomas F. Anderson.

“Anomalies in Surface Tensions of Solutions,” by Ernst A.
Hauser.
These chapters are all excellently done and are of the 

greatest interest. Indeed, it is stimulating to see what 
great progress has been registered recently in every one of 
the fields covered. Moreover, the fields are so diverse 
that any reader can be sure to find much that is novel and 
illuminating.

The editors and contributors are to be complimented on 
the success of this volume, and the promise that it affords 
of similar volumes in the future.

A r t h u r  B . L a m b

A Course of Instruction in the Qualitative Chemical 
Analysis of Inorganic Substances. By A r t h u r  A. 
N o y e s , Late Professor of Chemistry, and E r n e s t  H. 
S w i f t , Associate Professor of Analytical Chemistry, 
California Institute of Technology. Tenth edition, 
Revised and Rewritten. The Macmillan Company, 60 
Fifth Avenue, New York, N. Y., 1942. xv -f- 418 pp. 
13 figs. 14.5 X 22 cm. Price, $2.75.
Previous editions of this well known text by the late 

Professor Arthur A. Noyes have established a standard of 
excellence that has seldom been duplicated by other texts 
in the field of qualitative analysis, and in this new edition 
Professor Swift has wisely retained those features that have 
been responsible to such a great degree for the success of the 
previous editions. To quote from the Preface: “The
division of the book into two main Parts, entitled The 
Course of Instruction and The System of Analysis has been 
retained, and as in the past the laboratory operations of the 
System of Analysis are described with as great definiteness 
as possible in short paragraphs entitled Procedures; and 
each of these is followed by Notes in which are given de­
tailed facts regarding the operations, suggestions as to 
technique, the precautions necessary and the difficulties 
encountered in special cases, optional procedures for certain 
of these cases, and the indications frequently afforded of 
the presence of various constituents.” “As a major 
change from previous editions, the treatment of the prin­
ciples and more fundamental chemical facts connected 
with the procedure have been separated from the Notes 
and are given as Discussions immediately before the 
Procedure,”

Although the revising author employs modern chemical 
principles liberally in the Discussions, and the method of 
treatment follows the best current usage, he has happily 
preserved a viewpoint that is realistic in its recognition of 
the complexity of many inorganic reactions and that thus 
avoids the pitfalls of too extensive and thoughtless applica­
tion of hyper-simplified principles. For example, in his 
discussion of hydrogen sulfide separations the author quite 
correctly relegates to a minor role the dubious conclusions 
that so often result from the application of over-simplified 
solubility product reasoning, and stresses instead other 
important factors, such as complex ion formation, rate of 
precipitation, absorption and coprecipitation phenomena, 
which so frequently determine the success or failure of 
these separations.

Some noteworthy improvements in the Procedures in­
clude the use of potassium hydrogen sulfide for the separa­
tion of the Copper and Tin Groups, an improved scheme 
for the analysis of the Tin Group, the employment of iso­
propyl ether for the extraction of iron in the analysis of the 
Ammonium Sulfide Group, the complete precipitation of 
magnesium with the Alkaline Earth Group by means of 
solid ammonium carbonate, and the use of perchloric acid 
as a source of hydrogen ion in the Scheme of Analysis for 
Acidic Constituents, to mention only a very few. Con­
siderable emphasis is placed on the analysis for acidic con­
stituents, and provision is made for the detection of 
twenty-four anions (in addition to silicate, chromate, and 
permanganate) by a scheme whose degree of systematiza­
tion approaches that of the scheme of analysis for the basic 
constituents, and which involves a minimal number of 
“side tests.” An outstanding improvement in many of the 
Procedures has been attained by providing for the optional 
use of centrifugation to eliminate time-consuming nitra­
tions.

During actual class use of this text for a semester the 
reviewer found only a surprisingly small number of errors, 
either typographical or otherwise, and only a few minor 
imperfections in procedural details. The book can be 
recommended to all those who believe that the primary 
purpose of a first course in qualitative analysis is to teach 
inorganic chemistry, rather than specialized techniques.

J a m e s  J .  L i n g a n e

Annual Review of Biochemistry, Vol. XI. By J a m e s  
M u r r a y  L u c k , Editor, and J a m e s  H. C. S m i t h , Associ­
ate Editor. Annual Reviews, Inc., Stanford University 
P. O., California, 1942. ix +  736 pp. 16 X 23 cm. 
Price, $5.00.
With this volume, the Annual Reviews begins its second 

decade of a lifetime which has been of inestimable value to 
the biochemical research worker. The foresight of the 
original editorial committee is reflected in the unchanged 
editorial policy and subject matter of the series.

The present volume, in common with those earlier, deals 
with enzymes, vitamins, carbohydrates, proteins and vari­
ous aspects of their metabolism. There are additional 
reviews of topics not so frequently considered. The fol­
lowing, which fall in this category, may be especially recom­
mended: The Chemistry of Visual Substance, by S. Hecht; 
Avian Biochemistry, by T. H. Jukes and H. J. Almquist; 
Plant Tissue Cultures, by P. R. White; and Microbiology, 
by R. Dubos.

W il l ia m  F. R o s s

Chemistry and Physiology of the Vitamins. By H. R.
R o s e n b e r g , Sc.D. Interscience Publishers, Inc., 215
Fourth Avenue, New York, N. Y., 1942. xix -f- 674 pp.
25 figs. 15.5 X 23.5 cm. Price, $12.00.
This is the first attempt which has been made to cover 

the chemistry and physiology of all the vitamins in a single 
volume, and a very successful attempt it is, too. The book 
is beautifully arranged. There is fjrst an introductory 
chapter on the vitamins in general, which contains precise
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definitions of all of the terms to be used (although a defini­
tion of “enzyme” is, curiously enough, not given), a brief 
account of the history of the discovery of the vitamins, an 
explanation of nomenclature in this field, a list of the identi­
fied and unidentified vitamins and an outline of the 
methods of attack which various scientists, in their coopera­
tive efforts, use to discover and elucidate the nature of a 
vitamin, together with the most important procedures that 
are employed. The specificity of the vitamins is here 
handled in a general way, along with the analytical 
methods which must be used, and then follows a brief 
discussion of the physiology and pathology which are 
connected with the vitamins. This first chapter is, in it­
self, an excellent general discussion of the whole subject of 
vitamins; with very minor changes it could be read with 
great profit by any individual who had no training in sci­
ence but who wished to know something about what vita­
mins are, how they are discovered, how prepared, and how 
used, together with the “whys” of these questions.

Then follow separate chapters covering each of these 
vitamins: The A’s, Bi, B2, B6, Nicotinic Acid, Panto­
thenic Acid, Inositol, ^-Aminobenzoie Acid, C, the D’s, 
the E’s, H (Biotin), the K ’s, P, the non-identified Vitamins 
(the other B’s, the L’s, all the various factors such as T, U, 
Folic Acid, the Grass Juice Factor, etc.). Next come chap­
ters on the Vitagens—Essential Fatty Acids, the Essential 
Amino-Acids, the Essential Carbohydrates and Choline, 
and the Essential, Transferable Methyl Group.

Within each major chapter, the material is systemati­
cally arranged into sub-topics, in general as follows: 1.
Chronology, a brief table giving the “highlights” in connec­
tion with the development of the vitamin; 2. Occurrence;
3. Properties; 4. Isolation; 5. Chemical Structure;
6. Synthesis; 7. Industrial Methods of Preparation; 
8. Biogenesis; 9. Determination; 10. Specificity; 11. 
Physiology; 12. Hypo- and Hyper-vitaminoses; and 13. 
Requirements. These topics are discussed in an authori­
tative and very entertaining manner. The citations are 
extremely numerous and are numbered by chapters, and 
there are over three thousand of them. The book closes 
with three very excellent indexes—patent, author, and 
subject—the preparation of which is a considerable 
achievement in itself.

I t is possible that some specialists might consider their 
particular specialties to be treated in too elementary a 
manner, all the more so since books of approximately this 
same size could be written about almost any one vitamin, 
and have been written about some of them. But the re­
viewer found that those vitamins with which he is most 
familiar were treated comprehensively enough, and he 
thought these particular chapters were all the better for not 
having been written too exhaustively. I t must be remem­
bered that this is a book on “The Vitamins,” and it is the 
first book of its kind to appear. Nowhere else is there, 
between the covers of one volume, so much information 
covering all the aspects of the whole field.

Dr. Rosenberg has worked in the laboratories of Ruzicka 
and of Reichstein; he was present in Zürich when Karrer 
announced the successful isolation of essentially pure vita­
min A; and he has been, since 1936, engaged in researches 
on vitamins and hormones at the Jackson Laboratory of
E. I. du Pont de Nemours and Company. Thus he has

been active in this field for about fifteen years. I t  seems 
almost incredible, yet this short time has witnessed almost 
the whole of the development of the true chemistry of the 
vitamins. Although the pace is no longer quite as rapid as 
it was, yet it is still rapid enough, for almost literally while 
the ink was drying on the pages of this book, many im­
portant contributions in the field of the vitamins appeared. 
Thus, to mention only a few, it was shown that vitamin A2 
was definitely devoid of any activity and a new structure 
was proposed,1 a new synthetic vitamin E factor was an­
nounced,2 a-tocopheryl acetate was crystallized,3 and new 
and accurate determinations of vitamin B14 and of ac- 
tocopherol5 were published. One has to be daring, and to 
be possessed of a spirt of great eagerness, even to think of 
writing a book covering the whole of such an active field, 
and Dr. Rosenberg has done the job very well indeed. One 
could say, of course, that “this book fills a long-felt want,” 
and he would be telling the truth—but it is even more than 
that. If the tired and busy chemist would like to have 
something he can read while relaxing and thoroughly 
enjoying himself; something authoritative and important, 
but which at the same time is easy to read and is exciting— 
this is it.

There are few errors in the book, and those few are, for 
the most part, rather obvious. Such things, for instance, 
as the use of “hydrocyanic” where “isocyanic” is meant on 
page 388; the use of “active” instead of “inactive” on page 
409; and a few obvious mistakes in correcting the struc­
tural formulas. The printing and binding are excellent, 
and the only real criticism the reviewer has concerns the 
price of the book. Here is a book which merits a very 
wide circulation, but it is to be feared that the high price 
will effectively bar it from the libraries of the younger sci­
entists and the general scientific reader, where it really be­
longs. This is a pity.

(1) K arre r, G eiger an d  B retscher, Helv. C him . A cta , 2 4 , 161B 
(1942).

(2) Sm ith , R enfrow  and Opie, T h is  J o u r n a l , 64 , 1082 (1942).
(3) Robeson, ibid., 64, 1487 (1942).
(4) K irch  and  Bergeim, J . Biol. Chem., 143, 575 (1942).
(5) M ayer an d  Sobotka, ibid., 143, 695 (1942).

L e e  I r v i n  S m i t h

The Dynamic State of Body Constituents. By R u d o l f  
S c h o e n h e i m e r , M.D., Late Associate Professor of Bio­
logical Chemistry, Columbia University. Harvard Uni­
versity Monograph in Medicine and Public Health, 
Number 3. Harvard University Press, Cambridge, 
Mass., 1942. x +  78 pp. 6 figs. 15.5 X 23.5 cm. 
Price, $1.75.
The death of a scientist at the height of his intellectual 

powers and while engaged upon a problem of great impor­
tance is a tragic thing. In the case of Rudolf Schoen­
heimer, it is especially tragic since the problem had been 
brought so far toward solution that the results he had a t­
tained have already modified the current course of bio­
chemical thinking.

The use of isotopes in the study of intermediary me­
tabolism will, of course, continue, and probably at a rapidly 
accelerating pace. The application of these new tech­
niques is a matter of such fundamental importance as far
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to transcend the fate of the individual, whatever this may 
be. Accordingly it is fortunate that an opportunity was 
presented to Schoenheimer, by the invitation of Harvard 
University to deliver the Edward K. Dunham Lectures in 
the autumn of 1941, to bring together the whole of his 
labors with deuterium and the heavy isotope of nitrogen 
into a brief and simple account, unobscured by technical 
details.

These lectures have now appeared in the present slim 
volume. The first deals with the reactions of the body fats, 
the second with the state of the body proteins, and the 
third with the role of structural elements in the formation 
of excretory products. The thesis is developed that all 
components of the tissues are in a dynamic state and are 
constantly involved in rapid chemical reactions. If suit­
able starting materials are provided, all chemical reactions 
which the animal is capable of performing are carried out 
continually. No other conclusion is possible from the 
evidence afforded by the behavior of the isotopes used to 
trace the fate of various compounds administered to ani­
mals maintained in a state of nutritional equilibrium.

A brief preface explains that the printed lectures repre­
sent revisions by his colleagues from drafts prepared by the 
author, and there is, in addition, a biographical note and 
appreciation of Schoenheimer by Professor Hans T. Clarke 
who delivered the lectures and edited the manuscript.

H. B . V i c k e r y

The Nature of Thermodynamics. By P. W. B r id g m a n , 
Hollis Professor of Mathematics and Natural Philosophy 
in Harvard University. Harvard University Press, 
Cambridge, Mass., 1941. xii -j- 229 pp. Illustrated. 
21 X 14 cm. Price, $3.50.
Fifteen years ago in “Logic of Modern Physics” Bridg­

man made a notable contribution to epistemology by em­
phasizing that physicists, and similar scientists, actually 
acquired knowledge by operational procedures. Philoso­
phers have been too much impressed with the finished 
products of the older and more theoretical sciences and 
have given too little attention to the ways in which scien­
tists actually learn. Thus he joined the group containing 
C. S. Peirce, Wm. James, H. Poincaré, and L. J. Hender­
son, of scientists who philosophize, who for the most part 
do not labor their philosophies so much as the professional 
philosophers, but who bring to them the new ideas sug­
gested from actual acquaintance with concrete phenomena.

In “The Nature of Thermodynamics” the author applies 
his operational analysis in detail to this difficult field. One 
can hardly fail to gain the impression that the sledding is a 
bit harder, but he is making a further and very useful effort 
to make clear whether the operations involved are instru­
mental or “paper and pencil” procedures. Especially to 
be noted is the discussion of the light thrown on methods 
of treating some irreversible phenomena by Bridgman’s 
own researches. Those looking for “finality” and “finish” 
will be disappointed at such a frank assertion as: “I
believe that no epistemology can be logically rigorous, but 
between rival epistemologies it can only be a question of 
which is logically the most tolerable in a particular set­

ting.” This is, however, true pragmatism, it is the method 
of getting ahead with the business of acquiring science; 
everything breaks down if pushed too far and practically 
no theory, surely no working hypothesis, subsumes all the 
known facts of its subject matter but shuts its eyes to some 
which are too stubborn.

Whether agreeing with him or not, every student of 
thermodynamics, that perplexing subject where things 
may not be too large without failing to satisfy equilibrium 
conditions nor yet too small without revealing fluctuations, 
will profit by the study of Bridgman’s treatment of its 
nature.

E d w i n  B. W i l s o n
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Ketene Acetals- XI. The Pyrolysis of Ketene Acetals and Orthoesters
B y  S. M . M cE l v a in , H arriso n  I. A n t h e s  a n d  Sy d n e y  H. Sh apiro

The C-alkylation of a-methoxy styrene1 and 
ketene acetalla by means of certain reactive or­
ganic halides shows the similarity in behavior and 
the high reactivity of the heteroenoid systems 
that are present in these two structures. It 
seemed of interest, therefore, to undertake a 
study of the effect of heat on the ketene acetals 
to ascertain if they would undergo the same type 
of thermal rearrangement as the a-alkoxystyrenes 
which have long been known2 to rearrange into 
phenyl alkyl ketones

C6H 5C (O R )= C H 2 — >  C6H 5COCH2R 

It previously has been reported3 that ketene 
diethylacetal may be heated at 190-240° in new 
Pyrex tubes without any perceptible polymeriza­
tion. In the work which is now reported, the 
effect of heat on ketene diethylacetal and its 
chloro and bromo derivatives has been studied. 
These ketene acetals have been heated under 
three different sets of conditions, viz., (a) in glass 
tubes at 200° for six hours, (b) in a steel bomb at 
150-200° for six to seventy-two hours, and (c) 
during rapid passage over a variety of surfaces 
in a furnace at 300-400°. Under all of these 
conditions the ketene acetals that were studied 
showed only one type of behavior, viz., pyrolysis 
into ethylene and the acetic ester 
XCH==C(OC2H5)2 — > XCH2COOC2H5 +

C2H4 (X is H, Cl or Br)
There was no indication in any experiment that

(1) M ortenson and  Spielm an, T h is  J o u r n a l , 62, 1609 (1940).
(la )  M cE lvain  and  K undiger, ibid., 64, 254 (1942).
(2) C laisen, Ber., 29, 2931 (1896); C laisen and  H aase, ibid., 33, 

3778 (1900).
(3) Johnson, B arnes and  M cE lvain , T h is  J o u r n a l , 62, 964 (1940).

an ethyl group had rearranged from an oxygen to 
a carbon as it does in ethoxy styrene.3

Under the conditions (six hours at 200°) that 
caused complete pyrolysis of ketene diethylacetal 
in glass tubes, ketene dimethylacetal remained un­
affected. Indeed, 95% of this dimethylacetal was 
recovered after twenty-four hours of heating at 
200° .

The failure of ketene, chloroketene and bromo­
ketene diethylacetals to undergo thermal rear­
rangement as do the alkoxystyrenes led to a study 
of the thermal behavior of ketene diallyl- and di- 
benzylacetals. These compounds contain the

necessary structure, > C = C —O—CH2—C = C —, for 
the well-known Claisen or allylic rearrange­
ment and would be expected to rearrange quite 
readily. As a matter of fact, neither of these ke­
tene acetals could be isolated from the products 
of the reaction of potassium /-butoxide in /-butyl 
alcohol with either diallylbromoacetal (I) or di- 
benzylbromoacetal (III); the only products that 
could be separated were allyl allylacetate (II) 
and benzyl ö-tolylacetate (IV) which were ob­
tained in yields of 43 and 46%, respectively.
BrCH2CH(OCH2CH==CH2)2 +  KOBu(Z)----

I
CH2=CH CH 2CH2COOCH2CH =CH 2 +  KBr +  Z-BuOH 

II
BrCH2CH(OCH2C6H5)2 +  KOBu(Z)---->

III

/ V CHs
+  KBr +  i-BuOH

'•CHjCOOCHsG.Hs
IV
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Undoubtedly the ketene acetal was the inter­
mediate in each of these reactions, but it was so 
susceptible to rearrangement that it passed into 
the substituted acetic ester (II or IV) as rapidly 
as it was formed. It is interesting to note that 
these allylic rearrangements occur at or below 
the refluxing temperature (ca. 80°) of /-butyl 
alcohol which is an unusually low temperature 
for a rearrangement of this type. Also it should 
be noted that in the more widely studied re­
arrangements of the phenol ethers the allyl phenyl 
ethers generally rearrange with inversion of the 
allyl radical, while benzyl phenyl ether, in con­
trast to the allyl ethers and to the above benzyl- 
acetal, rearranges to the o- and ^-benzyl phenols,4 
without any inversion of the benzyl radical.

Two reports of the pyrolysis of an orthoester 
into a ketene acetal and alcohol

RCH2C(OEt)3---->  RCH=C(OEt)2 -f EtOH
have appeared in the literature. Reitter and 
Weindel5 reported this pyrolysis for the compound 
in which R is carbethoxy and Staudinger and 
Rathsam6 reported a similar behavior for the com­
pound in which R is phenyl. These latter authors 
also reported that ethyl orthoacetate underwent 
a different type of pyrolysis, viz., into ethyl ace­
tate and ether, when passed over nickel on pumice 
at 250-260°.

Since, in some cases, orthoesters appear to py-

the pyrolysis took was shown by the products 
obtained when the orthoester was heated with an 
equivalent of phenol. It has been found in earlier 
work that the mixed orthoester obtained by the 
addition of phenol to ketene acetal decomposed on 
distillation into ethyl acetate and phenetole.7 
When ethyl orthoacetate was heated with phenol 
no ethylene was formed and practically quanti­
tative yields of ethyl acetate and phenetole were 
obtained. The following sequence of reactions il­
lustrates these transformations

200 °
CH3C(OEt)3----^  CH2=C (O Et)2 +  EtOH

CH2=C (O Et)2 +  CeHsOH---->
CH3C(OEt)2OC6H5----CH3COOEt +  C6H5OEt

The ability of phenol to divert the ketene acetal 
into phenetole as rapidly as it is formed and before 
it is pyrolyzed into ethylene and ethyl acetate 
made possible the study of the decomposition of 
a mixed orthoester of the type CH3C(0R)20R'. 
Such an ester, on pyrolysis, could follow two 
reaction courses, A and B, and the extent of each 
reaction would be measured by the amount of each 
of the alcohols, ROH and R'OH, among the reac­
tion products. An additional measure of the 
extent of reaction B would be given by the sum of 
the products, C6H5OR' and CH3COOR', which re­
sult from the decomposition of the mixed ortho­
ester (V) by reactions M and N.

CH3C(OR)2OR'—

R'OH +  CH2=C (O R )2 C6H5° H> CH3C(OR)2OC«H6

OR

ROH +  CHj=C(OR) OR' C6H6OH CH3C—OC6H6—

V OR'

CH2COOR +  CeH6OR 

CHjCOOR' +  CeHfiOR

-> CHsCOOR +  CfH6OR'

rolyze into ketene acetals it seemed of interest to 
undertake a study of the pyrolysis of a variety of 
orthoesters and to determine, if possible, if there 
is any general tendency for them to pyrolyze into 
ketene acetals. In some preliminary experiments 
with ethyl orthoacetate it was found that this 
orthoester, when heated at 200° for twenty hours 
in a steel bomb with a glass liner, yielded alcohol, 
ethyl acetate and ethylene. These products could 
be the result of the pyrolysis of the orthoester 
into alcohol and ketene acetal followed by the 
pyrolysis of the acetal into ethylene and ethyl 
acetate. That this was actually the course which

(4) B ehaghel and  F reinensehner, Ber., 67, 1368 (1934); Short, 
J .  Chem . Soc., 528 (1928); H ickenbo ttom , N ature, 142, 930 (1938); 
143, 520 (1939).

(5) R e i tte r  and  W eindel, Ber., 40, 3358 (1907).
(6) S taud inger an d  R a th sam , Helv. Chim. Acta, 5, 646 (1922).

Table I is a summary of the results obtained 
from the pyrolysis of a number of orthoesters. 
In general, the esters of the unsubstituted acetic 
acid (runs 1-9) were heated at 200° for twenty 
hours in order to insure complete pyrolysis. The 
esters of the substituted acetic acids were heated 
at the same temperature and, in some cases, for 
shorter periods of time in order to show roughly 
their relative tendency to pyrolysis. In the cases 
of the mixed orthoesters (runs 3-9) the total per­
centage of reaction (100% in all runs) is sub­
divided into the per cent, of each of the reactions 
A, B, M and N and the ratios of the pyrolysis 
products ROH to R'OH and CH3COOR' to 
C6HöOR', i. e., B /A  and M /N  is indicated. The

(7) B arnes, K undiger and  M cElvain, T his Journal, 62, 1281
(1940).
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T a b l e  I
Pyrolysis of Orthoesters, XCH 2C(OR)OR' at 200 °

Run XCH2 is R is R' is
Reaction 
time, hr.

React. 
A, %

React. 
B, % B/A

Total reaction, % 
React. React. 
M, % N, % M/N

1 CHS c 2h 5 c2h 5 10 80
2 CHs c2h 5 c2h 5 20 100
3 CHs c 2h 5 ^-C4Ho 20 33 67 2 .0 49 51 1.0
4 CHs c 2h 5 •Ï-C4H 9 20 33 67 2 .0 60 40 .7
5 CHs c 2h 5 5-C4H 9 20 22 78 3 .5 14 86 6 ,1
6 CHs c2h 6 £-C&Hu 20 34 66 1.9 52 48 .92
7 CHs c 2h 5 (CHs)sCCH2 20 44 56 1.3 100 0 0
8 CHs c2h s C0H5CH2 20 16 84 5 ,4 11 89 8 .1
9 CHs W-C4H9. c2h 6 20 39 61 1 .6 51 49 .96

10 EtOCH2 c2h 5 c2h 5 2 .5 84
11 EtOCH2 C2H s C2H 5 5 .0 100®
12 CICH2 c2h 6 CsHs 10 74
13 CICH2 c2h s c*h 6 20 100
14 BrCH2 c2h * c2h 6 13 21*
15 BrCH2 c 2h 5 CfiHs 32 37c
16 Br2CH c8h 5 c2h 5 32 15*

° In another run of this orthoester in which phenol was used, the total yield (97%) of the acetic ester in this run was 
composed of ethyl ethoxy acetate (47%) and phenyl ethoxy acetate (53%). 6 In this run 43% of the bromo-orthoester
was recovered unchanged. c In this run no orthoester was recovered; in addition to the bromoacetic ester indicated 
above, 0.5 g. of acetaldehyde (identified as the 2,4-dinitrophenylhydrazone),4  g. of ethyl bromide, 4.3 g. of ethyl acetate 
and a small amount of water (copper sulfate test) were obtained from a 30 g. run of the orthoester, d In this run 0.6 g. 
acetaldehyde, 11 g. of ethyl bromide, 2.9 g. of ethyl acetate, 10.8 g. of ethyl monobromoacetate and some water and 
alcohol were isolated from a 50 g. run of the orthoester.

simple orthoesters (R =  R' =  C2H5) in runs 
10-16 were pyrolyzed without phenol and the 
total percentage of reaction is given in the sixth 
(reaction A) column of the table. These values 
were obtained from the amounts of acetic ester 
and unchanged orthoester that were present in 
the bomb after the heating period shown.

Runs 1 and 2 of Table I show that the time 
necessary for complete pyrolysis of ethyl ortho­
acetate at 200° is between ten to twenty hours. 
The behavior of the mixed orthoesters in runs, 
3, 4, 6 and 9 show that the primary alkyl groups 
of either the normal or iso structure have prac­
tically the same tendency to be eliminated in the 
form of R 'OH (reaction A). In each of these runs 
approximately one-third of the orthoester de­
composes with the loss of the single alkyl group 
(R') and two-thirds by the course in which one 
of the two like alkyl groups (R, reaction B) is lost. 
The neopentyl group (run 7) shows a noticeably 
greater tendency to be eliminated than do the 
other primary alkyl groups. The 5-butyl group 
(run 5) and the benzyl group (run 8) are decidedly 
more resistant to elimination than are the ethyl 
and the other primary alkyl groups. Since the 
pyrolysis of an orthoester to a ketene acetal (re­
actions A and B) involves a rupture of the bond 
that holds the alkoxyl group in the orthoester, the

behavior of the various alkyl groups in the mixed 
orthoesters is in line with the well-known fact 
that the oxygen-hydrogen bond is more reactive 
and the alkyl-oxygen bond less reactive in pri­
mary alcohols than in secondary (or benzyl) al­
cohols. In the decomposition of the mixed ortho­
ester V it seems safe to assume that the phenyl 
ether is eliminated as C6H50 — and R (or R') since 
in phenol the phenyl-oxygen bond is very stable 
as compared to the oxygen-hydrogen bond and 
also because of the high yields of the s-butylphenyl 
ether and benzylphenyl ether (reaction N, runs 
5 and 8). It is interesting to note that reactions 
M and N take place to practically the same ex­
tent when R' is n-butyl, isobutyl, isoamyl and 
ethyl (runs 3, 4 ,6  and 9). This shows that these 
primary alkyl-oxygen bonds are, as are the bonds 
that hold the RO— and R'O groups in the ortho­
ester, of the same order of strength. The failure 
of the mixed orthoester V, when R' is neopentyl 
(run 7, Table I), to follow reaction N to any ex­
tent in its decomposition, together with the rela­
tively high amount of reaction A in the run, shows 
the marked difference in the strength of a bond 
attached to a neopentyl group and one attached 
to a neopentoxy group.

In the group of ethyl esters of the substituted 
orthoacetic acids a number of interesting results
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appear. Of all of the orthoesters that were studied 
the ethyl orthoethoxyacetate was pyrolyzed (runs 
10 and 11) most readily. In one run (see footnote 
(a), Table I) in which the orthoester was pyro­
lyzed in the presence of phenol the resulting acetic 
ester was composed of about equal amounts of 
the phenyl and the ethyl esters. These products 
indicate that the mixed orthoester (VII), result­
ing frötn the addition of phenol to ethoxyketene 
acetal (VI), breaks down in two different ways, 
thus

EtOCH2C(OEt)3— EtOH +  EtOCH=C(OEt)a
VI

c6h 5o h  --------- >

OEt

EtOCH2C—OEt— 

OC6H5

EtOCH2COOEt +  C6H5OEt 

EtOCH2COOC6H5 +  EtOEt

VII

appear to have been described in the literature, 
but if it were momentarily formed it would be 
expected to decompose into acetaldehyde and 
hydrogen bromide in a manner similar to that 
reported for ethyl hypochlorite.10 The interac­
tion of hydrogen bromide and alcohol to produce 
water explains the last of the various and unex­
pected products that were isolated from the py- 
rolyses of the orthobromoesters. The formation 
of these products from the pyrolysis of ethyl or­
thodibromoacetate is illustrated below.

The isolation of benzyl o-tolylacetate (IV) in­
stead of the ketene acetal from the dehydrobromi- 
nation of dibenzylbromoacetal (III) suggested 
the pyrolysis of benzyldiethyl orthoacetate (VIII) 
in the absence of phenol. This orthoester appears 
from run 8 of Table I to decompose to the extent 
of 84% into the mixed ketene acetal (IX) which,

The ethyl orthochloroacetate 
(runs 12 and 13) behaved as did CHBr2C(OEt)3—|
the other orthoesters and, in con-

|— > EtOH +  Br2C=C(OEt)2 — 

1— > EtOBr +  BrCH=C(OEt)2 ■

Br2CHCOOEt +  C2H4 

BrCH2COOEt +  C2H4

trast to the ethoxyacetate, is no more susceptible 
to pyrolysis than is ethyl orthoacetate. The 
bromo-substituted orthoesters, however, show a 
marked variation from the other orthoesters in the 
pyrolysis behavior. The yields of the correspond­
ing bromo-acetic esters that were obtained from 
the pyrolyses that went to completion (runs 15 and 
16) are quite low. Numerous other unexpected 
products (see footnotes c and d, Table I) were 
isolated from these pyrolyses. These products 
can best be explained upon the assumption that 
two competing modes of decomposition are fol­
lowed by these esters. The one of these that 
occurs to the lesser extent, is the route (reactions 
A and B) that is followed by the other orthoesters.

The other, and main, reaction route appears 
to be connected with the positive character of the 
bromine of the mono and dibromo derivatives 
of ethyl orthoacetate8 and to involve the loss of 
the elements of ethyl hypobromite from the 
orthoester. A ketene acetal with one less bro­
mine than the original orthoester would be the 
result of this decomposition.9 This ketene acetal 
would then pyrolyze into the corresponding 
acetic ester and ethylene or add hydrogen bro­
mide (see below) to form the same acetic ester 
and ethyl bromide. Ethyl hypobromite does not

Br2C=C(OEt)2 (or BrCH=C(OEt)2) +  H B r---->
EtBr +  Br.CHCOOEt (or BrCH2COOEt).

CH3CH2OBr EtOHCHgCHO +  H B r------->  EtBr +  H20

if not immediately diverted through reactions 
M and N by phenol, should rearrange into ethyl
0-tolylacetate (X), thus

^/OEt
CHsC—-OEt ---->

\ OCH2C6H5 
VIII

CH2:

c h 3
/OEt

Ns,' O C H 2\^6Jti5 \
v  x COOEt 

IX  X

When the orthoester VIII was heated alone at 
200° for twenty-four hours there was consider­
able non-distillable tar produced, but from the 
volatile liquid portion of the pyrolysis mixture 
it was possible to isolate about 14% of the theo­
retical amount of X.

Finally an orthoester that has no a-hydrogen, 
and consequently cannot be converted into a 
ketene acetal, was pyrolyzed. Ethyl orthoben­
zoate, when refluxed gently under atmospheric 
pressure (b. p. 220-225°), slowly decomposed into 
the normal ester and diethyl ether.

C6H5C(OEt)3---->■ CeHsCOOEt +  EtaO
(8) M cElvain and Walters, T his J o u r n a l , 64, 1963 (1942).
(9) T h e  general m ethod of p repara tion  of ketene  acetals involves 

th e  rem oval of the elem ents of e th y l hypohalite  from  a-halogenated  
o rthoeste rs  b y  m eans of sodium  [W alters and  M cE lvain, ibid., 62, 
1482 (1940); M cE lvain , C larke and  Jones, ibid., 64, 1966 (1942)].

After six hours this decomposition amounted to 
60%.

(10) Sandm eyer, Ber., 18, 1768 (1885).



Nov., 1942 T he Pyrolysis of Ketene A cetals and Orthoesters 2529

Experimental
The ketene diethylacetals that were used in the pyrolysis 

experiments and for the preparation of mixed orthoesters 
were prepared by procedures previously described.3'11 In 
the pyrolysis experiments ketene, chloroketene and bromo­
ketene diethylacetals were used.

Methyl Orthobromoacetate and Ketene Dimethyl­
acetal.—This acetal could not be prepared from the 
bromodimethylacetal by the action of potassium /-butoxide 
in /-butyl alcohol because the ketene acetal boiled (89- 
91 °) too near to the alcohol to allow them to be separated. 
Consequently, it had to be prepared from methyl ortho­
bromoacetate by the action of metallic sodium.12 This 
bromoester was obtained by the bromination of methyl 
orthoacetate, prepared by the method of McElvain and 
Nelson13 from acetonitrile, according to the procedure de­
scribed for the preparation of ethyl ortho-a-bromoiso- 
valerate.14 Methyl orthobromoacetate, b. p. 74-75° (17 
mm.); d2h 1.4771; n25D 1.4501, was obtained in yields 
of 70% of the theoretical.

Anal. Calcd. for C5H n03Br: Br, 40.15. Found: Br,
40.33.

Ketene dimethylacetal, b. p. 89-91° (740 mm.); d2h 
0.9274; n25d 1.3962, was obtained from the bromoester12 
in 65% yields.

Anal. Calcd. for C4H80 2: C, 54.53; H, 8.93. Found: 
C, 54.31; H, 9.15.

The Pyrolysis of Ketene Diethylacetals
(a) In Glass Tubes.—Pyrex bomb tubes of 80-ml. ca­

pacity were washed with alcohol and ether and then filled 
with concentrated aqueous sodium hydroxide and allowed 
to stand for four hours. Then they were washed with dis­
tilled water, alcohol and ether. When rigorous anhydrous 
conditions were used the tubes were heated in a bunsen 
flame, stoppered with a calcium chloride tube, and allowed 
to cool. Approximately 5 g. of the ketene acetal was 
placed in the tube; when extreme precautions against 
moisture were used the acetal was distilled directly into the 
dried bomb tube. After sealing, the tube was heated in a 
bomb furnace at 200° for six hours, after which time it was 
cooled in an acetone-dry-ice mixture and opened. All 
tubes contained a high pressure of an inflammable gas 
(ethylene). The acetic ester remaining in the tube was 
distilled and weighed. When new, rigorously dried tubes 
were used the pyrolysis never amounted to more than 20% 
of the ketene acetal; in used tubes, similarly dried, the 
amount of pyrolysis rose to 50%; in air-dried, used tubes 
the pyrolysis was complete in six hours at 200°.

(b) In a Steel Bomb.—A solution of 20-30 g. of the 
ketene acetal in 40-60 ml. of cyclohexane (if a solvent is not 
used the reaction product is invariably a tar) was placed in 
a 500-ml. steel hydrogenation bomb that was fitted with a 
valve for the release of gas pressure and heated at 200° 
for six hours. Under these conditions the pyrolysis of the 
ketene acetals was complete. However, when a tempera­
ture of 150° was used there was no appreciable decomposi­

(11) M cE lvain , et al., T h is  J o u r n a l , 60, 2210 (1938); 64, 1059 
(1942).

(12) W alters an d  M cE lvain , ibid., 62, 1482 (1940).
(13) M cE lvain  an d  N elson, ibid., 64, 1825 (1942).
(14) M cE lvain , C larke an d  Jones, ibid., 64, 1966 (1942).

tion of the ketene acetal even after twenty-four hours. 
After cooling the ethylene was slowly released from the 
valve in the bomb, through two dry-ice traps, into an aspir­
ator from which the ethylene determination was made. 
The yields of ethylene in these runs generally were 5-10% 
lower than those of the esters. The amounts of esters were 
determined in the case of ethyl acetate from the refractive 
index of the cyclohexane solution and, in the cases of the 
ethyl halogenocetates, by fractional distillation.

(c) In Furnace.—A 50-cm. Pyrex tube, loosely packed 
for a length of 17 cm. with either glass chips, manganese 
dioxide, aluminum oxide, zinc oxide or chromic oxide was 
heated in a short (35 cm.) electric furnace. The tempera­
ture was read from a pyrometer placed in the interior of 
the tube. The ketene acetal in 10-20 g. samples, was 
added dropwise into one end of the furnace from a dropping 
funnel protected with a calcium chloride tube and the gases 
from the furnace were conducted into a 50-ml. receiving 
flask that carried an efficient reflux condenser. The vapors 
that passed from the top of the reflux condenser were led 
through a cold trap surrounded by a dry-ice-acetone mix­
ture and into a pair of 25-cm. test-tubes in series, each 
containing 50 g. of bromine. The last bromine tube was 
connected to an aspirator of about 8-liters capacity.

The acetic ester formed in the pyrolyses was determined 
by distillation of the material in the fkst receiving flask 
and the cold trap. The only contaminant of this ester 
was a small amount of unchanged ketene acetal. The 
amount of ethylene bromide in the two bromine tubes 
gave a measure of the ethylene (generally 10-25% below 
the yields of the esters) that was formed in the reaction. 
The yields of ester from all of the ketene acetals used, 
either through an unpacked tube or one packed with glass 
chips, were 80% or more at 400° and practically zero at 
300°. With manganous oxide and aluminum oxide, how­
ever, ester yields of 80% and 60%, respectively, were 
obtained at 300°. Zinc and chromium oxides gave very 
little improvement in ester yield at this lower temperature 
over that obtained from an unpacked tube.

A 20-g. sample of ketene dimethylacetal was heated in 
a sealed glass tube at 200° for twenty-four hours as in 
procedure (a). When the tube was cooled, opened and the 
contents distilled, 95% of unchanged ketene dimethyl­
acetal was recovered.

Diallylbromoacetal.—To 86.1 g. (1 mol) of freshly dis­
tilled vinyl acetate was added with stirring 60 g. (1 mol) of 
bromine over a period of two hours. The temperature was 
not allowed to go above 5°. The resulting mixture was 
added with stirring to 290 g. (5 ml.) of anhydrous allyl 
alcohol over a period of three hours. The reaction mixture 
then was allowed to come to room temperature slowly and 
stirred overnight. After this time 100 ml. of water was 
added to the vigorously stirred mixture, followed by small 
portions of potassium carbonate, until the solution was 
no longer acidic. The aqueous layer was removed and 
the remaining product dried over anhydrous potassium 
carbonate. On distillation the fraction boiling at 101-102 ° 
(20 mm.); n 25D 1.471215 was collected. The yield amounted 
to 100 g. (45%); % Br, 35.9 (calcd. 36.0).

Allyl Allylacetate from Diallylbromoacetal.—To a solu­
tion of 39 g. (1 atom) of potassium in 550 g. of /-butyl

(15) Cf. H u rd  an d  Pollack, T h is  J o u r n a l , 60, 1905 (1938).
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T a b l e  II
P r o p e r t i e s  a n d  A n a l y s e s  o f  O r t h o e s t e r s , CH3C(OR)2OR'
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R  is R ' is F o rm ula
B. p.,

°C. M m . w25d </254
Analyses, %

C alcd. F ound 
C H  C H

C2H5 ^-C4H9 C ioH220 3 70-72 15 1.4057 0.8682 63.12 1 1 .6 6 62.99 11.55
C2H5 i-C4H9 C ioH220 3 64-66 14 1.4017 .8616 . 63.12 1 1 .6 6 63.09 11.70
c 2h 5 S-C4H9 C ioH220 3 63-65 15 1.4016 .8648 63.12 11.66 63.21 11.73
c 2h 6 i-CsHu C hH240 3 80-82 15 1.4077 .8626 64.66 11.84 64.56 11.83
c 2h 5 (CH3)3CCH2 C hH240 3 87-88 28 1.4037 .8481 64.66 11.84 64.88 11.77
c 2h 5 c 6h 5c h 2 C i3H2o0 3 121-122 8 1.4778 .9839 69.61 8.99 69.51 8.87
W-C4H9 c2h 5 Ci2Hi603 98-100 13 1.4119 .8623 66.01 12.01 65.92 1 2 .0 0

alcohol was added 220 g. (1 mol) of diallylbromoacetal. 
After refluxing for five hours the mixture was cooled to 
room temperature and the precipitated potassium bromide 
removed by centrifuging. I t weighed 108 g. (90%). 
After removal of the t-butyl alcohol the reaction product 
was fractionated carefully through a 15-cm. Widmer 
column. After 7 fractionations 60 g. (43%) of allyl allyl- 
acetate was obtained; b. p. 48-50° (8 mm.) or 160-162° 
(740 mm.); n2hd 1.4198; d254 0.8808; sap. equiv., 141 
(calcd. 140).

Anal. Calcd. for C8Hi20 2: C, 68.55; H, 8.63.
Found: C, 68.71, 68.53; H, 8.97, 8.67.

Saponification of this ester yielded allyl alcohol, 3,5-di- 
nitrobenzoate,16 m. p., 47-48°, and allylacetic acid, the 
anilide of which melted at 92°.17

Dibenzylbromoacetal.—This compound was prepared 
in the same manner as the allyl acetal described above, 
except that benzyl alcohol instead of allyl alcohol was 
used. The yield of product when 1 mole each of vinyl 
acetate and bromine and 5 moles of benzyl alcohol were 
used amounted to 475 g. (75%); b. p. 190-195° (2 mm.); 
n25d 1.5620; d2h 1.2181.

Anal. Calcd. for CieHnC^Br: Br, 28.8. Found: Br,
28.7.

Benzyl o-Tolylacetate from Dibenzylbromoacetal.—
The dehydrobromination of this bromoacetal was carried 
out in the same manner as described above for the diallyl­
bromoacetal. From 321 g. (1 mol) of the bromoacetal 
was obtained 146 g. of a distillate which after three frac­
tionations gave 110 g. (46%) of benzyl ö-tolylacetate; 
b. p. 158-162° (1.5 mm.); n25d 1.4575; d2h 1.0773.

Anal. Calcd. for Ci6Hi60 2: C, 79.97; H, 6.71. Found: 
C, 80.01, 79.90; H, 6.81, 6.90.

This ester showed a saponification equivalent of 242 
(calcd., 240) and from its saponification was isolated 
benzyl alcohol, the a-naphthylurethan of which18 melted 
at 133-134°, and o-tolylacetic acid,19 m. p. 89-90°.

Preparation of Orthoesters.—The mixed orthoesters 
were prepared by the addition of the alcohol, R'OH, to the 
ketene acetal, CH2= rC(OR)2. Triethyl orthoethoxyace­
tate and triethyl orthochloroacetate were prepared from 
the corresponding nitriles.8’13 The mono- and dibromo- 
orthoacetates were prepared by the bromination of ethyl 
orthoacetate.8’20 Ethyl orthobenzoate was prepared in 
the following manner. To a cold (5°) solution of 69 g.

(16) R eichste in , Helv. C h i m .  Acta, 9, 799 (1926).
(17) W ohlgem uth, A nn . c h i m . ,  2, 329 (1914).
(18) Bickel and  French, T h is  J o u r n a l , 48, 747 (1926).
(19) R adiszew ski, Ber., 18, 1281 (1885).
(20) B eyersted t and  M cE lvain , T h is  J o u r n a l , 59, 1274 (1937).

(3 atoms) of sodium in 1200 ml. of absolute alcohol in a
2-liter, 3-neck flask, fitted with a reflux condenser, a 
stirrer and a dropping funnel, was added dropwise 195 g. 
(1 mol) of benzotrichloride, b. p. 85-87° (10 mm.). After 
the chloride had been added the ice-bath was removed 
and the solution stirred for five hours while it came to 
room temperature. The reaction mixture then was re­
fluxed for eleven hours, after which time it was cooled and 
the salt filtered off. This salt was washed with ether and 
the ether washings added to the alcoholic filtrate. The 
yield of salt was 100 g. (58%). After distillation of the 
ether and alcohol the remaining orthoester was frac­
tionated through a modified Widmer column. The yield 
of ester, b. p. 108-112 (13 mm.)21 amounted to 50 g. (22%).

The properties and analyses of those orthoesters that 
have not been described previously are listed in Table II.

Pyrolysis of the Orthoesters.—A 0.1-mole sample of the 
ester and one equivalent of phenol (in runs 3-9) were 
placed in the glass liner (40-ml. capacity) of a steel bomb 
and the bomb electrically heated for the time indicated in 
Table I. After this time the bomb was cooled and opened 
and its contents fractionated through a 15-cm. modified 
Widmer column. In the cases of the mixed ortho­
esters (runs 3-9, Table I) the ROH and CH3COOR were 
taken off as one fraction and R'OH and CH3COOR' as 
another fraction under atmospheric pressure. The ester 
was determined in each of these fractions by saponification 
values and the remainder of the fractions calculated as the 
alcohol. The ethers, C6H6OR and C6H5OR', were re­
moved from the remainder of the reaction mixture by 
fractionation under diminished pressure.

The properties of w-butyl-, isobutyl-, isoamyl- and benzyl 
phenyl ethers correspond to those previously reported in 
the literature.22423’24’25

s-Butylphenyl ether appears not to have been previously 
described in the literature. The product isolated from 
run 5, Table I boiled at 184-185°; d2\  0.9210; n26d 1.4828.

Anal. Calcd. for CioHhO: C, 80.0; H, 9.4. Found: 
C, 79.9; H, 9.3.

In runs 10-16, Table I, the substituted acetic esters, 
XCH2COOC2H5 and other pyrolysis products were sepa­
rated by fractional distillation. In these runs no phenol 
was used. However, one run with ethyl orthoethoxy­
acetate was carried out in the presence of one equivalent 
of phenol and both the ethyl ethoxyacetate and the

(21) L im pricht, A n n .,  135, 87 (1865); Tschitschibabin , Ber., 38, 
563 (1905).

(22) P inette , A n n ., 243, 32 (1887).
(23) Reiss, Ber., 3, 779 (1870).
(24) Orndorff an d  H opkins, T h is  J o u r n a l , 15, 519 (1893).
(25) Stadel, A n n ., 217, 40 (1883).
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phenyl ethoxyacetate26 along with diethyl ether and 
phenetole were isolated (cf. footnote a Table I).

The pyrolyses of the halogen containing orthoesters 
were carried out in sealed glass tubes as these esters at the 
temperature of the reaction attacked the inside of the iron 
bomb. When the glass tube was opened after the pyroly­
sis there was a considerable release of pressure (ethylene). 
The remaining liquid material was fractionated. From 
the ethyl orthobromoacetate pyrolysis (run 15, Table I) 
the following fractions were collected (a) 0.5 g., b. p. 
about 20°; (b) 10 g., b. p. 37-38°; (c) 6.6 g., b. p. 61-73°; 
(d) 11.2 g., b. p. 55-60° (11 mm.). Fraction (a) was 
acetaldehyde, m. p. of 2,4-dinitrophenylhydrazone, 146- 
147°; fraction (b) after washing with concentrated sul­
furic acid weighed 4 g., and had the density and index of 
refraction of ethyl bromide; fraction (c) was composed 
of ethyl alcohol, ethyl acetate and water and saponifica­
tion indicated the presence of 4.3 g. of the ester; fraction
(d) possessed the lachrymatory characteristics of ethyl 
bromoacetate and its bromine content indicated that it 
contained 7.7 g. of this ester.

The fractionation of the liquid portion of run 16, Table I, 
yielded the products listed in footnote (d) of the table, 
together with 5.8 g. (15%) of ethyl dibromoacetate, b. p. 
38-45° (2 mm.).

Pyrolysis of Benzyldiethyl Orthoacetate in the Absence
of Phenol.—A 34-g. (0.15 mole) sample of this orthoester 
was heated at 200 ° for twenty-four hours, after which time 
the bomb was opened and the products fractionated. 
There was the usual pressure of ethylene produced by the 
pyrolysis. In the first fractionation the following frac­
tions were collected (a) 6.7 g., b. p. 73-78° (740 mm.);
(b) 4 g., b. p. 190-210° (740 mm.); (c) 5.6 g., b. p. 104- 
120° (10 mm.); (d) 1.5 g., b. p. 120-160° (10 mm.). A 
considerable amount of tar remained after this distilla­
tion. Fraction (c) was refractionated and collected as 
the following fractions (c-1) 0.3 g., b. p. 60-71° (3 mm.); 
(c-2) 0.4 g., b. p. 72-74° (3 mm.); (c-3) 0.6 g., b. p. 74-75° 
(3 mm.); (c-4) 0.8 g., b. p. 76-77° (3 mm.); (c-5) 2.3 g., 
b. p. 78-83° (3 mm.). A 1-g. residue remained after this 
second fractionation. Fraction c-4 showed the correct 
carbon and hydrogen content for ethyl o-tolylacetate27 
and had n25T> 1.4990; 0.9988.

Anal. Calcd. for CnHi40 2: C, 74.1; H, 7.9.
Found: C, 74.1; H, 7.8.

Fraction c-5 was saponified and the tf-tolylacetic acid 
obtained was identified as its amide.19 If fractions c-3, 
c-4 and c-5 are considered to be ethyl tf-tolylacetate, the

(26) Somm elet, Bull. soc. chim., [4] 1, 368 (1907).
(27) T he use of ethyl o-to ly laceta te  has been m entioned in tw o 

instances in th e  lite ra tu re  [Ruzicka and  Hosking, Helv. Chim. 
Acta, 13, 1411 (1930); V. B raun  and  Zobel, Ber., 56, 2147 (1923)] 
b u t no reference to  a descrip tion  of its  properties or to  its analysis 
could be found.

yield of this rearrangement product amounts to approxi­
mately 14% of the theoretical.

Pyrolysis of Ethyl Orthobenzoate.—A 10-g. sample of 
this orthoester was gently refluxed (b. p. 220-225°) for 
six hours under a 40-cm. air condenser, the top of which 
was connected to a cold trap. After this time 1.6 g. of 
ether, b. p. 35°, had collected in the cold trap. The ester 
in the flask was fractionated and separated into 4 g. 
(60%) of ethyl benzoate and 4 g. of unchanged ethyl 
orthobenzoate.

Summary
Ketene diethylacetal and its halogenated deriva­

tives have been found to undergo pyrolysis at 200° 
with the formation of ethylene and the corre­
sponding ethyl acetate. Ketene dimethylacetal, 
however, is quite stable at this temperature.

Attempts to prepare ketene diallyl- and di- 
benzylacetal have resulted in the isolation of the 
respective rearrangment products, allyl allyl- 
acetate and benzyl o-tolylacetate.

Ketene acetals have been shown to be the inter­
mediates in the pyrolysis of a variety of ortho­
esters that have a structure that permits the 
decomposition to take the course

R2CHC(OR')3 — >  R'OH +  R2C =C (O R ')2
The pyrolysis of mixed orthoesters of the 

type CH3C(0R)20R' has been studied and the 
relative tendencies of these esters to eliminate 
the OR and OR' groups determined. Diethyl- 
benzyl orthoacetate on pyrolysis yields some ethyl
o-tolylacetate as the result of the rearrangement 
of the intermediate ketene ethylbenzylacetal.

While ethyl orthochloroacetate follows the 
course of the other orthoesters on pyrolysis, the 
ethyl orthobromo- and orthodibromoacetates give 
only a small amount of this type of decomposition. 
The main products that result from the pyrolysis 
of these bromoesters appear to be the result of an 
initial loss of the elements of ethyl hypobromite 
(instead of ethyl alcohol) from the bromoester 
with the formation of a ketene acetal that contains 
one less bromine than the original orthoester.

Ethyl orthobenzoate, which has no a-hy drogen, 
yields the normal ester and diethyl ether on py­
rolysis.
M a d i s o n , W i s c o n s i n  R e c e i v e d  J u l y  23, 1942
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Our chemotherapeutic studies led to the prepa­
ration of two types of isomeric derivatives of 
certain sulfanilamido heterocycles. The struc­
tures of these derivatives were determined3 and 
direct evidence for the constitution of the parent 
sulfonamides was obtained by means of ultra­
violet absorption measurements.

2-Sulfanilamidopyridine and 2-sulfanilamido- 
thiazole4 in absolute ether suspension both react 
rapidly with diazomethane at room temperature 
to give two methylated isomers. Although 2-(N4- 
acetylsulfanilamido)-pyridine5 under the same 
conditions reacts much more slowly, a mixture of 
two products likewise results. This reaction and 
others throughout this paper will be illustrated by 
sulfapyridine to represent the behavior of any of 
the three sulfonamides mentioned above. The

Sulfapyridine +  CH2N2\
n h 2c 6h 4so 2—n — [ NJ  1

/ N

n h 2c6h 4so2—N = 1 xN>1
I

c h 3

II

yield-ratio of I: II was 70:30 with the first two 
substances and 60:40 with the acetyl compound.

The structures of types I and II were deter­
mined by three methods. Hydrolysis of both 
types with 12 N  hydrochloric acid gave sulfanilic 
acid and bases whose picrates or hydrochlorides 
were identified by mixed melting points with the 
same salts of bases of established structures. The 
preparation of the N  ̂ methyl8 derivative (I) 
from N 1-methyl-N4-acetylsulfanilamide and 2- 
bromopyridine6 served as a check on the degrada-

(1) T h is  investigation  had  been aided by  a  g ra n t from th e  John 
a n d  M ary  R . M ark le  Foundation .

(2) L alor F o u nda tion  Fellow.
(3) A fter com pletion of th e  p resen t work, th e  proof of s truc tu re  

of certa in  of th e  2-sulfanilam idothiazole deriva tives described herein 
was repo rted  by D ruey , Helv. Chim. Acta, 24, 226E (1941), and  Jen ­
sen, ibid., 24, 1249 (1941).

(4) T he  usual nam es for these substances have  been re ta ined  al­
though  our resu lts  ind ica te  th a t  2-su lfanilim ido-l,2-dihydropyridine 
an d  2-sulfanilim ido-2,3-dihydrothiazole a re  perhaps ju s t as correct. 
T h ey  are  hereafte r referred  to  as su lfapyrid ine and  sulfathiazole.

(5) N om enclatu re  of Crossley, et al., T h is  J o u rn al , 60, 2217  
(1938).

(6) Phillips, J .  Chem. Soc., 9 (1941).

tion procedure. Structures of type II were also 
obtained by synthesis from acetylsulfanilyl chlo­
ride and the corresponding base of known struc­
ture. The products of these two syntheses as 
well as the amines prepared by de-acetylation were 
compared by mixed melting points with the cor­
responding products from the diazomethane re­
action.

Alkylation of the sodium salts of sulfapyridine, 
sulfathiazole and N 4-acetylsulfapyridine with di­
methyl sulfate or various alkyl halides was found 
to produce compounds of type II. The structures 
of all the products were determined as described 
above in order to see if the product varied with 
the alkylating agent. Although our work does 
not eliminate the possibility of some N  ̂ alkyla­
tion, the main product in each case had structure
II. Many of these substances have been errone­
ously assigned7 structure I. Our structural con­
clusions are in direct opposition to the work of 
Ewins and Phillips, which presumably showed 
that alkylation of sodium 2-sulfanilamidopyri- 
dine produced N 4-alkyl derivatives. They re­
ported the formation of N 1-methyl-2-(N4-acetyl- 
sulfanilamido)-pyridine from condensation of N 1- 
methyl-N4-acetylsulfanilamide and 2-bromopyri- 
dine by the Ullmann method and from coupling 
acetylsulfanilyl chloride with 2-methylamino- 
pyridine. The products from both reactions 
melted at 231° and were de-acetylated to an 
amine melting at 225°. The corresponding sub­
stances from sodium salt methylation were found 
to have the same melting points and were there­
fore designated as N^methyl derivatives. The 
acetyl compound which we obtained from the 
Ullmann synthesis melted at 119.5-120.0° and 
gave on de-acetylation an amine melting at 86.5- 
87.0°. We were unable by exhaustive purifica­
tion to raise these melting points to the values re­
ported. Moreover, our results obtained from acid 
degradation and from unequivocal syntheses prove 
conclusively that these products are isomers of

(7) Ew ins an d  Phillips, B ritish  P a ten ts  512,145 an d  517,272; 
Phillips, N ature , 148, 409 (1941); M arshall, B ra tton , W hite and  
Litchfield, Butt. Johns H opkins Hosp., 47, 163 (1940); Sprague and  
Kissinger, T h is  J o u r n a l , 63, 578 (1941).



Nov,, 1942 N itrogen-C arbon-N itrogen System in  N ^Heterocyclic Sulfanilamides 2533

those resulting from sodium salt methylation. 
Contrary to the evidence of Phillips,7 we have 
shown that reaction of sodium sulfapyridine with 
ethyl chloroacetate or chloroacetamide produces 
ring nitrogen substitution.

The sulfanilamido heterocycles prepared by 
coupling acetylsulfanilyl chloride with a hetero­
cyclic amine may have the following three struc­
tures (illustrated by sulfapyridine)

H

NHiC«H4S08—N—

HI

n h 2c 6h 4so2n = < N/

H
IV

I
n h 2c 6h 4so2

V

Structure V is eliminated by the preparation from 
sulfapyridine and sulfathiazole of two isomeric 
methyl derivatives as well as by their proof of 
structure. Likewise, Phillips’ synthesis6 of sulfa­
pyridine from sulfanilamide and 2-bromopyridine 
excludes V. Structure IV cannot be eliminated 
on the basis of the evidence proposed by Crossley, 
et al.8 The same sodium salt would be expected 
from III and IV since the negative ion of the salt 
is capable of resonance. Furthermore, the stabil­
ity of these sulfonamides to alkaline cleavage is 
not valid evidence against IV since substituted 
compounds of that structure (such as II) are very 
stable compared to the l-alkyl-2-pyridone imines. 
A more fundamental objection to the proposed 
analogy between IV and the l-alkyl-2-pyridone 
imines is the fact that a compound having struc­
ture IV would first be changed in alkaline solution 
to a salt of unknown bond structure. The sodium 
salt alkylation cannot be used as suggested by 
Druey3 as evidence of IV in the sulfanilamido 
heterocycles since this reaction involves a salt 
whose properties need have no simple relation to 
the parent.

The results of the diazomethane alkylation may 
indicate the presence of both III and IV. How­
ever, diazomethane cannot be considered a reli­
able diagnostic reagent for tautomeric equilibria 
if the reaction mechanism is ionic. In the case 
of compounds such as the sulfanilamido hetero­
cycles which are capable of yielding a resonating

(8) C rossley, e t  a l ., T h is  J o v k n a l , 62, 372 (1940).

negative ion, an ionic mechanism would invalidate 
its diagnostic use since the products would be 
determined by the electronic nature of this ion, 
obtainable by dissociation of H + from both tauto­
mers. Moreover, even if the reaction is non­
ionic, the rates of reaction of the tautomers with 
diazomethane must be approximately equal and 
be very great compared to the rate of tautomeric 
rearrangement in order to get a mixture of methyl 
derivatives comparable to the original tautomeric 
mixture.

These considerations necessitate a more direct 
approach to the constitution of such sulfonamides. 
A distinct difference was observed in the ultra­
violet absorption spectra of the methyl derivatives 
represented by structures I and II, and comparison 
was made with the spectra of the parent com­
pounds.

Fig. 1.—(a) A, 1 - (/3-Hydroxyethyl) -2-pyridone imine 
(Hilger-1 mg. %); (b) O, N 1-methyl-2-(N4-acetylsulfanil­
amido)-pjrridine (Hilger-0.5 mg. %); (c) 0 , l-methyl-2- 
(N 4-acetylsulfanilimido) -1,2-dihydropyridine (Hilger-0.5 
mg. %); (d) • ,  2-(N4-acetylsulfanilamido)-pyridine
(Hilger-1 mg. %). The peaks at 3215 A. in (c) and (d) 
had log e = 3.98 (5.2 mg. %) and 3.7 (8.1 mg. %), respec­
tively, when determined with the Beckman instrument.

The peak at 3215 A. in Fig. 1 is assigned to the 
pyridone imine structure since it appears in (a) 
and (c) and not in (b). Likewise, the maximum 
at 2600 A. in Fig. 2 is exhibited only by (a) and
(d) which are known to contain the thiazolone 
imine structure and is not shown by the isomeric 
constitution (c). Qualitatively, the presence of 
structure IV in N 4-aeetyl$ulfapyridine, sulfapyri-
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Fig. 2.—(a) <S>, 3-Methyl-2-sulfanilimido-2,3-dihydro- 
thiazole (Beckman-4.1 mg.%); (b) 0 , 2-sulfanilamido- 
thiazole (Beckman-2.6 mg. %); (c) O, N 1-methyl-2-
sulfanilamidothiazole (Beckman-4.2 mg. %); (d) A,
3-methyl-2-thiazolone imine (Hilger-1 mg. %)—whole 
curve moved up 0.5 along ordinate axis.

dine and sulfathiazole is demonstrated by the ob­
servation of these maxima. The quantitative use 
of these results to determine the amount of this 
structure is based on the reasonable assumption 
that the extinction coefficients of the methyl de­
rivatives are approximately the same as those of 
the corresponding hydrogen compounds. There­
fore, the quantitative conclusions are not rigor­
ous but are estimations subject to the limitations 
of this assumption.

On the basis of data obtained with the Beckman 
spectrophotometer, N 4-acetylsulfapyridine con­
tains about 60% of structure IV. The spectra of 
sulfapyridine and its methyl derivatives show 
that this sulfonamide is similarly constituted. 
The maximum at 3215 A. in 1 -methyl-2-sulf a- 
nilimido-l,2-dihydropyridine has a slightly lower 
extinction coefficient (logi0 e =  3.93) than in its 
acetyl derivative. Although these measurements 
were made on absolute ethanol solutions, we ob­
served the pyridone imine absorption in a few 
results on 95% ethanol or aqueous solutions. 
This is confirmed by Scudi’s curve9 for sulfapyri­
dine in water which showed the characteristic 
pyridone imine maximum at about 3200 A. The 
amount of this absorption indicates that a con­
siderable proportion of tautomer IV is also present

(9) Scudi, Science, 91, 486 (1940).

in aqueous solution. The absorption of sulfa­
thiazole at 2600 A. corresponds to the presence of 
about 90% of structure IV. The curve for this 
substance is the same as that found by Bergeim, 
et al.,10 who also observed the 2600 A. maximum 
in the 4-methyl and ethyl derivatives.

The region of absorption of the pyridine and 
thiazole rings has not been investigated at present. 
Observation of the absorptions of these rings in 
sulfapyridine and sulfathiazole would be neces­
sary to prove the presence of structure III. The 
available data prove the presence of IV but do not 
permit one to decide whether these substances 
have that structure entirely or are tautomeric 
mixtures of both III and IV.

T a b l e  I

In Vitro A c t iv it y  R a t io s , U s in g  t h e  M a cL e o d  S t r a in  o f

E. coli
A ctiv ity

C om pound ratio®

2-Sulfanilamidopyridine l 6
N 1-Methyl-2-sulfanilamidopyridine 1 /128
( )-2-sulfanil- f 1-Methyl- 1/4

imido-l,2-di- i 1 - (/3-Hydroxy ethyl) - 1/128
hydropyridine ( 1-Carboxymethyl- 1/256

2-Sulfanilamidothiazole l c
N^Methyl^-sulfanilamidothiazole 1 /1024
( )-2-sulfanilimido- ƒ 3-Methyl- 1/16

2,3-dihydrothiazole \ 3- (/3-Hydroxyethyl)- 1/128
a Based on the relative minimal inhibitory concentra­

tions using an end-point reading after forty-eight hours 
incubation at 37°. 6 Taken as unity; actual min. inhib.
concn. = 0.16 mg.%. c Taken as unity; actual min. 
inhib. concn. = 0.04 mg.%.

Chemotherapeutic Activity.—Table I shows 
the in vitro activity of these sulfonamides tested 
against E. coli in a synthetic medium by the 
method described in detail elsewhere.11

The in vivo activity of the ring N-methyl deriva­
tives of sulfapyridine and sulfathiazole was deter­
mined in mice infected with |8-hemolytic strepto­
coccus (strain C 203) using the drug-diet method.12 
On the basis of blood concentrations, both were 
about equal to sulfanilamide in activity. Since it 
has been shown13 that sulfapyridine and sulfa­
thiazole are about equal to sulfanilamide in this 
infection, the two ring N-methyl compounds are 
as active as the parents. The ring N-(/3-hydroxy- 
ethyl) derivatives appear to be as active as the

(10) Bergeim, et al.t T h is  J o u r n a l , 62, 1873 (1940).
(11) W hite, Litchfield and Marshall, J. Pharmacol., 73, 104 

(1941).
(12) Litchfield, W hite and Marshall, ibid., 67, 437 (1939); 69, 89 

(1940).
(13) Marshall, Litchfield, W hite, B ra tto n  and  Shepherd, ibid., in 

press.
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M . p., Em pirical C arbon, % H ydrogen, % N itrogen , %
C olorim etric

factor®

W ater 
soly. 

a t  37°
C om pound °C. form ula Calcd. Obs. Calcd. Obs. C alcd. Obs. Calcd. Obs. m g. %

N 1-M ethyl-2-sulfanilam idopyridine 8 6 .5 -8 7 .06 C12H 13N 3O2S 54.74 54 .76 4 .9 8 4 .3 2 15 .96 15.94 0 .654 0 .6 5 8 136
( )-2-sulfanilim ido-l,2-d ihydropyrid ine

1-M ethyl- 232-3 C12H 13N 3O2S 54.74 54 .68 4 .9 8 4 .8 5 15 .96 15.90 .654 .670 112
1-B enzyl' 235c C18H 17N 3O2S 63.70 64 .00 5 .0 5 5 .0 4 12 .3 8 12 .18 .511 .511
1 - Carboxy m ethyi- 165 (dec.) Ci3H13NsO<S 50.81 50.75 4 .2 6 4 .3 7 13 .67 13 59 .560 .570 754
1 - ( jS-Hydroxy e th y l) - 184-5 C13H 15N 3O3S 53.23 53.41 5 .15 5 .18 14 .33 14 .35 .587 .630 440
N 1-M ethyl-2-sulfanilam idothiazole 111-2 Cj#HuN302S2 44.60 45 .00 4 .1 2 4 .1 9 15 .60 15 .36 .639 . 618 57

( ) -2-sulfanilim ido-2,3-dihydrothiazole
3-M ethyl- 250-1 CwH nN 302S2 44.60 44 .49 4 .1 2 4 ,1 3 15 .60 15.54 .639 .656 22
3- (/3-Hydroxyethyl) - 159-60 C11H 13N 3O3S2 44,13 44.42 4 .3 8 4 .3 5 14 .04 14.36 .575 .600 169

a Ratio of color produced by a compound to the color from an equal weight of sulfanilamide on diazotization and cou­
pling according to Bratton and Marshall, J. Biol. Chem., 128, 537 (1939). b Ewins and Phillips (ref. 7) reported 225°. 
c Ewins and Phillips (ref. 7) found 179°.

unsubstituted sulfonamides against this strepto­
coccus infection; the quantitative data have been 
reported elsewhere.13

When tested in a pneumococcus infection (Neu- 
feld type I) of mice, both N-methyl derivatives 
(Table I) appeared to be practically inactive and 
quite toxic. On the other hand, the ring N-methyl 
isomers were active, less toxic than the N 1- 
methyl compounds and apparently less active than 
the parents. The inactivity of N 1-methyl-2- 
sulfanilamidothiazole with respect to its ring N 
isomer was also observed in duck malaria.14

Experimental Section15
Methylation of Sulfonamides with Diazomethane.—

Sulfapyridine and sulfathiazole react rapidly enough with 
diazomethane to permit distillation of this reagent into a 
stirred mixture of the sulfonamide and ether. This con­
tinuous procedure avoids the danger of handling 10-g. 
quantities of diazomethane.

Diazomethane (7.5 g.) was distilled16 into a stirred mix­
ture of 0.25 mole of sulfonamide (200 mesh) and 75 cc. of 
absolute ether at 15-^20°. The evolution of nitrogen pro­
ceeded during the addition of this reactant and the mixture 
was subsequently stirred until this evolution ceased. After 
warming to the boiling point, the reaction mixture was 
filtered and the insoluble material extracted twice with hot 
ether containing 3% ethanol. The residue from this ex­
traction was shaken with 2 N  sodium hydroxide to remove 
starting material, and the residual insoluble ring-nitrogen 
derivative was recrystallized from 6 N  acetic acid. The 
original ether filtrate and the ether extracts were combined 
and evaporated to a sirup which crystallized after cooling 
and seeding. This was suction-filtered and carefully 
washed dropwise with methanol and absolute ether. 
Methanol was used for recrystallization of the N-methyl 
derivative thus obtained. The yield of methylated prod­
ucts was 50-80% of the sulfonamide, depending, prima­
rily, on its state of subdivision. The yield-ratio of N 1- 
methyl to ring N-methyl derivative was about 70:30. 
This ratio was changed only slightly by methylation of 2-

(14) M arshall, Litchfield and  W hite, J . Pharmacol., 75, 89 (1942).
(15) All th e  m elting  po in ts  recorded are  corrected.
(16) H ellerm an and  N ew m an, T h is  J o u r n a l , 54, 2864 (1932).

sulfanilamidopyridine immediately after liberation from 
its sodium salt at about —100 °.

The lower order of reactivity of 2-(N4-acety|sulfanil- 
amido)-pyridine with diazomethane under these conditions 
necessitates using smaller quantities than above. Since 
the spontaneous inflammability of the vapors was regu­
larly observed, the use of large quantities is somewhat 
dangerous. Isolation of the two products was carried out 
in essentially the same way as above. The yield-ratio of 
N-methyl to ring N-methyl derivative was about 60:40. 
N 1-methyl-2-(N4-acetylsulfanilamido)-pyridine: m. p.
119.5-120.0°; colorimetric factor, calcd., 0.564, obs., 0.557.
l-Methyl-2- (N4-acetylsulfanilimido) -1,2-dihydropyridine : 
m. p. 239-40°; colorimetric factor, calcd., 0.564, obs., 0.555.

The N1-methyl derivatives of sulfapyridine, acetylsulfa- 
pyridine and sulfathiazole are all quite soluble in methanol, 
ethanol and ether containing 3% ethanol; their isomers 
are only slightly soluble.

Methylation of Sodium Sulfonamides with Dimethyl 
Sulfate.—Four-tenths of a mole of sulfonamide was 
alkylated in alkaline solution as described by Ewins and 
Phillips.7 Title product was recrystallized from 300-400 
cc. of 6 N  acetic acid with charcoal decolorization, washed 
with 20% ethanol and dried at 120°; yield 140-50%. Re­
crystallization from ethanol resulted in further purification.

Increasing the amount of dimethyl sulfate used in one 
step or re-treating the reaction filtrate did not increase the 
yield of desired product but increased the production of an 
alkali-insoluble gum. An important constituent of this 
gum was shown to be the result of methylation of the aryl- 
amine group as well as the heterocyclic nitrogen.

Preliminary tests demonstrated that these conditions 
do not give satisfactory methylation of certain sulfanil­
amido heterocycles derived from imidazole, pyrimidine 
and pyrazine.

Sodium Sulfonamide Benzylation.—The procedure of 
Ewins and Phillips7 was modified slightly by the use of a 
75% ethanol reaction mixture which resulted in an in­
creased yield. l-Benzyl-2-(N4-acetylsulfanilimido)-l,2- 
dihydropyridine; m. p. 213-4°; colorimetric factor, calcd.,
0.452, obs., 0.458.

Acetic Acid Derivatives of 2-Sulfanilamidopyridine.—
To 48 g. of sodium 2-sulfanilamidopyridine in 55 cc. of 50% 
ethanol was added a solution of 40 cc. of ethyl chloroacetate 
in 95 cc. of 95% ethanol and the mixture refluxed for one 
hour, then cooled and precipitated with ice and water.
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After filtration the solid was shaken thoroughly with ether, 
then with 2 N  sodium hydroxide and finally washed well 
with water. The yield of 1 -carbethoxymethyl-2-sulf anil­
imido-1,2-dihydropyridine was 18 g; m. p. 200.5-201.0° 
after recrystallization from absolute ethanol or methanol. 
Colorimetric factor: calcd., 0.514; obs., 0.534. 1-Carbeth- 
oxymethyl - 2 - (N4 - acetylsulfanilimido) - 1,2 - dihydro- 
pyridine obtained from a similar reaction melted at 212-3°; 
colorimetric factor: calcd., 0.457; obs., 0.463.

Five grams of the first ethyl ester and 8.9 cc. of 11% 
potassium hydroxide in 98% methanol were refluxed to­
gether for twenty minutes. After acidification with 1.1 
cc. of 12 N  hydrochloric acid, the potassium chloride was 
separated from the hot solution. The crystals of 1-car- 
boxymethyl-2-sulfanilimido-1,2-dihydropyridine resulting 
from the cooled filtrate were suction-filtered and washed 
free of chloride ion with water. A monohydrate melting 
at 97-98 ° (sealed tube) was formed on recrystallization from 
water; colorimetric factor: calcd., 0.529; obs., 0.529.

1 - Carbamidomethyl - 2 - sulfanilimido - 1,2 - dihydro­
pyridine was prepared by reaction of the sulfonamide in 
alkaline solution with chloroacetamide; m. p. 230° (dec.); 
colorimetric factor: calcd., 0.562; obs., 0.555. Alkaline 
hydrolysis of the amide group produced an acid identical 
to that obtained by the same treatment of the ester de­
scribed above.

Reaction of Sodium Sulfonamides with Ethylene Chloro­
hydrin.—The anhydrous sodium salt of N4-acetylsulfa- 
pyridine or N4-acetylsulfathiazole was refluxed for thirty 
minutes in an oil-bath at 130 ° with five moles of ethylene 
chlorohydrin. The mass was then cooled, powdered, 
washed with ether, dried and washed with dilute sodium 
hydroxide, followed by water. The crude products were 
recrystallized from 6 N  acetic acid with the addition of 
charcoal. 1- (/3-Hydroxyethyl) -2- (N4-acetylsulfanilimido) - 
1,2-dihydropyridine; m. p. 217-8°. Anal. Calcd. for 
CisHnNsChS: C, 53.72; H, 5.11; N, 12.53. Obs.: C, 
53.67; H, 5.26; N, 12.64. 3-(/3-Hydroxyethyl)-2-(N4- 
acetylsulfanilimido)-2,3-dihydrothiazole; m. p. 231-2° 
(dec).

The former substance was de-acetylated by refluxing for 
two hours with 2 moles of 1 N  alcoholic sodium hydroxide. 
After concentrating on the steam-bath, the crystalline 
mass was washed with a little water and recrystallized from 
water. The latter compound was de-acetylated by boiling 
thirty minutes with 6 N  hydrochloric acid (3 cc. per g.), 
precipitated by neutralization and recrystallized from alco­
hol with charcoal decolorization. The yield of both hy­
drolysis products was about 50%, based on the original 
sodium salts.

Structure Determination by Acid Degradation.—All of
these sulfanilamide derivatives were hydrolyzed by heating 
one to two hours in a steam-bath with 10 moles of 12 N  
hydrochloric acid. After cooling, the precipitated sulfanilic 
acid was collected and recrystallized from dilute hydro­
chloric acid. I t  was identified by its decomposition point, 
strong acidity in the absence of chloride ion and quantitative 
diazotization. The acid filtrate from the hydrolysis was 
concentrated and the heterocyclic base was either allowed 
to crystallize as the hydrochloride or sodium acetate was 
added to pH  4 and the base precipitated as a picrate in 80- 
90% yield. The picrates were recrystallized from water or

T a b l e  III
D e t e r m i n a t i o n  o f  S t r u c t u r e

B y /---------- By synthesis
degradation

P icra te , N H 2R ,°
c h 3-

C O N H R ,6
F or m . p., °C. m . p ., °C. m. p ., °C.

N 1 - Methyl - 2 - sul- 
fanilamidopyridine 194-5C 86.5-87 119.5-120'

N 1 - Methyl - 2 - sul- 
fanilamidothiazole 207-8'

( ) -2-Sulf anilimido-1,2-dihydropyridine
1-Methyl- 205-6/ 232-233 239-240"
1-Benzyl- 153-4M 235 213-214"
1-Carboxymethyl- 213*
1-Carbamidomethyl- 213*
1 - (/3-Hydroxyethyl) - 172-3j

( )-2-Sulfanilimido-2,3-dihydrothiazole
3-Methyl- 199-200* 250-251 272-273*
3 - (/3-Hydroxyethyl) - 160-162
® NH2R = the free amine of the sulfonamides. 6 CH3- 

CONHR = the N4-acetyl derivatives of the sulfonamides. 
c Chichibabin, Ber., 54, 814 (1921). d Prepared according 
to Ewins and Phillips, British Patent 512,145. e Naf, 
Ann., 265, 113 (1891). f Chichibabin, et al., Ber., 54B, 
814-822 (1921). 0 Prepared by coupling acetylsulfanilyl 
chloride with the heterocyclic base. h The hydrochlorides 
were also compared: m. p. and mixed m. p. 207-208°. 
* Melts with decomposition; Chichibabin, ibid., 57, 2092 
(1924); Reindel and Rauch, ibid., 58, 393 (1925); 59, 
2921 (1926). 3 Knunyantz, ibid., 68B, 397 (1935);
Gautier, Compt. rend., 196, 1124 (1933). * This base is
more conveniently prepared using dimethyl sulfate rather 
than methyl iodide; cf. Naf, ref. e.

ethanol and then compared with the salts of bases whose 
structures had been established in the literature indicated. 
The melting points of the latter salts are recorded in Table
III. These values are the same as those found for the 
picrates from hydrolysis and for the mixed melting points 
of the two groups.

The bases necessary for this comparison were synthesized 
by available methods, with the exception of 2-imino-3- 
(/3-hydroxyethyl)-2,3-dihydrothiazole which was prepared 
as follows: In a large test-tube, a mixture of 4 g. of 2- 
aminothiazole and 8.6 g. of iodoethyl acetate was heated 
gradually in an oil-bath to about 130°, stirring the mixture 
constantly with a thermometer. Suddenly the temperature 
began to rise and the tube was placed in a cold oil-bath to 
prevent the temperature from exceeding 180°. After the 
reaction had subsided, the mixture was heated for thirty 
minutes at 150°, cooled and taken up in 15 cc. of hot abso­
lute ethanol. The crystalline 2-imino-3-acetoxyethyl-2,3- 
dihydrothiazole hydroiodide, obtained on chilling, was re­
crystallized several times from glacial acetic acid; yield,
1.9 g.; m.p. 153.5-154.5°. Anal. Calcd. for C7HnN202S I: 
C, 26.76; H, 3.53. Found: C, 26.91, H, 3.41; m. p. of 
picrate 164-165° (recryst. from glacial acetic acid).

After hydrolyzing the ester by refluxing for thirty 
minutes with 1 N  hydrochloric acid, the picrate was formed 
by adding picric acid to the concentrated and buffered 
hydrolyzate; m. p. 159.5-161.0° (recryst. from methanol). 
Anal. Calcd. for CnHnNsOsS: C, 35.39, H, 2.97. Found: 
C, 35.66, H, 3.04.
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Structure Determination by Alkaline Degradation.—
When 1 - (/3 - hydroxyethyl) - 2 - sulfanilimido - 1,2 - di­
hydropyridine was hydrolyzed by boiling for five hours 
with 6 N  sodium hydroxide (10 cc. per g.), sulfanilamide 
and 1-(/3-hydroxyethyl)-2-pyridone were obtained. It 
was found that the latter is dimorphic: m. p. 84-85° by 
rapid crystallization of the fused substance; m. p. 93.5- 
95° by slow crystallization from dilute solution. This ac­
counts for the discrepancies in melting point which have 
been reported.17

It was impossible to decompose sulfapyridine under 
similar alkaline hydrolytic conditions. In this connection, 
it should be pointed out that in the short time required to 
completely decompose the alkyl pyridone imines with al­
kali, no appreciable cleavage of the ring N derivatives (II) 
of sulfapyridine was observed.

Structure Determination by Synthesis.—Coupling 
acetylsulfanilyl chloride with the l-alkyl-2-pyridone 
imines18 and 3-alkyl-2-thiazolone imines yields sulfonamides 
whose point of substitution is definitely established. This 
is also true for the product obtained by reacting N 1- 
methyl-N4-acetylsulfanilamide with 2-bromopyridine ac­
cording to the method of Ewins and Phillips.7 The acetyl 
compounds prepared by these routes and the corresponding 
amines resulting from de-acetylation were proved to be 
identical with those prepared by alkylation of the acetyl­
sulf anilamido and sulfanilamido heterocycles. The melting 
points are recorded in Table I I I ; the mixed melting points 
were identical.

l-Carboxymethyl-2-sulfanilimido-l,2-dihydropyridine.
—Having proved the position of substitution, there still re­
main two possible structures differing in the position of a 
hydrogen atom. One would be a carboxymethylpyridone 
imine derivative; the other, an aminopyridine betaine 
derivative. On methylation, the former would presum­
ably give a methyl ester; the latter, an N-methyl deriva­
tive. On treating the compound in question with diazo­
methane, there was obtained a neutral substance which 
without purification contained 99.2% of an alkali-labile 
ester. Repeated treatment of the acid with dimethyl 
sulfate in alkaline solution gave no evidence of N1-methyla- 
tion. Although these results are not entirely conclusive, 
they indicate that the carboxymethyl-pyridone imine 
structure is probably correct.

Ultraviolet Absorption Measurements.—These data were 
obtained on absolute ethanol solutions with the aid of two 
instruments: a medium Hilger “Spekker” spectrograph 
employing a tungsten-steel arc as the light source and a 4- 
cm. cell; a Beckman quartz spectrophotometer with a hy­
drogen-discharge tube as the light source and a 1-cm. cell.

(17) K n u nyan tz , Ber., 68B, 397 (1935); cf. G autier, Compt. rend., 
196, 1124 (1933).

(18) Polyakova an d  K irsanov , cf. C. A., 35, 2146 (1941).

Acknowledgment.—We are indebted to Drs. 
E. K. Marshall, Jr., J. T. Litchfield, Jr., and H. J. 
White for the determination of the chemothera­
peutic activity of these substances. The ultra­
violet absorption measurements with the Beck­
man spectrophotometer were obtained through 
the courtesy of the Department of Physiological 
Chemistry of the Johns Hopkins University. We 
are grateful to the American Cyanamid Company 
for the sulfapyridine and 2-aminopyridine, and to 
E. R. Squibb and Sons for the sulfathiazole used 
in this investigation.

Summary
1. 2-Sulfanilamidopyridine, 2-sulfanilamido- 

thiazole and 2- (N 4-acetylsulfanilamido) -pyridine 
react with diazomethane to give both N 1-methyl 
and ring N-methyl derivatives, the ratio of prod­
ucts being 70:30 for the first two compounds and 
60:40 for the last.

2. Alkylation of the sodium salts of these 
sulfonamides is shown to produce ring N-alkyl 
derivatives in all the cases examined.

3. The structures of the products from these 
two reactions have been conclusively determined 
by both degradative and synthetic methods.

4. The dimorphism of 1 - (/3-hydroxyethyl) -2- 
pyridone is demonstrated.

5. A method is proposed for determination of 
the constitution of the sulfanilamido heterocycles 
based on the comparison of the ultraviolet ab­
sorption spectra of the parent sulfonamide with 
the spectra of its two isomeric N-methyl deriva­
tives. The available data indicate the presence 
of large amounts of the pyridone imine structure 
in sulfapyridine and N 4-acetylsulfapyridine solu­
tions and of the thiazolone imine structure in sulfa­
thiazole solution.

6. Chemotherapeutic results show that the 
ring nitrogen derivatives of sulfapyridine and 
sulfathiazole are approximately as active as the 
parent sulfonamides, while the isomeric N 1 com­
pounds are practically inactive.
B a l t i m o r e , M d , R e c e i v e d  J u l y  21, 1942
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[C o n t r i b u t io n  f r o m  t h e  R e s e a r c h  L a b o r a t o r y  o f  E x -L a x , I n c . ]

Carvacrolphthalein
By M ax  B

According to Curt Ehrlich,1 carvacrolphthalein 
has a melting point of 246-247° and produces a 
prolonged purgative effect as compared with 
phenolphthalein. The compound obtained in this 
Laboratory was different in these properties. It 
melted at 294° and was devoid of laxative activity, 
showing a potency of under 0.05.2

It is believed that Ehrlich's compound of melt­
ing point 246-247° was thymolphthalein, the 
melting point of which is described as being 246- 
247 08 and that he probably used impure carvacrol 
containing a substantial amount of thymol in the 
preparation of his compound. When a mixture 
of equal parts of carvacrol and thymol was con­
densed with phthalic anhydride and the crude 
product purified by crystallizations, then thy­
molphthalein was obtained.

Thymolphthalein was also prepared for com­
parison and likewise found to lack laxative activ­
ity,2 though it is also stated to be a laxative 
compound.1 It forms in much higher yields than 
carvacrolphthalein under the same experimental 
conditions. Thymolphthalein was found to have 
a melting point six degrees higher than the one 
given in the literature.3

The diacetate is described here because it has 
never been mentioned in the literature.

Experimental4
Carvacrolphthalein (I).-—Zinc chloride as a condensing 

agent gave only traces of I. The yields on I when using 
stannic chloride were quite low and various changes such as 
quantities of condensing agent, temperature, etc., did not 
improve yields. Technical carvacrol of solidification 
point —11 to —10° gave the same yields as Eastman 
Kodak Co. carvacrol of crystallizing point —2 °.

15.0 g. (0.1 mole) of carvacrol, 7.4 g. (0.05 mole) of 
phthalic anhydride and 15.0 g. of anhydrous stannic 
chloride were stirred for one hour at 100°. Unreacted 
carvacrol was steamed out and the residual phthalic acid 
was removed by extraction with hot water. The semi­
solid brown crude I was crystallized directly from acetic 
acid (1 g. in 5 ml.) yielding 1.78 g. of m. p. 264-275° (8%). 
Further crystallizations from acetic acid (1 g. in 30 ml.) 
gave colorless crystals of m. p. 293.5-294.7°.

(1) C u rt E hrlich , G erm an  P a te n t 225,983 in  Friedlaender, 10, 
1298 (1910).

(2) S. Loewe an d  M . H . H ubacher, Arch, intern, pharmacodynamic, 
65, 303 (1941). I t  was ineffective in th e  R hesus m onkey even in 
doses 20 tim es th e  M edian  L axative  Dose of U. S. P . phenolphthalein.

(3) R . W ills ta tte r an d  E . W aldschm idt, Ber., 56, 488 (1923), 
footnote.

(4) All m elting  po in ts  are corrected

. H ubacher

Anal. Calcd. for C28H30O4: C, 78.11; H, 7.02; mol. 
wt., 430. Found: C, 78.30; H, 6.86; mol. wt., 415 ±  44
(Rast, in camphor).

Carvacrolphthalein turns from colorless to blue at a pH 
of 9.5 to 10.5. The solution of I in coned, sulfuric acid is 
purple-red. The crystals of I are not easily affected by 
0.1 iV sodium hydroxide, but after wetting them first with 
ethanol, they dissolve quite readily.

Diacetylcarvacrolphthalein (II).—This compound was 
prepared by refluxing for one hour 2.15 g. of I, 2.0 g. of 
acetic anhydride, 10 ml. of acetic acid and one drop of 
coned, sulfuric acid; 2.49 g. (96%) was obtained. The 
pure compound recrystallized from ethanol (1 g. in 33 ml.) 
formed cubes and melted at 217.8-219.7°.

Anal. Calcd. for C32H34O6: C, 74.68; H, 6.66; mol.
wt., 514. Found: C, 74.97; H, 6.82; mol. wt., 471 ± 13
(Rast, in camphor), 511 ± 4 0  (Signer method5).

Carvacrolphthalein Dimethyl Ether (III).—This com­
pound was prepared by refluxing for ten hours 4.30 g. of I,
2.8 g. of potassium carbonate, 50 ml. of acetone and 3.7 
ml. of methyl iodide. The crude was purified by crystal­
lizations from ethanol as well as by sublimation at 180° 
and 50 microns. The pure III melts partially at 202°, 
then solidifies and melts again at 211.5-212.2°. I l l  dis­
solves in coned, sulfuric acid with red color in transmitted 
light and violet in reflected light.

Anal. Calcd. for C30H34O4: C, 78.57; H, 7.47; -OCH3,
13.52. Found: C, 78.93; H, 7.77; -OCHs, 13.29.

Thymolphthalein (IV).—30.0 grams (0.2 mole) of thymol 
and 14.8 g. (0.1 mole) of phthalic anhydride were heated 
to 95 °. While stirring, 25 g. of anhydrous stannic chloride 
was then added over a period of thirty minutes. The 
reaction was continued for another thirty minutes at 96- 
103° (oil-bath temperature 99-104°). The reaction mass 
was taken up in hot 0.1 ^  hydrochloric acid, filtered and 
washed. The crude IV was finally dissolved in 700 ml. of 
acetic acid and 450 ml. distilled off from the filtrate:
26.6 to 30.1 g. (62-70% yield) of m. p. 247-252° was 
obtained. The pure IV obtained by recrystallization from 
acetic acid (1 g. in 9 ml.) melted at 252.4-253.1° (lit. 246- 
247 °3).

When in place of pure thymol a mixture of 15.0 g. of 
technical carvacrol and 15.0 g. of pure thymol was used 
and the crude recrystallized twice from acetic acid, it 
melted at 243-245°. Further crystallization from the 
same solvent did not increase the melting point, but after 
two more crystallizations from ethanol, it melted at 251.8- 
252.4° (no depression when mixed with pure IV).

Thymolphthalein Diacetate (V).—A mixture of 2.15 g. 
of IV, 2.0 g. of acetic anhydride, 10 ml. of acetic acid and 
one drop of sulfuric acid was refluxed for one hour: 2.54 g. 
(99%) of m. p. 150-153° was obtained. Recrystallized 
twice from ethanol (1 g. in 8.5 ml.) it melted at 153.0- 
153.6°.

(5) E . P. C lark , I n d .  E n g . C h e m ., A n a l .  E d ., 13, 820 (1941).
Acetone wast used a-s a so lvent and  azobenzetie as a standard .
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Anal. Calcd. for C32H34O6: C, 74.68; H, 6.66; -CO- 
CHa, 16.71; mol. wt., 514. Found: C, 74.88; H, 6.71; 
-COCH3, 16.43; mol. wt., 488 =*= 7 (Rast, in camphor).

Thymolphthalein Dimethyl Ether (VI).—4.3 g. (0.01 
mole) of IV, 3.73 ml. (0.06 mole) of methyl iodide, 50 ml. of 
acetone and 2.76 g. (0.02 mole) of potassium carbonate were 
refluxed for ten hours. The crude was recrystallized from 
ethanol (1 g. in 24 ml.) yielding 4.03 g. (88%) of m. p. 
175-176°. After two more crystallizations, it melted 
at 175.9-176.7 °.6

(6) Lin Che K in, A n n . chim., 13, 344 (1940), reports m. p. 177°. 
He prepared VI by  condensing th e  m ethy l e ther of thym ol w ith the  
m ethyl ether of th e  2-thym oylbenzoic acid in  th e  presence of alum i­
num  chloride.

Summary

Carvacrolphthalein was shown to melt at 294° 
and to be devoid of laxative effect. The melt­
ing point of 247° given in the literature for this 
compound is wrong. Thymolphthalein was pre­
pared with a melting point 6° higher than re­
ported heretofore. The diacetyl derivative and 
the dimethyl ether of both compounds were 
prepared.

B r o o k l y n , N. Y. R e c e i v e d  J u l y  6, 1942

[C o n t r i b u t io n  f r o m  t h e  D e p a r t m e n t  o f  A g r ic u l t u r a l  C h e m i s t r y , P u r d u e  U n i v e r s i t y  A g r i c u l t u r a l  E x p e r i ­
m e n t  S t a t i o n ]

Isolation of Lupeol from the Osage Orange { M a d u r a  p o m ife ra  Raf.)1
B y L yle J ames Sw ift  and E. D. W alter

In the isolation of osajin by Walter, Wolfrom 
and Hess2 the dried osage oranges were first ex­
tracted with petroleum ether to remove latex and 
other interfering substances. In this paper the 
isolation of lupeol from this extract is described, 
and its crystallographic optical properties re­
corded. A wax-like material, to be described 
later, was also obtained.

Lupeol was discovered by Schulze3 and de­
scribed by Likiernik4 and has since been isolated 
from several latex bearing plants. Ruzicka5 
recently proposed a structure for lupeol.

A characteristic reaction of lupeol is the red 
color it gives with concentrated sulfuric acid and 
acetic anhydride when in chloroform solution. 
This test also is given by the dried latex of the 
osage orange.

Acknowledgment.—We are indebted to Dr. 
M. L. Wolfrom, Department of Chemistry, Ohio 
State University for some of the extract used in 
this work.

Experimental
Isolation of Lupeol. The dried, ground osage oranges 

were completely extracted with low boiling petroleum 
ether. The extract was concentrated and passed through 
an aluminum silicate adsorbent described by Kraybill,

(1) A portion of a  thesis to  be su b m itted  by  Lyle J . Swift to  the  
F acu lty  of P u rdue  U niversity  in  p a rtia l fulfillm ent of the  require­
m ents for the  degree of D octor of Philosophy. Journal Paper No. 
37, P urdue  U niversity  A gricultural E xperim ent S tation.

(2) E . D . W alter, M . L . W olfrom  and  W. W . Hess, T h is  J o u r n a l , 
60, 574 (1938).

(3) E . Schulze and  E . Steiger, Landw . Vers.-Sta., 36, 391 (1889).
(4) A. Likiernik, Z . physiol. Chem., 15, 415 (1891).
(5) L. R uzicka and M . B renner, Hel-v. chim. acta., 33, 1325 (1940).

et al.,6 which removed the wax-like material. The concen­
trated petroleum ether extract was saponified with twice 
its volume of 95% ethanol saturated with potassium 
hydroxide. The mixture was diluted with water and ex­
tracted with ether. The ether was evaporated and the 
residue was mixed with about an equal weight of Nuchar
W. The mixture was extracted in a Soxhlet apparatus 
with ether which was subsequently evaporated. Repeated 
crystallizations from acetone and then from 85% ethanol 
gave a product melting at 208-211°. Final purification 
was effected through formation of the acetate and saponi 
fication of this to get lupeol melting at 214-215°; yield, 5.1 
g. of crude lupeol or 2.3 g. of pure lupeol from 1 kg. of dried 
osage oranges.

Anal, of lupeol. Calcd. for C30H50O: C, 84.44; H,
11.81; mol. wt., 426.7. Found: C, 84.45; H, 11.88; 
mol. wt. (freezing point depression using stearic acid), 448, 
458; [ a ] 22D +27.63° (CHCls, c = 3.926). Ruzicka (7) 
obtained +27.2°.

Lupeol acetate was prepared by the method of Ruzicka7; 
yield, 1.88 g. (from 2.16 g. of lupeol) m. p. 216-216.5°. 
Ruzicka7 reported a m. p. of 215-217°.

Anal, of lupeol acetate. Calcd. for C3oH49(OCOCH3) : 
C, 81.99; H, 11.18; mol. wt., 46.78. Found: C, 81.79; 
H, 11.29; mol. wt. (saponification equivalent), 469.5;
[a]25o +41.95° (CHCI3, c — 1.652). Ruzicka obtained 
+40.7°.

Lupeol benzoate was prepared by the method of Ru­
zicka.7 Lupeol (1.8 g.) yielded 1.57 g. of the benzoate 
m. p. 263-265°.

Anal, of lupeol benzoate. Calcd. for C3oH49(OCOC6H&) ; 
C, 83.72; H, 10.25; mol. wt., 530.8. Found: C, 83.59;
H, 9.80; mol. wt. (saponification equivalent), 543; [a]25D 
+61.36° (CHCI3, c = 0.9908). Ruzicka obtained
+60.9°.

(6) H . R . K rayb ill, P . H . B rew er an d  M . H . T h o rn to n , U . S. 
P a ten t N o. 2,174.177, Sept. 26,1939.

(7) L. R hzieka and  M . B renner, Helv. chim. >icla, 22, 1523 (1.939).
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Fig. 1.—Lupeol (X60).

Crystallographic Optical Properties
Lupeol.—In parallel polarized light (crossed nicols), the 

extinction is parallel; the elongation is negative. In 
convergent polarized light (crossed nicols) an optic normal 
interference figure is found on faces showing brightest 
white color. Refractive indices: = 1.551, found

lengthwise; n$ = indet.; ny = 1.565, found crosswise 
(both values =*=0.003) (see Fig. 1).

Lupeol Acetate.—In parallel polarized light (crossed 
nicols) many faces show practically no extinction, while a 
few show red and blue interference colors and parallel 
extinction. In convergent polarized light (crossed nicols) 
a biaxial, optic axis figure is common. The optic sign is 
negative. Refractive indices: na — 1.540; n$ — 1.567 
(both =*=0.003); ny = indet.

Lupeol Benzoate.—In parallel polarized light (crossed 
nicols) the extinction is parallel; the elongation is negative. 
Many of the rods show red, green and yellow interference 
colors. In convergent polarized light (crossed nicols) bi­
axial interference figures are common. The optic sign is 
positive. Refractive indices: na = 1.565 found length­
wise on rods with red and blue interference colors; np =
1.567 found on fragments showing an optic axis interference 
figure; ny — 1.634 found crosswise, all =*=0.003.

Summary
1. Lupeol has been isolated from the osage 

orange. Apparently it is a constituent of the 
latex.

2. Some crystallographic optical properties 
are presented for lupeol, lupeol acetate and lupeol 
benzoate.
L a f a y e t t e , I n d ia n a  R e c e i v e d  J u l y  15, 1942

[C o n t r i b u t io n  f r o m  K e n t  C h e m ic a l  L a b o r a t o r i e s , U n i v e r s i t y  o f  C h i c a g o ]

Surface Tensions, Densities and Parachors of the Aliphatic Nitroparaffins
B y  G. E. B oyd and  L. E. C o peland

Introduction
The synthesis and chemical properties of the 

aliphatic nitroparaffins previously have attracted 
considerable attention.1-4 In view of the un­
usually high dipole moments shown (CH3NO2 =  
3.13) by the molecules of these substances, it is 
of interest to determine the effect of this property 
upon the surface tension and the parachor. 
Since these liquids are extremely polar the pos­
sibility of two or more molecular species arises. 
Questions of this type sometimes may be settled 
by surface tension investigations.5

In the study reported, the variation of the sur­
face tensions in the interval 25.0 to 60.0° of the 
first four members of the aliphatic nitroparaffins

(1) C. L. G abriel, In d . Eng. Chem., 32, 887 (1940).
(2) W. D. Harkins* T . F . Y oung and  L. A. Cheng, Science, 64, 

333 (1926).
(3) W. D. H ark ins  and  H . F . Jo rd an , T h is  J o urn al , 52, 1751 

(1930).
(4) H . B. H ass, E. B. Hodge and  B. M . V anderbilt, Ind . Eng. 

Chem., 28, 339 (1936).
(5 ) ' E . L. L ind and  T. F. Young, J . Chem. Phys., 1, 266 (1933).

and their secondary isomers have been measured. 
Additionally, the variation of density with tem­
perature, the total surface energies at 25°, the 
parachors and the critical temperatures have 
been obtained.

Apparatus, Chemicals and Methods
Reports of measurements of the variation of the surface 

tension with temperature are far less numerous in the 
literature than is to be desired. The variety of methods 
suitable is limited by a number of practical considerations. 
In these researches the ring method3 was employed, and 
a clean liquid surface was insured by repeatedly over­
flowing the cup in which it was contained.

Although the question of technique and errors in the 
ring method has been discussed,3’6 our experience has 
convinced us of the necessity of stressing certain vital 
points again.

If accurate results are to be obtained, it is essential 
that the ring be entirely in one plane, and that the stirrup 
supporting the ring be such that this plane be horizontal 
to a high degree of trueness. The effect of ring tilt has

(6) G. C. N u ttin g , F . A. Long and  W. D . H arkins, T h is  Jo u r n a l ,
62, 1496 (1940).
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T a b l e  I

Surface Tension, D ensity, and M olecular Surface Energy o f  the Aliphatic N itroparaffins from 25.0 t o

60.0°
C om pound a b c d e

Nitromethane 39.25 0.1387 1.16576 0.001383 992.7 1.610
Nitroethane 34.03 . 1090 1.06823 .001202 996.6 1.520
1-Nitropropane 31.74 .0985 1.02300 .001093 1056.2 1.578
2-Nitropropane 30.78 .1084 1.01208 .001119 1104.2 1.805
1-Nitrobutane 31.65 .0979 0.99170 .000960 1193.2 1.801
2-Nitrobutane 31.32 .1067 .98455 .000963 1251.2 2.026

been studied.3 However, warping of the plane of the ring 
is probably an error of a greater degree of seriousness. 
Although it is difficult to estimate quantitatively the error 
from this source, invariably low surface tension values 
are obtained unless precaution is taken.

I t is desirable to carry out an analysis of errors in order 
that a precision measure of our results may be stated. 
The surface tension, y, is given by the formula 

y  = [Mg/4*R]F(R/r, R*/V)
where M  = maximum mass of the liquid column sup­
ported by the ring, g — gravitational constant, R = radius 
of ring (center of ring to center of wire), r = radius of 
wire. The maximum volume, V, of the liquid column 
elevated above the free surface of the liquid is given by 

V = M / (Dl -  Dr)
where Dl and Dv are, respectively, the densities of the 
liquid and of air saturated with the vapor of the liquid at 
the prevailing temperature and pressure. Evidently, the 
precision measure of the derived result (i. e., the surface 
tension) is governed by the precision measure of com­
ponents involving mass and length only.

Repeated experiments have shown that M  can be de­
termined to within ±0.1 mg., and R  to within ±0.0005 
cm. Harkins and Jordan3 state that the values of F are 
accurate to 0.3%, with a probable error of less than 0.2% 
for rings whose R /r  ratios lie between 30 and 80. Using 
these data, a numerical computation of the actual error in 
the derived surface tension due to the actual error in each 
component in the case of nitromethane at 25° gave 35.78 ± 
0.12 dyne cm.-1, or an accuracy of 0.33%.

The ring employed was made of platinum-iridium, and 
its mean radius was 0.6378 cm.; the value of R/r was 
39.87. As a result of many observations, it was found 
that the precision of measurement was appreciably better 
than the 0.33% accuracy claimed. In the series of results 
being reported a reproducibility in a given surface tension 
value was observed to better than 0.20%.

Density determinations, performed simultaneously at 
the same temperatures as surface tension measurements, 
were carried out in conventional Ostwald pycnometers 
of approximately 18-ml. volume equipped with ground 
glass caps to check evaporation losses.

Temperatures were read to 0.05° on a totally immersed 
0-50 ° thermometer graduated in tenths of a degree which 
had been compared with a calibrated Bureau of Standards 
thermometer.

Refractive indices were obtained with a Zeiss dipping 
refractometer maintained at 25.0° within 0.1°.

The compounds used throughout our researches were 
supplied through the generosity of the Commercial Sol­

vents Corp. by Messrs. F. K. Hoover and E. B. Hodge, 
and were of a high degree of purity. Their physical 
constants are given in Table III. The liquids were stored 
in the dark away from air, and, with the exception of 
nitromethane, no decomposition occurred over a period 
of three months.

Results
The results of the measurements of density and 

surface tension when plotted in a large graph 
against the temperature indicated that within 
the range 25 to 60° these quantities may be repre­
sented by linear equations. Thus the surface 
tension equation is

y — a — bt (1)

where a and b are constants independent of the 
temperature of the surface, t, in °C. Similar type 
equations for the density and molecular surface 
energy, y(Mv)2/zf can be written

p\ — c — Al (2)

y{Mv)V> = e -  f T (3)

where M  is the molecular weight, v, specific vol­
ume and T  the absolute temperature. The values 
for the constants in the least squares equations 
summarize the experimental results (Table I).

The least squares equations fit the experi­
mental surface tension data with a precision of 
better than 0.13%, and the densities better than
0.018%, with the exception of nitromethane 
where the precision is 0.06%.

An attempt to evaluate our surface tension 
and density data in terms of individual values 
existing in the literature met with small success. 
With the exception of the first two members of 
the series, no values were found. In the example 
of nitromethane a satisfactory comparison can be 
made. Table II lists values for the densities and 
surface tensions chronologically.

From the results of Table II, it would appear 
that the density of nitromethane at 25° must lie 
within the range: 1.1307 to 1.1313. The agree­
ment between our value for the surface tension
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T a b l e  I I

A Comparison of D ensities and Surface Tension 
Values for the Aliphatic N itroparaffins at 25°:

N ITR O M ETH  ANE

'*4 Y ear A u tho r7

1.1297 1917 Jaeger
1.1325 1925 Williams
1.1319 1926 Mathews
1.1304 1929 I. C. T.
1.1312 1931 Wright, Murray-Rust and Hartley
1.1313 1932 Timmermans and Hennaut-Roland
1.1307 1933 Walden and Birr
1.1312 1940 Present work

T25
34.99 1913 Morgan and Stone
34.9 1917 Jaeger
36.13 1929 I. C. T.
36.25 1932 Timmermans and Hennaut-Roland
35.78 1940 Present work

and that of the “International Critical Tables” 
(I. C. T.) is within 0.3 dyne cm.-1.

No comparison of the densities for the other 
members of the homologous series can be made 
owing to the complete absence of reports of such 
measurements on pure compounds in the litera­
ture. In the case of nitroethane a comparison of 
the surface tension values can be made. The 
value of 31.6 dyne cm.""1 at 25° interpolated from

Parachors were computed from Sugden’s8 
formula

[P] -  MyV*/{Di -  Dy)  (5)
where M  is the molecular weight; y  the surface 
tension; A  the density of the liquid; and Dv the 
density of the saturated vapor at the desired tem­
perature. This latter quantity was computed 
by means of the equation

log ( D v/ D b )  -  5 (P /rb -  1) (6)
where Db is the density of the vapor at the boiling 
point Th, and was estimated, following Sugden, 
by the relation

D h -  0.0122 M / T h (7)

The magnitude of the correction of the density 
of the saturated vapor to the liquid density, Dh 
was less than 0.02%, and might have been neg­
lected.

Molecular surface energies calculated in Table 
I are of use in the estimation of the critical tem­
peratures, Tc, of these compounds. The equation 
of Ramsey and Shields

y ( M v y / z  = k ( T c -  r  -  6) (8)

was used in conjunction with equation (3) in the 
calculations summarized in the eighth column of 
Table III.

T a b l e  III
C om pound P2h 7?25d Tb T25 -Ë26 [P 1 Tc T b /T c

Nitromethane 1.13118 1.37872 375.0 35.78 77.11 132.7 622.7 0.60
Nitroethane 1.03819 1.39015 387.9 31.31 63.78 171.0 661.8 .59
1-Nitropropane 0.99569 1.39901 404.6 29.28 58.44 208.1 675.2 .60
2-Nitropropane .98410 1.39206 393.1 28.07 60.38 208.3 617.9 .64
1-Nitrobutane .96770 1.40851 426.7 29.20 58.39 247.6 668.5 .64
2-Nitrobutane .96047 1.40222 413.1 28.65 60.46 248.3 623.7 .66

the “L C. T .” values is comparable with our value 
of 31.30 at the same temperature. It is believed 
that the general self-consistency of the parachor 
values (see Table III) and their increments offer 
additional evidence of the accuracy of the surface 
tension and density values found in this study.

Discussion
The data of Table I permit the calculation of 

three additional quantities of importance. The 
total surface energy, Eh at any one temperature 
may be obtained from the equation

£i = 7 i - r ( § )  (4) 
and some values are given in Table III.

(7) Jaeger, Z. anorg. Chem., 101, 1 (1917); W illiam s, T h is  J o ur­
n a l , 47, 2648  (1925); M athew s, ibid., 48, 562 (1926); W right, 
M u rra y -R u s t and  H artley , J . Chem. Soc., 199 (1931); Tim m erm ans 
and, H ennau t-R o land , J . Chim. P hys., 29, 529 (1932); W alden and 
B irr, Z . physik. Chem., 163A, 263 (1933) ; M organ  and  Stone, T h is 
J o u r n a l , 3 5 ,1 5 0 5  (1913).

It is apparent that the well-known rule that 
secondary compounds show a lower surface ten­
sion than corresponding primary members of a 
series is obeyed by the nitroparaffins.

The value listed by Sugden9 for the parachor of 
nitromethane is 132.0, in excellent agreement 
with Table III. The increment in the parachor 
per CH2 group is 39 which compares favorably 
with the average of 38.3 from Table III. It is 
apparent also that the parachors of isomers are 
identical as is required by the principle of the 
additivity of atomic parachors.

The unusually high values for the critical tem­
peratures of the nitroparaffins suggest that there 
may be considerable association in the liquid state. 
Thus, the compounds 1-nitrobutane, butyric 
acid, 1-amyl nitrile and butyl alcohol show values

(8) S. Sugden, J . Chem. Soc., 127, 1540 (1925).
(9) S. Sugden, “ P arach o r and  V alency,” p .1 1 9 .
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of Tc equal to 669, 628, 602 and 560°K., respec­
tively. However, allotropy of the liquid nitro­
paraffins, whether due to changes in molecular 
aggregation or to other causes, would probably 
affect surface tension. Within the temperature 
range here reported, such effects seem to be ab­
sent.

Summary

1. The surface tensions of the aliphatic nitro­
paraffins at 25.0° vary from 35.78 for nitro­
methane to 29.20 dyne cm.-1 for 1-nitrobutane. 
The secondary isomers show characteristically 
lower free surface energies, with 2-nitrobutane 
giving 28.65 ergs cm.-2.

2. The total surface energies of the nitro­
paraffins at 25.0° vary from 77.11 ergs cm.-2 for 
nitromethane to 58.39 ergs cm.-2 for 1-nitro­
butane. The secondary isomers, however, ex­
hibit a higher surface energy, with 2-nitrobutane 
giving 60.46 ergs cm.-2.

3. The parachor values calculated from the 
measured surface tension and density are in good 
agreement with the predictions of Sugden.

4. Values of the critical temperatures cal­
culated from the Ramsey-Shields equations are: 
nitromethane, 623 °K .; nitroethane, 662 °K .;
1-nitropropane, 675°K.; 2-nitropropane, 618°K.;
1-nitrobutane, 669 °K .; and 2-nitrobutane, 624 °K. 
Chicago, Illinois R eceived June  3, 1942

[C o n t r i b u t io n  f r o m  t h e  N o y e s  C h e m ic a l  L a b o r a t o r y , U n i v e r s i t y  o f  I l l i n o i s ]

. The Composition and Structure of Molybdenum Blue
By F. B. Schirmer, Jr., L. F. Audrieth, S. T. Gross, D. S. M cClellan and L. J. Seppi

The composition of molybdenum blue has been 
the subject of controversy ever since it was first 
discovered by Berzelius1 in 1826. Even modern 
investigators are not yet in agreement as to its 
formula, the most recently reported values vary­
ing from Mo5Oi4 to Mo80 23.2’3’4 There is little 
doubt but that products of different composition 
are obtained when heteropoly acid formers such as 
phosphoric and arsenic acids are present, or when 
oxidizing agents such as nitric acid are used in 
acidifying solutions of molybdate. There is also 
the very good possibility that the common practice 
of “purifying” molybdenum blue by extraction 
from aqueous solution by means of organic sol­
vents gives products which are different. For 
these reasons the authors undertook to develop 
methods of synthesis which would avoid these 
complicating factors.

Molybdenum blue has been prepared by a 
number of methods, carefully purified and ana­
lyzed. Samples were subjected to an X-ray 
examination and found to yield identical diffrac­
tion patterns. The colloidal nature of molyb­
denum blue was verified subsequently by a 
study of these products under the electron micro­
scope.

(1) Berzelius, P o g g . A n n . ,  6, 380 (1926).
(2) Auger and Ivanoff, C o m p t. r e n d ., 204, 1815 (1937).
(3) Auger, ib id . ,  205, 1070 (1937).
(4) Lautié, B u l l .  soc. c h im ., [5] 1, 105 (1934).

Experimental
Preparation

(a) Reduction of Molybdate with Trivalent Molyb­
denum.—The recommended procedure, by which the ma­
jority of the samples were prepared, involves interaction 
of a solution of trivalent molybdenum, obtained by reduc­
tion of molybdate in a Jones reductor, with an acidified 
molybdate solution (pH 0.4). Specific directions follow: 
a receiver containing 500 ml. of 0.4 M  sodium molybdate, 
Na2Mo04-2H20 , and 200 ml. of 6 A  hydrochloric acid is 
attached to the reductor. A solution containing 40 ml. of 
0.4 M  sodium molybdate, 60 ml. of 6 A hydrochloric acid 
and 100 ml. of water is passed slowly through the column 
and the resulting olive-green solution of trivalent molyb­
denum is allowed to drop directly into the solution of 
hexavalent molybdenum. The last of the solution in the 
reductor is washed into the receiver with dilute hydro­
chloric acid. The precipitate of molybdenum blue forms 
in the flask.

The precipitate and the solution are separated by cen­
trifugation and the slightly colored supernatant liquid, con­
taining an excess of trivalent molybdenum, is either dis­
carded or treated as in method (c). The precipitate is 
washed by centrifuging three to five times with a solution 
of 5 ml. of 6 A  hydrochloric acid in 100 ml. of distilled 
water. This is followed by similar treatment of the pre­
cipitate with successive portions of distilled water until 
both the supernatant liquid and the precipitate are chloride 
free. After each washing the suspension is centrifuged 
and the supernatant liquid decanted.

During the washing with dilute hydrochloric acid very 
little of the product is lost. As the electrolyte is subse­
quently removed by washing with distilled water con­
siderable peptization takes place with the result that the
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supernatant solutions assume a deep blue color. While 
the yield of molybdenum blue is decreased by this final 
treatment, a purer product is obtained which more than 
compensates for this loss. The molybdenum blue is then 
dried and stored in a vacuum desiccator. Using the 
quantities specified above yields of 16 to 18 g. of purified 
molybdenum blue may be obtained. These yields corre­
spond to about 45-55% calculated on the assumption that 
the hydrate obtained has the average composition MosCW
io h2o .

(b) Oxidation of Trivalent Molybdenum with Molyb­
date.—This method is essentially similar to (a), but in­
volves addition of acidified molybdate to an excess of a 
solution containing trivalent molybdenum prepared by 
reduction with zinc in a Jones reductor.

(c) Oxidation of Lower Valent Molybdenum.—The 
supernatant liquid which remains upon centrifugation of 
the reaction mixture in (a) above contains an excess of 
lower valent molybdenum. An additional yield of the 
blue can be obtained by passing oxygen through the solu­
tion for several days. The precipitated molybdenum blue 
is centrifuged, washed and dried as described under (a).

Analysis.—The water content was determined by heat­
ing gradually a weighed sample of the blue to a tempera­
ture of 500 ° in a stream of oxygen and absorbing the mois­
ture in tared bulbs containing magnesium perchlorate. 
The residual molybdenum trioxide was either weighed 
directly or dissolved in dilute ammonium hydroxide and its 
molybdenum content determined volumetrically as out­
lined by Scott.5 Samples of molybdenum blue were also 
analyzed directly for their molybdenum content. The 
oxygen content was calculated by difference.

Fig. 1.—Relative density curve made from X-ray dia­
gram of molybdenum blue using Leeds and Northrup 
microphotometer; filtered molybdenum radiation, circu­
lar camera (radius 6.4 cm.), wedge sample.

The analytical results presented in Table I 
indicate that the composition of molybdenum 
blue, prepared by four different methods and 
purified carefully, may be represented approxi­
mately by the empirical formula Mo8023*#H20, 
where x varies from six to fourteen depending

(5) “'S tan d ard  M ethods of Chem ical A nalysis,” VoL I, IX Van 
'N ostrand Co., N ew  Vork* N . Y ., 1039, p, 594,

upon how long the product has been dried.
T a b le  I

C o m po sitio n  o f  M olybdenum  B lu e
M ethod  of 

prepn.
Sam ples
analyzed Value of x  in  MosOa;

a 14 23.04 ± 0 .1 2

b 2
(extremes, 22.85-23.31) 

23.31 ±  0.10
c 2 22.97 =t .06
d 6 2 23.41 ±  .06

X-Ray and Electron Microscope Study.—
Molybdenum blue preparations were examined 
by the X-ray diffraction method using both 
filtered molybdenum and filtered copper radiation 
with the wedge technique. Three intense and 
four faint halos or diffuse bands were observed. 
The intense interferences correspond to the follow­
ing “d” values.

C u K -a lpha , A.
8.43
3.28
1.79

M o K -a lpha , A.
8.57 

. 3.25
1.76

Measurements of the remaining halos are uncer­
tain, two of them partly overlapping more in­
tense interferences, and the remaining two corre­
sponding to very faint diffuse bands. A tracing of 
the microphotometer curve obtained for molyb­
denum blue from an X-ray pattern with molyb­
denum radiation is shown in Fig. 1. This pat­
tern is apparently perfectly characteristic of the 
purified material regardless of the method of 
preparation.7 It seems significant that this halo 
pattern shows little resemblance to the diffrac­
tion pattern of molybdenum trioxide, a fact which 
suggests the presence of a definite structure other 
than any known form of molybdenum trioxide.

In view of a question raised by one of the ref­
erees relative to the interpretation of the broad 
X-ray diffraction interferences obtained with 
molybdenum blue, it was suggested by Professor
G. L. Clark that electron photomicrographs be 
made of these preparations.8 The sample was

(6) P repared  by  reduction  of acidified m olybdate  w ith  s tannous 
chloride.

(7) B urgers an d  van  L iem pt, Z. anorg. Chem., 202, 325 (1931), 
exam ined q u a lita tiv e ly  m olybdenum  bronzes by  th e  X -ray  m ethod, 
b u t give no experim ental details, m easurem ents, calculations or in te r­
p re ta tion . T h ey  reproduce pho tographs of p a tte rn s  obtained  (a) 
from  a  so-called m olybdenum  blue, (b) from  an  ign ited  p ro d u c t and  
(c) from  a  sam ple  of sublim ed m olybdenum  trioxide. T hey  describe 
th e  first of these  as different from  th e  o ther tw o w hich a re  identical. 
All of th e ir  sam ples are  crystalline  m ateria ls. T he  p a tte rn s  ob ta ined  
consistently  by  th e  au tho rs  bear no  resem blance to  those published  
by Burgers an d  v an  L iem pt.

(8) T he R . C. A. in s tru m en t was em ployed by  D r. M arth a  B arnes 
B aylor a t  a  m agnification of 15,500 X  and  th e  pho tog raphs were 
th en  enlarged fourfold fo r a final m agnification of 62,000 3C
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shaken up with water, allowed to settle and a 
drop of the top of the aqueous suspension applied 
to the collodion film and dried. The remarkable 
dispersion of particles is shown in Fig. 2 (magni­
fication 62,000 X). A fairly uniform distribution 
of single primary particles some of which are only 
loo A. in diameter, appears in the background. 
These particles are narrower in one dimension 
than the other and probably lie flat as still thinner 
flakes. As might be expected otherwise, these are 
too small to show definite crystalline faces. Some 
small floes representing the first stages of agglom­
eration of the individual particles appear in the 
center of the photograph. Finally, there is a dis­
tribution of larger, darker and more nearly 
spherical particles which must represent larger 
primary particles of the order of several hundred 
Angstrom units in size.

This proof of a typical colloidal structure, 
therefore, confirms the interpretation of the 
broad X-ray interferences by means of which cal­
culations can be made of a particle size of the 
order of 100 A., or somewhat less. I t  is not neces­
sary to claim absolute crystalline perfections of 
these extremely small particles. That some lattice 
organization is present is indicated by the number 
of diffraction halos on the patterns—several more 
than for carbon black which is known to be built 
up into particles from crystalline layers which 
are stacked at random like a twisted deck of 
cards.

Summary
Molybdenum blue has been prepared by a 

number of new methods and purified carefully.

Fig. 2.—Electron photomicrograph of molybdenum blue 
(62,000 X)*

Its composition may be represented by the em­
pirical formula, Mo8023-#H20 . Samples prepared 
under the prescribed conditions yield identical 
and characteristic diffraction patterns. Electron 
photomicrographs confirm the colloidal nature of 
molybdenum blue.
Urbana, Illinois R eceived M ay 4, 194

[Contribution from the R esearch Laboratory, United States Steel Corporation]

The Adsorption of Gases at Low Temperature and Pressure on Smooth Silver

B y M arion  H. Arm br uster

This paper reports the results of measurements 
of the adsorption of hydrogen, nitrogen, argon, 
carbon monoxide, carbon dioxide and oxygen at 
pressures up to 0.1 cm. on a substantially plane, 
reduced surface of silver over the temperature 
range —195 to 20°. The investigation was under­
taken to determine the nature and properties of 
the smooth surface of a typical, pure, homogene­
ous metal as a first step toward a better under­
standing of the characteristics of the surface of a

less pure or less homogeneous metal, such as 
steel. Silver was selected chiefly because it is 
readily obtainable in a high degree of purity in 
the form of foil, a form which provides a large, 
smooth and reproducible surface; it is also rela­
tively inert so that, aside from the sorption of 
oxygen, there should, in the range of experi­
mental conditions covered, be no complex chemi­
sorption which might confuse interpretation of 
the results.
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Materials and Apparatus.—The quality of the several 
gases used, the apparatus, and the experimental procedure 
already have been described.1 2 3

Silver Surface.—The silver used (99.98-p % Ag) was 
foil 0.021 cm. thick, cut into strips, 1.8 X 11.0 cm. to form a 
bundle weighing 846.5 g. and having a total geometric area 
of 8002 sq. cm. X-Ray diffraction patterns of the foil, 
obtained by D. S. Miller, indicated a fairly high degree of 
preferred orientation of the grains on the surface of the foil. 
The crystallographic plane in the surface was not one of 
simple indices, but appeared to be one which made an 
angle of 15° with the (110) plane. The strips were de­
greased with absolute alcohol and anhydrous ether, suit­
able precautions being taken to guard against subsequent 
contamination. Since oxygen sorbed on silver is not 
readily removed by baking in vacuum even at a tempera­
ture as high as 300°,2,3 the surface was, before each run, 
freshly reduced for four to eight hours at 400 0 in a stream 
of purified hydrogen. The adsorption bulb was then 
sealed off in an atmosphere of hydrogen after which the 
sample was outgassed at 450° under a pressure of 10~6 mm. 
This pretreatment sufficed to give a surface on which the 
adsorption was reproducible within the precision of 
measurement, which is about 0.001 cc. As direct test 
showed that hydrogen is not measurably sorbed on smooth 
silver in the range of temperature and pressure covered, 
the sample was cooled in hydrogen to hasten equalization of 
temperature. At least two, and usually four, check runs 
were made with each gas at each temperature. After
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Fig. 1.—Isotherms for CO, A and N2 at —183 and —195°.

(1) A rm bruste r an d  A ustin , T h is  J o u r n a l , 60, 467 (1938); 61, 
1117 (1939).

(2) B enton an d  E lgin, ibid., 48, 3027 (1926).
(3) Benton and  D rake, ibid., 56, 256 (1934).

several measurements the surface of the silver developed 
an etched appearance, probably as a result of evaporation 
but this was not accompanied by any appreciable increase 
of surface area since the sorption was not measurably 
altered. The Pyrex bulb containing the silver also de­
veloped a slight brown discoloration, indicating probable 
contamination by silver.

Results.—Hydrogen was not measurably 
sorbed at any temperature investigated; argon, 
nitrogen and carbon monoxide were sorbed at
— 195° and -183° but not at -7 8 °  or 20°. 
Carbon dioxide was not sorbed at 20°, but at
— 78° was sorbed to the slight extent of 6 cu. mm. 
at a pressure of 0.02 cm. Typical isotherms for 
nitrogen, argon and carbon monoxide at —195° 
and —183°, selected as representative from among 
the several concordant runs made with each gas, 
are given in Fig. 1. For each gas, adsorption was 
instantaneous and completely reversible in the 
sense that measurements on desorption agreed 
with those for adsorption, and a surface pumped 
out at temperature gave results identical with 
those obtained on a baked out surface.

The sorption of oxygen is illustrated by the 
typical isotherms presented in Fig. 2. At —195° 
and —183° the adsorption was fairly rapid, being 
substantially complete within a few minutes.

0 0.02 0.04 0.06 0.08 0.10 0.12
Pressure, cm.

Fig. 2.—Isotherms for oxygen at —195, —183, —78.5 and 
2 0 ° .

The adsorption was not, however, entirely reversi­
ble since the amount of gas sorbed was not the 
same on a surface which had been pumped out at 
temperature as on one which had been freshly 
reduced and baked out. Thus, at —183°, the 
sorption on the pumped out surface was markedly 
less than on the surface which had been reduced 
and baked, whereas at —195° it was less in the 
lower range of pressure but probably was greater
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at higher pressures. At — 78° and 20°, on the 
other hand, the rate of adsorption was relatively 
slow; the first portion of oxygen admitted came 
to equilibrium only after an hour or more, as is 
illustrated by the typical rate curves shown in Fig. 
3; subsequent additions attained equilibrium 
more rapidly. At these higher temperatures, the 
volume of oxygen sorbed was, over most of the 
range investigated, virtually independent of pres- 
sure. Moreover, at —78° and above, the sorbed 
oxygen could not be removed by pumping at tem­
perature but was taken off by reduction and bak­
ing in vacuum at 400° or higher.

Fig. 3.—Rate of initial adsorption of oxygen at —78.5 and 
2 0 °.

Discussion of Results
Nature of the Adsorption.—The fact that 

nitrogen, argon, and carbon monoxide are 
adsorbed instantaneously and reversibly, together 
with the fact that the volume sorbed at a given 
pressure increases with decreasing temperature, 
indicates that the adsorption is of the van der 
Waals type. The sorption of oxygen at —195° 
and —183° is, in part, likewise of the van der 
Waals type but at least some portion of the sorbed 
film appears to be held to the surface more tightly 
than would be expected from the action of purely 
physical forces. Thus, at —183°, the sorption on 
the pumped out surface is less than on the freshly 
reduced and baked surface, which suggests that 
all the sorbed oxygen was not removed by evacua­
tion. At —78° and 20°, the rate of adsorption of 
oxygen is slow and the sorbed gas is not removed 
from the surface by evacuation of the system, in­
dicating that the sorption is of the activated 
type, a conclusion which is confirmed by the

fact that the volume of gas sorbed at a given pres­
sure increases with increasing temperature, as is 
illustrated by the typical isobar shown in Fig. 4.
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Fig. 4.—Isobar for oxygen at P — 0.05 cm.

50

Form of the Isotherms.—Since the curves 
in Figs. 1 and 2 appear to be of the Langmuir 
type, representative isotherms for the several 
gases have been replotted in Fig. 5 as p/v  against 
py a method which yields a straight line if the ob­
servations conform to either the Langmuir equa­
tion4 or to the formally identical equation for 
monomolecular adsorption developed by Bru-

0 0.02 0.04 0.06 0.08 0.10
Pressure, cm.

Fig. 5.—Isotherms plotted as p/v against p. Upper sec- 
tion shows data for N2, A and CO; lower section shows 
data for 0 2.

(4) L angm uir, T h is  J o u r n a l , 40, 1361 (1918).
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nauer, Emmett and Teller.5 I t  is evident from 
this diagram that a linear relation is obtained 
except at the lowest pressures, hence, over virtu­
ally the entire range of pressure covered, the data 
are represented with satisfactory accuracy by 
either of these relations.6 The greatest deviation 
from a straight line is in the isotherm for oxygen 
at —195° at pressures up to 0.010 cm.; another, 
less marked, departure occurs in the same range 
of pressure in the isotherm for carbon monoxide 
a t -183°.

In Fig. 6 the isotherms for —-183° are plotted 
in the form of v, the volume (reduced to 1 atm. 
and 20°) sorbed at pressure p , against the loga­
rithm of the adsorption potential 0,7 as suggested 
by Palmer and Clark.8 This method of plotting 
is of interest in connection with the calculation 
of the force-area curve, since, if a straight line is 
obtained, as it frequently is,8,9 the spreading 
force can be calculated by means of an equation 
derived by Palmer.10

2.7 2.8 2.9 3.0 3.1
Log <f>.

Fig. 6.—Isotherms at —183° plotted as volume sorbed 
against log <j>.

All the isotherms in Fig. 6, except that for car­
es) Brunauer, E m m ett  and  Teller, T h is  J o u r n a l , 60, 309 (1938).
(6) This does n o t p reclude th e  possibility  th a t  a t  higher pressures 

th e  isotherm s m igh t curve upw ards to  becom e convex to  th e  pressure 
axis.

(7) T he  adsorp tion  p o ten tia l 0 is equal to  R T  log po/p, where Po 
is th e  vapor p ressure  of th e  ad so rbate  in  th e  liquid  phase a t  tem pera­
tu re  T.

(8) Palm er and  C lark , Proc. Roy. Soc. (L ondon), A149, 360 (1935).
(9) A rm bruste r an d  A ustin , T h is  J o u r n a l , 60, 474 (1938).
(10) Palm er, Proc. R oy . Soc. (L ondon), A160, 254 (1937).

bon monoxide, consist of two straight lines which 
intersect at a value of v approximately equal to 
that at which the corresponding curve in Figure 1 
flattens off. The isotherm for carbon monoxide 
consists of three sections, two of which intersect 
at a value of v which, just as with the other gases, 
corresponds approximately to the value at which 
the isotherm in Fig. 1 flattens off; the other inter­
section occurs in the range of higher adsorption 
potentials, that is, at lower pressure, at a value of 
v which corresponds fairly well with the pressure 
at which deviation from linearity becomes evident 
in the isotherm shown in Fig. 5. The isotherms 
for the several gases at —195° fall so close to the 
corresponding curves for —183° that they have 
not been included in Fig. 6.

Fraction of Surface Covered.—The limiting 
volume, Vs,11 for each gas at each temperature, as 
derived from the slope of the p/v-p  isotherm, 
is given in Table I. On the assumptions that the 
geometric area of the foil represents the true area 
of the surface, and that the mean cross-section of 
a sorbed molecule is the same as that of a mole­
cule in the liquid, the fraction of the surface 
covered, in the pressure range in which the iso­
therm is virtually horizontal, can be estimated 
from the value of Vs. The coverage derived on 
this basis is shown in the last column of Table I. 
In only one instance, the sorption of oxygen on a 
pumped out surface at —195°, is the coverage sub­
stantially complete; in every other, only from

T a b l e  I
Vs, V o l u m e  o f  G a s  S o r b e d  a n d  F r a c t io n  o f  S u r f a c e  
C o v e r e d  a t  S a t u r a t io n  a s  C a l c u l a t e d  b y  M e a n s  o f  

t h e  L a n g m u i r  E q u a t io n

Gas
(surface)

T em p.,
°C.

V 8, cc. 
a t  20° 

and
760 m m .

M olecules 
sorbed 

per sq. cm. 
as derived 

from  Va

F raction
of

surface
covered

A -183 0.0486 0.153 X 1015 0 .2 0
n 2 -183 .0305 .096 .15
n 2 -195 .0355 .112 .17
CO -183 .0769 .242 .37
CO -195 .1360 .428 .65
o 2 -7 8 .5 .0729 .230 .29
0 2 (Baked) -183 .0980 .309 .40
0 2 (Pumped) -183 .0450 .142 .18
0 2 (Baked) -195 .1904 .560 .78
0 2 (Pumped) -195 .2295 .722 .94

(11) T his is th e  volum e w hich investigato rs  of adsorption  a t  low 
pressure on plane surfaces have com m only called th e  m axim um  vol­
um e sorbed, or th e  sa tu ra tio n  m axim um , and  have designated  b, 
ci, xs or vm, (cf. L angm uir, ref. 4; Baw n, T h is  J o u r n a l , 54, 81 
(1932); W ilkins, Proc. Roy. Soc. (L ondon), A164, 510 (1938)). 
I t  is to  be d istinguished from  th e  volum e vm defined by  B runauer, 
E m m ett and  Teller (ref. 5) as th e  volum e required  to  form  a  close- 
packed m onolayer.
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one-third to two-thirds of the surface is covered. 
Although it is customary to calculate coverage of 
the surface in this manner, it is entirely permis­
sible, and in some ways preferable, to interpret 
the apparent saturation of the surface in terms of 
effective cross-section of the sorbed molecules, 
that is, in terms of the density of packing in the 
sorbed film. On this basis, the effective cross- 
section derived from Vs (Table I) is considerably 
greater than that of a molecule in a three-dimen­
sional condensed phase.

Apparent saturation of the surface, as indicated 
by the flattening of the isotherm, at such a rela­
tively low pressure is in marked contrast to the 
behavior of metal powders for which there is no 
comparable flattening even at a much higher 
pressure. Moreover, the relatively small esti­
mated coverage of the smooth surface in the range 
of apparent saturation appears to be characteristic 
of a number of metals. For example, Langmuir4 
reports saturation of a surface of platinum foil with 
hydrogen, carbon monoxide and oxygen at a 
coverage not exceeding a few per cent. More re­
cently, Wilkins12 in more extensive measurements 
on platinum foil, observed saturation at —183° by 
argon, nitrogen and oxygen with a coverage of 34, 
30 and 42%, respectively. With argon at —195° 
the surface appeared to be completely covered at 
saturation by a monomolecular layer. Wilkins 
found further that when his data were plotted as 
p/v  against p } there were marked deviations from 
linearity at low pressures, the departures be­
coming more marked the lower the temperature. 
Finally, Smittenberg13 reports that on a smooth 
surface of nickel at —183° the greatest adsorp­
tion of hydrogen or argon corresponded to a cov­
erage which does not exceed 2 and 8%, respec­
tively. It is evident, therefore, that the observed 
adsorption on the silver surface is typical of that 
on a smooth metallic surface.

The sorption of oxygen at —195° has another 
feature worthy of special mention in that Vs is 
greater for the pumped out surface than for a 
surface which has been freshly reduced and 
baked. This difference is reflected in a difference 
in the form of the isotherms (Figs. 2 and 5) which 
was confirmed by repeated measurements. The 
cause of the difference is not apparent for it is 
difficult to visualize a mechanism by which merely 
pumping the gas from the system should so con-

(12) W ilkins, Proc. Roy. Soc. (London), A164, 510 (1938).
(13) Sm ittenberg , Rec. trav. chim., 53, 1065 (1934).

dition the surface that it can subsequently adsorb 
a significantly greater volume of oxygen. The 
observations suggest, however, that at —195°, as 
at —183°, all the sorbed oxygen is not removed by 
pumping, and that the molecules remaining so 
alter the surface that it becomes virtually an oxide 
surface capable of forming a complete monolayer 
of the van der Waals type of adsorption. In line 
with this difference it should be noted that the 
calculated heat of sorption, as derived in a later 
section, is 2800 cal. for the pumped out surface, 
which is significantly less than the value 3400 cal. 
for the surface which has been reduced and baked.

Variation of Vs with Temperature.—As indi­
cated in Table I, Vs increases markedly with 
decreasing temperature, a variation seemingly 
characteristic of adsorption in which there is an 
apparent saturation of the surface. Wilkins and 
Ward14 have suggested that this temperature co­
efficient is due to some factor which alters the 
number of molecules which can be packed into 
the adsorbed phase, the volume of which is inde­
pendent of temperature; that is, the temperature 
coefficient of Vs corresponds to the expansion 
coefficient of a gas at constant pressure. On this 
basis, dVs/V sd T  should have about the same 
value as dV /V dT  for an ideal gas, which is equal 
to l /T .  The value of dVs/VsdT  derived from the 
present measurements (Table II) is, for nitrogen, 
approximately that of an ideal gas but for carbon 
monoxide and oxygen it is very much greater, 
which suggests that the molecular interactions in 
the sorbed film are much greater for carbon mon­
oxide and oxygen than for nitrogen. The value 
derived for nitrogen also agrees fairly well with 
that derived from Langmuir’s measurements 
on mica. Thus, if the value of dVs/ V sdT  is 
taken as 0.0145 at —150° and varies about 2% per 
degree, as given by Langmuir, the difference in 
Vs for nitrogen at —183° and —195° should be 
7 cu. mm., which is in excellent agreement with the 
observed value of 6 cu. mm.

T a b l e  II
V a l u e s  o f  —d V JV sdT

Gas - d V s / F s d r

N2 0.0130
CO .034
0 2 (total) .040
Ideal gas (l/T )  .012

Heat of Sorption.—Of the several methods for 
calculating heat of sorption, that described by

(14) W ilkins and  W ard , Z. physik. Chem., 144, 259 (1929).
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Brunauer, Emmett and Teller0 appears to be 
the most reliable. This method, which yields the 
average heat of sorption, when applied to 
the present data for —195° and —183°, yields the 
heat effects shown in Table III, which includes, 
for comparison, the heat of liquefaction of each 
gas. In every case, the heat of adsorption lies 
in the range 2800 to 3600 calories and is about 
twice the heat of liquefaction, again indicating 
that the sorption is chiefly of the van der Waals 
type. The heats of sorption on silver are also 
virtually identical with those for adsorption of 
the same gases on platinum foil at —183° (last 
column Table III) as calculated by the same 
method from Wilkins’ measurements.12

T a b l e  I I I

C o m p a r is o n  o f  t h e  C a l c u l a t e d  H e a t  o f  S o r p t io n  o n  
S i l v e r  F o i l  w i t h  t h e  H e a t  o f  L i q u e f a c t i o n  a n d  w i t h  
t h e  C a l c u l a t e d  H e a t  o f  S o r p t io n  o n  P l a t in u m  F o il

H eat of 
liquefaction

H e a t of adsorp tion , a t nom inal 
G as T em p ., (cal./m ole) boiling point,

(surface) °c. Silver Platinum& cal./m ole
A -183 3500 3280 1505
n 2 -183 3600 3385 1330
n 2 -195 3050 3244a 1330
CO -183 3600 1410
CO -195 3270 1410
0 2 (Baked) -183 3700 4302 1630
0 2 (Pumped) -183 3530 1630
0 2 (Baked) -195 3400 1630
0 2 (Pumped) -195 2800 1630

a Temperature —189.5°. 6 Calculated from data of
Wilkins.

Force-Area Curves.—Two methods, both 
based upon the Gibbs adsorption equation, are 
available for deriving the force-area curve of a 
sorbed film. The first was devised by Palmer,15 
who suggests that if the observations yield a 
straight line when log 0 is plotted against v (Fig.
6), that is, if the potential can be represented as a 
function of v by the relation 0 =  0oe~5Z', then the 
spreading force, F, of the film when volume v is 
adsorbed is given by

F = /0o e-sv(v +  l/s)  +  I
where ƒ is a constant for adjusting units, 0O is the 
extrapolated value of the adsorption potential at 
zero volume adsorbed, s is the slope of the log
0 — v line, (d log 0/di/), and I  is an integration 
constant which is evaluated on the assumption 
that F is zero when v is zero. In applying this 
equation to adsorption data which yield a plot 
with two linear portions (Fig. 6), the value of the

(15) Palm er, Proc. Roy. Soc. (L ondon), A160, 254 (1937).

integration constant of the section covering the 
range of higher volume sorbed has been adjusted 
so that the value of F agrees with that of the other 
linear section at the intersection. The value of 
A, the area occupied per molecule, corresponding 
to a given value of F is calculated by dividing the 
geometric area of the surface by the number of 
molecules contained in the volume of gas sorbed.

The force-area cuvres for the several gases at 
—183°, derived on this basis, are shown in Figs. 7 
and 8, which also include the force-area curve for 
an ideal two-dimensional gas at the same tempera­
ture, calculated by means of the relation FA =  
1.372T. In every case the spreading force cal­
culated by Palmer’s method is less than that for 
an ideal gas in the range of relatively large values 
of A but is greater in the range of small values of 
A. The curves for argon and nitrogen are, as 
might be expected, very similar (Fig. 7). The 
curve for carbon monoxide falls very close to the 
ideal curve over the major part of the range cov­
ered. In the case of oxygen the deviation from 
ideality in the region of the larger values of A is 
more marked than in the case of any other gas at 
— 183°. The curve for oxygen on a pumped out 
surface has not been given since it lies very close 
to that for total oxygen.

The corresponding force-area curves for the 
several gases at —195° have not been included. 
However, it may be said that these bear similar 
relation to the ideal curve at —195° with two ex­
ceptions. The curve for carbon monoxide at 
—195° falls more markedly below the ideal curve 
in the region of the larger values of A ; the curves 
for oxygen lie closer to the ideal curve, that for 
oxygen on a pumped out surface practically coin­
ciding with it.

The resemblance of these curves to the cor­
responding P - V  curve of a three-dimensional gas 
is striking, yet the data are not adequately repre­
sented by a two dimensional analog of van der 
Waals’ equation of the form (F +  C/A2) (A — 
A 0) — kTy where C and A Q are constants. The 
deviations from this relation are, however, of the 
same kind as are obtained when the van der 
Waals’ equation is applied to a three dimensional 
gas.

The force-area curves bear an even stronger 
resemblance to those for certain insoluble films 
on water. Thus, in a number of them there is a 
rather sudden break in the curve in the range of 
lower values of A , indicating a much more marked
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0 100 200 300 o 400
A = area per molecule in sq. A.

Fig. 7.—Variation of lateral force with surface area per 
molecule for N2 and A sorbed at —183 °. Full lines calcu­
lated by Palmer’s method, dot-dash lines by method of 
Innes and Rowley. Dotted curve for an ideal two dimen­
sional gas {FA = 1.3727’).

increase in spreading force with decrease in area. 
Too much emphasis should not be placed upon 
the significance of this break, however, since the 
occurrence of the break is in part probably a con­
sequence of the assumption that the Palmer iso­
therm consists of two linear branches, that is, that 
there is, in effect a discontinuity on the isotherm. 
It is, nevertheless, interesting to compare the value 
of A obtained by extrapolating the steep part of 
the curve to F =  0 with the area per molecule as 
calculated from vs. This comparison is made in 
Table IV. For argon and nitrogen at —183° and 
for carbon monoxide at —183 and —195°, the 
agreement is fairly good, but in the other cases 
the value of A obtained from the force-area curve 
is of the order of twice that calculated from vs. 
This is the deviation which is to be expected, how­
ever, since the force-area curve indicates the area 
at which the virtual compressibility of the film 
becomes markedly less, whereas the other method 
gives the value in a much more highly compressed 
film. It should be noted that in every case the 
area per molecule is many times greater than the 
mean cross section of the molecule in liquid phase

0 100 200 300 e400
A — area per molecule in sq. A.

Fig. 8.—Variation of lateral force with surface area per 
molecule for CO and O2 (baked surface) at —183 °. (Curve 
for O2 on pumped out surface lies close to that for the baked 
surface.) Full lines calculated by Palmer’s method, dot- 
dash curves by method of Innes and Rowley. Dotted 
curve is for an ideal two dimensional gas {FA — 1.3727').

at this temperature; moreover, the area per mole­
cule at saturation is less at —195° than at —183°.

T a b l e  I V

C o m p a r i s o n  o f  C r o s s - s e c t io n a l  A r e a / M o l e c u l e  f r o m  
F o r c e - A r e a  C u r v e  a n d  L a n g m u i r ’s  I s o t h e r m

G as (surface)
T em p.,

°C.

A rea/m olecule 
in sq. A. a t  

b reak  in 
fo rce-area  

curve

A rea/m olecu le  
in  sq. A. a t  
L angm uir 
sa tu ra tio n

A -183 70 65.3
n 2 -183 128 104.1
n 2 -195 12 0 89.2
CO (Baked and -183 44 41.3

pumped) -195 27 23.4
0 2 (Baked) -183 52 33.0
0 2 (Pumped) -183 113 70.4
0 2 (Baked) -195 37 17.9
0 2 (Pumped) -195 25 13.9

The second method of calculating the force-area 
curve is a graphical one based on the following 
equation reported by Innes and Rowley16

(16) Innes and  R ow ley, J .  P h y s .  C h em ., 45, 158 (1941).
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in which F is the spreading force in dynes/cm., 
and v and v\ are the volumes of gas adsorbed at 
pressures p and pi, respectively.17 Hence, by 
plotting v against In (p/v) and measuring the area 
under the curve between the desired limits, the 
value of FA may be readily computed. The extra­
polation involved in this method introduces some 
uncertainty since reliable values of v and of p/v  
are difficult to obtain experimentally as v ap­
proaches zero. The several force-area curves 
derived by this method are shown by the dash-dot 
lines in Figs. 7 and 8. Without exception they lie 
above the curve for an ideal two-dimensional gas 
and they do not show the sharp break evident in 
the curves derived by Palmer’s method.

The curves derived by the Innes-Rowley 
method indicate the existence of large repulsive 
forces acting between the sorbed molecules over 
the entire range of sorption covered, whereas, the 
curves derived by the Palmer method indicate 
that attractive forces predominate in the range of 
small volume sorbed but that repulsive forces pre­
dominate when the volume sorbed approaches 
saturation. This difference in the two methods 
is not easy to explain but is probably due in part 
to the extrapolations necessary in each case.

Comparison of Sorption of Oxygen on Foil 
and on Powder.—The sorption of oxygen on two 
samples of finely-divided silver at —183° and 
—78.5°, and at pressures up to one atmosphere, 
has been measured by Benton and Drake18 with 
results which, though in many respects similar to 
those obtained with silver foil, are in others sig­
nificantly different. Thus, on the powder, as on 
the foil, the sorption at —183 ° is chiefly of the van 
der Waals type with, however, an indication of a 
small amount of a somewhat stronger sorption 
characterized by a relatively slow rate of sorption 
for the initial additions of oxygen. At —78.5°, 
the sorption is in each case chiefly of the activated 
type; moreover, at this temperature the isotherm 
is in each case of the saturation type in which the 
amount of oxygen adsorbed is substantially inde­
pendent of pressure over virtually the entire range 
of pressure studied, that is, up to 0.1 cm. on the

(17) T he re la tion  given by  Innes and  R ow ley is

b u t in a  personal com m unication th ey  have  suggested  the  a lte rna tive  
form  above because i t  requires a  less difficult extrapolation .

(18) B enton and  D rake, T h is  J o u r n a l , 56, 255 (1934).

foil and on the powder up to the dissociation 
pressure of silver oxide.

The chief point of difference is in the isotherms 
at —183°. On the foil there is a flattening of the 
curve at a pressure of less than 0.01 cm. and at a 
volume of gas sorbed corresponding to only a 
fraction of a close-packed monolayer, with no 
appreciable further sorption up to a pressure of 
about 0.15 cm. In contrast, the isotherm for the 
powder gives no indication of flattening of the 
curve at low pressures, although the data for this 
range are not very satisfactory, but has the S- 
shape characteristic of adsorption which is multi- 
molecular at the higher pressures. On the basis 
that the beginning of the linear portion of the iso­
therm for the powder corresponds to the first ap­
pearance of a second layer, an assumption used to 
estimate the surface area of powders,19 the first 
layer on the powder is complete at a pressure of 
approximately 10 cm. which is 1000 times greater 
than the pressure at which the surface of the foil 
appears to be saturated. It should also be noted 
that on the pumped out foil at —195° the sorbed 
oxygen forms a substantially complete monolayer, 
and that this apparent saturation is very nearly 
achieved at a pressure of the order of 0.1 cm. 
These facts indicate that although the forces in­
volved may be basically the same they differ in 
degree between the surface of a powder and that 
of foil. This difference is further illustrated by a 
comparison of the heat of adsorption on the dif­
ferent surfaces. Thus the heat derived by means 
of the Brunauer-Emmett-Teller equation for 
powder II, used by Benton and Drake, is 2390 
cal. which is significantly lower than the heat of 
3560 cal. calculated for the foil by the same 
method. A difference such as this between the 
surfaces, also the fact that the range of pressure 
studied is considerably lower than is used for pow­
ders, may account for the apparent flattening of 
the curve at relatively lower pressures in the case 
of the foil.

Another interesting comparison is that the sur­
face concentration of oxygen in the activated ad­
sorption at —78.5° is the same on the foil as it is 
on the powder. Thus, on the foil, the concentra­
tion is 0.22 X 1015 molecules per sq. cm., as calcu­
lated from the value of Vs and the geometric sur­
face area. The surface area of the powders used 
by Benton and Drake, as estimated by means of 
the Brunauer-Emmett-Teller equation, is 13 and

(19) E m m ett and  B runauer, ib id . ,  59, 1558 (1937).
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26 sq. m., respectively,20 for powders I and II. 
On the basis of these areas, the surface concen­
tration of oxygen at —78.5° is 0.21 X 1015 and
0.16 X 1015 molecules per sq. cm. which is vir­
tually identical with that on the foil. The fact 
that the oxygen held on the foil so strongly at 
—183 ° that it could not be pumped off at tempera­
ture was also present on the surface at a concentra­
tion of 0.16 X 1015 molecules per sq. cm. suggests, 
though it does not prove, that the sites which hold 
oxygen so strongly at —183° are the same upon 
which activated adsorption occurs at —78.5°.

It is interesting to note that if one assumes that 
the activated adsorption at —78° represents the 
formation of a silver oxide complex on the surface, 
the number of sites is about equal to the observed 
number of molecules sorbed. Thus, on this basis, 
each oxygen molecule would be associated with 4 
atoms of the silver on the surface. The X-ray 
diffraction patterns indicate that as a first approxi­
mation the silver grains are so arranged that the 
(110) planes lie on the surface, and since, on this 
plane, four silver atoms occupy an area of about 
46 sq. A., the concentration of groups of sites of 
four silver atoms is about 0.22 X 1015 per sq. cm., 
which corresponds very well with the observed 
concentration of oxygen sorbed at —78°, and to 
the concentration of oxygen held so tightly at 
—183° that it cannot be removed by pumping at 
temperature.

(20) Assuming th a t  th e  cross section of an  oxygen molecule in a 
com plete m onolayer is 12 sq. A.

Summary
The adsorption of hydrogen, nitrogen, argon, 

carbon monoxide, carbon dioxide and oxygen at 
pressures up to 0.1 cm. on a substantially plane, 
reduced surface of silver has been measured over 
the temperature range —195 to 20°. Hydrogen 
is not measurably sorbed at any temperature; 
argon, nitrogen and carbon monoxide are sorbed 
at —195 and —183° but not at —78 or 20°. Car­
bon dioxide is not sorbed at 20° but at —78° is 
sorbed to the slight extent of 6 cu. mm. at a pres­
sure of 0.02 cm. The adsorption is in each case 
instantaneous and reversible. Oxygen is sorbed 
at —195 and —183 ° and although most of the gas 
appears to be held by van der Waals forces some 
part of it cannot be removed by pumping at tem­
perature. At —78 and 20° there is activated ad­
sorption of oxygen. All the isotherms are of the 
type observed in a plane surface of other metals, 
and are satisfactorily represented by the Langmuir 
equation. The values of Vs as derived from the 
slope of the p/v — p  isotherm, correspond to a 
surface only partially covered, the coverage 
varying from about 20 to 90% of a close-packed 
monolayer.

Force-area curves are derived by two different 
methods, with results which differ significantly. 
The adsorption of oxygen on smooth silver is com­
pared with the adsorption of oxygen on finely- 
divided silver as reported by Benton and Drake.
K e a r n y , N e w  J e r s e y  R e c e iv e d  M a y  14, 1942

[C o n t r i b u t io n  f r o m  t h e  S c h o o l  o f  C h e m is t r y  o f  t h e  U n i v e r s i t y  o f  M i n n e s o t a ]

The Attachment and Detachment of Dropping Mercury under Various Conditions
By I. M. K olthoff a n d  G. J. K ah a n

Although the mercury-water interfacial tension 
is little affected by dissolved non-capillary active 
electrolytes in the aqueous phase, it has been 
found by several workers that the drop time of 
mercury from a glass capillary into air-saturated 
water can be quite different from that into elec­
trolyte solutions. For example, J. Heyrovsky 
reports1 that his capillary had a drop time of six 
to eight seconds in distilled water and of three 
seconds in electrolyte solutions. On the other

(1) J . H eyrovsky, in W . B öttger, “ Physikalische M ethoden der 
analy tischen C hem ie,” Vol. I I ,  A kadem . Verlagsges, Leipzig, 1936, p. 
276.

hand, Kolthoff and Lingane2 mention that with 
their capillary the drop times in water and in 0.1 
M  potassium chloride were hardly different. It 
is not stated whether the water used was air-free.

In our experiments we found that the drop time 
of an electrically disconnected capillary in air- 
containing water was badly reproducible and, as 
a rule, much larger than in 0.1 M  salt solutions. 
Slight deviations from the vertical in the position 
of the capillary resulted in large variations of the 
drop time, whereas no such effect was found in not

(2) I. M . K olthoff an d  J . J . Lingane, C h em . R e v ., 24, 26 (1939).
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Capillary 1.—Drop in dis- Capillary 1.—Drop in 0.1 M  
tilled water; picture 1. KC1; picture 2.

Capillary 2.—Drop in dis­
tilled water at intermediate 
stage of its life; picture 3.

Capillary 2.—Drop in dis- Capillary 2.—Drop in 0.1 M  
tilled water at last stage of KC1; picture 5.
its life; picture 4.

Fig. 1.

too dilute electrolyte solutions. By slightly 
changing the angle of inclination it was sometimes 
possible to obtain the same drop time in air- 
containing water as in electrolyte solutions, the 
agreement being merely accidental and not readily 
reproducible. Moreover, it was found that the 
ratio %,o/*o.i m kci of an electrically disconnected 
capillary in air-saturated solutions depended 
greatly upon the properties of the capillary. A 
ratio of the order to 2 to 3 was found with capil­
laries of small diameter and small length, while 
wider capillaries with greater length gave ratios 
close to 1.

The present study attempted to find the reason 
for the large erratic drop time found in air-con­
taining water when narrow, short capillaries were 
used. Microscopic observation of the drops re­
vealed that in case of an abnormally large drop 
time the drop of mercury remained attached to 
the glass during its life-time (Fig. 1). Pictures 1 
and 2 were obtained with capillary no. 1 which 
was short and had a small diameter. Picture 1 
shows the drop of mercury in air-saturated water 
just before it fell. Picture 2 was made with the 
same capillary but in 0.1 M  potassium chloride 
solution. In distilled water the drop touched 
the glass and it was larger than in 0.1 M  potassium 
chloride solutions. In the electrolyte solution the

drop did not touch the glass, but was suspended 
symmetrically from the bore of the capillary. In 
air-containing distilled water it hung sideways 
from the glass. The area of glass touched by the 
mercury depended upon the inclination of the 
capillary, and upon small irregularities of the glass 
surface. The short capillary (no. 1) delivered 1.62 
mg. of mercury per second in 0.1 M  potassium 
chloride solution without electrical connection. 
The drop time of this capillary was 2.5 seconds in
0.1 M  potassium chloride solution and was of the 
order of three and one-half to four seconds in 
air-saturated distilled water.

In 0.1 M  potassium chloride solution the drop 
time is approximately given by the equation

mgt =  2irra (1)
in which m is the mass of mercury that flows from 
the capillary per second, g is the acceleration due 
to gravity, t is the drop time, r is the radius of the 
bore of the capillary and <r is the interfacial tension 
between mercury and the solution. Experi­
mental data which demonstrate the validity of the 
expression1 are found in Kolthoff and Lingane.3 
When the drop is attached to the glass, this equa­
tion does not hold. Here not only the mercury- 
solution interfacial tension but also the mercury-

(3) I. M . K olthoff and  J . J .  L ingane, "P o larog raphy ,”  In te r­
science Pub lishers , Inc ., N ew  Y ork, N . Y ., 1941, p. 68.
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glass interfacial tension contribute to the support 
of the drop. The drop weight is greater under 
these conditions than when the drop is not at­
tached to the glass.

Pictures 3, 4 and 5 were obtained with capil­
lary no. 2, which had a wide bore, a length of 20 
cm. and a drop time of three seconds in 0.1 M  
potassium chloride. The dropping mercury was 
always electrically disconnected unless otherwise 
stated. Picture 3 in Fig. 1 was taken when the 
mercury was dropping into air-saturated water. 
At the moment when the picture was taken the 
mercury was attached to the glass. At a later 
stage during the life of the drop the weight be­
came large enough to detach it from the glass, but 
the force resulting from the interfacial tension 
between the mercury and the solution kept the 
drop suspended. Equation (1) was found to hold 
approximately, even though the drop was at­
tached to the glass during part of the time. 
After the drop became detached from the glass 
its appearance and characteristics became closely 
similar to that of the drop formed in 0.1 M  potas­
sium chloride (pictures 4 and 5, Fig. 1). The 
ratio of the drop time in water and 0.1 M  potas­
sium chloride solution was close to unity.

In order to find the factors which are responsible 
for the attachment or detachment of the mercury 
to the glass experiments were carried out with 
water or aqueous solutions from which the air 
had been displaced by hydrogen. The capillary 
used (no. 3) had approximately the same char­
acteristics as capillary no. 1. It was found that 
in the absence of oxygen the drop time of the 
electrically disconnected capillary in water was 
normal and close to the drop time in 0.1 M  potas­
sium chloride solutions. However, when connec­
tion was made with a pool of mercury in the 
bottom of the cell, the drop time in water became 
abnormally large and the drop became attached 
to the glass during its lifetime. When a positive 
potential was applied to the dropping mercury 
electrode, the drop time increased, whereas it de­
creased upon application of a negative potential. 
When the current became zero or cathodic, the 
drop time became normal. A normal drop time 
was accompanied by detachment of the drop from 
the glass. Some typical data are found in Table I.

In air-free 0.001 M  potassium chloride solution, 
the results were qualitatively the same as in dis­
tilled water, but the drop times were smaller (see 
Fig. 2),

T able  I
M ercury D ropping  into A ir -fr ee  D istilled  W ater  

S aturated  w ith  H ydrogen (Capillary  N o. 3)
E, applied t, Microscopic

volts microamp. seconds observation
Not connected 5.5 Detached

+ 0 .8 — 1.5 13.2 Attached
+  .5 - 0 .5 13.5 Attached
+  .1 -  .1 13.5 Attached

.0 -  .03 1 1 .9 Attached
-  .1 -  .02 8.5 Attached
-  .2 -  .005 7.4 Attached
-  .3 .000 5.5 Detaching
— .4 +  .01 5.5 Detached
-  .5 +  .02 5.5 Detached

— .7 +  .04 5.5 Detached
- 1 . 0 +  .06 5.2 Detached
- 1 . 5 +  .16 4.6 Detached

When the experiments were carried out in air- 
free 0.001 M  potassium iodide solution no ab­
normalities were observed. The drop remained 
detached at all applied voltages as it did in 0.1 M  
potassium chloride solution.

E, applied in volts.
Fig. 2.—Drop times (upper part) and currents (lower 

parts) at various applied voltages in different solutions— 
Capillary 3, mercury pool in cell as reference electrode: 
Curve 1 in distilled water; 2, in 10“ 5 M  lanthanum chlo­
ride; 3, in 10“ 3 M  postassium chloride; 4, in 0.1 M  po­
tassium chloride.

A normal behavior, the same as in 0.1 M  potas­
sium chloride was observed in 5 X 10“5 M  thorium 
nitrate solutions at all applied voltages.

In 10”s M  thorium nitrate and in 10“5 M  
lanthanum chloride a normal behavior was found 
at an applied voltage of zero or upon cathodic 
polarization. When the dropping mercury elec­
trode was anodically polarized, the drop time be­
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came abnormally large in these solutions and the 
drop remained attached to the glass. The data for 
10“5 M  lanthanum chloride are given in Table II.

T able  II
M ercury  D ropping  into  A ir -fr ee  10“ 5 M  Lanthanum  
Chloride Saturated  w ith  H ydrogen  (Capillary No. 3)

E , applied  
volts

i ,
m icroam p.

t,
seconds

M icroscopic
observation

Disconnected 5.8 Detached
+ 0 .5 -0 .9 5 8.9 Attached
+ A -  .68 9.0 Attached
+  .3 -  .50 8.5 Attached
+  .2 -  .26 5.1 Detached

.0 -  .13 5.4 Detached
-  .2 -  .08 5.8 Detached
-  .4 -  .04 5.8 Detached
-  .6 -  .02 5.8 Detached
-  .8 +  .03 5.6 Detached
- 1 .0 +  .06 5.4 Detached
- 1 .4 +  .10 5.0 Detached

Discussion
From the fact that the drop time of the elec­

trically disconnected mercury in air-free water was 
normal but became abnormal upon connection 
with the mercury pool, it was concluded that 
normal or abnormal drop time, accompanied by 
detachment or attachment of the drop of mercury 
to the glass depended upon the interaction of the 
double layers at the glass and mercury interfaces. 
Glass in contact with distilled water acquires a 
negative charge and the sign of its electrokinetic 
potential is negative. In distilled water the elec­
tric field of the electrokinetic potential extends 
relatively far beyond the layer of liquid firmly 
attached to the glass. Electrically disconnected 
mercury dropping into pure air-free water is un­
charged and there is no electrokinetic potential at 
the mercury-water interface. However, when the 
dropping mercury is electrically connected with 
the mercury pool at the bottom of the cell, it 
acquires a positive charge and the electrokinetic 
potential is positive. Again the electrokinetic 
field at the mercury-water interface extends far 
beyond the liquid layer firmly attached to the 
mercury surface. Thus when the glass with its 
firmly adhering water layer and the mercury with 
its adhering water layer come together, the nega­
tive field around the glass attracts the positive 
field around the mercury, and the drop remains 
attached to the glass.

This explanation's substantiated by several of 
the experiments described. In 0.1 M  or more 
concentrated electrolyte solutions the double 
layers are compressed and do not extend beyond

the firmly adhering liquid films. Detachment re­
sults.

In 0.001 M  potassium iodide solutions there is a 
strong adsorption of iodide ions on the mercury 
and a negative instead of a positive electrokinetic 
potential at the mercury results.4 In this case 
the two double layers have the same sign; they 
repel one another and detachment results.

In 5 X 10”6 M  thorium nitrate the electro­
kinetic potential of the glass is positive. At the 
positive side of the isoelectric point of the mercury 
the sign of the double layer is also positive. 
The double layers at the glass and mercury sur­
faces repel each other and the drop remains de­
tached.

At first glance one might expect that on the 
negative side of its isoelectric point the mercury 
in the thorium nitrate solution would become at­
tached to the glass. However, the tetravalent 
thorium ions compress the negative double layer 
around the mercury so much that the electric 
intensity outside the attached liquid film is zero.

Not explained are the facts that the drops of 
anodically polarized mercury become attached to 
the glass in 10~5 M  lanthanum chloride and 10~5 
M  thorium nitrate.

In the experimental part it was shown that the 
electrically disconnected mercury becomes at­
tached to the glass when it is dropping into air- 
saturated water. Under these conditions the 
mercury is no longer electrically neutral. By the 
adsorption of oxygen it acquires a positive charge. 
Hence, there again results interaction between the 
negative field close to the glass and the positive 
field close to the mercury, leading to attachment.

In the above we have considered the interac­
tion between the two liquid films as the primary 
cause of the attachment. Whether there is an 
aqueous film between the attached mercury and 
the glass or whether the liquid is squeezed out 
cannot be answered on the basis of our experi­
ments. In view of the experiments of Frumkin, 
et al.,5 one could expect that such a film between 
the attached drop and the glass should exist.

In order to avoid the abnormal effects described 
in this paper it is recommended that the char­
acteristics of a capillary—drop time and mass of 
mercury per second—always be determined in

(4) F o r a  deta iled  p ic tu re  of th e  po ten tia l curves in iodide see I. M. 
Kolthoff and  J . J . L ingane, “ Polarography ,” p. 99.

(5) A. F rum kin , A. G orodetzkaja, B. K abanow  and  N . N ekrassow, 
Physik. Z . Sowjetunion, 1, 255 (1932); B. D erjaguin and  M . K ussa- 
kow, Acta Physicochim., 10, 25 (1939).
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0.1 M  electrolyte solutions and not in distilled 
water.

Acknowledgment is made to the Graduate 
School of the University of Minnesota for a 
grant which enabled us to carry out this investi­
gation.

Summary
1. When electrically disconnected mercury 

drops into air-saturated water or when mercury 
connected with a pool of mercury drops into air- 
free water an abnormally large drop time is found.

The drop of mercury remains attached to the 
glass. The abnormal behavior becomes more 
pronounced the smaller is the bore of the capillary.

The results obtained with an abnormally 
dropping capillary are badly reproducible and de­
pend greatly on the degree of inclination of the 
capillary.

2. The abnormal behavior has been inter­
preted on the basis of interaction between the 
electric double layers at the glass and at the mer­
cury-aqueous phase interfaces.
M i n n e a p o l i s , M i n n e s o t a  R e c e i v e d  J u l y  18, 1942

[C o n t r i b u t io n  f r o m  t h e  G e o r g e  H e r b e r t  J o n e s  L a b o r a t o r y  o f  t h e  U n i v e r s i t y  o f  C h i c a g o ]

Studies in Stereochemistry. II. Steric Strains as a Factor in the Relative Stability
of Some Etherates of Boron Fluoride

B y H erbert  C. B row n  and R ichard  M. A dams1

Modern physical techniques for studying gase­
ous molecules have contributed much information 
regarding molecular configurations.2»8 In the main, 
these later results have confirmed those of the 
early workers in stereochemistry who drew their 
conclusions from isomer number and chemical 
reactions. In many instances, however, detailed 
data on atomic dimensions and valence angles and 
the careful study of small irregularities in the 
physical and chemical properties of substances 
has made possible some interesting extensions of 
the classical principles of stereochemistry.

One recent extension of this kind is based on 
evidence that steric interference between two 
groups may weaken considerably the bond join­
ing the groups. To illustrate, the per cent, dissocia­
tion of the tetraaryldialkylethanes and the dixan- 
thyldialkylethanes increases with increasing size 
of the alkyl group4; and the ortho methyl groups 
of sym-tetraphenyldi-o-tolylethane increase the 
dissociation into free radicals more than do the 
methyl groups of the corresponding meta or para 
derivatives (25% vs. 5%).5

Unfortunately, these examples are not entirely 
satisfactory. The molecules are large and com-

(1) T his paper is tak en  from  a  d isserta tion  subm itted  by  R ichard  
M . A dam s to  th e  F acu lty  of th e  D ivision of th e  Physical Sciences of 
th e  U niversity  of Chicago, in  p a rtia l fulfillm ent of th e  requirem ents 
for th e  degree of M aste r of Science.

(2) S tu a rt, “ M o lek ü lstru k tu r,” Ju lius Springer, Berlin, 1934.
(3) Pauling, “ T he  N a tu re  of th e  Chem ical B ond,” 2nd ed., Cor­

nell U niversity  Press, I th a c a , N . Y ., 1940.
(4) C onan t and  Bigelow, T h is  J o u r n a l , 50, 2041 (1928); C onant, 

Sm all and  Sloan, ibid., 48, 1743 (1926).
(5) M arvel, M ueller, H im el and  K aplan , ibid., 61, 2777 (1939).

plicated; moreover, interpretation of the results 
is made particularly hazardous by the fact that 
resonance plays an important part in the dissocia­
tion of such ethane derivatives. It would be 
highly desirable to have more substantial evi­
dence of this same effect in simpler molecules in 
which resonance is not important. Recently, such 
examples of unmistakable weakening of bonds 
by steric strains have been found.6 A study of 
the relative stability of some coordination com­
pounds of borine, boron fluoride and trimethyl- 
boron with amines revealed that trimethylamine 
is a stronger base (in the generalized Lewis sense7) 
than pyridine toward the acids hydrogen chloride, 
borine and boron fluoride, but that the reverse is 
true when trimethylboron is used as the reference 
acid.

This “anomalous” result is apparently due to 
steric strains, for molecular models reveal that in 
the compounds studied considerable steric inter­
ference is to be expected only in trimethylamine- 
trimethylboron .8*9

There are reasons to believe that such steric 
strains are more common than has been supposed

(6) B row n, Schlesinger and  C ardon, ibid., 64, 325 (1942).
(7) Lewis, J .  F ranklin  In s t., 226, 293 (1938).
(8) F o r a  discussion of th e  nom enclatu re  used fo r th ese  coo rd ina­

tion  com pounds, see D avidson an d  B row n, T h is  J o u r n a l , 64, 316 
(1942), foo tno te  11.

(9) I t  was po in ted  o u t th a t  s teric  s tra in s  p re sen t in  trim eth y l- 
am ine-trim ethy lboron  m ust be dup lica ted  in  its  isostere , hexa- 
m ethy le thane, since th e  dim ensions an d  configurations of th e  tw o  
m olecules a re  alm ost identical.* I t  is of considerable in te re s t th a t  
in a  recen t electron-diffraction s tu d y  of th is  hyd rocarbon , B auer and  
Beach [ibid., 64, 1142 (1942)] find evidence th a t  th e  cen tra l C -C  
bond is s tre tched  (1.58 vs. 1.54 A.).
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and that they play a far more important role in 
determining the physical and chemical properties 
of substances than has hitherto been realized. 
It appears highly desirable to obtain more informa­
tion concerning the existence and magnitude of 
these effects. Accordingly, a study was made of 
the addition compounds between boron fluoride 
and some representative aliphatic ethers (methyl 
ether, ethyl ether, isopropyl ether and tetrahydro- 
furan). Particular attention was given to the 
effect of steric strains on the relative ease with 
which the addition compounds dissociate.

Experimental Part
Apparatus and Methods.—The high vacuum apparatus 

shown in Fig. 1 was constructed and used in the prepara­
tion and study of the etherates of boron fluoride. The 
materials were introduced into the apparatus through the 
tube opener, TO, and condensed in the desired section of 
the apparatus (e. g., in the storage bulbs, SB) with aid of 
liquid nitrogen. The starting materials were purified by 
fractional distillation and fractional condensation in the 
fractionation system, FS. The homogeneity of the sub­
stances used in this investigation was usually established 
by vapor pressure measurements. (In some cases purifica­
tion by distillation outside the vacuum system was relied 
upon.) The vapor pressure of the more volatile sub­
stances could be measured satisfactorily on the manome­
ters, Mi and M2, in the fractionation system, FS. The 
vapor pressures of the less volatile substances were studied 
in the apparatus HTB (high temperature bulb).10

This apparatus (HTB) was used as follows. The 
material was condensed in the apparatus with liquid nitro­
gen, the mercury was allowed to rise in the tube, MT, by 
raising the rod, R, thus shutting the flask off from the rest 
of the vacuum line. The entire apparatus was immersed 
in a heated bath and the pressures read with a cathetome- 
ter. The bath was constructed from a 3-liter beaker 
carefully selected for freedom from striations. The sides 
of this beaker were insulated with several layers of asbestos 
paper, but a narrow section opposite the manometer was 
left uncovered to serve as a window for observing the 
pressure. A close-fitting asbestos lid covered the beaker, 
which rested on a heavy copper plate heated with a gas

(TO) Burg and  Schlesinger, T h is  J o u r n a l , 59, 78.r> (1937).

flame. An air-driven stirrer kept the bath liquid (either 
water or paraffin oil) well stirred. With this bath the 
temperature could be maintained constant for periods of 
time more than sufficient for the purposes of the investiga­
tion.

Preparation and Study of the Etherates of Boron Fluo­
ride.—-The usual procedure for the preparation of the 
etherates of boron fluoride was to condense equal volumes 
(measured as gases under standard conditions)11 of the 
ether and boron fluoride in the high temperature bulb, 
HTB. Very shortly after the liquid nitrogen was removed, 
the components reacted to form the addition compound.

The flask was heated by means of the bath previously de­
scribed and the saturation pressures of the complex noted. 
After a series of measurements had been completed, a por­
tion of the compound was removed to another part of the 
apparatus, and the observations were repeated on the 
portion remaining. The reproducibility of the values 
observed was taken as satisfactory evidence of the homo­
geneity of the products.

The degree of dissociation of the addition compounds 
(R20 : BF3 <=* R20  -f- BF3) over a range of temperatures was 
studied in the same apparatus, HTB. Equal volumes of 
ether and boron fluoride were introduced into the flask and 
the pressures observed over a range of temperatures. 
Since the size of the samples introduced was selected so 
that the total pressure would be considerably below the 
saturation pressure of the complex, the degree of dissocia­
tion, a, could be calculated from the ratio of the observed 
pressure to the pressure calculated assuming no dissocia­
tion. The equilibrium constant at each temperature was 
then calculated from the value of a  by the use of the equa­
tion

K p -  <z2P /( l  -  a 2)
The free energy change, A F, was calculated from the equi­
librium constant

AF — —R T  In K
Finally, from the variation in K  with temperature, AH  
could be calculated by the well-known thermodynamic 
equation

AH  = 1IT* d l* J [ d i
Since the etherates of boron fluoride dissociate almost 

completely at temperatures where the saturation pressures 
of the complexes are high, it was necessary to work at com­
paratively low pressures (10-30 mm.). Preliminary ex­
periments indicated that it was possible to measure pres­
sures over a considerable range of temperature to better 
than 0.1 mm. This accuracy was considered satisfactory. 
The observed readings were, of course, corrected for the 
density of mercury and its vapor pressure (the latter correc­
tion was necessary because one limb of the manometer 
was open to a high vacuum).

Results
Methyl Ether-Boron Fluoride, (CH3)20:BF3. 

—The addition compound, methyl ether-boron 
fluoride, was prepared by the reaction of 12.5 cc. of

(11) All volum es given in th is  paper refer to  gases a t  s tan d ard  
conditions.
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boron fluoride (p =  309 mm. at —111.6°)12 and 
12.4 cc. of methyl ether (p =  119.6 mm. at —60°)13 
at a low temperature. The product was a white 
solid which melted to a colorless liquid at —14 to 
— 12°. The saturation pressure data of the com­
plex are given in Table I and represented graphi­
cally in Fig. 2-A. It has been previously reported

T a b l e  I
S a t u r a t io n  P r e s s u r e s  o f  M e t h y l  E t h e r - B o r o n  

F l u o r i d e

Temp., ° C. 0 10 15 20 30 40
Press., mm. 0.9 1.6 2.3 3.0 6.1 9.5
Temp., ° C. 50 60 70 80° 90® 98.5£
Press., mm. 17.2 31.2 52.7 90.3 144.3 179.0

a The measurements from 80 ° on were made on a larger 
sample, prepared from 38.0 cc. each of methyl ether and 
boron fluoride.

that the “boiling point" of the complex is 126-8°.14 
Extrapolation of the saturation pressure curve to 
760 mm. yields a value of 127° for the “boiling 
point." This is not a true “boiling point," since 
at this temperature the complex is practically 
completely dissociated into its components, methyl 
ether and boron fluoride.

The dissociation of the complex was studied 
over a range of temperatures in the manner pre­
viously described. Methyl ether, 5.83 cc., and 
5.83 cc. of boron fluoride were condensed in the 
high temperature bulb (volume, 247.6 cc.) and 
permitted to react. The apparatus was then 
heated to a temperature at which the total pres­
sure was below the saturation pressure of the 
complex and observations made over a range of 
temperatures. The results are summarized in

T a b l e  II
D is s o c ia t io n  P r e s s u r e s  o f  M e t h y l  E t h e r - B o r o n  

F l u o r i d e

Tem p.,
°C.

P ressure
observed,

m m .

Pressure
calculated ,

m m .

Degree of 
dissociation, 

a

D issociation 
constant, 
K  (atm .)

66 36.2 22.4 0.631 0.032
70 37.4 22.5 .662 .038
73 38.2 22.7 .682 .044
75.5 39.1 22.9 .707 .051
78.5 40.2 23.0 .748 .067
81 40.7 23.2 .754 .071
83.5 41.4 23.4 .769 .079
86 42.1 23.5 .791 .091
89 43.0 23.7 .814 .111
93 44.0 24.0 .833 .131
99 45.4 24.4 .861 .171
(12) Ruff, Z . anorg. allgem. Chem., 206, 60 (1932).
(13) M aass and  Boom er, T h is  J o u r n a l , 44, 1713 (1922).
(14) Gasselin, A n n . chim. phys., [7] 3, 5 (1894).

2.5 3.0 3.5 4.o

Fig. 2.—Methyl ether-boron fluoride: A, saturation pres­
sure data; B, dissociation data.

Table II and Fig. 2-B. The data may be repre 
sented by the equation

Log#* = -(2904IT )  +  7.049
Ethyl Ether-Boron Fluoride, (C2H5)20:BF3.— 

The addition compound, ethyl ether-boron fluo­
ride, was prepared by the reaction of 28.0 cc. of 
boron fluoride and 28.3 cc. of ethyl ether (p =
186.1 mm. at 0°)15 at low temperatures. The 
slight excess of ethyl ether was pumped out of the 
flask after the compound had warmed up to room 
temperature. The product was a white solid 
which melted to a colorless liquid at — 50 to — 52°. 
The saturation pressure data of the complex are 
given in Table III and represented graphically in 
Fig. 3-A.

T a b l e  III
Sa t u r a t io n  P r e s s u r e s  o f  E t h y l  E t h e r - B o r o n  

F l u o r i d e

Temp., ° C. 0 5 10 20 30 40
Pressure, mm. 0.4 0.7 1.0 1.9 3.8 7.8
Temp., ° C. 50 60 70 79 91 98.5
Pressure, mm. 15.2 28.2 50.1 83.3 148.8 187.1

(15) T ay lo r and  S m ith , T h i s  J o u r n a l , 44, 2457 (1922).
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2.5 3.0 3.5 4.0

Fig. 3.—Ethyl ether-boron fluoride: A, saturation pres­
sure data; B, dissociation data.

The “boiling point” of the complex has been 
previously reported as 123-125°,14 and as 125- 
126°.16 Extrapolation of the saturation pressure 
curve to 760 mm. gives 124° for the “boiling 
point.”

The dissociation of the complex was studied 
over a range of temperatures in the manner pre-

T a b l e  IV
D i s s o c ia t i o n  P r e s s u r e s  o p  D i e t h y l  E t h e r - B o r o n  

F l u o r i d e

T em p.,
°C .

P ressure
observed,

m m .

Pressure
calcu lated ,

m m .

D egree of 
dissociation, 

a

Dissociation 
constan t 
K (  a tm .)

73 41.6 22.7 0.833 0.124
75 42.2 22.8 .851 .146
80 43.3 23.1 .874 .184
83.5 44.1 23.4 .885 .215
85 44,5 23.5 .894 .233
86.5 44.8 23.6 .898 .246
88.5 45.2 23.7 .907 .276
91.5 45.6 23.9 .908 .282
94.5 46.2 24.1 .917 .321
96 46.6 24.2 .926 .369
99 47.0 24.4 .926 .372
(16) Hennion, Hinton and Nieuwland, T h is  J o u r n a l , 55, 2858

(1933 ).

viously described; the sample used was prepared 
from 5.80 cc. of ethyl ether and 5.83 cc. of boron 
fluoride. The results of this study are summarized 
in Table IV and Fig. 3-B. The data may be ex­
pressed by the equation

Log K p «  -(2384 /T )  +  6.013
Isopropyl Ether-Boron Fluoride, (i-C3H7)20: 

BF3.—A commercial sample of isopropyl ether 
was purified by distillation through a 16-plate 
column. The fraction boiling at 68° under 751 
mm. with w20d 1.3682 was used. The addition 
compound, isopropyl ether-boron fluoride, was 
prepared by condensing together (in the high 
temperature bulb) 31.0 cc. of boron fluoride and
31.0 cc. of isopropyl ether at the temperature of 
liquid nitrogen. The addition compound is a 
white solid at room temperature; its melting 
point is above 68°, but quite indefinite, apparently 
because of rapid decomposition of the complex at 
these temperatures.17 This instability was also 
evidenced by its behavior during preliminary 
studies of its saturation pressures. At tempera­
tures up to 45-50°, the complex did not undergo 
any apparent change. Above 50°, however, a 
slow, irreversible change of some sort occurred, 
for the pressure began to increase slowly, although 
the temperature was maintained constant. At 
about 68°, decomposition was so rapid that within 
a few minutes, the pressure rose to 180 mm.— 
about twice 97.8 mm., the value at 61°. After 
reaching this maximum value, the pressure drop­
ped, rapidly at first, then more slowly. By work­
ing fast, and using freshly prepared samples of 
the complex, it was found possible to obtain re­
producible values of the saturation pressures at 
temperatures up to 61°. The data are listed in 
Table V and are represented graphically in Fig. 
4-A.

T a b l e  V

S a t u r a t io n  P r e s s u r e s  o f  I s o p r o p y l  E t h e r - B o r o n

F l u o r i d e

Temp., ° C. 23 30 40 50 61
Pressure, mm. 6.4 10.1 20.6 42.5 97.8

Because of this instability of the complex its 
dissociation could be studied only over a relatively

(17) T his decom position was stud ied , b u t no definite conclusion was 
reached as to  th e  reactions involved. I t  is probable th a t  th e  first 
s tep  is th e  sp littin g  of th e  e th e r w ith  th e  form ation  of isopropyl 
fluoride and  isopropoxy boron fluoride, a  reaction  sim ilar to  the  well- 
know n reactions of boron chloride an d  boron brom ide w ith  ethers 
[W iberg and  S ü tte r lin , Z. anorg. allgem. Chem., 202, 22 (1931); 
Benton and  D illon, T h is  J o u r n a l , 64, 1128 (1942)]. T h e  isopropyl 
fluoride th en  p robab ly  reacts  w ith  th e  boron fluoride p resen t [Bur- 
well and  Archer, ibid., 64, 1033 (1942)], form ing polym eric m aterials 
of low vo latility .
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short temperature range. Boron fluoride, 3.10 cc., 
was condensed with 3.10 cc. of isopropyl ether in 
the high temperature bulb in the usual manner. 
(It was necessary to work with a small sample in 
order to volatilize completely the material at a 
temperature where the rate of decomposition was 
comparatively slow.) The small size of the sample 
and the necessity for making rapid measurements 
reduce the accuracy of the data. However, they 
clearly indicate that the complex is highly dis­
sociated. The results of the dissociation studies 
are listed in Table VI and shown graphically in 
Fig. 4-B. Because of the low accuracy and short 
temperature range, no attempt has been made to 
draw a line through the points on the graph (4-B) .

T a b l e  VI
D is s o c ia t io n  P r e s s u r e s  o f  I s o p r o p y l  E t h e r - B o r o n

F l u o r i d e

T em p.,
°C.

P ressure
observed,

m m .

P ressu re
calcu la ted ,

m m .

D egree of 
dissociation, 

at

Dissociation
constan t,
i£(atm .)

42 20.1 11.0 0.827 0.057
44 20.5 11.0 .864 .079
46.2 20.8 11.1 .874 .089
46.5 20.9 11.1 .883 .097
51.5 21.4 11.3 .894 .112

Tetrahydrofuran-Boron Fluoride, C4H80 : BF3. 
—Tetrahydrofuran was prepared by the decar­
boxylation of 2-furancarboxylic acid18 followed 
by reduction of the resulting furan.19 The prod­
uct was distilled through a fractionating column 
with a rated efficiency of 16 theoretical plates, and 
a middle fraction (b. p. 65° at 747 mm.; w20d 
1.4049) was taken for use in this investigation. 
The addition compound, tetrahydrofuran-boron 
fluoride, was prepared by the reaction of 35.0 cc. of 
tetrahydrofuran with 35.0 cc. of boron fluoride 
at the temperature of liquid nitrogen. The prod­
uct was a white solid which melted to a colorless 
liquid at 8-10°. The saturation pressure data of 
the complex are given in Table VII and Fig. 5-A.

T a b l e  VII
S a t u r a t io n  P r e s s u r e s  o f  T e t r a h y d r o f u r a n - B o r o n  

F l u o r i d e

Temp., ° C. 39.5 58 68 79 88 98.5
Pressure, mm. 1.0 2.3 4.0 7.3 12.0 20.7

The dissociation of the complex was studied 
over a range of temperatures in the manner pre­
viously described, using a sample prepared from 
2.46 cc. of tetrahydrofuran and 2.49 cc. of boron 
fluoride. The results are summarized in Table

(18) “ O rganic S yntheses,” Coll. Vol. I, 269 (1929).
(19) “ Organic Syntheses,”  16, 77 (1936).

2.8 3.0 3.2 3.4

Fig. 4.—Isopropyl ether-boron fluoride: A, saturation 
pressure data; B, dissociation data.

VIII and in Fig. 5-B. The data are expressed by 
the equation

Log K P = (-2918/T ) +  5.882 

T a b l e  VIII
D i s s o c ia t i o n  P r e s s u r e s  o f  T e t r a h y d r o f u r a n - B o r o n  

F l u o r i d e

T em p.,
°C .

P ressure
observed,

m m .

Pressure
calcu lated ,

m m .

D egree of 
d issociation, 

ot

D issociation 
co n stan t, 
K (  a tm .)

94.5 15.7 10.2 0.539 0.0079
97 16.1 10.2 .578 .0106
99 16.3 10.3 .583 .0110

104 17.1 10.4 .644 .0159
108 17.4 10.5 .657 .0174
110 17.6 10.6 .660 .0178
113 18.0 10.7 .682 .0206
117 18.5 10.8 .713 .0252
123 19.1 11.0 .736 .0297

Discussion
It is a generally accepted postulate of modem 

electronic theories of organic chemistry that the 
substitution of an alkyl group for hydrogen in a 
molecule produces an electronic displacement 
away from the substituent.20 The increase in

(20) Ingold, Chem. Revs., 15, 225 (1934).
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2.5 3.0 3.5 4.0

Fig. 5.—Tetrahydrofuran-boron fluoride: A, saturation
pressure data; B, dissociation data.

basicity noted in the series21 ammonia, methyl­
amine and ethylamine is thus explained.

NH3 CH3 -*• NH2 CH3 CH2 NH2
K  = 1.8 X 10“ 6 5.0 X 10“ 4 5.6 X 10“ 4

The decrease in acidity in the series water,21 
methyl alcohol22 and ethyl alcohol23 is similarly 
interpreted.

HOH CH, -> OH CH3 CH2 -► OH
K  -  1 X 10“ 16 7 X 10“ 18 7 X 10“ 20

It would, therefore, be predicted that ethyl ether 
should be a somewhat stronger base than methyl 
ether. However, if boron fluoride is used as the 
reference acid, the opposite is true. Under com­
parable conditions ethyl ether-boron fluoride is 
more highly dissociated than the corresponding 
methyl ether complex (Table IX).

It is suggested that this inversion is due to 
steric strains which are more important in the

(21) “ H andbook of C hem istry  and  Physics,” 25 th  ed., Chemical 
R u b b er C om pany, C leveland, Ohio, 1941, p. 1341.

(22) F au rho lt, Z.  physik. Chem., 126, 103 (1927).
(23) D anner, T h is  J o u r n a l , 44, 2841 (1922).

T a b l e  IX
S u m m a r y  o f  D i s s o c ia t i o n  D a t a  f o r  E t h e r a t e s  o f  

B o r o n  F l u o r i d e

C om pound K m Ks o AjFioo AFm AH AS
M ethyl e th e r-b o ro n  

fluoride 0 .184 0 .011 1250 2900 13,300 32 .3
E thy l e th e r-b o ro n  

fluoride .420 .043 640 2020 10,900 27 .5
Isopropyl e th e r-b o ro n  

fluoride .0115 1340
T e trah y d ro fu ran - 

boron fluoride .0011 .0007 3310 4660 13,400 2 7 .1

ethyl ether complex than in the corresponding 
methyl ether derivative. This conclusion is based 
on the following considerations. Three possible 
configurations of the ethyl ether molecule are 
shown in Fig. 6-B, D, F. The last of these may 
be immediately discarded because of the tremen­
dous strains involved—the distance between the 
two methyl groups is only 1.7 A. whereas the van 
der Waals radius of each methyl group is approxi­
mately 2.0 A. It is more difficult to decide be-

A .—. = | A B

Fig. 6.—Molecular models: A, methyl ether-boron
fluoride; B, D, F, ethyl ether-boron fluoride; C, iso­
propyl ether-boron fluoride; E, tetrahydrofuran-boron 
fluoride. These models are constructed using the bond 
distances and van der Waals radii given by Pauling.3 
The van der Waals radii are reduced somewhat (25%) to 
permit clearer visualization of the relative steric strains.
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tween the other two possibilities (Fig. 6-B, D), 
but there are good reasons to believe that the 
arrangement shown in Fig. 6-B is the normal 
configuration of the ethyl ether molecule.24

The addition of boron fluoride to an ethyl ether 
molecule with this configuration must be mark­
edly hindered as a result of the position of the 
end methyl groups and the size of the boron fluo­
ride molecule (Fig. 6-B). In all probability, the 
addition of the boron fluoride group to the oxygen 
atom is accompanied by a rearrangement of the 
ethyl ether molecule into a configuration of some­
what higher energy, such as is shown in Fig. 6-D. 
As a result, the stability of the ethyl ether complex 
with respect to dissociation into its components 
is lowered relative to the corresponding methyl 
ether complex (Fig. 6-A).

The argument may be extended to the isopropyl 
ether-boron fluoride complex (a possible configura­
tion for which is shown in Fig. 6-C), leading to the 
conclusion that the dissociation of this complex is 
also favored by the steric effects. Of the three 
ethers, isopropyl ether is the weakest base (Table 
IX), although from the inductive effect of the 
alkyl groups, it would have been predicted to be 
the strongest.

In order to test the hypothesis, the study of the 
dissociation of tetrahydrofuran-boron fluoride was 
undertaken. On the basis of the factors com-

(24) S tu a rt, op. cit., pp. 301-102, 236; P h y i. Rev., 38, 1372 (1931); 
Z. P hysik, 63, 533 (1930). S tu a r t bases his conclusion.upon evi­
dence from  dipole m om ent studies, upon  his investigations of the  
K err constan t, and  upon considerations of atom ic dimensions and  
bond angles.

monly believed to control base strength, it would 
be predicted that this cyclic ether would be ap­
proximately equal in strength to ethyl ether. If 
steric strains play the important role ascribed to 
them in this publication in altering the stability 
of addition compounds, it follows that the base 
strength of this cyclic ether should be markedly 
greater than that of ethyl ether, since the rigidity 
of the five-membered ring greatly reduces the 
possibility of steric strains (Fig. 6-E). The fact 
that tetrahydrofuran-boron fluoride is by far the 
most stable of the etherates studied (Table IX) 
lends considerable support to the hypothesis of 
steric strain.

Summary
1. The boron fluoride addition compounds 

with methyl ether, ethyl ether, isopropyl ether 
and tetrahydrofuran have been prepared and 
characterized.

2. The dissociation of these compounds (R2O: 
BF3 *=± R2O +  BF3) was studied over a range of 
temperatures; and AH, AF and AS for the reac­
tion were obtained.

3. The basic strength of the ethers decreases
in the order: tetrahydrofuran, methyl ether, ethyl 
ether, isopropyl ether. This order is inexplicable 
on the basis of the factors generally believed to 
control base strength. The anomalies may be 
accounted for by taking into consideration the 
probable steric strains resulting from spatial 
limitations within the respective molecules. 
C h ic a g o , I l l i n o i s  R e c e i v e d  J u n e  4, 1942

[C o n t r i b u t io n  f r o m  t h e  G e o r g e  H e r b e r t  J o n e s  L a b o r a t o r y  o f  t h e  U n i v e r s i t y  o f  C h i c a g o ]

Studies in Stereochemistry. III. The Preparation of d - 1 -Deutero-2-methylbutane
and the Study of Its Optical Rotation

By Herbert C. Brown

The discovery of isotopes has brought about 
far-reaching changes in the prevalent concepts 
and has opened up a wide variety of problems for 
investigation. One of these which is of consider­
able importance to stereochemistry has not yet 
been conclusively solved, in spite of numerous at­
tempts. The point at issue is whether a substance

(1) This paper is tak en  from  a  d isserta tion  subm itted  by Cornelius 
G roo t to  th e  F acu lty  of th e  D ivision of th e  Physical Sciences of the  
U niversity  of Chicago, in  p a rtia l fulfillm ent of th e  requirem ents for 
th e  degree of M aster of Science.

and Cornelius Groot1

f 1such as R'—C—R", in which the two atoms

or groups R' and R* differ only in their isotopic 
composition, exhibits optical activity. At the 
present time, all attacks upon the problem have 
been restricted to the use of hydrogen and deu­
terium as the isotopic substituents. These two 
isotopes differ much more than others in their 
chemical and physical properties; moreover, until
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recently they have been the only isotopes avail­
able in large quantities.

The question whether the difference between 
hydrogen and deuterium may give rise to optical 
activity has been investigated mainly by three 
general methods: (1) resolution of a suitable 
hydrogen-deuterium compound by classical 
means; (2) introduction of deuterium into a com­
pound containing one asymmetric center so as to 
induce a new asymmetric center (partial asym­
metric synthesis); and (3) introduction of deu­
terium into a suitable active compound in such a

These stringent conditions for the starting 
product are satisfactorily filled by d-2-methyl- 
butanol-1 (I). Large quantities of this material 
can be isolated readily in a high state of purity 
from fusel oil3; moreover, the substance can be 
transformed by simple reactions (II, III) into the 
desired product, d-1 -deutero-2-methylbutane (IV), 
which may be rigorously purified by distillation 
through an efficient column. The boiling point of 
isopentane (27.7°) or of its deuterium derivative 
is much lower than that of any probable optically 
active impurity.4

HCl
C2H6 c 2h 6 c2h 6
I* SOCl2 I* Mg I*

CHs—C—CH2O H ------ >  CH3—-C—CH2C1 — ^  CH3—C—CH2MgCl

H
I

H
II

H
III

DC1

C2H6

>  c h 3—c —c h 3 v
I

H

C2H6

c h 3— C*—CH2D IV

H

way that two groups attached to the asymmetric 
center become structurally identical but isotopi- 
cally distinct.

In spite of repeated investigations2 involving 
each of the three general procedures, no definite 
decision to the question of isotopes as a source of 
optical activity can yet be made. It is evident 
that the first two methods (resolution and par­
tial asymmetric synthesis) are less satisfactory 
than the third method mentioned. Failure to 
resolve a compound or failure to induce a new 
asymmetric center does not permit valid conclu­
sions to be drawn with regard to the cause of the 
failure. This failure may be due to the experi­
mental techniques, or to the insensitivity of the 
instruments used, or perhaps to the inherent 
nature of the substance. On the other hand, more 
definite information should be obtainable by suit­
able application of the third method. The com­
pound formed will either be observed to be op­
tically active or an upper limit will be put on the 
optical activity resulting in this instance from the 
hydrogen-deuterium asymmetry. To obtain such 
definite results, it is however essential that the start­
ing material be optically active, easily obtained in 
moderately large quantities and easily purified; 
that it be readily transformed into the desired 
product by reactions which are very unlikely to 
affect the active center; and that the reaction 
product be one which can be rigorously purified.

(2) Previous work on the subject is reviewed b y  Buchanan, J .  S oc.
C h e m . I n d . ,  57, 748 (1938).

Accordingly, the preparation of d-l-deutero-2- 
methylbutane by these reactions was undertaken. 
A total of five preparations were carried out. In 
three of the preparations the Grignard reagent
(III) was treated with deuterium chloride; in the 
other two, with hydrogen chloride. The product 
(IV or V) of each run was carefully fractionated 
in a column (rated efficiency: 100 theoretical 
plates) and 10 approximately equal fractions 
(10-12 cc.) collected. This material was then ex­
amined for possible activity in a sensitive polarim­
eter at the University of Illinois.5

The instrument, a Schmidt and Haensch (Ber­
lin) product, was constructed to read rotations to 
a thousandth of a degree. Since for a colorless 
substance the magnitude of the rotation of plane 
polarized light is approximately inversely propor­
tional to the square of the wave length, the mer­
cury green line at 5461 A. was utilized for the ob­
servations. After a number of preliminary experi­
ments, the zero reading (the average of five con­
secutive determinations) could be reproduced with 
an average deviation of 0.001 ° .

(3) B rauns, J .  Research N atl. Bur. S tand., 18, 315 (1937); W h it­
more and  Olewine, T h is  J o u r n a l , 60, 2569 (1938).

(4) T o  illu s tra te  th is  p o in t, calculation  reveals th a t  th e  d istilla­
tion  of a  5 0 :5 0  m ix tu re  of d -l-deu tero -2 -m ethy lbu tane  and  d-1- 
ch loro-2-m ethylbutane th ro u g h  a  colum n opera ting  a t  an  efficiency 
of .50 theoretical p la te s  yields a  p ro d u c t which, per mole, contains less 
than 10~30 mole o f the active chloride.

(5) T he  au th o rs  w ish to  express th e ir  appreciation  of th e  kindness 
of Professors R oger A dam s and  D uane T . Englis in  placing  th is  in ­
stru m en t a t  th e ir  disposal. T h ey  also wish to  acknow ledge the  
assistance given th em  b y  Professor Englis and  num erous studen ts  
in th e  D ep artm en t of C hem istry  of th e  U niversity  of Illinois during  
th is  phase of th e  investigation .
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In each run, fractions 2 through 9 were ex­
amined in the polarimeter in a tube of 1 dm. in 
length (the end fractions 1 and 10 were not 
studied, since such impurities as may have been 
present in the crude product would have concen­
trated in these fractions). Five consecutive read­
ings of each fraction were taken. The results for 
all eight fractions in a run were then averaged to 
obtain the value for the run. These values, with 
the average deviations, are listed in Table I.

T able I
Summary o f  Optical R otation D ata  (1-D m. T u b e ) for 

<Z-1-Deutero-2-m ethylbutane and  I sopentane

R un S u b s titu en t R o ta tio n
Average
deviation

A Deuterium 0 .0 0 2 0.003
B Hydrogen .003 .005
C Deuterium .0 0 0 .003
D Hydrogen -  .0 0 1 .0 0 2
E Deuterium .0 0 1 .0 0 1

Average for deuterium runs .0 0 1 .0 0 1
Average for hydrogen runs .0 0 1 .0 0 2

In Table II the data for run E are expanded to 
illustrate the accuracy which was attained. It is 
concluded that the optical rotation (1-dm. tube) 
of d-l-deutero-2-methylbutane is definitely less 
than 0.005° and is probably less than 0.002°.6

butanol-1 from fusel oil was packed with single-turn metal 
helices.7 The dimensions of the packed section were 108 
inches by 7/ 8 inch. For convenience in assembling and 
handling, the column was constructed in three sections of 
equal lengths which fitted together by means of standard 
ground glass joints. Each section was vacuum-jacketed 
and equipped with an individual heating jacket. Since 
these heating jackets offer some advantages over the more 
conventional designs, they will be described in some detail. 
Each jacket consists of a 36-inch length of 2-inch glass 
tubing, the ends of which fit into grooves cut into Transite 
plates. These plates are held against the glass tube by 
four 0.25 inch steel rods, threaded at the ends and fitted 
with nuts. (In later designs of this heating jacket used for 
other fractionating columns, the end plates are constructed 
of Bakelite and the supporting rods are included within the 
glass tube, making a very compact unit.) The heating 
element consists of 12 lengths of 24 gage (B. and S.) 
nichrome wire. These wires, encased in lengths of 4-mm. 
glass tubing, extend longitudinally through the jacket, 
and are joined in series by means of connections on the 
Transite ends. A thermometer is suspended in each 
jacket. Since the heat loss from the column is greatly 
reduced by the vacuum jacket, it is unnecessary to control 
the temperature of the heating jackets very closely. Usu­
ally the temperature was maintained at 2-5° below the 
boiling point of the material being distilled, but consider­
ably greater variations (such as sometime occurred a t night 
during continuous operation) did not noticeably affect the 
efficiency of the column.

The construction of the column in three individual sec-

T a b l e  II
E xpanded  D ata o f  D istillation  and  Optical R otation (1-Dm. T u b e ) o f  d - 1 -D eutero-2-m ethylbuta n e  (R un  E)

B arom etric
Volume, Boiling po in t, pressure,

F rac tion cc. °C. mm.
1 11 1 9 .2 -2 6 .8 746
2 10 2 6 .8 -2 7 .0 746 2 .323 ,

Zero readings 2 .331 ,
3 10 2 7 .0 746 2 .325 ,
4 10 2 7 .0 746 2 .327 ,

Zero readings 2 .316 ,
5 10 2 7 .0 746 2 .328 ,
6 12 2 6 .9 744 2 .326 ,
7 10 2 6 .9 744 2 .330 ,

Zero readings 2 .326 ,
8 10 2 6 .9 744 2 .327 ,
9 10 2 7 .0 744 2 .312 ,

10 9 Holdup

Po larim eter read ings A verage R ota tion®

2.324,2.322,2.325,2.327 2.324 0.001
2.325,2.326,2.324,2.327 2.327
2.325,2.324,2.324,2.323 2.324 .001
2.327,2.329,2.325,2.321 2.326 .003
2.326,2.319,2.323,2.313 2.320
2.329,2.351,2.354,2.334 2.339 .0166
2.321,2.321,2.323,2.322 2.323 .000
2.329,2.329,2.330,2.329 2.329 .006
2.328,2.317,2.322,2.314 2.321
2.325,2.326,2.326,2.326 2.326 .003
2.322,2.323,2.311,2.325 2.318 -  .005

° Calculated using the zero value 2.323 (average of 2.327, 2.320, 2.321). 6 Large part of fraction lost by evaporation
in course of making measurements—unable to repeat observations to check result. Value is not included in average.

Experimental Part
Fractionation Column. Isolation of d-2-Methylbutanol-

I.—The column used for the isolation of d-2-methyl-
(6) I t  had  been hoped th a t  a  m ore definite answ er to  the  problem  

under discussion could be ob tained  by  th e  use of a m eter-long tube  
for th e  m easurem ents. H ow ever, a num ber of circum stances
m ade th is  im possible. T h e  p resen t activ itie s  of th e  au thors m ake i t  
highly im probable  th a t  th e y  will be able  to  carry  th is  pro ject ou t 
w ithin th e  next few years. T h e  p rep a ra tio n s  have been carefully 
preserved, and  will be availab le  to  anyone w ith  th e  tim e and means 
for m aking th e  m easurem ents.

tions permits compensation for the difference between 
floor and ceiling temperatures (often as high as 20°). 
The glass construction of the column and the jackets per­
mits instantaneous observation of flooding and constant 
examination of the condition of the packing. The effi­
ciency of a single section of the column was examined in 
considerable detail with a w-heptane-methylcyclohexane 
test mixture, using the convenient graph of Lecky and

(7) Fenske, Tongberg and Quiggle, Ind .  E n g . C hem .,  26, 1169
1934); Fenske, Tongberg, Quiggle and Cryden, ib id . ,  28, 644 (1936).
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Ewell.8 This section reached equilibrium conditions in less 
than forty-five minutes. At this time the composition of 
the test mixture in the head indicated an efficiency of 17 
theoretical plates; at the end of four hours, the indicated 
efficiency was but slightly higher, 18 theoretical plates. 
The efficiency is thus one theoretical plate for every two 
inches of column length—a result which corresponds fairly 
well with the value obtained by Fenske and his co-workers.7

The fusel oil, a product of the United States Industrial 
Alcohol Company, contained 15.6% of the active material. 
Roughly 17% of the material distilled below 126°; this 
portion consisted chiefly of isobutyl alcohol {ca. 60%) 
and «-butyl alcohol {ca. 20%). Two distillations of the 2- 
methylbutanol-1-isöamyl alcohol fraction raised the con­
centration of the active alcohol to 85-90%. This ma­
terial was considered satisfactory for the purposes of the 
investigation.

Preparation of ^-l-Chloro-2-methylbutane.—The active 
alcohol was transformed into the corresponding active 
chloride by treatment with thionyl chloride and pyridine, 
according to Darzens’ procedure.9

Four moles each of the active amyl alcohol and pyridine 
were placed in a 2-liter flask cooled by an ice-salt mixture. 
An efficient reflux condenser was attached to the flask 
by a ground glass joint; to the top of the condenser was 
fixed a dropping funnel and a tube to carry away the 
evolved gases. Through the dropping funnel 6 moles of 
thionyl chloride was added, the first two moles slowly over 
a period of sixty minutes> the remainder rapidly. The 
mixture was allowed to stand overnight at room tempera­
ture, then heated on the steam-bath for twenty-four hours, 
and finally poured into a 2-liter separatory funnel. The 
lower layer was drained off. The upper layer was treated 
with ice (to decompose excess thionyl chloride) and then 
washed first with small portions of water, next with satu­
rated sodium carbonate solution, and finally again with 
water. The crude product was dried with calcium chlo­
ride and distilled. The fraction taken boiled from 98- 
102°. The yield of this crude product was 87%. This 
product was carefully fractionated and the fraction boiling 
a t 99.5° at 750 mm., with «20d  1.4126 and <*25d  -j-1.33°, 
was used in the subsequent experiments.

Preparation of d-l-Deutero-2-methylbutane.—The
Grignard reagent was prepared from the active chloride in 
«-butyl ether and treated with deuterium chloride, con­
veniently generated by the action of benzoyl chloride on 
' ‘heavy water.”10

A 2-liter 3-necked flask was fitted with a 500-cc. drop­
ping funnel, a mercury-sealed stirrer, and a reflux con­
denser protected by a calcium chloride tube. In this 
flask were placed 36 g. (1.5 moles) of magnesium, 100 cc. of 
«-butyl ether, and a few drops of methyl iodide to catalyze 
the formation of the reagent. Active l-chloro-2-methyl- 
butane, 143 g. (1.33 moles), was placed in the dropping 
funnel, and a few cc. were run into the reaction flask. 
The flask was heated on the steam-bath until cloudiness of 
the liquid indicated that reaction had begun. The drop­
ping funnel was then nearly filled with «-butyl ether (ap­
proximately 350 cc.), its contents stirred, and the mixture

(8) L ecky  and  Ewell, In d . Eng. Chem., A na l. Ed., 12, 544 (1940).
(9) D arzens, Compt. rend., 152, 1314 (1911); G errard , J . Chem. 

Soc., 99 (1939).
(10) B row n and  G root, T h is  Jo u r n a l , 64, 2223 (1942).

run into the flask, drop by drop. The reaction was kept 
under control by cooling the flask with a water-bath (20- 
25°). (A colder bath stopped the reaction completely, 
thus causing a dangerous accumulation of the active 1- 
chloro-2-methylbutane.) The mixture of «-butyl ether 
and l-chloro-2-methylbutane was added over a period of 
two hours, after which the water-bath was removed and 
the reaction mixture allowed to stand. After another 
hour, heat was no longer evolved, and the reaction was 
assumed to be complete. The mixture was then diluted 
to a total volume of 1000 cc. with more «-butyl ether.

A 2-ml. sample was pipetted out, added to about 40 ml. 
of 0.1 .Vstandard acid, heated to boiling, and back-titrated 
with standard base, using phenolphthalein as indicator. 
The yield of Grignard reagent was 1.16 moles, or 87% of 
the amount calculated.

The apparatus for generating deuterium chloride10 was 
connected to the reaction flask in place of the dropping 
funnel and deuterium oxide, 11.7 g. (1.17 equiv.), was con­
verted to deuterium chloride, which was passed into the 
solution, cooled by means of an ice-bath, over a period of 
two to three hours. The solution was agitated vigorously 
in order to prevent caking of the magnesium salt. When 
the reaction appeared complete, the contents of the dry-ice 
trap were returned to the reaction flask, the deuterium 
chloride apparatus was replaced by a Vigreux stillhead and 
condenser, and the reflux condenser was replaced by a cork 
holding a thermometer. The receiving flask, immersed in 
an ice-bath, was connected to the condenser by an adapter. 
The only air outlet was through a side-arm on the adapter; 
this outlet led through a dry-ice trap. The reaction flask 
was heated in an oil-bath (at ca. 150°) until the inside tem­
perature was 142°, the boiling point of pure «-butyl ether. 
The receiving flask was removed and weighed: the yield of 
crude product was 79 g. (1.08 moles), 92% of the calculated 
quantity based on either the Grignard reagent or the deu­
terium oxide. The material was then carefully fraction­
ated in a Podbielniak “Heli-Grid” column.11

Summary
The object of the investigation was to deter-

Ri
mine whether a compound of the type RH—C—RD

R2
(where the groups RH and RD differ only in their 
hydrogen and deuterium composition), exhibits 
a measurable optical activity. d-l-Deutero-2- 
methylbutane was prepared from d-2-methyl- 
butanol-1 and examined in a sensitive polarim­
eter. It is concluded that the optical activity of 
the pure hydrocarbon in a 1-dm. tube is definitely 
less than 0.005° and probably less than 0.002°. 
Chicago, III . R e c e i v e d  J u n e  12, 1942

(11) T he  colum n, som ew hat modified from  th e  s tan d a rd  design of 
th e  Podbieln iak  C en trifugal Super-C on tac to r C om pany, was con­
struc ted  for use w ith  a  to ta l reflux-partial takeoff head. Solid carbon 
dioxide was used as th e  refrigeran t in th e  head to  m inim ize losses of 
th e  volatile  p ro d u c t. T he  ra ted  efficiency of th e  colum n is 100 
theoretical p la tes. I ts  holdup, approx im ately  15 cc., is rem arkab ly  
sm all for a  colum n of such high efficiency, and  m ade th e  colum n p a r­
ticu larly  useful for th e  purpose.
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The Reactions of Retenequinonimine and Phenanthraquinonimine with Aldehydes. 
A New Example of an Aldol-Type of Condensation1

By C harles W. C. St e in 2 and Allan  R. D ay

In the course of the preliminary work leading to 
the present investigation, it was noted that the 
interaction of retenequinonimine, benzaldehyde, 
and w-butylamine gave excellent yields of 2- 
phenylretenoxazole. When aniline was substi­
tuted for the ^-butylamine, a much lower yield of 
2-phenylretenoxazole was obtained. The use of 
retenequinonimine, 72-butyraldehyde, and ^-butyl- 
amine produced 2-propylretenoxazole in excellent 
yields. Careful consideration of the components 
involved suggested two possible courses of reac­
tion: (1) the aldehyde may undergo an aldol-type 
of condensation with retenequinonimine under 
the influence of the basic catalyst w-butylamine; 
and (2) the aldehyde and amine may react to form 
the Schiff base, benzal-w-butylamine, which then 
might condense with the quinonirnine. It is pos­
sible that both courses of reaction could proceed 
simultaneously in the reactions noted above. 
Since the reactions of aldehydes with the quinon- 
imine proved to be less complicated, they are pre­
sented first.

Several types of aldol condensations have been 
reported for compounds which contain the car­
bonyl group but apparently none have been re­
ported where a quinonirnine furnishes the labile 
hydrogen. To test the possibility of basic cataly­
sis, amines were chosen which could not react 
with aldehydes to form Schiff bases. It was 
found that retenequinonimine and benzaldehyde 
reacted in the presence of triethylamine or piper­
idine to give excellent yields of 2-phenylretenox- 
azole. When the weaker base pyridine was used, 
however, no oxazole was formed. The above 
evidence indicates an aldol-type of condensation 
as the first step in the reaction. This is followed 
by an allylic-type shift of hydrogen and subse­
quently by the splitting out of water to form the 
oxazole. The course of the reaction may be rep­
resented as shown in the accompanying formulas. 
The last step, being irreversible, is an important 
determining factor in the reaction. In all of the 
reactions in which oxazole was formed, the solu-

(1) P resen ted  a t  th e  M em phis M eeting  of th e  Am erican Chem ical 
Society in  A pril, 1942.

(2) P resen t Address, G eneral Aniline W orks, Grasselli, N . J.
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tions became dark red within a few minutes and 
then changed to yellow. Alcoholic potassium hy­
droxide can also be used to catalyze the reaction 
but the yields of oxazole (about 25%) were greatly 
reduced, due to side reactions between the quinon- 
imine and potassium hydroxide. When sodium 
ethylate was employed, no oxazole was formed.

This reaction appears to be a general method for 
the preparation of 2-substituted retenoxazoles. 
For example, when ^-butyraldehyde was used 
with triethylamine as the catalyst, a 92% yield 
of 2-propylretenoxazole was isolated. Even sali- 
cylaldehyde, which is known to produce a mixture 
of 2-(2'-hydroxyphenyl)-retenoxazole and 2-(2'~ 
hydroxyphenyl)-retenimidazole when treated with 
retenequinone in the presence of ammonia, yields 
only the oxazole when treated with retenequinon­
imine and an amine.

The reactions of phenanthraquinonimine with 
aromatic aldehydes yielded similar results. The 
direct action of phenanthraquinonimine and ben 
zaldehyde in the absence of basic reagents failed 
to produce 2-phenylphenanthroxazole. In the 
presence of piperidine and triethylamine good 
yields of the oxazole were obtained, but with the 
weaker base, aniline, lower yields were obtained. 
The reactions of ^-butyraldehyde and phenan­
thraquinonimine gave similar results.

Experimental
All of the melting points given below are corrected values, 

and, unless otherwise stated, check the literature values.
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Preparation of Retenequinone.—This compound was 
prepared by the method of Kreps and Day3 from retene 
(Eastman Kodak Co. practical grade). I t  was recrystal­
lized from chloroform; yield 50%; m. p. 197-199°.

Preparation of Retenequinonimine.—The quinonirnine 
was prepared by the method of Bamberger and Hooker.4 
This preparation must be carried out in the absence of 
moist air. The crude product was recrystallized from ab­
solute alcohol saturated with dry ammonia (below 55°), 
yield 60%, m. p. 107-108°.

Preparation of Phenanthraquinone.—In this preparation 
the directions of Graebe5 for the oxidation of phenanthrene 
were modified, in that the purification was carried out ac­
cording to Courtot6; m. p. 208-209.5°.

Phenanthraquinonimine.—The method of Pschorr7 was 
used for preparing phenanthraquinonimine. The crude 
product was recrystallized from absolute alcohol saturated 
with ammonia. As in the case of retenequinonimine, the 
temperature should be kept below 55° and the time of 
heating should not exceed fifteen to twenty minutes; yield 
75%; m. p. 156-157.5°.

Reactions of Retene quinonirnine with Aldehydes and
Amines.—In general the reactions were carried out by dis­
solving 2 g. (0.0076 mole) of retenequinonimine, 0.0076 
mole of the aldehyde, and 0.0076 mole of the amine in 50 
cc. of absolute alcohol and refluxing the solution on the 
water-bath.

(1) With Benzaldehyde and w-Butylamine.—The solu­
tion was refluxed for one hour. After cooling, the 2-phenyl - 
retenoxazole was removed by filtration and recrystallized 
from absolute alcohol; yield 68%; m. p. 174.5-175°.8

Anal. Calcd. for C25H2iNO: N, 3.99. Found: N,
4.02.

(2) With Benzaldehyde and Aniline.—In this case the 
refluxing was continued for four hours. On cooling and 
diluting with water, a mixture of retenequinonimine and 2- 
phenylretenoxazole separated. Pure 2-phenylretenoxazole 
was obtained by recrystallization from 80% dioxane-water 
solution and subsequently from absolute alcohol; yield 
9.7%; m. p. 174.5-176°.

(3) With w-Butyraldehyde and w-Butylamine.—After 
refluxing for four hours, the 2-w-propylretenoxazole was 
precipitated by the addition of water to the hot solution. 
The crude product was recrystallized from 60% dioxane- 
water and finally from dilute alcohol and obtained as 
colorless needles; yield 85%; m. p. 100.5-101.3°. This 
compound has not been reported previously.

Anal. Calcd. for C22H23NO: C, 83.17; H, 7.31; N,
4.42. Found: C, 82.99; H, 7.12; N, 4.26.

(4) With Benzaldehyde and Triethylamine.—The solu­
tion was refluxed for four hours. On cooling, an 84% yield 
of crude 2-phenylretenoxazole was obtained. I t was re­

(3) K reps and  D ay , J .  Org. Chem., 6, 140 (1941).
(4) B am berger an d  H ooker, A n n .,  229, 102 (1885).
(5) G raebe, ibid., 167, 140 (1873).
(6) C ourto t, A n n . chim., (10) 14, 69 (1920).
(7) Pschorr, Ber., 35, 2739 (1902).
(8) T he pure  sam ples of 2-phenylretenoxazole obtained  during the 

course of th e  work usually  m elted  a t  174-176°, b u t occasionally a 
h igher m elting sam ple (178-180°) was ob tained . However, careful 
exam ination  disclosed th e  fac t th a t  all th e  sam ples had the  same 
crysta l s truc tu re  an d  m ixed m elting  p o in t determ inations showed no 
appreciable depression.

crystallized from absolute alcohol; yield 74%; m. p.
178.5-180°.

Anal. Calcd. for C25H21NO: N, 3.99. Found: N,
3.93.

(5) With Benzaldehyde and One-half an Equivalent of 
Triethylamine.—After refluxing for four hours, a 78% yield 
of 2-phenylretenoxazole was obtained. Recrystallization 
from absolute alcohol gave the characteristic white, fibrous 
needles, m. p. 177-178.5°.

(6) With Benzaldehyde and Piperidine.—After re­
fluxing for four hours and cooling, a 92% yield of 2-phenyl­
retenoxazole was obtained. I t  was recrystallized from 
absolute alcohol, m. p. 174.5-176°.

Anal. Calcd. for C25H21NO: N, 3.99. Found: N,
3.89.

(7) With Benzaldehyde and Small Amounts of Alco­
holic Potassium Hydroxide.—One and one-half grams 
(0.0057 mole) of retenequinonimine, 0.59 g. (0.0056 mole) 
of benzaldehyde, and 10 drops of 10% alcoholic potassium 
hydroxide were mixed with 50 cc. of absolute alcohol and 
refluxed for four hours. On cooling, a mixture of orange 
and yellow solids separated. Recrystallization from 80% 
dioxane-water and finally from absolute alcohol gave a 
25% yield of 2-phenylretenoxazole, m. p. 174-175.5°. 
Evaporation of the original filtrate produced a reddish- 
brown intractable gum. The substitution of one equiva­
lent of sodium ethylate for the potassium hydroxide in the 
above reaction gave no observable yield of oxazole.

(8) With w-Butyraldehyde and Triethylamine.—After 
refluxing for sixteen hours, the solution was diluted with 
water and cooled. The 2-propylretenoxazole so obtained 
was washed with 50% alcohol and then recrystallized from 
80% alcohol; yield 92%; m. p. 100-101°.

Anal. Calcd. for C22H23NO: N, 4.42. Found: N,
4.40.

(9) With Salicylaldehyde and w-Butylamine.—The
solution was refluxed for thirty-five minutes. After cool­
ing, the crude 2-(2'-hydroxyphenyl)-retenoxazole was re­
moved by filtration. The filtrate was evaporated to dry­
ness and the residue treated with hot 95% alcohol. The 
yellow solid remaining after this treatment was added to 
the first precipitate and recrystallized from a dioxane- 
water solution with the use of decolorizing carbon; yield 
51%; m. p. 245.5-247°.

Anal. Calcd. for C25H21NCV. N, 3.81. Found: N,
3.71.

Reactions of Phenanthraquinonimine.—In these reac­
tions the same molar equivalents of reactants were used as 
in the reactions with retenequinonimine.

(1) With Benzaldehyde.—When an absolute alcohol 
solution of phenanthraquinonimine and benzaldehyde was 
refluxed, no reaction occurred and only unchanged quinon- 
imine could be isolated.

(2) With Benzaldehyde and Aniline.—The solution 
was refluxed for four hours. After cooling for several 
hours, the crude product was removed and recrystallized 
from 80% dioxane-water until colorless needles of 2- 
phenylphenanthroxazole were obtained; yield 17.5%, 
m. p. 205-206°.

Anal. Calcd. for C21H13NO: N, 4.74. Found: N,
4.62.
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(3) With Benzaldehyde and Piperidine.—The solution 
was refluxed for two hours. * The 2-phenylphenanthrox- 
azole, obtained after cooling the solution, was recrystallized 
from absolute alcohol; yield 97%; m. p. 204.5-205.5°.

Anal. Calcd. for C2iH13NO: N, 4.74. Found: N,
4.58.

(4) With Benzaldehyde and Triethylamine.—In this 
reaction the solution was refluxed for only thirty minutes. 
The 2-phenylphenanthroxazole, obtained after cooling the 
solution, was recrystallized from absolute alcohol; yield 
77%; m. p. 204-205.5°.

Anal. Calcd. for C2iH13NO: N, 4.74. Found: N,
4.69.

(5) With w-Butyraldehyde and Aniline.—No oxazole 
was formed in this reaction even after long refluxing.

(6) With «-Butyraldehyde and Two Equivalents of 
Triethylamine.—After refluxing the solution for sixteen 
hours, it was evaporated and the gummy residue taken up 
in 10 cc. of methyl alcohol. On the addition of 2 cc. of 
water, a dark, viscous oil slowly separated. After four 
hours the supernatant liquid was decanted and let stand 
in the ice-box overnight. On standing, a small amount of
2-propylphenanthroxazole separated. The dark, viscous 
oil was stirred with 50% methyl alcohol and a few pellets of

sodium hydroxide until it had entirely solidified. The 
combined solids were recrystallized from 80% alcohol, with 
the aid of decolorizing carbon, until colorless crystals were 
obtained; yield 50%; m. p. 84-86°. This compound has 
not been reported previously.

Anal. Calcd. for Ci8H i6NO: C, 82.73; H, 5.79; N, 
5.36. Found: C, 82.67; H, 5.74; N, 5.38.

Summary
1. Retenequinonimine and phenanthraquin­

onimine have been shown to react with aldehydes, 
in the presence of amines, to form 2-substituted 
retenoxazoles or phenanthroxazoles.

2. The first step in the reaction has been 
shown to consist of an aldol-type of condensation, 
with the quinonirnine supplying the labile hydro­
gen.

3. The base-catalyzed reaction is a new and
useful method of synthesis for 2-substituted re­
tenoxazoles and phenanthroxazoles, giving high 
yields and products of excellent purity. 
P h i l a d e l p h i a , P a . R e c e i v e d  J u l y  14, 1942

[C o n t r i b u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m is t r y  a n d  C h e m i c a l  E n g i n e e r i n g  o f  t h e  U n i v e r s i t y  o f
P e n n s y l v a n ia ]

The Reactions of Retenequinonimine and Phenanthraquinonimine with Schiff Bases. 
A New Example of an Aldol-Type of Condensation1

B y  C harles W. C. St e in 2 and Allan  R. D ay

It was noted in the previous paper in this series3 
that the interaction of retenequinonimine or 
phenanthraquinonimine with aldehydes, in the 
presence of amines, gave excellent yields of 2-sub- 
stituted retenoxazoles or phenanthroxazoles. It 
was shown that where secondary or tertiary 
amines were used, the first step in the reaction 
consisted of a basically catalyzed aldol-type of 
condensation between the aldehyde and the 
quinonirnine. However, where a primary amine 
such as w-butylamine was employed, it was real­
ized that another possible course of reaction ex­
isted. The amine and aldehyde may react to 
form a Schiff base and the latter then might 
undergo an aldol-type of condensation with the 
quinonirnine. Schiff bases are known to behave 
like aldehydes in many respects (the = N R  acting 
as the carbonyl oxygen) and so it appeared to be 
quite reasonable to expect them to undergo a 
similar condensation with the quinonirnine.

(1) P resen ted  a t  th e  M em phis M eeting  of th e  A m erican Chemical 
Society in  A pril, 1942.

(2) P resen t address, G eneral Aniline W orks, Grasselli, N . J .
(3) S te in  and  D ay, T h is  J o u r n a l , 64, 2567 (1942).

To test this possibility, benzal-^-butylamine 
was prepared and treated with retenequinonimine. 
A rapid reaction took place, with the formation of 
good yields of 2-phenylretenoxazole. Since these 
reactions were carried out under anhydrous con­
ditions, the possibility that the benzal-w-butyl- 
amine underwent hydrolysis before reaction was 
practically excluded. Definite proof was ob­
tained, however, by testing the benzal-w-butyl- 
amine for free aldehyde in dry toluene solution. 
Addition of phenylhydrazine to the solution of 
the Schiff base produced no precipitate of benzal­
dehyde phenylhydrazone, even when heated on 
the water-bath for thirty minutes, the approximate 
time of many of the reactions. A similar test 
carried out with a sample of freshly distilled 
benzaldehyde gave an immediate precipitate of 
phenylhydrazone. It was further noted that n- 
butylamine was evolved in nearly quantitative 
amounts when retenequinonimine and benzal-w- 
butylamine in equivalent quantities were heated 
at 100° in dry solvents.

A consideration of all the evidence available at
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this point showed that any suggested mecha­
nism for this reaction must meet the following 
requirements. (1) The reaction between the 
quinonirnine and benzal-n-butylamine must 
evolve w-butylamine, equivalent in quantity to 
the amine (present in combined form) in the 
Schiff base at the start of the reaction; and (2) 
the substituent in position two of the oxazole 
ring is derived from the aldehyde portion of the 
Schiff base.

In accord with these requirements, a mechanism 
is suggested which involves an aldol-type of con­
densation between the aldehyde and the quinon- 
imine (step 1). Since the hydrogen of the imino 
group may be said to be an active hydrogen, it 
appears reasonable to believe that addition to the 
Schiff base occurs as the initial step. Indirect 
evidence for this may be deduced from the fact 
that when retenequinone is used in place of the 
quinonirnine, no oxazole is formed. Hence the 
presence of the imino group is essential for the 
reaction. The addition of the quinonirnine to 
the Schiff base involves an aldol-type condensa­
tion where the base acts as an aldehyde and the 
quinonirnine supplies the active hydrogen. The 
Schiff base also acts as the basic catalyst for the 
reaction, at least in the case where benzal-w-butyl- 
amine was used. Such condensations are condi­
tioned by the basic strength of the catalyst and 
it is interesting to note that when benzalaniline 
is substituted for the benzal-^-butylamine, the 
reaction is very slow and low yields of oxazole 
result, unless a more basic catalyst such as piperi­
dine is added. The initial reaction between the 
quinonirnine and benzal-7z-butylatnine, step (1), 
may be written as

w
o

/ C^N H

+  CeH5C H = N C 4H9 :

[CeH6CHNHC4H 9]+ +
\ C/ ° ~

A n

' w 0 '

/ C\ n
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| n c 4h 9
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ét.
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+  C6H6C H = N C 4H 9

This is followed by two ally lie-type shifts of 
hydrogen, step (2), and subsequently by the split­
ting out of n-butylamine to form the oxazole, 
step (3) or (4).
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II I V

IV
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/C -

-N
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c c 6h 6 +  C4H9NH2 
II
•N

There is a considerable amount of information 
in the literature which may be offered in support of 
the above mechanism. The addition of various 
types of active hydrogen compounds to the double 
bond in Schiff bases has been reported by 
Mayer.4 In all of the reactions reported by 
Mayer, the course of reaction involved addition 
of the active hydrogen to the nitrogen atom and 
addition of the other group to the unsaturated 
carbon atom of the Schiff base. These additions 
are undoubtedly basic catalyzed reactions for they 
occur under the influence of basic reagents.

Step (2) in the postulated mechanism also is 
quite reasonable, for allylic-type shifts of hydro­
gen would be expected in the type of structure 
shown. Direct evidence for this shift is difficult 
to obtain, but in closely related work McCoy5 has 
been able to establish such a shift. The hydroly­
sis of the interaction products of retenequinone 
and benzylamine yields benzaldehyde. This can 
be explained only on the basis of a hydrogen shift.

(4) M ayer, B u ll. soc. chim., [3] 33, 157, 395, 498 (1905).
(5) M cC oy and  D ay, unpublished work.
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N'C = 0

/ 'c=o+  c6h 6c h 2n h 2
xc=o
/ C =NCH 2C6H[,

It ■
^•C—OH H20

II +  c «h 5c h o  -<-----
/ C—NH2 HCl
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II
c —N=CHC6H6

In the final reaction (ring closure to form the 
oxazole), step (3) appears to be more reasonable 
in view of the close similarity between Schiff bases 
and aldehydes in addition reactions. Further­
more, the postulated intermediate III, being a 
substituted amidine, would be expected to un­
dergo such a condensation.6 However, step (4) 
cannot be ruled out. The addition of a hydroxyl 
group across a double bond with the formation of 
a heterocyclic ring has been reported in the syn­
thesis of the tocopherols and related compounds.7 
The postulated intermediate (IV) resulting from 
such an addition would be a dihydroretenoxazole. 
Such a derivative would be expected to pass 
readily into the oxazole. A search of the litera­
ture disclosed the fact that in cases where 2,3- 
dihydro-oxazoles or 2,3-dihydroimidazoles might 
be expected to be the end-products, only the corre­
sponding oxazoles or imidazoles were isolated. 
The last step, then, may represent spontaneous 
conversion (oxidation) of a dihydro-oxazole to the 
oxazole (with the elimination of an amine rather 
than hydrogen). This assumption is in agree­
ment with the absence of 2,3-dihydro-oxazoles 
in the literature. Either course suggested for the 
last step in the reaction, (3) or (4), would explain 
the liberation of ^-butylamine.

The use of different types of Schiff bases has 
yielded some interesting results: benzal-^-butyl- 
amine yielded up to 93% of 2-phenylretenoxazole; 
benzalaniline gave a 21% yield of 2-phenylreten­
oxazole; w-butylidene-w-butylamine gave only a 
7% yield of 2-propylretenoxazole; and n-butyli- 
deneaniline gave no oxazole. In considering the 
variation in yields produced by the different types 
of Schiff bases, it was thought that a relationship 
might be shown between the yields of oxazole 
and the basic strength and (or) molecular ag­
gregation of the Schiff bases. Since the initial 
reaction is a basically catalyzed condensation, 
the basic strength of the Schiff base should be an 
important factor. When retenequinonimine and 
benzalaniline were heated in dry alcohol solution

(6) D ains, Ber., 35, 2496 (1902).
(7) Sm ith, Chem. Revs., 27, 287 (1940).

in the presence of one equivalent of piperidine, a 
90% yield of 2-phenylretenoxazole was obtained, 
as compared with a 21% yield in the absence of 
piperidine. This result agrees with the fact that 
benzalaniline is a weaker base than benzal-w- 
butylamine. When retenequinonimine and n- 
butylidene-^-butylamine were heated in dry al­
cohol with one equivalent of piperidine, the yield 
of 2-propylretenoxazole was raised from 7% to 
23%. Under similar conditions n-butylidene- 
aniline yielded no oxazole. In the last two cases, 
it is apparent that some other factor is important.

In the dimerization of certain Schiff bases8 a 
hydrogen atom on the alpha carbon of the alde­
hyde part of the base adds to the nitrogen atom 
of another molecule of the Schiff base. Hence it 
may be assumed that alpha hydrogen is necessary 
for dimerization to occur. Since oxazole forma­
tion probably depends on the existence of the 
Schiff base monomer in the reaction mixture, 
lower yields or no yield of oxazole might be ex­
pected when alpha hydrogen is present in the 
Schiff base. As a check on this hypothesis, a 
qualitative study of the molecular weights of n- 
butylidene-^-butylamine, benzal-w-butylamine, 
and benzalaniline was made by the Rast method. 
n-Butylideneaniline has been shown previously 
to be a dimer.8 Values were obtained which were 
sufficiently reproducible to indicate the probable 
state of molecular aggregation. With benzalani­
line a value was obtained which indicated that the 
base was essentially monomeric. Benzal-w-butyl- 
amine gave a somewhat similar result. w-Butyl- 
idene-72-butylamine, however, proved to be tri­
meric. Since at temperatures of 80-100° the as­
sociations (monomer-polymer relationships) are 
probably reversible, the values cannot be used 
for a quantitative interpretation but may be used 
as suggestive evidence for the presence or absence 
of the monomeric forms at these temperatures.

These results confirm the supposition that the 
Schiff bases which yield appreciable quantities of 
oxazole exist preponderantly as the monomers, 
whereas those which yield little or no oxazole are 
mostly dimeric or more highly associated. The 
types ArCH=NCH2R and ArCH=NAr are among 
the former, while the types (RCH=NCH2R)n and 
(RCH=NAr)n are among the latter.

The use of phenanthraquinonimine in place of 
retenequinonimine gave similar results.

(8) K harasch , R ichlin  and  M ayo, T h is  J o u r n a l , 62, 494 (1940); 
Em erson, Hess and IJhle, ibid., 63, 872 (1941).
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Since the completion of the above work, a gen­
eral study of basically catalyzed additions to 
Schiff bases has been started. It is believed that 
such an investigation will lead to a better under­
standing of the factors involved and in some cases 
lead to improved synthetic methods.

Experimental
Analyses and Melting Points.—See previous paper.3
Retenequinone, Retenequinonimine, Phenanthraqui­

none and Phenanthraquinonimine.—These compounds 
were prepared by the methods noted in the previous paper.

Benzal-w-butylamine.—This derivative apparently has 
not been reported previously. Twenty-five grams (0.236 
mole) of freshly distilled benzaldehyde was dissolved in 25 
cc. of absolute alcohol and 19 g. (0.26 mole) of w-butylamine 
added gradually with cooling. The solution was allowed 
to stand over anhydrous potassium carbonate for two days. 
The alcohol was removed by distillation and the crude 
benzal-w-butylamine was distilled under reduced pressure,
b. p. 112-113° at 14 mm., yield 34%, 0.906, w24d
1.5229. The addition of phenylhydrazine to a solution of 
the benzal-w-butylamine in dry toluene gave no precipitate 
of benzaldehyde phenylhydrazone, even when heated on 
the water-bath for thirty minutes. A similar test carried 
out with freshly distilled benzaldehyde gave an immediate 
precipitate of the phenylhydrazone. Anal. Calcd. for 
C11H 15N : N, 8.70; mol. wt. calcd. for monomer, 161, dimer 
322. Found: N, 8.64; mol. wt., 220 (in naphthalene), 
227 (in triphenylmethane).

Preparation of Benzalaniline.—This was prepared by 
the procedure described by Bigelow and Eatough.9 It 
was recrystallized from 85% alcohol; yield, 84%; m. p. 
51°. Mol. wt. Calcd.: monomer 181, dimer 362.
Found: mol. wt., 216 (in naphthalene).

Preparation of w-Butylidene-w-butylamine.—At the 
time this work was undertaken, this compound had not 
been reported, but it was reported about one month later 
by Emerson, Hess and Uhle.8 The method used here is a 
modification of the method of Chancel.10 w-Butyralde- 
hyde (21.6 g., 0.30 mole) was slowly added to 21.9 g. (0.30 
mole) of cooled w-butylamine. After standing for one 
hour, the layers were separated and the upper layer dried 
over potassium hydroxide. The dried product was dis­
tilled at atmospheric pressure, b. p. 141-145°. Mol. wt. 
Calcd. for trimer: 383. Found: 383 and 414 (13% solu­
tion in naphthalene).

Preparation of w-Butylideneaniline.—This was prepared 
by the method of Kharasch, Richlin and Mayo;8 yield 
32%. It was reported to be a dimer.

Reactions of Retenequinonimine with Schiff Bases.—In 
general 2 g. (0.0076 mole) of the quinonirnine and one equi­
valent of the Schiff base were added to 50-100 cc. of dry 
alcohol and refluxed for a suitable length of time on the 
water-bath. In most cases the solution was then cooled 
and the product removed by filtration.

Reaction of Retenequinonimine with Benzal-w-butyl- 
amine.—The solution was refluxed for nineteen minutes.

(9) Bigelow an d  E a to u g h , “ Organic Syn theses,” John W iley and  
Sons, N ew  Y ork, N . Y ., 1941, Coll. Vol. I, p. 80.

(10) Chancel. Bull. soc. chitii., [3] 11, 933 (1894).

The crude 2-phenylretenoxazole was recrystallized from 
absolute alcohol; yield 78%; m. p. 174-175°. Anal. 
Calcd. for C25H2iNO: N, 3.99. Found: N, 3.96.

Reaction of Retenequinonimine with Two Equivalents of 
Benzal-rc-butylamine.-—The solution was refluxed for 
ninety minutes. The product was purified as described 
above; yield 93.5%; m. p. 175-177°.

Reaction of Retenequinonimine with Benzal-n-butyl- 
amine in Dry Toluene, (a) Test for «-Butylamine as a Re­
action Product.—The solution was heated on the water- 
bath for three hours. After cooling the mixture, the 2- 
phenylretenoxazole was removed by filtration. The fil­
trate was distilled and the distillate collected in hydro­
chloric acid. The acid solution was evaporated to about 
20 cc., made alkaline with sodium hydroxide and treated 
with m-nitrobenzenesulfonyl chloride. The filtrate on 
acidification yielded N-buty 1- m-nitrob enzenesulfonamide 
which was recrystallized from alcohol and water; m. p. 67°. 
A mixed m. p. with an authentic sample showed no depres­
sion. (b) Determination of the Amount of w-Butylamine 
Liberated.—A run similar to the one described above was 
carried out in dry alcohol. At the end of the heating pe­
riod the mixture was steam distilled and the distillate col­
lected in 4% boric acid solution containing methyl red. 
The boric acid solution was then titrated with standard 
hydrochloric acid. The volume of the acid used corre­
sponded to 96.58% of the w-butylamine originally held in 
the benzal-w-butylamine. In this particular experiment 
an 82% yield of 2-phenylretenoxazole was obtained.

Reaction of Retenequinone with Benzal-w-butylamine.— 
The solution was refluxed for one hour. No oxazole forma­
tion was observed.

Reaction of Retenequinonimine with Benzalaniline.—
After refluxing for four hours, the mixture was cooled and 
the orange-yellow solid removed by filtration. The crude 
product was recrystallized from 80% dioxane-water to 
separate the 2-phenylretenoxazole from retenequinone. 
Final purification was effected from dry alcohol with the 
use of decolorizing carbon; yield 21.6%; m. p. 177- 
178.5°. Anal. Calcd. for C25H2iNO: N, 3.99. Found: 
N, 3.95.

Reaction of Retenequinonimine with w-Butylidene-w- 
butylamine.—After refluxing for two hours, the solution 
was evaporated to a small volume and cooled. The crude
2-propylretenoxazole, so obtained, was recrystallized from 
80% dioxane-water, with the aid of decolorizing carbon, 
until colorless; yield 7%; m. p. 98.5-100.5°. Anal. 
Calcd. for C22H23NO: N, 4.42. Found: N, 4.43.

Reaction of Retenequinonimine with w-Butylidene-ani- 
line.—No oxazole could be isolated from the reaction 
mixture after refluxing for four hours.

Reaction of Retenequinonimine with Benzalaniline in 
the Presence of One Equivalent of Piperidine.—The solu­
tion was refluxed for four hours and the crude 2-phenyl­
retenoxazole was recrystallized from dioxane and water; 
yield 90.5%; m. p. 178-180°.

Reaction of Retenequinonimine with w-Butylidene-w- 
butylamine in thq Presence of One Equivalent of Piperi­
dine.—After refluxing for four hours, the solution was 
evaporated to dryness and the gummy residue extracted 
with a small amount of methyl alcohol, leaving 0.65 g. of a 
yellow solid. Recrystallization from 80% alcohol, with
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the use of decolorizing carbon, gave white, fluffy needles of
2-propylretenoxazole; yield 23% ; m. p. 100-100.5°.

Reaction of Retenequinonimine with w-Butylidene- 
aniline in the Presence of One Equivalent of Piperidine.— 
No oxazole could be isolated from this reaction mixture 
after refluxing for fourteen hours.

Reaction of Phenanthraquinonimine with Benzal-w- 
butylamine.—The solution was refluxed for forty-five min­
utes and the crude 2-phenylphenanthroxazole recrystallized 
from 80% dioxane-water using decolorizing carbon and 
finally alcohol; yield 79%; m. p. 205-205.8°. Anal. 
Calcd. for C2iH13NO: N, 4.74. Found: N, 4.57.

Reaction of Phenanthraquinonimine with Benzalani­
line.—The 2-phenylphenanthroxazole obtained after re­
fluxing the solution for four hours was recrystallized from 
80% dioxane-water with the use of decolorizing carbon; 
yield 21.7%; m. p. 206-207°. Anal. Calcd. for 
C21H13NO: N, 4.74. Found: N, 4.72.

Reaction of Phenanthraquinonimine with Benzalaniline 
in the Presence of One Equivalent of Piperidine.—In the 
presence of piperidine, the yield of 2-phenylphenanthrox­
azole increased from the 21.7% noted above to 85%, after 
only two hours of refluxing.

Reaction of Phenanthraquinonimine with w-Butylidene- 
w-butylamine.—The solution was refluxed for four hours. 
After three weeks of standing in the cold, a small amount 
of yellowish-brown solid separated and was removed. 
Evaporation of the filtrate yielded only an intractable gum. 
The crude 2-propylphenanthroxazole was recrystallized 
from 80% alcohol and finally from 50% alcohol and ob­
tained as colorless needles; yield 0.8%; m. p. 84.3-86.2°. 
Several runs were necessary to obtain sufficient material for

the analyses. A nal. Calcd. for CisHisNO: C, 82.73; H 
5.79; N, 5.36. Found: C, 82.56; H, 5.71; N, 5.30.

Reaction of Phenanthraquinonimine with ra-Butylidene- 
w-butylamine in the Presence of One Equivalent of Piperi­
dine.—After refluxing for four hours, the solution was 
evaporated and the viscous residue stirred with 50% 
methyl alcohol and a few pellets of sodium hydroxide until 
it had solidified. The 2-propylphenanthroxazole was then 
recrystallized from 80% alcohol, with the aid of decoloriz­
ing carbon; yield 30%; m. p. 85-86°. Anal. Calcd. for 
CisHiöNO: N, 5.36. Found: N, 5.27.

Reaction of Phenanthraquinonimine with w-Butylidene- 
aniline.—No 2-propylphenanthroxazole could be isolated 
in the absence or the presence of piperidine, after four hours 
of refluxing.

Summary
1. Retenequinonimine and phenanthraquino­

nimine have been shown to react with most 
types of Schiff bases to form 2-substituted reten­
oxazoles or phenanthroxazoles.

2. The first step in the reaction has been 
shown to consist of an aldol-type of condensation, 
with the quinonirnine supplying the labile hydro­
gen. Some Schiff bases are sufficiently basic to 
catalyze the condensation.

3. This base-catalyzed reaction is a new and
useful method for the synthesis of 2-substituted 
retenoxazoles and phenanthroxazoles. 
P h i l a d e l p h i a , P e n n a . R e c e i v e d  J u l y  14, 1942

[C o n t r i b u t i o n  f r o m  t h e  N o y e s  C h e m ic a l  L a b o r a t o r y , U n i v e r s i t y  o f  I l l i n o i s ]

Para Acylation of Polyalkylbenzophenones by Aryl 2,4,6-Trialkylbenzoates
B y  R eyno ld  C. F u so n , E. M. B ottorff, R . E. F oster  a n d  S. B . S peck

Alkylmagnesium halides and arylmagnesium 
halides that carry a substituent in the para posi­
tion have been shown to condense with aryl mesi- 
toates to produce ketones.1 A much more re­
markable result was obtained with arylmagne­
sium halides that had no substituent in the para 
position, p -Tolyl mesitoate and phenylmagne­
sium bromide, for example, yielded £-cresol and a 
substance that proved to be ^-dimesitoylbenzene
(III). The structure of this compound was 
proved by synthesizing it from terephthalyl chlo­
ride and mesitylene by the Friedel-Crafts method.

The first step in this transformation appeared 
to be the formation of benzoylmesitylene, which 
then condensed with unchanged mesitoic ester to 
produce the diketone (III). In confirmation of 
this hypothesis, it was discovered that the dike-

(1) Fuson, B otto rff and  Speck, T h is  Jo u r n a l , 64, 1450 (1942).

C6H5MgBr
MesC0 2C6H4CH3 -------------->

MesCOCeHs and CH3C6H4OH
MesC02C6H4CH3 +  MesCOC6H5 ---->

MesCO—<^= >̂—COMes +  CH3C6H4OH 
III

tone could be made also by condensing benzoyl­
mesitylene with ^>-tolyl mesitoate.

This condensation is without parallel. The net 
result is the acylation, under the influence of the 
Grignard reagent, of a benzene ring in the posi­
tion which is para to the meta-directing carbonyl 
group. The condensation can be formulated as 
a Claisen reaction in which a nuclear hydrogen 
atom is replaced by an acyl group. This point 
of view is supported by the fact that the conden­
sation between the ketone and the ester can be 
effected with the aid of a number of alkaline cata-
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lysts. Among these are sodium, ethylmagnesium 
bromide, mesitylmagnesium bromide and the 
binary mixture, Mg-Mgl2.2 3 The binary mixture 
afforded the best yields, but-usually gave less 
than 50% of the theoretical amount.

Under the influence of this reagent p - tolyl 
mesitoate condensed with m-toluylmesitylene, 
m-methoxybenzoylmesitylene, dibromomesityl 
phenyl ketone and a-naphthoylmesitylene to 
yield the expected diketones. I t is interesting 
that o- and ra- tolylmagnesium bromide reacted 
with p - tolyl mesitoate to yield the same diketone-
1,4-dimesitoyl-2-methylbenzene (IV).

0-CH3C6H4MgBr
or

IV

The formation of 1,4-diaroylbenzenes appears 
to be general for highly hindered ketones. Aryl 
esters of 2,4,6-triethylbenzoic, 2,4,6-triisopropyl- 
benzoic and 2,3,5,6-tetramethylbenzoic acids were 
found to condense with the corresponding aryl 
phenyl ketones to yield, respectively, 1,4-di-(2,4,6- 
triethylbenzoyl) -benzene, l,4-di-(2,4,6-triisopro~
pylbenzoyl)-benzene and 1,4-di-(2,3,5,6-tetra-
methylbenzoyl)-benzene.

Experimental
Synthesis of Ketones.—The ketones prepared in this 

work are listed in Table I, which indicates also melting 
points, yields, solvents and analytical data. All except the 
last four in the table were prepared by the condensation of 
the corresponding acid chloride with the appropriate hydro­
carbon by the Friedel-Crafts method. A description of 
the preparation of ^-dimesitoylbenzene will illustrate the 
procedure.

^-Dimesitoylbenzene.3—A solution of 15 g. of tere- 
phthalyl chloride,4 40 cc. of carbon disulfide and 10 cc. of 
mesitylene was added dropwise, with stirring, at room 
temperature to a mixture of 26 g, of mesitylene, 28 g. of 
aluminum chloride and 50 cc. of carbon disulfide. The 
solution was refluxed gently and stirred for six hours. 
The dark-red reaction mixture was poured into an ice- 
hydrochloric acid mixture. The carbon disulfide was 
evaporated and the solution extracted with three portions 
of hot benzene. The benzene extracts were washed with 
hot water, hot 5% sodium hydroxide solution and again 
with water. A portion of the benzene was removed by dis­
tillation, and the remaining solution was allowed to cool; 
12 g. of ^-dimesitoylbenzene crystallized. The melting

(2) G om berg an d  B achm ann, T h is  J o u r n a l , 49, 236 (1927).
(3) T h is  experim ent was carried  o u t by  D r. C. H . M cKeever.
(4) B eund and  H erm s, J .  prakt. Chem., [2] 74, 123 (1906).

point after two recrystallizations from benzene was 244- 
246°.

Dibromomesityl Phenyl Ketone.—This compound was 
prepared by direct bromination of benzoylmesitylene in 
carbon tetrachloride.

2,4,6-Tribromophenyl Mesitoate.—This compound was 
prepared in 84% yield by condensing 2,4,6-tribromophenol 
with mesitoyl chloride. It crystallized from alcohol in 
colorless needles melting at 86°.

Anal.5 Calcd. for Ci6H130 2Br2: C, 40.26; H, 2.74.
Found: C, 40.56; H, 2.89.

Condensation of Hindered Esters with Aryl Grignard 
Reagents.—The reactions of a few hindered esters with 
certain aryl Grignard reagents have been studied. The 
arylmagnesium halides selected were those having no sub­
stituents in the para position. The results of this work are 
shown in Table II. Since the experimental details were 
very similar for all of these reactions, the procedure will 
be described only for one, viz., that between p -tolyl mesito­
ate and phenylmagnesium bromide.

p-Tolyl Mesitoate and Phenylmagnesium Bromide.— 
The reagent was prepared from 5 g. of magnesium and 28.2 
g. of bromobenzene in 50 cc. of «-butyl ether. A solution 
of 20.4 g. of p -tolyl mesitoate in 60 cc. of «-butyl ether was 
added, with stirring. The clear solution slowly became a 
deep wine color. The mixture was heated at 100° for two 
hours in an atmosphere of nitrogen.

The reaction mixture was decomposed with cold dilute 
hydrochloric acid and the aqueous layer extracted twice 
with ether. The ether solution was washed once with 
water, then with three 100-cc. portions of 10% sodium 
hydroxide. The sodium hydroxide solution was washed 
twice with ether, acidified with hydrochloric acid and ex­
tracted with ether. The ether solution was washed with 
water, dried over magnesium sulfate, and freed of solvent 
by evaporation. The residual p-cresol weighed 6.4 g.

The solvent was removed from the ether solution and the 
oil treated with alcohol. The ^-dimesitoylbenzene which 
separated was collected on a filter and washed with alco­
hol; yield 5 g. The filtrate was distilled under reduced 
pressure and small amounts of biphenyl and £-tolyl mesito­
ate were obtained.

Many of the products shown in Table II could be isolated 
only by distillation of the neutral portion of the reaction 
mixture under reduced pressure. The fractions obtained 
were then taken up in ethanol, and crystallization was in­
duced.

Condensation of Hindered Esters with Diaryl Ketones.—
The condensation reactions are listed in Table III. The 
starting materials, reaction temperatures, reagent, prod­
ucts and yields are given. Since the procedures used for 
these reactions are very similar, only two will be described 
in detail.

Benzoylmesitylene and ^-Tolyl Mesitoate.—A solution 
of 11.2 g. of benzoylmesitylene and 12.7 g. of ̂ -tolyl mesito­
ate in 60 cc. of 1:1 toluene-«-butyl ether mixture was 
added slowly to a solution of the binary mixture, Mg-Mgl2, 
prepared from 2.5 g. of magnesium and 12.7 g. of iodine in 
60 cc. of 1:1 ethyl ether-«-butyl ether mixture. The reac­
tion mixture was stirred in an atmosphere of nitrogen at

(5) T he analyses rep o rted  in  th is  p ap er are  m icroanalyses. T hey
were perform ed by  M iss M ary  S. K reger and  M r. L. G. Fauble.
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T a b l e  I

K e t o n e s "

K etone Y ield, %
M elting
point,
°C. S olvent

-—---------- ------- A nalyses, % — --------------- —
Calcd. F ound  

C H  C H
MesCOTol(m) 91 67 Ethanol 85.64 7.64 85.97 7.97
MesCOa-CioHj1 60 159 Ethanol 87.59 6.57 87.65 6.67
DurCOCeHs0 40 119
TipCOCöHö 81 97- 99 Methanol 85.66 9.15 86.01 9.39
TepCOCeHt* 81 85.70 8.28 85.41 8.40
m-MesCOC6H4COMes 94 149-151 Benzene-ethanol 84.30 7.08 84.33 7.00
£-MesCOC6H4COMes 44 244-246 Benzene 84.30 7.08 84.28 6.83
£-MesCOCioH6COMes 45 ƒ 171 

\  193.5
Ethanol-benzene 85.61

85.61
6.66 
6.66

86.04 
85.52

6.88
6.77

p-Txp CO CöHiCOTip 50 223-225 Ethanol-chloroform 84.71 9.35 84.49 8.98
£-TepCOC6H4COTepe 67 119-120 Ethanol 84.54 8.42 84.64 8.51
/ï-DurCOCeHiCODur 67 246 Chloroform-pet. ether 84.35 7.61 84.41 7.87
MesCOC6H3(CH3) COMes (1,3,4) 29 189 Ethanol-benzene 84.31 7.34 84.07 7.36
Br2MesCOCeH5 23 113 Ethanol 50.26 3.66 50.46 3.61
£-Br2MesCOC6H4COMes 27 274-277 Benzene-pet. ether 59.09 4.58 59.68 4.97
MesCOC6H3(OCH3)COMes(l,3,4) 35 210 Ethanol-benzene 80.96 7.05 81.12 7.09

° The radicals tolyl, mesityl, 2,4,6-1riisopropylpheny 1, 2,4,6-triethylphenyl and 2,3,5,6-tetramethylphenyl are repre­
sented by Tol, Mes, Tip, Tep and Dur, respectively. b This compound was prepared by Dr. M. D. Armstrong from 
oj-naphthoyl chloride and mesitylene by the Friedel-Crafts method. c This compound was prepared by B. C. McKusick 
by the Friedel-Crafts method. d B. p. 144-145° (3 mm.); 1.022; w20d 1.5648. * This compound was prepared by
Dr. C. H. McKeever by the method described for £-dimesitoy lbenzene.

T a b l e  II

E ste r

MesC02Tol(£)
MesCOsToKm)1

MesC02Tol(£) 
MesC02Tol(£) 
MesC02Tol(£) 
TipC02Tol(£) 
Tep C02Tol (ƒ>)'*

R e a c t io n s  o f  H in d e r e d  A r y l  E s t e r s  w it h  G r ig n a r d  R e a g e n t s

G rignard  reagent P roduct (%  yield) P ro d u c t (%  yield)

C6H5MgBr
CeHsMgBr

tf-CH3C6H4MgBr
m-CH3C6H4MgBr
m-CH3OC6H4MgBr
CeHsMgBr
CeHsMgBr

p -Cresol (74) 
m-Cresol (80)

^-Cresol 
Cresol 
Cresol 

p -Cresol 
p- Cresol

p-M esCOC6H4COM esa (34) 
^-MesCOCeHtCOMes (small amounts) 
<?-MesCOC6H4C6H5C
(1.3.4) MesCOC6H 3(CH3)COMes (29)
(1.3.4) MesCOC6H3(CH3)COMes (11)
(1.3.4) MesCOC6H3(OCH3)COMes (3.5) 
^-TipCOC6H4COTip" 
£-TepCOC6H4COTepö

" A mixed melting point with an authentic specimen prepared by the Friedel-Crafts method gave no depression. 6 This 
ester was made by the method1 described earlier for the para isomer; m. p. 38-39°. Anal. Calcd. for Ci7Hi80 2: C, 
80.30; H, 7.10. Found: C, 80.22; H, 7.37. c Identified by a mixed melting point with an authentic specimen.6
d This ester was made by the method1 described earlier for p -tolyl mesitoate; b. p. 170-171° (3 mm.); d2020 1.035; 
w20d  1.5435. Anal. Calcd. for C2oH2402: C, 81.04; H, 8.10. Found: C, 81.14; H, 7.85.

115° for five hours. The color gradually became a very 
deep red.

The reaction mixture was decomposed with cold dilute 
hydrochloric acid and the aqueous layer extracted twice 
with ether. The ether solution was washed once with 
water, then with three 100-cc. portions of 10% sodium 
hydroxide. The sodium hydroxide solution was washed 
twice with ether, acidified with hydrochloric acid and ex­
tracted with ether. The ether solution was washed with 
water, dried over magnesium sulfate, and freed from ether 
by evaporation. The residual ^-cresol weighed 4.3 g.

The solvent was removed from the original ether solution 
and the oil taken up in alcohol. ^-Dimesitoylbenzene 
separated and was collected on a filter and washed with 
alcohol; yield 7.4 g. A small amount (0.45 g.) of a bright 
yellow compound, m. p. 189°, was isolated. It was not 
identified.

The filtrate was distilled under reduced pressure; 2 g. of
(6) Fuson, A rm strong  and  Speck, J.  Org. Chem., 7, 297 (1942).

benzoylmesitylene and 3.4 g. of p-t olyl mesitoate were re­
covered.

a-Naphthoylmesitylene and £-Tolyl Mesitoate.—A solu­
tion of the binary mixture, Mg-Mgl2, was prepared from
2.5 g. of magnesium and 12.7 g. of iodine in 50 cc. of 1:1 
toluene-w-butyl ether. A solution of 13.7 g. of a-naph- 
thoylmesitylene and 12.7 g. of p -tolyl mesitoate in 40 cc. 
of the solvent was added slowly. The mixture was stirred 
at 115° for three hours under an atmosphere of nitrogen. 
It was then treated with dilute hydrochloric acid and 
washed as described in the preceding experiment, p- 
Cresol was obtained from the alkaline extract.

After the solvent was removed from the neutral portion, 
a solid separated. The mixture was treated with alcohol, 
and the solid material collected on a filter and washed with 
alcohol. The yield was 5.7 g. of 1,4-dimesitoylnaphtha- 
lene, which melted at 171°, after many recrystallizations 
from an alcohol-benzene mixture, and was yellow in color.

The alcohol filtrate was distilled under reduced pressure,
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T a b l e  III
C o n d e n s a t io n  of H in d e r e d  E st e r s  w it h  D ia r y l  K e t o n e s

Starting materials Reagent
Temp, of 

reaction, °C. Diketone Yield, %
MesC02Tol(/>)“ and MesCOCsH3 C2H6MgBr 115 />-MesCOC,H4COMes‘ 14
MesC02Tol(#>) and MesCOCsH* CeHsMgBr 115 *>-MesCOC.H4COMes‘ 13
MesC02Tol(£) and MesCOC6H5 MesMgBr 115 £-MesCOC,H4COMes 17
MesC02Tol(£>) and MesCOC«H6 Na 100 £-MesCOC3H4COMes‘* 8
MesC02Tol (p)a and MesCOCOV ZnCl2 115
MesC02Tol(£) and MesCOCJIr, Mg-Mgl2 116 £-MesCOC6H4COMes 40
MesCO.Tol(/>) and MesCOCJHs Mg-Mgl2 60 p-MesCOC«H4COMes 36
MesC02Tol(/>) and 1 ir2M es CO Cf,H5 Mg-Mgl2 60 ^-Br2MesCOCeH4COMes 27
MesC02Tol(£) and MesCOTol(w) Mg-Mgl2 115 (l,3,4)MesCOC6H3(CH3)COMes 32
MesC02Tol(£) and j»-MesCOC6H4OCH3 Mg-Mgl2 70 (l,3,4)MesCOC6H3(OCH3)COMes 35
MesC02Tol(/>) and m-MesCOC6H4COMes Mg-Mgl2 115 (1,3,4) (MesCO)3C6H3 13
MesC02C H / and MesCOC6H6 Mg-Mgl2 115
MesC02C6H2Br3(2,4,6) and MesCOCeH* Mg-MgU 100 ^-MesCOC6H4COMesfl
MesC02Tol(£) and MesCOC10H7(a) Mg-Mgl2 115 ^-MesCOCioHeCOMes 30
DurC02Tol(p)A and DurCOC«H3 Mg-Mgl2 60 ^>-DurCOC6H4CODur 54
TipC02Tol(p) and TipCOC6H3 C2H6MgBr 140 p-T ip CO CöH4COTip trace
TepC02Tol(£) and TepCOC3H3 Mg-Mgl2 115 p-T  ep COC6H4COT ep 16

a All reactions involving esters of ^-cresol yielded />-cresol as one of the products. 6 Propiomesitylene was also pro­
duced. c A trace of 2-mesitoylbiphenyl was formed also. d Mesitoic acid was formed in 13% yield. * Cresol and 
mesitoic acid were the only products isolated. The yields were very low. 7 A 58% yield of mesitoic acid was obtained. 
9 2,4,6-Tribromophenol was also a product. h This compound was prepared by B. C. McKusick from the acid chloride 
and ^-cresol; m. p. 138°, from alcohol. Anal. Calcd. for CisH2o02: C, 80.55; H, 7.47. Found: C, 80.02; H, 7.41.

and the following substances were isolated from the dis­
tillate; 3.2 g. of p -tolyl mesitoate, 2.0 g. of a-naphthoyl- 
mesitylene and 0.75 g. of 1,4-dimesitoylnaphthalene.

The 1,4-dimesitoylnaphthalene was found to have two 
crystalline forms. When the yellow compound was 
heated above its melting point (171°) for a few minutes or 
was treated with chromic acid in glacial acetic acid and 
then recrystallized from alcohol, colorless needles were ob­
tained. This colorless form showed a definite softening 
point at 171° and melted sharply at 193.5° to a bright 
yellow liquid, which when cooled rapidly gave the yellow 
solid.

This compound was synthesized from 1,4-dicyanonaph- 
thalene7 by way of the dicarboxylic acid and the acid chlo­
ride. Hydrolysis of the dinitrile by the method of Scholl 
and Neumann,8 gave a 76% yield of the crude acid. The 
acid was converted to the acid chloride by the method of 
Beund and Herms.4 The condensation of the impure acid 
chloride with mesitylene produced a mixture from which 
the diketone melting at 193.5° could be isolated.

A by-product, melting at 134° (cor.), was found to con­
tain nitrogen and is believed to be l-mesitoyl-4-cyano- 
naphthalene. Its origin may be traced to incomplete 
hydrolysis of the dinitrile giving rise to 4-cyanonaphthoic

(7) Newman, This J o u r n a l , 59, 2472 (1937).
(8) Scholl and Neumann, Ber., 55B, 118 (1922).

acid and eventually to the cyano ketone. It was purified 
by recrystallization from methanol and petroleum ether. 
It had a bright yellow color.

Anal. Calcd. for C2iHi7ON: C, 84.22; H, 5.75.
Found: C, 84.36; H, 5.85.

Summary
It has been shown that certain highly hindered 

benzophenones undergo acylation in an unsub­
stituted para position when treated with aryl
2,4,6-trialkylbenzoates. The generalized equa­
tion for the reaction is

The reaction takes place under the influence of 
Grignard reagents, the binary mixture (Mg- 
Mgl2) and certain other alkaline catalysts.
U rb  a n a , I l l in o is  R e c e iv e d  J u l y  27, 1942
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Note on Invertase Activity in Identical Mixtures in the Liquid and Frozen State1

B y Z. I. K ertesz

The publication of the following experiment was 
prompted by a recent article by Sizer and Joseph­
son dealing with enzyme2 kinetics as a function of 
temperature. These authors confirm the well- 
known fact that low temperatures do not inacti­
vate the enzymes, lipase, trypsin and invertase, and 
state that “a sharp break in the relationship of 
rate to temperature appears at 0 to —2°.” This 
observation is in harmony with and an extension 
of the writer’s findings with invertase activity 
measured between +40 and —40° and part of 
which was reported in an article3 dealing with the 
velocity of the reaction in undercooled solutions. 
In connection with this latter work some measure­
ments were performed in identical reaction mix­
tures of the rate of invertase action in the liquid 
and solid (frozen) state at the same temperature. 
These data, heretofore unpublished, gain addi­
tional interest by the observations of Sizer and 
Josephson and throw light on the suspected effect 
of change of physical state on the velocity of the 
reaction.

There is little to be added to the experimental 
technique described in my above article.3 If reac­
tion mixtures containing sucrose, invertase and 
buffer in water solution are quickly cooled, tem­
peratures as low as —9° may be reached without 
freezing the mixture. On the other hand, shaking 
of the test-tubes during cooling (or sometimes 
even moving them) is sufficient to cause a rapid 
solidification of the mixture. Single observa­
tions in liquid and frozen mixtures were performed 
at various temperatures between —2 and —8° 
but it was at —6.8° that the measurement of the 
two whole sets of determinations was most suc­
cessful. These results and a few others indicating 
the rate of reaction at 20° and at a lower freezing 
temperature ( — 17.8°) are given in Table I .

The hydrolysis appears to be much slower in 
the frozen mixture than in the liquid one. The 
high value for the first monomolecular constant 
“k” in the frozen mixture at —6.8° is believed to 
be caused by the higher velocity of the reaction

(1) Article III on “Water relations of enzymes.” Approved by 
the Director of the New York State Agricultural Experiment Station 
for publication as Journal Article No. 466, August 15, 1942.

(2) I. W. Sizer and E. S. Josephson, Food Research, 7, 200 (1942).
(3) Z. I. Kertesz, Z. physiol. Chem., 216, 229 (1933).

while the mixture was cooled and until it was 
frozen. The great difference in the velocity in 
the liquid and frozen state confirms the statement 
of Sizer and Josephson that the change in phase 
may be the cause of the break in the rate of en­
zyme action. I t is also apparent that no pre­
dictions concerning the rate of a reaction in the. 
frozen state can be made from determinations in 
liquid mixtures although it is not impossible that 
in the future some predictable relation may be 
found between the two factors.

The difference between the rate of hydrolysis 
in the liquid and frozen mixtures is also apparent 
in most samples of the lipase series of Sizer and 
Josephson, although this is not emphasized by 
these authors.

The reason for the drop in the velocity upon 
freezing may be the restricted availability of 
water for the hydrolysis. This may well be the 
case because previous observations indicated4 
that the amount of water available in invertase 
reaction mixtures has more effect on the velocity 
of the reaction than physical conditions as changes 
in the viscosity, for instance. The possibility 
of an effect of the freezing on the enzyme itself 
cannot be disregarded. This effect, if any, must 
be temporary because when frozen reaction mix­
tures were melted, they exhibited a normal ve­
locity of hydrolysis.

There is some uncertainty about the signifi­
cance of results obtained in enzyme reaction mix­
tures in the presence of glycerol, ethanol and other 
chemicals used in order to lower the freezing 
point. In the writer’s work difficulties were ex­
perienced with these materials in the study of in­
vertase action. They exerted considerable effect 
on the reaction above the freezing point, as is ob­
servable in the lipase hydrolysis data of Sizer 
and Josephson. The use of these materials would 
open easy avenues of approach to the problem 
but their effect on the reaction is definite but not 
constant (see the lipase table of Sizer and Joseph­
son) and thus there is an element of unreliability 
about results obtained by their use. The effect of 
these compounds seems to be again in changing 
the proportion of water available for the hydroly-

(4) Z. I. Kertesz, T h is  Jo u r n a l , 67, 345 (1935).
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T a b le  I
I n f l u e n c e  o f  T e m p e r a t u r e  a n d  C o n d it io n  on  t h e  V elo city  of  S u c r o se  H y d r o ly sis  b y  I n v er t a se

Reaction temp., °C .. . . 
Condition.......................

min.

20.2
Liquid

k X 106 min.
- 6 . 8

Liquid
k

60 259.6 120
410

120 255.6 1038
1215

240 273.8 1218
1395

360 222.8 1740 l
Av. 253.0

sis rather than by altering the physical character­
istics of the solutions.

Summary
The velocity of invertase action in a frozen

- 6 . 8  - 1 7 . 8
Frozen Frozen10* min. k X 10* min. k X 10»

30 233 (35.80) 2,820 0.265
62 7,200 .388
35 1038 10.54 10,080 .372
70 1218 10.62 17,280 .404
45 1563 10.32 20,160 .393
35 27,350 .201
60 28,970 .221
5 10.49 .321

mixture at —6.8° was only 27% of that in a like 
mixture in the liquid state. The diminished 
availability of water may be responsible for this 
phenomenon.
G e n e v a , N. Y. R e c e iv e d  A u g u st  20, 1942

[Co n t r ib u t io n  fr o m  t h e  Chem ic a l  L aboratory  of  t h e  S t a te  C o l l eg e  o f  W a sh in g t o n ]

Some Derivatives of 2-Propionyl-1 -naphthol
B y C. M . B rew ster  and G. G. W atters

Since the substitution of acyl and alkyl groups 
for nuclear hydrogen in phenols has given com­
pounds with marked germicidal properties, we 
have extended our study in this field by preparing 
some derivatives of 2-propionyl-l-naphthol, with 
changes in side chain and nucleus.

We have compared methods of preparation of
2-propionyl-l-naphthol1 and found little difference 
in yield, whether the process is carried out di­
rectly with a-naphthol or by intra-molecular re­
arrangement of the ester first formed through the 
action of the anhydride. However, the direct 
method requires fewer steps and we have been 
able to minimize the formation of purple by-prod­
ucts by the procedure given in the experimental 
part.

In attempting to prepare a di-acyl naphthol 
from 2-acetyl-1-naphthol by condensation with 
propionic acid, using zinc chloride as condensing 
agent, we obtained 2-propionyl-l-naphthol in 
good yield, the larger acyl group replacing the 
smaller. A similar replacement occurred when 
benzoic acid reacted with 2-acetyl-1-naphthol; 
however, the yield was very small. This replace­
ment recalls the method of preparation of higher 
members of the salol series, by heating salol with

(1) Witt and Braun, B er., 47, 3216 (1914); Fries, ibid., 54, 709
(1921) ; Stoughton, T h is  J o u r n a l , 57, 204 (1935).

eugenol or other phenols; the higher phenol re­
places the lower.2

When examining some crystals of 2-propionyl-
1-naphthol in subdued light, it was accidentally 
discovered that the compound shows marked tri- 
boluminescence, and this phenomenon persists 
whether the compound is dry or moistened with 
water or ethanol, even after removal of traces of 
impurities.

Reduction of acyl naphthols replaced the car­
bonyl oxygen by hydrogen and resulted in alkyl 
naphthols which showed an increase in germicidal 
activity. However, the pure reduced compounds 
on standing in the air slowly turned to brown oils 
and their preservation was difficult. I t was an­
ticipated that modification of the acyl side- 
chain might give compounds of greater stability, 
and such compounds have been made by conden­
sation of the acyl group with aldehydes.3 While 
there was marked reactivity with 2-propionyl-l- 
naphthol, we have been able to isolate only two 
derivatives in pure form. Acid condensing agents 
such as zinc chloride, aluminum chloride, or con­
centrated sulfuric acid produced marked color

(2) German Patent 111,656; also May and Dyson, “The Chem­
istry of Synthetic Drugs,” 4th edition, 1939. p. 219.

(3) Kostanecki, Ber., 31, 705 (1898); Pfeiffer, Kalckbrenner and 
Levin, J. prakt. Chem., 119, 109 (1928); Cheema, Gulati and Venka- 
taraman, J. Chem. Soc., 930 (1932).
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changes and complex products, while potassium 
hydroxide in aqueous or alcoholic solution caused 
less polymerization. The lower temperatures 
tended to inhibit the Cannizzaro reaction, and 
also decreased the tendency to polymerization.

The ethers of acyl and alkyl naphthols which 
are reported were somewhat difficult to prepare, 
which is characteristic of ortho substituted naph­
thols. They are more stable than the naphthols 
when heated or exposed to air.

Experimental
2-Propionyl-1 -naphthol.—We have carried out numerous 

trials of the methods reported by Goldzweig and Kaiser,4 
by Hantzsch5 and by Stoughton6 and obtained best yields 
from the following shortened modification of Hantzsch’s 
method. Two hundred grams of fused zinc chloride was 
crushed and warmed with 300 g. of propionic acid until 
dissolved. To the warm solution was added 300 g. of 
naphthol and the mixture heated under reflux in an oil- 
bath to gentle boiling (145-150°) for forty to fifty minutes. 
The solution became orange, then bright red; if allowed to 
become deep red, an undue proportion of tar is formed. 
The mixture was allowed to cool slowly and to stand over­
night, then gently warmed to 60° and diluted with an equal 
volume of warm glacial acetic acid. On standing over­
night large yellow-green crystals separated from the purple 
solution, and were filtered with suction, rinsed by suspen­
sion in 200 g. of 85% acetic acid, filtered and recrystallized 
from hot ethanol. A second crop of crystals was obtained 
from the purple mother liquor by warming with activated 
carbon. The hot filtrate was cooled and diluted, and the 
crystalline product recrystallized from ethanol. The com­
pound may be purified by solution in ethanol and 2% so­
dium hydroxide, which is then warmed with activated car­
bon, filtered and precipitated by neutralization with hydro­
chloric acid. The compound may also be purified by dis­
tillation in vacuo. A total yield of 200 g. was obtained; 
m. p. 81-82°.7

Crystals which were formed after melting and slowly 
cooling the dry compound gave the greatest brilliance of 
luminescence; when ground to a powder no further lumi­
nescence was observed.

2-Propionyl-l-ethoxynaphthalene.—Fifteen grams of 2- 
propiony 1-1 -naphthol and 75 ml. of ethanol were heated 
with a solution of 3 g. of sodium hydroxide in 10 ml. of 
water. This mixture was heated to gentle boiling under 
reflux and 8 g. of ethyl bromide was added drop by drop. 
After six hours of heating, 6 g. more of ethyl bromide was

(4) Goldzweig and Kaiser, J . prakt. Chem., 43, 95 (1891).
(5) Hantzsch, Ber., 39, 3096 (1906).
(6) Stoughton, T h is  J o u r n a l , 57, 202 (1935).
(7) On cooling an alcoholic solution of the compound, a crust of 

large transparent yellow-green plates formed. In dislodging these 
with a stirring rod, in a dark room, flashes of blue light were seen as 
the rod broke the mass of crystals beneath the mother liquor. This 
triboluminescence appeared when the compound was subjected to 
friction or to percussion, even after repeated recrystallization. The 
phenomenon persisted whether the crystals were dry or suspended in 
water or ethanol, and seemed to be an inherent property of the com­
pound.8

(8) R .  Ghigi, Gazz. chim. ital., 67, 278 (1927).

added and heating continued for six hours more. When 
a test with ferric chloride showed no coloration, the solu­
tion was cooled, neutralized and the brown oily product 
separated with ether, dried, and distilled in vacuo, giving 
a yellow viscous oil, b. p. 175-180° (15 mm.); yield, 
13 g.

Anal. Calcd. for Ci5H160 2: C, 78.85; H, 6.9. Found: 
C, 78.9; H, 7.0.

2-Propionyl-1 -naphthol Phenylhydrazone.—Yellow
plates from acetic acid, m. p. 136°.

Anal. Calcd. for C19Hi80N2:- N, 9.65. Found: N,
9.36.

2-Propyl-l-naphthol.—Preparation by the Clemmensen 
reduction method as given in detail by Coulthard, Mar­
shall and Pyman9 and reported by Stoughton10 required 
heating under reflux for twelve hours. The pale yellow 
oil, obtained by distillation in vacuo, solidified on standing 
and gradually turned brown; m. p. 48-50°. The germi­
cidal activity of this compound has been tested recently 
and reported to be superior to that of 2-propionyl-l-naph- 
thol.11

2-Propyl-l-ethoxynaphthalene.—Ten grams of 2-propyl-
1-naphthol and 50 ml. of methyl ethyl ketone with 2 g. of 
sodium hydroxide were warmed, giving a brown solution. 
Fifteen g. of ethyl iodide was added in small portions and 
heating under reflux continued for a total of fifteen hours. 
The solvent was distilled off, the brown oil dissolved in 
ether, washed with 2% sodium hydroxide, and the ether 
layer separated, dried and distilled. The opaque red- 
brown liquid was distilled twice in vacuo, giving a pale yel­
low oil, b. p. 294-296° (690 mm.).

Anal. Calcd. for CiöHisO: C, 84.11; H, 8.41. Found: 
C, 83.9; H. 8.5.

2-Propyl-l-w-butyloxynaphthalene.—Ten grams of 2- 
propyl-1-naphthol was dissolved in 50 ml. of methyl ethyl 
ketone, and warmed with a solution of 2.1 g. of sodium 
hydroxide in 5 ml. of ethanol and 5 ml. of water. The 
solution turned deep green. Powdered copper, 0.1 g., was 
added as catalyst, and 10 g. of w-butyl bromide added in 
small portions. The solution was boiled under reflux for 
twenty-four hours, the solvents removed by distillation, 
and the brown oily residue was washed with 2% sodium 
hydroxide, extracted with ether, and the ether extract 
dried. Distillation in vacuo gave a pale yellow oil, b. p. 
304-306° (692 mm.).

Anal. Calcd. for C17H22O: C, 84.3; H, 9.01. Found: 
C, 84.0; H, 9.1.

4-Bromo-2-propionyl-l-naphthol.—Fifty grams of 2- 
propionyl-l-naphthol was dissolved in 125 ml. of chloro­
form; to this was added slowly and with vigorous stirring a 
solution of 50 g. of bromine in 125 ml. of chloroform. 
Large volumes of hydrobromic acid were given off. After 
standing for thirty minutes, the solution was washed with 
water by decantation until no longer acid. The chloroform 
layer was separated, the chloroform distilled off, and the 
yellow mass crystallized from ethanol. Yellow needles 
were obtained in nearly quantitative yield; m. p. and

(9) Coulthard, M arshall and  P ym an , J .  Chem. Soc., 280 (1930).
(10) Stoughton, T h is  J o u r n a l , 67, 204 (1935).
(11) H. L. Cole, C. C. Prouty and E m ily  R . M eserve, T h is  J o u r ­

n a l , 63, 3523 (1941).
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m. p. when mixed with a sample prepared by Hantzsch’s 
method,12 98-99°.

4-Bromo-2-propionyl-l-ethoxynaphthalene.—A mixture 
of 5.6 g. of 4-bromo-2-propionyl-l-naphthol with 0.8 g. of 
sodium hydroxide in 4 ml. of water and 50 ml. of methyl 
ethyl ketone was heated, and 5 g. of ethyl bromide slowly 
added. After eight hours of heating under reflux, 3.0 g. 
more of ethyl bromide was added, and heating continued 
for a total of sixteen hours. The solvent was then distilled 
off, the residue washed and crystallized from ethanol, giv­
ing a yield of 3.8 g. of pale yellow needles, m. p. 68-69°.

Anal. Calcd. for Ci&Hi&02Br: Br, 26.03. Found: Br,
26.10.

4-Bromo-2-propionyl-l-w-propyloxynaphthalene.—A
mixture of 15 g. of 4-bromo-2-propionyl-1 -naphthol, 50 ml. 
of methyl ethyl ketone, and a solution of 2.2 g. of sodium 
hydroxide in 10 ml. of ethanol and 10 ml. of water was 
heated under reflux, and 12 g. of w-propyl bromide was 
added in small portions. After forty-eight hours of heating 
the solvent was distilled off, the oily layer taken up in ether 
and washed with 2% aqueous sodium hydroxide. The 
ethereal layer was separated, dried and distilled in vacuo. 
The light yellow oil had a slightly sweet odor; b. p. 298- 
303° (690 mm.).

Anal. Calcd. for CisHnC^Br: Br, 24.90. Found:
Br, 25.23.

4-Nitro-2-propionyl-1 -naphthol.—Ten grams of 2-pro- 
pionyl- 1-naphthol was powdered and suspended in 200 ml. 
of 50 % acetic acid. Ten ml. of concentrated nitric acid was 
diluted with 30 ml. of glacial acetic acid and added slowly 
to the vigorously stirred suspension. After five hours the 
mixture was diluted, filtered, and the solid crystallized 
from ethanol giving fine yellow needles, m. p. 162-163°.

Anal. Calcd. for C13H11O4N : N, 5.7. Found: N, 5.5.
The phenylhydrazone crystallized from ethanol in pale 

brown crystals which melted at 199-200°.
A nal. Calcd. for CigHnOgNs: N, 12.53. Found: N,

12.02.
2-Propionyl-j8-(2-chlorobenzylidene)-l-naphthol.—Five 

grams of 2-propionyl-l-naphthol and 5 g. of 0-chloro- 
benzaldehyde were suspended in 25 ml. of ethanol, cooled 
to 0°, and vigorously stirred. A solution of 50 g. of potas­
sium hydroxide in 35 ml. of water was added slowly during 
a period of one hour, and stirring at 0° continued for two 
hours, after which the mixture was allowed to stand at 
room temperature out of contact with air for two days. 
The dark red alcoholic solution was poured into 200 ml. of 
ice-water and neutralized with dilute hydrochloric acid. 
The yellow precipitate was filtered off and crystallized from 
hot ethanol. Long yellow needles were obtained which 
melted at 93-94°.

Anal. Calcd. for C20H16O2CI: Cl, 11.01. Found: Cl,
11.06.

(12) H an tzsch , Ber., 89, 3097 (1906).

4-Bromo-2-propionyl-/S“(2-chlorobenzylidene)-l-naph- 
thol.—Three grams of 4-bromo-2-propionyl-1-naphthol 
and 1.5 g. of o-chlorobenzaldehyde were dissolved in 25 ml. 
of 1,4-dioxane, cooled to 0°, and a solution of 30 g. of potas­
sium hydroxide in 20 ml. of water, also cooled to 0°, was 
added slowly over a period of two hours, with vigorous me­
chanical stirring. The solution turned dark red and a 
precipitate formed. The mixture was allowed to stand for 
two days out of contact with air and at room temperature, 
then poured into 100 ml. of ice-water and neutralized with 
dilute hydrochloric acid. The yellow precipitate was 
filtered and crystallized from ethanol, giving light yellow 
needles which melted at 129°.

Anal. Calcd. for C2oHi402ClBr: Cl and Br, 28.76.
Found: Cl and Br, 28.5.

As typical of the reactivity of aromatic aldehydes in the 
presence of condensing agents, when 10 g. of 2-propionyl- 
l-naphthol and 5 g. of benzaldehyde were warmed with 5 
g. of fused zinc chloride the viscous mass became yellow- 
brown at 70°, deepening in color as the temperature rose, 
until at 170° there was slight effervescence and the color 
changed to deep crimson. The temperature was held at 
170° for about ten minutes or until effervescence ceased. 
Upon dilution a gray-blue granular precipitate separated 
which was dissolved in acetic acid giving a red solution. 
Fractional precipitation by dilution with water gave suc­
cessive portions of the gray-blue precipitate; none of the 
fractions contained unchanged starting material, and all 
sintered with decomposition when heated to 175-180°.

When concentrated sulfuric acid was used as condensing 
agent, a red-brown solution was obtained which on dilution 
with water gave a flocculent cream-colored compound, 
which sintered when heated to 105°. With aqueous so­
dium hydroxide solutions at room temperature or below, less 
tar was formed than when solutions were heated. On dilu­
tion and neutralization, red viscous products were ob­
tained. The three condensing agents have been used with 
hydroxy and halogenated aldehydes with formation of 
deeply colored products, and we have been able to charac­
terize two which were formed from 0-chlorobenzaldehyde 
as described above.

Summary

1. A simplified method of preparation and 
purification of 2-propionyl-l-naphthol is reported. 
The compound shows marked triboluminescence.

2. A method of preparation involving direct 
replacement of a smaller by a larger acyl group is 
reported.

3. Ten new derivatives have been character­
ized, some of which are more stable than the par­
ent acyl and alkyl naphthols.
P u l l m a n , W a s h i n g t o n  R e c e i v e d  J u l y  20, 1942
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Saponins and Sapogenins, XX, Bethogenin and Trillogenin, New Sapogenins from
T r ill iu m  E rec tu m

B y S. Liebbrm an , 1 F. C. Chang, M . R. B arusch and  C. R. N oller

During the course of the isolation of diosgenin 
from commercial powdered beth root (Trillium 
erectum) by the procedure of Marker, Turner arid 
Ulshafer2 we have obtained a second sapogenin 
in an amount at least as great as the amount of 
diosgenin. This compound, which we have named 
“bethogenin,” has the molecular formula C27H40O4. 
I t  gives a yellow color with tetranitromethane 
and is precipitated by digitonin, suggesting that 
it is an unsaturated steroid sapogenin. Reaction 
with acetic anhydride in pyridine gave only a 
monoacetate, while benzoyl chloride and pyridine 
gave a monobenzoate. Two oxygen atoms ten­
tatively may be assumed to be the inert oxygen 
atoms in the side chain characteristic of steroid 
sapogenins. This makes it still necessary to ac­
count for one more oxygen atom.

Attempts to dehydrate bethogenin failed, in­
dicating that this oxygen atom is not a tertiary 
hydroxyl group. This was confirmed by a Zere- 
witinow determination which showed only one 
active hydrogen. On catalytic reduction in neu­
tral alcohol solution with hydrogen and palla­
dium catalyst, two moles of hydrogen were ab­
sorbed per mole of bethogenin. While isolation of 
a pure hydrogenated bethogenin has not yet been 
successful, acetylation of the reduction product 
gave a readily crystallized compound which 
proved to be a diacetate. From this it appears 
that bethogenin contains a carbonyl group.

In order to confirm this view, attempts were 
made to prepare a carbonyl derivative. It was 
found that bethogenin reacted with hydroxyl­
amine in pyridine to give a new compound but 
analyses indicated that this was a dioxime. At 
present such behavior is difficult to explain. One 
possibility is that bethogenin is a diketone with 
one very readily enolizable carbonyl group so that 
it gives the reactions both of a carbonyl group 
and of a double bond and hydroxyl group. How­
ever, all of the usual tests for an enol group gave 
negative results. Another possibility is that the 
second molecule of hydroxylamine reacted with 
the side chain. Indication that the side chain of

(1) R esearch A ssistan t on funds from  th e  Rockefeller Foundation.
(2) M arker, T u rn e r and  U lshafer, T h is  J o u r n a l , 62, 2542 (1940).

bethogenin behaves differently from that of other 
steroid sapogenins was obtained when it was found 
that bethogenin could not be converted into a 
pseudosapogenin.3 Heating with acetic anhy­
dride at 200° gave only uncrystallizable gums.

A third sapogenin has been isolated in small 
amount which appears to be unique among the 
known steroid sapogenins in that the two charac­
teristic inert oxygen atoms are lacking. This 
compound has the empirical formula C27H48O4 
and yields a tetraacetate, C30H56O8. Nothing 
further has been done with this compound be­
cause of the small amount of material that has 
been available. One is inclined to speculate that 
the customary side chain has been reduced with 
the formation of an open chain and two free hy­
droxyl groups. For this substance we suggest 
the name “trillogenin.”

A very small amount of a fourth sapogenin, 
which appears to be identical with chlorogenin, 
also has been isolated.

The authors are indebted to Dr. L. F. Fieser 
for his interest in this problem and for permitting 
one of us (F. C. C.) to spend some time in this 
Laboratory working on the problem.

Experimental
Diosgenin and Trillin.—Ten pounds of powdered beth 

root4 was extracted and hydrolyzed according to the pro­
cedure of Marker, Turner and Ulshafer.2 The crude dios­
genin was filtered from the second hydrolysis mixture and 
weighed only 15 g. It could not be purified readily by 
crystallization but on extraction in a Soxhlet apparatus 
with 60-70° ligroin, the diosgenin was removed and then 
readily purified by crystallization from acetone.

The unextracted residue amounting to 2.7 g. was puri­
fied by crystallization from glacial acetic acid and melted 
at 269.5°-271° when the capillary tube was placed in a 
preheated bath; [a]26D —103.4°, [<z]26Hg —127.2° in di­
oxane. This substance is the ‘‘trillin’’ of Marker and Krue­
ger5 as shown by analysis, conversion to the acetate, and 
further hydrolysis to diosgenin. Our analysis checks bet­
ter for the anhydrous compound than for the hemihydrate 
of Marker and Krueger.

Anal. Calcd. for C33H52O8: C, 68.7; H, 9.1. Found:
C, 69.3; H, 9.0.

(3) M ark er an d  co-workers, ibid., 62, 518, 648, 898 (1940).
(4) Pu rchased  from  S. B. Penick  and  C om pany a n d  described  in 

th e ir price lis t as “ T rillium  erectum  an d  species."
(5) M arker an d  K rueger, T h is  J o u r n a l , 62, 2548 (1940).
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The acetate, m. p. 204-205°, has a rotation of [ck]30d 
-71.4°; [a]30Hg —80.2° in dioxane.

Chlorogenin.—The aqueous alcoholic acid filtrate and 
washings from the crude diosgenin after standing for sev­
eral days deposited about 0.2 g. of material which, after 
several recrystallizations from methyl alcohol, melted at 
262-272° and did not depress the melting point of chloro­
genin, m. p. 270-274°, but depressed the melting point of 
gitogenin and of trillin. Conversion to the acetate did not 
give enough product to purify to a melting point above 
130°.

Bethogenin.—When the above alcoholic filtrates were 
poured into a large volume of water, a black tar precipi­
tated. This was dissolved in 500 cc. of alcohol, just suf­
ficient water added to prevent miscibility with 60-70° lig­
roin and the solution exhaustively extracted in a continu­
ous liquid extractor with 60-70° ligroin. The ligroin ex­
tract on concentration left a yellow semi-solid residue 
weighing 20 g. which on repeated crystallization from 
methyl alcohol gave long white needles with a maximum 
melting point of 182-185°. Purification takes place more 
readily from a diluted rather than from a hot saturated 
solution. If the bethogenin was prepared by hydrolysis 
of the acetate with methyl alcoholic potassium hydroxide 
solution or by recrystallization from alcohol containing 
potassium hydroxide, a product was obtained melting at 
193-194°. When this was recrystallized from pure methyl 
alcohol, the melting point dropped to 184-186° and on a 
second recrystallization to 163-182°. A sample which 
melted at 180-184° when first prepared melted at 160-173° 
after standing’ two weeks. The first two analyses given 
below are on material which had been purified by crystalli­
zation from methyl alcohol alone, while the second two are 
on samples that had been crystallized from alkaline alcohol. 
Bethogenin as obtained by crystallization from methyl alco­
hol contains solvent of crystallization. All samples were 
dried for analysis at 110° and 20 mm. to constant weight.

Anal. Calcd. for C27H40O4: C, 75.67; H, 9.40; one OH, 
3.97; mol. wt., 428.6. Found: C, 75,60, 75.06, 75.55, 
75.60; H, 9.70, 9.87, 9.50, 9.96; OH (Zerewitinow), 3.84; 
mol. wt. (Rast), 442; [ck]24d —98.4° in dioxane.

Bethogenin gives a yellow color with tetranitromethane 
and is precipitated from alcoholic solution with digitonin. 
The ferric chloride test for enols, the Legal test, the Rosen­
heim test and the Zimmermann-Jaffee reaction were all 
negative. In the Lieberman test, a red color was formed 
which slowly darkened to a deep green.

The acetate was prepared by adding 12 cc. of acetic 
anhydride to 1.97 g. of bethogenin dissolved in 20 cc. of 
pyridine and allowing the solution to stand for one hour. 
The product crystallized and was filtered, washed with 
water and crystallized twice from a mixture of four parts 
ethyl alcohol and one part benzene. It melted at 230-232 0 
and gave a yellow color with tetranitromethane.

Anal. Calcd. for C29H42O5: C, 74.01; H, 8.99. Found: 
C, 73.50, 74.00, 74.62; H, 9.70, 9.89, 9.00; [<*]24d -94.4° 
in dioxane.

When 1 g. of bethogenin in 6 cc. of acetic anhydride and 
6 cc. of pyridine was heated in a sealed tube at 100° for 
twenty hours,6 a brownish colored solution resulted from 
which only the monoacetate could be isolated.

A solution of 0.24 g. of bethogenin in 10 cc. of dry pyri­
dine was treated with 3 cc. of benzoyl chloride and allowed 
to stand overnight. After removing the pyridine under 
reduced pressure, water was added and the precipitate 
washed with hot water to remove benzoic acid. The resi­
due was crystallized from methyl alcohol and gave 0.15 g. 
of the benzoate as needles, m. p. 190-191. Three more 
crystallizations from 1:4 benzene-methyl alcohol mixture 
raised the melting point to 212-215°.

Anal. Calcd. for C34H4405: C, 76.65; H, 8.33. Found: 
C, 76.97; H, 9.10; [<*]24d -65.1° in dioxane.

Tetrahydrobethogenin Diacetate.—A mixture of 1.5 g. 
of bethogenin, 0.3 g. of palladium oxide and 200 cc. of ethyl 
alcohol was shaken overnight under hydrogen at a pressure 
of 30 pounds per square inch. The mixture was filtered 
to remove the palladium and the filtrate evaporated to dry­
ness. This product could not be crystallized readily from 
any of the common organic solvents. Crystallization did 
take place from 75% aqueous methyl alcohol but constant 
melting material could not be obtained even after thirteen 
crystallizations.

Acetylation of 0.86 g. of the crude product with 5 cc. of 
acetic anhydride in 7 cc. of pyridine gave 0.77 g., m. p. 
126-129°. After fourteen crystallizations from ligroin 
(60-70°) the melting point was constant at 141-144°. 
It gave a negative test for unsaturation with tetranitro­
methane.

Anal. Calcd. for C3iH4s0 6: C, 72.05; H, 9.37. Found: 
C, 71.87, 72.30; H,.9.25, 9.66; M 24d -156° in dioxane.

A smaller sample of bethogenin in a semi-micro appa­
ratus showed absorption of four atoms of hydrogen per mole.

Reaction of Bethogenin with Hydroxylamine.—A solu­
tion of 0.5 g. of bethogenin and 0.4 g. of hydroxylamine 
hydrochloride in 4 cc. of pyridine and 4 cc. of absolute alco­
hol was heated on the steam-bath for one hour and the 
flask allowed to stand overnight. The precipitate was 
filtered, washed with 95% alcohol and crystallized from 
absolute alcohol to a constant melting point of 241-243°.

Anal. Calcd. for C27H42O4N2: C, 70.72; H, 9.22; N,
6.11. Found: C, 70.42, 70.40; H, 9.54, 9.96; N, 5.94, 
5.92.

Attempts to hydrolyze the reaction product to the origi­
nal compound were unsuccessful.

Attempts to Prepare a Pseudobethogenin.—Three at­
tempts were made to convert bethogenin into a pseudo­
bethogenin. In the first bethogenin was heated with 
acetic anhydride at 200°, in the second bethogenin acetate 
was heated with acetic anhydride at 165° and in the third 
run bethogenin acetate and acetic anhydride were heated 
at 200°. Only unchanged acetate or resinous products 
could be isolated.

Trillogenin.—After standing for several months, the 
methyl alcohol solution which had been extracted with 
ligroin deposited a few tenths of a gram of precipitate 
which, after several crystallizations from methyl alcohol, 
melted at 206-210°; [ a ] 24D -41.6; [a]24Hg -54.3 in
dioxane. The substance does not give a color with tetra­
nitromethane and gives marked depressions in melting 
point when mixed with diosgenin or tigogenin.

Anal. Calcd. for C27H48O4: C, 74.26; H, 11.08.
Found: C, 73.74, 74.17; H, 11.05, 11.08.(6) Steiger an d  R eichstein , Helv. Chim. Acta, 20, 823 (1937).
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The compound was recovered unchanged after several 
hours of refluxing with alcoholic hydrochloric acid, proving
that it is not a prosapogenin. When refluxed with acetic 
anhydride and sodium acetate, an acetate was obtained 
which, after several crystallizations from aqueous methyl 
alcohol, melted at 102-103°; [c* ]24d  0°; [ a ] 24H8 —3.5° in 
dioxane.

Anal. Calcd. for C^H^O^CHaCOL: C, 69.51; H,
9.33; acetyl, 28.48. Found: C, 69.97; H, 9.28; acetyl,
29.86, 29.52.

Summary
Bethogenin, a new sapogenin having the em­

pirical formula C27H40O4, has been isolated from

the hydrolysis products of extracts of powdered 
beth root (Trillium erectum). I t appears to be 
an unsaturated steroid sapogenin with one hy­
droxyl group and one carbonyl group.

Another new sapogenin, trillogenin, having the 
empirical formula C27H48O4, has been obtained 
in very small amount. This compound is satu­
rated and is unique among the known steroid 
sapogenins because it lacks the two characteristic 
inert oxygen atoms, all four oxygen atoms being 
accounted for by hydroxyl groups.
Stanford U niv ., Calif. R eceived N ovember 5,1941

[C o n t r i b u t i o n  f r o m  t h e  C o b b  C h e m ic a l  L a b o r a t o r y  o f  t h e  U n i v e r s i t y  o f  V i r g i n i a ]

Halogen Compounds Derived from 4-Methyl-2,5-diphenylfuran
B y  R obert E . Lutz and  C. E dw ard  M cG i n n 1

The bromination of this furan was of interest 
in connection with orientation2 and the synthesis 
of certain brominated cis unsaturated diketones 
which could not easily be made otherwise.

The bromination of methyldiphenylfuran (I) 
proceeded stepwise with the formation succes­
sively of the mono,3 tri and tetrabromo deriva­
tives (II, III and IV).

CHs—C------- C—-H CHs—C------- C—Br
1! II II II

C6H 5— C s ^ / C — c 6h 6 C6H 5— Cv /C —C6H 5 
X V

I II
CH3— C------- C—B r B rC H 2—C-—— C—Br

II II „  „ il II
BrCgHi—C \^  / E  C6H 4B r B r C e H ^ C ^ / C - —C6H 4Br

III IV
Zinc and acetic acid reduced only the tetra­

bromo derivative and eliminated but one bro­
mine to give the tribromo compound. The last 
bromine introduced therefore must have been ali­
phatic and located on the methyl group; and the 
three bromines of the tribromo compound must 
be aromatic. The tribromo compound on oxida­
tion first with nitric acid and then with potassium 
permanganate gave more than one molecule of p- 
bromobenzoic acid, showing that two of the halo­
gens occupied the two phenyl para positions. 
The remaining bromine atom, evidently the first 
introduced, must, therefore, be in the furan /Lposi-

(1) P resent location , N a tio n a l Aniline Division, Allied Chem ical 
and  D ye Corp., Buffalo.

(2) L u tz  and  K ibler, T h is  J o u r n a l , 62, 1520 (1940).
(3) Lutz and Stuart, i b i d . ,  59, 2316 (1937).

tion {cf. II). This was confirmed by nitric acid 
oxidation of the monobromo derivative (II) to 
the unsaturated bromo 1,4-diketone3 (V) and re­
duction of this to the saturated diketone (VI) 
with loss of the bromine. The structures of the 
three bromination products therefore are as rep­
resented in formulas II, III and IV.

CH3 Br
HNOs I I Red.

I I ------- > C = C  -------^
I I

c6h 5co coc6h 5
V

CHs
I

C6H5COCHCH2COC«H5
VI

Each of the three brominated furans (II, III and
IV) could be oxidized by the nitric-acetic acid 
reagent to the corresponding unsaturated 1,4- 
diketones (V, VII and IX) which are presumed 
to be cis from the mode of formation. The first 
of these oxidation products (V) already has been 
reported 3 The other two (VII and IX) could be 
converted into the saturated diketone (VIII) by 
reduction with zinc and acetic acid and into the 
furan (X) by reduction under dehydrating con­
ditions.

The ris-di- [bromobenzoyl] -propylene (XI) has 
become available through oxidation of the corre­
sponding furan (X). This new unsaturated dike­
tone in turn was reduced to the saturated dike­
tone (VIII) and to the furan (X).

Unfortunately, it has not yet been possible to
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h n o 3
I I I ------- >>

CH, Br

C = C
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make any of the corresponding trans-compounds 
in this series. One important approach which 
should have led directly to the trans-isomer of XI 
was blocked by the failure of the Friedel-Crafts 
reaction between bromobenzene and mesaconyl 
chloride to go beyond the first stage, namely, 
the formation of /3-bromobenzoyl-/^methylacrylic 
acid.4

Experimental
3-Methyl-2,5-di(£-bromophenyl) -furan (X).—This furan 

was obtained in excellent yields by the stannous chloride 
reduction of 1 -bromo-1,2-di-(^-bromobenzoyl) -propylene 
(VII), l,2-di-(£-bromobenzoyl)-propylene (XI), and 1,3- 
dibromo-1,2-di-(£-bromobenzoyl) -propylene (IX). The 
following procedure is general.

A mixture of 30 ml. of coned, acetic acid, 25 ml. of coned, 
hydrochloric acid and 18 g. of stannous chloride was heated 
to boiling under mechanical stirring; 5 g. of (XI) in 15 ml. 
of coned, acetic acid was added; heating was continued 
for five minutes; and cooling and dilution with water 
gave a crystalline product. Recrystallizations from ethyl 
acetate raised the melting point to 158-159°. The yield 
of nearly pure product was 3.1 g.

Anal. Calcd. for Ci7Hi2Br20: C, 52.07; H, 3.09.
Found: C, 52.12; H, 3.87.

3-Bromo-2,5-di-(^-bromophenyl) -4-methyl-furan (III).
This compound was obtained directly by bromination of
3-methyl-2,5-diphenylfuran (I) by the calculated amount 
of bromine in chloroform solution but the method was im­
practical because of the difficultly separable mixture of 
bromination products which was obtained. The prepara­
tion is as follows:

A mixture of 2 g. of 3-bromo-4-bromomethyl-2,5-di-(/>- 
bromophenyl)-furan and 2 g. of zinc dust in 70 ml. of coned, 
acetic acid was refluxed for five minutes and filtered. 
Upon dilution with water and crystallizing the resulting 
precipitate from a chloroform-ethanol mixture, 1.6 g. of 
nearly pure product (III) was obtained. Repeated crys­
tallizations from chloroform-ethanol mixtures raised the 
melting point to 168-169°.

A nal. Calcd. for Ci7HnBr80: C, 43.35; H, 2.36.
Found: C, 43.04, 43.03; H, 2.66, 2.66.

Zinc dust and boiling coned, acetic acid was without ac­
tion on this compound.

3-Bromo-4~bromomethyl-2,5-di-(p-bromophenyl)-furan 
(IV).—A solution of 30 g. (4.1 moles) of bromine in 50 ml. of

chloroform was added to 10 g. of methyldiphenylfuran (I) 
in 100 ml. of chloroform. The mixture was allowed to 
stand for twenty hours at room temperature, during which 
time hydrogen bromide was evolved, and a colorless crys­
talline product separated. Filtration, evaporation and 
finally dilution with ethanol gave successive crops totalling
17.9 g. (75%). After repeated crystallization it melted 
at 212-213°.

Anal. Calcd. for Ci7Hi0Br4O: Br, 58.15. Found: 
Br, 58.33.

as-l,4-Di-(£-bromophenyl)-2-methyl-2-butenedione-l,4
(XI).—A mixture of 5 ml. of coned, nitric acid and 15 ml. 
of coned, acetic acid was added to a suspension of 2,5-di- 
(^-bromophenyl)-3-methylfuran (X) in 20 ml. of coned, 
acetic acid. After one hour at room temperature the mix­
ture was diluted with water and the product crystallized 
from ethanol (yield 1.8 g.). Repeated crystallization from 
this solvent brought the melting point to 115-116°.

Anal. Calcd. for Ci7Hi2Br20 2: C, 50.0; H, 2.96. 
Found: C, 49.71; H, 3.08.

Sunlight was without action on a chloroform-iodine 
solution of this compound.

cis-1 -Bromo-1,4-di-(£-bromophenyl) -2-methyl-2-bu- 
tenedione-1,4 (VII).—A mixture of 5 ml. of coned, nitric 
acid and 15 ml. of coned, acetic acid was added to a suspen­
sion of 5 g. of the furan (III) in 25 ml. of coned, acetic 
acid. After heating for one hour at 50°, diluting with ice- 
water and crystallizing the product from ethanol, 4.7 g. 
(91%) of VII was obtained. Recrystallization from 
ethanol brought the melting point to 119.5-120°.

Anal. Calcd. for Ci7HnBr,02: C, 41.90; H, 2.28; 
Br, 49.23. Found: C, 41.46; H, 2.40; Br, 48.83.

cw-l-Bromo-2-(bromomethyl) -1,4-di-(£-bromophenyl) - 
2-butene dione-1,4 (IX).—A mixture of 10 ml. of coned, 
nitric and 30 ml. of coned, acetic acids added to a suspen­
sion of 5 g. of IV, was heated for one hour at 50 0 and diluted 
with water. The product was crystallized from ethanol 
(4.5 g., 90%), and after further crystallization it melted at 
117-117.5°.

Anal. Calcd. for Ci7Hi0Br4O2: C, 36.1; H, 1.78; Br,
56.40. Found: C, 35.77; H, 2.13; Br, 56.83.

Sunlight was without action on a chloroform-iodine 
solution.

l,4-DI“(£-bromophenyi)-2-methylbutanedione-l,4 (VIII).
—The following procedure was employed using at will, 
VII, IX or XI.

A mixture of 5 g. of VII, 5 g. of zinc dust and 100 ml. of 
coned, acetic acid was refluxed for fifteen minutes, filtered 
and diluted with water. Extraction with ether, washing(4) L u tz an d  T ay lor . T h is  J o u r n a l , 55, 1168 (1933).
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the extract with water, evaporation and crystallization of 
the residue gave 3 g. of colorless prisms which after repeated 
crystallizations from ethanol melted at 120-120.5°.

Anal. Calcd. for CivHi4Br202: Br, 39.0. Found:
Br, 38.93.

Summary
Bromination of 3-methyi-2,5-diphenylfuran in­

volves successive substitutions in the furan ^-po­

sition, the phenyl para positions and in the methyl 
group.

The various brominated furans of this series 
have been oxidized to cis unsaturated diketones 
and these in turn have been reduced. The dike­
tones of the di-£-bromophenyl series have become 
available through these reactions. 
C h a r l o t t e s v i l l e , Va . R e c e i v e d  J u l y  16, 1942

[C o n t r i b u t i o n  f r o m  t h e  C o b b  C h e m ic a l  L a b o r a t o r y  o f  t h e  U n i v e r s i t y  o f  V i r g i n i a ]

The Conversion of Unsaturated 1,4-Diketones into Furans and Hydroxyfuranones
B y R obert E. Lutz and C. E dward M cG in n 1

It would be expected that cis unsaturated 1,4- 
diketones would be somewhat more reactive than 
trans. This is the case with the stereoisomeric 
dibenzoylchloroethylenes (I) where only the 
m-isomer reacts under the usual conditions 
with acetic anhydride and with acetyl chlo­
ride (with sulfuric acid as catalyst) to give, 
respectively, the acetoxychlorodiphenylfuran 
and dichlorodiphenylfuran (III).2 However, 
both the cis- and trans-dibenzoylchloroethy- 
lenes react easily with hydrogen chloride in 
95% ethanol to give the same mixture of di- 
chlorodiketone (IV) and furan (III)3, and in 
absolute ethanol to give the ethoxyfuranone 
(II).4 This report deals with more reactions 
of these types.

Certain of the cis unsaturated diketones 
which have been difficult if not impossible to

cessfully in the preparation in quantity of cis- 
dibenzoylmethylethylene (VI) as is outlined in the 
diagram.
C6H5CO—C—CH*

II
-C—COCeHs

Sunlight
H -
V

CeHgCO— C— CH*
II

C6H5CO— C - H
VI
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C6H6—C
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c —c6h 5
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II || CcH6COCH( Cl) CH( Cl) COCeHs

C6H6—Cx  /C —C6H6
X x meso IV

III
make from the /m^-isomers by the sunlight inver­
sion can now be made in good yield through the 
corresponding furan by oxidation by means of 
nitric acid. This method has been applied suc-

(1) P resen t location, N a tio n a l Aniline D ivision, Allied Chem ical 
and  D ye Corp., Buffalo.

(2) L utz, S tu a rt, W ilder and  Connor, T h is  J o urn al , 59, 2314 
(1937).

(3) L u tz  and W ilder, ibid., 56, 1193 (1934).
(4) L utz, W ilder and P arrish , ibid., 56, 1980 (1934).

The cis- and trans-dibenzoyImethylethylenes 
(VI and V) are converted readily into the bromo- 
furan (VII) by hydrogen bromide in acetic acid, 
but it has not been possible under the experimental 
conditions to determine the relative ease of reac­
tion in the two cases. In the reaction with acetic 
anhydride and sulfuric acid at room temperature, 
on the other hand, the trans-compound did not 
react whereas the cis-isomer was converted in 
good yield into the acetoxyfuran (X). Similarly 
the /raws-compound did not react with benzoic 
anhydride and sulfuric acid whereas the cis-isomer 
did (although, unfortunately, not to give a crys­
talline product). Incidentally, it has since been 
found that in the medium acetic anhydride, acetic 
acid and zinc chloride, /raws-dimesitoylethylene is 
reduced catalytically to the saturated diketone 
in the normal fashion whereas the cis-isomer in-
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stead is converted into the acetoxyfuran by ad­
dition and dehydration.5

There probably is some special reason, other 
than the slightly higher energy content, for the 
greater reactivity of the cis as compared with the 
trans unsaturated 1,4-diketone. Possibly actual 
interaction of the two spatially proximate car­
bonyl groups is involved to give resonance hy­
brids such as XI and XII, which might facilitate 
the reaction with acetic anhydride or combina­
tion with the catalyst {cf. X III, XIV).6

Each of the compounds discussed above car­
ries in the chain posi­
tion a hydrogen atom

and where both the furan and the hydroxyfuran- 
one theoretically might result [cf. the conversion 
of the cis- and /rans-dibenzoylchloroethylenes (I) 
into the ethoxyfuranone (II3»4)].

The formation of hydroxyfuranone types from 
suitably substituted unsaturated 1,4-diketones 
has already been utilized in a method of synthesis 
of 4-benzoyl-2-hydroxy-2,5-diphenylfuranone-3.7 
Other examples of this type of reaction have been 
sought and found; these reactions, including both 
old and new ones, are illustrated in the following 
diagram.

which makes possible 
elimination of an acid 
molecule or its equiva­
lent to form the double 
bond needed to com­
plete the conjugated 
system of the furan 
nucleus {cf. XIV). If 
this chain hydrogen
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were not available, as is the case with completely 
substituted unsaturated diketones such as XV, the
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formation of a furan would be impossible. How­
ever, with an oxygen or halogen atom at one of 
these chain positions, a reaction still could proceed 
by a mechanism similar to that suggested above 
but with the formation in the end of a 2,3-hydroxy- 
fur anone derivative of the type XVI or XVII. 
This latter type of reaction has in fact been ob­
served even when a chain hydrogen is available

The trans unsaturated diketones corresponding 
to XV-b and c are not known and work is being 
undertaken to complete some suitably substituted 
cis-trans pairs for comparison with respect to 
relative facility of this type of reaction.

Experimental
£raws-2-Methyl-l,4-diphenyl-2-butenedione-l,4 (V).— 

Earlier preparations8 were not satisfactory. From a long 
series of experiments carried out under varied conditions, 
it was found that temperature control and rapid working- 
up of the product were very important factors. The direc­
tions finally evolved were practically identical with those 
which have since been published.9

cw-2-M ethyl-1,4-diphenyl-2-butenedione-l,4 (VI) .--A  
mixture of 10 ml. of coned, nitric and 30 ml. of coned, 
acetic acids at 10° was added to a solution of 10 g. of the 
furan (VIII) in 50 ml. of coned, acetic acid (also at 10°). 
Immediate reaction occurred with evolution of oxides of 
nitrogen, and after standing for five minutes 200 ml. of 
water was added. The viscous resinous precipitate was 
isolated by extraction with ether and evaporating.. The 
product crystallized from ethanol; 8.7 g. (81%). It was 
identified by mixture melting point with a sample made 
by the sunlight inversion method.10 The yields were 
lowered when the reactions were carried out at higher 
temperatures or over longer periods of time.

Reduction with zinc dust and coned, acetic acid at 100° 
gave the saturated diketone (IX) in excellent yields.

(5) L u tz , R eveley  an d  M atto x , T h is  J o u r n a l , 63, 3171 (1941).
(6) T h e  idea of in te rac tio n  of th e  tw o  carbonyls  to  give a  ring 

form  in  an  equilibrium  or oscillating  system  is n o t new  [cf. the  perox­
ide fo rm ula  for cts-d ibenzoylethylene suggested by  Smedley [ / .  
Chem. Soc., 75, 219 (1909)].

(7) L u tz  and  Sm ith , T h is  J o u r n a l , 63, 1148 (1941).
(8) L u tz  and  T ay lor, ibid., 55, 1177 (1933) ; S tu a rt, D isserta tion , 

U niversity  of V irginia, 1936, p. 100.
(9) Fuson, F lem ing and  Johnson, ibid., 60, 1994 (1938).
(10) L u tz  and T aylor, ibid., 55, 1168 (1933).
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Attempts to obtain a crystalline ethylene oxide from 
the as-compound (VI) by the action of hydrogen peroxide 
were unsuccessful and only non-crystalline products were 
obtained.

3-Methyl-2,5-diphenylfuran (VIII).—A mixture of 250 
ml. of coned, acetic acid and 200 ml. of coned, hydrochloric 
acid was heated to boiling, and 128 g. of stannous chloride 
was added, followed by 35 g. of Jraws-dibenzoylmethylethyl- 
ene (V) in 100 ml. of coned, acetic acid. Heating was 
continued for five minutes during which time an oil sepa­
rated. Upon cooling and diluting with 700 ml. of water 
and crystallizing the product once from ethanol, 31.3 g. 
(96%) of nearly pure furan was obtained (m. p. 58-59°). 
This melting point corresponds with that given in the 
literature.11

Equally good results were obtained using the cis un­
saturated diketone (VI).

3~BromO“2,5-diphenyl-4-methy!furan (VII).12—A solu­
tion of 1 g. of the furan (VIII) in 20 ml. of chloroform was 
treated with 0.8 ml. of bromine. The bromine color was 
discharged and hydrogen bromide was evolved. Evapora­
tion and crystallization of the residue from ethanol gave 
1.1 g. of the bromofuran (VII).

In another experiment, 5 g. of the cis unsaturated dike­
tone (VI) was suspended in 50 ml. of acetic anhydride and 
treated with 10 ml. of 30% hydrogen bromide in coned, 
acetic acid at 0°. Three drops of coned, sulfuric acid 
were added and after fifteen minutes the mixture was 
hydrolyzed with water. The product was crystallized 
from ethanol and identified as the bromofuran (VII) 
(yield 5.1 g.).

3-Acetoxy-4-methy 1-2,5-diphenylfuran (X).—A solution 
of 5 g. of the cis unsaturated diketone (VI) in 20 ml. of 
acetic anhydride was cooled to —5° and three drops of 
coned, sulfuric acid were added. The temperature was 
not allowed to rise above —1°. After standing for five 
minutes the solution was poured into 200 ml. of water. 
When crystallization was complete the product was re­
crystallized from isopropanol (yield 3.7 g. or 68%).

In a similar experiment on a larger scale in which the 
temperature was allowed to rise to 25° the yield was lower 
(about 50%).

The compound crystallizes as yellowish needles but 
undergoes vacuum evaporation onto a cold-finger conden­
ser as colorless needles of m. p. 94-95°.

Anal. Calcd. for Ci9Hi60 3: C,78.06; H, 5.52. Found: 
C, 78.18; H, 5.58.

Attempts to obtain a chlorofuranone from this com­
pound by means of phosphorus pentachloride, thionyl 
chloride and phenyliodochloride produced only non­
crystalline materials. In the case of thionyl chloride a 
small yield (5%) of the dimolecular oxidation product, 
2-bis-(4-methyl-2,5-diphenylfuranone-3), was obtained and 
identified by mixture m. p.12

2-Bromo-4-methyl-2,5-diphenylfuranone-3 {cf. XVI- 
c,g).—A solution of 0.8 g. of bromine in 8 ml. of carbon 
tetrachloride was added to a solution of 1.0 g. of the 
acetoxyfuran (X) in 15 ml. of the same solvent. The color 
was discharged by refluxing for a short time. Evaporation 
and crystallization of the residue from ligroin gave 1 g.

(11) L auer and  Spielm an, T h is  J o u r n a l , 68, 4924 (1933).
(12) T u tz  and  S tu a rt , ibid., 69, 2316 (1937).

of colorless prisms which after repeated crystallizations 
from ligroin melted at 88-89°.

Anal. Calcd. for Ci7Hi3Br02: C, 62.02; H, 3.98.
Found: C, 62.98, 62.67; H, 4.22, 4.33. (The high
values for carbon and hydrogen are accounted for by the 
instability of the compound and evident loss of some of the 
bromine through hydrolysis.)

When treated immediately with ethanol under refluxing 
for five minutes, the ethoxyfuranone was obtained in good 
yield and identified by mixture melting point.

a$-2-Bromo-3-methyl-l ,4-diphenyl-2-butenedione-l ,412 
(XV-c).—A mixture of 5 ml. of coned, nitric and 15 ml. of 
coned, acetic acid was added to a solution of 5.1 g. of the 
bromofuran (VII) in 25 ml. of coned, acetic acid with heat­
ing at 80 ° for one hour. Dilution with water gave 4.2 g. of 
nearly pure cis unsaturated diketone (XV-c).

A suspension of 1 g. of (XV-c) in 10 ml. of acetic an­
hydride at 0° was treated with two drops of coned, sulfuric 
acid. After fifteen minutes at this temperature, the solu­
tion was hydrolyzed with a large volume of water. The 
resulting oil was crystallized from ethanol (0.5 g.) and 
identified as the acetoxyfuranone (XVI-c,d).

A drop of coned, sulfuric acid was added to a suspension 
of 1 g. of (XV-c) in 10 ml. of acetyl chloride at 0° and the 
mixture was allowed to stand at this temperature for fifteen 
minutes and hydrolyzed in an excess of water. The re­
sulting yellow solid was crystallized from ligroin (0.2 g.) 
and identified as the chlorofuranone (XVI-c,f).

A solution of 1 g. of the bromo unsaturated diketone 
(XV-c) in 20 ml. of 99% of methanol saturated with dry 
hydrogen chloride was allowed to stand at room tempera­
ture for twenty hours in a glass-stoppered flask. Upon 
cooling 0.6 g. of the methoxyfuranone (XVI-c,e) crystal­
lized and was identified.

3-Bromo-2,4,5-triphenylfuran13 was prepared in ex­
cellent yield by the action of 30% hydrogen bromide in 
coned, acetic acid on dibenzoylphenylethylene. The re­
action was complete within two to three minutes at room 
temperature and the product crystallized on cooling.

cis-2-Bromo-1,2,4-triphenyl-2-butenedione-1,414 (XV-b) 
was prepared by adding a mixture of 50 ml. of coned, nitric 
and 30 ml. of coned, acetic acids to a solution of 10 g. of
3-bromotriphenylfuran in 50 ml. of coned, acetic acid. 
The mixture was heated for fifteen minutes at 100° and 
poured into cold water. The product was crystallized 
from ethanol (7.2 g.).

Two drops of coned, sulfuric acid were added to a solu­
tion of 1 g. of (XV-b) in 10 cc. of acetic anhydride. The 
mixture was allowed to stand for fifteen minutes at room 
temperature and was hydrolyzed in an excess of water. 
Crystallization of the product from isopropanol gave 
0.73 g. of the acetoxyfuranone (XVI-b,d).

In a similar experiment, using acetyl chloride instead of 
acetic anhydride, the chlorofuranone (XVI-b,f) was ob­
tained in 85% yield.

A solution of 0.5 g. of (XV-b) in 10 ml. of methanol 
saturated with hydrogen chloride was allowed to stand for 
eighteen hours in a glass-stoppered flask; 0.3 g. of meth­
oxyfuranone (XVI-b,e) was obtained.

(13) J a p p  and  K lingem ann , J .  Chem. Soc., 67, 674 (1890); A llen, 
T h is J o u r n a l , 49, 2110 (1927).

(14) iM iz . Tyson, Sanders and F ink , T h is  J o u r n a l , 66, 2679 
(1934),
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Summary
Several cis unsaturated 1,4-diketones are shown 

to be much more susceptible than the trans isomers 
toward f uranization through addition and dehydra­
tion. A mechanism is suggested to account for this.

The analogy between these furanizations and 
the formation of 2,3-hydroxyfuranones is consid­
ered and new examples of the latter reaction are 
described.
Charlottesville, V a . Received July 16, 1942

[Contribution from the N oyes Chemical Laboratory, University of Illinois]

Basicity Studies of Tertiary Vinyl Amines
B y  Roger Adams and J. E. M ahan

The introduction of a double bond into a pri­
mary or secondary amine lowers the basic strength 
constant, that is, decreases the degree of ioniza­
tion.1 Hixon and co-workers2 measured the 
ionization constants of several 2-alkyl substituted
4,5-dihydropyrroles (2-ethyl, 2-benzyl, 2-phenyl, 
and 2-cyclohexyl- A2-pyrrolines) and of the corre­
sponding saturated compounds (pyrrolidines). 
The saturated molecules were, in all cases, stronger 
bases than the unsaturated by 2.4 to 3.3 pKa  
units.23. In the case of tertiary amines the same 
general effect as for primary and secondary 
amines might be expected but no examples were 
found in the literature. Vinyl tertiary amines, 
excluding the pseudo bases or anhydro bases 
formed from pyridinium type salts which are not

parative basicity studies3 of retronecine, desoxy- 
retronecine and their reduction products. These 
substances were all tertiary amines containing 
pyrrolizidine rings. For purposes of comparison, 
a variety of tertiary vinyl amines and the corre­
sponding reduced compounds have been synthe­
sized and their relative basicity measurements 
made.

A series of 1,2-dialkyl- A2-pyrrolines (TTV) was 
first investigated, since such molecules are very 
closely related in structure to the products under

I. R = CH3; R' = CHs 
II. R = CH3; R' = C4H9

III. R = C2H5; R' = CH*
IV. R = C4H9; R' = CHs

entirely comparable have also, with one excep- study. The basic strengths of these pyrrolines
tion, not been studied. The normal assumption and the analogous pyrrolidines are shown in
would be that they are weaker bases than the Table I. I t  is to be noticed that in every case
corresponding saturated amines. the unsaturated compound is more basic than the

T a b l e  I
N am e Obs. p K u T , °C . p K n  (25°)4 Diff. L it.

1,2-Dimethyl- A2-pyrroline 11.94 25 11.94
1,2-Dimethylpyrrolidine 10.24 26 10.26 1.68 9.85
1 -Methyl-2-w-butyl- A2-pyrroline 11.88 26 11.90
1 -Methyl-2-«-bu tylpyrr olidine 10.24 25 10.24 1.66 9.86
l-Ethyl-2-methyl- A2-pyrroline 11.88 27 11.92
1-Ethyl-2-methylpyrrolidine 10.60 27 10.64 1.28
1 -w-Butyl-2-methyl- A2-pyrroline 11.90“ 26
1 - w-Butyl-2-methylpyrrolidine 10.43“ 2 8 1.47

a Taken in 25% aqueous methanol.

An attempt to locate the relative position of a saturated. This interesting observation stimu-
double bond to the nitrogen atom in retronecine, 
a base from the plants of the genera Crotalaria, 
Senecio and Trichodesma, was initiated by com-

(1) H ixon an d  Johns, T h is  J o u r n a l , 49, 1786 (1927).
(2) C raig and  H ixon, ibid., 53, 4367 (1931); S tarr, Bulbrook and 

Hixon, ibid., 54, 3971 (1932).
(2a) T he  co n stan t p K u  w ill be used in  th is  paper to  indicate the  

basic s treng ths. I t  is re la ted  to  th e  m ore usual constant K ion, by  the  
expression p K u  =  p K ^  — p K \on, where is the ion p roduct for 
water.

lated us to study analogous 6-membered ring 
compounds, namely, 1,2-dialkyl- A2-tetrahy dro- 
pyridines and the corresponding piperidines.

(3) A dam s, C arm ack, and  M ahan , ibid., 64, 2593 (1942).
(4) C orrected  to  25° em ploying th e  negative tem p era tu re  coef­

ficient of th e  con stan t as given by  H all and  Sprinkle, ibid., 54, 3469 
(1932), for am ines of various basic ity . Since these  d a ta  are valid  
only for aqueous solutions th e  pK&  constan ts m easured in aqueous 
m ethanol were n o t corrected  to  25°.

(5) Craig, ibid., 55, 2543 (1933).
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The results are shown in Table II. Here again 
the unsaturated tertiary amines are more basic 
than the saturated.

T a b l e  II
N am e

Obs.
p K n T ,° C .

p K n
(25°)4 Lit.

1,2-Dimethyl- A2-tetra-
hydropyridine 11.42 25.5 11.43

1,2-Dimethylpiperidine 10.26 25 10.26
l-Ethyl-2-methyl- A2-

tetrahydropyridine 11.57 25 11.57
l-Ethyl-2-methylpiperi-

dine 10.70 25 10.70 10.684
co-Dimethylamino-w-

butyl methyl ketone 9.66 24.5 9.67

A similar comparison has been carried to 1-
propenylpiperidine and 1-w-propylpiperidine, as 
well as to a pair of straight chain compounds, 1-di- 
ethylamino-^-heptene-1 and l-diethylamino-fz- 
heptane (Table III). The basic strength deter-

T a b l e  III
N am e Obs. pK m T, °c. Diff.

1-Propenylpiperidine 1 0 .6 6 “ 28
1-Propylpiperidine 10.23“ 25 0.43
1 - Diethylamino-w-hep tene-1 10.38s 28
1-Diethylamino-w-heptane 
Piperidine (in 25% methanol 

which contained over an 
equivalent of propionalde-

9.94* 26 .44

hyde)
Diethylamine (in 50% meth­

anol which contained over an

10.77 27

equivalent of heptaldehyde) 10.50 27
“ In 25% aqueous methanol. 6 In 50% aqueous meth-

anol.

ruinations of these two sets of molecules were 
carried out in the former case in 25% methanol 
and in the latter in 50% methanol because of the 
fact that the unsaturated molecules are not suffi­
ciently soluble in water. The phenomenon still 
holds that the unsaturated molecules are more 
basic than the saturated, though to a lesser degree 
than in the A2-pyrroline and A2-tetrahydropyri- 
dine series.

In experiments of this kind the question may be 
raised in the case of the pyrrolines and tetrahydro- 
pyridines whether the basic strength as determined 
is a measure of the molecules in cyclic form or 
whether of possible open chain hydrolytic prod­
ucts; in the case of the 1 -propenylpiperidine and 
1 -diethylamino-72-heptene-1, whether the basic 
strength is that of the original molecules or of a 
mixture of the secondary amine and correspond­
ing aldehyde. The smooth titration curves, de­
scribed in the experimental part, support the sup­

position that only a single basic molecule is being 
titrated in each instance. Lipp and Widnmann6 
reported that when a A2-tetrahydropyridine (V) 
(Table II) is dissolved in water, it is immediately 
hydrolyzed to some extent to give an open chain 
secondary amino ketone (VI). This was based

NN/‘
IR

R
+  h 2o

/CH2
c h 2 \ c h 2 

c h 2 c—r
I ^NH O

R
V VI

on immediate reaction of the compounds with car­
bonyl reagents to give derivatives of the open 
chain amine.

The basic strength of co-dimethylamino-n-butyl 
methyl ketone, which is a tertiary amino ketone 
and thus cannot ring close to a A2-tetrahydropy- 
ridine, gave a pKn  value of 9.68, which is rela­
tively low and which led to the deduction that 
the strong basicity of aqueous solutions of the 
A2-tetrahydropyridines is not due to the open- 
chain form of the equilibrium mixture.

Marz7 observed that 2-methyl- A2-pyrroline 
would react with hydroxylamine, semicarbazide 
and phenylhydrazine in aqueous solution, and 
hence concluded that a similar equilibrium existed 
in the A2-pyrroline series. Craig,8 however, pre­
pared and studied several l-methyl-2-alkyl- A2- 
pyrrolines and because of their apparent non­
reactivity with semicarbazide or phenylhydrazine 
assumed that hydrolysis did not occur to any 
great extent in aqueous solution.

Mannich and Davidsen9 pointed out that vinyl 
tertiary amines in which the double bond is not a 
part of a ring are readily hydrolyzed in the pres­
ence of mineral acids to the corresponding alde­
hyde and secondary amine. If rapid hydrolysis 
occurs during the titration in the present basic 
strength studies, the resulting curve and pK n  
value should be that of piperidine in the case of 1- 
propenylpiperidine, and that of diethylamine in 
the case of 1-diethylamino-w-heptene-1. Piperi­
dine and diethylamine were titrated (Table III) 
in aqueous methanol in the presence of slightly 
over an equivalent of the appropriate aldehyde, 
approximating as nearly as possible those condi­
tions used in the titration of the 1-propenylpiperi-

(6) L ipp  and  W idnm ann , A n n .,  409, 79 (1915).
(7) M arz, Diss. T echn . H ochsch., M ünchen, 1913.
(8) Craig, T h is  J o u r n a l , 55, 295 (1933).
(9) M annich  and  D avidsen , Ber., 69, 2106 (1936).
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dine and the 1 -diethylamino-heptené-1. The 
mixture of the aldehyde and base gave a slightly 
higher basicity than the molecules which were 
prepared from them, though the difference was 
far less than expected.

A possible explanation of the increased basicity 
of the vinyl tertiary amines compared with their 
saturated homologs lies in the assumption that an 
equilibrium exists in aqueous solution between the 
vinyl amine and a hydration product, the corre­
sponding quaternary hydroxide as shown in for­
mulas VII and VIII for 1,2-dimethyl- A2-tetra- 
hydropyridine as a representative of all the vinyl 
amines studied. The quaternary ammonium

hydroxides are known to be strong bases which 
exceed in basicity all the tertiary amines. Since 
pseudo bases in general are weak, no appreciable 
amount of pseudo base (IX) can be present in the 
solution when titrated.

Aston10 studied the action of alkali on 1,2,3,-
5,5,6-heptamethyldihydropyrazinium iodide (X) 
and obtained a strong base (Xa) (pKn at 25°,
11.6) of a quaternary ammonium type which is in 
equilibrium in aqueous solution with the tertiary 
base XI. This coincides with the explanation 
offered for the basicity of the simple vinyl ter­
tiary amines studied in this investigation.

CH;
I

(c h 3)2c.

C(CH3)2 

C—CHs

KOH------>

CH3 I -  
X

CHs—
■Nv

(CHj)sC
\ n /

i

C(CH3)2
I
C—CHs

Hs OH- 
Xa

•Nv
CHs—C ^ XC(CH3)2

I I
(CHs)2Cx  /C = C H 2

CHs
XI

Vinyl primary or secondary amines if they un­
dergo a similar rearrangement would form am­
monium bases, not quaternary ammonium bases. 
Hence a lower basicity of the vinyl primary or 
secondary amines as compared with the corre­

(10) Aston, T h is  J o u r n a l , 52, 5254 (1930); 53, 1448 (1931);
Aston and Montgomery, ib id ., 53, 4298 (1931); Aston and Lasselle,
ib id ., 56, 426 (1934).

sponding saturated compounds would be expected 
and this agrees with the experimental facts. In 
Table IV, it may be noted that 2-methyl- A2-tetra- 
hydropyridine, a secondary vinyl amine, is less 
basic than 2-methylpiperidine, a fact which is in 
harmony with the above statement and the ob­
servations of Hixon and co-workers2 on 2-alkyl- 
A2-pyrrolines.

T a b l e  IV
N am e Obs. p K n  T , °C. p K n  (25°)4 Lit.

2-Methylpiperidine 10.99 25 10.99 10.984
2-Metliyl-A2-tetra-

hydropyridine 9.57 24 9.55

Although it has been generally assumed that 
unsaturated tertiary amines with the double bond 
not in the vinyl position are less basic than the 
corresponding saturated, it was deemed advisable 
to test two pairs of such molecules which are re­
lated to the amines under investigation. These 
are shown (Table V) by a comparison of 1-methyl- 
A3-pyrroline with 1 -methylpyrrolidine and 1- 
allylpiperidine with 1-^-propylpiperidine. The 
saturated molecules are more basic than the un­
saturated.

T able V
N am e

Obs.
p K n

T,
°C .

p K n
(25°)4 Diff.

1 -Methylpyrroli-
dine 10.36 25 10.36

1-Methyl- A3-pyr-
roline 9.92 25 9.92 0.44

Propylpiperidine 10.45 26.5 10.48
Allylpiperidine 9.65 27 9.69 .89

A few effects of substitution were noted in this 
work which have not been previously mentioned 
in the literature. When an N-methyl group is 
replaced by an N-ethyl group on the pyrrolidine 
or piperidine ring there is an increase in basicity 
of about 0.4 unit. This effect is exemplified in 
Table V I; compare 2 with 4, and 8 with 9. How­
ever, increasing the size of the alkyl group from 
ethyl to butyl has little effect on the pKn  value 
of the resulting base; compare 1 with 2, 7 with 8, 
11 with 12 and 13. The close parallel of pKn  
values of compounds of the pyrrolidine series with 
analogous substituted compounds of the piperi­
dine series may be worthy of note; compare 1 
with 9, 2 with 10, 4 with 11, and 8 with 16.

Craig, Shedlovsky, Gould and Jacobs11 as­
signed the double bond in lysergic acid (XII) to 
the 5,10-position because this acid and ergome-

(11) Craig, Shedlovsky, Gould and Jacobs, J . B iol. Chem., 125, 289
(1938).
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T a b l e  V I

(1)
N a m e

l-w-Butyl-2-methylpyrrolidine
Obs. p K k

10.65
(2) l-Ethyl-2-methylpyrrolidine 10.61
(3) l-Methyl-2-w-butylpyrrolidine 1 0 . 2 4

(4) i,2-Dimethylpyrrolidine 10.24
(5) 1 -Me thylpyrrolidine 10.36
(6)
(7)
(8)

Pyrrolidine
l-^-Butyl-2-methylpiperidine
l-Ethyl-2-methylpiperidine 10.70

(9) 1,2-Dimethylpiperidine 10.26
(10) 2-Methylpiperidine 10.99
(11)
(12)

1 -Ethylpiperidine 
1-w-Propylpiperidine 10.45

(13) l-#-Butylpiperidine 10.47
(14) Piperidine 11.11

trine, a parent alkaloid, exhibited weaker basic 
properties than -lysergic acid (XIII) and ergo- 
metrinine. The double bond in is0-lysergic acid 
was then assigned to the 9,10-position. In view 
of the results obtained on the basic strengths of 
vinyl tertiary amines, it appears questionable 
whether the deductions of the authors were justi­
fied and whether the assignment of the formulas 
should not possibly be reversed.

COOH COOH

XII XIII

Experimental
Determination of Basic Strength Constants.—A sample 

of the base calculated to require between 20 to 30 cc. of 
0.10 N  hydrochloric acid was dissolved in 90 cc. of conduc­
tivity water. While the solution was continuously stirred 
by means of a small air-driven stirrer, the base was titrated 
by adding appropriate increments of standard 0.1 N  
hydrochloric acid. After each addition of acid the pH  was 
carefully measured with a Heilige glass electrode pH  meter 
(no. 7040). The pH  of the solution when exactly half of 
the base had been neutralized (pK n  value) was read from 
the titration curve (pH vs. cc. of acid). Duplicate or 
triplicate measurements were made in all cases. The 
curves obtained were smooth and showed only the charac­
teristic sharp break at the end-point. For compounds not 
sufficiently soluble in water, 90 cc. of an aqueous solution 
was used which contained the calculated amount of 
methanol to make a 25 or 50% solution just at the point 
when half the titer had been added. All of the amines 
studied were carefully fractionated in a carbon dioxide-free 
atmosphere immediately before use, and all boiled within a 
range of 1° or less.

Basicity measurements were made on several compounds 
for which values have been recorded in the literature by

r, °c. P K m  ( 2 5 ° ) 4 L it .

27 10.69
27 10.64
25 . 10.24 9 .86
26 10.26 9 .8&
25 10.36 10.185 

11.992
10.724

25 10.70 10.684
25 10.26
25 10.99 10.984 

10.414
26.5 10.48
26 10.49 10.484
24.5 11.12 11.134

Hall and Sprinkle4 who used a hydrogen electrode in their 
pH determinations. The close agreement (see tables) in 
all cases with their values indicates that no great error has 
been introduced by the use of a glass electrode in the 
basicity studies.12 Before each titration the electrodes 
were washed, the half-cell tip flushed with fresh saturated 
potassium chloride solution, and the meter standardized 
with 0.05 M  potassium acid phthalate. Each day that the 
pH  meter was put in service it was further checked by 
titration of ammonia (pK n  (25°) 9.27).4

A2-Pyrrolines.—l,2-Dimethyl-A2-pyrroline and T
methyl-2-w-butyl- A2-pyrroline were prepared according 
to the method of Craig.8 The reaction of methylmagne­
sium iodide on N-methylpyrrolidone-2 led apparently only 
to the formation of 1,2-dimethyl-A2-pyrroline, as none of 
the 1,2,2-trimethylpyrrolidine reported by Lukes13 could 
be found. However, the reversible dimerization men­
tioned by Craig8 was encountered. In the synthesis of 1- 
methyl-2-w-butyl- A2-pyrroline by an analogous reaction 
using butylmagnesium bromide, 1-methyl-2,2-di-w-butyl- 
pyrrolidine was isolated from the mixture of by-products 
in 14% yield. In preliminary attempts to prepare 1 -n- 
butyl-2-methyl-A2-pyrroline, it was found that the reac­
tion of methylmagnesium iodide on N-w-butylpyrrolidone- 
2 was incomplete and did not lead to the formation of any 
appreciable quantity of the desired pyrroline.

A second procedure proved to be more satisfactory for 
the general preparation of pyrrolines in which alkyl groups 
larger than methyl were attached to the nitrogen. This 
consisted in treatment of 3-bromo-w-propyl methyl ketone 
with the appropriate primary amine14’15 in aqueous solu­
tion. If ethanol instead of water is used as a solvent, the 
resulting homogeneous mixture undergoes reaction rapidly 
at room temperature, thus eliminating the necessity of 
longer periods of agitation. The yields in the case of 1 -n- 
butyl and 1-ethy 1-2-methyl-A2-pyrroline were increased 
from 15% to 40-50% by this modification.

1-M ethy 1-2-w-butyl-A2-pyrroline and 1-Methyl-2,2-w- 
dibutylpyrrolidine.—To the Grignard reagent, prepared

(12) I t  is on ly  in  th e  presence of c erta in  m etallic  ions th a t  th e re  is 
a  serious e rro r in troduced  by  th e  use of a  glass electrode in  alkaline  
solutions. See D ole, " T h e  G lass E lec trode ,” Jo h n  W iley an d  Sons, 
Inc., N ew  Y ork , N . Y ., 1941, C h ap ter 7.

(13) Lukeè, Coll. Czechoslov. Chem.. Comm., 2, 531 (1930); Chem. 
Listy, 27, 97, 121 (1933).

(14) H ielscher, B er., 31, 277 (1898).
(15) M arkw alder, J .  prakt. Chem., 75, 329 (1907).
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from 31.6 g. (1.30 moles) of magnesium, 1200 cc. of dry 
ether, and 185 g. (1.34 moles) of «-butyl bromide, was 
added with stirring under nitrogen 63.5 g. (0.642 mole) of 
N-methylpyrrolidone-216 over a period of three hours. 
The mixture was stirred at room temperature for five hours 
when it became necessary to stop the stirrer due to the 
formation of a solid complex. After standing for twenty 
hours the mixture was hydrolyzed with an excess of 3 A  
hydrochloric acid. The aqueous layer was separated, 
made alkaline with 30% aqueous sodium hydroxide and 
steam distilled. The steam distillate (600-700 cc.) was 
neutralized with dilute hydrochloric acid, the solvent re­
moved in vacuo on a water-bath and the residual sirup 
taken up in 60 cc. of water. This solution was made basic 
with sodium hydroxide, extracted with ether, and the 
ethereal extract dried over anhydrous magnesium stilfate. 
After removal of ether the product was fractionated. The 
main portion consisted of l-methyl-2-«-butyl-A2-pyrro- 
line,8 b. p. 88.5° (30 mm.); yield 48 g. (54%).

A second smaller fraction, l-methyl-2,2-«-dibutyl- 
pyrrolidine, boiled at 122° (18 mm.); « 20d  1.4567; d?\ 
0.846; yield 18 g. (14%). This substance, a colorless 
liquid, is only slightly soluble in water, but is readily soluble 
in all common organic solvents.

Anal. Calcd. for C13H27N: C, 79.12; H, 13.79.
Found: C, 79.53; H, 13.69.

1-Methyl-2,2-dibutylpyrrolidine Methiodide.—This sub­
stance was prepared by treating a dry ether solution of the 
base with the calculated amount of methyl iodide. It 
was purified by recrystallization from ethanol-ether; white 
plates, m. p. 211° (cor.), unchanged on further recrystal­
lization from methanol-ether.

Anal. Calcd. for Ci3H27N-CH3I: C, 49.55; H, 8.91;
N, 4.13. Found: C, 49.67; H, 9.09; N, 4.22.

l-Ethyl-2-methyl-A2-pyrroline.—To a solution cooled to 
0° of 44 g. (0.68 mole) of 70% ethylamine in 110 cc. of 
absolute ethanol contained in a pressure bottle was added
55.9 g. (0.34 mole) of co-bromo-«-propyl methyl ketone. 
The bottle was tightly stoppered and the contents per­
mitted to warm up gradually; at 15° reaction set in and 
cooling was again necessary as the temperature rose quickly 
to 50-60°. When the reaction had subsided, as judged by 
a decrease in temperature, the mixture was shaken for 
fifteen to twenty minutes and then acidified with dilute 
hydrochloric acid. The solvent was removed in vacuo on 
a water-bath and the resulting sirup taken up in 100 cc. of 
water, made strongly alkaline with sodium hydroxide, and 
steam distilled. A part of the amine fraction would not 
steam distil as in all runs there was several cc. of very high 
boiling, brown, viscous oil which remained behind. The 
clear steam distillate (300-400 cc.) was made more strongly 
alkaline with 50% sodium hydroxide solution and the pyr- 
roline extracted with ether. After drying and removal of 
ether the product was fractionated; b. p. 73.5-74.5° (55 
mm.); « 20d  1.4945; d2h 0.896; yield 19.5 g. (52%). When 
water was used as the reaction solvent and the mixture 
allowed to stand (occasional shaking) for twenty-four to 
forty-eight hours, the yields were decreased to 10-15%. 
l-Ethyl-2-methyl-A2-pyrroline is a colorless liquid which 
turns yellow and deposits an insoluble red viscous oil when

(16) Spath and Lintner, Ber., 69, 2727 (1936).

exposed to the air. However, when sealed under nitrogen 
it will remain colorless indefinitely.

Anal. Calcd. for C7H13N: C, 75.62; H, 11.78. Found: 
C, 75.54; H, 11.80.

l-«-Butyl-2-methyl-A2-pyrroline.—The procedure em­
ployed was that as described above for 1 -ethyl-2-methyl- 
A2-pyrroline. From 55.3 g. (0.335 mole) of co-bromo-«- 
propyl methyl ketone and 49.5 g. (0.68 mole) of «-butyl 
amine was obtained 18.3 g. (39%) of product; b. p. 82- 
83.5° (16 mm.); «20D 1.4865; d2\  0.904. l-Butyl-2-
methyl- A2-pyrroline is a colorless liquid which, like all 
vinyl tertiary amines, soon colors up when exposed to the 
air. It is only slightly soluble in water (1 part in 300-400 
parts water), but is readily miscible with the common 
organic solvents.

Anal. Calcd. for C9H17N : C, 77.63; H, 12.31. Found: 
C, 77.50; H, 12.37.

1 -M ethyl-A3-pyrroline.—This was prepared in 80% 
yield by the partial reduction17 of 1-methylpyrrole.

Pyrrolidines.—All of the disubstituted pyrrolidines were 
synthesized by catalytic reduction of the corresponding un­
saturated A2-pyrrolines in ethanol with Raney nickel and 
hydrogen at two to three atmospheres pressure. The con­
stants agreed essentially with those in the literature: 1,2- 
dimethylpyrrolidine,6 b. p. 98-99°; l-methyl-2-butyl- 
pyrrolidine,5 b. p. 170.5°; l-ethyl-2-methylpyrrolidine,18 
b. p. 118.5-119.5°; l-«-butyl-2-methylpyrrolidine,19 b. p. 
86-86.5° (57 mm.). 1-Methylpyrrolidine was obtained by 
catalytic reduction of 1-methylpyrrole with platinum 
oxide.20

A2-Tetrahydropyridines.—The A2-tetrahydropyridines 
and co-dimethylamino-«-butyl methyl ketone were synthe­
sized from aj-bromo-«-butyl methyl ketone and the appro­
priate amine according to the directions of Lipp6-21 and of 
Ladenburg.22 Considerable decomposition occurs when 
co-bromo-«-butyl methyl ketone is distilled at atmospheric 
pressure. By distilling under reduced pressure, b. p. 104- 
106° (17 mm.), this decomposition can be avoided.

1,2-Dialkylpiperidines.—These compounds were pre­
pared by reduction of the corresponding tetrahydropyri- 
dines in ethanol with Raney nickel at two to three atmos­
pheres of hydrogen.

1-Propenylpiperidine and l-Diethylamino-«-heptene-l. 
—These vinyl tertiary amines were prepared according to 
the directions of Mannich and Davidsen.9 1-Propenyl­
piperidine was found to boil at 51-53° (10 mm.) instead of 
61-63° (10 mm.) as previously reported.

1-Propylpiperidine and l-Diethylamino-«-heptane.— 
These substances resulted when the corresponding vinyl 
amines were reduced in ethanol with Raney nickel and 
hydrogen at two to three atmospheres pressure.

1-Allylpiperidine23 and l-«-Butylpiperidine.—Refluxing 
one mole of bromide with two moles of piperidine in ben­
zene solution resulted in good yields of the products.

(17) Andrew s an d  M cE lvain , T h is  J o u r n a l , 51, 887 (1929).
(18) Signaigo an d  A dkins, ibid., 58, 715 (1936).
(19) T suda, J .  Pharm . Soc. Japan , 56, 359 (1936).
(20) C raig and  H ixon, T h is  J o u r n a l , 53, 187 (1931).
(21) L ipp, A n n .,  289, 209 (1896).
(22) L adenburg , ibid., 304, 54 (1899).
(23) M enshu tk in , J . R uss. Phys.-Chem. Soc., 31, 43 (1899); Chem. 

Zentr., 70, 1066 (1899).
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N-w-Butylpyrrolidone-2.—This substance was prepared 
by the general method of Spath and Lintner.16 A mixture 
of 50 g. (0.58 mole) of butyrolactone and 4 6  g. (0.64 mole) 
of «-butylamine was heated at 280° for four hours. After 
cooling, the reaction mixture was dissolved in 50 cc. of 6 N  
hydrochloric acid and the aqueous solution continuously 
extracted with ether for fifteen hours to remove the N-w- 
butylpyrrolidone-2, which is exceedingly soluble in water. 
After drying and removal of the ether the product was dis­
tilled; b. p. 121° (16 mm.); w20d 1.4650; 0.964; yield
78 g. (95%).

A n a l Calcd. for CgHuON: C, 68.04; H, 10.71; N, 
9.92. Found: C, 68.03; H, 10.75; N, 10.18.

Summary
1. A variety of cyclic and straight chained 

vinyl tertiary amines have been synthesized as 
well as the corresponding saturated molecules.

2. Comparative basicity studies demonstrated 
that the vinyl tertiary amines were in all cases 
more basic than the corresponding saturated 
compounds.

3. This is explained by assuming hydration and
rearrangement to a quaternary ammonium base. 
U r b  a n a , I l l i n o i s  R e c e i v e d  J u l y  30, 1942

[C o n t r i b u t i o n  f r o m  t h e  N o y e s  C h e m ic a l  L a b o r a t o r y , U n i v e r s i t y  o f  I l l i n o i s ]

Structure of Monocrotaline. VII.1 Structure of Retronecine and Related Bases
B y R oger A dams, M arvin Carmack and  J. E. M ahan

Structure I, previously suggested for retrone­
cine, was deduced on the basis of (a) the validity 
of structure II for oxyheliotridane, a stereoisomer2 
of retronecanol, as proposed by Menshikov,3 and 
(b) the reduction characteristics of retronecine 
and the reactivity of the hydroxyls in retronecine 
and related molecules. No structure other than 
I will explain as satisfactorily all the available 
experimental facts. The formulation of platyne- 
cine as III, anliydroplatynecine as IV, and desoxy- 
retronecine as V will then result.

HOr
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The most objectionable feature to structure I 
for retronecine, as pointed out in a previous paper, 
lies in the results obtained upon esterification. 
One hydroxyl in retronecine esterifies very readily, 
more readily than would be anticipated from the 
usual secondary alcohol, and the other esterifies

(1) V I, A dam s and  Rogers, T h is  J o u r n a l , 63, 537 (1941).
(2) K onovalova and  Orekhov, Bull. soc. chim., [5] 4, 1285 (1937); 

Ber., 69B, 1908 (1936).
(3) M enshikov, Bull. acad. sci. U . 5. S . R .f Classe sci. m ath., Ser. 

chim., 978 (1936).

with difficulty, but with more facility than is ob­
served with any ordinary tertiary alcohol. More­
over, retronecanol (II) dehydrates more slug­
gishly than would be expected on the basis of a 
tertiary hydroxyl group.

Direct chemical proof for the positions of the 
hydroxyls and double bond in retronecine (I) 
was undertaken. The evidence for a pyrrolizidine 
nucleus and for a methyl group in the 1-position is 
indisputable. A complete assembly of the facts 
concerning known vinyl tertiary amines revealed 
that in no instance where the vinyl amine struc­
ture was established unequivocally was the mole­
cule stable both to alkali and acid; hydrolysis 
occurs with one or the other especially when 
warmed with the reagent. Retronecine is stable 
to both even on boiling. Further evidence that 
the presence of a vinyl amine structure is un­
likely was obtained through basicity studies. 
The following table gives the pKn  values for re­
tronecine and its related compounds.

T a b l e  I

B a s i c i t y  o f  R e t r o n e c i n e  a n d  R e l a t e d  C o m p o u n d s
N am e p K n T , °C . p K n  (25°)

Retronecine 8.92 26 8.94
Platynecine 10.24 24 10.22
Desoxyretronecine 9.55 25 9.55
Retronecanol 10.92 24.5 10.91
Anhydroplatynecine 9.44 24 9.42
Heliotridane 11.44 27 11.48
Heliotridene 10.59 25.5 10.60
Isoretronecanol6 10.87 25.5 10.88

It is to be noted that the saturated molecules 
on the basis of the postulated structures (I-V)
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are more basic than the unsaturated—platynecine
(III) is more basic than retronecine (I) and re­
tronecanol (II) is more basic than desoxyretrone- 
cine (V). These results are in direct contradic­
tion to what would be expected, Vinyl tertiary 
amines are more basic than the corresponding 
saturated molecules.4

The weight of this evidence and that derived 
from the stability experiments was sufficient to 
warrant the assumption that the vinyl amine 
structures for retronecine and desoxyretronecine 
were very probably incorrect. Assignment of the 
double bond in retronecine to any other non-vinyl 
position and retention at the same time of the 
positions shown in formula I for the hydroxyls 
gives molecular structures which will explain al­
most none of the important reactions of the mole­
cule. I t was thus obvious that a complete re­
vision of the orientation of the double bond and 
hydroxyl groups in retronecine was necessary.

The experiments of Menshikov on oxyhelio- 
tridane, from which he deduced structure II, 
leave much to be desired. He performed a series 
of exhaustive methylations and reductions until a 
nitrogen-free compound was obtained. The final 
product was described3 as a tertiary octanol. 
However, in this degradation no intermediates 
were isolated or purified, the characterization of 
the tertiary octanol was doubtful and no detailed 
description of his procedure was published. In 
view of this, the oxyheliotridane (stereoisomeric 
with retronecanol) structure reported by Men­
shikov was disregarded and a new set of struc­
tures for retronecine and its related compounds 
was formulated. The two hydroxyls and the 
double bond were introduced into the 1-methyl- 
pyrrolizidine nucleus in such a way that the follow­
ing established experimental facts were satisfied: 
(a) difference in the rate of esterification of the two 
hydroxyls, which would more nearly agree with 
one secondary and one primary hydroxyl than 
with one secondary and one tertiary; (b) the 
ease of hydrogenolysis of one hydroxyl under very 
mild conditions; (c) the relative difficulty in de­
hydration of retronecanol which resembles more a 
secondary than a tertiary hydroxyl; (d) the re­
sistance to hydrogenolysis of either hydroxyl in 
platynecine; (e) the ease of dehydration of platy­
necine to anhydroplatynecine; and (f) the ab­
sence of a vinyl amine linkage. The postulation 
of a primary hydroxyl limits its position to a sub­

(4) Adams and Mahan, T h is J o u r n a l , 64, 2588 (1942).

stitution of a hydrogen atom on the methyl 
group of the 1 -methylpyrrolizidine nucleus and 
this automatically, when the other conditions are 
fulfilled, establishes retronecine as having one of 
two structures (VI). Retronecanol would then be 
assigned structures VII, platynecine VIII, an- 
hydroplatytiecine IX, and desoxyretronecine X.

X

The readily hydrogenolyzed hydroxyl, the pri­
mary one, is shown as an allylic type. Construc­
tion of models indicates the structures represented 
by IX to involve very little strain whether the 
secondary hydroxyl is in the 6- or 7-position. 
The 7-position is favored on the basis of experi­
ments involving the degradation of retronecanol
(VII) by bromocyanogen. An addition compound 
is formed with this reagent which on rearrange­
ment and treatment with alkali yields a halogen- 
free compound postulated as an ether (XII). 
Only the cyanide group is removed on hydrolysis 
with hot sulfuric acid; there is no cleavage of thé 
cyclic ether. The mechanism of formation is 
postulated as follows
HO -I CHs HO

N

VII

i CH3
N

BrCN

HO,

CHS
i

-CH—CH2CH2Br
N

N'CN

XI
O-----CH2

,0-
\ c h 2

è n 2
N s k ^c h

I I
CN CH3 

XII

CH2

NsT'^CH
I I
CN CHs 

XIII

CH3

N x
I

CN

-CH—CH*—CHs

XIV



Nov., 1942 vSt r u c t u r r  o f  R e t r o n e c in e  a n d  R e l a t e d  B a s e s 2595

CH§

“CH2—CH—“CHa
y  ■ n > /
CN

XV

The cleavage is believed to take place in the 
ring containing the methyl group; assuming the
7-position for the hydroxyl group a six-membered 
ether (XII) is produced, or assuming the 6-posi­
tion a much less likely structure (XIII) would re­
sult. Cleavage of the unmethylated ring in VII 
would yield an ether of structure XIV or XV, de­
pending on the position of the hydroxyl group. 
Either of these would be expected to hydrolyze 
upon treatment with hot sulfuric acid.

The changes in basicity of retronecine and re­
lated compounds, as influenced by the presence or 
absence of an hydroxyl group or double bond, are 
surprisingly parallel. These are shown in Table 
II. The structure of heliotridane is XVI, and the 
structure of isoretronecanol is XVII.

XVI XVII

T a b l e  I I

B a s ic it y  C o m p a r is o n s  o f  R e t r o n e c in e a n d  R e l a t e d

C o m p o u n d s ; pK.u V a l u e s

(a) Effect of removal of primary hydroxyl
Desoxyretronecine (X) 9.6
Retronecine (VI) 8.9

0.7
Retronecanol (VII) 10.9
Platynecine (VIII) 10.2

0.7
Heliotridane (XVI) 11.5

. Isoretronecanol (XVII)5 10.9

0.6
(b) Effect of removal of secondary hydroxyl
Heliotridane (XVI) 11.5
Retronecanol (VII) 10 9

0 6
(c) Effect of removal of double bond
Platynecine (VIII) 10.2
Retronecine (VI) 8.9

1.3
Retronecanol (VII) 10.9
Desoxyretronecine (X) 9.6

1.3
(5) A dam s and  H am lin , T h is  J o u r n a l , 6é, 2597 (1942).

As shown in Table II, the removal of the pri­
mary or secondary hydroxyl results in an increase 
in basicity of about 0.7 pK n  unit; the removal of 
the double bond in an increase in basicity of 1.3 
pKn unit.

Experiments to establish whether the structures 
in series VI-X are correct are now under way and 
the first results are reported in this communica­
tion. A comparison of structures I-V and VI-X 
reveals that I-V all contain C - C H 3  groups, 
whereas such groups exist in the series VI-X only 
in structures VII and X. The determination of 
C - C H 3  in each of these molecules was undertaken 
and none could be found in retronecine (VI), 
platynecine (VIII), or anhydroplatynecine (X), 
but one was present in both retronecanol (VII) 
and desoxyretronecine (IX). As observed by 
those who have studied extensively this quantita­
tive method, the amount of acetic acid produced 
upon oxidation of a molecule with a C - C H 3 

group is never quantitative but varies in degree 
with the character of the molecule as a whole and 
especially on the substituents present on the car­
bon holding the methyl groups. The results are 
shown in Table III.

T a b l e  III
A c e t ic  A c id  b y  O x i d a t i o n  o f  R e t r o n e c i n e  a n d  R e l a t e d  

B a s e s
M oles HOAc per mole

Substance of substance

Retronecine None
Platynecine None
Anhydroplatynecine None
Retronecanol 0.69
Desoxyretronecine . 66
Heliotridane . 58
Heliotridene . 40
Isoretronecanol None

These analytical data conform to the new struc­
tures VI-X which may be accepted provisionally 
in place of those previously proposed (I-V). 
None of the known experimental facts are in dis­
agreement with present postulated formulas.

Experimental
Determination of Basic Strength Constants.—The pro­

cedure employed for the determination of the p K n  values 
was that previously described.3 All solid amines were re­
crystallized to constant melting point, and the three liquid 
amines were freshly distilled in a carbon dioxide-free 
atmosphere immediately before use. The basicity meas­
urements were taken at temperatures within the range 23 
to 27° and the observed constant corrected to 25° employ­
ing the value of the negative temperature coefficient of the 
constant as given by Hall and Sprinkle.6 Duplicate meas-

(6) H all and  Sprinkle, ibid., 64, 3469 (1932).
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urements were made on all of the substances listed in 
Tables I and II.

Carbon-Methyl Analysis.—The procedure used for 
carbon-methyl determinations was a macro modification 
adapted from the micro procedure of Kuhn and Roth,7 and 
the macro method of Kuhn and L’Orsa.8 That the acidity 
of the distillate after chromic acid oxidation was due to 
acetic acid was shown by conversion of the acid component 
to its ^-bromophenacyl ester, m. p. 85°. The reported 
melting point of ^-bromophenacyl acetate is 85°.9

Thymol was used as a control and gave 1.31 moles of 
acetic acid per mole of substance. Kuhn and L’Orsa8 
reported a value of 1.40.

Conversion of Retronecanol to the Cyanamide Ether
(XII).—A solution of 8 g. of cyanogen bromide in 60 cc. of 
dry ether was cooled in a dry-ice-acetone mixture. To 
this was added slowly and with constant swirling a solution 
of 10 g. of retronecanol in 140 cc. of dry ether. A volumi­
nous white precipitate separated instantly. The reaction 
mixture was allowed to warm up gradually (constant 
swirling) and at a point just below room temperature the 
white solid changed into a viscous oil. When the mixture 
had reached room temperature, 15 cc. of water was added 
to dissolve the sirup, the ether layer was then separated 
and washed once with very dilute hydrochloric acid to re­
move any unreacted retronecanol. The aqueous layer and 
acid washings were both extracted with ether and the ether 
washings combined with the ether layer from the original 
reaction mixture. The ethereal solution was dried over 
anhydrous magnesium sulfate and the solvent removed by 
distillation. The pale yellow viscous oil which remained 
was heated on the water-bath under reduced pressure to 
remove remaining solvent and any excess of cyanogen 
bromide; yield 11.3 g. All attempts to crystallize the 
sirup failed. It is probable that this product consisted of 
a mixture of bromocyanamides.

A sample of the bromocyanamide oil which had stood at 
2 ° for several days deposited a small amount of crystalline 
material. A further quantity of this substance was ob­
tained by dissolving the viscous residue in methanol, cool­
ing in a dry-ice-acetone bath, seeding, and filtering 
rapidly through a precooled funnel. Pure material was 
obtained by recrystallization from water; m. p. 94.5-95° 
(cor.). Qualitative tests showed the absence of halogen. 
A solution in carbon tetrachloride did not decolorize bro­
mine, and a solution in acetone-water did not decolorize 
1% potassium permanganate solution.

Anal. Calcd. for C9Hi4ON2: C, 65.03; H, 8.49; N,
16.86. Found: C, 65.14; H, 8.37; N, 16.89.

Rotation. 53.7 mg. made up to 2.50 cc. with absolute 
ethanol at 28° gave <*31d  -4 .63°; 1,2; [ a ] 31 d  -107.6°.

This substance was obtained in better yields as follows. 
A sample of 5.8 g. of the crude liquid bromocyanamide dis­
solved in 20 cc. of dry pyridine was refluxed for thirty 
minutes. The solution, which had turned deep red in 
color, was cooled, diluted with an equal volume of water, 
treated with Norite, and the solvent removed by distilla­

(7) K uhn  an d  R o th , Ber., 66, 1274 (1933); Pregl, “ Q uantita tive  
Organic M icroanalysis,” P. B lak iston ’s Son an d  Co., Inc., Ph ila ­
delphia, Pa ., 1937, pp . 201-204.

(8) K uhn  an d  L ’Orsa, Z . angew. Chem., 44, 847 (1931).
(9) Shriner an d  Fuson , “ Iden tifica tion  of Organic Com pounds,” 

John  W iley an d  Sons, Inc ., N ew  Y ork, N , Y.,. 2nd ed., 1940, p. 181.

tion in  vacuo. The residual brown viscous oil was diluted 
with a little water and on seeding crystallization ensued. 
Thus in two crops 1.08 g. was obtained; m. p. 92-94° (18% 
from retronecanol, or 28% from the crude bromocyan­
amide). Refluxing in pyridine for longer periods of time 
than thirty minutes did not increase the yield. The cyan­
amide ether could also be formed in approximately the 
same yield by warming the crude bromocyanamide with 
methanolic potassium hydroxide.

Hydrolysis of the Cyanamide Ether to a Secondary 
Amine.—A mixture of 0.88 g. of the cyanamide ether and 
15 cc. of 15% sulfuric acid was refluxed for fifty-five hours. 
The solution was decolorized with Norite, cooled, made 
strongly alkaline with potassium hydroxide and the pre­
cipitated salts removed by filtration through glass wool. 
The filtrate was extracted thoroughly with ether and the 
ether extract dried over sodium carbonate. After removal 
of solvent the residue was distilled at 20 mm. and a bath 
temperature of 110-120°; yield 0.64 g. of colorless liquid. 
Although this product was not analyzed as such its identity 
as a secondary amine was shown by conversion to the 
following three analyzed derivatives.

Reconversion to Cyanamide Ether.—A sample of 68 mg. 
of the liquid amine was warmed with excess cyanogen 
bromide in ether for ten minutes. After evaporation of the 
solvent the residue was taken up in warm water and the 
solution seeded; yield 20 mg.; m. p. 92-93 °, mixed melting 
point with an authentic sample of cyanamide ether pro­
duced no depression.

Picrate.—A sample of 68 mg. of liquid amine from the 
acid hydrolysis of the cyanamide ether was treated with 
130 mg. of picric acid containing 15% water dissolved in 
1 cc. of hot ethanol. After cooling in the ice-bath for fif­
teen minutes, 141 mg. of picrate was filtered; glistening 
yellow plates, m. p. 121.5-122.5° (cor.). Further recrys­
tallization did not raise the melting point.

Anal. Calcd. for CgH^ON-CeHsOyNs: C, 45.41; H, 
4.90; N, 15.13. Found: C, 45.36; H, 5.01; N, 15.07.

N-Methyl Hydroiodide.—To a solution of 0.64 g. of the 
liquid amine in a mixture of 1 cc. of dry acetone and 1 cc. 
of dry ether was added gradually 1 cc. of methyl iodide. 
After the original vigorous reaction had subsided the mix­
ture was refluxed on the steam-bath for ten minutes. On 
cooling crystallization occurred’* yield 0.44 g. (in two 
crops). Two recrystallizations from acetone yielded pure 
material; long fine prisms, m. p. 195-196° (cor.).

Anal. Calcd. for C9H18ONI: C, 38.17; H, 6.41; N,
4.95. Found: C, 38.29; H, 6.54; N, 4.69.

Rotation. 15.7 mg. made up to 0.500 cc. with absolute 
ethanol at 33 ° gave a 33D — 0,54 °; lt 1; [a] 33d  —17.2 °.

Although this substance has the same molecular formula 
as retronecanol methiodide (m. p. 193°) a mixed melting 
point between the two gave a depression to 145-148°.

Summary
1. New structures are proposed for retrone­

cine, retronecanol, platynecine and desoxyretrone­
cine which agree with all the pertinent experi­
mental data.

2. Basic strength constants and carbon-»
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methyl analyses on these substances tend to con­
firm the proposed formulas and prove the incor­
rectness of the old formulas.

3. A von Braun degradation of retronecanol

with cyanogen bromide yielded a cyanamide 
ether which can be explained very satisfactorily 
on the basis of the new formula.
Urb a n  a , I l l i n o i s  R e c e i v e d  J u l y  30, 1942

[C o n t r i b u t io n  f r o m  t h e  N o y e s  C h e m ic a l  L a b o r a t o r y , U n i v e r s i t y  o f  I l l i n o i s ]

Structure of Monocrotaline. VIII. The Proof of Primary and Secondary Hydroxyl
Groups in Retronecine1

B y  R oger A dams a nd  K . E . H am lin , J r .

Direct experimental evidence for the structures 
postulated for retronecine (I), retronecanol (II) 
platynecine (III), anhydroplatynecine (IV) and 
desoxyretronecine (V) is being investigated. This

V
communication describes work which has served 
to establish beyond dispute (1) the presence of a 
CH2OH group in compound I and in its reduction 
product (III), and (2) the presence of a secondary 
hydroxyl group in retronecanol (II). Since all 
attempts to obtain tractable oxidation products 
from retronecine and its associated molecules have 
failed, it was concluded that the molecules prob­
ably were rendered sensitive to oxidation by the 
presence of an hydroxyl group substituted in the 
nucleus. Platynecine (III), synthesized from re­
tronecine (I), was selected for study and the mono­
benzoate (VI) was prepared. This was con­
verted to the corresponding chloride (VII) ac­
cording to the directions of Konovalova and Orek­
hov.2 These investigators reported failure in at­
tempts to replace the chlorine by hydrogen in 
this molecule but in our experiments no difficulty 
was encountered by the use of Raney nickel and 
hydrogen in ethanol solution. Thus, a molecule
(VIII) was produced which was the benzoate of a

(1) F o r previous paper see A dam s, C arm ack and  M ahan , T h is  
J o u r n a l , 64, 2593 (1942).

(2) K onovalova and  Orekhov, B e r 69, 1908 (1936).

HO—
lCH2OCOC6H5

N\ /
VI

ci \ i— r n CH2°coc’H*

VII

IX X

new base, herein designated as isoretronecanol
(IX). Upon hydrolysis, isoretronecanol (IX) was 
obtained. Structurally this resembles lupinine 
and differs from it merely in that the CH2OH 
group is attached to a pyrrolizidine nucleus, a 
fusion of two five-membered rings, rather than 
to a norlupinane nucleus, consisting of two analo­
gously fused six-membered rings. The procedure 
described for oxidizing lupinine to lupininic acid3 
was followed for the conversion of isoretronecanol
(IX) to 1-carboxypyrrolizidine (X) and proved 
to be entirely satisfactory. The oily degradation 
products encountered in the oxidation of retrorie- 
cine, et al.9 were absent and a readily purified de­
rivative with the properties of an amino acid was 
isolated. Analyses of the pure compound, its 
picrate and derivatives of the betaine, prepared 
from the reaction of diazomethane on the amino 
acid, were used for identification.

On the basis of structure II, retronecanol con­
tains a secondary hydroxyl group. I t has now 
been found that aluminum /-butoxide in the pres­
ence of cyclohexanone oxidizes the molecule with­
out degradation and with the formation of the 
corresponding ketone, retronecanone (XI). The

(3) W ills ta tter and  F ourneau , ibid*} 35, 1917 (1902).
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ketone group was identified through its semicar- 
bazone and its oxime.

XI
By these experiments the presence of a CH2OH 

group and a secondary hydroxyl have been estab­
lished directly in retronecine. The results serve to 
support the structures I-V postulated on the 
C--CH3 determinations and the chemical proper­
ties of these molecules.

Experimental
Monobenzoylplatynecine (VI).—This was prepared 

from platynecine as described by Orekhov, Konovalova 
and Tiedebel.4 It crystallized from ether-petroleum ether 
(b. p. 30-60°) in colorless prisms m. p. 118-119° (cor.). 
The reported melting point is 119-120°.

Rotation. 0.4081 g. made up to 15 cc. with absolute 
ethanol at 29° gave am —2.41; l, 1; [oj]29d —88.6°. The 
reported value is [a] d —87.9° in ethanol.

Monobenzoylplatynecine Chloride (VII).—This was 
prepared as described by Konovalova and Orekhov.2 
Recrystallization from petroleum ether (b. p. 30-60°) gave 
colorless tufts of needles, m. p. 72-73° (cor.). The re­
ported melting point is 73-74°.

Rotation. 0.6092 g. made up to 15 cc. with absolute 
ethanol at 290 gave a:d —0.59; l, 1; [o:]29d —14.5°.

Benzoylisoretronecanol Hydrochloride.—A solution of 
7 g. of monobenzoylplatynecine chloride in 100 cc. of 
ethanol, to which was added about 4 g. of Raney nickel, 
was hydrogenated at 2-3 atm. pressure. Hydrogen was 
absorbed to the theoretical end-point in four and one-half 
hours. After filtration, the solution was made just acid to 
congo and the solvent removed in vacuo. The highly 
colored crystalline residue was taken up in chloroform, 
boiled with Darco, and the solution filtered. The colorless 
chloroform solution was treated with anhydrous ether until 
it became cloudy. The hydrochloride separated as fine 
colorless needles; recrystallized from chloroform-ether, 
m. p. 181-182° (cor.); yield, 6.02 g. (86%).

Anal. Calcd. for Ci6Hi90 2N-HC1: C, 63.91; H, 7.16; 
N, 4.97. Found: C, 63.84; H, 7.12; N, 4.80.

Rotation. 0.5056 g. made up to 15 cc. with absolute 
ethanol at 28 ° gave am — 1.62; 1,1; [ar] 28d — 48.6 °.

Benzoylisoretronecanol (VIII).—A solution of the base 
hydrochloride in water was treated with one equivalent of 
N  aqueous sodium hydroxide. The mixture was thor­
oughly extracted with ether and the ethereal solution dried 
over anhydrous potassium carbonate. After carefully dis­
tilling off the ether, the residue was distilled in vacuo, b. p.
161.5-162.5° (1-2 mm.). The colorless, mobile distillate 
readily crystallized on cooling in a dry-ice-acetone bath. 
The crystalline product could be recrystallized from 
petroleum ether (b. p. 30-60°); large prisms, m. p. 56-57° 
(cor.).

Anal. Calcd. for CisHuAiN: C, 73.42; H, 7.81; N,
5.71. Found: C, 73.51; H, 7.86; N, 5.70.

Rotation. 0.1578 g. made up to 5 cc. with absolute
ethanol at 28° gave am —1.92; l, 1; [a]28D —60.80.

Benzoylisoretronecanol Picrate.—Prepared in and re 
crystallized from ethanol, the picrate formed y e l l o w  

needles, m. p. 130-131° (cor.) with decomposition.
A nal Calcd. for Ĉ iĤ OgN*: C, 53.14; H, 4.67; N,

11.81. Found: C, 53.32; H, 4.82; N, 11.81.
Isoretronecanol (IX) .—An aqueous solution of 4.4 g. of 

benzoylisoretronecanol hydrochloride was refluxed for 
three hours with 100 cc. of 10% aqueous sodium hydroxide. 
The alkaline solution thus obtained was extracted con­
tinuously with ether for twenty-four hours. On acidifica­
tion of the residual alkaline layer, white crystals were ob­
tained which were identified by melting point as benzoic 
acid.

The ethereal extract was dried well over anhydrous 
sodium carbonate and the ether removed by distillation. 
The oily residue was distilled in vacuo, b. p. 115-116° (1-2 
mm.); yield 1.62 g. (74%). The colorless viscous distillate 
crystallized readily on cooling in dry-ice-acetone bath; 
m. p. 39-40° (cor.).

Anal. Calcd. for C8Hi6ON: C, 68.02; H, 10.71; N,
9.93. Found: C, 68.11; H, 10.69; N, 10.07.

Rotation. 0.1407 g. made up to 5 cc. with absolute 
ethanol at 27 ° gave am -2.20; 1,1; [a] 27d  -  78.2 °.

Isoretronecanol Methiodide.—This product was pre­
pared by treating a dry ether solution of isoretronecanol 
with an excess of methyl iodide. It was purified from 
methanol-ether; white needles, m. p. 281-282° (cor.) with 
decomposition.

Anal. Calcd. for C8H15ON CH3I: C, 38.14; H, 6.41; 
N, 4.95. Found: C, 38.21; H, 6.50; N, 4.78.

Rotation. 0.0725 g. made up to 5 cc. with absolute 
ethanol at 26° gave ckd —0.44; l, 1; [a]26D —31.0°.

Isoretronecanol Picrate.—Prepared in and recrystallized 
from ethanol, the picrate formed yellow needles, m. p. 
194-195° (cor.) with decomposition.

Anal. Calcd. for Ci4Hi8OsN4: C, 45.34; H, 4.90; N,
15.12. Found: C, 45.51; H, 5.00; N, 15.02.

1-Carboxypyrrolizidine (X).—Following the procedure 
described by Willstatter and Foumeau3 for oxidizing 
lupinine to lupininic acid, 0.5 g. of isoretronecanol was dis­
solved in a solution of 0.15 g. of sulfuric acid (sp. gr. 1.84) 
in 2 cc. of water. This mixture was added carefully to a 
cooled solution of 0.3 g. of chromic anhydride in 0.35 g. of 
sulfuric acid and 4 cc. of water. After warming this mix­
ture a few minutes on a steam-cone until reduction of the 
chromic anhydride was complete, a second charge of the 
oxidizing mixture described above was added. The solu­
tion was now heated on a steam-cone for one and one-half 
hours. From this point the degradation product was 
worked up as described for lupininic acid. Before recrys­
tallization, 0.22 g. of 1-carboxypyrrolizidine was isolated. 
After dissolving in absolute ethanol, boiling with a Darco- 
Norite mixture and filtering, excess dry acetone was added. 
At this point white flat plates crystallized, m. p. 228-229° 
(cor.) with decomposition.

A n al Calcd. for C8Hi30 2N: C, 61.91; H, 8.45; N,
9.03. Found: C, 62.06; H, 8.66; N, 9.13.

Rotation. 0.0996 g. made up to 5 cc. with absolute 
ethanol at 28° gave am —1.31; 1,1; [a] 28d —65.8°.(4) O rekhov, K onevalova a n d  T iedebel, Ber., 68, 1886 (1935).
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The amino acid was very soluble in water, fairly soluble 
in ethanol but insoluble in acetone, ether, and chloroform.

1-Carboxypyrrolizidine Picrate.—Prepared in and recrys­
tallized from ethanol, the picrate formed beautiful yellow 
needles, m. p. 220- 2 21° (cor.) with decomposition.

Anal. Calcd. for C14H16O9N4: C, 43.75; H, 4.20; N,
14.58. Found: C, 44.02; H, 4.25; N, 14.54.

Action of Diazomethane on 1-Carboxypyrrolizidine.— 
Following the procedure of Kuhn and Brydowna,5 0.1 g. 
of the 1-carboxypyrrolizidine was treated with a large 
excess of a moist ethereal solution of diazomethane. An 
immediate evolution of nitrogen took place which continued 
until the solid amino acid disappeared. After standing 
overnight, the ether was decanted from the small aqueous 
layer which appeared. The latter was diluted to about 1 
cc. with water. The product was found to be predomi­
nantly in this aqueous portion. Identification of the com­
pound as the betaine of the amino acid was made by 
analyses of the chloroaurate and the picrate.

Chloroaurate of the Betaine.—The gold salt was pre­
pared from 10% aqueous auric chloride and an acidified 
(with hydrochloric acid) portion of the above aqueous 
solution of the betaine. Recrystallized from water, the 
yellow crystalline chloroaurate melted at 224-225° (cor.) 
with decomposition.

A n al Calcd. for C9Hi60 2NAuCl4: C, 21.23; H, 3.17;
Au, 38.73. Found: C, 21.72; H, 3.38; Au, 39.30.

Picrate of the Betaine.—The yellow crystalline picrate 
was prepared by adding a saturated ethanolic solution of 
picric acid to the aqueous solution of the betaine. After 
recrystallization from ethanol, the product melted at 194- 
195° (cor.) with decomposition.

Anal. Calcd. for C15H18O9N4: N, 14.06. Found: N,
13.81.

Retronecanone (XI).—A mixture of 5 g. of retronecanol, 
15 g. of aluminum 2-butoxide, 200 cc. of dry cyclohexanone 
and 700 cc. of dry toluene was refluxed for six hours. After 
cooling, the orange suspension was carefully extracted with 
10% sulfuric acid. The acid extract, after washing well 
with ether to remove unchanged cyclohexanone, was 
treated with an excess of 50% sodium hydroxide. The 
basic solution was extracted continuously with ether for 
twenty-four hours and the ethereal extract dried over 
anhydrous magnesium sulfate. After carefully removing 
the ether, the residue was distilled in vacuo; the fraction 
boiling between 94 and 100° (15 mm.) was collected, yield
1.5 g. (30%). The pure amino ketone is a colorless, mobile 
liquid, distilling at 95-96° (15 mm.); n20d 1.4818; d204 
1.030.

Anal. Calcd. for C8H13ON: C, 69.03; H, 9.41; N,
10.06. Found: C, 68.76; H, 9.46; N, 10.14.

Rotation. 0.1127 g. made up to 5 cc. with absolute 
ethanol at 30° gave aj> —2.18; 1, 1;  [ a ] 30D — 96.7°.

Retronecanone is not stable and tends to decompose 
readily even when kept at 0 °, protected from light and 
moisture.

Retronecanone Picrate.—Prepared in and recrystallized 
from ethanol, the picrate formed fine yellow needles, m. p. 
195° (cor.) with decomposition.

A n al Calcd. for C8Hi3ON-C6H30 7N3: C, 45.65; H, 
4.38; N, 15.21. Found: C, 45.99; H, 4.36; N, 15.34.

A mixed melting point with an authentic sample of 
retronecanol picrate (m. p. 214°) gave a depression to 182- 
183°.

Retronecanone Semicarbazone.—A solution of 0.7 g. of 
semicarbazide hydrochloride and 1.5 g. of sodium acetate 
in 10 cc. of water was added to 0.5 g. of retronecanone. 
After heating in a water-bath for one hour and then cooling, 
the solution was made alkaline, to litmus. On further 
cooling and scratching, the crystalline derivative precipi­
tated. After recrystallization from a mixture of chloro­
form-petroleum ether, the semicarbazone was obtained as 
white platelets, m. p. 209-210° (cor.) with decomposition.

Anal. Calcd. for C9Hi6ON4: C, 55.08; H, 8.22; N,
28.55. Found: C, 55.01; H, 8.23; N, 28.31.

Retronecanone Oxime—To a solution of 1 g. of hy­
droxylamine hydrochloride in 6 cc. of 10% aqueous sodium 
hydroxide was added 0.6 g. of retronecanone. After heat­
ing twenty minutes on a steam-cone, the solution was 
cooled and the pH  adjusted to about 8.5. The oxime was 
removed from the mixture by continuous ether extraction 
for twenty-four hours. After drying the ethereal extract 
and removing the solvent, a yield of 0.5 g. (75%) of the 
oxime was obtained. The most practical means of puri­
fication was found to be vacuum sublimation; small, 
white needles, m. p. 167-168° (cor.).

A n a l Calcd. for CsHl4ON2: C, 62.31; H, 9.15; N,
18.17. Found: C, 62.59; H, 9.16; N, 18.36.

Rotation. 0.0204 g. made up to 5 cc. with absolute 
ethanol at 26 ° gave ao  — 0.31; 1,1; [a] 26d  — 76.0 °.

Summary
1. The base, isoretronecanol, has been pre­

pared by the removal of the stable hydroxyl from 
platynecine. I t has the formula CgHisON. Iso­
retronecanol undergoes chromic acid oxidation to 
yield an optically active amino acid. Since there 
is no loss of carbon atoms, this product has been 
designated as 1-carboxypyrrolizidine (X) and 
thus establishes beyond doubt the presence of a 
CH2OH group in retronecine (I) and platynecine
(H I).

2. Retronecanol by oxidation with aluminum 
^-butoxide and cyclohexanone gives retroneca­
none from which typical ketone reagent deriva­
tives were prepared.

3. These experiments confirm the presence of 
a primary and a secondary hydroxyl group in re­
tronecine.

(5) K uhn  and  Brydow na, Ber., 70B, 1333 (1937). U r b a n a , I l l in o is R e c e i v e d  J u l y  30, 1942
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jp-Bromophenylhydroxymaleic Imide

B y  Glenn  S. Skinner , C. A. Coghlan and  A. S. B erlin

Bromine reacts with ethyl cyanophenylpyru- 
vate in chloroform solution to give a colorless un­
stable addition product. The initial reaction is 
followed by the loss of hydrogen bromide. The 
products then undergo a series of reactions to 
yield ^-bromophenylhydroxymaleic imide. This 
is a lemon-yellow crystalline substance whose 
brick-red sodium salt reacts with benzyl chloride 
in alcohol to give a benzyl derivative. The silver 
salt reacts with ethyl iodide in absolute ether to 
give an ethyl derivative. The nature of the reac­
tion product is further attested by its oxidation to 
^-bromobenzoic acid and its alkaline hydrolysis to 
^-bromophenylacetic acid.

As to the mechanism of its formation, the first 
step in the breakdown of the addition product in­
volves the loss of hydrogen bromide and the for­
mation of the amide. The tertiary bromine atom 
then rearranges to the ring at this point or during 
cyclization. I t is significant that this, bromine 
atom appears exclusively in the para position 
since this is typical of the rearrangement of many 
similarly placed atoms or groups in the aromatic 
series. Ring formation takes place through the 
loss of alcohol. In the case of ethyl cyanomethyl- 
pyruvate1 ethyl alcohol is not lost and the final 
product is ethyl /3-bromo-/3-carbamido- a-keto- 
butyrate. The last two steps are similar to the 
formation of phenylhydroxymaleic imide from the 
unbrominated ester by the action of cold concen­
trated sulfuric acid in alcohol.2 The cyclization 
and bromination may also proceed partly in the 
reverse order as the same product is obtained by 
bromination of phenylhydroxymaleic imide. The 
reaction may be formulated as follows

Cee=N

C6H5—C=C— C02C2H5 +  Br2 +  H20 ---->

OH
OH

£-BrC6H4—C=

0=
I

=CX / C = 0

I
H

=C +  C2H5OH -j- HBr

(1) W islicenus and  S ilberstein , Ber., 43, 1834 (1910).
(2) B ougault, J . P harm . Chem., 10, 297 (1914).

Experimental
Bromination of Ethyl Cyanophenylpyruvate.—A hot

solution of 21.7 g. of the ester in 80 cc. of dry chloroform 
contained in a 250-cc. bulb connected to a condenser by a 
glass joint was rapidly cooled to 45-50° in a water-bath. 
Water (1.8 cc.) and dry bromine (5.3 cc.) were added simul­
taneously with good mixing in the course of a few minutes. 
The reaction was rapid with the evolution of hydrogen 
bromide and initially a colorless almost entirely liquid 
layer may separate at the bottom in the absence of con­
tinued agitation. The mixture was kept at approxi­
mately 50° for six hours and then allowed to stand for two 
days at room temperature. A slight excess of bromine re­
mained at the end of the reaction. The chloroform was 
decanted and the crystalline product was crystallized from 
boiling alcohol. The yield of lemon-yellow crystals was 
22'g.; m. p. 239-240°.

Anal. Calcd. for Ci0H6OsNBr: N, 5.22. Found: N,
5.15.

There was no lachrymatory effect of bromobenzyl cya­
nide from the residues in the mother liquor when the experi­
ment was conducted in the above manner. The yield 
dropped to about 9 g. when the added water was omitted. 
In this case the residues had a powerful lachrymatory ef­
fect. Small amounts of ammonium bromide were always 
formed. The product was obtained in approximately the 
same yield from the methyl and w-butyl esters. An 
equivalent amount of the alcohol was isolated by extrac­
tion of the chloroform with water followed by salting out 
with potassium carbonate. Ethyl alcohol was further 
identified as a reaction product of the ethyl ester by con­
version to the 3,5-dinitrobenzoate; m. p. 78-79°. No o- 
bromophenylhydroxymaleic imide could be isolated from 
the combined mother liquors.

Characterization of ̂ -Bromophenylhydroxymaleic Imide. 
—The imide is slowly soluble in cold sodium bicarbonate 
solution and very soluble in ether. It is stable to cold 
dilute permanganate and to bromine water. The sodium 
salt was obtained in 88% yield by the following procedure: 
£-bromophenylhydroxymaleic imide (53.6 g.) was dis­
solved in a hot solution of 12.4 g. of sodium carbonate in 
150 cc. of water. The solution was filtered hot and al­
lowed to crystallize. The brick-red crystals were filtered 
with suction and washed with a 1:2 alcohol-ether mixture. 
The product was recrystallized from an alcohol-water mix­
ture. The salt decomposes at 321°. For the analysis it 
was dried to constant weight at 110°.

Anal. Calcd. for Ci0H5O3NBrNa: Na, 7.93. Found: 
Na, 7.92.

The brick-red gelatinous silver salt was precipitated 
quantitatively from an aqueous solution of the sodium 
salt. It was dried in a vacuum desiccator protected from 
light under the influence of which its color changes to 
chocolate-brown.
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The N-ethyl derivative was made by gently refluxing for 
three days a mixture of 6.7 g. of the dry silver salt, 3.7 g. of 
ethyl iodide and 50 cc. of absolute ether. The unchanged 
imide was removed by extraction with sodium bicarbonate 
solution. The insoluble portion was dissolved in ether, 
10 cc. of alcohol was added and the product was crystal­
lized repeatedly by evaporation of the ether; yield, 1.4 g.; 
m. p. 191-192°.

The N-benzyl derivative was made by refluxing over­
night a solution of 5.8 g. of the sodium salt and 2.53 g. 
of benzyl chloride in 25 cc. of alcohol. Crystallized from 
alcohol it melts at 169-170°; yield, 5.6 g.

Anal. Calcd. for Ci7Hi203NBr: N, 3.91. Found: N,
3.89.

A sample of the imide (1.34 g.) oxidized by a boiling 
mixture of 5 cc. of nitric acid (1.42) and 5 cc. of water gave 
0.8 g. of jö-bromobenzoic acid which after crystallization 
from alcohol melted at 254°. The same acid was obtained 
by refluxing a solution of the imide (0.67 g.) prepared from 
0.21 g. of sodium bicarbonate and 10 cc. of water, while 
200 cc. of a 1% solution of potassium permanganate was 
added during a period of 2.5 hours.

To an ice-cold solution of 1.2 g. of sodium hydroxide in

10 cc. of water was added 2.68 g. of ^-bromophenylhy- 
droxymaleic imide. As it was stirred the red solution be­
came colorless. The mixture was allowed to stand for one 
day. The products were ammonia, sodium oxalate and p- 
bromophenylacetic acid; m. p. 113-114°.

Phenylhydroxymaleic imide prepared by the method of 
Bougault was dissolved in 75 cc. of nitrobenzene. To this 
solution was added 1.8 cc. of bromine. After heating a 
short time the mixture was allowed to stand for three days 
at room temperature. The crystals were separated from 
the mother liquor by decantation and recrystallized from 
alcohol; yield, 4.3 g.; m. p. 239-240°.

Summary
The action of bromine on ethyl cyanophenyl- 

pyruvate leads to the formation of p-bromo- 
phenylhydroxymaleic imide. The identity of the 
product has been established by its hydrolysis to 
^-bromophenylacetic acid, its oxidation to p- 
bromobenzoic acid and its formation by the action 
of bromine on phenylhydroxymaleic imide. 
N e w a r k , D e l a w a r e  R e c e i v e d  A u g u s t  10, 1942

[C o n t r i b u t io n  f r o m  t h e  N o y e s  C h e m ic a l  L a b o r a t o r y , U n i v e r s i t y  o f  I l l i n o i s ]

The Reaction of Furoic Acid with Tetralin
B y Charles C. Price and N orman C. D eno

Since the reaction of furoic acid and aluminum 
chloride with various aromatic compounds of the 
benzene series was found to produce naphthoic 
acids,1 the reaction has been extended to the 

COOH COOH

naphthalene series, in the expectation of obtaining 
phenanthroic or anthroic acids.

From naphthalene, furoic acid and aluminum 
chloride, the only product obtained was an intract­
able amorphous, neutral black powder, but from 
the condensation of tetralin and furoic acid it was 
possible to isolate two isomeric crystalline acids. 
These acids had four more hydrogen atoms than 
the expected tetrahydroanthroic or phenanthroic 
acids. Evidently, disproportionation of hydrogen 
occurred with the excess tetralin used as solvent 
for the condensation.

The crystalline product obtained in greater 
yield (6.5%), shiny white plates melting at 153-

(1) G ilm an, M cC orkle and  C allow ay, T h is  J o ur n a l , 56, 745 
(1934); M cC orkle and  T urck , Proc. Iowa Acad. Sci., 43, 205 (1936); 
Price, C hapin, G oldm an, K rebs and  Shafer, T h is  Jo ur n a l , 63, 
1857 (1941).

153.5°, has been shown by simultaneous decar­
boxylation and dehydrogenation with copper 
chromite catalyst to contain an anthracene nu­
cleus and thus appears to be syw-octahydro-1 - 
anthroic acid (I). The most likely structure for 
the isomeric product, slender needles melting at

+

COOH

A id s
> f

excess
tetralin

COOH

M. p. 143-143.5° 
(0.25%)
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143-143.5°, wöufd appear to be that of sym- 
octahydro-1 -phenanthroic acid (II).

Although the crystalline acids isolated repre­
sented only about one-tenth of the total acidic 
product formed in the reaction, no other crystal­
line material could be isolated from the residue.

Experimental2
sym - Octahy dr o-1 -anthroic Acid (I).—A suspension of 

48 g. (0.43 mole) of furoic acid in 400 cc. of tetralin was 
stirred in an ice-bath while 120 g. (0.90 mole) of aluminum 
chloride was added in small portions. After the aluminum 
chloride had been added, the deep red-black viscous reac­
tion mixture was stirred at 50-60 ° for twelve hours or at 
room temperature for forty hours. The reaction mixture 
was poured into 400 cc. of hydrochloric acid and 400 g. of 
ice and was stirred at 50-60° for six hours to complete 
hydrolysis. One liter of benzene was added and the deep 
red, green-fluorescent solution was extracted with sodium 
bicarbonate solution; 0.3 g. of syw-octahydro-1 -anthroic 
acid was recovered from this extract by acidification. The 
benzene was then extracted with three 200-cc. portions of 
2 % sodium hydroxide and the red, blue-fluorescent ex­
tract was acidified; 68 g. of a pale tan tacky solid precipi­
tated. This material, which had a neutral equivalent of 
3 3 5 , was redissolved in alkali and fractionally precipitated, 
either with hydrochloric acid or carbon dioxide. The 
brown gum first precipitated was removed by filtration. 
Further acidification gave about 10 g. of white solid which 
was recrystallized three times from 50% ethyl alcohol, 
yield, 6.2 g. (6.3%) of shiny white plates of sym-octahydro- 
1-anthroic acid (I), m. p. 153-153.5°.

Anal. Calcd. for C15H14O2: C, 79.62; H, 6.24; neut. 
eq., 226. Calcd. for Ci5H180 2: C, 78.23; H, 7.87; neut. 
eq., 230. Found: C, 78.31; H, 8.01; neut. eq., 230.

Treatment of this acid (I) by the procedure used for the 
dinitration of durene3 gave an acid melting from 230 to 
235° with a neutral equivalent of 333. The neutral 
equivalent for 9,10-dinitro-octahydro-l-anthroic acid 
should be 320.

Decarboxylation.—A solution of 0.5 g. of the anthroic 
acid (I) in 5 cc. of quinoline was heated for eighteen hours 
at 235° in the presence of 0.2 g. of copper chromite cata­
lyst. The mixture was cooled, ether was added and the 
solution washed with several portions of dilute hydrochloric

(2) M icroanalyses by  L. G. Faub le  an d  T h e ta  Spoor.
(3) Sm ith, “ Org. S yntheses,” 10, 40 (1930).

acid and sodium hydroxide. The ether was dried, treated 
with Norite, which removed most of the color, and then 
evaporated. The tetrahydroanthracene, 0.2 g., was 
recrystallized from 70% alcohol as white plates, m. p. 
102-104°.4 Because of the similarity of melting point 
and appearance, a mixture of the decarboxylation product 
and phenanthrene, m. p. 101- 102°, was prepared; it 
melted at 84-99°. A second decarboxylation, apparently 
identical with that described above, gave some anthracene, 
identified by melting point and mixed melting point.

When one gram of the anthroic acid was heated with 
0.56 g. of sulfur at 180-190° for ten hours, hydrogen sulfide 
was evolved copiously. The residue was dissolved in 50 
cc. of benzene and the solution was filtered and extracted 
with sodium bicarbonate. Acidification of this extract 
precipitated 0.4 g. of orange-yellow powder, m. p. 216- 
226°. Purification of this material could not be effected 
by crystallization from alcohol, acetic acid or benzene. 
Sublimation at 205-210° yielded beautiful long, slender, 
clear-yellow needles,5 but the melting point was the same 
as that of the crude product. Qualitative tests for sulfur 
by sodium fusion were negative.

syra-Octahydro-1-phenanthroic Add (II).—When the 
mother liquor from the first recrystallizaton of the octa- 
hydroanthroic acid (I) was allowed to evaporate slowly 
clusters of needles separated among the plates. After 
mechanical separation and six recrystallizations from 50% 
alcohol, the slender shiny needles obtained (0.25 g. or 
0.25%) melted at 143-143.5°.

Anal. Calcd. for Ci5His0 2: C, 78.23; H, 7.87; neut. 
eq., 230. Found: C, 78.46; H, 7.56; neut. eq., 233.

Summary
The reaction of furoic acid with tetralin in the 

presence of aluminum chloride gave a consider­
able amount of acidic product from which two 
isomeric crystalline acids were obtained in small 
yield. These acids contained four more hydrogen 
atoms than had been expected and are believed 
to be syra-octahy dro-1 -anthroic and 1-phenan­
throic acids.
U r b  a n a , I l l i n o i s  R e c e i v e d  J uly 8, 1942

(4) Schroeter [Ber., 57, 2013 (1924) ] has repo rted  th e  m elting  p o in t 
of te th racene (te trah y d ro an th racen e) as 103-105°.

(5) G raebe and  B lum enfeld, ibid., 30, 1118 (1897), an d  L ieber- 
tnann and  Pieus, ibid., 37, 648 (1904), rep o rt th a t  1-an th ro ic  acid 
sublimes as clear yellow  needles m elting  a t  245°.
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[C o n t r i b u t io n  f r o m  t h e  P u r d u e  U n i v e r s it y  A g r ic u l t u r a l  E x p e r i m e n t  S t a t i o n  a n d  t h e  B u r e a u  o f  P l a n t
I n d u s t r y , U. S. D e p a r t m e n t  o f  A g r i c u l t u r e ]

The Carotenoids of Yellow Corn Grain1
B y  Jonathan W. W hite , Jr ., F. P. Zscheile and Arthur M. B runson

It has only recently been recognized that the 
following carotenoids, other than “carotene” and 
“xanthophyll,” often occur in the grain of yellow 
corn (Zea mays L .) : zeaxanthol,2 cryptoxanthol3 
/5-carotene, «-carotene, K carotene and neocryp- 
toxanthol.4 I t has been shown that the isomeri­
zation products neo-/5-carotene,5’6 neocryptoxan- 
thol,6 and neozeaxanthols A, B and C7-8 are present 
under ordinary conditions in solutions containing 
/5-carotene, cryptoxanthol, and zeaxanthol, re­
spectively. Nagy9 recently studied the caroten­
oid pigments of corn gluten meal and noted the 
formation of numerous isomeric forms, particu­
larly of zeaxanthol, under acid conditions. The 
degree of isomerization of carotenoids during and 
after extraction from natural sources will depend 
upon experimental conditions. In quantitative 
analysis of corn grain pigments, Fraps and Kem- 
merer4 considered the presence of neocryptoxan- 
thol. Beadle and Zscheile10 showed the neces­
sity for inclusion of neo-/8-carotene in the analysis 
of vegetable carotenoids.

In order to analyze solutions containing these 
neo-type pigments by spectroscopic methods, it is 
necessary that their identity and quantitative 
absorption spectra be known. Data given in this 
paper form the foundation for such a system of 
analysis which will be presented later.

During an investigation of the carotenoids of 
corn grain, several pigments were separated that 
had not previously been observed there.

Luteol.—Chromatography from ether on MgO-Super- 
eel11 of the saponified carotenol fraction of yellow corn 
showed in every case the presence of a zone immediately 
below the zeaxanthol zone. An ethanolic solution of the

(1) Studies on th e  Carotenoids. IV. Jou rna l P ap er N um ber 34 
of th e  P urdue  U niversity  A gricu ltu ral E xperim ent S ta tion .

(2) P. K arrer, H . Salom on and  H. W ehrli, Helv. Chim. Acta, 12, 
790 (1929).

(3) R . K uhn  and  C. G rundm ann , Ber., 67, 593 (1934).
(4) G. S. F raps  and  A. R . K em m erer, Ind . Eng. Chem., Anal. Ed., 

13, 806 (1941).
(5) A. E. G illam  and  M . S. E l R id i, Biochem. J ., 30, 1735 (1936).
(6) L. Z echm eister and  P. T uzson, ibid., 32, 1305 (1938).
(7) L. Z echm eister and  P. Tuzson, Ber., 72, 1340 (1939).
(8) L. Zechm eister, L. v. C holnoky and  A. Polgar, ibid., 72, 1678 

(1939).
(9) D . N agy, Iowa State Coll. J .  Sci., 15, 89 (1940).
(10) B. W . Beadle and F . P. Zscheile, J . Biol. Chem., 144, 21 

(1942).
(11) F. P . Zscheile, J . W. W hite, J r ., B. W. Beadle, and J. R.

R oach, P lant Physiol., 17, 331 (1942).

pigment from this zone had a characteristic absorption 
spectrum identical with that of luteol. Absorption spectra 
were determined on a photoelectric spectrophotometer 
previously employed for pigment studies.10’11’12 The 
only other known carotenoid (except luteol esters) with an 
absorption spectrum of this type is a-carotene. When 
«-carotene and this pigment from corn grain were mixed in 
ether and adsorbed on magnesia, two zones were formed, 
indicating that the corn pigment was not «-carotene. 
From the above considerations it is concluded that this 
pigment is luteol.

Unnamed Carotene 1.—A spectrophotometric study 
was made of the carotene fraction of corn carotenoids, pre­
pared from an extract by partition between hexane and 
78.5% diacetone alcohol [which removed the carotenols, 
except cryptoxanthol] followed by partition between 
hexane and 92% 2-methyl-2,4-pentanediol as recommended 
by White and Zscheile.13 In addition to other deviations 
from the absorption spectra of the pure pigments believed 
to be present, it was noted that a shelf [in some prepara­
tions a maximum] was present at 4250 A. Chromato­
graphy on magnesia (three times), followed successively 
by adsorption on calcium hydroxide and on Brockmann’s 
alumina gave a product with the absorption spectrum 
shown in Fig. 1 as curve I. A short heating of the14 solution 
had no effect on the spectrum. The quantity of the com­
pound was too small to permit the establishment of quan­
titative values for absorption coefficients or to permit 
chemical analysis. Strain15 described a carotenoid from 
carrots with absorption maxima at 4250 and 4000 A. A 
preparation of this carotenoid was made from carrots 
following Strain's directions. Its absorption spectrum 
had maxima at 4250, 4000, 3790, and 3600 A. and a pro­
nounced minimum at 4150 A.

y-Carotene.—Investigation of the cause in corn caro­
tene fractions of relatively high absorption on the long 
wave length side of the 4780 A. maximum of /8-carotene 
resulted in the separation of a pigment with absorption 
maxima [4900, 4600, and 4300 A. in hexane] in good agree­
ment with those of y-carotene.16 It was adsorbed from 
hexane solution on magnesia above /8-carotene. Quanti­
ties were too small to permit the most accurate determina­
tion of absorption values. The characteristic spectrum in 
hexane solution is shown in Fig. 1 as curve II.

Carotenoid with Properties Expected of a Monohy- 
droxy-a-carotene.—The cryptoxanthol fraction of several 
inbred lines of yellow corn was found to produce from four 
to eight distinct zones on a magnesia adsorption column 
when absorbed from hexane and washed with ether.

(12) F. P . Zscheile an d  C. L. C om ar, Bot. Gaz., 102, 463 (1941).
(13) J . W. W hite , J r .,  and  F . P. Zscheile, T h is  J o u r n a l , 64, 1440 

(1942).
(14) T. R . H ogness an d  V. R . P o tte r , A nn . Rev. Biochem., 10, 509 

(1941).
(15) H . H . S tra in , J .  Biol. Chem., 127, 191 (1939).
(16) R . K u h n  and  H . B rockm ann, Ber., 66, 407 (1933).
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In all cases but one, the zones other than those due to 
cryptoxanthol and to small amounts of /5-carotene (not 
removed by the partition process) were too small to be iso­
lated. In the case of inbred M4B17 a buff zone was found 
immediately below the cryptoxanthol layer. These two 
zones were of approximately equal thickness. After

washing with ether and elution with ethanolic hexane, the 
characteristic absorption spectrum of the pigment in this 
lower zone was determined in hexane. It agreed well 
with that of «-carotene, having maxima at 4740, 4450 and 
4250 A., and a deep minimum at 4625 A.

Portions of the solution were mixed with solutions of «- 
carotene in hexane and with luteol in ether. The result­
ing solutions each produced two zones when adsorbed on 
magnesia. The same results were obtained after the un­
known compound was boiled for twenty minutes with alco­
holic alkali, which indicated that it was not an ester of 
luteol. The mixed chromatograms showed that the com­
pound was neither «-carotene nor luteol. In view of its 
occurrence in the cryptoxanthol fraction, its position of 
adsorption immediately below cryptoxanthol («-carotene 
is adsorbed immediately below /3-carotene), and its non­
identity with «-carotene and luteol, it is suggested that the 
compound may be a monohydroxy-«-carotene. Quanti­
ties available were too small for chemical analysis.

Neocryptoxanthol.—A hexane solution of pure crypto­
xanthol was heated in an amber glass flask under reflux 
for twenty-four hours, cooled, and adsorbed on Ca(OH)2- 
Supercel (1:1). After washing with 20% ether in hexane, 
two zones were found. No oxidation products were evi­
dent. The upper one contained cryptoxanthol, the lower 
neocryptoxanthol. After elution the latter was read­
sorbed, eluted, and made to volume. Its absorption spec­
trum was determined. An aliquot of this neocryptoxan-

(17) The designation of the various inbred lines is purely arbi­
trary and has no significance as to  type of plant or chemical composi­
tion.

thol solution was evaporated to dryness in vacuo, made to 
the original volume, and its spectrum redetermined. As 
shown in Fig. 2, the absorption of a solution of the ma­
terial after drying decreased over the range from 3800 to 
4157 and increased over the range from 4157 to 5000 A. 
It is well known that the change cryptoxanthol-to-neo- 

cryptoxanthol is reversible.6 The 
absorption coefficient at 4157 A. did 
not change, indicating that the ab­
sorption coefficients of cryptoxan­
thol and of neocryptoxanthol are 
identical at this wave length. This 
makes it possible to establish the 
absorption spectrum of neocrypt­
oxanthol on a quantitative basis.18 
It was necessary that the above 
procedure be used because the quan­
tities of neocryptoxanthol available 
were too small to be weighed accu­
rately. Also plotted in Fig. 2 is the 
characteristic spectrum of crypt­
oxanthol, recalculated from earlier 
data,10 placed to intersect the other 
two curves at 4157 A. It will be 
noted that the curve of the dried 
preparation falls at a proportional 
distance between the other two 
curves over the entire range. De­
terminations of the intersection 
point with several preparations 
(intersection points, 4137, 4157, 

and 4177 A. gave the quantitative absorption spectrum of 
neocryptoxanthol shown in Fig. 3. The maximum 
deviation from this curve of absorption values of six prepa­
rations is =*=3%. This curve bears a relation to cryptoxan­
thol which is strikingly similar to that between neo-/3- and

Fig. 2.—Reversion of neocryptoxanthol to cryptoxanthol 
in hexane solution.

(18) In the case of neo-/3-carotene, this method gave results which
agreed with data obtained with weighed samples.9

II

0.040

0.020

0.000

Fig. 1.—Absorption spectra in hexane: I, unnamed carotene 1; II, y-carotene
preparation from corn. Absorption = log]0(/o//)//.14
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Fig. 3.—Absorption spectra of neocryptoxanthol and 
cryptoxanthol11 in hexane.

^-carotenes.10 Table I presents absorption values for two 
preparations of neocryptoxanthol in hexane solution.

T a b l e  I
A b s o r p t i o n  V a l u e s  o f  N e o c r y p t o x a n t h o l  i n  H e x a n e  

S o l u t io n

Specific absorption 
coefficient, liters/g. cm.

W ave length, A. 1 2

4650 Shelf 147 148
4425 Maximum 185 187
4150-4160 Region of intersection 133-135 133-135

Neozeaxanthols.—An ethanol solution of pure zeaxan­
thol was heated in an amber glass flask under reflux for 
twenty-four hours, the pigment transferred to a 50% 
solution of ether in hexane, and adsorbed on Ca(OH)2-  
Supercel as before Three zones were found. Spectra 
of the eluted pigments were determined, and the pigment 
from zone 2 was identified as zeaxanthol. The other two 
curves had maxima shifted toward shorter wave lengths 
than those of zeaxanthol. Since the relation of these 
two neo- pigments to neozeaxanthols A, B, and C of 
Zechmeister and Tuzson7'8 was not clear, they were named 
neozeaxanthol I (more strongly adsorbed) and neozeaxan- 
thol II (less strongly adsorbed). The neo-isomers were 
purified by further adsorption and attempts were made to 
apply the intersection-point method used with neocrypto­
xanthol. A short heating of the solutions was used instead 
of evaporation to dryness. When compared to the ab­
sorption curve before heating, the curve of the solution of 
neozeaxanthol I after heating decreased over the range 
4350 to 5000 A., increased over the range 3800 to 4200 A., 
and did not change over the range 4200 to 4350 A. Under 
similar treatment the absorption spectrum of neozeaxan­
thol II changed as follows: it increased over the range 
4407 to 5000 A., decreased over the range 3800 to 4407 A., 
and did not change at 4250 A. Adsorption showed three 
compounds in the solution.

In order to obtain a provisional value for the absorption 
spectra of these two compounds, it was assumed that the 
isomerization of neozeaxanthol I was to neozeaxanthol II 
and that of neozeaxanthol II was to zeaxanthol. I t  is on 
these assumptions that the absorption spectra of the neo­
zeaxanthols shown in Fig. 4 were determined. These 
curves are only first approximations.

Fig. 4.—Absorption spectra of neozeaxanthols I and 
II in ethanol; spectrum of zeaxanthol in ethanol from 
earlier data.11

Discussion
If the method of measurement of pigment con­

centration used for the determination of the caro­
tenoids of corn is sensitive enough to detect the 
presence of the neocarotenoids, it is necessary 
that proper account be taken of their possible 
presence. Likewise, if the other pigments re­
ported here are present in high enough concen- 
tation, they must be considered. Determination 
of the carotenoids of corn is usually made for es­
timation of provitamin A potency. From this 
point of view the provitamin A potency of neo­
cryptoxanthol and of the carotenoid with maxima 
at 4250 and 4000 A. must be determined. Fraps 
and Kemmerer4 reported neocryptoxanthol to be 
nearly as potent as cryptoxanthol.

In the same paper, Fraps and Kemmerer re­
ported the presence in corn of a compound which 
they call K carotene and to which they assign 
provitamin A activity. They presented a quali­
tative absorption spectrum for the pigment with 
maxima at 4250 and 3970 A. and a prominent 
shelf at 4450 to 4500 A, Strain15 reported the 
isolation of a pigment from carrot roots which he 
termed ‘‘flavoxanthin-like carotene.” Its spec­
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trum had maxima at 4250 and at 4000 A. He also 
noted that his product was apparently identical 
with a pigment isolated by van Stolk, Guilbert, 
and Penau in 1932. In the spectrum of this 
compound as separated in this Laboratory, there 
was no trace of a shelf or maximum at 4500 A. 
The spectrum was quite similar to that of un­
named carotene 1 as shown in Fig. 1, except for the 
absence of the maximum at 4500 A. This maxi­
mum is not due to contamination of unnamed 
carotene 1 by /3-carotene since absorption at 4800 
A. is too low. No preparation of unnamed caro­
tene 1 from corn failed to show a maximum at 
4500 A. Since Fraps and Kemmerer’s4 curve for 
K carotene shows neither the 3790 A. maximum 
nor the 3600 A. shelf, it is possible that K carotene 
and un-named carotene 1 may not be identical.

Fraps and Kemmerer also stated that a-caro- 
tene was found in all but one of twenty-two corn 
varieties. The authors have never observed a- 
carotene in corn (six inbreds, several sweet corn 
varieties, and two hybrids were studied). The 
adsorbent used by Fraps and Kemmerer was 
capable of separating cryptoxanthol from neo­
cryptoxanthol and might be expected to separate 
/3-carotene from neo-/3-carotene. However, they 
did not report neo-/3-carotene in their corn ex­
tracts. They identified their a-carotene spectro- 
photometrically and by mixed chromatography. 
In this connection, it should be pointed out that

Gillam and El Ridi5 were unable to distinguish 
spectroscopically between a-carotene and neo-/3- 
carotene. They found that a-carotene and neo- 
/3-carotene formed a single zone when adsorbed on 
alumina from the carotene fraction of butter.19 
Examination of the spectra of a-carotene and neo- 
/3-carotene by a very sensitive photoelectric 
spectrophotometer10-11 shows that they can be dif­
ferentiated spectroscopically with an instrument 
of sufficient accuracy. The experience of Gillam 
and El Ridi illustrates that failure of a mixture 
of two compounds to form two zones on a given 
adsorbent does not necessarily indicate that the 
compounds are identical. The writers consider 
it possible that the pigment identified by Fraps 
and Kemmerer as a-carotene might have been 
neo-/3-carotene.

Summary
1. Luteol, 7-carotene and a compound tenta­

tively identified as a hydroxy-a-carotene were 
found in yellow corn grain for the first time.

2. A compound having some properties like 
Fraps and Kemmerer’s K carotene was also sepa­
rated from yellow com grain.

3. Preliminary quantitative absorption spec­
tra of neocryptoxanthol and two neozeaxanthol 
isomers are presented.

(19) A. E . G illam  and  M . S. E l R idi, N ature, 136, 914 (1935). 
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The Malonic Ester Synthesis and Walden Inversion
B y W illiam E. Grigsby ,1 John H ind , Jacob Chanley and F. H. W estheimer

It has been suggested recently that the reac­
tion of alkyl halides and olefin oxides with the 
sodium salt of malonic ester is an example of the 
normal displacement reaction.2’3 If this is the 
case, the reaction should proceed with Walden 
inversion about the carbon atom to which the 
halogen (or oxygen) atom is attached. An ex­
perimental demonstration of this inversion has 
now been established for the reaction of cyclo- 
pentene oxide with sodium malonic ester.

In all the previously known reactions of sodium
(1) D u P on t Fellow , 1941-1942.
(2) H ind, D isserta tion , Chicago, 1939.
(3) H am m ett, “ Physical O rganic C hem istry ,” M cG raw -H ill 

Book Co., Inc., New Y ork, N . Y .f 1940, C hap. VI, see also p. 143.

malonic ester with an oxide—ethylene oxide,4 
epichlorhydrin,4 cyclohexene oxide5 and others6— 
the reaction product is a lactone. With ethylene 
oxide, for example, the product is a-carbethoxy-
7-butyrolactone. If the reaction with cyclopen-
ten e oxide had proceeded without inversion, the 
product would have been the lactone of the mono-

(4) T raube  and  L ehm ann, Ber., 34, 1971 (1901).
(5) Coffey, Rec. trav. chim., 42, 387 (1923).
(6) K ötz  and  Hoffm an, J . prakt. Chem., 110, 101 (1925); R oth- 

stein, Bull. soc. chim., [5] 2, 1936 (1935); H aller and  Blanc, Compt. 
rend., 142, 1471 (1906). T he reactions recorded in the  lite ra tu re  
were carried ou t betw een equim olar quan tities  of oxide, malonic 
ester, and  sodium  ethy la te . H owever, repe tition  of th e  w ork of 
T raube and Lehm ann, using tw o m oles of m alonic ester for each mole 
of sodium e thy late, showed th a t, in  th is  case, excess malonic ester is 
w ithout effect on the com position of th e  p roduct obtained.
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ethyl ester of cis-cyclopentanol-2-makmic acid 
(VI). In actual fact, inversion occurred and the 
product proved to be the diethyl ester of trans- 
cyclopentanol-2-malonic acid (II). Lactone for­
mation in this case was precluded, since it would 
involve fusing two five-membered rings together 
in the transpositions. Such a configuration in­
volves a great deal of strain, and has been accom­
plished only once, and then with a carbocyclic 
compound.7

It is interesting to contrast the behavior of 
cyclopentene oxide with that of cyclohexene oxide. 
When cyclohexene oxide reacts with equivalent 
quantities of malonic ester and sodium ethylate, 
a lactone is formed.6 No stereochemical conclu­
sion can, however, be drawn from this fact. 
Many examples are known in which a six and a 
five membered ring are fused together in the trans 
positions.8 As a matter of fact, lactones of both 
the cis- and the /raws-cyclohexanol-2-acetic acids 
are known.9

Under favorable experimental conditions, the 
reaction between cyclopentene oxide and sodium 
malonic ester gave a 70-75% yield of the trans- 
diester. The ester was a liquid which could be 
purified by molecular distillation; saponification 
equivalent, and carbon, hydrogen and ethoxyl 
analyses all clearly showed that the compound 
was the /rcws-diester, II, not the as-lactone, VI.

-------- H----------
[CH(COOC2H5)2]

ture and configuration of which are known. On 
refluxing with dilute alkali, the ester was con­
verted into the salt of a diacid. The acid was 
obtained in 80-90% yield as a crystalline solid 
which evidently did not contain water of crystalli­
zation. The analytical data agree with those 
calculated for /ra^'Cyclopentanol-2-malonic acid
(III), but are not in agreement with those for the 
corresponding as-lactone. It seems improbable 
that the saponification altered the configuration of 
the molecule, since there was no asymmetric car­
bon atom in a position alpha to a carbonyl group; 
inversion by enolization is therefore ruled out.10

The /rtms-diacid was decarboxylated by reflux­
ing for ten minutes in pyridine solution; carbon 
dioxide and /raws-cyclopentanol-2-acetic acid (IV) 
were obtained in excellent yields. By neutral 
equivalent, melting point, solubility behavior and 
analysis, the compound was shown to be identical 
with that previously prepared by an entirely in­
dependent method by Hiickel and Gelmroth.11 
The configuration of this acid is not in doubt; 
the corresponding cis-compound exists only in the 
form of a lactone (V), melting at —14°.12

Evidence that the decarboxylation does not 
involve a change in configuration is offered by the 
fact that the lactone (V) of cis-cyclopentanol-2- 
acetic acid can be heated with pyridine and sub­
sequently recovered unchanged.

CH(COOC2H6)2 CH(COOH)2

*

The fact that the liquid ester was trans was con­
firmed by transforming it to a derivative the struc-

(7) L instead  and  M eade, J . Chem. Soc., 935 (1934).
(8) Baeyer, A n n .,  258, 145 (1890); W indaus, H ückel and  R everey, 

Ber., 56, 91 (1923); Cook and  L instead , J . Chem. Soc., 956 (1934); 
H ückel and  Friedrich , A n n ., 451, 132 (1927).

(9) M. N ew m an, p riv a te  com m unication .

While the reactions outlined above almost cer-
(10) H am m ett, op. cit., C hap. V III .
(11) H ückel and  G elm roth , A n n .,  514, 233 (1934).
(12) O nly in  th e  case of a  b e ta  lac tone  has ring  opening accom ­

panied  by W alden inversion been observed; Olson and  M iller, T h is  
J o u r n a l , 60, 2687 (1938); see also D ay  and  Ingold , T rans. Faraday  
Soc., 87, 686 (1941).
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tainly did not involve a change in configuration, 
it is possible by more drastic means to rearrange 
the /rans-compounds to the cis. Prolonged py­
rolysis of the /nms-diacid (fifty hours at 160°) was 
necessary to cause decarboxylation in the absence 
of pyridine and the product obtained was V, the 
lactone of m-cyclopentanol-2-acetic acid. Under 
similar conditions, /raws-cyclopentanol-2-acetic 
acid (IV) rearranged to the cis-lactone (V). The 
mechanism of this rearrangement may involve 
the acid-catalyzed dehydration of an hydroxy 
acid, followed by lactonization of the olefinic acid; 
it is possible, however, that the isomerization oc­
curred without the actual formation of the un­
saturated compound.

The series of reactions outlined above clearly 
shows that the reaction between cyclopentene 
oxide and sodium malonic ester occurs with Wal­
den inversion. The facts are, therefore, consis­
tent with the hypothesis that the reaction is a nu­
cleophilic displacement on carbon involving the 
malonic ester anion ( C 2 H 5 O 2 C C H C O 2 C 2 H 5 )  

This general theory is also supported by the older 
observation of Wislicenus13 that sodium malonic 
ester reacts much more readily with primary than 
with secondary halides.14

While the results of the present investigation 
were quite satisfactory, some experimental diffi­
culties encountered during the research are worth 
discussing.

An interesting phenomenon was noticed regard­
ing the saponification of the diester, II. The 
saponification took place more readily with dilute 
than with concentrated alkali, although of course 
complete saponification always led to the forma­
tion of the trans-diacid (III). Michael15 noted 
a similar peculiarity in the saponification of some 
other mono substituted malonic esters, and Gold­
schmidt and Oslan16 successfully explained why 
the rate of saponification of acetoacetic ester is 
independent of the alkali concentration.

It is also necessary to call attention to the 
fact that, in the reaction between sodium ma­
lonic ester and cyclopentene oxide, good yields 
were obtained only in alcoholic solution and in 
the presence of excess malonic ester. When ben­
zene was used as a solvent, the yield fell to 30%. 
Furthermore, unless two molar equivalents of 
malonic ester were used, none of the pure trans-

(13) W islicenus, Ann., 212, 239 (1882).
(14) Ham m ett, op. cit., pp. 152-154.
(15) Michael, / .  prakt. Chem., [2] 72, 537 (1905).
(16) Goldgeknudt and Oslan, Ber., 32, 3390 (1899).

diester could be isolated, and neither the con­
figuration nor the structure of the products ob­
tained has yet been established.

It is a fact, however, that reactions of sodium 
malonic ester are frequently improved by the 
addition of malonic ester. In the condensations 
with either halides or oxides, excess malonic ester 
greatly increases the yield of monosubstitution 
product,17 while the abnormal Michael18 reaction 
occurs only when the amount of sodium present 
is equivalent to the malonic ester used. It seems 
probable that the malonic ester functions as an 
acid, and removes the reactive anion of the sub­
stituted malonic ester from solution. This ex­
planation seems reasonable in the present case, 
since experiments showed that the anion of trans- 
cyclopentanol-2-malonic ester decomposed on 
refluxing in alcohol. Although its decomposition 
did not give the same products as were obtained 
from the cyclopentene oxide reaction without 
excess malonic ester, the instability of the anion 
was evident.

Experimental
Reaction of Sodium Malonic Ester with Cyclopentene 

Oxide.—About 125 cc. of absolute ethanol and 2.3 g. 
(0.1 mole) of sodium were placed in a 500-cc. three-necked 
flask, to which were attached a dropping funnel and a reflux 
condenser fitted with a calcium chloride tube. When all 
the metal had reacted, 31.5 g. (0.2 mole) of malonic ester 
was added. The solution was refluxed, 8.4 g. (0.1 mole) 
of cyclopentene oxide19 was added over a period of an hour, 
and the solution refluxed for an additional three hours. 
The ethanol was removed by distillation, and a quantity of 
10% sulfuric acid was added which was equivalent to the 
sodium used. The sodium sulfate was filtered and washed 
with ether, and the filtrate was extracted three times with 
ether. The combined ether extracts were washed, the 
ether distilled, and the excess malonic ester removed by 
vacuum distillation. The residue of pale yellow, crude 
/raws-cyclopentanol-2-malonic ester corresponded to a 
yield of 70-75% and had a saponification equivalent of 
110-115.20 For identification and characterization, it 
was purified by molecular distillation in a Hickman still. 
At a pressure of 10“ 4 mm., a colorless oil came over at 75°; 
if the pressure rose to 10“ 2 mm., the product passed over 
at 150-160° with slight decomposition.

Anal. Calcd. for Ci2H20Ofi(II): C, 58.98; H, 8.20; 
C2H60, 36.86; sap. eq., 122. (Calcd. for Q 0H14O4 (V): 
C, 60.58; H, 7.12; C2H50, 22.72; sap. eq., 99.) Found: 
C, 59.01, 59.43; H, 7.93, 8.00;' C2HsO, 37.01; sap. eq.,

(17) Leuchs, ibid., 44, 1507 (1911); see also Cohen, M arshall and  
W oodm an, J . C h e m . S o c ., 107, 887 (1915); and  Brigl, Z . p h y s io l .  
C h e m ., 95, 161 (1915).

(18) M ichael and  Ross, T h is  J o u r n a l , 52, 4598 (1930).
(19) Verkade, Coops, M aan  and  V erkade-Sandbergen, A n n ., 467, 

217 (1928).
(20) M ulliken, “ T he Iden tifica tion  of P ure  Organic C o m pounds/' 

John  W iley and  Sons, Inc., N ew  Y ork, N . Y„, 1904, Vol. I, p. 11L



Nov., 1942 T he M alonic Ester Synthesis and Walden Inversion 2609

120, 122; w20d 1.4564; 1>5, 1.109. The micro Zeisel
analysis was performed by Dr. J. A. Alicino, Fordham 
University, New York, N. Y.

A similar reaction, carried out with benzene as solvent, 
gave a 27% yield of diester (II), identified by saponifica­
tion, and isolation of the diacid, (III).

Saponification of the Diester, II.—The diester was 
saponified by refluxing the crude, undistilled ester for 
four hours with twice the calculated amount of 1.0 N  
sodium hydroxide. An amount of hydrochloric acid ex­
actly equivalent to the sodium hydroxide was then added 
to this solution. Since it was impossible to extract the 
acid, because of its great solubility in water, the solution 
was evaporated to dryness in vacuo at room temperature. 
Unless solutions of the free acid were kept cool, they 
showed a marked tendency to precipitate out an insoluble 
polymer. The dry salt-cake was extracted with acetone 
and the acetone evaporated in vacuo at room temperature, 
leaving a 95% yield of a colorless oil. On stirring with 
benzene, this oil solidified (yields of 90% were obtained 
using only 1 g. of ester). The crude powder melted 20-  
30° lower than the best material finally obtained. The 
compound was difficult to recrystallize because it was ex­
tremely soluble in water, methanol, ethanol, acetone, 
ether and dioxane, was insoluble in benzene, chloroform, 
and ligroin, and precipitated as an oil from mixed solvents. 
However, it was possible to effect a purification by dis­
solving the compound in the minimum quantity of ethyl 
acetate or amyl alcohol, centrifuging to remove insoluble 
matter, and then removing most of the solvent with a 
stream of dry air. After a few days, the crystals were 
centrifuged, rapidly washed several times with ethyl 
acetate, and dried in vacuo. The melting point, after 
several recrystallizations from ethyl acetate, was 118.4- 
118.7° (with dec., cor.). Before analysis, the purified 
crystals were dried for a week in a vacuum desiccator over 
phosphorus pentoxide or over sulfuric acid. In no case 
did drying affect the melting point or neutral equiva­
lent.

The yield on the recrystallization of the crude diacid 
was only about 50%; it seems reasonable to assume, how­
ever, that the crude material was essentially pure. The 
crude acid had a neutral equivalent which did not change 
on recrystallization and which was close to the theoretical 
value. Furthermore, subsequent decarboxylation gave 
yields of 80% of pure /raws-cyclopentanol-2-acetic acid.

Anal. Calcd. for C8Hi20 6 (III): C, 51.04; H, 6.39; 
neut. eq., 94.0. Found: C, 51.27; H, 6.49; neut. eq. 
(semi-micro), 94.9, 95.0.

Saponification with Concentrated Alkali.—About 1.2 g. 
of /raws-cyclopentanol-2-malonic ester (II) was refluxed for 
nine hours with twice the calculated amount of 5.5 N  
sodium hydroxide. The acid recovered from this treat­
ment had a neutral equivalent of 136, and a saponification 
equivalent of 99. Further saponification with 1.0 N  
alkali gave an 85% yield of solid /ra«s-diacid, (III).

Decarboxylation.—One gram of crude diacid was dis­
solved in 10 cc. of pyridine, refluxed for ten minutes, and 
then poured into slightly more 1 N  sodium hydroxide than 
the amount calculated for the neutralization of the result­
ing acid. The pyridine and water were removed at room 
temperature, and the residue acidified with an amount of

1 N  hydrochloric acid which was exactly equivalent to the 
alkali previously added. The water was removed in 
vacuo, and the residue extracted with acetone. The extract 
was filtered, and the acetone removed at reduced pressure, 
to avoid polymerization of the acid.11 This gave an 80% 
yield of an oil which solidified on scratching. The re­
ported melting point for the trans-acid (IV) is 52.5-53.5°. 
The observed melting point of the recrystallized acid was
53.3-54.3° (cor.).

Anal. Calcd. for C7Hi20 3 (IV): C, 58.29; H, 8.40; 
neut. eq., 144.1 (calcd. for C7H10O2 (VI): C, 66.67; H, 
7.94; neut. eq., 126). Found: C, 58.30; H, 8.00; neut. 
eq. (semi-micro), 145.9, 145.6.

Treatment of cw-Cyclopentanol-2-acetic Acid Lactone 
with Pyridine.—A solution of 0.5 g. of the lactone in several 
cc. of pyridine was refluxed for fifteen minutes. Five cc. 
of 1 N  sodium hydroxide was added, and the refluxing 
continued for another fifteen minutes. After evaporation 
to dryness, acid was added and the lactone recovered un­
changed.

Thermal trans-cis Isomerization.—Two grams of crude 
/raws-cyclopentanol-2-malonic acid was heated for fifty 
hours at 160°. After two vacuum distillations, 0.6 g. 
of m-cyclopentanol-2-acetic acid lactone was obtained. 
The material melted at —14°, while Hückel and Gelm­
roth11 reported —17°. When 1.5 g. of /ra^s-cyclopentanol-
2-acetic acid was heated in a similar fashion and distilled 
twice, the resulting product, in 40% yield, was the same 
lactone. These samples of lactone were further identified 
by boiling point, saponification equivalent, analysis, and 
by determining the melting point of a mixture of the com­
pound with a sample prepared according to Hückel and 
Gelmroth.11

Reaction without Excess Malonic Ester.—The reaction 
was carried out as previously described, except that two 
molar proportions of sodium and malonic ester were used 
for one of cyclopentene oxide, or else equal proportions of 
all reactants were used. The product in this case was ob­
tained in only 20-40% yields, and had a saponification 
equivalent of 165. After prolonged saponification, the 
resulting acid was partitioned between benzene and water. 
The water layer contained an acid of neutral equivalent 
129-140, while the benzene soluble portion of the mixture 
had a neutral equivalent of about 200. Clearly, the 
saponification product was a mixture. The products 
obtained here have not yet been identified.

Stability of the Anion of the Diester (II).—A gram of 
/ra?w-cyclopentanol-2-malonic ester was dissolved in abso­
lute alcohol, 0.1 g. of sodium added, and the solution 
refluxed for two hours. At the end of this period of time, 
only 25% of the trans diester could be recovered; the rest 
had been converted into water soluble compounds. If the 
solution was refluxed for seven hours, the recovery was 
only 8%.

Summary
1. A stereochemical study of the reaction of 

sodium malonic ester with cyclopentene oxide in 
the presence of excess malonic ester has shown 
that the reaction involves Walden inversion about
one of the carbon atoms of the oxide ring.
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2. This is the result which would be anti» usual mechanism for displacement reactions, 
cipated if the reaction proceeded b y  the C h ic a g o , I l l i n o i s  R e c e iv e d  July 23, 1942

[C o n t r i b u t io n  f r o m  t h e  vS a n d e r s  L a b o r a t o r y  o f  C h e m i s t r y , V a s s a r  C o l l e g e ]

The Sorption of Carbon Monoxide by Metals. Temperature Variation Experiments
By Carroll W. Griffin

Introduction
The identification of two types of adsorption, 

namely, physical and activated, has been defi­
nitely established for gases on many solids. The 
existence of a third sorptive force has long been 
suspected and that this might be solution was 
mentioned by the author in the case of hydrogen 
and massive copper.1 Further evidence to sup­
port this belief was obtained in studies of the 
sorption of hydrogen on supported copper,2 on 
massive nickel,3 on supported nickel,4 and particu­
larly by the “experiments with temperature 
variation.''5 In the last two studies the attack 
has consisted of bringing the gas into sorptive 
equilibrium with the metal at —78.5°, raising the 
temperature to 0° and, after measuring the equi­
librium conditions, returning the temperature to 
— 78.5°. In this manner it was revealed that the 
sorption at —78.5° is followed first by a rapid 
desorption at 0° and then by a slower process 
(solution) at 0°. Upon cooling again to —78.5° 
the sorption is found to be greater than the 
original sorption at this temperature to an extent 
equal to the volume slowly taken up at 0°.

The success of this method of study of course 
depends upon selecting two temperatures, one at 
which the secondary sorptive force, thought to be 
solution, is absent or is at a minimum, and the 
other at which it manifests itself distinctly. The 
amount of solution, and not simply its rate, will 
be greater at the higher temperature and also at 
higher pressures. These facts hold for the studies 
already cited.

It is obvious that —78.5 and 0° might not al­
ways be the temperature at which the two sorptive 
forces would distinguish themselves best. Thus, 
although Benton and White do not specifically so 
label the experiment immediately under their

(1) Griffin, T h is  J o u r n a l , 49, 2136 (1927).
(2) Griffin, ibid., 67, 1206 (1935).
(3) W hite  and  B enton, J . P hys . Chem., 35, 1784 (1931).
(4) Griffin, T h is  J o u r n a l , 61, 270 (1939).
(5) B en ton  and  W hite , ibid., 64, 1373 (1932); Griffin, ibid., 63, 

2957 (1941).

Table IV,6 this is really a run “with temperature 
variation/' the variation here being from 110 to 
210°. In connection with their study of carbon 
monoxide on massive copper it might be em­
phasized that the authors did not find, after not­
ing the desorption coming with the elevated tem­
perature, any resorption (solution) as evidenced 
by a drop in pressure. Yet, when the temperature 
was again brought to 110°, the sorption of carbon 
monoxide amounted to 15.00 ml. as compared 
with an original 14.43 ml. It therefore seems, in 
the writer's opinion, since 0.57 ml. is more than 
ten times their experimental error, that actually 
solution of over half a milliliter did take place at 
210°, in excess of any dissolved at 110°, but it 
occurred simultaneously with the desorption of 
the activated carbon monoxide molecules and 
was overshadowed by the desorption. For as long 
as both processes are taking place and the rate of 
desorption exceeds the rate of solution there can 
be no observable evidence of the latter, save the 
greater total sorption when return is made to the 
lower temperature. Only when the desorption 
at the higher temperature is completed quickly 
or is relatively small may one observe the pres­
sure reversal which indicates that solution is tak­
ing place.

Sorption studies with temperature variation 
have been confined to hydrogen on metals with the 
exception that Benton and White have shown the 
general behavior of carbon monoxide on massive 
copper. Therefore, the present work was under­
taken to learn whether or not the effects observed 
with hydrogen are common also to other gases. 
Platinum and copper were the metals selected and, 
since little or no solution can be expected with 
supported metals, both forms have been employed 
with platinum. With copper only the supported 
metal was used. Since it has already been shown 
that solution of carbon monoxide in massive 
copper becomes appreciable only above 0°, the 
temperatures selected for the supported copper

(6) Benton an d  W hite , ibid., 54, 1373 (1932).
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were 0 and 100°. Those for the two platinum 
sorbents were —78.5 and 0°, for von Hemptinne7 
found that a marked increase in the sorption of 
carbon monoxide on platinum takes place around 
—40°.

Experimental
The apparatus8 and general method of making 

the runs9 and the purification of carbon monoxide1 
have been described. The supported copper 
sample was the same as in a previous study.2 
The platinum samples also had been used before 
and their preparation reported.10 Since it is not 
possible completely to remove adsorbed carbon 
monoxide from platinum surfaces by simple evacu­
ation, its removal was accomplished by burning 
off with oxygen at 250° between runs. The oxy­
gen was then washed off with hydrogen and the 
latter removed by pumping off at 250°. As usual, 
helium was employed as a reference gas.

Results
On each of the three sorbents a run was first 

made to measure the sorption at the lower tem­
perature (0° for copper; —78.5° for platinum)
at several pressures up to one atmosphere. Then 
a run was made at the higher temperature (100° 
for copper; 0° for platinum). After this three 
runs were made on each sorbent with tempera­
ture variation, using progressively greater volumes 
of carbon monoxide. The results are summarized 
in the tables and figures. Table I lists the data 
obtained with supported copper, and Tables II

Table I
Effect of Changing T emperature on Sorption o f

Carbon M onoxide by Supported Copper (10.2 G. Cu
on 40 G. of Brick)

^  . _0 j Press. 88.4 362.2 512.9(1) Gas taken up at 0 < 3.00 3.55 3.63
(2) Initial value after ƒ Press. 159.9 522.5 739.9

warming to 100° j  Vol. 
(3) Total sorption at 100 0 at

1.88 2.78 2.99

pressures given in (2) 1.98 2.94 3.15
(4) Differences of (2) and (3) 0.10 0.16 0.16
(5) F i n a  l v a l u e s  /  Press. 158.0 518.7 736.1

reached at 100° \  Vol. 1.94 2.91 3.10

(6) After cooling to 0° j y ^ SS 86.5
3.09

351.8
3.69

509.2
3.79

(7) Direct values at 0° at pres­
sures given in (6) 2.98 3.54 3.63

(8) Differences of (6) and (7) 0.11 0.15 0.16
(7) vou H em ptinne, Z. physik. Chem., 27, 429 (1898).
(8) Pease, T h is  J o u r n a l , 45, 1196 (1923).
(9) Benton and  W hite, ibid., 54, 1379 (1932).
(10) Griffin, ibid., S3, 2957 (1941).

and III give the results for the platinum sorbents» 
The values in Row (2) of the tables represent the 
adsorption at the higher temperature for a given 
experiment (plus solution, if any, at the lower 
temperature). The differences given in Row (4) 
are the volumes of carbon monoxide dissolved at 
the higher temperature and at pressures of Row 
(2), while the differences given in Row (8) are 
the volumes dissolved at the higher temperature 
at pressures of Row (5). The sums of adsorption 
and solution are found in Rows (3) and (5).9

T a b l e  II
Effect o f  Changing T emperature on Sorption of 

Carbon M onoxide b y  5 G. of M assive Platinum

(1) Gas taken up a t ƒ Press. 15.1 249.5 462.6
— 78.5° \  Vol. 3.97 4.58 4.59

(2) Initial values after ƒ Press. 45.1 398.1 696.8
warming to 0° \  Vol. 3.44 3.50 3.52

(3) Total sorption at 0 ° at pres-
sures given in (2) 3.79 4.16 4.22

(4) Differences of (2) and (3) 0*.35 0.66 0.70
(5) Final values reached ƒ Press. 34.5 371.4 666.5

at 0 ° \ Vol. 3.68 4.10 4.20
(6) A fter cooling to ƒ Press. 8.5 233.6 440.1

-78.5° \  Vol. 4.18 5.22 5.30
(7) D irect values a t —■78.5°

at pressures given in (6) 3.86 4.58 4.61
(8) Differences of (6) and (7) 0.32 0.64 0.69

T a b l e  I I I

Effect of Changing Temperature on Sorption of 
Carbon M onoxide by Supported Platinum (3.9 G. P t

o n  10 G. o f  Brick)
a ) Gas taken up a t ƒ Press. 32.8 286.1 426.2

-78.5° \  Vol. 1.03 1.25 1.27
(2) Initial values after ƒ Press. 51.4 400.6 592.4

warming to 0° \  Vol. 0.82 0.97 0.99
(3) Total sorption at 0° 

sures given in (2)
at pres-

0.85 1.02 1.06
(4) Differences of (2) and (3) 0.03 0.05 0.07
(5) Final values reached ƒ Press. 49.8 399.0 590.2

at 0° 1 Vol. 0.87 1.02 1.06
(6) A fter cooling to ƒ Press. 32.4 284.6 424.4

-78.5° \  Vol. 1.05 1.32 1.35
(7) D irect values a t - -78.5°

at pressures given in (6) 1.03 1.26 1.28
(8) Differences of (6) and (7) 0.02 0.06 0.07

The data of the three tables are brought to­
gether in the figures. Curve 3 in all the figures, 
giving the adsorption at the higher temperature, 
is obtained by subtracting the amount of dis­
solved carbon monoxide at a given pressure from 
the total sorption at that pressure as found from 
Curve 2.

As in the case of hydrogen10 the extent of solu­
tion of carbon monoxide in supported metals is
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20 40 60
Pressure in cm.

Fig. 1.—Sorption of carbon monoxide on supported 
copper, four moles of copper per 1000 g. of brick: curve 1, 
total sorption at 0°; 2, total sorption at 100°; 3, adsorp­
tion at 100°; 4, solution at 100°.

distinctly less than in massive metals. Thus, for 
carbon monoxide in platinum at 500 mm. pres­
sure, the solution process accounts for 17% of the 
total 0° sorption for the massive form, and for 
only 5% for the supported form. For supported 
copper at 100° the figure is 5% both at 500 mm. 
and at 300 mm. pressure, whereas Benton and 
White found that for massive copper at 300 mm. 
pressure over 50% of the 100° sorption is due to 
solution.11 The 17% solution for massive plati­
num is the smallest percentage yet found for a 
massive metal as may be seen from Table V of an 
earlier study.10 Nevertheless, the present evi­
dence substantiates the conclusion that when the 
sorbent is spread largely as surface the solution 
factor is much reduced.

The rate of sorption was rapid at low pressures 
for all three sorbents and somewhat slower at 
atmospheric pressure. The rate was about the 
same for massive as for supported platinum; this, 
as well as the rather unexpectedly low 17% solu­
tion for massive platinum, is believed due to the 
probability that there was a much greater amount 
of surface metal in this sorbent than is found in 
massive metals reduced from oxides in wire form. 
At atmospheric pressure two hours sufficed for 
equilibrium. This differs from the case of massive 
copper at 110° or higher under which conditions 
several days may not bring about equilibrium.

The rate of desorption of carbon monoxide on
(11) B en ton  and  W hite , T h is  J ou rnal ., 54 ,1373 (1932), see Fig. 7.

Fig. 2.—Sorption of carbon monoxide on platinum. Solid 
curves indicate massive platinum; broken curves indicate 
supported platinum, two moles of platinum per 1000 g. of 
brick: curves 1 and I, total sorption at —78.5°; 2 and 
II, total sorption at 0°; 3 and III, adsorption at 0°; 4 
and IV, solution at 0 °.

the two platinum sorbents when the temperature 
is elevated from —78.5 to 0° was slower than for 
hydrogen on platinum. As a result, the “initial 
sorption after warming to 0°,” which is computed 
from the maximum pressure shown when the 
temperature is increased to 0°, (and which for 
hydrogen on platinum is almost immediate) was 
effected in about three or four minutes. Had the 
total desorption been immediate it follows that 
the “Initial values after warming to 0°” as shown 
in Row (2) of these tables would have been slightly 
higher for the observed pressures and thus some­
what lower for the calculated volumes. In turn 
this would mean that the values of Row (4), repre­
senting solution, would be rather greater. Be­
cause of these considerations the values in Row (8) 
for a given series of experiments should be more 
trustworthy than those of Row (4), and the fact 
that good checks have been obtained in Rows (4) 
and (8) (note that the pressures corresponding to 
the volumes for the two rows differ somewhat) 
indicates that in these particular experiments 
the maximum pressures of Row (2) did not mate­
rially differ from the actual values, had the latter 
been obtainable, which prevailed before the solu­
tion process had attained a finite value.
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Summary
Measurements with temperature variation have 

been made for the sorption of carbon monoxide 
on supported copper and on massive and sup- 
ported platinum. The results are qualitatively 
similar to like measurements of hydrogen on 
massive and supported metals and show that the 
presence of a secondary sorptive force is probably 
a general characteristic of metallic sorbents.

This factor, apparently solution, manifests itself 
only to a small extent with supported sorbents 
where the metal is largely exposed as surface. 
With massive metals and carbon monoxide the 
secondary action is over three times as great in 
the case of platinum, and about ten times as great 
in the case of copper, when compared with their 
respective supported forms.
P o u g h k e e p s i e , N. Y. R e c e i v e d  A u g u s t  11, 1942

[C o n t r i b u t i o n  f r o m  t h e  C h e m ic a l  L a b o r a t o r y  o f  T h e  O h i o  S t a t e  U n i v e r s i t y ]

Chemical Separation of the Isotopes of Hydrogen by the Addition of Metals and 
Compounds of Metals to Water, Acids and Bases. I. Relative Efficiencies of 

Specific Reactions. The Effects of Certain Factors other than Temperature1
By H errick  L. Johnston and Clyde O. Davis

The possibility of obtaining separation of iso­
topes of hydrogen by displacement reactions of 
metals with acids was suggested by Washburn 
and Urey.2 The first experimental results on 
displacement reactions were reported independ­
ently by L. and A. Farkas8 and by ourselves.4 
Horiuti and Szabo5 confirmed our own value of
2.5 for the separation coefficient in the Na-H20  
reaction, in experiments in which they introduced 
water vapor onto metallic sodium. More exten­
sive observations at 90° have been reported by 
Hughes, Ingold and Wilson,6 whose data differ 
somewhat from our own. Recently, Reyerson, 
Johnson and Bemmels7 have reported qualitative 
data on the isotope separation which results 
when calcium carbide is treated with water.

The present paper describes quantitative in­
vestigations of the reactions of lithium, sodium, 
potassium, calcium, calcium carbide and alumi­
num carbide with water; magnesium, granulated 
and mossy zinc, c. p . and commercial iron, manga-

(1) E xcept for s ligh t m odification for new er values of oxygen iso­
tope abnorm ality  in  th e  e lectro ly te  and  in  a ir and  for the  densities of 
pure D 2O and pure  p ro tium  oxide, th e  values in  th is  paper were pre­
sented before the  D ivision of Physical and  Inorganic Chem istry a t 
the  C leveland M eeting of th e  A m erican Chem ical Society (Septem ­
ber, 1934) and  the  Sym posium  on D euterium , held w ith  the  P it ts ­
burgh M eeting  of th e  A m erican A ssociation for th e  A dvancem ent of 
Science (Decem ber, 1934). O riginal m anuscrip t received Septem ber 
19, 1941.

(2) E. W. W ashburn  and  H . C. U rey, Proc. N atl. Acad. Sci. U. S ., 
18, 496 (1932).

(3) L. F arkas and  A. F a rkas , Nature, 133, 139 (1934).
(4) C. O. D avis and  H . L. Johnston , T h is  J o u r n a l , 56, 492 (1934).
(5) J . H oriu ti and  A. L. Szabo, N ature, 133, 327 (1934).
(6) E. D. H ughes, C. K . Ingo ld  and  C. L. W ilson, ibid., 133, 291 

(1934); J . Chem. Soc., 493 (1934).
(7) L. H. R eyerson, O. Johnson  and C. Bemmels, T h is  J o u r n a l , 

61, 1594 (1939).

nese, aluminum and ferrous sulfide with sulfuric 
acid; and aluminum with sodium hydroxide. 
In a following paper8 the results of an investiga­
tion of temperature coefficients of the separation 
factors in several of the reactions are presented.

In both this and the following paper the spe­
cific gravity of pure D20  at 27° is taken to be d2727 
— 1.107689 and that of pure protium water with 
the normal oxygen isotope ratio d2727 =  0.999982.10 
Account is also taken of the slight non-additivity 
of H20  and D20  volumes reported by Luten.11 
This makes the equation for the specific gravity 
of a D20 -H 20  mixture, in terms of the absolute 
mole fraction of D

S27° = 0.999982 +  0.10770 17d -  0.0012 NnNi> (1) 
While equation (1) is set up for 27°, it is appli­
cable with high accuracy for moderate concentra­
tions of D for the whole temperature range be­
tween 25 and 30°.

Experimental Description
(a) The Reaction System.—A diagram of an improved 

form12 of the reaction system is shown in Fig. 1.
At the beginning of each run a weighed quantity (400- 

800 g.) of water, acid or base, with an enriched D content, 
was placed in the reaction vessel A, and a weighed quantity 
of the solid reagent (in small pieces) was placed in C. 8 9 10 11 12

(8) H . L. Jo h n sto n  and  W. H . H all, m anuscrip t in  p rep a ra tio n .
(9) H . L . Joh n ston , T h is  J o u r n a l , 61 , 878  (1 9 3 9 ).
(10) H . L. Johnston , ibid., 57, 484 (1935).
(11) D . B. L u ten , Phys. Rev., 45, 161 (1934).
(12) T h is  is a c tu a lly  a  d iag ram  of th e  reaction  system  used by 

Jo hnston  and  H a ll.8 In  th e  original design th e  reac tio n  flask was 
n o t th e rm o s ta tte d  b u t was e ith e r exposed to  a ir, o r sp rayed  w ith  a 
continuous s tream  of ta p  w a ter (cf. seq.). T h e  sem i-au tom atic  
levelling bulbs (H , H) and  calib ra ted  flowm eters (J , J )  were n o t in ­
cluded in  th e  original design.
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Fig. 1.—Reaction system: A, reaction vessel; B, stirrer; C, reagent flask; D,D,0, weighed CaCl2 drying
tubes; E,E,E, unweighed CaCl2 drying tubes; F, sand trap; G, gas storage carboys; H,H, water levelling tubes 
to control pressure heads in the carboys; J,J, calibrated flowmeters; K, Pyrex oxyhydrogen torch; L, Pyrex condenser; 
M, ice-jacketed receiver; T, thermostat.

During the run the solid reagent was added slowly to the 
rapidly stirred liquid in the reaction vessel, and the 
evolved gas was: (1) dried, (2) collected over water
(hydrogen sulfide and acetylene were collected over mer­
cury), (3) redried and (4) burned in an excess of dry, tank 
oxygen.

Runs were permitted to go to completion (i . e.y until all 
of the weighed solid reagent had reacted). Twenty-four 
to sixty grams of combustion water was formed in each 
run and, since the reagents were added slowly for the faster 
reactions, the duration of each run was from twelve to 
forty-eight hours.

Full gravimetric data were taken {cf. Table III) and 
isotopic analyses were carried out for: (1) the initial 
water, acid or base and (2) the water formed by combus­
tion. In a few instances densities were taken on water 
from the residual solution but these were not essential since 
the change in the deuterium concentration in the reaction 
flask can be determined more accurately from the mass and 
the D concentration of the water produced by combustion 
of the evolved gas than by a direct measurement. Correc­
tion was applied for the gas that remained in the reaction 
vessel or other portions of the reaction system.

(b) Densimetric Analyses with the Buoyancy Balance. 
—Analyses were based on the specific gravities of purified 
water samples and were made by the “free submerged 
float” method,13 in which the temperature of the water 
sample is varied until the density matches that of a cali­

(13) T . W . R ichards and  G. W .  H arris , T h is  J o u r n a l , 38, 1000
(1916); G. N. Lewis an d  R . T . M acdonald , J .  C h e m . P h y s . ,  1, 341
(1933).

brated glass float. This is a method which we have 
used extensively in this Laboratory with excellent re-
sults.4’8’10’14

The 1.5-cc. Pyrex float was calibrated at frequent inter­
vals against purified samples of Columbus tap water, and 
the calibration points were graphed against time. When 
first made the float came to equilibrium in pure normal 
water at 26.773° but the calibration temperature rose 
steadily over a period of several months. We attribute 
this to gradual solution of the outer surface of the float.15

Flotation temperatures of samples analyzed, relative to 
normal water, are considered reliable to within ± 0.001 to 
0.002° (2 to 5 7 in density). The densities of normal water 
between 25 and 30° were taken from the “International 
Critical Tables.” 16 In computing the density differences 
correction was applied for the thermal expansion of the 
Pyrex float.17

It has been our experience that the limiting factor in the 
accuracy attainable with the buoyancy balance is ordi­
narily the purification of water samples for analysis. In 
this work we repeated the purification of samples until 
constant density (to within 1 p. p. m.) was obtained.

(14) (a) R . D. Snow and  H . L. Johnston , Science, 80, 210 (1934);
(b) W. H. H a ll and  H. L. Johnston , T h is  J o u r n a l , 57, 1515 (1935);
(c) ibid., 58, 1920 (1936). A m ore deta iled  description of our p ro ­
cedures in  d en sim etric analyses w ill be published in  the  Journal o f  the 
Ohio Academy o f Science.

(15) T here  appears to  be som e rela tion  betw een th is  behavior and 
the  dim ensions of th e  float. E a rlier calibrations of an  8-cc. Pyrex  
float showed little  change in  a  period of several weeks.

(16) “ In te rn a tio n a l C ritical T ab les,” M cG raw -H ill Book Co., 
Inc., New Y ork, N . Y ., 1927, Vol. I l l ,  p. 25.

(17) R . M . Buffington, T h is  J o u r n a l , 48, 2305 (1926).
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Table I is an illustration for a particularly troublesome 
sample, for which the density changed by about 8 p. p. m. 
in the second and third processings.

Table I
Purification Record of a Troublesome Sample 

Processings 1 2 3 4 5
Flotation temp. (Beck­

mann), °C. 3.695 3.675 3.664 3.663 3.664

(c) Reagents.—The deuterium-rich water used in this 
investigation was prepared by ourselves out of old electro­
lyte from electrolytic hydrogen cells of the Capital City 
Products Co. of Columbus. Water distilled from this 
electrolyte was further electrolyzed between nickel or iron 
electrodes in potassium hydroxide solution to a volume 
fraction of approximately 1/i6, which resulted in water 
whose hydrogen content was approximately 0.5% in D. 
The alkaline solution was neutralized with excess carbon 
dioxide and the water distilled away from the sodium bi­
carbonate in a copper still and redistilled in Pyrex. While 
the O18 abnormality must have amounted to about 9 
p. p. m. on the density of the water at the end of the elec­
trolyses,10 the carbon dioxide treatment must have nearly 
or completely removed this abnormality.140 We have 
therefore taken the initial water in the several runs as 
normal in its oxygen isotope ratio.

The acid solution was prepared by adding Baker and 
Adamson c. p. fuming sulfuric acid to a weighed amount of 
deuterium-rich water. A sufficient amount was prepared 
at one time to serve for all of the runs with metals. Its 
concentration was found, by titration with standard base, to 
be 6.983 equivalents per 1000 g. of acid. Its deuterium con­
tent was 0.400 atomic % of hydrogen. The latter was de­
termined: (1) by a direct density measurement on a middle 
fraction of water distilled from the sulfuric acid solution and 
(2) by deuterium analysis on the original water and compu­
tation of the amount of dilution by normal hydrogen from 
the fuming sulfuric acid. The two analyses agreed to 
within 1 p. p. m. on the measured and computed densities.

A second quantity of acid was prepared in a similar 
manner for the ferrous sulfide run.

The basic solution was prepared with c. p. sodium hy­
droxide, in a similar manner. The strength of the solution 
was 3.340 equivalents per 1000 g. of base.

The oxygen used in the combustions was from a commer­
cial cylinder and had been prepared from air by the Linde 
process. Its oxygen isotope composition, relative to air, 
was determined by comparison of densities of two water 
samples—one prepared by combustion of tank hydrogen 
in an excess of the tank oxygen, the other by combustion 
of the same tank hydrogen in air. The combustions were 
brought about in the burner K. This manner of combus­
tion will, in itself, have produced no change in the iso­
topic composition of either the hydrogen or the oxygen.140 
The two water samples agreed in density to within 0.5 
p. p. m. Our combustion samples must, therefore, have 
possessed the same oxygen abnormality as oxygen in air. 
We have accordingly applied a  correction of —6.5 p. p. 
m i4c,is to densities of combustion waters only,

(18) M . Dole, J .  Chem. P hys ., i ,  268 (1936). See also Table  VI 
of th e  re c e n t paper by Sw artou t a n d  D o le , T h is  J o u r n a l , 61, 2025 
(1939).

Coleman and Bell standard laboratory quality sodium 
and potassium were employed. Thick slices of the outer 
surface were cut away, in an atmosphere of nitrogen, and 
the metals cut into small pellets. The lithium was a re­
putedly pure metal supplied by A. D. Mackay of New 
York. The calcium metal was in the form of thick, sil­
very chips and was packaged, without analysis, for a 
local supply house.

Two c. P. samples of zinc were employed. The granu­
lar zinc was a J. T. Baker product and bore an analysis 
on the label which showed only 0.024% of total impurity, 
of which 0.02% was Pb. The mossy sample was Baker 
and Adamson’s c. p. mossy zinc with an analysis on the 
label which showed 0.05% Pb and 0.002% of other im­
purities.

Also two samples of iron were employed. One was a 
99.8% pure sample, from J. T. Baker, while the other was 
from a stock supply of “commercial iron filings” and con­
tained 10 to 15% of impurities, principally carbon.

The aluminum was a granular c. p. product of Coleman 
and Bell and the magnesium was purchased from a local 
supply house as “Al turnings for Grignard reagent.” 
Manganese, calcium carbide, aluminum carbide and fer­
rous sulfide were stock chemicals of unknown origin and 
purity. The three last, in particular, may have contained 
considerable impurity.

(d) Temperatures.—No effort was made to thermostat 
the reactions. However, most of the runs were carried 
out at room temperature, which usually varied between 
25 and 30° during the period of the experiments, and can 
be directly compared. The other reactions were carried 
out by spraying hot water from the laboratory pipes (55- 
60°) onto the wall of the reaction flask in order to acceler­
ate otherwise sluggish rates. This was done in both of 
the runs with aluminum in acid; in the second lithium run, 
in which lithium was added to an already strong solution 
of lithium sulfate; in both runs with granular zinc and in 
both runs with c. p . iron. Cold tap water was sprayed onto 
the reaction vessel during the runs with sodium and with 
potassium in order to maintain the reaction mixtures close 
to room temperature.

Because the reactions were run relatively slowly, the 
temperatures of the reaction mixtures can seldom have dif­
fered by as much as 5° from the wall of the flask.

Because of the extreme slowness with which aluminum 
reacted with the acid a small quantity of mercury was 
added to promote the reaction. For the same reason cop­
per strips were added to the reaction vessel in Run 11, 
with granular zinc.

Experimental Data
(a) Sample Data and Calculations for a 

Typical Run.—Table II contains the data ob­
tained in a typical run (magnesium with sulfuric 
acid).

The separation coefficient, a, is defined by the
equation

d In H ~ o:d In D (2)

with the symbols H and D used to represent the 
H20  and D20  equivalents of the quantities of
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Table II
Sample Data and Calculations

Run 18, 42.50 g. of Mg added to an excess of 6.983 N  
H2SO4.

R esidue in
In it ia l C om bustion  reaction
acid H 2O flask

W eight, g.
W ater equ ivalen t, g. 
A T  o f flotation, °C. 
Specific g rav ity  
M ole frac tion  of D 
W t. frac tion  of D 23 
Q u an tity  of D  (as 

D 20 )
Q u an tity  of H  (as 

H 20 )

958 .27  31 .3 5  (obs.)«  9 9 5 .ST2*
690 .48  3 1 .49  (calcd .)2»

1.500 0 .9 1 7 22
1.0004081 1.0002470
0.004001 0.002467

.004446 .002742

3 .06987 . 08635 2 .9835224

6 8 7 .4101321 3 1 .4036520 6 5 6 .0064824
log (656.00648/687.41013) 

log (2 .98352 /3 .06987)

H and D, respectively, in the acid solution. The 
equation is integrated between initial and final 
amounts.

The good agreement between the observed19 and 
calculated20 weights of combustion water, and 
likewise the check on the gravimetric data through 
the observed and calculated weights of residue,25 
are good evidence against any significant amount 
of reduction by the reaction26 
Mg +  2H2SO4 = Mg++ +• S04~ +  2H20  +  S02 (3) 

Failure to observe an odor of sulfur dioxide in the 
slow streams of excess oxygen from the burner is 
further confirmation of this.

(b) Complete Tabulation for All Fifteen 
Reactions in Water of Approximate 0.5% D 
Content.—Complete tabulations of the essen­
tial experimental data for all runs in the fifteen 
reactions investigated, together with the values 
of ay are given in Table III. Except as noted, 
calculations were carried out in the same manner

(19) T he sum  of: 29.55 g. collected in  M  (Fig. 1); 1.25 g. collected 
in  O (no ice was on h an d  when th is  ru n  was m ad e ); and 0.55 g. com­
pu ted  as the  H 2O equ iva len t of an  approx im ate  800 cc. of unburned 
H 2 le ft in  the  ap p ara tu s  a t  the  end of th e  run .

(20) C alculated  from  th e  w eight of m e ta l reacted.
(21) C orrected by  0.65 g. for loss of 1.31 g. of vapor to  drying 

tu b e  D.
(22) Corrected by  0.023° for th e  O 18 abnorm ality  of the  tank  

oxygen.
(23) W t. fractions were com puted  w ith  th e  m olecular weight 

values: H aO =  18.0156, DaO =  20.0283.
(24) C om puted  by  difference betw een entries in  th e  “ In itia l Acid” 

an d  “ C om bustion H 2O” columns.
(25) This weighing was tak en  as a check on th e  gravim etric data. 

I t  com pares w ith  th e  calculated  value 996.06. T he la tte r m akes al­
low ance for th e  1.31-g. vapor loss to  th e  d ry ing  tu b e  D (ref. 21) and 
for th e  3.60 g. of H 2 (0.25%  in  D) represen ted  by th e  31.35 g. of H 2O 
collected.

(26) T he  good grav im etric  check on th e  w eight of residue is signifi­
c an t in  ru ling  o u t th is  reaction  since SO 2 is 32 tim es as heavy as the 
equ iva len t am oun t of hydrogen. F o r exam ple, in  the  run  recorded in 
T ab le  I I ,  100% reaction  by  (3) ra th e r  th a n  by  displacem ent would 
have libera ted  32 X  3.60 =  115.2 g. of SO2, a w eight difference of 
112.6 g., and  1%  reaction  by  (3) w ould have therefore, introduced 
an  erro r of + 1 .1 3  g. in  th e  com puted  w eight of residue. T he ob­
served d iscrepancy is only  0.5 g. and  is w ith in  lim its of error.

as illustrated by the run recorded in Table II. 
Temperatures were approximately 30°, with the 
exception of certain runs in which the reaction 
flask was heated to about 55°, These runs were 
referred to previously.

Run 1 is the preliminary run with sodium, pre­
viously reported.4 Its value of a has been re­
computed with corrections made for oxygen iso­
tope abnormality in both the combustion water 
and the initial water and for the improved H /D  
ratio in ordinary water.

Comparisons25 of the weight of residue found 
in the reaction vessel with that calculated from 
the initial weighings and the quantity of hydrogen 
(or hydrogen bearing gas) evolved are not in­
cluded in the table. With few exceptions27 cal­
culated and observed weighings of residue agreed 
to within a few tenths of a gram. This can be 
considered to be within experimental limits of 
error. However, the observed amount of com­
bustion water was usually less than the calculated 
weight. In some instances this was due to known 
accidental losses of hydrogen while the apparatus 
was allowed to run overnight, or to impurities 
in certain of the reagents (commercial iron, 
aluminum carbide and possibly calcium carbide, 
calcium and ferrous sulfide as examples). How­
ever, it can easily be shown that even relatively 
large errors in the amounts of combustion water, 
should they exist, do not affect the values of a 
significantly.

The precision with which a may be determined 
depends primarily on the precision with which 
compositions of Initial Water and of Combustion 
Water are determined. It can be shown, simply, 
that any percentage error in either of these com­
positions will influence a in the same proportion.

(27) A m ong th e  reactions th a t  evolve H 2 (R uns 1 to  26 inclusive) 
only R uns 9, 10 and  13 showed disagreem ents in  th e  g ravim etric 
d a ta  am ounting  to  m ore th a n  1 g. T he average d isagreem ent in  th is 
group (R uns 9, 10 and  13 n o t included) was =*=0.4 g. In  R u n  13 
the  d isagreem ent was 2.9 g. and  for the  com bined K  runs i t  was 11 g. 
T he 11-g. d isagreem ent in  th e  g ravim etric  d a ta  for the  K  runs m ay  be 
due in  p a r t to  th e  presence of K 20 ,  which would n o t have been dis­
tinguished from  2K  in  th e  titra tio n s  of residue. W e also encountered 
experim ental difficulties resu lting  from  explosions of sm all pieces of 
potassium  in  th e  reaction  vessel, th a t  caused some losses of m ateria l 
and  w eakened th e  v a lid ity  of any  gravim etric com parison. I t  can 
easily be shown, how ever, th a t  th e  experim ental values of ot canno t 
have been influenced by  these  difficulties by  m ore th a n  a few h u n ­
dredths of a  un it.

T he gravim etric  check was less accurate  w ith  th e  residues from 
runs 27-32 inclusive. W ith  C aC 2 th e  average d isagreem ent was 3 g .; 
w ith AUC3, 1 g.; and  w ith  FeS , 10 g. W ith  C aC 2 an d  AUCs th e  dis­
agreem ents m ay  be accounted  for by  no t unreasonable losses of 
hydrocarbon gases from  th e  s tirre r or gas tra in . I t  is possible th a t  
soluble im purities  in  th e  FeS  m ay have been responsible, in  whole or 
in p a rt, for th e  re la tive ly  large d iscrepancy in th e  observed and  calcu­
la ted  w eight of residue in  th a t  reaction.
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Table HI
Gravimetric and Density Data, and Values of the Isotopic Separation Factor, for all Runs with Approxi­

mate 0.5% D Content in the Initial Water28
A m ounts, grams R elative  flo tation  tem ps., °C.

M eta l29 In itia l C om bustion  In itia l C om bustion
R un R eaction (or com pound) liquid w a ter30 w ater w a ter22 a

1 Na +  H20 150.0 389.2 57.3 0.532 0.156 2.6
2 Na +  H20 369.931 849.67s1 42.62 1.666 s1 .616 2.55
3 Na +  H20 52.94 . . . . .627 2.59
4 Na +  H20 47.21 . . . . .638 2.66
5 Li +  H20 58.331 810.1731 44.73 1.69931 .922 1.84
6 Li +  H20 31.04 — .930 1.86
7 Ca +  HgO 120.79 641.80 54.28 1.521 1.082 1.41
8 Ca +  H20 119.26 700.72 53.60 1.521 1.090 1.40
9 K +  H20 39131 568.5631 31.53 1.70531 1.206 1.42

10 K +  H20 32.02 1.190 1.46
11 Zn (gran.) +  H2SO4 127.90 840.80 34.33 1.500 0.269 4.89
12 Zn (gran.) +  H2SO4 129.53 815.10 35.69 1.500 .247 5.24
13 Zn (mossy) +  H2SO4 132.92 889.40 36.62 1.500 .199 6.19
14 Zn (mossy) +  H2SO4 100.17 843.30 27.62 1.500 .2 0 0 6 . 1 2

15 Al +  H2SO4 36.03 806.09 36.03 1.500 .303 4.45
16 Al 4- H2SO4 30.21 818.19 30.21 1.500 .295 4.52
17 M g +  H2SO4 36.78 792.48 25.80 1.500 .903 1.65
18 M g +  H2SO4 42.50 958.27 31.35 1.500 .917 1.64
19 Fe (c. p.) +  H2SO4 101.27 587.94 32.67 1.500 .185 6.60
2 0 Fe (c. p .) +  H2SO4 101.36 692.97 32.65 1.500 .188 6.48
21 Fe (Comm) +  H2SO* 103.27 822.63 29.26 1.500 .215 5.81
2 2 Fe (Comm) +  H2S04 101.27 672.20 30.03 1.500 .228 5.56
23 Mn +  H2SO4 102.67 580.90 33.57 1.500 .366 3.81
24 Mn +  H2SO4 102.96 487.41 33.73 1.500 .360 3.89
25 Al +  NaOH 30.20 570.60 30.20 1.669 .301 5.07
26 Al +  NaOH 54.09 510.74 29.40 1.669 .308 4.87
27 CaC2 +  H20 117.57 550.94 24.31 1.728 .772 2 . 2 1
28 CaC2 +  H20 213.83 453.91 43.80 1.728 .732 2.36
29 AhC* +  H20 123.35 488.00 27.40 1.728 .691 2.46
30 A14C8 +  h 2o 118.87 496.76 29.92 1.728 .705 2.42
31 FeS +  H2SO4 183.31 674.09 32.90 1.690 .603 2.46
32 FeS +  H2SO4 179.96 586.61 37.53 1.690 .609 2.46

(28) Acid and  basic concen trations of solutions used were as fol_ If we tak e  th e AT’s of flo tation  to  be reliable
lows: R uns 11-24,3 .492 moles of H 2SO4 per 1000 g. of acid; R uns 
25-26, 3.340 moles of N aO H  per 100 g. of base; R uns 31-32, 3.487 
moles of H 2SO4 per 1000 g. of acid.

(29) T he am ounts of N a, L i an d  K  used in  runs w ith  the  alkali 
m etals were determ ined  by  titra tio n s  of th e  alkaline solutions left 
in th e  reaction  vessel. E xcep t for K , which m ay have been con­
tam ina ted  w ith  K 2O, these calculations agree well w ith those based 
on th e  am ounts of com bustion w ater collected as well as w ith  those 
based on th e  w eights of residues in  th e  reaction  flask.^

(30) T he  values recorded in  th is  colum n for runs w ith  th e  a lkali 
m etals, commercial iron , and  th e  com pounds CaCs, AhC* and  FeS 
are th e  observed w eights of com bustion  w ater (w ith  corrections ap­
plied for w ater collected in  th e  d ry ing  tu b e  O and  for th e  w ater 
equivalent of unburned  gas in  th e  ap p ara tu s). Values for all o ther 
runs were com puted  from  th e  w eights of reacted  m etal.

(31) R uns 2, 3 an d  4 w ith  N a  form  a  single series which were car­
ried o u t by  adding  successive portions of m etal to  an  original 849.7 g. 
of w ater, and  collecting th ree  successive fractions of com bustion 
w ater. T he residue was weighed and  ti tra te d  only a fte r all 367.9 g. 
of N a  had been added. In  com puting  a ’s we have calculated the  
am ounts of H  and  of D presen t in  th e  reaction  vessel a fte r rem oval of 
each of the  th ree  fractions of com bustion w ater, by  sub tracting  from

within about 0.004° (equivalent to 1 p. p. m. in 
density) in the present group of runs, this would 
amount to about =*=2% in the precision of the 
values for a, for the majority of runs. This corre­
sponds pretty closely to the reproducibilities ob­
served in the experimental a’s. Other factors, 
including inaccuracies in temperatures for certain 
of the runs, may increase the limits of error to 
=*= about 5% for purposes of comparison with 
other work.
the  original am oun ts  th e  q u an titie s  of H  and D  collected in  th e  re ­
ceiver (corrected for losses to  th e  C aC h tubes and  for H 2 in  th e  ap p a ­
ra tu s). E ach  a  is therefore  an  ind iv idua l value a t  th e  m ean  a lk a ­
lin ity  of each of th e  th ree  successive runs— n o t a cu m u la tiv e  value. 
R uns 5 and  6, w ith  Li, and  9 an d  10, w ith  K , were carried  o u t in  a 
sim ilar m anner except for th e  fac t th a t  only tw o fraction* of com bus­
tion  w ater were taken .
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Hughes, Ingold and Wilson6 criticized the ac­
curacy of our preliminary determination4 of a 
for the Na-H20 reaction (Run 1 of Table III) on 
the grounds that it was somewhat sensitive to the 
choice of the H /D  ratio in ordinary water. Due 
to improvements in the determination of the lat­
ter ratio, which is now known to within relatively 
close limits,10*32 and to three-fold increase in the 
deuterium concentration of the starting water, 
the inaccuracy from this source cannot exceed 
1 or 2% in the least favorable runs reported in 
the present paper (Run 1 not included).

(c) Reaction at High Concentration of Deu­
terium.—A. and L. Farkas3 have published re­
sults for displacement reactions with water and 
acid 25 mole % in deuterium. For calcium they 
obtained a value for a (1.5) close to our own with
0.5% D. Rut with sodium, zinc and aluminum, 
respectively, their values of a were only about 
one-half of ours.

To check whether or not these results were due 
to a real dependence on the deuterium composi­
tion we carried out a single careful run with so­
dium in water of approximately 30 mole % deu­
terium. The reaction was carried out in the 
same manner as for the 0.5% D runs except that 
a smaller reaction vessel was employed and that 
no cooling water was used. Although special 
care was taken to add the sodium slowly the (un­
determined) temperature of the reaction mixture 
must have been somewhat above that of the pre­
vious, water-cooled sodium runs. Specific gravi­
ties of the initial water and of the combustion

T a b l e  IV
D a t a  o n  R e a c t io n  o f  Na w i t h  W a t e r  31.083 M o l e  %  i n

D (56.12 G. o p  Na A d d e d  t o 116.21 G. o f  I n i t i a l

W a t e r )

Sp.
Com­

position,
A m ounts, g rav ity , w t. per

gram s cent, of D
In itia l w ater 115.7033 1.03372 33.396
C om bustion  w ater 20 .64  (obs.)34 1.01780 17.893
F ina l residue w ater 

«  =  2.473.
95.063f> 36.76135

(32) T ro n stad , N ordhagen  and  B run, Nature, 136, 515 (1935);
T ro n stad  and  B run, Trans. Faraday Soc., 34, 766 (1938); M orita 
an d  T itan i, Bull. Chem. Soc. J a p a n , 11, 403 (1936); ibid., 13, 419
(1938) ; H all and  Jones, T h is  J o u r n a l , 58, 1915 (1936); G abbard 
an d  Dole, ibid., 59, 181 (1937); S w artou t and  Dole, ibid., 61, 2025
(1939) .

(33) T h is  includes a  correction  of 0.51 g. for 1.02 g. of w ater vapor­
ized d u ring  the  run .

(34) T h is  com pares w ith  a calcu la ted  value of 22.4 on the  basis of 
56.1 g. of N a, assum ed pure.

(35) C om puted  from  th e  d a ta  for in itia l and  com bustion waters. 
T he com puted and  observed values of to ta l residue in  the reaction 
flask agree well for th is  run . Thus, th e  com puted  value of the residue 
is 169.01 g. while th e  observed value was 168.90 g.

water were made by pycnometer, in an approxi­
mate 11-cc. pycnometer of special design. The 
significant data of this run are entered in Table 
IV, together with the value of a .

Aside from the possible influence of a small 
temperature coefficient in the separation efficiency 
the value of a  obtained from this run should be 
reliable to the four figures recorded. It is seen 
that the results do not agree with those of A. and
L. Farkas with 25% heavy water {a — 1.2, which 
corresponds to only 13% of the separation effi­
ciency observed by ourselves) but agree well with 
our own results in water of 0.5% D.

We made no check of the Farkas values for 
zinc and aluminum in acid of high D content.

Discussion of Results
It is apparent that the displacement reactions, 

and the reactions with the carbides and with 
ferrous sulfide, bring about isotopic separations 
that are properly characterized by definite co­
efficients (as) that are relatively insensitive to 
experimental conditions other than temperature8 
and the purity of reagents. The values of these 
coefficients lie on both sides of the equilibrium 
a for the exchange equilibrium between gaseous 
and liquid phases, which is close to 3.0 at 30°.36 
From this it is apparent that differences in reac­
tion rates contribute to the separation.

There appear to be definite, though small, in­
creases in a with increase in alkalinity of the reac­
tion mixture for the alkali metal-water reactions. 
This conclusion is based on trends observed in 
series of runs with sodium (Runs 2-4), lithium 
(Runs 5-6) arid potassium (Runs 9-10). The 
trends are within error limits but seem too often 
repeated to be fortuitous. There is nothing to 
distinguish between pH  and ionic strength as 
cause for the trends, but the point of greatest 
significance appears to be that neither of these 
factors has more than a barely significant in­
fluence on a . For example, in the series of runs 
with sodium the sodium hydroxide concentration 
varied frorii 0 at the initiation of the runs to 28.3 
M  at their conclusion. Average sodium hydrox­
ide molalities for the three successive runs were
3.07, 11.1 and 22.2, respectively. Yet a changed 
by only 0.1 unit.

We confirm the observations of Ingold and co­
workers regarding the relatively large influence 
of impurities in the reacting metals. The a’s

(36) L. and  A. F a rkas , T r a n s .  F a r a d a y  S o c . ,  30, 1071 (1934).
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in Runs 21 and 22, with impure iron, are almost a 
full unit below those in Runs 19 and 20, with 
pure iron. The a s  in our Runs 23 and 24, with 
impure manganese, are lower than the value ob­
tained by the extrapolation of Johnston and Hall’s 
data,8 who used pure manganese, by about the 
same amount. Accidental entrance of mercury 
into the reaction vessel during Runs 14 (Zn, H2- 
S04) and 26 (Al, NaOH) do not appear to have 
influenced the a s  beyond the limits of experimen­
tal accuracy, but the mercury may not have be­
come intimately mixed with the metals.

The order of the a’s, among the displacement 
reactions, at 30° is: Ca, K, Mg, Li, Na, Al, Mn 
(pure8), Zn, Fe. This follows the order found 
by Hughes, Ingold and Wilson, at 90°: Li, Ca, 
K, Mg, Na, Al, Fe, Mn, Zn, except for the posi­
tions of Li and of Fe. Extrapolation of the 
curves of Johnston and Hall8 to higher tempera­
tures would give the order Zn, Mn, Fe at 90°, 
which is the reverse of the order reported by 
Hughes, Ingold and Wilson.

It is interesting to observe that the a s  for the 
three metathetic reactions (CaC2, H20; A I 4 C 3 ,  

H20 ; FeS, H2SO4) are nearly identical.
There have been direct comparisons of hetero­

geneous reaction velocities with H20  and D20, 
respectively, for the A14C3-H 20  reaction. Urey 
and Price37 reported the very high value of 23 for 
the ratio of reaction rates at 80°. This is ten 
times higher than our measured a at 30°. How­
ever, Barrer,38 who used a more careful procedure 
obtained a reaction velocity ratio of 3.9 at 0°.

One of us has taken some preliminary data on 
reaction rates of aluminum with 4.5 N  sulfuric 
acid, at 50°, as a function of the H /D  ratio in 
the aqueous acid.

The results of these experiments are shown in 
graphical form in Fig. 2, where the rates are shown 
relative to the rate with ordinary 4.5 N  sulfuric 
acid taken as unity. Each point on this graph is 
the average of two independent rate determina­
tions with the same lot of acid. It is apparent 
that the reaction rate is linear with the D concen­
tration, to within the limits of error, and that 
extrapolation to 100% D gives a reaction rate of 
about half that with acid 100% in H. This 
does not compare very accurately with the a of
4.5 found by us in the A1-H2S04 reaction. How­
ever, the conditions of reaction may not have

(87) H . C. U rey and  D. Price, J . Chem . Phys., 2, 300 (1934).
(38) R. M . B arrer, Trans. Faraday Soc., 32, 486 (1936).

been comparable, due to the presence of mercury 
in runs (15-16). Probably, both in this com­
parison and in that with aluminum carbide, the 
agreements obtained are as close as could be ex­
pected under the conditions of experiment. In­
vestigations on reactions more suitably chosen for 
this comparison are in progress in this Laboratory.

Composition (% D in the acid).
Fig. 2.—Relative velocities of the dissolution of alumi­

num in 4.5 N  sulfuric acid, at 50°, as a function of the 
H/D ratio in the acid.

We accept the suggestion of Horiuti and Szabo5 
that the a’s of displacement reactions are not 
necessarily the ratios of reaction velocities in 
pure H and pure D media, respectively, since the 
character of the reaction mechanism may lead 
to rates that are not strictly proportional to the 
relative numbers of H and D atoms. However, 
we fail to perceive the validity of their argument 
that the a for sodium cannot be the ratio of re­
action rates since they obtained the same degree 
of isotopic separation in the reaction of water 
vapor with excess sodium as we had obtained in 
the reaction with excess liquid water. In view 
of our observation that a remains constant, within 
error limits, between 0.5 and 30% heavy water, it 
appears that the relative reactivities of OH and 
OD linkages remain the same when OH and OD 
are in the same molecule (i. e., HDO) as when they 
exist in different molecules (i. e., H20  and D20).

To us, it seems of greater significance to stress 
the observation that Horiuti and Szabo obtained 
nearly the same a’s39 with water vapor as we ob­
tained with liquid water, since the reaction with 
water vapor is clearly a molecular, as distinct from 
an ionic, mechanism. This implies that the reac­
tion of the alkali metals with liquid water occurs 
by a molecular mechanism—a conclusion reached 
by Hughes, Ingold and Wilson by other reasoning, 
and previously suggested by Polanyi, who pic-

(39) H o riu ti and  Szabo d id n o t com pute a ’s for th e ir  four ru n s  
(two w ith  sodium  in  excess and  tw o w ith w ater vapo r in excess) b u t 
tab u la te  d a ta  which we have used to  com pute th e ir  a ’s. T h e  fo u r 
runs y ie ld  an  average a  of ab o u t 2.2, w ith  extrem es of a b o u t 2.0 
and 2.4, respectively.



2620 J acob Cornog and Eldon E. Bauer Vol. 64

tures6 “the attachment of water molecules through 
their oxygen atoms to the metallic surface, and 
the subsequent elimination of hydrogen from two 
bound molecules in accordance with the (bond 
activation) mechanism of Horiuti and Szabo.”

A fuller discussion of mechanisms will be left to 
the following paper.8

Summary
Quantitative data were secured on the extent of 

isotopic separation which occurs in the following 
respective reactions which liberate hydrogen or 
gaseous hydrides: Li, Na, K, Ca, CaC2 and A14C 
with water; Mg, Zn, Fe, Mn, Al and FeS with 
aqueous sulfuric acid; and aluminum with aque­
ous sodium hydroxide. With a few exceptions 
the runs were made at or near room temperature. 
The hydrogen and hydrides were burned in a 
flame, with a slight excess of tank oxygen, and

the water of combustion carefully purified and 
analyzed for its hydrogen isotope proportions by 
the free submerged float method. Correction 
was applied for the O18 abnormality of the tank 
oxygen, which was separately determined.

The data were quite reproducible, for a given 
set of reagents, and confirm the applicability of 
the quantitative relationship d ln [ H ] =  ad In [D ], 
in which [H] and [D] are instantaneous values 
of the amounts of protium and deuterium, re­
spectively, in the liquid phase, and a is the “iso­
topic separation factor,” different for each reac­
tion. The form of this relationship is identical 
with that which pertains to the isotopic separa­
tions by electrolysis.

A discussion of regularities observed in the re­
sults, and their bearing on some phases of the re­
action mechanism is included.
C o l u m b u s , O h i o  R e c e i v e d  A u g u s t  13, 1942

[C o n t r i b u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m is t r y  o f  t h e  S t a t e  U n i v e r s i t y  o f  I o w a ]

Iodine Monochloride. IV. The System Potassium Chloride-Iodine Monochloride1
B y  J acob C ornog and E ldon E . B a u e r2

This paper describes a series of studies in which 
existing vapor pressure data of iodine monochlo­
ride have been extended, the system potassium 
chloride-iodine monochloride has been formu­
lated, and earlier work with the polyhalides 
potassium dichloroiodide, KCMC1 or KICb, and 
potassium dibromoiodide, KBr-IBr or KIBr2, has 
been reviewed.

1. The Vapor Pressure of Iodine Monochloride.—The
vapor pressure of iodine monochloride was measured by 
Cornog and Karges,3 who used the static method of Smith 
and Menzies4 for measurements within the temperature 
range 35 to 70°. A modified form of the dynamic method 
of Pearce and Snow5 was used to measure all of the vapor 
pressure data included in this paper. The vapor pressure 
of iodine monochloride was measured between the tem­
peratures — 15 and 50°. This served both to validate the 
method and to extend existing data. The iodine mono­
chloride used in these measurements froze at 27.3°. 
Measurements were made in a thermostat in which tem­
peratures were constant within =*=0.02°. Vapor pressure 
measurements were reproducible within =*=0.1 mm. at

(1) A sum m ary  of a  d isserta tion  su b m itted  in  p a rtia l fulfillm ent of 
th e  requ irem en ts for th e  degree of D octor of Philosophy, in the  D e­
p a rtm e n t of C hem istry, in  th e  G rad u a te  College of the  S ta te  U ni­
v e rs ity  of Iow a, M ay , 1942.

(2) P resen t address, E as tm an  K odak  Co., R ochester, N . Y.
(3) Cornog and  K arges, T h is  J o u r n a l , 54, 1882 (1932).
(4) Sm ith  and  M enzies, ibid., 82, 1427 (1910).
(5) Pearce and  Snow, J . Phys. Chem., 31, 231 (1927).

low pressures and =±=0.3 mm. at higher pressures. The 
vapor pressure data for iodine monochloride are shown in 
Table I and are graphically represented in Fig. 1.

T a b l e  I

V a p o r  P r e s s u r e  o f  S o l id  a n d  L i q u i d  I o d i n e  M o n o ­
c h l o r i d e

1 2 3 4

V. p. Iiq. V. p. solid
V. p. Iiq. IC1

b y  Cornog and
Tem p., °C . I Cl, m m . I Cl, m m . K arges, m m .

-  15 1.2
-  10 2.0
-  5 3.1

0 4.6
5 6.8

10 12 9.9
15 16.3 14.3
20 21.9 20.4
25 29.3 28.3
27.3 33.2 33.2
30 38.4
35 50.2 48.0
40 64.4 62.5
45 84.5 81.0
50 107.1 103.6

Each value in columns 2 and 3, Table I, is the average 
of from two to six observations. Comparison of the 
values shown in columns 2 and 4, Table I, shows reasonable 
agreement between current and previous observations. 
In the course of these experiments considerable time and ef-
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fort was expended in attempts to measure the vapor pres­
sures of the labile beta form of iodine monochloride. 
While the labile form was readily obtained, transformation 
to the stable form was too rapid to permit vapor pressure 
measurements by this method.

The data in Table I may be used to calculate the heats 
of vaporization, sublimation and fusion of iodine mono­
chloride by use of the Clausius-Clapeyron equation. By 
this means the heat of vaporization of iodine monochloride 
was found to be 9950 cal./mole, the heat of sublimation 
was 11,800 cal./mole. By difference the heat of fusion 
was found to be 1850 cal./mole.

2. Potassium Dichloroiodide, KCHC1 or KICI2.—Some 
earlier workers6’7’8 have applied this name and formula 
to a compound, perhaps the hydrate, having a much lower 
melting point than the product obtained in this Labora­
tory. The hydrate is discussed in Part 7. Anhydrous 
potassium dichloroiodide is formed when equal molecular 
quantities of potassium chloride and iodine monochloride 
are joined in a glass-stoppered bottle and maintained 
at or somewhat above room temperature for several weeks. 
The initial mixture, nearly black in color, slowly changes 
to the bright orange-yellow characteristic of this com­
pound. This compound melts sharply at 195° in a closed 
glass tube, and is so stable that a specimen was kept in a 
glass-stoppered bottle for more than one year with less 
than 1% loss in weight. The dissociation pressure of 
potassium dichloroiodide was measured by use of the 
method mentioned in Section 1 (see Table II).

T a b l e  II
T h e  D i s s o c ia t io n  P r e s s u r e  o f  P o t a s s iu m  D i c h l o r o -

1
T em pera tu re , °C .

25
35
40
45
50
55
60

IODIDE
2

D issociation pressure, mm.

0.20 
.40 
.55 
.70

1.00  
1.35 
1.80

The probable limit of accuracy of the figures in column 2 
is 0.05 mm.

3. Potassium Trichlorodiiodide, KCI2IC1 or KI2C13.— 
This compound has not been reported previously. It is 
the stable solid phase formed when solutions of potassium 
chloride in iodine monochloride are brought to crystalliza­
tion at temperatures below 45°. The needle-like crystals 
are nearly black when viewed in masses but are ruby-red in 
thin sections. In a closed tube these crystals melt at 45° 
but when exposed to the air at room temperature they de­
compose rapidly into potassium dichloroiodide crystals 
and iodine monochloride vapor. The composition of these 
crystals was determined by (a) determining the loss of 
weight on heating and (b) determining the iodine mono­
chloride content. The latter was accomplished by con­
verting the iodine monochloride in the crystals to free 
iodine by means of potassium iodide and titrating the free

(6) W ells and  W heeler, Z. anorg. Chem., 1, 442 (1892).
(7) E phraim , Ber., 50, 1069 (1917).
(8) Crem er and D uncan , J . Chem. Soc., 1857 (1931).

Fig. 1.—Vapor pressure of iodine monochloride: Point 
O is 27.3° the m. p. of IC1, AO vapor pressure solid I Cl, 
OB is the vapor pressure of liquid IC1 above the m. p., OC is 
the vapor pressure of undercooled I Cl.

iodine with sodium thiosulfate solution. These data are 
shown in Table III.

T a b l e  III
(a) Loss of w eight on h eating  R u n  1

Sample taken, g. 0.954
Wt. KC1 obtained, g. . 1726
Calcd. wt. KC1-2IC1 .924

(b) B y  Na2S20a titra tio n

Wt. of sample, g. 0.200
Vol. 0.0966 N  Na2S20 3, ml. 21.67
Equiv. of oxidizing halogen 0.00209
Calcd. equiv. of oxidizing halogen . 00200

R u n  2

0.351
.064
.343

Inspection of Table III part (a) shows that the “Sample 
taken” is greater than the “Calculated weight of KC1-2IC1” 
by 3% in Run 1 and by 2% in Run 2. This discrepancy is 
probably caused by the fact that the potassium dichloro­
iodide crystals are very fine needles and were crystallized 
from iodine monochloride solution, some of which ad­
hered to the crystals and was lost when the crystals were 
heated.

The method mentioned in Section 1 was used to get 
the dissociation pressure data shown in Table IV, which are 
represented graphically in Fig. 2.

In Fig. 2 the line OB represents the vapor pressure of the 
univariant system potassium trichlorodiiodide-potassium 
dichloroiodide-vapor. The line OA represents the uni­
variant system potassium trichlorodiiodide-solution- 
vapor. The point O (45°) represents the invariant system 
potassium trichlorodiiodide-potassium dichloroiodide- 
solution-vapor. Below 45° potassium trichlorodiiodide is 
the stable phase in equilibrium, while above 45° potas­
sium dichloroiodide (cf. Section 4) is the stable phase in 
equilibrium with saturated solutions. The apparent melt­
ing that occurs when potassium trichlorodiiodide is heated 
to 45° in a closed tube is, in reality, the decomposition of
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l / T  X 103.
Fig. 2.—The line OB, dissociation pressure of KI2CI3, 

intersects the dotted line, vapor pressure of saturated 
KI2C13 solution, at 45° the melting point of KI2C13.

solid potassium trichlorodiiodide into solid potassium di- 
chloriodide and saturated solution of potassium dichloro­
iodide in iodine monochloride. Cremer and Duncan4 * * * * 9 
have suggested similar ideas regarding the melting points 
of poly halide compounds.

T a b l e  IV
D i s s o c ia t i o n  P r e s s u r e  o f  P o t a s s iu m  T r ic h l o r o d i-

1
IODIDE
2 3

T em p., °C .

D issociation 
pressure 

KI2CI3, mm.
V. p. satd. soln. 

K I 2CI3 in I Cl, mm.
15 8 .3
25 1 6 .5 2 3 .05
30 2 3 .8 29 .8°
35 3 2 .5 38.5*
40 4 5 .6 48.5"

a Calculated by assuming that vapor pressure lowering is 
proportional both to the quantity of dissolved potassium 
chloride and to the vapor pressure lowering at 25° and by 
applying this assumption to the experimental data in 
Tables I, V and VI.

4. The Potassium Trichlorodiiodide-Potassitim Di­
chloroiodide Transition Temperature.—The location of this 
transition temperature was learned by getting the solubility 
curves of the tri and pentahalide compounds and observing 
where the two curves intersected (see Table V and Fig. 3).
Each solubility datum in Table V was obtained by saturat­
ing iodine monochloride, contained in a flask, with potas­
sium chloride at a temperature well above that at which 
solubility was later measured. The flask containing the
saturated solution was plugged with glass wool and placed
in a thermostat in which the temperature variation did not
exceed ±0.02°. Equilibrium between the solid and the
solution was assumed to exist when the potassium chloride 
content of successive portions of saturated solution re­
moved at twenty-four to forty-eight hour intervals were in

T a b l e  V

S o l u b i l i t y  o f  P o t a s s iu m  C h l o r i d e  i n  I o d i n e  M o n o ­
c h l o r i d e

1 2  3

T em p., °C.

G. KC1 dissolved in 100 I Cl 
Solid phase Solid phase 

KC1-2IC1 K C lIC i
15 4.70
20 4.90
25 5.20
30 5.55
35 5.95
40 6.45 6.80
45 6.95
50 7.20
55 7.40
60 7.70
65 8.05

agreement. The glass wool plugs served as filters in re-
moving such portions. The potassium chloride content of
portions thus removed was determined by weighing the 
portion, removing iodine chloride by heating and weighing 
the potassium chloride residue. Separate experiments 
were performed to establish the identity of the solid phases
by methods previously described by Cornog and Olson10 
(see Table V and Fig. 3).

Fig. 3.—The solubility of potassium chloride in iodine 
monochloride: KC1-2IC1 is the stable solid phase repre­
sented by AO. The point O (45°) is the transition tem­
perature between KC1-2IC1 and KC1TC1. The line CO 
represents metastable and OB, stable, KC1-IC1.

5. The Vapor Pressure of Solutions of Potassium Chlo­
ride in Iodine Monochloride.--~The general procedure 
described in Part 1 was used to obtain the vapor pressure of 
solutions of potassium chloride in iodine monochloride as 
recorded in Table VI and graphically represented in Fig. 4.

The calculations used in getting the figures in column 5 
Table VI and the dotted line in Fig. 4 are based on the 
assumption that the dissolved potassium chloride, or the 
derived solute, is dissociated into two ions, each of which

(9) C rem er and D uncan, J .  C h em . S o e . ,  2251 (1931). (10) Cornog and  Olson, T h i s  J o u r n a l , 62, 3328 (1940).
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Table VI
The Vapor Pressure of Solutions o f  Potassium 

Chloride i n  Iodine Monochloride at 25°
1

M ole fraction  
K C l

2
P , m m .

3
®Po -  P» 

m m .
(Po ^ P)/ P®

5
(Po -  P )/P o  

calcd,
0.605 29.00 0.30 0.010 0.0099

.02 28.30 1.00 .034 .0392

.04 27.25 2,05 .070 .0769

.05 26.45 2.85 .097 .0952

.06 25.85 3.45 .118 .1131

.0875 24.05 5.25 .197 . 1608

. 10156 23.05 6.25 ,213 . 1843
“ Po =  29.3 (Table I). 6 Saturated,

acts as a perfect solute. At the lower concentrations, the 
observed vapor pressure lowering is less than, and at 
higher concentrations, greater than the calculated values.

Mole fraction of KC1.
Fig. 4.—The vapor pressure of KC1-IC1 solutions. The 

solid line represents experimentally determined values of 
vapor pressure lowerings. The dotted line represents 
calculated vapor pressure lowerings assuming dissociation 
of the solute into two different ions.

Although these data are probably insufficient in quantity 
and precision to warrant calculations of activities, they 
serve as the basis of the tentative conclusion that potas­
sium chloride, or its derivative, is ionized in iodine mono­
chloride. Further, since the crystalline material separat­
ing from the solution at 25 0 is represented by the formula 
KI2CI3, the tentative inference is drawn that the ions in 
solution are probably represented by the formula K+ and 
I2C13“ . The data in Table VI are also used in plotting 
curve AB Fig. 5, Section 6.

6. The System Potassium Chloride-Iodine Monochlo­
ride.—The vapor pressure data in the preceding sections 
have been used to construct the vapor pressure-composi­
tion diagram of the system potassium chloride-iodine 
monochloride at 25° as shown in Fig. 5.

The similarity in general outline between Fig. 5 and corre­
sponding diagrams for hydrate systems is obvious.

7. Potassium Dichloroiodide Monohydrate, KCMCl* 
H20 .—This compound is obtained when the product men­
tioned in Section 2 is recrystallized from water solution. 
The hydrated crystals thus obtained are much like potas­
sium dichromate in general appearance and melt at 43°

0 0.2 0.4 0.6 0.8 1.0
Mole fraction of KC1 in condensed phases.

Fig. 5.—Vapor pressure-composition diagram of the 
system KC1-IC1 at 25°: AB represents the vapor pressure 
of unsaturated solutions of KC1 in I Cl. At B solid K I2CI3 
begins to form and continues to C where the liquid phase 
disappears. DE represents the KI2C13-KIC12 equilibrium 
at constant pressure. At E only KIC12 is present. GH 
represents the KIC12-KC1 equilibrium at constant pressure. 
At H only KC1 is present.

in a closed tube. The composition of the hydrated crys­
tals was estimated by heating weighed portions in an oven 
at 110° to constant weight. These data follow.

1 2
Weight of sample taken, g. 3.572 2.342
Weight of KC1 residue, g. 1.045 0.686
Calcd. corresponding wt. KICI2 3.321 2.180
Calcd. corresponding wt. KIC12-H20  3.573 2.346

An indication of the water content of the hydrated crys­
tals was given by the weight of the residue obtained 
when crystals were dried in a desiccator over phosphorus
pentoxide.

Weight of sample, g. 1.570
Weight of residue from drying with P20& 1.452
Weight of sample calcd. from wt. residue 1.562

The melting point of the material changed from 43 0 before 
drying to approximately 195° after drying. A small 
quantity of iodine monochloride was doubtless lost in 
drying.

The dissociation pressure of the monohydrate, Table 
VII, was measured in such a way as to distinguish between 
the partial pressures of water and of iodine monochloride.

The segregation and estimation of the partial pressures 
of water vapor and iodine monochloride vapor which to­
gether made up the dissociation pressure of the mono­
hydrate, was accomplished by passing the vapor from dis­
sociation through two absorbers arranged in series. The 
first absorber, containing phosphoric anhydride, retained 
water vapor but passed iodine monochloride vapor, while 
the second absorber contained soda lime and retained 
iodine monochloride vapor.
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T a b l e  VII
T h e  D i s s o c ia t i o n  P r e s s u r e  o f  KCHC1-H20

1 2 3 4 5
Interpolated 

Crem er and Duncan
Tem p., ■Pi ci* PH2O» P  -  Pi ci + PH20. dissociation

°C . m m . m m . m m . pressure, mm.
25 0 . 1 9.9 10.0 9.2
30 . 2 15.0 15.2 14.2
35 .4 20.6 21.0 20.6
40 .7 29.6 30.3 29.5

The data in column 2 show that the partial pressure of 
iodine monochloride in the hydrated compound is vir­
tually the same as the dissociation pressure of anhydrous 
potassium dichloroiodide (see Part 2). Comparison of 
columns 2 and 3 indicates that the dissociation pressure 
of the hydrate is due almost entirely to the partial pressure 
of water vapor. Comparison of columns 4 and 5 indicates 
that the substance measured by Cremer and Duncan11 
was probably the hydrate.

The preparative methods described by Ephraim7 were 
repeated in this Laboratory. The compound thus ob­
tained was identical in properties with the monohydrate 
described above.

8. Potassium Dibromoiodide, KBr-IBr or KIBr2, and 
Potassium Dibromoiodide Monohydrate, KBrTBr*H20 or
KIBr2*H20.—Potassium dibromoiodide was prepared by 
Cremer and Duncan1 by exposing “dry” potassium iodide 
to bromine vapors in a desiccator for three days. The 
product thus obtained melted at 58-60° and was converted 
to potassium dichloroiodide by chlorination. When this 
work was repeated in this Laboratory, several weeks were 
required for potassium iodide to absorb the theoretically 
required quantity of bromine, the resulting potassium di­
bromoiodide melted in a closed tube at 180° and the 
rate of conversion to the dichloroiodide by chlorination was 
so slow as to render the method impractical. Upon re­
crystallizing the potassium dibromoiodide of melting point 
180° from water solution, the resulting crystals melted at 
58° in a closed tube. The composition of the material 
crystallized from water solution is indicated by the follow­
ing data.

A. Loss of weight on heating crystals (KIBr2*H20)
Weight of sample taken, g. 0.961
Weight of KBr residue, g. . 332
Calculated weight assuming KIBr2 .910
Calculated weight assuming KIBr2H20 .960

B. Loss of weight KIBr2*H20  by drying over P20& 
Weight of sample taken, g. 3.290

(11) C rem er and  D uncan , J . Chem. Soc., 2245 (1931).

Weight of residue after drying with P2Os 3.104 
Weight of sample computed from wt. of 

residue assuming KIBr2H20  3.280

These data and the melting point data together indicate 
that the low melting substance is potassium dibromoiodide 
monohydrate while the high melting substance is potassium 
dibromoiodide.

Potassium dibromoiodide of melting point 180° is ex­
peditiously prepared by joining equivalent quantities of 
potassium iodide and bromine in a glass-stoppered bottle, 
at room temperature. The initially nearly black mixture 
begins to assume the bright red color of potassium dibromo­
iodide in a day or two and the reaction goes to completion 
in about a week.

Summary
1. A dynamic method has been used to meas­

ure the vapor pressure of iodine monochloride be­
tween —15 and 50°. These data have been used 
to compute the heats of fusion, vaporization and 
sublimation of iodine monochloride.

2. Potassium dichloroiodide has been pre­
pared by the direct union of iodine monochloride 
and potassium chloride. The dissociation pres­
sure of this compound has been measured.

3. A new compound, potassium trichlorodi­
iodide, has been prepared by direct union of iodine 
monochloride and potassium chloride at tempera­
tures below 45°. The dissociation pressure of the 
compound has been measured.

4. Solubility curves for potassium dichloro­
iodide and potassium trichlorodiiodide in iodine 
monochloride have been plotted and the transi­
tion temperature between these compounds has 
been established at 45° from the intersection of 
these curves.

5. The vapor pressure-composition relations 
for the system potassium chloride-iodine mono­
chloride have been formulated.

6. Methods for preparing both the anhydrous 
and hydrated forms of potassium dichloroiodide 
and potassium dibromoiodide have been de­
scribed. The melting points of all four different 
compounds have been determined.
I o w a  C i t y , I o w a  R e c e i v e d  J u n e  1, 1942
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[C o n t r i b u t i o n  f r o m  t h e  D e p a r t m e n t  o f  C h e m is t r y  o f  t h e  S t a t e  C o l l e g e  o f  W a s h i n g t o n ]

Compound Formation between the Isomeric Phenylphenols and Pyridine

B y  Stewart E. H azlet and R aymond W. M orrow

In the course of some synthetic work which was 
reported earlier,1 heat changes were noted when 
the phenylphenols were dissolved in pyridine, and 
the effects for the isomeric phenols were different:
(a) with 0-phenylphenol, there was evidence of a 
definitely exothermic reaction; (b) practically no 
temperature change was noted when the meta 
isomer was dissolved in the base; (c) the tempera­
ture was lowered slightly upon dissolving p- 
phenylphenol in pyridine.

In an attempt to gain some insight into the 
types of changes involved in these situations, es­
pecially to determine the character 
of compound formation if any, ther­
mal analyses of the three binary sys­
tems were made—freezing point-con­
centration curves were obtained—in 
much the same manner as in Ken­
dall’s studies.2

Experimental Part3
A. Purification of Materials

Pyridine.—Pyridine was allowed to 
stand over sodium hydroxide pellets for 
from six to eight weeks and then distilled 
through a 30-cm. Vigreux column. The 
middle fraction, with a boiling range of not 
over 0.5° was collected. Different lots 
had n 21 d  varying between 1.5089 and 
1.5087.4 It was stored in a brown glass- 
stoppered bottle, and over a period of two 
months the change in n 21v  was never more 
than 0.0002. The freezing point (from cooling curve) was 
-41.7°.5

o-Phenylphenol.—Eastman Kodak Company best grade 
product was recrystallized from ligroin, which had been 
dried over sodium hydroxide pellets and distilled from 70 
to 80°. After standing in a vacuum desiccator containing 
paraffin shavings, the product had a freezing point (from 
cooling curve) of 57.1°.6

(1) H azlet, T h is  J o u r n a l , 59, 287 (1937).
(2) K endall, ibid., 36, 1222 (1914).
(3) All tem pera tu res, unless otherw ise ind icated , are corrected.
(4) (a) B rühl, Z. physik . Chem., 16, 215 (1895), reported  %21d

1.50919. (b) T he  values repo rted  here were determ ined in  the
sam e m anner and  w ith  th e  sam e a p p ara tu s  as o ther d a ta  reported  
b y  Schütz, T h is  J o u r n a l , 61, 2691 (1939).

(5) T he repo rted  freezing p o in t is —42°; Zawidzki, Chem. Zeit., 
30, 299 (1906), and  W eger, Z. anorg. Chem., 22, 394 (1900); “ Beil- 
s te in ’s H andbuch  der organischen C hem ie,” 4 th  ed., Ju liu s Springer, 
B erlin , 1935, Vol. 20, p . 183.

(6) Jacobson, F ran z  and  H önigsberger, Ber., 36, 4080 (1903), re­
ported  m. p. 56°.

m-Phenylphenol.7—-The w-phenylphenol was recrystal­
lized from carbon tetrachloride (“analytical reagent”) and 
allowed to stand in a vacuum desiccator in the same man­
ner as described for the ortho isomer. The freezing point 
(from cooling curve) of the product was 75.3°.8

^-Phenylphenol.—Eastman Kodak Co. ^-phenylphenol 
was recrystallized from carefully dried and redistilled 
benzene and placed in a desiccator as indicated for the 
other phenols. The freezing point (from cooling curve) of 
this material was 165.1°.9

B. Apparatus
The apparatus used in this work was essentially the same 

as that conventionally employed in such experiments. I t  
consisted of a 2 cm. X 15 cm. “Pyrex” test-tube fitted with

a two-hole cork covered with tin foil. Through one 
hole there was the appropriate thermometer and through 
the other there was a short glass sleeve through which the 
stirrer passed. This inner vessel was surrounded by an­
other test-tube with a diameter about 7 mm. greater than 
the smaller one; this provided an air jacket to smooth out 
and to retard the rate of cooling or heating. The whole 
apparatus was securely clamped in a larger beaker or un­
silvered Dewar flask which served as a control bath. The 
materials in this bath were varied to suit the range of tem­
peratures involved; in order of decreasing temperature 
they were: cottonseed oil, water, ice-water, ice-salt-water, 
and ethyl acetate-methanol-solid carbon dioxide. For 
temperatures above —10°, a set of 15-cm. Anschütz pre-

(7) T he  m -phenylphenol used in  th is  w ork was generously  fu r­
nished by  th e  Dow C hem ical C om pany, M id land , M ich igan .

(8) B riner and  B ron, Helv. Chim . Acta, 15, 1239 (1932), rep o rted  
m. p . 76°.

(9) Latschinoff an d  E n g e lh a rd t, Ber., 6 , 194 (1873), re p o rted  m . p. 
164-165°.

Fig. 1.—ö-Phenylphenol +  pyridine: O, freezing point; □ , eutectic tem­
perature ; A, freezing point, metastable state.
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Fig. 2.-—m-Phenylphenol +  pyridine: O, freezing point; □ , eutectic tem­
perature; A, freezing point, metastable state.

cision thermometers graduated in one-fifth degrees was 
used for determining freezing points. These were cali­
brated against a thermometer certified by the United 
States Bureau of Standards. For temperatures below 
—10°, a —50 to 50° alcohol thermometer graduated in one- 
fifth degrees was used. This thermometer was calibrated 
against the freezing points of mercury and water. The 
temperature of the outer bath was determined by an ordi­
nary laboratory thermometer when above 0° and by a cop- 
per-constantan thermocouple when below that tempera­
ture. As an aid in observing temperatures, which were

Fig. 3.—^-Phenylphenol +  pyridine: O, freezing point; El, 
eutectic temperature; A, freezing point, metastable state.

read to the nearest 0.1° through a magni­
fying glass, and the condition of the mate­
rial in the reaction tube, a source of light 
was placed in the rear of the apparatus. 
In the study of the £-phenylphenol-pyri- 
dine system where temperatures near or 
above the boiling point of pyridine were 
involved, the stirrer was dispensed with 
and only a thermometer in a tight-fitting 
cork was used; mixing was accomplished 
by shaking the melted material; no loss 
of pyridine was detected.

O. Procedure
The phenols were weighed by difference 

and placed in the freezing point appa­
ratus. The approximate quantity of pyri­
dine was delivered to the apparatus from 
a weight buret, and the exact weight of 
the sample was determined by difference. 
In general, the weight of each mixture was 
6 to 8 g., but for those samples with com­

positions within 10 mole % on either side of eutectics the 
amount was doubled or trebled.

A mixture was warmed slightly if necessary to effect 
solution, thoroughly stirred, and, while stirring was con­
tinued, cooled slowly to obtain an approximate freezing 
point. From the information thus obtained, the bath was 
regulated to an appropriate temperature, and the freez­
ing point of the mixture was determined from the cooling 
curve.

For compositions representing a nearly pure compound 
there was very little tendency to supercool, but for other 
compositions considerable supercooling was encountered. 
To induce crystallization, seeding with a crystal of the 
solid phase was done at approximately the expected freez­
ing point.

D. Results
Below in tabular and graphical form the experi­

mental data are shown. Compositions, as indi­
cated, are shown in mole %.

Discussion
From the graphical representations of the three 

systems studied the following conclusions can be 
drawn.

A. Pyridine and 0-phenylphenol form a com­
pound, CbHsN-C^HiqO, f. p. 38.2°, which appears 
to be quite stable. The two eutectics are: (1)
7.5 mole % 0-phenylphenol, f. p. —-44.7°, and (2)
69.3 mole % 0-phenylphenol, f. p. 14.3°. The 
determination of freezing points near the eutectic 
at 69.3 mole % was difficult; supercooling often 
caused the phenol to crystallize in the meta­
stable state.

B. Pyridine and m-phenylphenol form one 
compound, C5H5N-Ci2Hi0O, f. p. 35.5°, much the 
same as the ortho isomer. In this case the two
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T a b l e  I T a b l e  III
T h e  S y s t e m : P y r i d i n e  a n d  o- P h e n y l p h e n o l

o-Phenyl- 
phenol, 
mole %

F. p.,
°C .a

o-Phenyl- 
phenol, 
mole %

0.00 -4 1 .7 49.39 38.2
3.21 -4 3 .3 54.88 36.0

(5.17) (—44.7) (Ei) 61.39 28.2
8.10 -4 3 .1 66.26 19.1

(8.10) (-4 4 .4 )(E 1) (67.22) (9.8) (M)
10.52 -3 3 .1 (67.22) (14.4) (Ed

(10.52) '( -4 4 .8 )  (Ed (70.13) (14.3)(E2)
13.05 -2 3 .0 73.88 22.4
14.54 -1 7 .8 78.11 30.4
19.81 -  1.4 80.34 33.9
24.86 8.8 88.53 45.9
29.52 17.0 91.24 49.4
35.10 25.8 94.41 52.5
39.65 31.5 100.00 57.1
43.11 34.5

a In this table (Ei) refers to the first eutectic tempera­
ture obtained from the mixture with composition as shown, 
(E2) to the second, and (M) to the temperature for the

T h e  S y s t e m  : P y r i d i n e  a n d  ^ - P h e n y l p h e n o l

^-P henyl-
phenol, F . p .,

Phenyl-
phenol, F . p .,

mole % °c.° mole % °c.a
0.00 —41.7 44.00 38.7
6.34 —45.5 46.03 45.6
8,40 -4 6 .8 48.12 53.0

(11.42) (—49.3) (Ei) 49.83 59.7
15.20 -4 1 .3 51.13 61.0
19.98 -2 8 .4 51.64 62.1
25.14 -1 5 .2 53.80 77.4
28.13 -  3.3 55.31 87.1
29.28 -  1.1 65.09 124.2
30.86 2.5 66.64 127.0
33.76 6.0 69.84 133.0

(33.97) ( — 10.5) (M) 73.12 138.5
36.13 9.8 74.86 141.4

(36.57) (6.0)(M) 80.46 148.4
37.15 10.4 87.77 155.5*
38.15 15.2 90.06 157.6*
40.05 23.6 100.00 165.1

° See note, Table I. b Uncorrected.
crystallization of the component in the metastable state. 

T a b l e  II
T h e  S y s t e m : P y r i d i n e  a n d  w - P h e n y l p h e n o l

m -Phenyl- 
phenol, 
mole %

F . p .,
°c.«

m -Phenyl- 
phenol, 
mole %

F . p .,°c.«
0.00 -4 1 .7 45.68 34.3
2.87 -4 3 .0 49.75 35.5

(7.21) (-4 4 .3 ) (Ed 54.87 33.3
9.76 -3 6 .3 59.86 26.0

12.54 -2 5 .3 64.61 15.7
15.92 -1 0 .9 (68.68) (8.8)(M)i
18.71 -  0.9 (68.68) (12.6)(E2)
24.97 10.4 68.98 21.5
27.67 15.2 74.92 36.5
31.62 22.2 85.36 57.9
35.75 27.2 89.87 64.0
41.19 31.9 95.72 71.1

100.00 75.3
a See note, Table I. 6 Obtained by seeding the mixt

with compound C&HeN-C^HioO.

eutectics are: (1) 8 mole % m-phenylphenol,
f. p. —44.3° and (2) 66.5 mole % m-phenylphenol, 
f. p. 12.6°. Freezing points of mixtures with be­
tween 30 and 70 mole % m-phenylphenol were 
got only by seeding the liquid with a sample of 
material obtained by freezing a mixture of the 
latter composition in carbon dioxide-éthyl ace­
tate.

C. Pyridine and ^-phenylphenol appear, from 
the shape of the graph, to form two compounds. 
Both are unstable at their melting points and 
crystallize only from solutions containing an excess 
of pyridine. A sample (approximately 7 g.) of 
one of these, apparently CsHeN-C^H^O, was 
cooled to —5° (uncor.); at this temperature it

was in the form of a crumbly, snow-white solid. 
It was allowed to warm slowly. At 8-9° (uncor.) 
it showed signs of softening—the snow-white 
solid became rather glassy ; this corresponds ap­
proximately to the incongruent melting point. 
As the temperature was increased, the material 
became soft and sticky at 15-17° (uncor.); this 
may be the approximate melting point of the com­
pound. Between 55 and 60° (uncor.), which 
corresponds approximately to a composition of 
50 mole % ^-phenylphenol as read from the freez­
ing point curve of the system, the last crystals 
disappeared. A small sample of the other mate­
rial, apparently C5H5N*2Ci2H10O, was isolated, 
excess pyridine was absorbed on porous plate, and 
its melting range was determined in a capillary 
tube. It softened at 62-64° (uncor.) which corre­
sponds to its incongruent melting point. On 
raising the temperature, the material showed signs 
of further change over the range of 85-90° (un­
cor.); possibly this corresponds to the approxi­
mate melting point of the material. Above 90° 
the system behaved as an equilibrium mixture 
and the last crystals disappeared at 125-128° 
(uncor.), which corresponds to the freezing point 
of the system containing approximately 67 mole % 
of the phenol. The only eutectic is 13.3 mole % 
^-phenylphenol, f. p. —49.3°.

Summary
The freezing point-composition diagrams have 

been determined for the two component systems 
of pyridine and of the three isomeric phenyl-
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phenols. With (1) pyridine and ö-phenylphenol: 
one compound, CsHgN-C^HioO, is formed; (2) 
pyridine and ra-phenylphenol: one compound, 
CöHöN-C^HxoO, is formed; (3) pyridine and p-

phenylphenol: two compounds, (a) CsHsN-C^- 
Hi0O and (b) C5H6N*2Ci2Hi0O, are formed; both 
are unstable at their melting points.
P u l l m a n , W a s h i n g t o n  R e c e i v e d  J u l y  20, 1942

[C o n t r i b u t i o n  f r o m  t h e  G e n e r a l  L a b o r a t o r ie s  o f  t h e  U n i t e d  S t a t e s  R u b b e r  C o m p a n y , P a s s a ic , N e w  J e r s e y ]

An Electrophoretic Study of the Proteins in Rubber Latex Serum
By Charles P. Roe and Roswell H. Ewart

The proteins in rubber latex serum {Hevea 
brasiliensis) have been the subject of several re­
searches during the past fifteen years. Some of 
this work has been concerned with the chemical 
properties of the proteins1 and some with their 
electrophoretic properties.2 Recently, the im­
provements introduced by Tiselius3 in the electro­
phoretic technique have made it possible to in­
crease the precision and significance of electro­
phoretic measurements very considerably. The 
work here reported is part of a program of electro­
phoretic research on latex proteins. This pro­
gram was initiated in an attempt to obtain in­
formation which would be helpful in correlating 
protein behavior with the colloidal and other 
properties of latex.

Experimental
The Electrophoresis Apparatus.—The apparatus was 

supplied by the Klett Manufacturing Company of New 
York City and was built according to specifications fur­
nished by Dr. L. G. Longsworth of the Rockefeller In­
stitute in New York. Details may be found in Longs- 
wortlTs publications.4 * A few modifications of the appara­
tus are described in the following paragraphs.

Illumination System.—Many latex serum samples used 
in this work did not transmit the visible lines of the mer­
cury spectrum very well. In some cases this was on ac­
count of slight turbidity, in others, on account of color. 
The transmission coefficient of such solutions was found 
to be much greater in the red. Consequently, the mer­
cury arc supplied with the apparatus was replaced by a 
500-watt Tungsten filament projection lamp in conjunc­
tion with a Coming no. 246 lighthouse red filter. The 
object of this arrangement was to produce the most uni­
form possible exposure of photographic plate over the 
entire length of the cell image when the cell contained 
either a turbid or colored protein solution separated from a 
colorless buffer solution by a boundary in the exposed

(1) Bishop, M alayan Agr. J .,  15, 27 (1927); Bondy and  Freund* 
lich, Rubber Age, 44, 377 (1938); K em p an d  S traitifï, J . P hys. Chem., 
44, 788 (1940).

(2) I. K em p an d  Twiss, Trans . Faraday Soc., 82, 890 (1936).
(3) T iselius, ibid., 83, 524 (1937).
(4) L ongsw orth, T h is  J o u r n a l , 61, 529 (1939); Longsw orth and

M aclnnes, Chem. Rev., 24, 271 (1939).

part of the cell. This expedient did not in all cases yield 
perfect results, but it was much more generally prac­
ticable than the use of the mercury arc, and well-defined 
Schlieren patterns were obtained.6 Wratten and Wain- 
wright Contrast Thin Coated Panchromatic plates were 
used. They are insensitive at wave lengths greater than 
6800 A. and the red filter cuts out all light of wave length 
less than 5600 A. These figures are extreme values. The 
range of practical intensities lies between 5800 and 6600 A.

In using the mercury arc in cases where this was feasible, 
it was found advantageous to introduce a Coming yellow- 
yellow filter in order to filter out the violet part of the mer­
cury spectrum. This resulted in the production of 
straighter base lines in the schlieren diagrams through 
the elimination of a small dispersion effect due to some un­
determined cause in the optical system.

The Electrodes and Source of Potential.—The silver- 
silver chloride electrodes were replaced by copper elec­
trodes dipping into a concentrated copper sulfate solution. 
These electrodes are perfectly reversible and are easier to 
prepare than the silver-silver chloride system. In addi­
tion, they require no special care or attention after they 
are made. The authors used no. 14 copper wire wound 
into a compact flat coil and soldered to a small copper 
tube which was cemented to a piece of glass tubing just 
as in the case of the silver electrodes. When an alkaline 
buffer solution was used, a layer of saturated sodium sul­
fate solution was introduced between the buffer and copper 
sulfate solutions in order to prevent the formation of in­
soluble basic copper compounds at the liquid junction.

The potential difference applied to the electrophoresis 
cell and electrodes was furnished by a bank of 45-volt 
heavy duty B batteries. Conditions were always adjusted 
so as to make the power consumption less than three watts 
in the cell and electrode system.

The field strength within the electrophoresis cell was 
calculated from measured values of the current passing, 
the specific conductance of the solution and the cross sec­
tion of the cell.

The Compensating Device for Shifting Boundaries.—
The motor-driven compensating device was replaced by 
a gravity feed through a one-meter U-shaped length of 
capillary glass tubing of 1-mm. inside diameter which was 
connected at one end to the closed electrode vessel and at 
the other end to a separatory funnel which served as a reser­
voir.

(5) V erbal com m unication  from  Prof. J .  W . W illiam s has inform ed
th e  w riters th a t  a  sim ilar expedient has also been used successfully in
his laborato ry .
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Ammonia Preserved Serum from Sumatra Normal 
Latex.—This was a one-gallon lot which was prepared on 
the plantations of the U. S. Rubber Company in Sumatra 
by freezing fresh unpreserved normal Hevea latex. Freez­
ing caused complete coagulation of the rubber into a co­
herent clot. After thawing, the rubber-free serum was 
expressed, preserved with 2% ammonia and shipped to 
America in a stoppered glass container.

Serum from Unpreserved Sumatra Normal Latex.— 
Fresh unpreserved normal Hevea latex was frozen on the 
plantations in Sumatra and shipped in the frozen state to 
America. After this material had been thawed, the rub­
ber-free serum was expressed and refrozen as quickly as 
possible to prevent deterioration. Serum thus prepared 
and containing no chemical preservative had a light straw 
color and a perfectly sweet odor. Its pH value was 6.4 at 
25°. When kept stored in glass in the frozen state at 
—20° it retained these characteristics over a period of 
months with no signs of any deterioration.

Serum from Unpreserved Normal Florida Latex.—This 
latex (Hevea) was treated exactly like that prepared in 
Sumatra but it originated in the Plant Introduction 
Garden of the United States Department of Agriculture, 
Coconut Grove, Florida. The pH. value of this serum was 
also 6.4 at 25°.

Direct Preparation of Latex Serum for Electrophoresis.
—All electrophoresis determinations were made in solu­
tions which were well buffered so as to secure adequate 
pH control. Each serum sample was, therefore, dialyzed 
exhaustively against the appropriate buffer solution at 
the temperature of the Tiselius thermostat. Conductance 
measurements were used to determine the extent of dialy­
sis. Conductance and pH measurements (glass electrode) 
were made at the temperature of the cold thermostat 
which was held at -f-1 °.

Concentration of Latex Serum Proteins.—It was neces­
sary in several cases to have a more concentrated solution 
of the serum proteins than that in which they naturally 
occur in serum from frozen latex. For this purpose dry 
serum solids were prepared by the technique of vacuum 
sublimation of rubber-free frozen serum. This technique 
has been used extensively in the past by workers with ani­
mal sera.6 The latex serum solids thus obtained contained 
some hygroscopic material which could be largely removed 
by dialysis with distilled water for twenty-four hours before 
starting the vacuum sublimation process. Dialysis could 
not be carried farther than this without causing partial 
flocculation and denaturation of the proteins. When 
properly prepared, the dried serum solids showed no out­
ward signs of deterioration and could be completely redis­
solved in aqueous solutions at all pH values at which the 
original serum was stable. All concentrated latex protein 
solutions used in this work were prepared from completely 
vacuum dried samples. Dialysis against buffer solutions 
was carried out prior to electrophoresis in the case of these 
concentrated solutions just as in the case of the native 
serum samples.

Buffer Solutions.—All buffer solutions were made by use 
of uni-univalent electrolytes at an ionic strength equal to 
0.1. In the following table the acid-base combinations

(6) M udd, Reichel, F losdorf and  Eagle, J .  Im m unol., 26, 341
(1934).

used to cover the various segments of the pH interval 
between 2.0 and 10.5 are listed. pH values were measured

p H  In te rv a l

2 - 4  
4 -  5.5 
5 .5- 7 
7 -  8.5 
9 -10.5

Acid

HCl
Acetic
Cacodylic
HCl
Glycine

Base
Glycine
NaOH
NaOH
Triethanolamine
NaOH

with the glass electrode at 1°. In order to calibrate the 
electrode, it was assumed, following Harned and Ehlers7 
that the ionization constant of acetic acid at 0° was 
10~4*79 at an ionic strength of 0.1.

Results and Discussion
General Remarks on the Interpretation of 

Schlieren Diagrams.—The detailed theory of the 
schlieren scanning method of measuring refrac­
tive index gradients has been described else­
where4»8 It will be recalled that in electrophoretic 
schlieren diagrams the position and the time rate 
of displacement of a given peak along the axis of 
abscissas give, respectively, a direct index of the 
position and the rate of motion of the correspond­
ing protein boundary within the cell. From this 
may be calculated the electrophoretic mobility 
by the introduction of the appropriate magnifica­
tion and electric field factors. Each peak corre­
sponds to a separate boundary. The ordinate of 
a schlieren diagram is proportional to the gradient 
of refractive index, and hence the area under the 
diagram included between two abscissas is pro­
portional to the total refractive index change be­
tween the two abscissas. If the relationship be­
tween concentration and refractive index is known, 
then the area under a schlieren diagram, upon 
introduction of the proper optical factors, gives 
a measure of the concentration change of solute 
from one part of the cell to another.

Protein Components of Latex Serum.—Figure 
1 shows electrophoretic schlieren diagrams (rising 
boundaries) at three pH  levels for each of two 
samples of protein from Sumatra and Florida un­
preserved whole latex serum. The presence of 
seven resolvable components is evidenced by in­
spection at the pH  values of 6.85 and 8.43. Only 
six components are resolvable at pH  10.4, since 
I and V have the same mobility at this point.

Complete electrophoretic schlieren diagrams 
for the proteins in whole latex serum can be ob­
tained only with concentrated serum, since two 
of the minor components (VI and VII) are present 
in such small quantities that they are not detect-

(7) H arned  and  Ehlers, T h is  J o u r n a l , 54, 1350 (1932).
(8) Lam m , Z. physik. Chem., A138, 313-331 (1928).
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i
v

(d) Florida pH ~  6.85 (e) Florida pH = 8.43 (f) Florida pH -  10.4
Fig. 1.—Schlieren diagrams showing comparison of Florida and Sumatra latex serum proteins, all samples concentrated

3/1.

able at their natural concentrations in serum from 
frozen latex.

It is not known at present how to classify these 
electrophoretically resolvable components in terms 
of usual protein nomenclature. So far as the au­
thors are aware, the only classification which has 
ever been made depends upon the separation of 
the whole protein into the so-called glutelin, globu­
lin and albumin fractions.1 Probably the pro­
tein components of unpreserved latex serum can be 
fitted into this classification, but it will require a 
combination of analytical results with those of 
electrophoresis experiments.

Comparison of Florida and Sumatra Latex 
Serum Proteins.—The schlieren diagrams of 
Fig. 1 show that the Florida and Sumatra pro­
tein samples are electrophoretically very similar 
in most respects. The number of resolvable com­
ponents is the same, and the mobilities and rela­
tive abundance of the various components are 
nearly the same. The mobility figures are given in

Table I and are represented graphically in Fig. 2.
Inspection of the diagrams in Fig. 1 shows that 

the relative abundance is about the same in the 
sera from the two sources and also that the total 
protein content is not much different in the two 
cases. A quantitative comparison of the areas 
under the schlieren diagrams is impossible since 
through an unfortunate oversight base line photo­
graphs were not recorded in all cases. No at­
tempt has been made to fit the correct base lines 
in any case, since no use is made of them. The 
principal difference between the Florida and Su­
matra diagrams lies in the sharpness of the peaks. 
The sharper peaks in the Florida sample indi­
cate a greater degree of electrophoretic homogene­
ity of the several components in this than in 
the Sumatra sample. The cause is not definitely 
known, but the difference probably indicates 
more sanitary handling and less incipient deteri­
oration before freezing on the Florida experimen­
tal plot than on the Sumatra plantation.

T a b l e  I
M o b i l i t y  versus pH V a l u e s  f o r  T o t a l  S e r u m  P r o t e in s  f r o m  S u m a t r a  a n d  F l o r id a  L a t e x

C om ponent
m

S um atra
=  6.85

F lorida

-M obility in  m icrons per second per vo lt p e r cm .- 
pH  =  8.43

S um atra  F lo rida
p H  =  

S u m a tra
10.4°

Florida
I — 0 .2 0 0 - 0 . 2 1 0 -0 .355 0.335 -0 .5 7 5 -0 .580

II -  .590 -  .615 -  .690 — .680 -  .880 -  .980
III +  .255 +  .240 +  .1 2 0 + .1 1 0 -  .230 -  .165
IV -b .090 +  .1 2 0 -  .150 — .160 Not resolved
V -  .335 -  .360 Not resolved -  .575 -  .580

VI -  .800 -  .825 -  .850 — .825 -1 .1 8 -1 .21
VII -  .955 -  .915 -  .985 — .915 -1 .3 9 - 1 .5 3

° This pH value is actually an average figure. The Sumatra values were measured at pH 10.2 and the Florida values 
at 10.6.
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The similarity of schlieren patterns obtained 
from latex sera with such widely different geo­
graphical origins is not surprising. Workers with 
human sera9 have found that the schlieren pattern 
of normal human serum is nearly independent of 
the source of the serum and that only abnormal 
or pathological conditions cause large departures 
from the characteristic normal pattern. The re­
sults here reported on latex serum proteins are 
not sufficiently extensive to be accepted as proof 
that the geographical origin of latex from a 
healthy tree has no effect on the schlieren pattern 
of the serum proteins, but the close similarity of 
the patterns here presented, taken together with 
the findings of investigators in other related fields, 
makes such an assumption seem plausible. If 
this is true, it is a matter of some practical interest 
in latex technology. It would indicate that varia­
tions in normal latex from healthy trees cannot be 
ascribed to qualitative variations in the protein 
content of the serum prior to tapping. Varia­
tions traceable to the proteins must be due, then, 
to variations in handling conditions and preserva­
tion procedures.

Fig. 2.—Mobility-/>H curves for five protein components 
of latex serum.

Relationship between pH  and Electrophoretic 
Mobility.—Figure 2 shows the mobility-/?!! 
curves for five of the seven protein components 
of whole unpreserved latex serum. These curves 
were plotted from data obtained from the electro­
phoresis of unconcentrated serum before the dis­
covery of the minor components VI and VII, 
which were detectable only after concentration. 
It was found impossible to follow these curves be­
low pH 4.79. Some insoluble material was pre­
cipitated below pH. 5.7, but schlieren diagrams 
continued to exhibit peaks corresponding in an 
orderly way to five components down to pH 4.79.

(9) Longsworth, Shedlovsky and  M aclnnes, J . Exptl. Med., 70, 
399-413 (1939); M oore and L ynn, J . Biol. Chem., 141, 819 (1941).

Below this level it is not possible on the basis of 
data in hand to correlate the diagrams obtained 
with the behavior of the proteins above pH  4.79.

T a b l e  I I

M o b i l i t y  versus pH D a t a  o n  S u m a t r a  L a t e x  S e r u m  
P r o t e i n s

pH  C o m p o n en t. .  I I I I I I IV V
4.79 0 - 0 .3 6 0 + 0 .3 3 0 + 0 .1 6 0 - 0 . 1 0 5
5 .66 -  .150 -  .445 + .245 +  .089 -  .245
6 .85 -  .230 -  .630 + .200 +  .064 -  .385
7.81 -  .340 -  .735 . + .170 -  .170
8.43 -  .365 -  .755 + .177 -  .495
9 .67 -  .530 -  .850 -  .325 -  .530

10.18 -  .575 -  .910 — .212 -  .395 -  .575

The wide distribution of isoelectric points on 
the pH  scale is a matter of interest. Since two of 
these isoelectric points occur at pH  7.2 and pH
9.7, the persistence of positively charged protein 
components at high pH  values is demonstrated. 
This may be accountable for the known stability 
of fresh unpreserved latex toward the addition of 
acid, whereas the negative components stabilize 
with respect to added alkali.

Effect of Ammonia Treatment of Latex Serum. 
—The progressive effects of free ammonia at 
high pH  levels on the proteins from unpreserved 
latex serum are shown by a comparison of the 
schlieren diagrams (falling boundaries at pH  
6.85) contained in Fig. 3. The final effect of am-i

(a) Untreated. (b) 24 hours.

(c) One week. (d) Several months.
Fig. 3.—Schlieren diagrams showing effects of treatment 

of latex serum with 1 % NH3 for various lengths of tim e: 
(a), (b), (c) concentrated 3/1; (d) concentrated 5/1; pH
= 6.85.
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monia treatment is to reduce the number of re­
solvable components from seven to two.

Ammonia is of interest because of its commer­
cial importance as a latex preservative. In its 
effect on latex proteins the presence of ammonia 
constitutes an abnormal condition in the serum 
and would be expected to produce departures from 
the characteristic normal pattern for untreated 
latex serum. It has been found that pathological 
conditions in human sera sometimes cause an ab­
normal change in the ratios of the various protein 
components of the sera. Although the detailed 
nature of the change in latex protein dissolved in 
ammonia solution is not known, one important 
observation may be made. The principal com­
ponent of the exhaustively ammoniated protein 
solution has a higher numerical value of negative 
mobility than the principal component of unpre­
served latex protein on the alkaline side of the 
isoelectric point. This is shown in Table III and 
probably accounts at least in part for the well- 
known rise in mechanical stability of latex within 
a short time after ammonia preservation is ap­
plied on the plantations.

T able III
M obility  V alues  of P rincipal  P rotein  Component of 
L a tex  Serum  after  Various L engths of T ime in  1% 

N H 3 S olution pH 6.85
M obility  in  microns per sec. 

T im e in  1%  N H s pe r vo lt per cm.

Untreated —0.210
24 hours — .332
7 days — .565
Several months — . 465

It should be noted that soaps produced by the 
hydrolysis of resins may also be partially responsi­
ble for this increase in stability.

These experiments were all carried out on vac­
uum dried protein redissolved at a concentration 
three times that occurring in serum from frozen 
latex, except as indicated in Fig. 3.

Unconcentrated,pH = 6.85. Unconcentrated, pH — 10.18.

Concentrated, pH = 6.85. Concentrated, pH — 10.18. 
Fig. 4.—Schlieren diagrams showing effects of vacuum sub­

limation on latex serum proteins.

Effects of Vacuum Sublimation.—Figure 4 
shows a comparison of schlieren diagrams ob­
tained with unconcentrated serum and diagrams 
obtained with concentrated solutions of vacuum 
dried serum solids.

The diagrams made in experiments with con­
centrated protein solutions show more detail 
than those made with dilute solutions, and tend 
to confirm the latter. The correspondence of 
the peaks representing the various components is 
taken to be an indication that no important 
change in the electrophoretic properties of the 
proteins was produced by the sublimation process.

Acknowledgment.—The writers wish to ack­
nowledge their indebtedness to Mr. H. F. Loomis, 
of the United States Department of Agriculture, 
for his courtesy and cooperation in furnishing 
the fresh unpreserved latex from Florida. The 
writers are also indebted to Dr. L. G. Longs­
worth, Dr. Dan Moore and Dr, E. J. Cohn for 
helpful discussions of experimental methods.

Summary
1. The serum from unpreserved rubber latex 

(Hevea brasiliensis) contains seven electrophoreti­
cally distinct protein components. The proteins 
from whole serum originating in Sumatra and 
Florida give very similar results in electrophore­
sis experiments.

2. The relationship between electrophoretic 
mobility and pH  has been determined for five of 
the seven protein components of unpreserved total 
latex serum. The results are considerably dif­
ferent from those reported by workers with am­
monia preserved latex, and tend to clarify ob­
served differences in the stability behavior of 
unpreserved and preserved latex.

3. Ammonia preservation treatment rapidly 
alters the electrophoretic behavior of the native 
protein components of latex serum and reduces 
the number of resolvable components from seven 
to two.

4. The preparation of dry latex protein from 
rubber free latex serum can be accomplished by 
the vacuum sublimation of frozen serum. This 
process does not appear to produce important 
changes in the electrophoretic properties of the 
total serum proteins.

5. Minor modifications of the electrodes and 
of the standard illumination system in the electro­
phoresis apparatus are described.
Passaic, N ew Jersey Received July 24, 1942
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[C o n t r i b u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m i s t r y  o f  D u k e  U n i v e r s i t y ]

The Reactions of Certain Neopentyl Systems with Electrophilic Reagents1
By P hilip Skell and Charles R. H auser

Whitmore and co-workers have shown that 
neopentyl systems react with electrophilic re­
agents to yield largely rearranged products. 
Thus, neopentyl alcohol with hydrogen bromide 
gives mainly /-amyl bromide,2 while neopentyl 
iodide with silver nitrate or mercuric chloride 
yields largely /-amyl alcohol.3 These reactions 
have been considered to involve the removal of X  
(hydroxyl or halogen) with its complete octet of 
electrons, leaving a carbon atom with only a sex­
tet of electrons.4 This carbon atom is stabilized 
by acquiring an electron pair from the adjacent 
carbon atom, the shifting electron pair carrying 
with it the attached methyl group.

CHS

(CHs^i———-& I2  >  (CH3)2CCH2CH,
The tertiary carbonium ion thus formed acquires 
the bromide or hydroxyl ion from the medium, 
yielding the /-amyl bromide or alcohol.

A corollary to this theory (applied to various 
carbon skeletons) might be that the ease of re­
arrangement is dependent upon the relative elec­
tron-attraction of the a-carbon atom in the posi­
tive fragment and upon the ease of migration of 
the electron pair with its attached group. On this 
basis one might expect that the tendency to re­
arrangement in the neopentyl system would be 
decreased if the hydrogens on the a-carbon atom 
were substituted by electron donating groups, 
such as alkyl or phenyl groups.5 That the sub­
stitution of two alkyl groups on the a-carbon 
atom may impede rearrangement in the neopentyl 
system is indicated by the fact that, in contrast 
to a-methylneopentyl alcohol which on dehydra­
tion gives mainly rearranged olefins,6 a, a'-methyl- 
ethylneopentyl and a, a '-dimethylneohexyl alco­
hols on dehydration yield mainly unrearranged 
olefins.7 We have demonstrated that even one

(1) T h is  paper is ta k e n  from  a  po rtion  of a P h .D . thesis by  Philip 
Skell.

(2) W hitm ore and  R othrock, T h is  J o u r n a l , 54, 3431 (1932).
(3) W hitm ore, W ittle  and  Popkin , ibid., 61, 1586 (1939).
(4) W hitm ore, ibid ., 54, 3274 (1932).
(5) T h a t alkyl an d  phenyl function  as electron donating  groups 

when presen t on the  a -carbon  a to m  of a lky l halides is dem onstra ted  
by  the  increased tendency  to  ionization  of the  halides; see, espe­
cially, H ughes, Ingold , M asterm an  an d  M cN ulty , J . Chem. Soc., 
899 (1940).

(6) W hitm ore an d  M eunier, T h is  J o u r n a l , 55, 3721 (1933).
(7) W hitm ore and  Laughlin , ibid., 54, 4011 (1932). W hile the  

rearrangem en ts m ay be precluded to  some ex ten t because of the  de-

a-phenyl substituent stabilizes the neopentyl sys­
tem.

In contrast to the reactions of unsubstituted 
neopentyl systems, a-phenylneopentyl alcohol re­
acts with hydrogen bromide to yield largely the 
corresponding bromide, and this bromide reacts 
with silver nitrate to regenerate mainly the origi­
nal alcohol. Other workers have shown that 
a, a-diphenylneopentyl systems can similarly be 
made to undergo “metathetica^, reactions with 
electrophilic reagents to yield largely unrear­
ranged products,8 although rearrangement prod­
ucts have also been obtained under certain condi­
tions.9 Thus, a, a-diphenylneopentyl alcohol with 
thionyl chloride gives the corresponding chloride 
which with silver acetate yields the corresponding 
acetate; the latter on hydrolysis regenerates an 
alcohol which may be converted to the original 
chloride.8

The first step in these reactions probably in­
volves the formation of a coordination complex 
between the alcohol or halide and the electro­
philic reagent (ROH2+ or RBr —> Ag+). This 
facilitates the removal of X  with its complete 
octet of electrons. With neopentyl systems 
having at least one phenyl or two alkyl groups 
(in which the unrearranged product is formed) the 
complex decomposes probably yielding the car­
bonium ion as intermediate10 which then acquires 
an anion (halide or hydroxyl) from the medium. 
The reaction of a-phenylneopentyl bromide with 
silver ion, for example, may be represented as

—AgBr
(CH3)3CCH(C6H5)Br — >  A g+--------- ►

-fOH"
[(CH3)3CCHC6H5]+ --------- 3» (CH3)3CCH(C6H5)OH

With neopentyl alcohol or halide, however, the
hydra tion  (possibly involv ing  th e  sim ultaneous e lim ina tion  of th e  
elem ents of w ater from  ad jacen t a tom s) i t  w ould ap p ea r th a t  th e  
tendency to  rearrangem en ts is less w ith  these  alcohols, since th e  
a -m ethy lneopen ty l alcohol which also has th e  requ ired  s tru c tu re  
for d ehydra tion  w ith o u t rearrangem en t, nevertheless m ain ly  re a r­
ranges. M oreover, B a r tle tt  an d  K nox (T h is  J o u r n a l , 61, 3191 
(1939)) have show n th a t ,  in  c o n tra s t to  the  reaction  of n eo p en ty l 
alcohol w ith hydrogen brom ide, a ,a '-d ie th y ln eo p e n ty l a lcohol re ­
acts w ith  anhydrous hydrogen chloride a p p aren tly  w ith o u t re ­
arrangem ent.

(8) R am art-L ucas, Compt. rend., 154, 1088 (1912); A n n . chim. 
phys., [8] 30, 368 (1913).

(9) M arvel and  B atem an , T h is  J o u r n a l , 49, 2914 (1927).
(10) In  th is connection  see especially  H am m ett, “ P hysical O r­

ganic C hem istry ,” M cG raw -H ill Book Co., New Y ork, N . Y ., 1940, 
pp. 139-140; “ A nnual R ep o rts ,” J .  Chem. Soc., 236-247 (1940).
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complex may never actually yield the neopentyl 
carbonium ion, but may produce directly the 
more stable tertiary amyl carbonium ion, the re­
moval of X  and the shift of the electron pair and 
its methyl group occurring simultaneously. This 
modification of the original hypothesis would ac­
count for the apparent absence of unrearranged 
products. The reaction of neopentyl iodide and 
silver ion, for example, may be illustrated as 
follows.

CHS
I N k  , —Agl

(CH3)2C------- CH2-----1 — >  A g+---------- >
+ O H -

[(CH3)2CCH2CH3]+  ------ ^  (CH3)2C(CH2CH3)OH
Since the phenyl group is known to migrate 

more easily than the methyl group, it might be 
expected that if the three methyl groups of the 
a-phenylneopentyl system were replaced by three 
phenyl groups, the resulting compound would 
exhibit a greater tendency to rearrangement. 
In agreement with this, it has been found that 
asymmetrical tetraphenylethyl alcohol on treat­
ment with hydrogen bromide readily undergoes 
rearrangement, accompanied by elimination, 
yielding tetraphenylethylene. The alcohol is also 
dehydrated very readily by sulfuric acid, tetra- 
phenylethylene being formed rapidly even at 
room temperature. Schmidlin11 has reported that 
asymmetrical tetraphenylethyl bromide with alu­
minum chloride in benzene or even with boiling 
water undergoes rearrangement eliminating hy­
drogen bromide to yield tetraphenylethy lene.

Experimental12
a-Phenylneopentyl Bromide.—a-Phenylneopentyl alco­

hol, contaminated with phenyl /-butyl ketone13 (detected 
as its 2,4-dinitrophenylhydrazone), was prepared from 
/-butylmagnesium chloride and benzaldehyde, essentially 
as described by Conant and Blatt.14 A solution of 36.0 g. 
of the slightly impure alcohol (b. p. 96-98° at 6 mm.) in 
50 cc. of purified petroleum ether (b. p. 52-58°) was satu­
rated with dry hydrogen bromide (the solution acquiring 
a yellow color immediately and a heavy yellow layer soon 
separating) at 0° for one hour and at room temperature 
for four hours. Anhydrous calcium bromide was added 
and the mixture filtered. After removing the solvent in 
vacuo, the residue on fractionation through a 6-inch 
Vigreux column yielded 37.5 g. (75%) of a-phenylneopen­
tyl bromide, b. p. 103-104° at 7.5 mm. (reported, b. p. 
106-112° at 9 mm.)14; d. 1.24.

(11) Schm idlin, “ D as T rip h en y lm eth y l,” V erlag von F erdinand 
E nke , S tu ttg a r t,  1914, p. 146.

(12) M elting  and  boiling po in ts  are  corrected.
(13) R eduction  of the  ketone w ith  a lum inum  isopropoxide and 

isopropyl alcohol yielded the  pure  a -phenylneopen ty l alcohol, boiling 
a t  111.0-111.3° a t  15 m m ., an d  freezing sharp ly  a t  42°.

(14) C onan t and  B la tt, T h is  J o u r n a l , 50, 551 (1928).

The bromide is hydrolyzed very slowly by water, is con­
verted in high yield to the corresponding methyl ether 
(b. p. 94-95° at 20 mm.) by treatment with methanol in 
the presence of anhydrous potassium carbonate, and is con­
verted to the corresponding acetate (b. p. 123-124° at 16 
mm.) by refluxing with anhydrous potassium acetate in 
glacial acetic acid.

Reaction of a-Phenylneopentyl Bromide with Aqueous 
Silver Nitrate.—To a solution of 10 g. (0.059 mole) of silver 
nitrate in 50 cc. of distilled water was added 9.3 g. (0.41 
mole) of a-phenylneopentyl bromide.. Silver bromide 
separated immediately and the solution warmed per­
ceptibly. After wrapping in paper (as a protection 
against light) the flask (with a ground glass stopper) was 
shaken mechanically overnight. The colorless organic 
layer was extracted with pure ether, and the ethereal solu­
tion was washed well with water and dried with anhydrous 
potassium carbonate. The solvent was removed through a
12-inch Vigreux column. The residue on fractionation 
in vacuo through a 6-inch Vigreux column yielded 6.2 g. 
(92%) of distillate (A), boiling at 96-101° (mainly at 99- 
100°) at 7.5 mm., leaving 0.5 cc. of yellow residue. The 
distillate (A) (which was solid at room temperature, the 
last crystal disappearing at 27°) was shown to consist 
mainly of a-phenylneopentyl alcohol. Pressing (A) be­
tween filter paper and washing it with a little petroleum 
ether yielded the alcohol melting at 38-41° (m. p. of the 
pure alcohol is 42°) which on oxidation with chromic an­
hydride in glacial acetic acid gave phenyl /-butyl ketone; 
the latter was identified as its oxime (m. p. 164-165°) 
and as its 2,4-dinitrophenylhydrazone (m. p. 190-191°). 
The freezing point constant of a-phenylneopentyl alcohol 
was determined by adding 0.264 g. of benzene to 4.152 g. 
of the pure alcohol (m. p. 42.0°), the last crystal disappear­
ing at 37.4°; this indicated a depression of 5.6° for one 
mole of solute per 1000 g. of the alcohol. On this basis, 
the distillate (A) (m. p. 27°) contained 0.43 mole of “im­
purity” to 1.0 mole of a-phenylneopentyl alcohol. Assum­
ing that all of the “impurity” was an isomeric alcohol, 
the maximum extent of rearranged product in (A) was 
only 30%.

Reaction of Asymmetrical Tetraphenylethyl Alcohol 
with Hydrogen Bromide.—Asymmetrical tetraphenylethy] 
alcohol (m. p. 151°) was prepared from sodium triphenyl­
methyl and benzaldehyde essentially as described by 
Schlenk and Ochs.15

A solution of 9.90 g. (0.0282 mole) of the alcohol in 100 
cc. of pure anhydrous benzene (containing “Drierite” to 
absorb the water formed during the reaction) was satu­
rated at 0° with dry hydrogen bromide (the solution ac­
quiring immediately a deep yellow color which faded to a 
light yellow within one-half hour). No color change was 
observed on standing seven hours at room temperature. 
The solution was filtered in a dry-box and the solvent re­
moved (at 40°) in vacuo. The residue after washing with 
purified petroleum ether yielded 8.0 g. (85%) of tetra- 
phenylethylene (m. p. 225°), identified by its tetrabro­
mide (m. p. 248°) and by ozonolysis to benzophenone 
(good yield) which was isolated as its 2,4-dinitrophenyl­
hydrazone.

Asymmetrical tetraphenylethyl alcohol has also been dis-
(15) Schlenk and  Ochs, Ber., 49, 611 (1916).
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solved in concentrated sulfuric acid at room temperature. 
A momentary flash of bright yellow was produced and on 
pouring the solution into water a high yield of pure tetra- 
phenylethylene was obtained.

Summary
1. In contrast to unsubstituted neopentyl 

systems, a-phenylneopentyl systems react with 
electrophilic reagents to yield largely unrear­
ranged products. a-Phenylneopentyl alcohol 
with hydrogen bromide yields largely the corre­

sponding bromide, and the latter with silver ni­
trate regenerates mainly the original alcohol.

2. Asymmetrical tetraphenylethyl alcohol 
with hydrogen bromide or concentrated sulfuric 
acid at room temperature yields tetraphenyl 
ethylene.

3. The effect of substituents on the tendency 
to rearrangement of neopentyl systems is dis­
cussed.
D u r h a m , N o r t h  C a r o l i n a  R e c e i v e d  J u n e  26, 1942

[C o n t r i b u t io n  f r o m  t h e  C h e m i c a l  L a b o r a t o r ie s  o f  H a r v a r d  U n i v e r s i t y  a n d  o f  t h e  U n i v e r s i t y  o f  C a l if o r n ia
a t  Lós A n g e l e s ]

Acetylenic Ethers. III.1 Halogen Derivatives of Phenoxyacetylene
B y  T homas L. J acobs and W en d ell  J . W h it c h e r 2

At the outset of our study of acetylenic ethers 
it seemed possible that these compounds would 
exhibit many of the peculiarities of halogenated 
acetylenes since in both classes the carbon- 
carbon triple bond is directly attached to an atom 
bearing unshared pairs of electrons. Actually 
very few close similarities have been observed. 
The only one worthy of mention is the great tend­
ency toward polymerization exhibited in both 
series by those members which have an acetylenic 
hydrogen (HC==COR and HC==CX); com­
pounds in which this hydrogen is replaced by an 
alkyl group are relatively stable. Dihalogenated 
acetylenes, XC==CX, are likewise characterized 
by ready polymerization. The preparation of 
halogenated phenoxyacetylenes, C6H5OQ=CX, 
was therefore undertaken in order to compare 
these two series more closely and to examine fur­
ther the reactions of acetylenic ethers. Since 
phenoxyacetylene was the most readily available 
of these ethers it was used throughout this inves­
tigation.

Three general methods have been used for the 
preparation of halogenated acetylenes: the action 
of halogens or certain halogenating agents on me­
tallic derivatives of acetylenes, the reaction be­
tween hypohalite ion and acetylenes, and the 
treatment of dihaloethylenes with alkaline re­
agents.

(1) F o r th e  second pap er of th is  series see Jacobs, C ram er and  
H anson, T h is  J o u r n a l , 64, 223 (1942).

(2) T h e  greater p a rt of th is  paper is ta k e n  from  a  thesis presented  
by W endell J . W hitcher to  th e  F acu lty  of A rts  and  Sciences of H ar­
vard  U niversity  in p a rtia l fulfillm ent of th e  requirem ents for th e  
degree of D octor of Philosophy. M r. W h itch er’s p resen t address is 
E . I. du  P o n t de N em ours and  Co., W ilm ington , Delaware.

Iodoacetylenes have been prepared in excellent 
yield by the action of iodine on acetylenic Grig­
nard reagents; at 0° neither diacetylene formation 
nor iodine addition occurred.3 Sodium, copper 
and silver acetylides have also been used and the 
iodination of the first of these in liquid ammonia 
is a good synthetic method.4 Diiodoacetylene 
has been prepared in excellent yield by passing 
acetylene into potassium hydroxide solution while 
iodine in potassium iodide solution was being 
added.6 This reaction has not been applied to 
the synthesis of substituted iodoacetylenes.

All of these methods were tried unsuccessfully 
in an attempt to prepare iodophenoxyacetylene. 
The reaction of phenoxyethynylmagnesium bro­
mide with the theoretical amount of iodine at 0° 
failed to give this compound. Phenoxytriiodo- 
ethylene was obtained in fair yield and was the 
only product isolated. Sodium phenoxyacetylide 
was similarly treated with iodine and only a small 
amount of phenoxytriiodoethylene resulted. The 
main product polymerized when distillation was 
attempted at 4 man. pressure, but at much lower 
pressures a clear distillate was obtained. This 
was a mixture containing phenoxyacetylene and 
unstable iodo compounds. Treatment with iodine 
gave only phenoxyacetylene diiodide and no 
phenoxytriiodoethylene. The distillate darkened 
rapidly and could not be purified successfully 
An attempt to hydrate the undistilled product 
with mercuric acetate and hydrochloric acid was 
unsuccessful.

(3) G rignard  an d  Perrichon , A n n . chim., 6, 5 (1926).
(4) V aughn an d  N ieuw land, T h is  J o u r n a l , 56, 2150 (1933).
(5) B iltz  and  K üppers, Ber., 37, 4412 (1904).
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Phenoxyacetylene and iodine in potassium 
iodide solution were added simultaneously to cold 
potassium hydroxide solution. Phenoxytriiodo­
ethylene was isolated from the reaction mixture 
by ether extraction and concentration. The re­
sidual liquid polymerized when distillation was 
attempted. The formation of the triiodo com­
pound is accounted for readily only on the assump­
tion that the iodoacetylenic ether is first produced 
and that iodine is then added.

The synthesis of bromophenoxyacetylene was 
attempted next in the hope that this compound 
could be isolated more readily. An early report 
of its preparation6 by the action of alcoholic po­
tassium hydroxide on dibromovinyl phenyl ether 
could not be confirmed by later workers7,8 who 
obtained only phenol and ethyl bromoacetate (1).

phenyl ether described above, it would have been 
assigned an acetylidene structure, C6H50CH=C, 
by Nef. These early workers explained the hy­
drolytic reactions on the basis of the 2,2-dibromo- 
vinyl phenyl ether structure by postulating the 
intermediate formation of bromophenoxyacety­
lene and assuming that it added water rapidly

h 2o
Br2C=CHOC6H8----BrC=COC6H8------->-

CH2BrC02H +  C6H6OH

The removal of hydrogen bromide in acid solution 
to produce a triple bond is of course very unlikely.

Slimmer7 synthesized a second dibromovinyl 
phenyl ether by the reactions

KOH
C6H5OCH==CHBr +  Br2 — >  C6HgOCHBrCHBr2----->

C6H8OCH=CBr2

BrHC=CBrOC6H5
I

KOH
C2H6OH 

H+

>  CH2BrC02C2H6 +  C6H6OH (1)

->■ CH2BrC02H +  C6H5OH
h n o 3

->  CHBr2C02C6H3(N02)2

(2)

(3)

Br2C=CHOC6H6 ■ 
II

H +
(CHBr2CHO)

2,4-Dinitro---------------- >
phenylhydrazine

KOH
— — > C6H50CH2C02H +  polymer

o 2 C6H5OK
----^  C6H5OCHBrCOBr-----------(C6H50)2CHC02C6H8

Lawrie tried many alkaline reagents including 
powdered potassium hydroxide, but was unable to 
isolate any of the bromoacetylenic ether. All of 
these workers believed their starting material, 
prepared by the reaction of tribromoethylene 
and potassium phenolate, was 2,2-dibromovinyl 
phenyl ether, II, because it was converted by 
fuming nitric acid to dinitrophenyl dibromoace- 
tate, (3). Biltz9 pointed out that the compound 
was almost certainly 1,2-dibromovinyl phenyl 
ether, I, since on hydrolysis it yielded a deriva­
tive of (mono)bromoacetic acid, (2). He ex­
plained the formation during the nitric acid reac­
tion of a compound with both bromines on one 
carbon as an oxidative rearrangement. It is in­
teresting that Nef’s acetylidene theory8,10 was 
based largely on structural evidence invalidated 
by such rearrangements. Since phenoxyacetylene 
dibromide11 is identical with the dibromovinyl

(6) Sabanejeff and  D w orkow itsch , A n n .,  216, 279 (1883).
(7) Slim m er, Ber., 36, 289 (1903).
(8) Law rie, A m . Chem. J . ,  36, 487 (1906).
(9) B iltz , Ber., 46, 143 (1913).
(10) N ef, A n n ., 298, 202 (1897).
(11) Jacobs, C ram er a n d  W eiss, T h is  J o u r n a l , 62, 1849 (1940).

Since the 2,2-dibromo- structure had already 
been assigned to the compound prepared ear­
lier, he assumed this second one had the 1,2- 
dibromo- structure. We repeated his synthesis 
and proved that the compound was 2,2-di­
bromovinyl phenyl ether, II, by hydrolysis 

to derivatives of glyoxal, (4).
An attempt to prepare 

bromophenoxyacetylene from 
this second dibromo ether by 
distillation from potassium hy­
droxide under reduced pressure 

The products were tar and a

Glyoxal 2,4-dinitro- 
phenylosazone (4)

(5)

(6)

was not successful.
little phenol and phenoxyacetic acid. The acid 
was probably formed by hydrolysis of the vinyl 
ether, but it might also have been produced by 
hydration of bromophenoxyacetylene, since bro- 
moacetylenes are known to give acids by refluxing 
with alcoholic potassium hydroxide.12

The action of fuming nitric acid at —10° on
2,2-dibromovinyl phenyl ether was very vigorous 
and the only products isolated were 2,4-dinitro- 
phenol and picric acid. We had no difficulty in 
confirming the report8 that under the same condi­
tions 1,2-dibromovinyl phenyl ether underwent 
a smooth oxidative rearrangement to a dinitro­
phenyl ester of dibromoacetic acid. It was ob­
served that the 2,2-dibromo compound autoxi­
dized rapidly in the air. It was, therefore, 
shaken with dry oxygen and the oxidation product 
treated with potassium phenolate yielding phenyl 
diphenoxyacetate by an oxidative rearrangement,
(6). Foster13 obtained ethyl diethoxyacetate in a

(12) N ef, A n n .,  308, 314 (1899).
(13) F oste r, T h is  J o u r n a l , 31, 596 (1909).
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similar manner from 2,2-dichlorovinyl ethyl ether 
which was prepared by a method that left no ques­
tion regarding its structure.

Since 1,2-dibromovinyl phenyl ether, m. p. 38- 
39°, should exist in cis- and trans-ïorm s, an at­
tempt was made to isomerize it by irradiation with 
ultraviolet light.14 The product was a liquid 
from which only a third of the starting material 
could be recovered. A similar liquid mixture 
with the composition of dibromovinyl phenyl 
ether was obtained by adding bromine to phe­
noxyacetylene.11 Irradiation of 2,2-dibromovinyl 
phenyl ether produced no change.

The preparation of bromo- and chloro-acety- 
lenes by the reaction of halogens and acetylenic 
Grignard reagents is complicated by the ease of 
addition of the halogen to the triple bond. In 
view of the isolation of phenoxytriiodoethylene 
during the addition of iodine to metallic deriva­
tives of phenoxyacetylene, no attempt was made 
to prepare bromophenoxyacetylene by this 
method. Since phenoxyacetylene is stable to 
cold potassium hydroxide its reaction with hypo­
bromite ion in alkaline solution15 was investigated. 
Some polymerization of the phenoxyacetylene oc­
curred during the reaction, but the darkening was 
hardly more than observed with phenoxyacety­
lene alone. Distillation of the product even at 0° 
with a mercury vapor pump usually resulted in 
polymerization to a black, solid mass with evolu­
tion of heat. On one occasion this polymeriza­
tion occurred almost explosively while the dis­
tilling flask was standing at 0° at atmospheric 
pressure. One successful distillation was carried 
out yielding a substance which darkened rapidly. 
Addition of bromine to this distillate gave phe- 
noxytribromoethylene and a little phenoxyacety­
lene dibromide. Undistilled bromophenoxyacety­
lene gave phenoxytribromoethylene on addition 
of bromine, and phenyl bromoacetate on hydra­
tion.

These experiments show that bromophenoxy­
acetylene can be prepared, but that purification 
is very difficult due to polymerization.

Experimental Part
Phenoxytriiodoethylene.—Phenoxyethynylmagnesium 

bromide11 from 8.0 g. (0.068 mole) of phenoxyacetylene 
was cooled to 0 ° under nitrogen and treated with stirring 
with 17.2 g. (0.068 mole) of iodine in 150 cc. of ether during 
two and one-half hours. Stirring was continued for twenty

(14) These experim ents were carried o u t by  M r. Eugene V. K leber.
(15) S traus, K oliek and  H eyn, Ber., 63, 1868 (1930).

minutes and the solution was hydrolyzed with cold 5% 
ammonium chloride solution, washed with water and dried 
over sodium sulfate. On concentration under reduced 
pressure a total of 10.3 g. (60% yield) of phenoxytriiodo­
ethylene was deposited in several fractions, m. p. 120-  
122.5° and 124-126°. These were recrystallized several 
times from ether and petroleum ether, m. p. 129-129.5°.

A n al Calcd. for C8H5OI3: C, 19.30; H, 1.01; I, 76.48. 
Found: C, 19.63; H, 1.04; I, 76.66.

Similar addition of iodine to sodium phenoxyacetylide11 
gave phenoxytriiodoethylene in only 1% yield; the main 
product was an unstable liquid which was distilled using 
a mercury vapor pump. The distillate was crystalline at 
—80°, but melted to a colorless liquid at room temperature 
and rapidly turned green. Analysis showed only 34.28% 
iodine as compared with 52.00% calculated for iodophe- 
noxyacetylene. The addition of iodine to an ether solution 
of this liquid gave a little impure phenoxyacetylene di­
iodide ; there was no evidence for phenoxytriodoethylene 
which is less soluble than the diiodide and readily separated 
from it.

The yield of phenoxytriiodoethylene obtained by the 
simultaneous addition of phenoxyacetylene and iodine in 
potassium iodide solution to cold potassium hydroxide 
solution was 28.5%.

2,2-Dibromovinyl phenyl ether was prepared according 
to Slimmer’s direction7 except that a nitrogen atmosphere 
was maintained throughout. The product was an oil 
which was carefully fractionated through a small Podbiel­
niak column packed with a spiral of platinum wire; b. p. 
117-118° (6 mm.), w20d 1.6046; yield 48%. This material 
solidified on standing in the cold; m. p. 29-29.5°. A mixed 
m. p. with 1,2-dibromovinyl phenyl ether, m. p. 38-39°, 
showed a depression.

A n al Calcd. for CsHgBra: Br, 57.50. Found: Br,
56.89.

Hydrolysis.—Only partial hydrolysis resulted when 1.7 
g. (0.006 mole) of 2 ,2-dibromovinyl phenyl ether was 
refluxed for four hours with 2.4 g. (0.012 mole) of 2,4- 
dinitrophenylhydrazine and 20 cc. of coned, hydrochloric 
acid in 50 cc. of alcohol. A yellow precipitate formed rap­
idly but even at the end of the reaction the solid present 
was a mixture with a broad melting point. The odor of 
unchanged dibromoether was apparent. The reaction 
mixture was filtered and soluble impurities partly removed 
from the precipitate by refluxing in ethyl acetate and 
filtering. The insoluble portion was recrystallized from 
nitrobenzene giving reddish-orange needles, m. p. 311-312°; 
Strain16 reported m. p. 326-328°.

A n al Calcd. for CwHioNsOs: C, 40.20; H, 2.41.
Found: C, 40.29; H, 2.66.

Autoxidation.—Dry oxygen was passed slowly through 
10 g. of 2,2-dibromovinyl phenyl ether with shaking during 
three days. The product was taken up in 75 cc. of dry 
benzene and added dropwise to a suspension of 10.5 g. of 
potassium phenolate in 50 cc. of benzene with cooling. 
The reaction mixture was stirred and allowed to come to 
room temperature during two hours and finally refluxed 
for twenty-five minutes. The benzene solution was 
washed with water, dried and concentrated. Addition of

(16) S tra in , Tm is Journal, 57 ,758 (1935).
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ligroin gave 2.9 g. of phenyl diphenoxyacetate (25% yield). 
It was recrystallized from benzene and ligroin, m. p. 94.5- 
95° in good agreement with recorded values.17

Anal. Calcd. for C20H16O4: C, 74.99; H, 5.04. Found: 
C, 74.81; H, 4.92.

Bromophenoxyacetylene.—A mixture of 0.112 mole of 
phenoxyacetylene and 200 cc. of 0.56 M  potassium hypo­
bromite solution containing potassium hydroxide (2.2 M ) 16 
was stirred under nitrogen at —5 to —8 ° for three hours. 
The product was taken up in ether and the ether solution 
washed with cold 5% potassium hydroxide and water. 
After drying over sodium sulfate the ether was partly re­
moved and the solution was transferred to a 25-cc. Claisen 
flask which had a side arm 2 cm. in diameter bent into a 
U-shape to serve as a receiver. The flask was partly filled 
with glass wool to prevent bumping and the remaining 
ether and unchanged phenoxyacetylene were removed with 
an oil pump and collected in a trap cooled with acetone 
and dry-ice. Readmission of air to the flask at this point 
resulted in polymerization, sometimes almost explosively. 
Polymerization usually resulted even when distillation was 
continued without interruption simply by cooling the U- 
tube side arm in dry-ice and starting the mercury vapor 
pump. One successful distillation was accomplished yield­
ing 8 g. of a lachrymatory almost colorless substance which 
was a liquid even at —80°. Small samples rapidly turned 
green and then black when allowed to warm up to room 
temperature. Purified carbon tetrachloride was, there­
fore, added to the remaining material and this solution in 
an ice-bath was treated dropwise with 3.4 cc. of bromine in 
carbon tetrachloride. At first, each drop of bromine solu­
tion reacted vigorously producing white fumes. The 
dark solution was washed with water and cold 5% potas­
sium hydroxide. After drying over calcium chloride the 
carbon tetrachloride was removed under reduced pressure 
and the product distilled at 2 mm. The first fraction was 
phenoxyacetylene dibromide (3.65 g.) and the second tri- 
bromophenoxyethylene (3.85 g.), m. p. 92-93.5° as shown 
by a mixed m. p. Polymer accounted for the rest of the 
starting material.

Bromine in carbon tetrachloride was added similarly to

(17) Scheibler an d  D epner, Ber., 68, 2139 (1935).

the crude undistilled bromophenoxyacetylene from 14 g. 
of phenoxyacetylene, yielding 18.5 g. (43%) of phenoxy- 
tribromoethylene. There was no evidence of phenoxy­
acetylene dibromide in this experiment.

A concentrated ether solution of undistilled bromophen­
oxyacetylene from 7.6 g. of phenoxyacetylene was shaken 
with a solution of 65 g. of mercuric acetate and 3 cc. of 
coned, hydrochloric acid in 140 cc. of water at 10°. A 
greenish, flocculent solid separated, but this redissolved 
with continued shaking for twenty minutes and intermit­
tent addition of coned, hydrochloric acid (total of 50 cc.). 
The ether solution was washed with water, dried and the 
ether removed under reduced pressure. Two distillations 
of the residue gave 4.2 g. (30% yield) of phenyl bromo­
acetate, b. p. 140-142° (25 mm.), m. p. 28-28.5°.

Summary
1. Iodophenoxyaeetylene could not be ob­

tained by the action of iodine on phenylethynyl- 
magnesium bromide or sodium phenoxyacetylide; 
triiodophenoxyethylene was the main product in 
the first case. Phenoxyacetylene and iodine re­
acted in alkaline solution yielding triiodophe­
noxyethylene. Liquids which polymerized rapidly 
were obtained in each instance.

2. The dibromovinyl phenyl ether prepared 
by Slimmer was shown to be 2,2-dibromo-l- 
phenoxyethylene. It yielded no bromophenoxy­
acetylene when distilled from potassium hydrox­
ide.

3. Bromophenoxyacetylene was obtained by 
the action of potassium hypobromite in alkaline 
solution on phenoxyacetylene. It polymerized 
very readily, was successfully distilled only at 
very low pressures and could not be purified. It 
was hydrated yielding phenyl bromoacetate; 
the addition of bromine gave tribromophenoxy- 
ethylene.
Los A n g e l e s , C a l if o r n ia  R e c e iv e d  A u g u s t  3, 1942
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[Communication No. 872 f r o m  t h e  E a s t m a n  Kodak R e s e a r c h  L a b o r a t o r i e s ]

The Chemistry of o-Terphenyl. II. Derivatives Prepared from the Hydrocarbon
B y C. F. H. Allen and F. P. P ingert

The chemical behavior of 0 -terphenyl has not 
hitherto been determined, mainly on account of 
its inaccessibility.1 All derivatives reported in 
the literature have contained the substituent 
groups in the central ring. They have resulted 
from degradation of more complex molecules or 
from diene syntheses.2 Indeed, this last reaction 
furnishes the most suitable procedure for synthe­
sizing such derivatives. Having accumulated a 
supply of the hydrocarbon,3 its reactions were 
investigated, using standard procedures. Predic­
tions as to the position to be taken by entering 
groups would vary according to which mode of 
representation was used. Thus, formula la would 
lead one to expect substitution on the central ring, 
while I would suggest the more likely possibilities 
of groups entering the side rings. The system of 
numbering adopted regards the side rings as sub­
stituents, and the numbers are, therefore, primed.3

C6H5/ \ j  

la
The Friedel-Crafts reaction was of particular in­

terest because the first 
simple degradation 
product previously 
secured had been a 
benzoyl-tf-terphenyl2a; 
this was not identical 
with the ketone found 
by the action of ben­
zoyl chloride upon o- 
terphenyl in the pres­
ence of anhydrous alu­
minum chloride. Since 
the latter reagent, by 
itself or in a melt with 
sodium chloride gives 
rise to side reactions,3 
a mixture of products 
usually results.

4'-Acetyl-0-terphenyl II is secured by the ac­
tion of acetyl chloride or acetic anhydride upon 
the hydrocarbon in the presence of anhydrous 
aluminum chloride. It was also synthesized by a 
Wurtz reaction from 0 -iodobiphenyl and p -bromo- 
acetophenone, to confirm its structure. By means 
of sodium hypochlorite, it was converted to the 
4'-carboxylic acid III.

When benzoyl chloride was employed, a diffi­
cultly separable mixture resulted, but by using 
the Perrier double compound, Ce^COCl-AlCh, 
a phenyl ketone IV was obtained in high yield and 
purity. The same ketone was also secured by a 
Wurtz synthesis. This ketone gave an oxime V, 
which formed an anilide VI by the Beckmann re­
arrangement; hydrolysis of the anilide furnished 
4'-carboxy-0-terphenyl III and aniline. These 
reactions are summarized in Chart I.

Bromination, as would be anticipated, gave a 
mixture, but by variations in technique it was 
possible to isolate several homogeneous substitu­
tion products. The first homogeneous product 
is 4',4"-dibromo-0-terphenyl, VII. The structure 
was determined by oxidation, when p-bromoben-

C h a r t  I

n/<3coch» /\/<3c°oh

II III

(1) I t  has recen tly  been  called to  our a tten tio n  by  Dr. R . L. 
Jenkins, of th e  M onsan to  Chem ical C om pany th a t  th e ir  product, 
“ Santow ax O,” is ab o u t 85%  o-terphenyl.

(2) (a) Allen and  Spanagel, T h is  J o u r n a l , 55, 3773 (1933); (b) 
Allen, Bell, Bell and  V anA llan, ibid., 62, 656 (1940); (c) Allen and 
VanAllan, ibid., 64, 1260 (1942).

(3) Allen and P ingert, ibid., 64, 1365 (1942).

zoic acid was secured; therefore, in the dibromo 
derivative the bromine atoms are in the para po­
sition.

The further action of bromine gave first a tri­
bromo and then a tetrabromo substitution prod-
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t

Chart II

o2n
V r o 2

c6h 5

(O)
ixJJNO* 

COOH

COOH

uct. Upon oxidation of the latter a large amount 
of ^-bromobenzoic acid and a small quantity of
4,5-dibromophthalic acid were produced; the 
substance is, therefore, 4,4',4",5-tetrabromo-0- 
terphenyl, VIII. The tribromo derivative, IX, 
has the bromine atoms in the 4,4',4"-positions, 
for (a) further bromination gives the tetrabromo- 
tf-terphenyl, and (b) oxidation gives a high yield 
of ^-bromobenzoic acid. The end-product of the 
action of bromine is 3,5,10,11-tetrabromotri- 
phenylene, X, the halogen acting as a dehydro­
genating agent, upon the tetrabromo-o-terphenyl. 
That the four-ring system is present is shown by 
the formation of triphenylene on zinc dust distilla­
tion.

4',4"-Dinitro-0-terphenyl gives a dibromo de­

rivative, XI, upon 
bromination, which 
presumably has the 
bromine atoms in the 
same positions as 
the tetrabromo com­
pound, for it has the 
same general appear­
ance and physical 
properties. The melt­
ing points are identi­
cal and there is no de­
pression on admix­
ture—one of the un­
common instances in 
which two different 
substances have no 
effect on their respec­
tive melting points. 
On reduction by hy­
drogen in the presence 
of Raney nickel, the 
bromine is removed 
and the corresponding 
amine, XII, is found— 
thus triphenylene ring 
closure has not oc­
curred. Attempts to 
synthesize 4',4"-di- 
cyano-o-terphenyl by 
the Rosenmund 
method were unsuc­
cessful. The reactions 
are shown in Chart II.

Nitration gives first 
the 4'-nitro derivative, 

XIII, and then a mixture of two isomeric dinitro-
0 -terphenyls; the nature of the product is largely 
controllable according to the experimental condi­
tions. One of the dinitro derivatives is the 4',4"- 
isomer, XIV, and the other is the 2/,4'-isomer, 
XV, since upon oxidation the former gives only 
^-nitrobenzoic acid, and the latter, 2,4-dinitroben- 
zoic acid. Mixed acid gave a mixture of products 
that appeared to contain some of a trinitro deriva­
tive.

Reduction of the nitro compounds yields the 
corresponding amines; the 4',4"-diamine, XII, 
was converted by means of the diazo reaction into 
(a) 0-terphenyl, showing the ring system was still 
intact, and (b) 4',4 "-dibromo-0 -terphenyl, VII, 
thus affording additional proof of structure in
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both series. The diamine was also diazotized 
and coupled with some of the common naphtha­
lene dye intermediates to give azo dyes.

Experimental
The behavior of o-terphenyl in chemical reac­

tions is very subject to slight changes in technique, 
and an understanding of certain of its peculiarities 
is essential for successful repetition of the proce­
dures. Under comparable conditions, it is less 
active than the meta- and para-isomers, so that 
some degree of forcing may be necessary to initiate 
a reaction. However, complications due to isom­
erization and ring closure3 render it important 
not to drive the reactions to completion in most 
instances. Mixtures are thus produced, the 
separation of which is not always readily accom­
plished; if the conditions are such as to favor the 
formation of products in molecular proportions, 
the mixed crystals may defy as many as twenty 
fractional crystallizations from several solvents.

One of the obscure factors that may influence 
the experimental results is the solvent from which 
the hydrocarbon was crystallized. This effect is 
not understood. As an example, traces of mois­
ture or alcohol favor polybromination; this is in 
line with the view that aromatic halogenation 
proceeds through an ionic mechanism.4 0 -Ter- 
phenyl and some of its derivatives retain traces of 
solvent very tenaciously; one-quarter to one-half 
per cent, of ethanol is not removed over a long 
period of time in  vacuo; this affects analytical re­
sults only slightly, but may determine the course of 
substitution to a large degree. Small amounts of 
acetic acid have a strong inhibiting effect upon 
bromination and nitration; it is also possible to 
boil glacial acetic acid solutions of the hydrocar­
bon with bromine or fuming nitric acid without 
appreciable substitution.

A. The Ketones, I; 4'-Benzoyl-o-terphenyl; 4-o“
Xenylbenzophenone, II. (a). Friedel-Crafts Synthesis* 
—To the Perrier double compound from 1.4 g. each of 
benzoyl chloride and aluminum chloride in 8 cc. of carbon 
disulfide was added 2.3 g. of o-terphenyl, and the mixture 
was refluxed for a half hour, left at room temperature for 
several hours and again refluxed a half hour. It was 
then decomposed in the usual manner, extracting with 
ether; on evaporation, the residue, 3.3 g., was steam- 
distilled from a solution made alkaline by 1 g. of potas­
sium carbonate—only a trace of unchanged hydrocarbon 
was removed. The ketone was taken up in ether, treated 
with decolorizing carbon, and the solvent removed. 
After recrystallization from absolute ethanol, the ketone

formed compact prisms, m. p. 111°. It crystallizes 
readily from dry methanol and benzene.

Anal. Calcd. for CsjsHisO: C, 89.8; H, 5.4. Found: 
C, 89.3; H, 5.3.

(b) Ullmann Synthesis.—An intimate mixture of 5 g. 
each of ^-bromobenzophenone and ö-iodobiphenyl, and 10 
g. of copper bronze6 was heated in a sealed tube at 240° 
for four hours. The contents were then extracted with 
benzene in a Soxhlet apparatus, and the extract distilled 
in vacuo, collecting the portion boiling above 190° at 3 mm. 
After a redistillation, the substance was fractionally crys­
tallized from absolute ethanol, when 0.35 g. of o-xenyl- 
benzophenone was secured. There was no depression of 
melting point when mixed with the ketone described in (a).

(c) The Oxime, V.—This was obtained in two modifica­
tions, the lower-melting form first obtained changing into 
the higher-melting on standing, or inoculating, or in the 
presence of hydrochloric acid. Once the higher-melting 
point had been obtained, it was thereafter impossible to 
isolate the low-melting form again.

A solution of 200 mg. of the purest ketone in 7 cc. of 
ethanol was mixed with an equal weight of hydroxylamine 
hydrochloride, and 15 drops of 35% sodium hydroxide 
was added. After gently refluxing for four hours, it was 
diluted with 28 cc. of water and acidified to litmus with 
sulfuric acid {hydrochloric acid gave the higher-melting 
form at once). After a thorough washing it was recrys­
tallized from absolute ethanol, and then from petroleum 
ether at —60°. The oxime (210 mg.) then had a melting 
point of 68°. As described above, it changed to another 
form, which melted at 138°, showing a barely perceptible 
shrinking at about 68°. Both oximes gave the same ani­
lide.

Anal. Calcd. for C25H19ON: N, 4.0. Found: N, 4.2,
4.0.

(d) Hydrolysis of the Anilide to 4'-Carboxy-ö-ter- 
phenyl, III.—The anilide was not easily hydrolyzed without 
resinification. The best procedure was to reflux a mixture 
of 0.15 g. of anilide, 50 cc. of ethanol, and 15 cc. of 40% 
sodium hydroxide for seventy-two hours. After acidifica­
tion and three recrystallizations, the acid (yield, 0.1 g.) 
was pure; m. p. 203°.

II. 4/-Acetyl-o-terphenyl, II.—(a) Direct acetyla­
tion of the hydrocarbon in solution invariably leads to 
mixtures, the aluminum chloride causing rearrangements.3 
Until a pure specimen is available for inoculation, it is 
almost a hopeless task to try to separate the mixtures. 
When acetic anhydride in nitrobenzene was used, the de­
composed reaction product was extracted with ether, and 
this extract shaken two hours with Norite (without this 
treatment crystallization did not take place). The 
yield of ketone was 2.1 g., m. p. 94°; from 9.2 g. of o- 
terphenyl. After two months, 2.6 g. more of the less pure 
ketone, m. p. 93°, had separated, making the total yield 
43%. Acetyl chloride, or carbon disulfide as a solvent, re­
sulted in low-melting ketone.

Anal. Calcd. for C2oH160: C, 88.2; H, 5.9. Found: 
C, 88.0; H, 5.8.

(b) Ullmann Synthesis.—A mixture of 22 g. of 0 - 
iodobiphenyl and 19.4 g. of ̂ -iodoacetophenone was heated

(4) Price, Chem. Rev., 29, 39 (1941). (5) “ Org. Syn theses,”  20, 46 (1940).
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C. F. H. A l l e n  a n d  F. F. P in g e r t  Vol. 64

No. Substituents V p Crystal form
Empirical
formula

Analyses, % 
Calcd. Found

VII 4',4"-Dibromo- 170“ Rods or leaflets CisHi2Br2 41.2 41.1
IX 4,4',4"-Tribromo- 170°’* Rods CisHiiBrs 51.4 52.2

VIII 4,4',4",5-Tetrabromo- 228m Prisms Ci8HioBr4 58.3 58.2
X 3,5,10,11-Tetrabromotriphenylene +450c Microcrystalline powder Ci8H8Br4 58.8 58.7

“ Mixed melting point, about 155°. b In one instance, an isomer, m. p. 120°, with previous sintering, was isolated— 
it contained 58.4% bromine. e On a copper block; a specimen, synthesized from triphenylene, melted at the same point 
under the same conditions. dA 1:1 mixture of tri- and tetrabromo compounds, m. p. 212-214°, often crystallized—it 
could not be separated by crystallization. 0 Mol. wt. calcd., 467; found (in benzene) 469, 479.

with stirring in an oil-bath until the temperature had 
reached 220°. Then 40 g. of activated8 copper bronze was 
added over a period of one hour. After cooling, the ace­
tone extract was distilled in a Hickman vacuum (at about 
3 micra). The fraction that passed over at 200-205° was 
fractionally crystallized from absolute ethanol; the yield 
was 6.7 g.

(c) Oxidation with sodium hypochlorite in aqueous 
methanol gave 4'-carboxy-ö-terphenyl, m. p. 203°, iden­
tical with the product from the phenyl ketone, described 
above.

B. Bromination.—The three isomeric terphenyls in the 
crystalline state in aqueous suspension react readily with 
bromine; o-terphenyl exhibits this behavior more strongly 
than the isomers. Furthermore, it is practically impossible 
to brominate ö-terphenyl dissolved in an organic solvent, 
though there is no difficulty with the isomers. The prod­
ucts of the bromination are mixtures, whatever the tech­
nique, but certain individuals predominate in each varia­
tion. In some instances, elution by a solvent removes a 
considerable quantity of undesirable by-products. In 
practically every case it is essential to submit the mixture 
of products to systematic fractional crystallization.6 
Glacial acetic acid seems to be the most generally useful sol­
vent. In some instances, polybrominated products are 
very soluble and are largely removable in the first wash, 
along with unreacted hydrocarbon. Since space require­
ments prohibit the complete detailed procedures, only a 
brief description of the more essential features of each 
bromination will be given.

i. —Solid ö-terphenyl and dry bromine vapor in a closed 
vessel at room temperature gave mainly di-, tri-, and tetra- 
bromo-tf-terphenyls. The hydrocarbon slowly liquefies 
and resolidifies; at this point the yield of 4/,4"-dibromo-o- 
terphenyl is at the maximum. The time (two to twenty 
hours) depends upon variable factors, such as size of the 
run.

ii. —Similar conditions but in the presence of water 
vapor; here the tribromo compound predominates. The 
same result is attained if the hydrocarbon is ground in a 
mortar with water, and triturated with bromine for short 
periods of time. A curious but unexplained observation 
is that in the presence of water the tribromo compound is 
the end-product.

iii. —Longer exposure (one to thirty days) to bromine by 
either of the foregoing procedures; in this case the tetra- 
bromo-ö-terphenyl predominates. If this is desired as a

(6) T h e m aterial losses are p roh ib itive u n less th e  purification is
carried ou t in  accordance w ith  som e such  procedure, recom bining all
m other liquors an d  recovering a ll residues.

principal product, it can be obtained very quickly by add­
ing solid hydrocarbon to excess liquid bromine, evaporat­
ing to dryness, and separating the polybromotriphenylenes.

iv.—Further exposure of the lower bromo compounds to 
bromine either as vapor or liquid first gives the tetrabromo- 
triphenylene, X, quantitatively which is further very slowly 
polybrominated, but no other pure individual substance 
was isolated. The triphenylene derivatives have high 
melting points (450-600°) and are easily removed because 
of their relative insolubility.

The properties of the various brominated products are 
collected in Table I.

Ring closure of the tetrabromo-ö-terphenyl to the tetra- 
bromotriphenylene was brought about by heating with 
nitrating acid, and separating the resinous mixture by 
suitable manipulations. This reaction thus affords con­
firmatory proof that the tetrabromo-o-terphenyl is still 
open-chained; i. e., the ring has not been closed in the 
brominations.

V. Proofs of Structure.—(a) 4',4 "-Dibromo-o-ter-
phenyl was oxidized in the usual manner, using chromium 
trioxide in acetic acid for forty-eight hours. The yield of 
^-bromobenzoic acid was 58%; it was identified by com­
parison with an available specimen.

(b) 4,4',4",5-Tetrabromo-ö-terphenyl was synthesized 
by further bromination of 4/,4"-dibromo-ö-terphenyl, thus 
locating two of the bromine atoms. Upon oxidation with 
chromium trioxide in acetic acid for four days and ap­
propriate manipulation, a 60% yield of ^-bromobenzoic 
acid was isolated, showing that none of the additional 
bromine had entered the end rings already containing bro­
mine. There was also isolated a small amount of 4,5- 
dibromophthalic acid, identified by conversion to the an­
hydride, m. p. 215°, and identical with a sample at hand.7

(c) 3,5,10,11-Tetrabromotriphenylene was reduced by 
heating micro samples with zinc dust in a 10-in. capillary 
tube; the triphenylene sublimed into the upper end of the 
tube. This was cut off and the hydrocarbon identified 
as such by comparison with an authentic sample. The 
ordinary macro zinc dust distillation takes place too slowly 
and yields mixtures.

VI. 3,6-Dimethyl-4,4 ',4 ", 5-tetrabromo-o-terphenyl,
m. p. 205°, was prepared by a similar procedure from some 
available 3,6-dimethyl-ö-terphenyl.2®

Anal. Calcd. for C2oHi4Br4: Br, 55.8. Found: Br,
55.8.

Upon oxidation only ^-bromobenzoic acid was isolated. 
In this substance, the bromine atoms can only be in the

(7) W e are  indeb ted  to  D r. O. V. W ilson for th is  au then tic  speci­
men.
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4,5-positions of the central ring, the 3 and 6 positions being 
occupied by methyl groups.

C. Nitration. I. 4 '-Nitro-ö-terphenyl, XIII, and Re­
lated Products.—(a) To a solution of 23 g. of ö-terphenyl 
in 150 cc. of 99-100% acetic anhydride below 0 ° was added, 
dropwise, and with stirring, 8.5 cc. of nitric acid (sp. gr. 
1.44). The temperature was kept below 5° for two hours, 
then allowed to rise to room temperature and stirred over­
night. It was then poured upon ice and sodium carbonate, 
and, when all the acid had been neutralized, extracted with 
ether. The dried ether extract was concentrated and 2-3 
g. of dinitro derivatives filtered; a small further amount 
was filtered on further concentration, rinsing the solid 
with dry ether. The combined filtrate and rinse was re­
dried over anhydrous magnesium sulfate and the residual 
oil after removal of the solvent distilled i n  v a c u o . After 
recovering about 1 g. of hydrocarbon, the fraction, b. p. 
180-200° (3 mm.), was collected and redistilled (b. p. 
191-193° (3 mm.)); the yield was 21.6 g. (78%) of a thick 
oil which solidified to a honey-colored glass. After one 
year, during which it was remelted and resolidified several 
times, it crystallized. It separates in flakes from acetic 
acid, m. p. 105-106°.

A n a l  Calcd. for Ci4H130 2N: N, 5.1. Found: N, 5.3.
(b) 4 '-Amino-ö-terphenyl.—Reduction was carried out

in alcoholic solution in the presence of a Raney nickel 
catalyst. It crystallizes in rosets of fine needles; the 
melting point, at first 108°, drops, on standing, to 103- 
104° and the amine becomes slightly pasty.

A n a l .  Calcd. for Ci8H15N: N, 5.8. Found: N, 6.1.
The benzoyl derivative, obtained through a Schotten- 

Baumann reaction, formed needles when crystallized from 
absolute ethanol; m. p. 175°.

A n a l .  Calcd. for C25H19ON: N, 4.0. Found: N, 3.9.
II. 4 ',4 "-Dinitro-ö-terphenyl, XIV; (a) From 0-Ter- 

phenyl.—A solution of 6.9 g. of the hydrocarbon in 50 cc. 
of 99-100% acetic anhydride was treated, dropwise, with 
5 cc. of fuming nitric acid (sp. gr. 1.52) at 10°; after two 
hours, cooling was discontinued—a solid slowly separated. 
The mixture was decomposed as usual by iced sodium 
carbonate, ether extracted, and the solid filtered; the ether 
contains most of the mononitro compound and any unre­
acted hydrocarbon. The solid (6.4 g.) was fractionally 
crystallized from acetic acid, giving about equal amounts 
of the 4 ',4 "-dinitro-ö-terphenyl, m. p. 218°, and its 2',4'- 
isomer, m. p. 169°—this is more soluble.

A n a l .  Calcd. for Ci8H120 4N 2: N, 8 .8 . Found: (4',4*-) 
N, 8.7; (2 ', 4'-) N, 8.7.

(b) From Mononitro Derivative in la.—A solution of 
5 g. of XIII in 120 cc. of acetic anhydride was cooled to 10 °, 
and five 2-cc. portions of fuming nitric acid were added. 
After allowing to stand overnight and working up in the 
usual way, 6 g. of material was obtained, from which 3.1 g. 
of 4',4 "-dinitro-ö-terphenyl was isolated after several re­
crystallizations.

(c) Oxidation.—This was carried out by the customary 
procedure using chromium trioxide in acetic acid over­

night. The yield of ^-nitrobenzoic acid from the 4',4"~ 
dinitro-ö-terphenyl was 56%; a mixed melting point was 
not depressed. The 2',4'-isomer gave 2,4-dinitrobenzoic 
acid, m. p. 181 °.8

(d) 4 ',4 "-Diamino-ö-terphenyl, XII, was secured by 
reduction of the corresponding nitro compound essentially 
as described under the monoamine. It crystallizes in 
hard, waxy rosets from absolute ethanol, m. p. 149°.

A n a l .  Calcd. for C28H20O2N2: N, 6.7. Found: N, 6.6.
It is stable in an inert atmosphere, but in the laboratory 

air soon turns waxy and the melting point falls.
The diamine was tetrazotized in the usual way, except for 

the replacement by hydrogen reaction, which will be de­
scribed below. It is essential to work in dilute solutions 
(1.5 g. per liter) to avoid resin formation. For the Sand- 
myer reaction, the tetrazotized solution was run into a 48% 
hydrobromic acid solution containing freshly prepared 
cuprous bromide. The 4',4"-dibromo-ö-terphenyl was 
filtered and recrystallized from acetic acid. It was iden­
tical with the product of dibromination.

For the reduction reaction, 0.64 g. of diamine in 50 cc. of 
cold, absolute ethanol, containing 10 cc. of concentrated 
sulfuric acid, was tetrazotized at 0°. It was then warmed 
gently in warm tap water, and finally heated on the steam- 
bath. After dilution with water, the doughy precipitate 
was manipulated, and 0.14 g. (22%) of ö-terphenyl iso­
lated and identified. The remainder had a phenolic odor 
and failed to crystallize.

A separately prepared tetrazo solution was coupled with 
alkaline jS-naphthol; an immediate scarlet precipitate 
was formed; it melted, with decomposition, at 209°. 
Analysis indicated that but one end had coupled, the other, 
apparently, having been hydrolyzed to a phenolic group.

A n a l .  Calcd. for C28H20O2N2: N, 6.7. Found: N, 6.6.
Other, water-soluble dyes will be described in a later 

paper.
(e) 4 ',4 "-Dinitro-4,5-dibromo-ö-terphenyl, XI, was pre­

pared by exposing the dinitro-ö-terphenyl to bromine vapor 
for twenty-four hours, as described under bromination. 
Purification was accomplished through the judicious use of 
alcohol and acetic acid; there is some insoluble material, 
presumably the corresponding triphenylene derivative. 
The dibromodinitro derivative crystallizes in fine rods, 
m. p. 228°.

A n a l .  Calcd. for Ci8Hi0O4N2Br2: N, 5.9. Found: N,
6.2 .

Summary
The chemical behavior of 0 -terphenyl has been 

determined in the Friedel-Crafts reaction, and 
with the reagents bromine and nitric acid. The 
structures of the resulting substances have been 
determined; their reactions and those of related 
products are described.
R o c h e s t e r , N. Y. R e c e i v e d  J u l y  21, 1942

(8) C laus and  H ab b erstad t, Ber., 13, 815 (1880).
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[Contribution N o. 272 from the R esearch Laboratory of Organic Chemistry, M assachusetts Institute of
T echnology]

The Synthesis of Aminobenzoyleneureas and of Dihydroxyquinoxalines Isomeric
with “Luminol”

B y Ernest  H . H untress and Jeanne  V. K. Gladding1'2

The brilliant chemiluminescence produced dur­
ing alkaline oxidation of 3-aminophthalhydrazide 
(“Luminol”3) has long been the subject of in­
vestigation by many workers. Some of these 
workers have been concerned with the influence 
of structural changes upon the chemiluminescent 
properties. With such progress as has been made 
in this direction this paper cannot in general be 
concerned in detail. However, Drew4 has pointed 
out that since hydrazides in five-membered rings 
do not show chemiluminescence, a six-membered 
hetero ring may be essential. It has also been 
established40 that in 3-aminophthalhydrazide both 
imino hydrogens of the cyclohydrazide ring must 
be free to enolize. It does not appear, however, 
that any attempt has been recorded to show that 
in the heterocyclic portion of 3-aminophthalhydra­
zide the two imino groups must be adjacent to 
each other, i .  e., that a hydrazine derivative is 
imperative for the possession of chemiluminescent 
properties on oxidation.

The work reported in this paper is primarily 
concerned with the preparation of certain hitherto 
unreported compounds isomeric with 3-amino­
phthalhydrazide and whose carbocyclic nucleus 
is precisely the same as in “Luminol,” but in 
which although the heterocyclic ring is varied it 
still retains the characteristic of being a six- 
membered ring with two potentially enolizable 
hydrogen atoms. The particular individual com­
pounds thus constituting the primary interest of 
this work are the two aminobenzoyleneureas II 
and IV (X =  NH2) together with the aminodi- 
hydroxyquinoxaline VI (X =  NH2). Syntheses 
of the two other possible aminobenzoyleneureas 
III and V and the one other possible aminodi- 
hydroxyquinoxaline VII (X =  NH2) have been

(1) This paper is constructed from part of a dissertation sub­
mitted in June, 1941, by Miss Jeanne V. Kitenplon (Mrs. E. K. 
Gladding) to the Faculty of the Massachusetts Institute of Tech­
nology in partial fulfillment of the requirements for the degree of 
Doctor of Philosophy.

(2) Present address: Research Associate, Massachusetts In­
stitute of Technology.

(3) Huntress, Stanley and Parker, J . C h e m . E d u c a tio n , 11, 142-145 
(1934).

(4) (a) Drew, S c i . J . R o y . C o ll . S c i . , 8, 33-38 (1938). (b) Drew
and Pear man, J . C h e m . S o c . , 586—592 (1937). (c) Drew and Gar­
wood, ib i d . , 1841-1846 (1937).

included, although admittedly in them the amino 
group of the carbocyclic ring is not in the same 
relationship to the heterocyclic nucleus as in 3- 
aminophthalhydrazide.

VI

/N I T  
n/  X CO

All six of these new compounds have been pre­
pared and characterized. Each amino compound 
has been obtained by reduction of the corre­
sponding nitro relative. The three nitro com­
pounds corresponding to structure II, IV and V 
(X =  N 0 2) were obtained from the correspond­
ingly substituted nitroanthranilic acids. The 
first (II, X  =  N 0 2) was prepared by condensation 
of 6-nitroanthranilic acid with potassium cyanate 
in acetic acid, the second (IV, X  =  N 0 2) and 
third (V, X  =  N 0 2) by fusion of 3-nitro- and of
4- nitroanthranilic acids, respectively, with urea.
6-Nitrobenzoyleneurea (III, X  =  N 0 2) was pre­
pared by nitration of benzoyleneurea according 
to Bogert and Scatchard.5

The position of the nitro group in 6-nitro- 
benzoyleneurea had already been established5 by 
its preparation from methyl 2- (co-nitrocarbamido) -
5- nitrobenzoate. The position of the nitro 
group in the other three isomers is here estab-

(5) Bogert and Scatchard, Tras J o u r n a l , 41, 2058-2059 (1919).
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lished by their mode of preparation from the 
corresponding anthranilic acids. In the case of
8-nitrobenzoyleneurea (IV, X  =  NO2) this evi­
dence is also supported by its further nitration to 
the same 6,8-dinitrobenzoyleneurea previously 
obtained by nitration of 6-nitrobenzoyleneurea.

All four mononitrobenzoyleneureas are pale 
yellow crystalline solids with high melting or de­
composition points. They are all phenolic in 
character and are therefore soluble in dilute aque­
ous alkalies forming deeply colored solutions from 
which the parent compounds are reprecipitated 
by carbon dioxide. They are but sparingly sol­
uble in organic solvents.

The four aminobenzoyleneureas (II, III, IV, V, 
X  =  NH2) have been obtained by stannous chlo­
ride reduction of the corresponding nitro com­
pounds. Their hydrochlorides separated from the 
hot reduction solution in high purity and no 
complexes with the reagent have been observed. 
From the salts the amines were released by dilute 
ammonia. The free amines are white crystalline 
solids, some melting at high temperatures, others 
decomposing before true fusion. The free bases 
are amphoteric and readily dissolved in dilute 
aqueous alkalies or carbonates. The presence of 
the amino group was evidenced by the formation 
of colored coupling products when the diazotized 
amines were treated with alkaline /?-naphthol.

The results of tests for possible chemilumines­
cence on oxidation, however, were uniformly nega­
tive. No significant light evolution occurred. 
Formation of highly colored red to brown solu­
tions occurred in all cases and suggested that 
oxidation was taking place. Since no light was 
observed, however, and since such colored solu­
tions would be poorly adapted for study if there 
had been, the nature of the reaction products 
was not further examined.

Experimental Work
All melting points were taken in a Berl and Kullmann 

copper block on a 360° rod form melting point thermome­
ter set in the block up to its zero point.

The Nitrobenzoyleneureas
5-Nitrobenzoyleneurea (II, X  = N 02).—Potassium 

cyanate (5.25 g., 0.065 mole) dissolved in water (25 ml.) 
was added dropwise to a stirred suspension of 6-nitro-2- 
aminobenzoic acid (9.1 g,, 0.05 mole) in water (300 ml.) 
and glacial acetic acid (4.5 ml., 0.08 mole). After the 
orange colored solution had been stirred for half an hour, 
it was treated with flaked sodium hydroxide (80 g., 2 
moles) in small portions the temperature being kept below

40° and the alkaline solution allowed to stand overnight 
in a refrigerator. After removal of any precipitate by 
filtration the product was precipitated by acidification with 
sulfuric acid. It separated from these solutions in fine, 
light yellow crystals or from boiling water in pale tan, 
thin, regular hexagons. After treatment with decolorizing 
carbon it was thrice recrystallized from boiling 50% acetic 
acid; weight, 7.0 g., representing 67% of theoretical; m. p. 
339-340° dec. uncor. in sealed tube, 357-358° cor.

Anal. Calcd. for C8H5O4N3: N, 20.3. Found: N,
21.0, 21.1.

5-Nitrobenzoyleneurea is insoluble in ether, benzene, 
carbon tetrachloride, ligroin, carbon disulfide or toluene; 
slightly soluble in cold water, ethyl acetate, chloroform or 
95% ethanol; moderately soluble in boiling water, boiling 
50% acetic acid, methanol, acetone, or pyridine. Its 
solutions in aqueous sodium hydroxide, sodium carbonate 
or concentrated ammonium hydroxide are bright yellow, 
but the compound is precipitated on saturation with car­
bon dioxide.

5- Nitrobenzoyleneurea N,N'-Dimethyl Ether.—Treat­
ment of 5-nitrobenzoyleneurea (1.03 g., 0.005 mole) dis­
solved in 5% potassium hydroxide (15 ml.) by shaking 
with dimethyl sulfate (1.5 g. = 0.010 mole) for half an 
hour caused evolution of heat and separation of a pale 
yellow precipitate of the N,N'-dimethyl ether; weight 
0.905 g., representing 77% of the theoretical. From boiling 
50% ethanol this material separated in fine white needles.

This material was refluxed for twenty minutes with 
concentrated hydrochloric acid (to hydrolyze any O-ethers) 
washed with 5% potassium hydroxide, filtered and re­
crystallized from boiling methanol. Its melting point was 
263-265° uncor. (275-277° cor.).

Anal. Calcd. for CjoH^Na: N, 17.9; for C10H 9O4N 3 - 
H20: N, 16.6. Found: N, 16.5, 16.8.

6- Nitrobenzoyleneurea (III, X = N 02).—This was 
prepared from benzoyleneurea by nitration with a mixture 
of concentrated sulfuric acid and fuming nitric acid accord­
ing to the directions of Bogert and Scatchard.5 The yield 
was 86% of theoretical and the product showed a melting 
point of 315-316° dec. uncor., 331-332° dec. cor. (recorded 
330-331° cor.).

6-Nitrobenzoyleneurea-N,N '-dimethyl Ether.—By
treatment with dimethyl sulfate exactly as for the 5-nitro 
isomer, the dimethyl ether was obtained in 85% yield. 
Although from boiling 50% ethanol this separated in fine 
white crystals, yet after boiling with concentrated hydro­
chloric acid (to split any O-ethers) and treatment with 
potassium hydroxide, recrystallization of the alkali in­
soluble product from boiling methanol yielded bright 
yellow needles, melting at 204-205° uncor. (213-214° cor.).

Anal. Calcd. for C10H9O4N*: N, 17.9. Found: N,
18.3, 18.5.

7- Nitrobenzoyleneurea (V, X = N 02).—A mixture 
of 4-nitro-2-aminobenzoic acid (3.0 g., 0.0165 mole) and 
urea (3.0 g., 0.05 mole) was heated from room temperature 
to 200° during thirty minutes and then fused at 200° for 
one hour. The material was contained in a large Pyrex 
test-tube suspended within an air-bath, the temperature of 
the melt being measured by a thermometer inserted directly 
into the fused material.
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During fusion ammonia was evolved and a feathery 
yellow sublimate formed at the top of the test-tube. 
After cooling the porous yellow-brown mass was washed 
with water (50 ml.) to remove ammonium salts. The re­
sidual solid was then extracted with warm 5% aqueous 
sodium bicarbonate (50 ml.) followed by warm 10% 
aqueous sodium carbonate (50 ml.). This treatment con­
verted the 7-nitrobenzoyleneurea into the sparingly sol­
uble sodium salt and removed unchanged 4-nitro-2-amino- 
benzoic acid or other acidic material. The solid residue 
was then treated with dilute sulfuric acid (50 ml.) and 
small amounts of by-product 4-nitro-2-aminobenzamide 
extracted with boiling methanol (50 ml.) from the free
7- nitrobenzoyleneurea. Crystallization from boiling 50% 
acetic acid gave fine cream-colored needles; weight 2.6 
g. (76% theoretical); m. p. 323° uncor. or 337° cor. dec. 
in a sealed capillary tube. Further crystallizations from 
50% acetic acid accompanied by the use of decolorizing 
carbon gave lustrous white plates.

For analyses the potassium salt was recrystallized 
from very dilute potassium hydroxide solution, followed 
by acidification with 10% acetic acid and final recrystalli­
zation from boiling 50% acetic acid.

Anal. Calcd. for C8H5O4N3: N, 20.3. Found: N,
20.4, 20.5.

7-Nitrobenzoyleneurea is slightly soluble in boiling 
water, cold 95% ethanol, ether or ethyl acetate. It is 
moderately soluble in boiling methanol, 95% ethanol or 
pyridine. Its solutions in aqueous alkali are deep yellow 
and from them 7-nitrobenzoyleneurea is precipitated by 
carbon dioxide.

A long series of experiments on the influence of time 
and temperature on this fusion showed clearly that below 
170° both 7-nitrobenzoyleneurea and 4-nitro-2-amino- 
benzamide were formed as a result of which the yields of 
former were low. At 170° or above, however, no amide 
was detectable and the yield of 7 -nitrobenzoyleneurea 
was very satisfactory. The best conditions are given above, 
but a similar fusion at 170° for seven hours gave 67% 
yield, showing that the temperature rather than pro­
longed time is the critical governing factor. This was 
confirmed by the observation that 4-nitro-2-aminobenz- 
amide (1.0 g., 0.006 mole) fused with urea (1.0 g., 0.017 
mole) for two hours at 180-200°, gave 35% yield of puri­
fied 7-nitrobenzoyleneurea, m. p. 337° dec. cor.

7- Nitrobenzoyleneurea-N,N'-dimethyl Ether.—This was 
obtained (85% yield) from its parent with dimethyl sul­
fate and alkali essentially as for the preceding isomers; 
from boiling methanol it separates in pale yellow needles, 
m. p. 229-230° uncor.

8- Nitrobenzoyleneurea (IV, X = N 02).—The prepa­
ration of this compound was effected by fusion of 3-nitro- 
2-aminobenzoic acid with urea according to the general 
procedure used for the 7-nitro isomer. Both the desired
8- nitrobenzoyleneurea and the by-product 3-nitro-2- 
aminobenzamide were always formed, their yields varying 
considerably with fusion temperature, time and propor­
tion of reactants. Conditions were finally established for 
obtaining satisfactory yields of the 8-nitrobenzoyleneurea, 
but (unlike the corresponding 7-nitro isomer) it was always 
accompanied by at least a small amount of the amide from 
which it had to be separated.

A mixture of 3-nitro-2-aminobenzoic acid (5.0 g., 
0.0274 mole) and urea (10.0 g., 0.167 mole) was heated at 
180-190° (thermometer in melt) for five hours. Ammonia 
was evolved and a yellow sublimate formed at the mouth 
of the tube. After cooling the yellow-brown solid was ex­
tracted with warm 5%  aqueous potassium hydroxide and 
the filtered solution treated with carbon dioxide until 
precipitation was completed. The resultant small brown 
crystals were recrystallized from boiling 50% acetic acid; 
weight 3.9 g. (68% theoretical); m. p. 263-264° uncor. 
(272-273° cor.) in a sealed capillary tube.

Anal. Calcd. for CsHbO*^: N, 20.3. Found: N,
20 .0 , 20 .2 .

S-Nitrobenzoyleneurea after three crystallizations from 
boiling 50% acetic acid using decolorizing carbon was ob­
tained in hard yellow-green prisms. It is moderately 
soluble in methanol, 95% ethanol, acetone, or pyridine ; 
insoluble in ether, benzene, toluene, carbon tetrachloride 
or carbon disulfide. Its solutions in cold aqueous sodium 
hydroxide, sodium carbonate or ammonium hydroxide are 
yellow but from these the original compound is precipi­
tated by carbon dioxide.

6,8-Dinitrobenzoyleneurea.—8-N itr obenzoy leneur ea 
(0.90 g. = 0.0043 mole) dissolved in concentrated sulfuric 
acid (10 ml.) was slowly treated with concentrated nitric 
acid (6 ml., d. 1.42). After heating the solution at 100° 
for one hour, cooling, and pouring onto ice, the pale 
yellow solid was filtered, washed with water and dried at 
110°. From boiling 50% acetic acid it separated as light 
yellow prisms; weight 1.10 g. (100% theoretical); m. p. 
263-265° uncor.; recorded,6 274-275° cor. dec.

Anal. Calcd. for C8H40 6N4: N, 22.2. Found: N,
22.1, 22.3.

The melting point of a 50-50 mixture of this product 
and authentic 6,8-dinitrobenzoyleneurea was not depressed. 
The melting point of a 50-50 mixture of 8-nitrobenzoyl­
eneurea and either this product or the authentic sample 
of 6,8-dinitrobenzoyleneurea was depressed to 219-227° 
uncor.

8-Nitrobenzoyleneurea-N,N '-dimethyl Ether.—8-Nitro- 
benzoyleneurea (1.03 g., 0.005 mole) dissolved in 5% aque­
ous potassium hydroxide (15 ml.) first gave a clear deep 
red solution which soon solidified to an orange paste. 
After dilution with water this was shaken for half an hour 
with dimethyl sulfate (1.5 g., 0.01 mole) at room tempera­
ture, then heated at 100° for an hour, cooled and filtered. 
After washing with water and. drying at 100° the crude 
product weighed 1.035 g. Recrystallization from boiling 
50% ethanol gave light tan needles which were refluxed 
fifteen minutes with concentrated hydrochloric acid (15 
ml.), treated with 5% aqueous potassium hydroxide (25 
ml.), and finally recrystallized again from boiling methanol; 
yield, 0.54 g. (45% theoretical); m. p. 217-218° uncor.

AnaL Calcd. for C10H9O4N 3 (dimethyl ether): N,
17.9. Found: N, 17.8. Calcd. for C9H70 4N3 (mono- 
methyl ether): N, 19.0.

3-Nitro-2-aminobenzamide.—This compound con­
stituted the residue from alkali extraction of the fusion of
3-nitro-2-aminobenzoic acid with urea. From boiling 
methanol, 95% ethanol or acetone it crystallized in long

(6) Bogert and Scatchard, T h is  J o u r n a l , 38, 1612 (1916).
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lustrous orange needles, m. p. 226-227°. uncor. (234-235° 
cor.).

Anal. Calcd. for C7H70 3N3: C, 46.4; H, 3.87. Found: 
C, 46.3, 46.6; H, 3.70.

Its identity was further supported by hydrolysis on 
long boiling with either dilute sodium hydroxide or 6 N  
hydrochloric acid which gave 3-nitro-2-aminobenzoic acid 
and ammonia. Furthermore, on refluxing with acetic 
anhydride followed by warming of the intermediate 3- 
nitro-2-acetylaminobenzoic acid with 5% aqueous potas­
sium hydroxide, treatment with carbon dioxide precipitated 
8-nitro-2-methyl-4-ketodihydroquinazoline in 36% yield. 
After recrystallization from boiling 50%  acetic acid this 
separated as hard brown-red crystals; m. p. 260-261° dec. 
uncor. (267-268° dec. cor.); recorded,7 m. p. 264° dec. 
Finally it was observed that 3-nitro-2-aminobenzamide 
(4.0 g., 0.022 mole) fused with urea (8.0 g., 0.134 mole) 
for five hours at 200° gave 8-nitrobenzoyleneurea (4.0 g. or 
87.0% theoretical), m. p. 262-263° uncor. (271-272° cor,).

3-Nitro-2-aminobenzoic Acid.—This compound was 
prepared in two ways, viz., by oxidation of 3-nitro-2- 
aminotoluene and by Hofmann degradation of 3-nitro- 
phthalamic-2-acid~l.

The first sequence started with 3-nitro-o-toluidine, 
converted8 it to 3-nitro-2-acetylaminotoluene (91% yield), 
m. p. 156° uncor. (recorded8 156°), oxidized8 with neutral 
potassium permanganate to 3-nitro-2-acetylaminobenzoie 
acid (74% yield), and finally by hydrolysis with boiling 
50% sulfuric acid gave 3-nitro-2-aminobenzoic acid (87% 
yield), m. p. 202-203° uncor. (recorded, 205°,8 208-9°).9 
The over-all yield by this method was therefore 58.6%.

The alternative procedure started from 3-nitrophthalic 
acid, converted10 it to the anhydride (78% yield), am­
monolyzed in warm concentrated ammonium hydroxide to
3-nitrophthalamic-2-acid-1 (70% yield), followed by Hof­
mann degradation9 to 3-nitro-2-aminobenzoic acid (90% 
yield), m. p. 201-203° uncor. By this sequence the over-all 
conversion of 3-nitrophthalic acid to the 3-nitroanthranilie 
acid was 48%.

6-Nitro-2-aminobenzoic Acid.—This was prepared by 
starting with 3-nitrophthalic acid, converting it to the acid 
ammonium salt in 100% yield, fusing this at 235-250011 
to obtain 94% yield of 3-nitrophthalimide, converting this 
imide to 6-nitrophthalamic-2-acid-1 by solution in 2 equi­
valents of 0.5 N  sodium hydroxide and precipitation at 0° 
with excess concentrated hydrochloric acid (yield 76%), 
and finally degrading the amide group to amino (90% 
yield) via the Hofmann method as employed by Kahn.12 
The over-all yield of this preparation thus represented 
64.3% of the theoretical and gave a product melting at 
181° dec. uncor.

The Aminobenzoyleneureas
All four isomeric nitrobenzoyleneureas on reduction with 

stannous chloride in boiling concentrated hydrochloric
(7) Z a c lia rias , J .  Prakt. C h e m . ,  [2] 43, 441 (1891).
(8) Ja m e s , K e n n e r  a n d  Stubbings, J. C h e m .  Soc., 117, 775 (1920).
(9) C h a p m a n  a n d  S te p h e n s , ibid. ,  1795 (1925).
(10) N ic o le t a n d  B e n d e r , O rg an ic  S y n th e se s , C oll. V ol. I ,  (1932), 

p. 402.
(11) B ogert and  B oroseh ek , T h is  J o u r n a l , 23, 747 (1901).
(12) K a h n , Ber., 35, 3863 (1902); cf. B o g ert a n d  C h am b ers ,

T h is  J o u r n a l , 27, 652 -6 5 3  (1905).

acid gave the corresponding aminobenzoyleneureas in the 
form of their hydrochlorides. These were all sparingly 
soluble in the excess acid and separated during the reduc­
tion. No tin double salts were observed. The general 
method was based upon the procedure reported13 for the 
reduction of 6,8-dinitrobenzoyleneurea. It was worked out 
specifically for the reduction of 6-nitrobenzoyleneurea (see 
below) and applied without change to the other isomers.

5- Aminobenzoyleneurea (II, X  = NH2).—The hydro­
chloride separated in very fine white needles from the hot 
concentrated hydrochloric acid solution. It was also 
sparingly soluble in cold water. When dissolved in boiling 
water and treated with ammonium hydroxide, the free 
base separated in pale green needles which after four re- 
crystallizations from hot water (using decolorizing carbon) 
became lustrous white needles, m. p. 284° dec. uncor. 
(295° dec. cor.), in sealed capillary tubes. The yield of 
amine hydrochloride was 71% theoretical.

Anal. Calcd. for C8H70 2N3: N, 23.7. Found: N,
24.4, 24.6.

The free base was somewhat soluble in hot water, 
methanol, ethanol or ethyl acetate, the solutions possessing 
a purple fluorescence. The base is also soluble in dilute 
sodium hydroxide, dilute sodium carbonate, or concen­
trated ammonium hydroxide and these solutions were pale 
yellow. Diazotization of the amine and coupling with 
alkaline /3-naphthol gave a deep brown-red solution.

6- Aminobenzoyleneurea (III, X = NH2).—6-Nitro- 
benzoyleneurea (10.5 g., 0.05 mole) was added gradually 
to a boiling solution of stannous chloride dihydrate (50 g., 
0.22 mole) in concentrated hydrochloric acid (160 ml.). 
After refluxing for four hours the mixture was cooled, the 
insoluble amine hydrochloride filtered, washed with water, 
and dried at 110°. To remove any occluded tin salts this 
material was refluxed with concentrated hydrochloric 
acid (40 ml.) for fifteen minutes, water (40 ml.) was added, 
and the mixture boiled five minutes more. The amine 
hydrochloride separated in fine light tan needles, weight
9.8 g. (91% theoretical).

This salt is only sparingly soluble in cold water, cold 
dilute acids or hot concentrated hydrochloric acid. When 
dissolved in a large volume of freshly boiled water (to 
avoid oxidation) and ammonium hydroxide added to the 
boiling solution, the free base separated in pinkish-tan 
needles, which after three recrystallizations from boiling 
water (using decolorizing carbon) separated as fine lus­
trous white needles. This base does not show a melting 
point, but becomes black above 330°.

Anal. Calcd. for C8H70 2N3: N, 23.7. Found: N,
24.0, 24.2.

The free base was only slightly soluble in cold water, 
but moderately soluble in hot water, in methanol or 95% 
ethanol. Its alcoholic solutions showed a green fluores­
cence. Solutions of the amine in dilute aqueous sodium 
hydroxide, 10% sodium carbonate or in concentrated am­
monium hydroxide were light yellow. Diazotization of the 
amine and coupling with alkaline 0-naphthol gave deep 
red solutions.

7“Aminobenzoyl@neurea (V, X  *  NH2).~~The hydro­
chloride separated in fine light tan needles from boiling

(13) Ref. 5, p. 2060.
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concentrated hydrochloric acid. This salt was also spar­
ingly soluble in either cold or hot water. The yield of 
hydrochloride was 90% theoretical.

The free base was obtained from boiling water as a 
white floccuient precipitate from hot water. Above 200 ° 
it colored yellow, but did not melt up to 350°.

Anal. Calcd. for CsHtC^Ns: N, 23.7. Found: N,
24.0, 24.1.

The amine is almost insoluble in cold water, slightly 
soluble in boiling water, or in methanol, 95% ethanol, 
acetone or pyridine. Solutions in concentrated sulfuric 
acid had a purple fluorescence. Diazotization and coupling 
with alkaline /3-naphthol gave a deep red solution.

8-Aminobenzoyleneurea (IV, X = NH2).—By the stan­
nous chloride method the base hydrochloride separated 
from the boiling solution in light tan needles (55% yield). 
This hydrochloride was sparingly soluble in cold water or 
in either hot or cold concentrated hydrochloric acid; it 
was moderately soluble in hot water.

When its solution was treated with dilute ammonium 
hydroxide and saturated with carbon dioxide, the free 
base was precipitated in light tan needles, purified by 
recrystallization from boiling water, m. p. 270-272° dec. 
uncor. (279-281° cor.).

The free base was also obtained by reduction of a glacial 
acetic acid solution of 8-nitrobenzoyleneurea in the pres­
ence of Adams catalyst with hydrogen at atmospheric 
pressure, yield 40% of the theoretical.

Diazotization of this amine yielded a clear yellow solu­
tion which with aqueous alkali turned a yellow-brown and 
with alkaline /3-naphthol gave a heavy yellow-green pre­
cipitate.

The Nitro- and Amino-2,3-dihydroxyquinoxalines
5- Nitro-2,3-dihydroxyquinoxaline (VI, X = N 02).—

3- Nitro-ö-phenylenediamine (2.03 g., 0.0132 mole) was 
treated with diethyl oxalate (25 ml.). The solid diamine 
slowly became red-orange and heat was evolved but solu­
tion did not occur. The mixture was therefore refluxed 
until (after about two hours) its color had faded. After 
heating about five minutes a heavy precipitate of lustrous 
tan plates separated. After cooling the solid was filtered, 
washed with alcohol and dried at 100°. After three re­
crystallizations from boiling 50% acetic acid (using de­
colorizing carbon) the product was obtained in fine bright 
yellow plates, m. p. 284° dec. uncor. (295° dec. cor.) in 
sealed capillary tubes, weight 1.60 g. (60% theoretical).

A nal. Calcd. for C8H5O4N3: N, 20.3. Found: N,
19.8, 19.6.

The compound was only slightly soluble in benzene, 
toluene, ether, chloroform, carbon tetrachloride or carbon 
disulfide; was moderately soluble in methanol, 95% 
ethanol, acetone, ethyl acetate or pyridine. From its 
deep red solutions in dilute sodium hydroxide, potassium 
carbonate or concentrated ammonium hydroxide, carbon 
dioxide precipitated the free base.

6- Nitro-2,3-dihydroxyquinoxaline (VII, X = N 02).—
4- Nitro-0-phenylenediatnine (7.15 g., 0.0465 mole) mixed 
with anhydrous oxalic acid (10.7 g., 0.12 mole) was finely 
powdered, placed in a Pyrex test-tube, the latter arranged 
for heating in an air-bath. After slowly raising the tem­
perature of the melt to 150°, it was maintained for one

hour, then raised .to 180-200° for another hour. After 
cooling the light brown to black product was extracted 
with warm 5% aqueous sodium hydroxide from which 
red solution carbon dioxide precipitated small brown 
crystals. After four recrystallizations from boiling 50% 
acetic acid (using decolorizing carbon) the product sepa­
rated in clusters of white needles, m. p. 329-330° dec. 
uncor. (343-344° dec. cor.) both in sealed capillary tubes. 
The yield was 7.1 g. (73% theoretical).

Anal. Calcd. for C8H50 4N3: N, 20.3. Found: N,
19.6.

This compound was moderately soluble in methanol, 
95% ethanol, ethyl acetate, acetone or pyridine; it was 
almost insoluble in ether, benzene, toluene, chloroform, 
carbon tetrachloride or petroleum ether. Its solutions 
in dilute aqueous sodium hydroxide, potassium carbonate 
or concentrated ammonium hydroxide were deep orange- 
red and from these carbonation precipitated the parent 
compound.

The Amino-2,3-dihydroxyquinoxalines
5- Amino-2,3-dihydroxyquinoxaline (VI, X = NH2).—

5- Nitro-2,3-dihydroxyquinoxaline (1.6 g., 0.008 mole) 
suspended in a solution of sodium sulfide (nonahydrate) 
(5 g. = 0.021 mole) in water (25 ml.) was refluxed for one 
and one half hours. The deep orange suspension gradually 
dissolved, yielding a clear brown solution. After cooling 
the solution was strongly acidified, boiled and filtered (to 
remove free sulfur). Upon neutralization with sodium 
bicarbonate the floccuient orange precipitate was filtered. 
After two recrystallizations from boiling water the amine 
separated in fine light-yellow crystals, blackening at 336° 
uncor. with decomposition about 344° uncor. in sealed 
m. p. tubes. The yield was 0.6 g. (44% theoretical). 
This compound was also prepared by stannous chloride re­
duction.

Anal. Calcd. for CsHyOjjNs: N, 23.7. Found: N,
23.1, 22.9.

Diazotization in hydrochloric acid yielded a clear yellow 
solution which with alkali turned clear brown and with 
alkaline /3-naphthol gave a yellow-green precipitate.

6- Amino-2,3-dihydroxyquinoxaline (VII, X = NH2).—
6- Nitro-2,3-dihydroxyquinoxaline (5.0 g., 0.024 mole) 
suspended in a solution of sodium sulfide crystals (20 g., 
0.083 mole) in water (100 ml.) was refluxed for two hours, 
yielding a deep red solution which gradually turned brown. 
After cooling and diluting with 100 ml. of water, and 
strongly acidifying with hydrochloric acid, the solution 
was boiled and filtered from sulfur. Addition of sodium 
bicarbonate precipitated the free amine as flocks of pale 
yellow microscopic needles. On heating the compound 
becomes black at about 330°, but does not melt up to 
350°. The yield was 3.22 g. (75% theoretical).

Because the amine is insoluble in almost all ordinary 
solvents, it cannot be satisfactorily crystallized and 
analyses are low.

Anal. Calcd. for CsH70 2N8: N, 23.7. Found: N, 
23.3, 23.1.

The amine hydrochloride is moderately soluble in either 
cold or hot water, but the sulfate is sparingly soluble in 
cold though moderately soluble in hot water. The amine 
dissolves in aqueous sodium or potassium hydroxides,
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sodium carbonate or concentrated ammonium hydroxide 
to give clear yellow-brown solutions from which the base 
is reprecipitated by carbon dioxide.

Aqueous solutions of the salts give with ferric chloride 
a clear blue color. Diazotization and treatment with 
alkaline /3-naphthol gives a deep red solution.

Test for Chemiluminescence.—The four aminobenzo­
yleneureas and the two amino-2,3-dihydroxyquinoxalines 
were tested at 28° for possible chemiluminescence on 
oxidation by visual observation in a dark room. A 10-ml. 
sample of a 0.04 molar solution of each compound in 
0.5 N  sodium hydroxide was successively treated with 1 ml. 
of 3% hydrogen peroxide, 1 ml. of 3% potassium ferri- 
cyanide. In a second series of tests each 10-ml. sample 
was treated first with a trace of the catalytic salicyl- 
aldehyde ethylenediimine ferric chloride complex,14 fol­
lowed by 1 ml. of 3% hydrogen peroxide. In a third series

(14) T hiele rt an d  Pfeiffer, Ber., 71, 1401 (1938).

of tests each 10-ml. sample was treated with 10 ml. of 
8%  sodium hypochlorite solution.

Summary
1. All four isomeric aminobenzoyleneureas and 

both possible amino-2,3-dihydroxyquinoxalines 
have been prepared by reduction of the corre­
sponding nitro compounds.

2. None of them shows significant chemi­
luminescence under conditions which with the 
isomeric 3-aminophthalhydrazide give intense 
effects.

3. Previous assumption regarding the indis­
pensability of the hydrazine residue for chemi­
luminescent power has thus been demonstrated. 
C a m b r i d g e , M a s s . R e c e i v e d  M a y  14, 1942

[C o n t r i b u t i o n  f r o m  t h e  C o n v e r s e  M e m o r ia l  L a b o r a t o r y  o f  H a r v a r d  U n i v e r s i t y ]

Triptycene1 (9,10-ö-Benzenoanthracene)
B y P aul D. B artlett, M. Josephine R yan and Saul G. Cohen

Previous publications from this Laboratory 
have brought out the special properties of sub­
stituents located on the bridgehead of a bicyclic 
ring system.2 These findings would lead us to

10 R

I, R absent 

II» R = H

predict that the analog (I) of the triphenylmethyl 
radical in which the ortho positions of the three 
phenyl groups are united to a common CH should 
have much less tendency to exist as a free radical 
than triphenylmethyl itself, as a result of its in­
ability to assume the coplanar form demanded by 
the usual resonance structures.3 With the even­
tual purpose of testing this prediction we have pre­
pared the parent hydrocarbon II (9,10-tf-benzeno- 
anthracene, or tribenzobicyclo(2,2,2)octatriene) 
and studied some of its chemical properties. For

(1) This nam e is proposed because th e  shape of th is  ring  system  
suggests the  tr ip ty ch  of an tiq u ity , w hich was a book w ith  th ree  
leaves hinged on a  com m on  axis. W e are  indebted  to  Professor 
M ason H am m ond of th e  H a rv a rd  D ep artm en t of Classics for th is  
suggestion.

(2) B a rtle tt and  K nox, T h is  J o u r n a l , 61, 3184 (1939); B artle tt 
and  Cohen, ibid., 62, 1183 (1940); B a r tle tt  and  Woods, ibid., 62, 
2933 (1940).

(3) Pauling  and  W heland, J .  Chem. P hys., 1, 362 (1933).

convenience, the name “triptycene” is suggested 
for this symmetrical hydrocarbon.1

The steps in the synthesis of triptycene are as 
follows

O O

n h 2

VII

II

The removal of the functional groups was 
achieved only after very many unsuccessful at­
tempts. We tried to dehydroxy late the hydro­
quinone IV with zinc dust, to convert it into a di­
bromide or diiodide with phosphorus halides, to 
reduce the quinone by hydrogenation, by the
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Clemmensen and Wolff-Kishner procedures, to 
gain a start in the reduction by replacing benzo- 
quinone with A2-cyclohexenone in the initial step, 
as well as several less rational procedures. The 
hydroxylated ring was successfully reduced, but 
the hydrogenation product could not be con­
verted to triptycene. Finally, numerous ways 
were tried for the deamination of the diamine VI, 
by tetrazotization in dilute and concentrated hy­
drochloric acid, sirupy phosphoric and concen­
trated sulfuric acid and mixtures, with nitrous 
acid and nitrous fumes, followed by attempted re­
duction with stannous chloride, alkaline formal­
dehyde, alcohol, and also attempted Sandmeyer 
reactions. The difficulties appeared to result 
from the combined facts of the ready nuclear sub­
stitution in a diamine and the great tendency of 
this ring system to yield anthracene under even 
relatively mild conditions, and especially when the 
treatment of the substituted ring enabled this to 
occur irreversibly. Successful deamination of 
the diamine was accomplished only by tetrazotiz- 
ing at 10° in a mixture of sulfuric acid, acetic acid 
and water, destroying the excess nitrous acid, and 
reducing with hypophosphorous acid.4 Control of 
the temperature proved to be of great importance.

The product of the hypophosphorous acid re­
duction was not triptycene, but monochlorotrip- 
tycene accompanied by a little dichlorination 
product. Apparently the ^-diazonium substitu­
ent, like the p -nitro-, activates the N 2-group 
toward replacement, at the same time deactivat­
ing it toward reductive elimination. The replace­
ment of the first N 2-group by chlorine allows the 
remaining N2-group to be eliminated, yielding 2- 
chlorotriptycene as the principal product. The 
same treatment using the hydrobromide instead 
of the hydrochloride of the diamine yielded a 
small amount of dibromotriptycene. Each of 
these halogenated products was smoothly re­
duced to triptycene by the method of Busch.5 In 
each case the deamination was the weak step in 
the synthesis giving poor yields.

Triptycene crystallizes in fine white rhomboids 
melting at 254.8-255.2°, and is advantageously 
crystallized from methanol-water. It is very solu­
ble in benzene, soluble in ethyl alcohol, ether, ace­
tone, chloroform and slightly soluble in methanol.

To the extent to which the central hydrogen 
atom of triphenylmethane is activated by the

(4) A dam s an d  K ornb lum , T h is  Journal, 63, 188 (1941).
(5) Busch and  Stöve, Ber., 49, 1063 (1916).

possibility of resonance in the triphenylmethide 
ion, such activity should be diminished or absent 
in triptycene. Triptycene in fact yields no ex­
change with phenylisopropylpotassium under 
conditions which lead to immediate reaction in the 
case of triphenylmethane; it is not chlorinated 
by sulfuryl chloride in the presence of benzoyl 
peroxide whereas toluene, under identical condi­
tions, gives a high yield of benzyl chloride; and 
chromic anhydride, under conditions which lead 
to the formation of triphenylcarbinol from tri­
phenylmethane, gives only anthraquinone and 
carbon dioxide from triptycene. Moderation of 
the conditions permitted recovery of only a mix­
ture of unchanged starting material and anthra­
quinone, showing that if 1-hydroxytriptycene is 
produced at all under these conditions it is imme­
diately decomposed.

In view of the complete failure of the hydrogen 
in the 1-position of triptycene to show the reac­
tivity characteristic of the central hydrogen of 
triphenylmethane, it seems rather likely that the 
oxidative decomposition of triptycene to anthra­
quinone is initiated not by attack at the 1-posi­
tion but by attack upon one of the benzene rings. 
In seeking a possible reason why these rings 
should be more susceptible to oxidative attack 
than normal benzene rings, we observe that the 
internal bond angles of the bicyclo(2,2,2)octane 
ring system must always be close to the normal 
value of 109°28'. This would lead us to expect 
a Mills-Nixon effect6 tending to damp the reso­
nance in each benzene ring by giving preference to 
the bond structures represented in the formula II. 
Any such effect would render the oxidative dis­
ruption of one of the benzene rings more likely, 
but would disappear upon opening of the bicyclic 
ring, system and formation of the dihydroanthra­
cene type. In a quantitative oxidation by chro­
mic anhydride in acetic acid slightly more than 
enough carbon dioxide was produced to account 
for the missing benzene ring. The Mills-Nixon 
effect, if present, is not sufficiently extreme to 
permit reaction of triptycene with maleic anhy­
dride or with triphenylmethyl, since negative re­
sults were obtained with both these compounds.

Experimental
Formation of the Adduct III from Anthracene and 

Quinone.—The route of Clar7 to the quinone IV was
(6) See Fieser in  G ilm an, '"O rganic Chemistry— An A dvanced 

T reatise ,” John  W iley & Sons, Inc ., N ew  York, N . Y ., 1st ed., pp. 
71-73.

(7) Clar, Ber., 64, 1676 (1931).
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modified, yielding, under our conditions, an improved 
product. Anthracene (108 g.) twice recrystallized from 
xylene, and 73 g. of reagent grade quinone were heated 
under reflux in 650 cc. of xylene for two hours.7 The solid 
was collected on a filter and thoroughly washed with 
hot water to remove quinone and quinhydrone. It was 
recrystallized from xylene giving 143 g. (83%) of pale 
yellow rhomboids. This compound has the characteristic 
melting behavior observed by Clar, which depends on the 
rate of heating; it is yellow at 207°, red at 210°, and at 
higher temperatures it carbonizes.

Rearrangement of the Adduct III to the Hydroquinone
IV.—To a solution of 11.5 g. of the adduct III in 150 cc. 
of glacial acetic acid at the boiling point, four drops of 40% 
hydrobromic acid were added. A vigorous evolution of 
heat followed and the solution took on an orange color 
which gradually faded as a fine white solid precipitated 
out. After another half hour at the boiling point, the 
reaction mixture was cooled and filtered; yield 10.3 g. 
(90%); m. p. 338-340° dec.

Hydrogenation of 2,5-Triptycenediol (IV) with Raney 
Nickel.—A solution of 2 g. of the hydroquinone IV in 38 
cc. of warm dioxane was treated with hydrogen at 1140 lb. 
pressure in the presence of 1 g. of Raney nickel, and the 
temperature was gradually raised. At 200° hydrogen ab­
sorption took place and had ceased after seventeen hours. 
The mixture was filtered into water, the resulting solid was 
washed with petroleum ether and recrystallized from ben­
zene. The product, 0.68 g. of white plates, melted at 
220-224°. Its solution in alcoholic alkali turned red on 
shaking in air and the color was discharged by sodium 
hydrosulfite. Evidently the triptycenehydroquinone had 
become hydrogenated in the two unhydroxylated benzene 
rings.

Anal. Calcd. for C20H26O2: C, 80.50; H, 8.78. Found: 
C, 80.20; H, 8.61.

Hydrogenation of the Adduct HI with Copper Chromite. 
—To a solution of 2 g. of the direct addition product III 
of quinone to anthracene in 35 cc. of dioxane, 0.25 g. of 
copper chromite was added. The hydrogenation was 
conducted at 160° under 2200 lb. pressure for ten hours; 
the solution was filtered in an atmosphere of carbon di­
oxide and concentrated in a stream of nitrogen. This 
precaution was found useful in minimizing the dark colora­
tion which always appeared when the hydrogenated solu­
tion was exposed to the air. Precipitation with petroleum 
ether, followed by crystallization from alcohol, yielded 
67% of almost colorless crystals melting at 226-228°.

Anal. Calcd. for C20H20O2: C, 82.15; H, 6.90. Found: 
C, 82.06; H, 7.10.

This pure product was not oxidized in air in the presence 
of alkali. It yielded a diacetate, m. p. 177-178°. Appar­
ently the action of copper chromite on the non-aromatic 
ring of the adduct was to hydrogenate this ring preferen­
tially, whereas the nickel catalyst selected from three 
aromatic rings the two carrying no oxygenated sub­
stituents.

Attempts to Dehydrate the Saturated Diol.—Heating of 
0.1 g. of the diol under nitrogen at 300° for thirty minutes, 
followed by vacuum sublimation, led to the isolation of 0.05 
g. of anthracene (mixed melting point).

A mixture of 0.1 g. of the diol. and 0.5 g. of anhydrous 
oxalic acid was heated in an atmosphere of nitrogen. The 
temperature was slowly raised from 110 to 135° in twenty- 
five minutes and then to 190° in ten minutes. Anthra­
cene sublimed to the top of the tube.

In the same experiment, but with phosphoric acid in­
stead of oxalic, anthracene appeared somewhat above 100°. 
The use of ^-toluenesulfonic acid led to no solid products.

Oxidation of the Hydroquinone IV to the Quinone V.— 
Nineteeen grams of the hydroquinone IV was dissolved in 
a minimum amount of hot glacial acetic acid (app. 1100 cc.) 
and then a solution of 4 g. of potassium bromate in 300 cc. 
of hot water was added. A deep orange color developed 
immediately. The solution was boiled for a minute or 
two and then 200 cc. more of hot water was added and the 
boiling continued for a few minutes. The solution was 
cooled and the orange solid collected. The quinone was 
washed with acetic acid and then with water; yield 17.5 g. 
(93%); m. p. 292-296°.

The dioxime was prepared by two hours of boiling of a 
solution of 0.25 g. of V and 1 g. of hydroxylamine hydro­
chloride in 25 cc. of ethanol. The dioxime was isolated 
by pouring into water and was crystallized (78% yield of 
five yellow rosets) from acetic acid. Drying in vacuo 
at 100° for twenty-four hours was necessary to remove 
acetic acid from the product; m. p. 246° dec.

Anal. Calcd. for C20H14N2O2: C, 76.42; H, 4.49.
Found: C, 76.16; H, 4.67.

Reduction of the Dioxime to the Diamine VI.—Twenty 
grams of the dioxime was dissolved in 750 cc. of alcohol 
on the steam-bath. When the alcoholic solution was at 
about 60°, a solution of 88 g. of stannous chloride in 200 cc. 
of concentrated hydrochloric acid was added to it with 
stirring. The mixture was heated for a few minutes more 
and then cooled and filtered. The solid was washed with 
alcoholic hydrochloric acid and then with ether. Further 
purification was effected by dissolving in hot water and 
precipitating again by the addition of concentrated hydro­
chloric acid. Each successive reprecipitation makes the 
salt grayer, probably because of oxidation. The yield 
was 19.8 g. (86%). The hydrochloride gradually decom­
posed above 2 10°.

The free base was prepared by dissolving the diamine 
hydrochloride in hot water and gradually adding 10% 
sodium hydroxide. This product turns a grayish-purple 
in air; m. p. 3070 dec. The best analysis obtained was still 
not good but the compound is extremely difficult to burn.

Anal. Calcd. for C2oH16N2: C, 84.50; H, 5.64; N, 
9.85. Found: C, 83.06; H, 5.99; N, 9.65.

The diacetyl derivative is obtained as small white crys­
tals from acetic acid, dec. 370°.

Anal. Cacld. for C24H20N2O2: C, 78.23; H, 5.47.
Found: C, 78.05; H, 5.62.

Deamination of the Diamine VI.—A suspension of 5 
g. of the amine hydrochloride in 150 cc. of glacial acetic acid 
was cooled to 10° and to it was added a similarly cooled 
mixture of 100 cc. of concentrated sulfuric acid, 100 cc. of 
acetic acid, and 60 cc. of water. The temperature was 
carefully controlled during the reaction because sulfona- 
tion takes place above 15°. Five grams of sodium nitrite 
was dusted in gradually, turning the solution blood red.
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After all the nitrite was added the mixture was stirred in 
the cold for at least an hour and then urea was added until 
the solution no longer turned starch-iodide paper blue. 
The thick solution was added to a filtered solution of 12 
g. of sodium hypophosphite in 300 cc. of concentrated hy­
drochloric acid and allowed to stand overnight. The 
addition of a quantity of water precipitated 3.8 g. of a flaky 
tan solid melting at 175° with decomposition. All this 
material was then subjected to sublimation by heating at 
195° at a pressure of 2 mm. The best yield obtained was
1.8 g. of shiny white crystals, m. p. 219-221°. After 
three recrystallizations from methanol the melting point 
was 222-223°. A quantitative analysis for chlorine indi­
cated that the product was monochlorotriptycene with a 
small amount of dichlorotriptycene.

Anal. Calcd. for C20H13CI: C, 83.18; H, 5.17; Cl, 
12.30. Found: C, 82.16; H, 4.95; Cl, 13.67.

2,5-Dibromotriptycene.—Reduction of the diazonium 
compound was attempted in the absence of halogen acid 
and no reaction whatever took place even over a long 
period of time. Hydrobromic acid had the same effect 
as hydrochloric and gave dibromotriptycene, m. p. 227- 
228°, in very poor yield. Debromination of this com­
pound gave the same product as the dechlorination of 
chlorotriptycene.

Anal. Calcd. for C2oHi2Br2: C, 58.43; H, 2.95.
Found: C, 58.79; H, 2.73.

Triptycene (II).—This reaction was run by the method of 
Busch and Stove;5 0.2 g. of the chloro compound was 
dissolved in 40 cc. of alcohol and 10 cc. of 10% alcoholic 
potassium hydroxide was added. Four grams of the 
catalyst, palladium on calcium carbonate, and 12 drops of 
hydrazine hydrate were added. After refluxing on the 
steam-bath for one-half hour the mixture was cooled 
slightly, filtered free of catalyst, and poured into water. 
There was obtained 0.18 g. of fine white crystals which 
could be crystallized from methanol-water; m. p. 254.8-
255.2 °. Like the rest of these compounds the hydrocar­
bon was hard to burn in a carbon-hydrogen analysis.

Anal. Calcd. for C20H14: C, 94.50; H, 5.51. Found: 
C, 94.13, 93.25, 93.87, 94.01; H, 5.40, 5.62,5.32, 5.27.

Triptycene and Phenylisopropylpotassium.—Triptycene 
(0.1 g.) was placed in a round-bottom, long-necked flask 
with two side arms. The flask was swept out with nitrogen 
for a short time and then sealed tightly. Ten cc. of 0.055 
N  phenylisopropylpotassium in dry ether, prepared by 
Dr. J. E. Jones, was added slowly through one of the side 
arms. After the solution had stood for twenty-one hours 
with occasional shaking, no color change could be detected. 
Dry carbon dioxide was bubbled into the solution and the 
material removed from the flask. After evaporation of the 
ether and extraction with alkali, 0.08 g. of triptycene was 
recovered, m. p. 252-253 °, mixed m. p. with known sample 
253-254°.

Triptycene and Chlorine.—Triptycene (0.2 g.) was dis­
solved in 50 cc. of purified carbon tetrachloride. The 
flask was partially evacuated, and then 25 cc. of the chlo­
rine gas was added from a gas buret. The contents of the 
flask were thoroughly shaken and left in the sunlight for 
several days. When the carbon tetrachloride was evapo­
rated, there remained a dirty white solid, m. p. 224°.

After sublimation the melting point was 246-248° and a 
mixed melting point with triptycene was 244-246°. A 
carbon-hydrogen analysis indicated that a very small 
amount of chlorine had been taken up.

Anal. Calcd. for C20Hi4: C, 94.50; H, 5.51. Found: 
C, 91.48; H, 5.10.

In proportions which led to bromination of toluene in 
good yield8 without solvent, sulfuryl chloride and benzoyl 
peroxide had no action on triptycene in carbon tetra­
chloride, 85% of the hydrocarbon being recovered un­
changed.

Oxidation of Triptycene.—Triptycene was oxidized 
under conditions which oxidize triphenylmethane to tri- 
phenylcarbinol. Triptycene (0.2 g.) was dissolved in 50 
cc. of purified glacial acetic acid and 0.5 g. of chromic 
anhydride was added slowly. The flask was heated very 
gently on the steam-bath overnight. The green solution 
was poured into water and a yellow solid precipitated which 
could be crystallized from benzene; m. p. 283-285°; 
mixed melting point of the sample with anthraquinone 
284-285°.

To determine what became of the rest of the molecule 
during the oxidation, triptycene was oxidized in a stream 
of dry air. The air was then passed through an absorption 
tube containing dehydrite and one containing ascarite. 
A sample of 0.70 g. of triptycene was heated at 55° with
3.5 g. of chromic anhydride, and 0.782 g. of carbon dioxide 
was absorbed in the ascarite tube. Since the calculated 
amount would be 0.726 g. if the third benzene ring were 
completely oxidized, some other formation of carbon di­
oxide such as further oxidation of anthraquinone or oxida­
tion of acetic acid must be occurring. Anthraquinone was 
recovered from the reaction flask in 76% yield.

In an attempt to isolate an intermediate in this oxida­
tion 0 .2-g. samples of triptycene were put away for a 
week at room temperature with 0.05 g. of chromic an­
hydride and 0.12 g. of potassium permanganate, respec­
tively, in acetic acid solution. From the chromic anhy­
dride only triptycene was recovered, but from the reaction 
with permanganate both anthraquinone and triptycene 
were recovered, showing that the intermediate products 
formed are more susceptible to oxidation than triptycene.

Triptycene and Maleic Anhydride.—Triptycene (0.2 g.) 
and maleic anhydride (1 g.) in 50 cc. of nitrobenzene were 
refluxed on a hot-plate for four hours. The nitrobenzene 
was removed in  vacuo and the black residue was extracted 
with alcohol. The alcoholic solution was decolorized 
with charcoal and poured into water. A white solid weigh­
ing 0.13 g. was obtained and recrystallized from methanol. 
It melted at 253-254° alone and at 254° when mixed with 
triptycene.

Acknowledgment.—We are indebted to the 
Associates of Physical Sciences of Harvard Uni­
versity for grants in support of this and related 
work to be published later.

Summary
The symmetrical hydrocarbon, 9,10-0-benzeno- 

anthracene or tribenzobicyclo(2,2,2)octatriene (II)
(8) Kharasch and Brown, T h is  J o u r n a l , 61, 2142 (1939); Khar­

asch and Read, ib id ., 61, 3089 (1939).
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has been prepared and its properties studied. 
The name “triptycene” is proposed for this hy­
drocarbon. Being an analog of triphenylmethane 
whose symmetrical anion cannot assume the co­
planar form demanded by the usual resonance

structures, triptycene is entirely lacking in the 
activity of its aliphatic hydrogen toward potas­
sium exchange, chlorination, and oxidation which 
characterizes triphenylmethane.
C a m b r i d g e , M a s s a c h u s e t t s  R e c e i v e d  J u l y  3 ,  1 9 4 2

[C o n t r i b u t io n  f r o m  t h e  N o y e s  C h e m ic a l  L a b o r a t o r y , U n i v e r s it y  o f  I l l i n o i s , a n d  f r o m  t h e  D e p a r t m e n t  o f  
P h a r m a c o l o g y , C o r n e l l  U n i v e r s i t y  M e d ic a l  C o l l e g e , i n  C o l l a b o r a t io n  w i t h  t h e  T r e a s u r y  D e p a r t m e n t ,

N a r c o t ic s  L a b o r a t o r y , W a s h i n g t o n , D .  C .]

Tetrahydrocannabinol Analogs with Marihuana Activity. XV1
By R oger A dams, S. Loewe, C. W. Theobald and  C. M. Smith

The study of analogs of synthetic tetrahydro­
cannabinol (I) wherein the left-hand ring was 
modified has comprised those molecules in which 
the methyl group was eliminated and those in 
which the methyl group was shifted to the 8- and 
10-positions.2 This investigation has now been 
extended, and a variety of products have been 
synthesized as shown in formulas II-VI.

CeH u(»)

C5H n(n)

CsHuOO

CH3 OH

CHŝ Z> CZ)
N \c -o /

■CbHuM

CHS CHj 
IV

(1) F o r previous p ap er see A dam s, S m ith  and  Loewe, T h is  
J o u r n a l , 64, 2087 (1942).

(2) A dam s, S m ith  an d  Loewe, ibid., 63, 1973 (1941); see also 
Russell, T odd , W ilkinson, M acD onald  an d  Woolfe, J . Chem. Soc., 
169, 826 (1941).

- C SH u(«)
CH3\

VI

The pharmacological tests on these molecules 
by the dog-ataxia method as compared to tetra­
hydrocannabinol (I) as standard are given in 
Table L

T a b l e  I

P h a r m a c o l o g ic a l  A c t iv it y  o f  T e t r a h y d r o c a n n a b i n o l  
A n a l o g s

l-Hydroxy-3-w-amyl-6,6-di- 
methyl-9-ethyl-7,8,9,10-tetra-

E xp ts. P o te n c y M ea n  d e v .

hydro-6-dibenzopyran II 
1-Hy dr oxy-3-w-amyl-£, 6,9,9-tetra- 

methyl-7,8,9,10-tetrahydro-6-

5 0 . 2 2 0 . 0 2

dibenzopyran III 
l-Hydroxy-3-w-amyl-ö,6*,5,Ö-/^m- 

meihyl-7,8,9,10-tetrahydro-6-

7 . 1 0 .0 2

dibenzopyran IV 
1 -Hy dr oxy-3-w-amyl-ö, 6,7,9-tetra- 

methyl-7,8,9,10-tetrahydro-6-

10 .1 1 .03

dibenzopyran V 
2,2-Dimethyl-3,4-pentamethylene- 

5-hydroxy-7-n-amyl- 1,2-benzo-

5 .75 .08

pyran VI 4 .21 .0 2

These experiments confirm the results from the 
study of the previously described compounds that 
relatively minor changes in the left-hand ring 
structure reduce by 80 to 90% the activity of the
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T able II
E thyl #-Alkylcyclohexanone-2-carboxylates

A nal. Calcd. for M . p. of 2,4-di- Anal. Calcd. for 
CuHisOa: C , 66.65; n itropheny lhy - Ci7H22OeN4: C, 53.96; H , 

B. p. Y ield, H , 9.15. F o u n d : drazones® (cor.), 5.86; N , 14.81. Found :
S u b s titu e n t °C. M m . % d204 . C H °C. C H N  '

5-Ethyl 96-98 2 54 1.4720 1.043 66.84 9.13 122-122.5 54.10 6.02 15.00
5,5-Dimethyl 125-128 14 54 1.4716 1.020 66.85 9.11 89 54.31 6.06 14.82
4,5-Dimethyl 116 10 42 1.4771 1.038 66.68 8.94 146-147 54.16 5.80 15.00
3,5-Dimethyl 103 4 53 1.4560 1.021 66.47 9.16 175 54.09 5.91 14.98

a Prepared according to Shriner and Fuson, ‘The Systematic Identification of Organic Compounds,” John Wiley and 
Sons, Inc., New York, N. Y., 1935 (1st ed.), p. 148, and recrystallized from petroleum ether (b. p. 60-110°).

molecules. Compound V, which has a potency 
not much below that of tetrahydrocannabinol (I), 
is the only exception; but the normal ataxia ac­
tion is here accompanied by a convulsant action 
similar to that observed with tetrahydrocannabi- 
diol.

Experimental
3-Ethylcyclohexanol.—Five hundred grams of m -ethyl- 

phenol (Eastman Kodak) was reduced with Raney nickel 
at 136 atm. and 200°. The product was rinsed from the 
bomb with ethanol, the catalyst removed by filtration, 
the ethanol removed on the steam-cone, and the residue 
distilled under reduced pressure. There was obtained 
488 g. (89%) of a water-white liquid boiling at 96° (20 
mm.) and 192.5-193° (748 mm.); n20d 1.4619; d20 0.9164.

A n a l Calcd. for CsHieO: C, 74.94; H, 12.58. Found: 
C, 75.07; H, 12.67.

The 3,5-dinitrobenzoate of 3-ethylcyclohexanol after 
crystallization from aqueous ethanol melts at 133-134° 
(cor.).

A n a l  Calcd. for Ci6H1806N2: C, 55.89; H, 5.63; N,
8.69. Found: C, 56.26; H, 5.54; N, 8.67.

The 3,4-dimethylcyclohexanol3 and the 3,5-dimethyl- 
cyclohexanol4 5 were prepared in a similar manner. The 
constants were in agreement with those previously de­
scribed.

3-Ethylcyclohexanone.-—This was prepared by oxidation 
of 3-ethylcyclohexanol with sodium dichromate and 
sulfuric acid according to the “Organic Syntheses” pro­
cedure for the oxidation of menthol to menthone.6 A 
yield of 72% of a liquid boiling at 81° (12 mm.) and at 
99-100° (39 mm.) was obtained; w20d 1.4499; d2Q4 0.9145.

A nal. Calcd. for C8H140: C, 76.21; H, 11.19. Found: 
C, 76.02; H, 11.27.

The semicarbazone of 3-ethylcyclohexanone melted at 
166-167° after recrystallization from aqueous ethanol.

A n a l  Calcd. for C9Hi7ON3: C, 58.99; H, 9.36; N,
22.93. Found: C, 59.23; H, 9.57; N, 23.07.

The />-nitrophenylhydrazone of 3-ethylcyclohexanone 
after recrystallization from petroleum ether (b. p. 60- 
110°) melted at 128-129° (cor.).

These data are not completely in accord with those 
given by Braun, Mannes and Reuter.6 They obtained this

(3) v . A uw ers, A » » .,-420, .84 (1920).
(4) v . B rau n  an d  H aensel, Ber., 59B, 1999 (1926).
(5) "O rgan ic  S yn theses,"  Coll. Vol. I (rev. ed .), p. 340.
(6) B raun, M annes and R eu ter , Ber., 66B, 1499 (1933).

ketone by dry distillation of the calcium salt of jS-ethyl- 
pimelic acid and report b. p. 192-194°, »%>'1.4543; semi­
carbazone, m. p. 184°, £-nitrophenylhydrazone, m. p. 130°.

3,4-Dimethylcyclohexanone7 and 3,5-dimethylcyclo- 
hexanone4 were prepared in 70 and 73% yields, respec­
tively, in the same manner as 3-ethylcyclohexanone.

3,3-Dimethylcyclohexanone was synthesized by the 
method of Crossley and Renouf8 and cycloheptanone by 
ring expansion of cyclohexanone.9

All the ketones were readily converted to the keto esters 
by addition of a mixture of one mole of ketone and one 
mole of ethyl oxalate to one mole of sodium ethoxide in 
ethanol to form the glyoxylic esters. These were pyro­
lyzed, without purification, over powdered soft glass and a 
trace of iron powder.1,10 These keto esters, with the 
exception of ethyl cycloheptanone-2-carboxylate, are new 
compounds and are listed in Table II.

Ethyl Cycloheptanone-2-carboxylate.—This ester was 
obtained by the above-mentioned procedure in 14% yield, 
b. p. 77-79° (0.04 mm.); n20d 1.4700; copper salt, m. p. 
193-194° (cor.); the 1-phenyl-3,4-pentamethylene-5-
pyrazolone obtained by treatment of the ester with phenyl­
hydrazine melted at 207-210° (cor.) with decomposition. 
Dieckmann11 prepared this ester by the cyclization of 
diethylsuberate and reported b. p. 110-115° (12 mm.); 
copper salt, m. p. 195°; phenylpyrazolone, m. p. 210°.

1 -Hy droxy-3-^-amyl-x-alkyl-7,8,9,10-tetrahy dro-6-di- 
benzopyrones.—These were prepared from the keto esters

T a b l e  III
1-H ydroxy-3-w-amyl-?-7,8,9, IO-tetrahydro-6- 

dibenzopyrone
Anal. Calcd. for 

C rystallized C20HMO3: C, 76.40;
from  m ethanol, Yield, H , 8.34. Found:

S u b stitu en t m. p. 0 (cor.) % C H

9-Ethyl 167-169 46 77.51 8.64
9,9-Dimethyl 190-190.5 33 76.70 8.75
8,9-Dimethyl 174.5-175.5 61 76.58 8.23
7,9-Dimethyl 151.5-152.5 63 76.55 8.20

Ci9H2403: C, 75.97:
H, 8.03. Found :

3,4-Pentamethylene-5-hy droxy-7-n-
amylcoumarin 178.5-179.0 45 75.81 8.00
(7) v. A uw ers, H in terseber and  T reppm ann , A n n ., 410, 257 

(1915).
(8) Crossley an d  R enouf, J .  Chem. Soc., 91, 63 (1907); v. Auwers 

and  Lange, A n n .,  401, 325 (1913).
(9) K ohler, T ish ler, P o tte r  and  Thom pson, This J ournal, 61,

1059 (1939). ,
(10) S hapiro , T hesis, M as te r of Science, U niversity  of Illinois, 

1940.
(11) D ieckm am i, Ber., 65B, 2470 (1922).
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T a b l e  I V

1-H ydroxy-3-w-amyl-?-6,6-bimbthyl-7,8,9.10-tbtrahydro-6-dibenzopyrans

B. p. ° /b a th  ° /m m .
S ubstituen t °C .‘ B ath M m .

9-Ethyl 172 187 0 . 1

9,9-Dimethyl M. p. 89-89.5
8,9-Dimethyl 181-182 210-220 .0 5
7,9-Dimethyl 186 190 .05

2,2-Dimethyl-3,4-pentamethylene-5-hydroxy-7-
n-amyl-1 ,2-benzopyran 180-182 190 .05

by the general procedure previously described.12 The 
constants of these molecules are given in Table III.

l-Hydroxy-3-«-amyl-?-6,6-dimethyl-7,8,9,10-tetra- 
hydro-6-dibenzopyrans.—The pyrans were formed in the 
usual way12; constants are given in Table IV.

Summary
1. The following pyrans: (1) l-hydroxy-3-w- 

amyl - 6,6 - dimethyl - 9 - ethyl - 7,8,9,10 - tetra- 
hydro-6-dibenzopyran, (2) 1-hydroxy-3-^-amyl-
6,6,9,9 - tetramethyl - 7,8,9,10 - tetrahydro - 6 - di- 
benzopyran, (3) l-hydroxy-3-w-amyl-6,6,8,9-

(12) Adams and B aker, T his Journal, 62, 2405 (1940).

A n a l. Calcd. fo r C22H32O2: C,
Y ield,

% n 20 d
80.44; H , 9.82. 

C
F o u n d

H

83 1,5530 80.68 9.68
78
97 1.5512 80.43 9.52
64 1.5473 80.13 9.61

A n a l. Calcd. for C21H 30O2: 
80.20; H , 9.62. F o u n d :

71 1.5575 80.23 9.30

tetramethyl - 7,8,9,10 - tetrahydro - 6 - dibenzo- 
pyran, (4) 1 -hydroxy-3-^-amyl-6,6,7,9-tetra-
methyl-7,8,9,10-tetrahy dro-6-dibenzopyran, and
(5) 2,2-dimethyl-3,4-pentamethylene-5-hydroxy-
7-TZ-amyl-1,2-benzopyran have been synthesized.

2. The pharmacological potencies of (1), (2),
(3), and (5) are only about 10 to 20% that of the 
synthetic tetrahydrocannabinol standard; the 
potency of (4) is only slightly less than that of the 
standard, but the activity of this compound is ac­
companied by a convulsant action.
U r b  a n  a , I l l i n o i s  R e c e i v e d  A u g u s t  5, 1942

[C o n t r i b u t io n  f r o m  t h e  K e d z i e  C h e m ic a l  L a b o r a t o r y , M i c h i g a n  S t a t e  C o l l e g e ]

The Condensation of Methyl Dipropyl Carbinols with Phenol in the Presence of
Aluminum Chloride

B y  R alph C. H uston and Carl R . M eloy1

Previous papers from this Laboratory2'3 have 
described the condensations of /-butyl, /-amyl 
the /-hexyl and the /-heptyl alcohols with phenol 
in the presence of aluminum chloride. In a simi­
lar manner the dimethylamyl,4 methylethylbutyl,5 
and diethylpropyl6 carbinols have been condensed 
with phenol. In continuation of this investiga­
tion the methyldipropyl carbinols have now been 
prepared.

The 4-methylheptanol-47 was prepared by 
treating two moles of w-propylmagnesium bro­
mide with one mole of ethyl acetate, while the
2,3-dimethylhexanol-38 resulted from the treat-

(1) T aken  from  a thesis  p resen ted  in  p a rtia l fulfillm ent of require* 
m eats  for th e  P h .D . degree.

(2) H uston  and  H sieh, T his J ournal, 68 , 439 (1936).
(3) H uston  and  H edrick , ibid., 69, 2001 (1937).
(4) H uston  and  Guile, ibid., 61, 69 (1939).
(5) H uston  and Snyder, M as te r’s Thesis, M ichigan S ta te  College, 

1938.
(6) H uston  and  L angdon, M as te r’s Thesis, M ichigan S ta te  College, 

1938.
(7) G ortalow  and  Saytzeff, J . prakt. Chem., 33, 203 (1886).
(8) C larke, T his Journal, 33, 528 (1911).

ment of one mole of the above Grignard reagent 
with one mole of 2-methylbutanone-3. Methyl 
Grignard was used with 2,4-dimethylpentanone-3 
in preparing 2,3,4-trimethylpentanol-3.9

The alcohols were condensed with phenol in 
the presence of the anhydrous aluminum salt. 
Yields of from 47 to 65% of the ^-/-alkylphenols 
were obtained with no isolation of other isomers 
or disubstituted products. The a-naphthylure- 
thans and 3,5-dinitrobenzoyl esters of the three 
^-/-alkylphenols were prepared.

Huston and Cline10 isolated and identified 
from condensations between benzene and methyl­
dipropyl carbinols, 4-methyl-4-phenylheptane, 2,-
3-dimethyl-3-phenylhexane, and 2,3,4-trimethyl-
3-phenylpentane. These alkylbenzenes were ni­
trated, reduced, diazotized and hydrolyzed to the 
phenols.2'3,4 The melting points and mixed melt-

(9) W hitm ore and  L aughlin , ibid., 54, 4392 (1932).
(10) H u sto n  an d  Cline, M as te r’s Thesis, M ichigan S ta te  College, 

1939.
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T a b l e  I

C o n d e n s a t i o n  o f  M e t h y l d i p r o p y l c a r b in o l  w i t h  P h e n o l

Product 
Yield, %
M. p., °C.

Carbon, % (calcd. 81.50)
Hydrogen, % (calcd. 10.75)
3,5-Dinitrobenzoyl ƒ M. p., °C.

esters \  N, % (calcd. 7.00)
a-Naphthyl- ƒ M. p., °C. 

urethans \  N, %  (calcd. 3.73)

4-M ethyl-4-^-hy droxy- 
phenylheptane 

65
63-63.5

282-284 151-152 
738 6

81.17 
10.68

124.5-126.0
6.97

105.0-106.0
3.72

2,3-Dimethyl-3-£-hy-
droxyphenylhexane

47
72-73

279-281 122-124 
738 2

80.91 
10.77

97.0-98.0
7.01

127.5-128.5
3.69

2,3,4-Trimethyl-3-£-
hydroxyphenyl-

pentane
60

57-58.5
275-277 116-117 

738 2
80.96 
10.81

103.0- 103.5 
6.98

106.0- 107.0 
3.70

ing point determinations of the a-naphthylure­
thans of the phenols thus prepared indicated that 
they were the same as those prepared in the con­
densations. The position of the entering group 
was established through oxidation11 of the p -  
nitro-^-alkylbenzene by heating a portion with 6 
N  nitric acid in a sealed Carius tube at 130°. 
In each case the product obtained was p -nitro- 
benzoic acid, which was identified by melting 
point and mixed melting point.

In answer to the suggestion that the alkyl 
groups might rearrange during condensation and 
to eliminate any doubt as to the correctness of 
the formulas assigned the tertiary-octylphenols, 
attention is called to the following:

(a) The alcohols were prepared by standard 
methods and checked as to properties with the 
literature.

(b) In the rearrangement of alkyl groups 
during processes of condensation, primary groups 
may change to secondary or tertiary, and second­
ary groups may change to tertiary.12

We were unable to find instances of the reverse 
processes in which appreciable yields of primary 
or secondary groups were formed from groups of 
higher branching. These generalizations have 
been recently confirmd by a study of the con­
densation of secondary alcohols with benzene13 
and with phenol.14

(c) Two other possibilities of formation of
(11) A nschütz  an d  Beckerhoff, A n n .,  327, 219 (1903).
(12) Konow alow, J .  R uss. Phys.-Chem . Soc., 27, 457 (1896); 

E stre icher, Ber., 33, 439 (1900); Schram m , M onatsh., 9, 613, 615 
(1888); G rossin, Bull. soc. chim ., [2] 41, 446 (1884); Verley, ibid., 
[3] 19, 72 (1898); M eyer an d  B ernhauer, M onatsh., 53, 721 (1929); 
G ilm an  an d  C allow ay, T h is Journal, 55, 4197 (1933); Laughlin, 
N ash  and  W hitm ore, ibid., 56, 1395 (1934); Ipatieff, Pines and 
Schm erling, ibid., 60, 353 (1938), etc.

(13) H uston  an d  K aye, T his J ournal, 64, 1576 (1942).
(14) H uston , G uile, E s te rd ah l an d  C urtis , “ Condensation of Sec­

on d ary  Alcohols w ith  P henol in  th e  Presence of A lum inum  Chlo­
rid e ,"  in  process of pub lication .

tertiary octylphenols from 2,3,4-trimethylpen- 
tanol-2 might be proposed.

1. One of the tertiary hydrogens might shift 
to the number three carbon by the intermediate 
formation of 2,3,4-pentene-2 and the addition of 
hydrochloric acid. The product of condensation 
would then be 2,3,4-trimethyl-2-£-hydroxyphenyl- 
pentane4 which melts at 74° and gives an a- 
naphthylurethan which melts at 115°.

CHs CHS CHs

2. The formation of the cation H3CC— C— CCH3
I I +

H H
might cause the migration of the methyl group on 
number three carbon to number two carbon which 
change might be followed by a migration of the 
tertiary hydrogen as outlined under (1). Con­
densation would then give 2,4,4-trimethyl-2-£- 
hydroxyphenylpentane.4 This phenol melts at 
83° and its a-naphthylurethan melts at 102°.

(d) There appears to be only one possibility 
of rearrangement in the case of 2,3-dimethylhex- 
anol-3. Migration of the tertiary hydrogen would 
give 2,3-dimethyl-2-£-hydroxyphenylhexane4 as 
the product of condensation. This compound is 
a liquid (b. p. 293°) which gives an a-naphthyl­
urethan melting at 105°.

(e) Since 4-methylheptanol-4 contains no ter­
tiary hydrogen, rearrangement without frag­
mentation does not appear to be possible.

(f) The seventeen possible tertiary octyl alco­
hols have been condensed with phenol yielding 
seventeen different ^-^-octylphenols.4,5,6

Experimental
Condensations.—Since all of the condensations were 

carried out in a similar manner, a typical run is described. 
Thirty-five grams of phenol was dissolved in 32.5 g. of 
the octyl alcohol in a 500-ml., three-necked, round-bot­
tomed flask equipped with a short reflux condenser, a
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thermometer and a glycerol-sealed stirrer. Seventeen 
grams of anhydrous aluminum chloride was added in 
small portions by shaking from a small Erlenmeyer flask 
equipped with a long neck made of glass tubing. The 
reaction was carried out at 25-30° and the temperature 
kept constant by use of a water-bath, when necessary. 
After standing overnight the mixture was decomposed 
by pouring on ice and hydrochloric acid. The condensate 
was extracted from the water solution with ether and the 
phenols isolated from this ether extract by fractionation.

The 3,5-dinitrobenzoyl esters were prepared by the 
method of Shriner and Fuson.15

The use of pyridine as a catalyst resulted in high yields 
of the esters which were recrystallized from 60% alcohol.

The method of French and Wirtel16 was employed in
(15) Shriner and  F uson, “ S ystem atic  Iden tification  of Organic 

C om pounds,” John  W iley and  Sons, In c ., N ew  Y ork, N . Y ., 1940, 
p. 138.

(16) F rench and  W irte l, T his J ournal , 48, 1736 (1926).

the preparation of a-naphthylurethans. Addition of a 
few drops of a solution of trimethylamine in ether caused 
an immediate reaction. Recrystallization was accom­
plished from warm petroleum ether.

Summary
1. The methyldipropyl carbinols have been 

condensed with phenol in the presence of alum­
inum chloride to give good yields of the corre­
sponding ^-/-octylphenols.

2. The 3,5-dinitrobenzoyl esters and the a- 
naphthylurethans of these ^-/-octylphenols have 
been prepared.

3. The structures have been established by 
synthesis.
E a s t  L a n s i n g , M i c h i g a n  R e c e i v e d  M a y  16, 1942

[C o n t r i b u t io n  f r o m  t h e  L e d e r l e  L a b o r a t o r i e s ]

Water-soluble Compounds with Antihemorrhagic Activity

By B. R. B aker and G. H. Carlson

In a search for water-soluble compounds with 
antihemorrhagic activity, a number of deriva­
tives of 2-methyl-1,4-naphthohydroquinone and 
of the quinone have been prepared and, to mini­
mize duplication of efforts, the experience of this 
Laboratory is reported at this time.

The highly active sodium salts of l-acetoxy-2- 
methyl-4-naphthyl hydrogen succinate1 (a sum­
mary of bioassays is given in Table III) and of the 
corresponding hydrogen glutarate were sufficiently 
soluble for parenteral use but were rapidly de­
composed in solution even at ordinary tempera­
ture.2 Both the mono- and the disodium salts 
of the hydroquinone Ws-hydrogen glutarate were 
readily hydrolyzed. Likewise the salt of the hy­
drogen succinate of 3-methyl-1-naphthol,3 though

(1) O rien tation  of th e  su b stitu en ts  is established  by  th e  following 
reactions. P a rtia l deace ty la tion  of l,4 -d iacetoxy-2-m ethy lnaph tha- 
lene, p repared  by  reductive  ace ty la tio n  of 2 -m ethy l-l,4 -naph tho- 
quinone [for th e  m ethod  see T h is  J o u r n a l , 64, 1096 (1942)], gave 
an  acetoxy-2-m ethylnaphthol, and  its  m e thy l e ther, a fte r deacety la­
tio n  and  tre a tm e n t w ith  am m onium  sulfite a t  180°, yielded an  am ine 
which, as th e  ace ta te , was iden tical w ith  th a t  p repared  by  reducing 
th e  coupling p roduc t of 3 -m eth y l- l-n ap h th o l and  diazotized sul- 
fanilic acid, ace ty la ting  th e  re su lting  2 -m ethyl-am inonaphthol (the 
hydrochloride of w hich was readily  oxidized to  2 -m ethy l-1,4 -naphtho­
quinone) and  converting  th e  ace tam inonaph tho l to  th e  correspond­
ing m ethyl e ther. By th is  series of reactions th e  m ethoxyl in the  
acetam ino derivative  an d  th e  acetoxy l group in  th e  acetoxy-2- 
m ethy lnaph tho l are  fixed in  th e  4- an d  1-positions, respectively.

(2) T he in s tab ility  of ap p aren tly  th is  sam e hydrogen succinate 
has been reported  also by  B uck and  A rdis, T his J ournal, 64, 725 
(1942).

(3) T he  naph tho l an d  3 -m ethyl-1 -te tra lo n e  [(a) B achm ann and

somewhat more stable than that of 2-methyl-1,4- 
naphthohydroquinone, gradually decomposed in 
aqueous solution and further work with partially 
esterified polycarboxylic acids was discontinued.

Chloroacetyl chloride readily converted 1- 
acetoxy-2-methyl-4-naphthol to the acetoxy- 
monochloroacetoxy derivative and the latter, with 
trimethylamine, yielded the readily soluble quat­
ernary ammonium salt which, like the corre­
sponding diammonium salt prepared from the
l,4-5w-chloroacetoxy-2-methylnaphthalene as well 
as the hydrochloride of l-acetoxy-4-(/3-amino- 
propionoxy)-2-methylnaphthalene, hydrolyzed in 
warm, aqueous solution. Accordingly, the purely 
organic esters proved impractical whether em­
ployed in alkaline or acidic media and were not 
further considered.

Partial esterification of phosphoric, thiophos- 
phoric and sulfuric acids with l-acetoxy-2-methyl-
4-naphthol gave compounds which, as sodium 
salts, were stable in aqueous solution and could 
be sterilized by autoclaving. Whereas the phos­
phate and the sulfate showed antihemorrhagic 
activity equal to 50 and 35%, respectively, of that 
of an equimolecular amount of 2-methyl-1,4- 
naphthoquinone, the thiophosphate was less than
Struve, T h is  J o u r n a l , 62, 1618 (1940); (b) Tishler, Fieser and
Wendler, ib id ., 62, 2879 (1940)] were prepared by the improved
methods given in the experimental section.
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20% as active and was required in too large dos­
age to be generally applicable in practice. The 
response with both the phosphate and the sulfate, 
however, was rapid and these essentially neutral 
solutions are especially advantageous since ad­
ministration may be either intravenous or intra­
muscular.

Whereas the diglucoside of 2-methyl-1,4-naph­
thohydroquinone is too insoluble for practical use 
of the aqueous solution,4 about 3 mg. of the mono- 
glucoside dissolves per milliliter and the solution, 
like that of the more soluble monomaltoside, 
showed approximately two-thirds the antihemor­
rhagic activity of an equimolecular amount of 
the parent quinone. Aqueous solutions of the 
glycosides are slowly oxidized by air but are stable 
in the absence of oxygen and under such condi­
tions, or in the presence of reducing agents such as 
bisulfite, may be sterilized by autoclaving.

In contrast to the glycosides described above, 
those of 3 -methyl-1 -naphthol were less active and 
showed complete response at a minimum of 10 
and 20 micrograms, respectively. Glycoside for­
mation, apparently, had decreased the activity 
of the naphthol somewhat more than that of 2- 
methyl-1,4-naphthohydroquinone, but, whereas 
the naphthol has been reported as active at con­
centrations of 0.6 microgram,5 complete response 
was obtained with no less than 5 micrograms and 
the relative decrease in the activities appears to 
be very nearly the same. Comparatively large 
doses of the naphthol derivatives are required for 
therapeutic uses, but these compounds have the 
advantage of being stable in aqueous solution 
without addition of stabilizers.

Complete response was obtained with 50 and 3 
micrograms of the mono- and the dihydrochlo­
rides, respectively, of 1-amino- and l,4-diamino-2~ 
methylnaphthalene,6 but, on conversion to the 
monoacetates, these compounds were inactive at 
the high concentration. The N-(2-methyl-1- 
naphthyl) -gluconamide and the N-(l-amino-2- 
methyl-4-naphthyl) -succinamic acid7 showed cor­
responding low activities and were inapplicable. 
Furthermore, because aqueous solutions of the 
hydrochlorides of these amines were photosensitive

(4) R iegel, S m ith  and  Schw eitzer, T his Journal, 63, 1231 (1941).
(5) Fieser, T ish ler and  Sam pson, J . Biol. Chem., 137, 685 (1941).
(6) In  co n trast, l-am ino -3 -m ethy lnaph tha lene  was inactive in 

concen trations of 25 m icrogram s.
(7) Id e n tity  of th e  ace ta te  of th e  succinam ic acid p repared  from 

l,4 -d iam ino-2-m ethy lnaph tha lene  w ith  th a t  obtained  by converting 
l-acetam ino-2-m ethy l-4 -am inonaphtha!ene to  th e  succinamic acid 
established  th e  s truc tu re .

and oxidized very easily, commercial application, 
even of stabilized solutions, seemed inadvisable.

The decreased activity of 2-methyl-1,4-naph- 
thoquinone-co-potassium sulfonate,8 of 2-piperi- 
dino-1 -naphthol9 and of 1 -amino-2-naphthylace- 
tic acid as compared with the parent compounds 
substantiates the now widely held opinion that, 
for high antihemorrhagic activity, the methyl 
group must remain intact in the 2-methylnaphtha- 
lene derivatives and the inactivity of 3-methyl-
l , 4-dihydroxyisoquinoline10 indicates that altera­
tion in the nuclear structure similarly results in 
inactivation.11

Experimental
l-Acetamino-2-methyl-4-methoxynaphthalene. (A) 

From l,4-Diacetoxy-2-methylnaphthalene.—A mixture of 
20 g. of l-acetoxy^-methyM-naphthol,1 20 cc. of dimethyl 
sulfate, 40 g. of anhydrous potassium carbonate and 200 
cc. of acetone was boiled for fourteen hours, the filtered 
solution, diluted with benzene, was washed with water, 
cold 2% alkali containing a little sodium dithionite, 
again with water and solvent was distilled from the benzene 
solution in  vacuo. The residue, crystallized from pe­
troleum ether, gave 19 g. of the methyl ether, melting 
at 67-68° after crystallization from ethanol. Anal. 
Calcd. for Ci4H140 3: C, 73.0; H, 6.1. Found: C, 72.7; 
H, 6.5.

Deacetylation of the methyl ether (15 g.) with sodium 
methylate gave 4-methoxy-2-methyl-l-naphthol (5.5 g.;
m. p. 101-103° after crystallization from carbon tetra­
chloride. Anal. Calcd. for Ci2Hi20 2: C, 76.7; H, 6.4. 
Found: C, 76.9; H, 6.6), but a better yield was obtained 
by adding, during ten minutes, 80 cc. of 10% sodium 
hydroxide containing 0.5 g. of sodium dithionite to a boil­
ing solution of 19 g. of 1 -acetoxy-2-methyl-4-methoxy- 
naphthalene in 80 cc. of methanol and, after forty-five 
minutes, diluting the cooled solution with water. Ex­
traction of the benzene solution of the product with 5% 
alkali and acidification of the alkaline extract yielded 
13 g. of the methoxynaphthol, m. p. 101-103°.

In the conversion to the 1-amino- derivative, an agitated 
mixture of 2-methyl-4-methoxy~l-naphthol (15 g.), 25 g. 
of ammonium sulfite and 75 cc. of 9% ammonia water 
was heated at 175-180° for thirty hours, the oily product 
was dissolved in benzene, unchanged naphthol was re­
moved by 10% alkali containing a little sodium dithionite, 
solvent was evaporated from the washed benzene solution 
and the residue was distilled at 1 mm. A solution of the 
crude l-amino-2-methyl-4-methoxynaphthalene in 10 cc. 
of benzene was treated with 1 cc. of acetic anhydride and,

(8) A ttem p ts  to  p repare  th e  «-sulfonic acid by  oxidation  of bis- 
«-(2-m ethy l-l,4 -d im ethoxynaphthalene)-d isu lfide  led to  th e  form a­
tion  of 2-m ethyl-3-hy droxy-1,4-naphthoquinone-«-sulf onic acid. 
See th e  experim ental section for details.

(9) P repared  according to  th e  m ethod of Auwers, A n n ., 344, 289 
(1906).

(10) P repared  according to  th e  m ethod of G abriel and  Colm an, 
Ber., 33, 989 (1900).

(11) C hristiansen  and  D olliver [This Journal, 63, 1470 (1941)], 
repo rt th a t  6-methyl-5,8-<iuinolineqiuinone is inactive.
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Anhy-
T a b l e  I

Pyri- •Analyses—

Expt. Substance G.
dride, dine,cc. Tim e,

hr.
Y ield,

g- M . p ., °C . Calcd. for c H
F o u n d  

C H

I l-Acetoxy-2-methyl-4-naphthol 4.3 8 30 24 2 . 2 136-138 CtrHifiO* 64.6 5.1 65.4 5.5
65.3 5.3

II 1 - Acet oxy-2-methy 1-4-naph thol 2.5 5 10 43 2.4 109-110 CisHisOg 65.4 5.5 65.7 5.6
III 3 -M ethyl-1 -naphth ol 1 2.5 10 50 0.85 109-111 C15H14O4 69.7 5.5 69.4 5.3
IV 2-Methyl-1,4-naphthohydro­

quinone 1.5 4.0 16 3.0 156-158 62.7 5.5 62.6 5.1

after two hours at room temperature, the amide (0.5 g. ; glutaric anhydride and 5 cc. of dimethylaniline in 25> c c .
m. p. 197-199° after crystallization from ethanol) was 
filtered off. A n a l Calcd. for Ci4H]50 2N: C, 73.3; H, 
6.6 ; N, 6.1. Found: C, 73.5; H, 7.0; N, 6.3.

(B) From 3-Methyl-1-naphthol.—-The naphthol (4 g.; 
preparation described below) was treated with a solution 
prepared by diazotizing 5.3 g. of sulfanilic acid, the azo­
derivative was reduced with 16 g. of sodium dithionite 
and the precipitated aminonaphthol, purified by re­
crystallization from hydrochloric acid containing stannous 
chloride, yielded 3.4 g. of pure l-amino-2-methyl-4- 
naphthol hydrochloride (charred at 270°). A n a l Calcd. 
for CnHiaNOCI: C, 63.1; H, 5.8; N, 6.7. Found: C, 
63.2; H, 5.7; N, 6.9.

Oxidation of 1 g. of the aminonaphthol with acidified 
potassium dichromate gave 0.75 g. of 2-methyl-1,4- 
naphthoquinone (m. p. 103-105°) which did not depress the 
melting point of an authentic sample.

A solution of 1 g. of the aminonaphthol hydrochloride 
in 25 cc. of water at 75°, treated with 0.6 cc. of acetic 
anhydride and 0.5 g. of sodium acetate in 3 cc. of water, 
gave 0.98 g. of l-acetamino-2-methyl-4-naphthol, m. p. 
206-208° after crystallization from diluted ethanol. 
A n al Calcd. for Ci3H130 2N: C, 72.6; H, 6.1; N, 6.5. 
Found: C, 72.9; H, 6.5; N, 6.5.

The acetaminonaphthol (0.67 g.), methylated in the 
usual way with dimethyl sulfate and anhydrous potassium 
carbonate in acetone solution, gave 0.53 g. of the ether 
which, crystallized from diluted ethanol, melted at 198- 
200° and did not depress the melting point of the 1-acet- 
amino-2-methyl-4-methoxynaphthalene prepared as pre­
viously described. A n al Calcd. for ChHjbOjjN : C,
73.3; H, 6.6 ; N, 6.1. Found: C, 73.0; H, 6.9; N,6.1.

Preparation of the Esters of the Polycarboxylic Acids.— 
The naphthols were treated at room temperature with 
succinic anhydride (glutaric anhydride, expt. II) in pyri­
dine solution, ether was added, and the solution was 
extracted successively with dilute hydrochloric acid and 
sodium bicarbonate (expt. I); or the reaction product was 
added to cold hydrochloric acid, the mixture was extracted 
with ether, and the acidic product, isolated by extraction 
with sodium bicarbonate, was crystallized from a carbon 
tetrachloride-chloroform (expts. I and II), or benzene- 
heptane solution (expt. III). The ether solution of the 
original reaction mixture (expt. II), after extraction with 
sodium bicarbonate and concentration, was diluted with 
carbon tetrachloride and yielded 0.8 g. of fo’s-(l-acetoxy- 
2-methyl-4-naphthyl) glutarate, m. p. 164-166° after 
crystallization from an alcohol-benzene solution. A nal 
Calcd. for CsiH^Og: C, 70.3; H, 5.3. Found: C, 70.4; 
H, 5.4.

In experiment IV the hydroquinone was boiled with

of chloroform, the solution was washed successively with 
dilute hydrochloric acid and sodium bicarbonate, the 
alkaline extract was acidified and the precipitated product 
crystallized from ethanol. The results are summarized 
in Table I.

Preparation of the Esters of the Amino Acids. (A) 1- 
Acetoxy-2-methyl-4-naphthyl N-Trimethylglycinate Chlo­
ride.—-The acetoxynaphthol (5 g.) was treated with 4 cc. 
of chloroacetyl chloride and 10 cc. of dimethylaniline in 
50 cc. of chloroform and, after one hour at 25°, the mixture 
was boiled thirty minutes. After extraction with dilute 
hydrochloric acid and sodium bicarbonate solution, solvent 
was distilled in vacuo and the residue, crystallized from 
ethanol, gave 6 g. of the chloroacetate; m. p. 103.5-104° 
after recrystallization from a chloroform-heptane solution. 
A n al Calcd. for C15H 13O4CI: C, 61.5; H, 4.5. Found: 
C, 61.6; H, 4.9.

A solution of 3 g. of the chloroacetate in 30 cc. of acetone 
containing 1.2 g. of trimethylamine gave, after twenty- 
four hours at room temperature, 3.3 g. of the glycinate 
chloride, m. p. 217° after crystallization from an alcohol- 
acetone solution. A n a l Calcd. for C18H22O4NCI: C,
61.4; H, 6.3; N, 4.0. Found: C, 61.2; H, 6.9; N, 3.9.

(B) 2-M ethyl-1,4-naphthohydroquinone 6A-N-Tri- 
methylglycinate Chloride.—The hydroquinone (5 g.), 
acylated as previously described with 7.5 cc. of chloro­
acetyl chloride and 13 cc. of dimethylaniline in 50 cc. of 
chloroform, gave 7 g. of the foVchloroacetate (m. p. 109- 
110° after recrystallization from heptane. Anal. Calcd. 
for Ci6H120 4Cl2: C, 55.1; H, 3.7. Found: C, 54.7; H, 
3.9) a portion (3.3 g.) of which, dissolved in 20 cc. of 
dioxane, was treated with a solution of 1.5 g. of trimethyl­
amine in 15 cc. of acetone and, after twenty-four hours at 
room temperature, the deposited gummy product, tri­
turated with acetone and crystallized from a methanol- 
acetone solution, yielded 1.3 g. of the 5is-glycinate chloride, 
m. p. 204° after recrystallization. A n a l Calcd. for 
C21H30O4N2CI 2H2O: C, 52.4; H, 7.1; N, 5.8; Cl, 14.8. 
Found: C, (1) 52.4, (2) 52.6; H, (1) 6.9, (2) 7.3; N, 
6.0; Cl, 14.9.

'(C) 1 - Ac etoxy-2 -methyl-4-naphthyl 0-Alanate Hydro­
chloride.-—A mixture of carbobenzoxy-/3-alanyl chloride 
(prepared from 10 g. of carbobenzoxy-/3-alanine), 7 g. of 
the acetoxynaphthol and 10 cc. of dimethylaniline in 50 
cc. of chloroform was boiled for thirty minutes, the prod­
uct, purified as previously described, gave 5.5 g. of the 
carbobenzoxy-/3-alanate (m. p. 106.5-108°. A n a l calcd. 
for C24H2306N: C, 68.5; H, 5.5; N, 3.3. Found: C, 
68.2 ; H, 5.6; N, 3.5), a portion (2 g.) of which, hydro­
genated in the usual manner in glacial acetic acid, yielded, 
after treatment with hydrogen chloride, removal of the
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solvent in vacuo, trituration with chloroform and crystal­
lization from a methanol-ether solution, 0.65 g. of the 
/3-alanate hydrochloride, m. p. 164-167° after crystalliza­
tion from a chloroform-acetone solution. Anal. Calcd. 
for CieHisChNC1*H20 : C, 56.2; H, 5.9; N, 4.1. Found: 
C, 55.8; H, 6.1; N, 4.1.

Preparation of the Sodium Salts of the Inorganic Esters 
of l-Acetoxy-2-methyl-4-naphthol.—Pyridine solutions of 
the acid halide and the naphthol (except that the naphthol 
was boiled ten minutes with a carbon tetrachloride solution 
of pyridine and chlorosulfonic acid in the preparation of 
the sulfate) were mixed (at 15-20° and 40°, respectively, 
in the preparation of the sodium phosphate and the thio- 
phosphate), the product was poured onto ice (except that 
in the preparation of the sulfate, solvent was decanted 
and the residue dissolved in 30 cc. of water), the mixture 
was neutralized with sodium carbonate and the pure 
sodium salt was isolated as described below.

(A) l-Acetoxy-2-methyl-4-naphthyl Sodium Sulfate.— 
The sodium carbonate solution of the product obtained 
from 3 g. of the naphthol and 1.5 cc. of chlorosulfonic 
acid was extracted with chloroform and added to an equal 
volume of saturated sodium chloride solution. The 
precipitated sulfate (3.6 g.) was recrystallized twice from 
water. Anal. Calcd. for CisHnSOeNa: C, 49.1; H, 
3.5; Na, 7.2. Found: C, 48.5; H, 3.6; Na, 7.3.

(B) l-Acetoxy-2-methyl-4-naphthyl Sodium Phos­
phate.—The sodium carbonate solution of the phosphate 
prepared from 20 g. of the naphthol and 13 cc. of phos­
phoryl chloride was evaporated to dryness in vacuo, the 
residue was extracted with hot butanol, the extract was 
concentrated to a sirup in vacuo, hot isopropyl alcohol was 
added and the deposited salt (31.5 g.) recrystallized from 
a butanol-isopropyl alcohol solution, gave 20 g. of the 
pure phosphate. Anal. Calcd. for Ci3Hii0 6PNa2*H20 : 
C, 43.6; H, 3.1. Found: C, 43.1; H, 3.5.

(C) 1 - Acetoxy-2-methyl-4-naphthyl Sodium Thio- 
phosphate.—The thiophosphate, prepared from 5 g. of 
the naphthol and 3.5 g. of thiophosphoryl chloride, was 
purified as the corresponding phosphate and gave 3 g. of 
pure compound. Anal. Calcd. for Ci3HiiSP0 3Na2*H2 0: 
C, 43.3; H, 4.1; S, 8.9. Found: C, 44.2; H, 4.8; 
S, 8.3.

Preparation of the Glycosides. (A) Glucosides.—
Solutions of a-glucose pentaacetate in acetic acid (60 cc. 
and 15 cc., respectively, in expts. I and III) were saturated 
with hydrogen bromide. After fifteen hours at room 
temperature in experiment I, but after two hours in 
experiment II, chloroform (200 cc. and 50 cc. in the re­
spective experiments) was added, the solutions were 
washed with ice-water, dried with calcium chloride and 
stirred twenty-four hours and seventeen hours, respec­
tively, with the naphthol, anhydrous potassium car­
bonate and reagent acetone. Solvent was distilled 
in vacuo from the filtered solutions, the residue was 
crystallized from methanol and was recrystallized from 
an acetone-methanol solution in experiment I .12 In 
experiment III the filtered solution of the acetylated glyco­
side was washed successively with 1 % sodium chloride

(12) The method of preparation of glycosides developed by Mont­
gom ery, Richtmyer and Hudson [T h is  J ournal , 64, 690 (1942)]
also gave the ace ta te . .

solution, 10% alkali containing a little sodium dithionite 
and with dilute acetic acid. Solvent was distilled in vacuo 
and the residual acetate was crystallized from ethanol.

(B) Maltosides.—In experiment II the solution of the 
maltose octaacetate in 260 cc. of acetic acid was added 
to a solution of 40 g. of hydrogen bromide in 120 cc. of 
acetic acid at 0° and, after thirty minutes, 200 cc. of 
chloroform was added, the mixture was extracted twice 
with ice-water and the dried solution was stirred for 
twenty-four hours with the naphthol, reagent acetone 
and anhydrous potassium carbonate. The filtered solu­
tion was washed successively with water, 2 % alkali, 
acetic acid and solvent was evaporated in vacuo. The 
residue (m. p. 175-177° with sintering at 140° after 
crystallization from methanol) was purified by crystalliza­
tion from a benzene-heptane solution. The acetylated 
bromomaltose used in experiment IV was prepared as 
described above from a solution of maltose octaacetate 
in 60 cc. of acetic acid and 26 cc. of acetic acid saturated 
with hydrogen bromide at 0 ° and the acetylated maltoside 
was purified by crystallization from ethanol.

(C) Deacetylations.—The acetylated glycosides were 
treated with hot sodium methylate solutions, the solutions 
were acidified with acetic acid, solvent was distilled 
in vacuo and the residual glycosides were purified in 
(la) by trituration with ethyl acetate followed by crystal­
lization from 75 cc. of water and separation from a methanol 
solution by dilution with ethyl acetate; (Ha) by tritura­
tion with ethyl acetate and crystallization from water; 
(Ilia) by trituration with chloroform (the insoluble 
product, 0.63 g., melted at 223-225°) and crystallization 
from 50% acetic acid; and (IVa) by crystallization from 
a butanol-ethyl acetate solution. The results are sum­
marized in Table II.

3-Methyl-1-tetralone.—A mixture of diethyl a-phenyl- 
j8-methylglutarate13 (70 g.), 400 cc. of concentrated sulfuric 
acid and 80 cc. of water was heated on the steam-bath 
for three hours, poured into 500 cc. of ice-water, the 
solidified precipitate was crystallized from a benzene- 
petroleum ether solution and gave 37.5 g. of 2-methyl-4- 
keto-l,2,3,4-tetrahydro-l-naphthoic acid, m. p. 107-110° 
after recrystallization from benzene. Anal. Calcd. for 
C12H12O3: C, 70.7; H, 5.9. Found: C, 70.8; H, 6.1.

A mixture of 46.5 g. of the naphthoic acid, 0.5 g. of 
cupric oxide and 47 g. of quinoline was heated seventy 
minutes at 200-215°, the cooled mixture was added to 
cold, dilute hydrochloric acid, extracted with petroleum 
ether, the extract was washed successively with dilute 
hydrochloric acid, alkali, acetic acid and, after removal 
of solvent, distilled to give 28.5 g. of 3-methyl-l-tetralone, 
b. p. 142-143° at 16 mm.; oxime, m. p. 121-122.5°.3

3-M ethyl-1 -naphthol. (a) From 2-Methyl-4-keto-l,2,3,
4-tetrahydro-1-naphthoic Acid.—The acid (3 g.) and 0.5 
g. of sulfur were heated to 255-265° for thirty minutes 
and, after addition of a small amount of copper oxide, 
the product was distilled at 1 mm. A benzene solution of 
the distillate was washed successively with sodium bi­
carbonate and alkali containing sodium dithionite. Upon 
acidification, the alkaline extract gave the naphthol 
which, after two crystallizations from a heptane-pe­
troleum ether solution, melted at 88-90°, resolidified and

(13) Connor and McClellan, J . Org. Chem., 3, 573 (1939)*
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Table II
Aceto- Ace- M eth - G lyco- ------------ — A nalyses, %
sugar, K 2CO 3, tone, A cetate, anol, N a , side, M . p ., F o u n d

E xp t. g. N ap h th o l G. g- cc. g. cc. mg. g- °C . C alcd. for C H C H
I 4 6 .5 1-A cetoxy-2-m ethyl- 21 60 180 17 .0 180-181 C 27H 30O12 59 .4 5 .5 5 9 .6 5 .8
la 4 -naph tho l 19 .0 190 120 9 .2 206-208 C 17H 20O7 6 0 .7 6 .0 6 0 .3 5 .5

6 0 .6 6 .9
II 7 6 .0 l-A cetoxy-2-m ethyl- 25 60 200 29 .5 183-184 C 39H 46O20 5 6 .2 5 .6 5 6 .3 6 .1
I la 4 -naph tho l 10 100 75 2 .7 145-150 C 23H 30O12. 53 .6 6 .2 5 3 .0 6 .3

H 2Ö 5 3 .2 6 .1
I I I 12 .0 3 -M e th y t-l-n ap h th o l 4 .2 15 50 1 .9 135-137 C 26H 28O10 61 .3 5 .8 6 1 .0 5 .6
I l i a 1 .0 10 10 0 .3 223-225 C 17H 20O6 63 .7 6 .3 6 3 .4 6 .1
IV 16 .0 3 -M ethy l-1 -naph tho l 4 .5 13 50 2 .9 152.5-154 C 37H 44O18 5 7 .3 5 .7 5 7 .2 5 .7
IV a 14.3 200 200 2 .8 175-178 C23H 30O11 57 .3 6 .3 5 7 .2 6 .8

In experiment Ila the maltoside at first appeared to be hydrated with no definite melting point and even after 
twenty-four hours in vacuo over potassium hydroxide the compound melted over a range of 5°. Deacetylation of 60.5 g. 
of l-acetoxy-2-methyl-4-naphthyl-/3-maltoside heptaacetate in an atmosphere of nitrogen, using 600 cc. of methanol and 
0.5 g. of sodium, gave 35 g. of crude maltoside, a portion (31.5 g.) of which was recrystallized from water and yielded 
29 g. of pure product.

melted at 92.5-93°.3 Anal. Calcd. for CnH10O: C, 83.5; 
H, 6.4. Found: C, 83.2; H, 6.6.

(b) From 3-M ethyl-1 -tetralone.—The tetralone (15 g.) 
was brominated in the usual manner, boiled with dimethyl­
aniline and gave 10.2 g. of the naphthol, m. p. 87-89°.

2-M ethyl-1 -naphthylamine.—A suspension of 40 g. of
l-nitro-2-methylnaphthalene14 in 160 cc. of methanol was 
reduced with Raney nickel at 1-3 atmospheres pressure, 
the filtered solutions of three similar preparations were 
combined, treated with 70 cc. of concentrated hydro­
chloric acid and yielded, after filtration and concentration, 
122 g. of the hydrochloride, m. p. 228-231° with de­
composition after crystallization from methanol.15 Anal. 
Calcd. for ChHi2NC1: C, 68.2; H, 6.3; N, 7.2; Cl, 18.3. 
Found: C, (1) 68.0, (2) 67.7; H, (1) 6.6, (2) 6.4; N,
(1) 7.7, (2) 8.1; Cl, (1) 20.0, (2) 19.7.

The amine hydrochloride (5 g.), treated with 7 cc. of 
acetic anhydride and 25 cc. of pyridine gave 3.8 g. of the 
acetamino derivative (m. p. 191-192° after crystallization 
from benzene.16 Anal. Calcd. for C13H13ON: C, 78.3; 
H, 6.6; N, 7.0. Found: C, (1) 78.1, (2) 78.2; H, (1)
6.6, (2) 6.1; N, (1) 7.2, (2) 7.2) and the same product 
was obtained by acetylating the free amine in chloroform 
solution.

N-(2-Methyl-1 -naphthyl)-gluconamide.—A mixture of 
3 g. of l-amino-2-methylnaphthalene, 3.5 g. of 5-glucono- 
lactone, 2 cc. of water and 4 cc. of acetic acid was heated 
at 100° in an atmosphere of nitrogen for eighteen hours. 
After dilution with chloroform and water, the precipitated 
product (3.4 g.) was filtered off and crystallized from 
50% acetic acid, m. p. 212-214°. Anal. Calcd. for 
Ci7H2i0 6N: C, 60.8; H, 6.3. Found: C, 60.3; H, 6.6.

1 -Amino-2-naphthylacetic Acid.—A mixture of 5.5 g. 
of l-nitro-2-naphthylacetic acid,16 75 cc. of methanol and 
10 cc. of 10% sodium hydroxide was hydrogenated in 
the usual manner with Raney nickel at room temperature. 
The filtered solution, diluted with 100 cc. of water and 
acidified with acetic acid, yielded 3.8 g. of the amine, 
m. p. 238-240° (with decomposition) after crystallization 
from methanol. Anal. Calcd. for Ci2Hn02N: C, 71.7;

(14) P repared  by  th e  m e thod  of F ierz-D avid  and  M an n h ard t, 
Helv. chim. acta, 20, 1027 (1937).

(15) Lesser [Ann., 402, 1 (1913)] gives a  value of ab o u t 230°, 
w ith decom position, for th e  hydrochloride  an d  188° for th e  ace ty la ted  
am ine.

(16) M ayer and  O ppenheim er, Ber., 49, 2110 (1916).

H, 5.6; N, 7.0. Found: C, (1) 71.8, (2) 72.0; H, (1)
5.7, (2) 5.6; N, (1) 6.9, (2) 7.0.

3-Methyl-l-naphthylamine Hydrochloride.—An agi­
tated mixture of 5 g. of 3-methyl-1-naphthol, 7.5 g. of 
ammonium sulfite, 7.5 cc. of 28% ammonia water and 15 
cc. of water was heated at 165° for sixteen hours. A 
benzene solution of the oily product was washed with 
10% alkali and water, treated with 50 cc. of 5% hydro­
chloric acid and yielded 4.7 g. of the amine hydrochloride, 
m. p. 265-267° after crystallization from 60% hot ethanol 
by addition of concentrated hydrochloric acid. Anal. 
Calcd. for ChHi2NC1: C, 68.2; H, 6.3; N, 7.2. Found: 
C, 68.3; H, 6.7; N, 8.0.

l,4-Diamino-2-methylnaphthalene. (a) From 2-Methyl-
I, 4-naphthohydroquinone.—The hydroquinone (7.8 g.), 
heated as above with 20 g. of ammonium sulfite, 20 cc. 
of 28% ammonia water and 40 cc. of water, gave an oily 
product which, treated as described above, yielded 5.5 g. 
of the diamine dihydrochloride (m. p. 287-290°; 299- 
301° after recrystallization from hot water by addition of 
concentrated hydrochloric acid. Anal. Calcd. for CnHi4- 
N2C12: C, 54.3; H, 5.8; N, 11.5. Found: C, 54.8; H, 
6.3; N, 11.2).

The diacetamino compound (0.8 g., prepared by heating 
a solution of 1 g. of the dihydrochloride in 10 cc. of water 
and 25 cc. of acetic acid with 3 cc. of acetic anhydride and 
1 g. of sodium acetate) melted at 306-308° and was 
identical with that prepared from the diamine obtained 
on reduction of the coupling product of diazotized sulfanilic 
acid and l-amino-2-methylnaphthalene as described below.

(b) From 4-(£-Sulfo-phenylazo)-l~amino-2-methylnaph- 
thalene.—A solution of 2.5 g. of the azo-derivative16 in 
40 cc. of 2.5% sodium hydroxide was reduced at 70° with
3.5 g. of sodium dithionite, 25 cc. of ethylene dichloride 
was added and concentration of the extract, followed by 
dilution with petroleum ether, yielded 0.7 g. of the di­
amine, m. p. 113-114° after crystallization from a benzene- 
petroleum ether solution.17 The dihydrochloride was 
obtained in a similar reduction by treating the ethylene 
dichloride extract with 5 cc. of concentrated hydrochloric 
acid, evaporating to dryness and crystallizing the residue 
from hot water by addition of concentrated hydrochloric

(17) Vesely an d  K ap p  [Rec. trav. chim ., 44, 360 (1925)] p rep a red
th is com pound by  reduction  of l-am in© -2-m ethy l-4 -n itronaph thalene
and gave th e  m . p . as  111-^113°.
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acid, m. p. 300-301°. Anal. Calcd. for C11H14N2CV: 
C, 54.3; H, 5.8; N, 11.5; Cl, 28.4. Found: C, (1) 54.4, 
(2) 54.7; H, (1) 5.9, (2) 6.1; N, (1) 11.1, (2) 11.2; Cl,
(1) 28.7, (2) 28.9. Similarly, a suspension of the azo- 
compound (3.5 g.) in 35 cc. of water was reduced with 5 g. 
of stannous chloride in 15 cc. of hot concentrated hydro­
chloric acid and gave 1.5 g. of the dihydrochloride, m. p. 
297-300* after crystallization from dilute hydrochloric 
acid.

The diamine (5 g.), treated with 15 cc. of acetic an­
hydride in 35 cc. of dioxane, deposited 7.2 g. of pure 1,4- 
diacetamino-2-methylnaphthalene (m. p. 308-309° after 
crystallization from an acetic acid-benzene solution. A nal. 
Calcd. for Ci6Hi6N20 2: C, 70.2; H, 6.3; N, 11.0. Found: 
C, (1) 70.2, (2) 70.0; H, (1) 6.4, (2) 6.4; N, (1) 11.0,
(2) 10.8).

(c) From 4-(£-Carboxyphenylazo)-1 -amino-2-methyl- 
naphthalene.—A solution of diazotized ^-aminobenzoic 
acid (prepared from 1.4 g. of the acid) was added at 2° 
to a solution of 1.6 g. of l-amino-2-methylnaphthalene in 
120 cc. of water and 1.5 cc. of concentrated sulfuric acid, 
the precipitated azo-compound was reduced in the usual 
manner with palladinized carbon and the filtered solution, 
after appropriate manipulations, deposited 0.8 g. of the 
diamine (m. p. 109-111°: 0.3 g. of impure material
separated from the filtrate).

l-Acetamino-2-methyl-4-aminonaphthalene.—A mix­
ture of 14.5 g. of l,4-diacetamino-2-methylnaphthalene, 
70 cc. of ethanol and 70 cc. of concentrated hydrochloric 
acid was boiled for three hours and, after several hours 
at 5°, the deposited hydrochloride (12.9 g.) was filtered 
off. A solution of 14.1 g. of the crude product in 350 cc. 
of hot water, basified with ammonium hydroxide, de­
posited the free amine which, crystallized from ethylene 
dichloride, gave 8 g. of l-acetamino-2-methyl-4-aminonaph- 
thalene (m. p. 190-191°. Anal. Calcd. for C13H14N2O4 : 
C, 72.8; H, 6.6; N, 13.1. Found: C, 73.1; H, 6.7; 
N, 13.1), identical with the product (0.99 g. Anal. Found: 
C, 72.9; H, 6.8; N, 13.3) obtained by reduction of 1.25 
g. of l-acetamino-2-methyl-4-nitronaphthalene17 in 25 cc. 
of ethanol with Raney nickel at room temperature.

N-( l-Acetamino-2-methyl-4-naphthyl)-succinamic Acid. 
(A) From N-( 1 -Amino-2 -methyl-4-naphthyl)-succinamic 
Acid.—A hot chloroform solution of 1 g. of 2-methyl-1,4- 
diaminonaphthalene was treated with 0.7 g. of succinic 
anhydride, the crude product (1.57 g.) was crystallized 
from ethanol and gave 1 g. of the pure succinamic acid, 
m. p. 192° with decomposition. Anal. Calcd. for 
Ci6Hi60 3N2: C, 66.2; H, 5.9; N, 10.3. Found: C, 66.4; 
H, 6.8; N, 10.6. The acetyl derivative, prepared from 
20 mg. of the acid, 1 cc. of acetic acid and 0.1 cc. of acetic 
anhydride, melted at 250° (with decomposition when fused 
in a block preheated to 240°), resolidified and then melted 
at 268-270°. Anal. Calcd. for CnHxsCWrHOAc: C, 
60.9; H, 5.9; N, 7.5. Found: C, 60.8; H, 5.6; N, 7.8.

(b) From l-Acetamino-2-methyl-4-naphthylamine.—A 
hot dioxane solution of 3 g. of the amine and 1.6 g. of 
succinic anhydride gave 2.7 g. of the succinamic acid, m. p. 
245°. After recrystallization from acetic acid the com­
pound melted at 250°, resolidified and melted at 269-271° 
(the melting point was not depressed by addition of the 
acetate prepared as above described). Anal. Calcd.

for C17H18O4N2 HOAC: C, 60.9; H, 5.9; N, 7.5. Found: 
C, 61.2; H, 5.8; N, (1) 7.8, (2) 7.8. When dried at 
100° and 1 mm. over potassium hydroxide, the compound 
lost the acetic acid of crystallization. Anal. Calcd. for 
C17H18O4N2: C, 65.0; H, 5.8; N, 8.9. Found: C, 64.8; 
H, 6.2; N, 8.9.

2-Chloromethyl-l,4-dimethoxynaphthalene.—Dimeth- 
oxynaphthalene18 (73 g.) was dissolved in a warm solution 
of 80 cc. of monochloromethyl ether in 200 cc. of acetic 
acid and, after fifteen hours at 25°, water was added and 
the mixture extracted with benzene. The extract was 
washed with sodium bicarbonate, solvent was distilled 
from the dried, filtered solution, the residue was extracted 
with petroleum ether, the solution was treated with active 
carbon, filtered and solvent was distilled in vacuo. The 
residue was distilled (1 mm.; bath temperature 180- 
190°) and the crystalline distillate (56.5 g.), crystallized 
from petroleum ether, gave 50.5 g. of the pure product, 
m. p. 62-63°. The product from a similar preparation 
was analyzed. Anal. Calcd. for Ci3H130 2Cl: C, 65.9; 
H, 5.4. Found: C, 66.2; H, 5.8.

2-M ethyl-1,4-naphthoquinone-co-potassium Sulfonate.— 
An agitated mixture of 5 g. of 2-chloromethyl-1,4-dimeth- 
oxynaphthalene, 15 cc. of methanol and a solution of 3.8 
g. of sulfur dioxide in 7 cc. of 28% ammonia water and 15 
cc. of water was heated at 135° for sixteen hours. After 
extraction with chloroform, the aqueous solution was 
diluted with 10 g. of potassium chloride in 30 cc. of water 
and the deposited salt, reprecipitated from 20 cc. of warm 
water by addition of 5 g. of potassium chloride in 15 cc. 
of water, yielded 1.1 g. of impure potassium sulfonate. 
Anal. Calcd. for Ci3H13S05K: K, 12.2. Found: K,
15.4.

A solution of 1 g. of the impure potassium salt in 5 cc. 
of water, treated with a solution of 2.4 g. of potassium 
dichromate and 2.4 cc. of concentrated sulfuric acid in
15 cc. of water, gave, after fifteen minutes at 90-100°, 
a solution which, diluted with 4 g. of potassium chloride 
in 15 cc. of water and cooled to 5° for four hours, yielded 
0.46 g. of the quinone sulfonate. The salt was further 
purified by recrystallization from acidulated water. Anal. 
Calcd. for C11H 7SO5K: K, 13.5. Found: K, 13.0.

The S-benzylthiuronium salt, crystallized from 50% 
ethanol, melted at 182-183° with decomposition. Anal. 
Calcd. for C19H18N2S2O5: C, 54.5; H,4.3; N, 6.7. Found: 
C, 54.4; H, 4.2; N, 7.1.

a>-bis-( 1,4-Dimethoxy-2-methylnaphthalene) - disulfide. 
—A solution of 10 g. of potassium hydroxide in 150 
cc. of absolute ethanol was saturated with hydrogen 
sulfide and boiled for ninety minutes with a suspension of
18.8 g. of l,4-dimethoxy-2-chloromethylnaphthalene in 
100 cc. of absolute ethanol, the diluted mixture was 
acidified, the separated oil dissolved in ether and the 
solution was extracted with 10% alkali. The diluted, 
cold extract was shaken with chloroform containing 25 g. * 16

(18) P repa red  in  91%  yield by  add ing  (in a n itrogen  atm osphere) 
40 cc. of d im e thy l su lfa te  to  th e  m ix ture  form ed by  hydrogenating
16 g. of 1 ,4 -naphthoquinone in  50 cc. of m ethanol, th en  adding  
a  so lution of 48 g. of po tassium  hydroxide in  100 cc. of w ater during  
th ir ty  m inu tes and , a fte r forty-five m inu tes a t  th e  tem p era tu re  of the  
s team -bath , p rec ip ita tin g  th e  p ro d u c t by  add ition  of w ater. A fter 
recrystalliza tion  from  e thano l, th e  e th e r (17.3 g.) m elted a t  86 - 
87.5°. Sah [Ret, trav. chim ., 89, 1029 (1941)3 repo rted  a yield of 
58%  and  a  m. p . of 85°.
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of iodine, the chloroform solution was then washed with 
sodium bisulfite, evaporated to dryness in vacuo and the 
residue, crystallized from heptane-ether solution, yielded
11.2 g. of pure disulfide, m. p. 116-117°. Anal. Calcd. 
for C26H260 4S2: C, 66.9; H, 5.6. Found: C, 66.5;
H, 5.8.

Concentration of the filtrate yielded 0.5 g. more of the 
disulfide and 0.4 g. was obtained from the original ether 
solution of the sulfhydryl compound.

In another preparation, a mixture of 48 g. of 2-chloro- 
methyl-l,4-dimethoxynaphthalene, 15.5 g. of thiourea 
and 150 cc. of ethanol was boiled for two hours, a solution

Expt.

1
2

3

4
5

6

7

8
9

10

11

12

13

14

15

16

17
18
19
20 
21 
22
23

24
25
26
27

28

29
30

T a b l e  III
A ctive a t

C om pound m icrogram s

2-Methyl-1,4-naphthoquinone 1
2-Methyl-1,4-naphthoquinone-co-

potassium sulfonate > 50
2-Methyl-3-hydroxy-l,4-naphtho-

quinone-co-potassium sulfonate >50
2-Methyl-1,4-naphthohydroquinone 1
2-Methyl-1,4-naphthohydroquinone-

foVhydrogen glutarate 10
2-Methyl-1,4-naphthohy droquinone-

N-trimethylglycinate chloride 12
l-Hydroxy-2-methyl-4-naphthyl-/3-

glucoside 3
1-Hy droxy-2-methy 1-4-naphthyl- j8- 

maltoside 5
l-Acetoxy-2-methyl-4-naphthol 2
l-Acetoxy-2-methyl-4-naphthyl- 

hydrogen succinate 3
l-Acetoxy-2-methyl-4-naphthyl- 

hydrogen glutarate 4
1 - Acetoxy-2-methyl-4-naphthyl-N - 

trimethylglycinate chloride 4
l-Acetoxy-2-methyl-4maphthyl-/3- 

alanate hydrochloride 4
l-Acetoxy-2-methyl-4-naphthyl-

sodium sulfonate 6
1- Acetoxy-2-methyl-4-naphthyl-

sodium phosphate 4
1 - Ace t oxy-2-methyl-4-naphthyl-

sodium thiophosphate 10
2- Methyl-1-naphthol 5
2- Piperidinome thyl-1 -naphthol > 50
3- Methyl-1-naphthol 5
3-Methyl-1-naphthyl-/3-glucoside 10
3-Methyl-1 -naphthyl-/3-maltoside 20
3-Methyl-l-naphthyl hydrogensuccinate 10
2-Methyl-1-naphthylamine hydro­

chloride 50
l-Acetamino-2-methylnaphthalene >50
N-(2-Methyl-1-naphthyl)-gluconamide > 50 
l-Amino-2-naphthylacetic acid >200
1- Amino-3-methylnaphthalene hydro­

chloride >25
2- Methyl-1,4-diaminonaphthalene

dihydrochloride 3
1 - Acetamino-4-aminonaphthalene > 50
N- (1 - Amino-2-met hy 1-4 -n aph t hyl) -

succinamic acid >50

of 12 g. of sodium hydroxide in 120 cc. of water was added 
and the mixture boiled two hours longer. On acidifica­
tion, the diluted product yielded the oily sulfhydryl 
derivative which, dissolved in chloroform, was treated 
with 20 g. of sodium hydroxide in 200 cc. of water, ice and 
40 g. of iodine, unchanged iodine was removed with sodium 
bisulfite, the chloroform solution was evaporated in  vacuo 
and the residue, crystallized from a heptane-ether solution, 
yielded 35.5 g. of the disulfide, m. p. 115-116°.

2-M ethyl-3-hy droxy-1,4-naphthoquinone-co-potassium 
Sulfonate.—A suspension of 5 g. of 5A-ce-( 1,4-dim ethoxy- 
2-methylnaphthalene)-disulfide in 25 cc. of 30% hydrogen 
peroxide and 125 cc. of acetic acid was stirred ten hours at 
room temperature, the resulting solution was evaporated 
to dryness in  vacuo, the residue dissolved in water, the 
solution washed with chloroform and the product crystal­
lized by adding a solution of 10 g. of potassium chloride 
in 25 cc. of water. After two similar recrystallizations 
from acidulated potassium chloride solution, the crude 
product (2.05 g.) gave the pure salt. A nal. Calcd. for 
CuHkSOeK: K, 12.8. Found: K, 12.5.

Titration19 of the potassium salt showed the presence of 
an acidic group with a p K  of 4.65; phthiocol, the corre­
sponding 3-hydroxyquinone, has a value of 4.5.

A solution of 0.48 g. of the potassium salt in 15 cc. of 
cold water containing a drop of concentrated hydrochloric 
acid was treated with 0.4 g. of S-benzylthiuronium chloride 
in 5 cc. of water and the precipitated product, recrystallized 
from ethanol, gave the pure S-benzylthiuronium salt, 
m. p. 200-201° with decomposition. Anal. Calcd. for 
Ci9Hi806N2S2: C, 52.5; H, 4.2; N, 6.5. Found: C, 
52.4; H, 4.4; N, 6.7.

Bioassays.—Day-old chicks were used for these tests 
made by Drs. L. W. McElroy and J. J. Oleson as described 
previously.1 In experiments 5, 6, 16 and 22 only 30, 
36, 73 and 69%, respectively, of the chicks showed a 
clotting time of less than fifteen minutes. The results 
are summarized in Table III.

Summary
1. The compounds prepared by partial esteri­

fication of polycarboxylic acids with 2-methyl-
1,4-naphthohydroquinone and its derivatives, es­
ters of l-acetoxy-2-methyl-4-naphthol formed 
with succinic and glutaric acids, the Ws-hydrogen 
glutarate of 2-methyl-1,4-naphthohydroquinone, 
the hydrogen succinate of 3-methyl-1-naphthol, 
1 -acetoxy-2-methyl-4-naphthyl-/?-alanate hydro­
chloride, the N-trimethylglycinate chloride and 
the corresponding diammonium salt were all hy­
drolyzed in warm aqueous solution.

2. Esters of l-acetoxy-2-methyl-4-naphthol 
formed with sulfuric, phosphoric and thiophos- 
phoric acids (showing activities of 35, 50 and 20%, 
respectively, of that of 2-methyl-1,4-naphthoqui­
none) were stable in hot solution as were the mono- 
glucoside and the maltoside of 2-methyl-1,4-naph-

(19) T h e  de term ina tion  was m ade by D r. T . H. D avies of th is  
Laboratory.
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thohydroquinone (activities about 66% of that 
of 2-methyl-1,4-naphthoquinone) in the absence 
of oxygen. The corresponding glycosides of
3-methyl-1-naphthol gave complete response 
in minimum concentrations of 10 and 20 micro­
grams. The active 1-amino- and 1,4-diamino- 
derivatives of 2-methylnaphthalene were almost 
inactivated by conversion to the monoacetyl 
derivatives and these compounds as well as N- 
(2-methyl-1 -naphthyl) -gluconamide and N- (1 - 
amino-2-m ethyl-4-naphthyl) -succinamic acid were 
inapplicable.

3. An improved method for the preparation of

3-methyl-1-naphthol and 3-methyl-1-tetralone is 
described.

4. The structures of the esters of acetoxy-2- 
methylnaphthol and of the succinamic acid of
1,4-diamino-2-methylnaphthalene were estab- 
ished. From these orientation determinations 
structures of the new compounds examined for 
antihemorrhagic activity were ascertained. Sub­
stituents in the methyl of 2-methylnaphthalene 
lower the activity of the derivatives as compared 
with the parent quinone; 3-methyl-1,4-dihy- 
droxyisoquinoline was inactive.
P e a r l  R i v e r , N. Y. R e c e i v e d  J u l y  8, 1942

[C o n t r i b u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r y  o f  H a r v a r d  U n i v e r s i t y ]

Heats of Organic Reactions. XIV. The Digestion of 0-Lactoglobulin by Pepsin
B y Gotfred H augaard and R ichard M. R oberts

It is the aim of the experiments described here 
to apply calorimetry to the study of proteolytic 
processes. During the hydrolysis of a protein 
peptide bonds adjacent to many different types 
of side-chains are broken, and the peptides and 
amino acids formed have widely different ioni­
zation properties. The thermochemistry of the 
process is thus of such complexity that it is scarcely 
to be hoped that measurement of the net heat 
evolution would yield results of thermodynamic 
significance. We proposed, therefore, to use the 
calorimeter as an indicator, and to supplement 
the thermal measurements by simultaneous 
chemical determinations.

Acid or alkali have two drawbacks as hydrolytic 
catalysts for our purposes. The high tempera­
ture required for a reasonable rate of reaction is 
impractical for calorimetric work. Furthermore, 
acid and alkali are relatively unspecific in their 
attack of peptide bonds. Enzymatic catalysis 
eliminates both of these difficulties. The reaction 
can be carried out near room temperature. Pro­
teolytic enzymes are specific in their action; each 
enzyme attacks only a few types of peptide bonds, 
so that a smaller number of processes is involved 
in the reaction.

Crystalline /3-lactoglobulin was chosen as the 
substrate for the present work. This protein is 
easily prepared in a salt-free condition, contains no 
lipid or carbohydrate, and is homogeneous in the 
ultracentrifuge and electrophoresis cell.

Experimental Procedure
The enzyme selected was crystalline pepsin, which has a 

pH  optimum around 1.5. In this case the buffering power 
of hydrochloric acid is sufficient to maintain constant pH. 
Complication of the heat evolution in an unknown manner 
by ionization effects, as would be the case for other en­
zymes requiring solutions buffered near neutrality, is thus 
avoided.

Enzyme and substrate solutions were made up in suffi­
cient quantity for two simultaneous digestions to be made, 
one in the calorimeter, to measure heat evolution, and the 
other separately in a thermostat at the same tempera­
ture, using the same proportions of enzyme and substrate 
solutions in both digestions. Samples of the latter digest 
were removed at frequent intervals for determination of the 
following quantities: amino nitrogen, nitrogen not pre- 
cipitable by trichloroacetic acid, and nitrogen dialyzable 
through cellophane.

Lactoglobulin.—Crystalline /3-lactoglobulin was pre­
pared from raw, skim milk by a modification of the original 
procedure suggested to one of the authors by Dr. A. H. 
Palmer.1 After removal of the casein by coagulation at 
pH  4.5, the pH  of the whey was readjusted to 6.0-7.0. 
The less soluble whey proteins are first precipitated by 
addition of solid ammonia sulfate to half saturation.2 
Solid ammonium sulfate was added to the filtrate from this 
first precipitate to 80-85% saturation. This second pre­
cipitate was redissolved in a minimum amount of water, 
adjusted to pH  6.0-6.5, and the subsequent dialysis and 
crystallization were carried out in the manner described 
in Palmer’s article cited above.

The crystalline /3-lactoglobulin so obtained was re­
crystallized as follows. The crystals were suspended in 
water and dissolved by addition of the minimum amount

(1) Palm er, J . Biol. Chem., 104, 351 (1934).
(2) See, in  th is  connection, M . and  S. P . L. Sorensen, Compt. 

rend. trav. lab. Carlsberg. Sêr. chim., 23, 61 (1939).
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of 0.1 N  alkali, filtered and readjusted to pH  5.2 with 0.1 
N  hydrochloric acid. After seeding, the solution was al­
lowed to stand at room temperature for three to four hours, 
and then left in the refrigerator for one to two days. 
The crystals were filtered on a Büchner filter, dried 
over calcium chloride, and then ground to a powder in a 
mortar. The powder was dried over phosphorus pent­
oxide, and was stored in a tightly stoppered bottle in the 
refrigerator. It is our experience that /3-lactoglobulin, 
treated in this way, can be kept for years without losing 
its ability to crystallize, and upon dissolving in salt solu­
tion leaves behind only a trace of insoluble material.

To make solutions of /3-lactoglobulin, the dry powder 
was dissolved in weak potassium chloride solution. The 
faintly cloudy solution was clarified by filtration. The 
filtrate was diluted so as to contain about 3 mg. N/cc. and 
be 0.15 N  in electrolyte. Lactoglobulin solutions appear 
to keep well in the cold for at least two weeks, but in the 
present work the solutions were always used one to two 
days after preparation.

Preliminary work showed that /3-lactoglobulin is made 
very much more digestible by pepsin at pH  1.5 by previ­
ous exposure to pH  11. It was found that denaturation 
of /3-lactoglobulin occurs slowly at pH  9.5, and that the 
rate increases with the pH. The protein is completely in­
soluble at pH  5.2 after exposure to pH  11 for a few minutes. 
On the other hand, /3-lactoglobulin appeared to be stable 
at fairly low acid pH. After exposure to pH  1.5 for four 
hours no precipitate formed upon titration to pH  5.2. We 
therefore assumed that the protein was unaltered by pH  
1.5. Subsequent work proved that this assumption was 
false. Samples of the digest of native protein were ad­
justed to pH  6-7 and dialyzed as described below. After 
the prolonged dialysis the contents of the bags were 
brought to pH  5.2 and seeded with a few crystals of /3- 
lactoglobulin. Some amorphous precipitate settled out 
on standing, but no sample showed any evidence of forma­
tion of new crystals. In order to decide whether the pep­
sin or the acid was responsible for destroying the ability 
of the protein to crystallize, a control experiment without 
the pepsin was carried out. A solution of native protein 
at pH  5.2 was brought to pH  1.5 with 0.27 N  hydro­
chloric acid. Samples were removed at frequent intervals, 
starting at five minutes, were adjusted to pH  6-7 with 
0.28 N  potassium hydroxide, and dialyzed as before. A 
sample of the native protein solution at pH  5.2 was dialyzed 
under the same conditions. After dialyzing with frequent 
changes of water for ten days, all samples were brought to 
pH  5.2 and seeded. Only amorphous material was found 
in the samples which had been exposed to pH  1.5. The 
sample of native protein solution untreated with acid con­
tained only /3-lactoglobulin crystals. That the denatura­
tion was not caused by the alkali during back titration of 
the acid-treated protein to pH  6-7 is proved by the fact 
that native /3-lactoglobulin at pH  5.2 can be recrystallized 
without loss after titration with 0.28 N  potassium hydrox­
ide to pH  9.5.

Exposure to pH  1.5 for only five minutes, therefore, de­
stroys the ability of lactoglobulin to crystallize. When the 
protein has been thus treated with acid, it must be re­
garded as a different substance, although its complete 
solubility at pH  5.2 makes it appear likely that less altera­

tion of the molecule has occurred than in the case of the 
protein treated with alkali at pH  11.

In order to avoid circumlocution in what follows, 
“denatured protein” and “native protein” will refer to the 
previous history of the protein before adjusting it to pH
1.5 for peptic digestion.

Pepsin.—Crystalline pepsin was prepared from Cudahy 
Spongy Pepsin 1:10,000 and recrystallized once by the 
method outlined by Northrop.3 The pepsin crystals were 
stored in the cold under saturated magnesium sulfate 
solution. About one-third of the weight of the crystalline 
paste was protein.

Pepsin solutions to be used in the digestions were made 
in the following way. The crystalline paste was suspended 
in water and dialyzed for two days against water acidified 
to pH  4.5 until most of the sulfate was removed. A 
measured quantity of potassium chloride solution was then 
added to the suspension, which was kept at 30-35° for an 
hour or two to hasten solution. T'he solution was filtered 
and diluted so as to be 0.15 N  in potassium chloride and 
contain about 0.7 mg. N/cc. Pepsin solutions were 
stored in the cold under toluene and were always used 
within one day after preparation.

Determination of Amino Nitrogen.—The increase in 
amino nitrogen during the digestions was measured by the 
manometric method of Van Slyke.4 The saturated solu­
tion of sodium nitrite used contained 10 g. of potassium 
iodide per liter.

Deamination of /3-lactoglobulin for five minutes in the 
Van Slyke apparatus yields 25.5 equivalents of amino 
nitrogen per mole; in ninety minutes, 36.1 equivalents per 
mole are produced,5 part of which is accounted for by the 
29 lysine residues found by analysis. This large evolution 
of non-a:-amino nitrogen in the time interval (three to four 
minutes) required for complete deamination of the «- 
amino groups leads to a high initial point for the digestion. 
Thus in order to obtain reproducible and comparable re­
sults the time of reaction in the Van Slyke apparatus must 
always be strictly the same at a given temperature. At 
the time these experiments were performed the authors 
were not fully aware of the fact that the lysine content of 
/3-lactoglobulin is so large. It is possible that somewhat 
greater precision could have been obtained if longer re­
action periods had been used, so that slight variations in 
time interval would give a less variable evolution of non-ot- 
amino nitrogen.

Trichloroacetic Acid.—Of the many reagents used to 
precipitate proteins, trichloroacetic acid has the reputation 
of precipitating the least amount of polypeptide from a 
mixture of protein and its degradation products. We have 
tried several of the current recipes for using this reagent 
and found them unsatisfactory. The procedure we have 
used was finally standardized as follows. A given volume 
of a protein solution containing enough protein nitrogen 
to enable one to make a precise Kjeldahl analysis was 
mixed with an equal volume of a solution containing 20% 
by weight of trichloroacetic acid, both solutions being at 
room temperature. The mixture was allowed to stand at

(3) N orth rop , "C ry sta llin e  E nzym es,” C olum bia U niv. Press, 
New Y ork, N . Y ., 1939, p. 129.

(4) P e ters  an d  V an Slyke, "Q u a n tita tiv e  C linical C h em istry ,” 
vol. I I ,  p. 385 (1932).

(5) C annan, P a lm er and K ibrick , J . Biol. Chem., 142 ,803 (1942).
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room temperature for twelve to fifteen hours with fre­
quent shaking. The shaking reduces the amount of non­
protein nitrogen carried down by the precipitate. At the 
end of this period, the mixture is filtered and washed three 
times on the filter with small portions of 10% trichloro­
acetic acid. After filtration the filter paper containing the 
precipitate is placed in a Kjeldahl flask for determination 
of nitrogen. The success of this procedure is to be judged 
by the fact that both native and alkali-denatured 0- 
lactoglobulin can be precipitated from solutions containing 
0-80% of the total nitrogen in the form of peptic digestion 
products, without carrying down considerable amount of 
non-protein nitrogen, as shown in the case of denatured 
0-lactoglobulin in Table I.

T a b l e  I
D e n a t u r e d  0 - L a c t o g l o b u l in

% o f
digestion
p roducts

P ro tein  N  
per cc. 

found , mg.

P ro tein  N  
per cc. 

calcd., mg.
0 2.46 2.46

18 1.98 1.97
36 1.49 1.48
56 1.03 0.99
77 0.54 .49

Further confirmation of the exactness of the trichloro­
acetic acid procedure is found in the excellent agreement 
between the trichloroacetic acid results and those from the 
dialysis experiments described below.

Dialysis Experiments.—The dialysis experiments made 
on samples of the digests in Runs A and B were performed 
in slightly different ways. In the case of Run B we wished 
to attempt to crystallize the unattacked protein, and for 
this reason could not use heat-treated protein for the dialy­
sis.

Run A.—-Twenty cc. of the heat-treated digest samples 
was dialyzed in Visking cellophane bags against 200 cc. 
of distilled water for ten days in the refrigerator. A little 
toluene was added to the dialyzate.

Run B.—Twenty-five cc. of the digest was brought to 
pH  6-7 with about 15 cc. of potassium hydroxide solution 
and dialyzed against 200 cc. of water for ten days as above.

At the end of ten days the dialyzates were removed and 
concentrated to about 50 cc. by vacuum distillation at 40°. 
Determinations of amino and total nitrogen were made on 
the concentrated solutions.

In order to measure the extent to which dialyzable nitro­
gen had been removed from the bags during the ten-day 
dialysis, and compare the undialyzable nitrogen with that 
precipitable by trichloroacetic acid, the dialysis was con­
tinued in the case of A for thirteen days and in the case of 
B for seven days longer, this time against frequently 
changed water. The dialyzates obtained during this 
period were evaporated on the steam-bath, and the total 
nitrogen was determined in each.

The Digestions.—A series of digestion experiments with 
both native and denatured lactoglobulin were carried out, 
using the same procedure in each case for heat evolution, 
trichloroacetic acid, and amino nitrogen determinations. 
The results of these experiments were consistent. All the 
digestions were carried out at 30 =*= 0.1°. For the sake of 
brevity data from only the last pair, in which dialysis ex­
periments were also performed, will be presented here.

Rim A: Denatured Protein.—To 750 g. of /S-lactoglobu- 
lin solution (pH  5.15, approx. 2.9 mg. N/cc.) was added 
0.28 N  potassium hydroxide with stirring until pH  11.10 
was reached. As judged by completeness of precipitation 
at pH  5.2 upon back titration, denaturation is complete 
after standing a few minutes at pH  11. The solution 
was allowed to stand for one hour at room temperature. 
At the end of this time the pH  was 10.85. 0.27 N  hydro­
chloric acid and water were added until the final weight of 
the solution was 1390 g. and the pH  was 1.52; 840 g. 
was placed in the larger compartment of the calorimeter; 
500 g. was used for the simultaneous digestion and 50 g. 
for initial point determinations. This solution was 0.15 
N  in electrolyte.

To 35.0 cc. of pepsin stock solution (0.67 mg. N/cc.) 
was added 0.27 N  hydrochloric acid, water, and 2 N  potas­
sium chloride solution to make a final weight of 134 g., with 
a pH  1.50, 0.15 N  in electrolyte; 62 g. was placed in the 
smaller compartment of the calorimeter, 37 g. was used 
for the simultaneous digestion and 35 g. for initial point 
determinations.

Run B: Native Lactoglobulin.—To 749 g. of native 
0-lactoglobulin solution (pH  5.13, approx. 3.1 mg. N/cc.) 
0.27 N  hydrochloric acid, water, and 2 N  potassium chlo­
ride solution were added in such quantity that the final 
weight was 1390 g., electrolyte normality 0.15, and pH  
1.50. The same quantities as before were used for the 
calorimeter, concurrent digestion, and initial point.

To 95 g. of pepsin solution (0.784 mg. N/cc.) water and 
0.27 N  hydrochloric acid were added in such quantity that 
the final weight was 134 g., electrolyte normality 0.15, 
pH  1.48. The enzyme solution was divided into 62-g., 
37-g., and 35-g. portions as in A.

Before making the concurrent digestion outside the calo­
rimeter the enzyme and substrate solutions were allowed 
to come to the proper temperature in a thermostat, and 
were quickly mixed by pouring back and forth from one 
vessel to the other, then replaced in the thermostat. 
Sampling of the digest was done as follows. About 25 cc. 
was quickly removed, placed in an Erlenmeyer flask, 
stoppered tightly with a rubber stopper, and swirled in a 
water-bath at 80° for five minutes. Only a slight cloudi­
ness resulted from this treatment. The sample was stored 
under toluene in the cold, and the several determinations 
were made as soon as possible. This method of killing the 
enzyme appears to cause no further hydrolysis of protein. 
We found no increase in amino nitrogen when lactoglobu­
lin and pepsin were separately treated in this way.6

The Calorimeter.—The calorimeter and its operation 
have been described previously.7 The calorimeter is di­
vided into two compartments holding the liquids to be 
mixed; into one was placed 62 cc. of pepsin solution, and 
into the other 840 cc. of lactoglobulin solution. The 
calorimeter was brought to a low thermal head by elec­
trical heating, and after waiting for thermal equilibrium 
to be reached, the enzyme and substrate were mixed and 
readings on the main thermel were made at frequent inter-

(6) L. M iller, J .  Biol. Chem., 109, Ixvi (1935), has found no fu rther 
hydrolysis w hen pep tic  digests of lac ta lbum in  were inac tiv a ted  by 
heating five m inutes a t  80-85°.

(7) Conn, K istiakow sky an d  R oberts, T his Journal, 62, 1895
(1940) ; C onn, Gregg, K istiakow sky an d  R oberts, ibid., 63, 2080
(1941) .
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vals over a period of three hours. Several non­
stirring periods were interspersed through the run 
to determine the heat of stirring, which we found 
did not change appreciably during the calorimet­
ric runs.

Blank runs were made in the calorimeter to 
determine whether native or denatured lacto­
globulin or pepsin evolved heat when exposed 
to pH  1.5.

1. Native Lactoglobulin.—Native lactoglob­
ulin was brought to pH  1.5, and 900 cc. was 
placed in the calorimeter; 0.75 mg. N/cc.

2. Denatured Lactoglobulin.—Native lacto­
globulin was exposed to pH  11.1 for one hour, 
then brought to pH  1.5; 900 cc. was placed in 
the calorimeter; 0.76 mg. N/cc.

3. Pepsin.—900 cc. of pepsin solution at pH  
1.5, 0.15 N  in potassium chloride, was placed 
in the calorimeter; 0.024 mg. N/cc.

No heat evolution could be detected in any 
case. There was no increase in amino nitrogen 
in 1 or 2 after standing for two hours at pH  1.5, 
showing that no hydrolysis by acid occurred.

Heats of dilution of pepsin and lactoglobulin 
solutions used in the digestions were negligible.

Experimental Results
The experimental results of Runs A 

and B are compiled in Tables II and III.
In Fig. 1 the experimental values for the 
increase in a-amino nitrogen are plotted 
against the increase in nitrogen not pre- 
cipitable by trichloroacetic acid. The 
points lie on straight lines of different 
slopes. Thus as the digestion proceeds 
the increase in amino nitrogen is propor­
tional to the increase in nitrogen not pre~ 
cipitable by trichloroacetic acid. The 
data of Tables II and III (except the di­
alysis results) are plotted in Figs. 2 and 3.
The curves for amino nitrogen have been 
smoothed by taking values from the 
straight lines of Fig. 1.

The total non-dialyzable nitrogen and 
the nitrogen precipitated by trichloroacetic acid 
were found to be identical in amount, as seen from 
Tables II and III. Further tests showed that 
the concentrated dialyzates gave no precipitate 
with trichloroacetic acid, and the amino nitrogen 
content of the solutions in the dialysis bags after 
exhaustive dialysis was the same as that of undi­
gested protein.

Referring to Tables II and III one can see that 
the ratio of amino to total nitrogen in the dialy­
zates is unchanged as the digestion proceeds. 
The amino nitrogen content of the dialyzates is

T a b l e  I I

R u n  A: D e n a t u r e d  /3-La c t o g l o b u l in

Tim e,
min.

Amino N , 
m g./cc .

N
precip. 
by  tri- 
chlor. 
acid, 

m g./cc .

N on-
d ialyz­

able
N

m g./cc .

D ialysis-
D ia ly ­

zate
Am ino N  
T o ta l N

In n e r  
so lu tion  

A m ino N  
T o ta l N

H eat, 
evolu­
tion , 

cal. per 
902 cc. of 
d igest.

0 0.056 1.39
5.5 .127 0.77 0.84 6.99

15.25 .145 .69 .64 0.146 0.035 9.50
30 .149 .57 .52 .170 11.37
45 .158 .46 .43 .145 12.52
60 .159 .42 .43 .166 13.88
90 .174 .32 .30 .155 16.66

120 .178 .26 .24 .148 19.09
150 .190 .24 .21 .144 21.21
180 .191 .21 23.10
210 24.85
244 . 196 .18 .2 0 .154

Average .153

T a b l e  I I I

R u n  B :  N a t iv e  /3-La c t o g l o b u l in

Tim e,
min.

Amino N , 
m g./cc .

N
precip. 
by  tri-  
chlor. 
acid, 

m g./cc .

N on-
dialyz­

able
N ,

m g./cc.

— D ialysis—
D ialy ­
zate

Am ino N  
T o ta l N

In n e r 
so lu tion  
A m ino N  
T o ta l N

H ea t 
evolu­

tio n  
cal. per 

902 cc. of 
digest.

0 0.056 1.41
5.5 .082 1.23 0.48

10 .77
14
15
16.75 .081 1.19 1.16

0.197 0.0406
1.02

30 .088 1.16 1.25 .229 .0422 1.73
45 2.52
60 .100 1.10 1.17 .211 3.09
90 4.21
97 .108 1.06 1.05 .212 4.43

120 .116 1.05 5.10
150 5.93
189 .111 0.99 1.06 .218 .0425
195 7.02
480 .123 .95

1243 .191 .71 0.75 .212
2800 .227 .39 .42 .218
9 days .329 .086

Average .214 .0418

easily seen to be in agreement with the slopes of 
the lines in Fig. 1. Native and denatured lacto­
globulin both yield 4.3% of the total nitrogen as 
amino nitrogen in the standard reaction time for 
«-amino determination. The amino nitrogen 
found in the dialyzates will therefore be the sum 
of the amino nitrogen originally available and the 
«-amino nitrogen formed by hydrolysis. On the 
other hand the slopes of the lines of Fig. 1 take 
into account only the increase in «-amino nitro­
gen due to hydrolysis. Hence

Slope of line «= (amino N/total N) dial. — 0.04
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Substituting the experimental values
A. slope = 0.11, (amino N/total N) dial. = 0.15
B. slope = 0.17, (amino N/total N) dial. = 0.21

one finds that this relation is satisfied for both 
runs.

0.5 1.0 1.5
Fig. 1.—Increase in nitrogen not precipitable by trichloro­

acetic acid, mg. N/cc.

By applying the technique of solubility deter­
minations it will probably be possible to improve 
the determinations of nitrogen precipitable by 
trichloroacetic acid, and the amino nitrogen de­
terminations can, as previously mentioned, also 
be improved by using a longer reaction time. In 
this case the determinations in question may give 
figures of constitutional significance, especially 
when the specificity of the pepsin action is better 
known.

The amino nitrogen content of the dialyzates 
and of the inner solutions can be used to analyze 
the trichloroacetic acid and amino nitrogen data 
and confirm in a convincing way the existence of 
two fractions in the digests, whose amino nitrogen 
contents are independent of time. The trichloro­
acetic acid and amino nitrogen values in columns 
A and C of Table IV are taken from the curves of 
Fig. 1. The values in columns A and B are ob­
tained by multiplying the precipitable nitrogen 
and the non-precipitable nitrogen present at a 
given time by the factors 0.04 and 0.153 given 
above for the amino nitrogen content of the inner 
solution and that of the dialyzate. The sums of

Fig. 2.—Curve I, total increase in a-amino nitrogen; 
II, total increase in nitrogen not precipitable by trichloro­
acetic acid; III, heat evolution in calories.

50 100 150 200
Time in minutes.

Fig. 3.—Curve I, total increase in a-amino nitrogen; 
II, total increase in nitrogen not precipitable by trichloro­
acetic acid; III, heat evolution in calories.

A and B in the next to the last column are to be 
compared with the experimental values for amino 
nitrogen in the last column. The excellent agree­
ment is proof of the existence of two fractions in 
the digest: protein or protein-like material which 
is non-dialyzable and is precipitated by trichloro­
acetic acid, and a fraction consisting of much 
smaller particles which are completely dialyzable 
and are not precipitated by trichloroacetic acid. 
A similar analysis for Run B gave equally good 
results.

The ratio of amino to total nitrogen in the di­
alyzates is independent of time of digestion; and
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T a b l e  IV
A n a l y s is  o f  D a t a  o f  R u n  A

Amino N/Total N in dialyzate, 0.153; amino N/Total 
N in lactoglobulin, 0.04.

b
a N  n o t

N  precip. precip.
by  tri- by  tr i-  Calcd. C

Tim e,
min.

chlor.
acid,

m g./cc.

A
0.04 X a

chlor.
acid,

m g ./cc .

B
0.153 X b

am ino N  
A +  B, 
m g./cc .

E xptl. 
am ino N, 
m g./cc .

5 0.77 0.031 0.61 0.093 0.124 0.119
15 .69 28 .69 .106 .134 .134
30 .57 23 .81 .124 .147 .148
45 .46 18 .92 .142 .160 .159
60 .42 17 .96 .147 .164 .164
90 .32 13 1.06 .162 .175 .174

120 .26 10 1.12 .171 .181 .183
150 .24 10 1.14 .175 .185 .186
180 .21 8 1.17 .179 .187 .188
244 .18 7 1.20 .184 .191 .191

increase in amino nitrogen is proportional to in­
crease in non-precipitable nitrogen (or to increase 
in dialyzable nitrogen). These facts suggest very 
strongly that when pepsin attacks the lactoglobu­
lin molecule a definite number of fragments is pro­
duced at once, and these fragments are not further 
attacked by the enzyme. A similar conclusion 
was reached by Tiselius and Eriksson-Quensel 
after an electrophoretic study of peptic digests of 
egg albumin at the pH  optimum.8

They found particles of unchanged size in the 
digest, but there was no evidence of particles inter­
mediate in size between a molecular weight of 1000 
and the original protein. That the nature of the 
digestion products is strongly influenced by the 
pH of digestion is shown by Petermann’s ultra­
centrifugal analysis of the non-dialyzable frac­
tions of peptic digests of beef serum pseudoglobu­
lin between pH  2.7 and 4.5.9 Besides particles 
unchanged in size, Petermann found particles 
which sedimented homogeneously which could be 
interpreted as halves and quarters of the original 
molecules; the distribution of nitrogen among the 
various fractions was a function of the pH. At 
pH 2.7 most of the nitrogen was in the unchanged 
and the dialyzable fractions; it thus appears 
likely that at the optimum pH  there would be no 
evidence of products of intermediate size.

If our data are accepted as evidence of “ex­
plosion” of the lactoglobulin molecule, the num­
ber of bonds per molecule which can be hydrolyzed 
by pepsin can be determined from the slopes of 
the lines in Fig. 1. Taking the molecular weight 
of /3-lactoglobulin as 39,000, and the value 0.11

(8) Tiselius and  Eriksson-Q uensel, Biochem. J .,  33, 1752 (1939).
(9) P e term ann , J .  Phys. Chem., 46, 183 (1942).

for the slope of A, one finds that 46 peptide bonds 
per molecule have been broken in the case of de­
natured . lactoglobulin, or 13.5% of the 341 pep­
tide bonds in the molecule.10 In the case of na­
tive lactoglobulin one finds that 71 peptide bonds 
per molecule, or 20.8% of the peptide bonds were 
split. It should be pointed out that although 
the native protein is attacked much more slowly, 
it is broken into smaller fragments. The aver­
age molecular weights of the split products are 870 
for the denatured and 560 for the native protein. 
Particles deviating widely in molecular weight 
from the average may be present in the degrada­
tion products. We attempted to follow the evolu­
tion of free amino acids during the digestion by 
the ninhydrin-carbon dioxide method.11 We 
found free amino acids to an extent of 1-2% of the 
total nitrogen in various digestions. Our results 
were not sufficiently accurate to detect an increase 
in the small amount of free amino acid with time 
of digestion. Blank runs showed that this hy­
drolytic product did not arise from exposure of 
pepsin or lactoglobulin to pH  1.5.

The calorimetric measurements were more ac­
curate in the digestion of denatured protein. 
The heat evolution during the period of measure­
ment was more than three times as large as in the 
digestion of native protein. The heat of stirring 
of the digests was about 0.04-0.05 cal./min. and 
could be measured during the reaction with a pre­
cision of only about =*=5%. In Run A the error 
of measurement of the total heat evolution was 
±2%, but in the digestion of native protein, 
where the rate of heating due to reaction was of 
the same order of magnitude as the heat of stirring, 
the measurement of the total heat evolution due 
to reaction was subject to very large error, esti­
mated to be about =*=13%.

In Fig. 4 the heat evolution is plotted against 
the increase in amino nitrogen after the same time 
of digestion. In both Runs A and B the heat 
evolved per peptide bond split increases markedly 
with time of digestion. From the slopes of the 
curves of Fig. 4 at various points one finds the 
following values:

D en atu red  p ro te in  N a tiv e  p ro te in

2000 cal./mole peptide split
at start 1300 cal./mole, at 15 min.

4000 cal./mole, at 90 min. 6000 cal./mole, at 190 min. 
7000 cal./mole, at 150 min.

(10) H otchkiss, J . Biol. Chem., 131, 387 (1939).
(11) V an Slyke, D illon, M acF adyen  an d  H am ilto n , ibid., 141, 

627 (1941).
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Fig. 4.

In case the degradation products were further 
hydrolyzed during the treatment with pepsin it 
could be expected that the heat per peptide link­
age split would change as the process proceeded. 
The change would probably be small and the heat 
values consequently of the same order of magni­
tude. This is certainly not the case, and the 
most probable conclusion, therefore, is that not 
all the heat is due to the hydrolysis, but to proc­
esses we have not followed chemically. As we 
have shown that the degradation of jö-lactoglobu- 
lin by pepsin is finished by the first attack, this 
secondary reaction—-of unknown character— 
must be related to the breakdown products. 
Logically, of course, pepsin may attack other 
linkages of the degradation products than peptide 
bonds, but this is very unlikely. A rearrangement 
or an oxidation (or both) of some of the degrada­
tion products seems more probable.

Assuming that the heat value at the beginning 
of the experiment, where none or only a very 
small amount of the degradation products have 
reacted represents the true value of the heat of 
hydrolysis, we can use this value combined with 
the a-amino determinations to construct a heat- 
time curve which is related only to the degrada­
tion by pepsin of the lactoglobulin molecule. The 
difference between this curve and the actually 
found heat-time curve will thus represent the heat 
of the secondary reaction.

We have done this in the case of the run with 
denatured /3-lactoglobulin using the value 2000 
calories as representing the heat of hydrolysis. 
The set of curves are shown on Fig. 5, 1 is the 
actual heat curve, 2 the calculated heat curve, and 
3 represents the heat evolution due to the second­
ary reaction.

Fig. 5.

After an induction period at the beginning this 
third curve shows an increasing evolution of heat. 
The secondary reaction should thus be exothermic.

The lack of proportionality between heat evolu­
tion and extent of hydrolysis found in our experi­
ments is reminiscent of dilatometric experiments 
of Linderström-Lang and Jacobsen on the diges­
tion of native and denatured lactoglobulin and 
clupein by trypsin and chymotrypsin.12

The contraction per mole of peptide bond split 
was in the case of clupein, a protein considered of 
simple polypeptide chain structure and of low 
molecular weight, close to the normal value for 
peptides and was independent of time of diges­
tion. In the digestion of native /3-lactoglobulin, 
however, the contraction was initially about 
twice the normal value, and fell off slowly during 
the digestion. The contraction of heat denatured 
/3-lactoglobulin was initially nearly normal, then 
rose to maximum almost twice the normal value, 
and thereafter decreased slowly. Linderström- 
Lang and Jacobsen believe that the abnormally 
large contraction may be due to the collapse of a 
“superstructure” originally present in the protein 
molecule.

In view of the experiments presented in this 
paper we should expect that the decreasing volume 
per peptide bond broken would be independent of

(12) Linderström-Lang and Jacobsen, C o m p t. re n d . tra v . la b . 
C a rlsb erg , S ê r . c h im ., 24, 1 (1941).
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the time as the degradation products are not fur­
ther degradated. To prove this we have carried 
out a few dilatometric measurements using the 
technique described in detail elsewhere.1344

The dilatometer used had two bulbs, the one 
(volume 45 cc.) containing at the beginning of 
the experiment the substrate, the other bulb 
(volume 8 cc.) containing the enzyme solution. 
Kerosene was filled in and the capillary tube in­
serted. The dilatometer was then immersed in 
water at 27 =*= 0.005°. The concentrations of the 
enzyme and substrate were the same as in the 
digestion experiments presented on the foregoing 
pages. The /3-lactoglobulin was alkali denatured. 
After the temperature equilibrium was reached 
the two solutions were mixed. The reading of 
the meniscus was continued for two hours. The 
results are tabulated in Table V.

T a b l e  V

Time,
min.

N um ber of 
pep tide  bonds 

b roken

Change in 
volum e per 

C hange in  pep tide  bond 
volum e, broken, 

cc. cc.

5 0.000183 -0.00427 -2 3 .4
10 215 528 24.6
15 241 586 24.4
20 260 630 24.2
30 286 698 24.4
40 305 748 24.6
50 318 783 24.6
75 344 841 24.5

100 360 867 24.1
125 373 877 23.5

Average -2 4 .2

The contraction per peptide bond broken was 
found constant during the time of the experiment, 
which strongly confirms the results obtained by 
the trichloroacetic acid precipitations and «-amino 
nitrogen determinations (Fig. 1).

(13) L inderström -L ang an d  L anz, C om pt. rend. trav. lab. Carls­
berg, Sér. chim ., 21, 315 (1938).

(14) L inderström -L ang in  M yrback  and  B am an, “ Die M ethoden 
der Ferm entforschung,” Leipzig, 1940.

In conclusion it may be said that it is difficult 
to suggest a plausible mechanism for the “ ex­
plosive'' degradation of lactoglobulin and other 
substrates by pepsin. As Tiselius and Eriksson- 
Quensel have pointed out, anything less than a 
simultaneous rupture of a great many peptide 
bonds would result in an almost continuous spec­
trum of products, and in our case the linear rela­
tionship of Fig. 1 would not hold. However, the 
notion that the enzyme molecule is able to attack 
many bonds in the substrate at once is difficult to 
believe. One is tempted to suggest the following 
hypothetical process: The splitting of a single 
peptide bond by the pepsin makes the ‘‘super­
structure'' or the “protein pattern" unstable, 
whereupon it decomposes.

It is a great pleasure for the authors to thank 
Professor G. B. Kistiakowsky for his continuous 
interest and much profitable advice. The work 
was supported by a grant from the Rockefeller 
Foundation.

Summary
Native /3-lactoglobulin and /3-lactoglobulin de­

natured by alkali were digested by pepsin at pH
1.5. Heat evolution, nitrogen precipitable by 
trichloroacetic acid, increase in amino nitrogen, 
and dialyzable nitrogen were measured in the 
same digest as a function of time of digestion.

Precipitation with the trichloroacetic acid and 
dialysis through cellophane were found to be 
equivalent methods of fractionation of the total 
nitrogen in the digest.

Evidence for an “all-or-none" attack of lacto­
globulin by pepsin is brought forward.

The heat evolution was not proportional to the 
extent of hydrolysis. It is suggested that diges­
tion of lactoglobulin by pepsin is accompanied by 
an exothermic non-hydrolytic process.
C a m b r i d g e , M a s s . R e c e i v e d  J u l y  31, 1942
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The Spectrophotometric Determination of the Dissociation Constants of Diphenyl- 
selenium Dibromide and Diphenylselenium Diiodide
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Several properties of the diphenylselenium di­
halides indicate a rather loose bonding of the halo­
gen atoms to selenium. Krafft and Lyons1 found 
that when heated just above its melting point in a 
sealed tube, diphenylselenium dibromide under­
goes a self bromination in the ring, yielding 
dibromodiphenylselenium, diphenylselenium and 
hydrogen bromide. The analogous reaction with 
the dichloride was also found to occur. Leicester2 
found that upon dissolving diphenylselenium di­
bromide in acetone, the solvent was brominated 
with formation of diphenylselenium. The di­
chloride did not undergo a similar reaction. X- 
Ray investigations of the crystal structure of di­
phenylselenium dibromide3 and of diphenylsele­
nium dichloride4 show selenium-halogen bond dis­
tances which are somewhat large; the observed 
distances being 2.52 A. for Se-Br and 2.30 A. for 
Se-Cl. The distances calculated using covalent 
radii are 2.31 and 2.16 A., respectively. The 
melting points,5 148° for the dibromide and 183° 
for the dichloride are somewhat out of line in view 
of the similarity in molecular and crystal struc­
tures for the two dihalides, indicating possible dis­
sociation, at least in the case of the dibromide.

The object of the present work has been to es­
tablish the fact that diphenylselenium dibromide 
does dissociate into diphenylselenium and bro­
mine, to show that diphenylselenium and iodine 
combine to a limited extent, even though the solid 
diiodide does not separate at room temperature, 
and to determine the dissociation constants for 
the dibromide and the diiodide.

Experimental
Preparation of Materials.—Diphenylselenium dibromide 

was prepared by adding pure bromine to Eastman Kodak 
Company diphenylselenium in carbon tetrachloride solu­
tion. The resulting solid was recrystallized from carbon 
tetrachloride three times. The purity of the material was 
checked by the analysis described later. A solution of 
pure diphenylselenium in carbon tetrachloride was pre­
pared by adding excess powdered c. p. zinc and a weighed 
sample of pure diphenylselenium dibromide to the sol­

(1) F . K ra fft an d  R . E . Lyons, Ber., 27, 1761 (1894).
(2) H . M . Leicester, T h is  J o u r n a l , 57, 1901 (1935).
(3) M cC ullough and  H am burger, ibid., 63, 803 (1941).
(4) M cC ullough an d  H am burger, ibid., 64, 508 (1942).
(6) Lyons and Bueh, ibid., 30, 835 (1908),

vent. The mixture was shaken until all of the dibromide 
was dissolved and the solution became colorless. The 
solution was then filtered, the solid was washed several 
times with carbon tetrachloride and the washings were 
added to the filtrate. The filtrate was then made up to the 
desired volume. The concentration of diphenylselenium 
in the solution was based on the weight of the dibromide 
taken and the final volume of the solution. Bromine, 
iodine and carbon tetrachloride were purified by the usual 
methods.

Apparatus and Procedure.—All spectrophotometric 
measurements were made by means of a Beckman Quartz 
Photoelectric Spectrophotometer. Carbon tetrachloride 
was used as the solvent in all cases, and loss of volatile 
materials from the absorption cells was reduced so as to be 
inappreciable by capping the cells with cover glass slips 
held down firmly with cellulose tape. No provision was 
made for maintenance of constant temperature but in all 
cases a thermometer was kept near the absorption cells 
and read from time to time. At the end of each series of 
measurements, the temperature of the solutions was 
checked. All temperatures were within one degree of 26°. 
The transmission of light by a given solution is measured 
relative to the transmission of the pure solvent which is 
arbitrarily set at 1.000. The cells used had a depth of 1.30 
cm. Corrections were applied for the slight differences 
in depth from cell to cell, the maximum correction being 
well under 1%.

Extinction coefficients for diphenylselenium, bromine 
and iodine were each determined at three different concen­
trations, and Beer’s law was found to hold over the range 
of concentrations used in the equilibrium measurements. 
These extinction coefficients, as well as those of the di­
bromide and diiodide are shown in Table I and in Fig. 1.

T a b l e  I

M o l a r  E x t in c t i o n  C o e f f i c i e n t s  o f  D i p h e n y l s e l e n i u m  
D ib r o m i d e , D i p h e n y l s e l e n i u m  D i i o d i d e  a n d  t h e i r  

D is s o c ia t i o n  P r o d u c t s

X, m/x

D ipheny l­
selenium

dibrom ide

D ipheny l­
selenium
diiodide

D iphenyl­
selenium Brom ine Iodine

320 8850 35.1
330 7910 7.8 3.1 28
340 6910 11200 3.5 5.4 22
350 5600 13200 2.1 12.3 16
360 4670 13200 1.3 26 12
370 3530 11600 0.8 53 9
380 2620 9100 .6 87 7
390 1760 6700 .4 129 6
400 1130 4620 .4 166 6
410 745 3240 .4 192 10
420 410 .3 188 23

In order to determine the extinction coefficients for the 
undissodated diphenylselenium dibromide molecule, mean-
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urements were made on solutions in which the dissocia­
tion was suppressed by the presence óf a large excess of 
diphenylselenium. The values so obtained were verified 
over a part of the wave length range by a series of measure­
ments in which the dissociation was suppressed by the 
presence of a large excess of bromine. The contribution of 
the excess reagent to the absorption of light was in each 
case determined by making measurements on solutions 
containing the excess reagent at the same concentration 
in the absence of diphenylselenium dibromide. Trans­
mission data and the resulting extinction coefficients are 
shown in Tables II and III. In making these calculations, 
allowance was made for the fact that the dissociation was 
not completely suppressed, the degree of dissociation being 
calculated by use of the dissociation constant given later.

T a b l e  I I

Extinction Coefficients for D iphenylselenium D i­
bromide (D iphenylselenium in Excess) 

Solution 1, 2.0 X 10“2 M in diphenylselenium; Solution 
2, 2.0 X 10“2 M  in diphenylselenium and 7.1 X 10“5 M  in 
diphenylselenium dibromide.

/-------- T ransm ission-
X, m/i (l) (2) €
330 0.625 0.120 7920
340 .810 .192 6920
350 .860 .271 5550
360 .895 .341 4620
370 .936 .447 3530
380 .961 .555 2620
390 .975 .676 1760
400 .978 .770 1130
410 .978 .835 745
420 .980 .896 410

Table III
Extinction Coefficients for D iphenylselenium D i ­

bromide (Bromine in  Excess)
Solution 1, 1.12 X 10“2 M  in bromine; Solution 2, 

1.12 X 10“2 M  in bromine and 5.1 X 10“5 M  in diphenyl­
selenium dibromide.

-T ransm ission-----—>
X, m u ( l) (2) €
320 0.887 0.232 8850
330 .895 .268 7900
340 .834 .292 6900
350 .667 .281 5650
360 .413 .201 4720

The dissociation constant for diphenylselenium 
dibromide is given by the expression

_  [(CeE^SeHBrs] _  c*2 M
1 [(C6H5)2SeBr2] 1 -  <* (1)

where a is the degree of dissociation and M  the 
molarity. If we represent the extinction coeffi­
cients of diphenylselenium dibromide; diphenyl­
selenium and bromine by e i, €2 and €3, respectively, 
then the optical density, d, of a solution of di­
phenylselenium dibromide is given by the equation 

d — lM [zi(l — ot) +  <*(«2 +  €3)] = logio (Jo//)  (2)

Fig. 1.—Molar extinction coefficients for several substances 
in carbon tetrachloride solution.

the solution, J0 the intensity of the incident light 
and I  the intensity of the emergent light. From 
the measured values of the transmission, 7 / /0, 
and the extinction coefficients, we may calculate 
a  and hence K i .  Absorption data on solutions of 
diphenylselenium dibromide of various concen­
trations and values of K i derived therefrom are 
shown in Table IV.

Because of the much larger dissociation con­
stant of diphenylselenium diiodide, it is not prac­
tical to attempt complete suppression of the dis­
sociation. The extinction coefficients and disso­
ciation constant for the diiodide are accordingly 
simultaneously determined by a method different 
from that just employed for the dibromide.

When using light of such wave length that the 
undissociated molecule is the only important 
absorber, the measured optical densities, di and 
d2 at the molarities Mi and M2 are directly pro­
portional to the concentrations of the undisso­
ciated compound. Using C\ and C2 to represent 
the concentrations of diphenylselenium (or of 
iodine) in the two solutions, we have

where l is the distance the light travels through K,  -  -  Ct) -  -  Ct) (3)
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and
d2/d x = (M 2 -  C2) /(M 1 -  Ci) (4)

Table IV
T he T ransmission, T, and the D issociation Constant, 

for D iphenylselenium D ibromide at Several 
Concentrations

The upper figures are the transmissions and the lower 
figures (in parentheses) are the calculated values of K i X 
104.

,---------- --------- C o n cen tra tio n  X 104--------------------s
X, m#x 1.62 2.00 2.67 4.00
330 0.448 0.327 0.168

(4.9) (5.0) (4.9)
340 0.500 0.386 0.218

(4.9) (5.1) (5.0)
350 0.572 0.465 0.292

(4.9) (5.1) (5.0)
360 0.632 0.537 0.372 0.140

(5.0) (5.3) (5.4) (4.9)
370 0.680 0.594 0.442 0.212

(4.7) (5.0) (5.0) (4.7)
380 0.742 0.680 0.549 0.313

(4.8) (5.5) (5.4) (4.8)
390 0 0.743 0.640 0.435

(5.4) (5.4) (4.9)
400 0.793 0.713 0.548

(5.1) (5.3) (4.9)
Av. Ai 5.02 X 10“4

For a given pair of solutions, the ratio d2/d\, 
should be constant with varying wave length. 
After correction is made for absorption due to 
diphenylselenium and iodine based on the as­
sumption of complete dissociation, this ratio is 
actually fairly constant as shown in Table V.

Table V
Transmissions and Optical D ensities of Solutions of 

D iphenylselenium D iiodide 
Solution 1, 6.0 X 10"4 M  in iodine and 6.0 X 10“4 M  

in diphenylselenium; Solution 2, 12.0 X 10~4 M  in iodine 
and 12.0 X 10“4 M  in diphenylselenium.

Solution 1 Solution 2 R atio
X T door. T dcot d2/d i

340 0.698 0.139 0.260 0.544 3.91
350 .667 .162 .217 .635 3.92
360 .670 .165 .222 .632 3.83
370 .706 .142 .271 .550 3.87

Av. 3.83

The average value of this ratio, 3.88, when used 
in equations 3 and 4 leads to a value 0.035 for K 2. 
Extinction coefficients for diphenylselenium di­
iodide are now readily calculated from the ab­
sorption data in Table V and are given in Table 
I. In the wave length range A 380 to A 410, the 
extinction coefficients are based on the 0.00120 M  
solution since the more dilute solution absorbs 
too little in this region for accurate measurements.

In order to check the value of K 2 obtained by 
the above method, measurements were made on 
several solutions containing diphenylselenium in 
excess of iodine. The concentrations of the vari­
ous species present at equilibrium were calculated 
from the transmissions and extinction coefficients 
by means of the equation

d -  l[eiCi +  e2(C2 -  Ci) +  €3(C8 -  Ci)] (5)
where the subscripts 1, 2 and 3 refer to diphenyl­
selenium diiodide, diphenylselenium and iodine, 
respectively. The concentrations of diphenyl­
selenium and iodine, as represented by C2 and Q, 
are those that would be present if no combina­
tion took place. The transmission data and 
values of K 2 calculated in this way are shown in 
Table VI. The agreement is excellent consider­
ing that the concentration ratio of diphenylse­
lenium to iodine was over 300 in some runs while 
the data in Table V were obtained from solutions 
in which the two reactants were present in equi­
molar quantities.

T a b l e  V I

T r a n s m i s s i o n s  o f  S o l u t i o n s  C o n t a in in g  D i p h e n y l ­
s e l e n iu m  a n d  I o d i n e , t h e  D is s o c ia t io n  C o n s t a n t  f o r  

D i p h e n y l s e l e n i u m  D i io d i d e

Concn. 
d ipheny l­
selenium  
diiodide,

X 105 K z
7 .7  0.035
7.4 .037
7.6 .036
2.5 .036
2.5 .036
2.4 .037
2.4 .037
2.5 .036
2.4 .037
2.3 .039
2.5 .036

15 .035
15 .035
2.7 .035
2.6 .037
2.6 .037
2.7 .035
2.6 .037
2.7 .035
2.8 .033 

Av. 0.0360

Direct measurement of the dissociation con­
stant for diphenylselenium dichloride was found 
to be impractical because of the low degree of dis­
sociation even at low concentrations. An at­
tempt was made to determine the value of this

Concn.
d ipheny l- Concn. 
selenium , iodine,

X, m u X 103 X 105 T

390 28.8 17.0 0.209
400 .350
410 .467
340 6.1 17.0 .397
350 .356
360 .367
370 .420
380 .503
390 .612
400 .718
410 .780
400 6.1 102 .118
410 .231
350 22.3 6.9 .290'
360 .313
370 .378
380 .467
390 .583
400 .676
410 .750
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constant by observing the extent of the reaction 
(C6H5)2SeCl2 4  Br2 -  (C6H5)2SeBr2 4  Cl2 (6)

On adding bromine to diphenylselenium dichlo­
ride solution, the transmission is reduced much 
more than would be expected if no reaction took 
place, but the problem is complicated by two addi­
tional equilibria

Br2 4  Cl2 -  2BrCl (7)
(C6H6)2SeBr2 4  (Cel^SeCb = 2(C6H5)2SeBrCl (8)

Reaction (7) is well known and (8) was demon­
strated to occur by making absorption measure­
ments on the three solutions (1) 0.0027 M  in 
diphenylselenium dichloride, (2) 0.00022 M  in di­
phenylselenium dibromide, (3) 0.0027 M  in 
diphenylselenium dichloride +  0.00022 M  in di­
phenylselenium dibromide.

The transmission of the third solution should be 
equal to the product of the transmissions of the 
first two if no reaction takes place. The indi­
vidual transmissions and the product of the 
transmissions of solutions 1 and 2 are compared 
in Table VII.

T a b l e  VII
E v i d e n c e  f o r  I n t e r a c t io n  b e t w e e n  D i p h e n y l s e l e ­

n i u m  D i b r o m i d e  a n d  D i p h e n y l s e l e n i u m  D i c h l o r id e  
Transmission

X, m u

. WD iphenyl­
selenium

dichloride

(2)
D iphenyl­
selenium

dibrom ide

(3)

M ixed
solu tion

(4)

P roduct 
(1) X (2)

R atio
(3)/(4)

350 0.355 0.415 0.099 0.147 0.67
360 .575 .499 .244 .287 0.85
370 .739 .582 .430 .429 1.09
380 .834 .662 .590 .552 1.07
390 .900 ,728 .722 .655 1.09
400 .934 .795 .814 .742 1.10

The dissociation of the diarylselenium dihal­
ides makes possible a rapid and accurate volu­
metric procedure for their determination. When 
the dibromides or dichlorides are shaken either in 
the solid state or the dissolved state with excess 
aqueous potassium iodide, an equivalent quantity 
of iodine is liberated. This iodine may then be 
titrated as usual with sodium thiosulfate solution. 
The solid material (0.1 to 0.5 g.) is weighed and 
added to a glass-stoppered flask containing about 
25 ml. of approximately 0.3 N  potassium iodide 
solution which has been acidified with 1-2 ml. 
of 6 N  sulfuric acid. The addition of about 5 ml. 
of carbon bisulfide just before adding the dihalide 
speeds up the reaction by dissolving the solid. 
This mixture is shaken for a few seconds and then 
titrated at once with standard sodium thiosulfate.

Starch solution is added near the end-point. The 
concentration of a solution of a diarylselenium 
dihalide may be determined in the same manner. 
Data in support of the quantitative nature of this 
procedure are shown in Table VIII.

T a b l e  V I I I

V o l u m e t r ic  A n a l y s is  o f  D i a r y l s e l e n i u m  D i h a l i d b s

C om pound
Sam ple,

g.

V olum e 
Na2S20s 

(0.05132 N ) ,  
m l.

E q u iv . w t. 
A nal. C alcd .

Diphenylselenium 0.2594 25.76 196.4 196.5
dibromide .2444 24.24 196.8

Diphenylselenium .1545 19.84 151.9 152.1
dichloride

Di-^-tolylselenium .3425 31.70 210.5 210.5
dibromide .3567 33.08 210.1

The dissociation of the diphenylselenium di­
halides is, from a structural standpoint, analogous 
to the dissociation of phosphorus pentachloride 
and related molecules into the trihalides and free 
halogen. The similarity of molecular structure 
between diphenylselenium dihalides and phos­
phorus pentachloride was predicted by Pauling6 
and verified by crystal structure determinations.8*4 
The molecular structure of phosphorus penta­
chloride is that of a trigonal bipyramid, the phos­
phorus atom being at the center of the common 
base, three chlorine atoms being in the equatorial 
positions at a distance6 of 2.04 A. from the phos­
phorus atom and the other two chlorine atoms at 
the apices of the bipyramid at a distance of 2.11 
A. from the phosphorus atom. The last two chlo­
rine atoms are less firmly bonded than the other 
three as indicated by the dissociation PClö(g) =  
PCls(g) 4  Cl2(g) which takes place in phosphorus 
pentachloride vapor and by the lower bond en­
ergy6 (39.4 kcal./mole) for an apical P-Cl bond, 
as compared to the value 62.8 kcal./mole for a 
normal P-Cl bond. In the diphenylselenium di­
halides, the halogen atoms occupy the apical po­
sitions and it is not surprising that the selenium- 
halogen bond distances are longer than for normal 
bonds and that the molecules dissociate into di­
phenylselenium and free halogen.

In a structural investigation of the trimethylan- 
timony dihalides, Wells7 found similar structures 
with the halogen atoms in the apical positions at 
distances somewhat greater than for normal Sb-X  
bonds. Considering all these facts, one might ex­
pect that in molecules of the general types R$

(6) Pau ling , “‘T h e  N a tu re  of th e  Chem ical B ond,”  second ed ition  . 
Cornell U n ivers ity  Press, I th aca , N . Y ., pp. 57, 109, 111.

(7) A. F. Wells, Z. K rist., 99, 367 (1938).
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(P, As, Sb, Bi)X2, R2 (S, Se, Te)X2, and RIX2, the 
halogen atoms would occupy apical positions in 
a trigonal bipyramidal structure at distances from 
the central atom which are greater than for nor­
mal M -X  bonds. It is also reasonable to expect 
that all of these molecules show more or less tend­
ency to dissociate in solution, giving the free 
halogen, X 2, as one product. A number of these 
dissociation constants are now being determined 
in this Laboratory.

Summary
1. Spectrophotometric studies of diphenyl­

selenium dibromide and diphenylselenium diiodide 
indicate that these substances dissociate in car­

bon tetrachloride solution into diphenylselenium 
and the free halogen.

2. Dissociation constants for both compounds 
have been determined at 26° =*= 1° at which K \ — 
[(C6H5)2Se][Br2]/[(C6H5)2SeBr2] -  5.02 X 10“ ;̂ 
and X 2 =  t(C6H5)2Se][I2]/[(C6H5)2SeI2] =  3.60 X
10-2.

3. Molar extinction coefficients for diphenyl­
selenium. diphenylselenium dibromide and di­
phenylselenium diiodide are shown in Table I and 
in Fig. 1.

4. An accurate volumetric procedure for the 
determination of diarylselenium dihalides is de­
scribed.
Los Angeles, Cal. R eceived June 19, 1942

[Contribution from the D epartment of Chemistry, U niversity of R ochester]

Photochemical Studies. XXXV. The Photochemical Decomposition of ^-Butyl
Methyl Ketone

By Wallace D avis, Jr .,1 and W. Albert N oyes, Jr .

The photochemical decompositions of w-butyl 
methyl ketone and of other ketones containing 
multi-carbon alkyl groups attached to the car­
bonyl have been investigated by Norrish and his 
co-workers.2 On the basis of their results these 
authors have suggested that such ketones undergo 
two types of decomposition, which they designate 
as I and II
Type I: R1CH2CH2CH2COR2 = CO +

(RiCH2CH2CH2R2 -j- R2R2 +  (RiCH2CH2CH2)2) 
Type II: RiCH2CH2CH2COR2 *  RiCH=CH2 +

CH3COR2.
Thus for w-butyl methyl ketone the reactions 
would be
Type I: CH3CH2CH2CH2COCH3 = CO +

hydrocarbons (ethane, pentane, and octane) 
Type II: CH3CH2CH2CH2COCH3 = CH3CH=CH2 +

CH3COCH8.
The theoretical discussion of this photochemi­

cal reaction will be reserved for a later article in 
which further data will be presented. It may be 
pointed out in passing that Norrish and his co­
workers have come to the conclusion that the

(1) E as tm an  K odak  C om pany  Fellow  in  P ho tochem istry  a t  th e  
U niversity  of R ochester, 1941-1942. M r. D avis resigned from  th is 
Fellow ship in  F eb rua ry , 1942, to  accep t a  research  position connected 
w ith  N a tio n a l Defense, an d  being  unab le  to  con tinue  the  problem , 
th e  p re lim inary  resu lts  he ob ta ined  are  being published  a t  th e  pres­
e n t tim e.

(2) C. H . B am ford an d  R . G. W . N orrish , J . Chem. Soc., 1531 
(1938).

Type I reaction probably proceeds by a free radi­
cal mechanism whereas Type II proceeds in a 
single step leading to the final products. Others 
have discussed methods by which such a one-step 
process could occur,3 and still others are inclined 
to the belief that Type II can also be explained 
by a free radical mechanism.4

Since acetone, if formed, would decompose 
photochemically to give carbon monoxide, any 
photochemical experiment leading to a large per­
centage decomposition of w-butyl methyl ketone 
would yield carbon monoxide as a secondary prod­
uct. Furthermore, Norrish found that the yield 
of carbon monoxide was low. Since the stability 
of RCO radicals may vary markedly with the 
temperature, the quantum yields of all the prod­
ucts should be determined over a wide range of 
conditions.

The objects of the present investigation were as 
follows: (1) to apply and if necessary devise
methods for the micro-analysis of the products 
formed during the photochemical decomposition 
of n-butyl methyl ketone so that the initial stages 
of the reaction could be investigated; (2) to de­
termine the quantum yields of the various prod-

(3) F . O. R ice an d  E . Teller, J .  Chem. Phys., 6, 489 (1938).
(4) G. B. K istiakow sky; for m ention  see V. R . E lls an d  W. A lbert 

Noyes, J r .,  T h is  Journal, 61, 2495 (1939); see W. A lbert Noyes, 
J r ., and  P . A. L eigh ton , “ T h e  P hotochem istry  of G ases,”  R einhold 
Publishing C orpora tion , N ew  Y ork , N . Y ., 1941, p . 365.
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T a b l e  I
A n a l y s is  o f  D e c o m p o s it io n  P r o d u c t s  o f  M e t h y l  w-B u t y l  K e t o n e

(Runs without filters 
5

1
R un

2
Press, of 

ketone, m m .

3
E xposure  
tim e, m in .

4
T em p., per 

t, °C .

Liquid nitrogen 
fraction  

( — 195°C.), 
moles X 10 8

1 12 15 24 12.3
2 10 45 24 58.5
3 5 30 24 8 .6
4 13 80 24 48.0
5 7 60 28 17.2
6 18 30 24
7 10 60 28 16.3
8 12 60 26 45.3
9 11 60 23 43.5

10 12 60 24.5 23.8
11 12 60 24 27.0

mercury arc)
CuO com bustion  tu b e : ca 200° 

A nal, of liq . N 2 frac.
6 7a 8

« -P en tan e  frac tio n C2H 6—Liq. N 2 C 0 2-w -pen tane
( — 130° or low er), frac., frac .,

moles X 10-8moles X 10 8 moles X 10 ~8
4.4 5.0

620 5.7
97.5 0.9 6 .6

6 .2 41.1
170 1 .6 13.1
151
227 1.4 13.4
573
535
397 2.4 19.6
258 2.3 21.3

* The copper oxide does not oxidize hydrocarbons, so that this column represents such hydrocarbons (mostly ethane) 
which can be removed by the Toepler pump when the products are condensed with liquid nitrogen.

H o t P t  wire com bustion  tu b e : ca > 6 00°
Analysis of « -pen tane  

F rac tion  (O2 com bustion)
10

9 CO2-W- 
O2 used in  pen tan e  1 1  

com bustion, frac tion , H 2 0 -by  diff., 
moles X moles X moles X 

10-8 1 0 - 8  10 “ 8

9 /6
M oles O2 used 

per mole of 
« -pentane 
fraction  of 

photodecom p. 
p roducts

1 0 / 6  
M oles CO2 

form ed from  
com b, of 

«-pentane frac. 
per mole of 
«-pentane 

frac.

2  X 1 1 / 6
g. a tom s H 2 
per mole of 
« -pen tane  
frac tion

6 /5
R atio  of 

« -pen tane  
frac tion  to  

liq. N 2 
fraction

6 / 8
R atio  of 

« -pen tane 
frac tion  to  CO 2 

in  liq. N 2 
fraction

8 /5  X 100 
%  CO 2 in  

liq . N 2 
frac tio n

, . . • . . . 40
... ... 10.6

11.3 14.8 77
86

9.9 13.0 76
685 465 441 4.4 3.08 5.86

1045 690 708 4.6 3.04 6.24 13.9 16.9 82
12.7
12.3
16.7 20.2 82

1210 863 695 4.7 3.34 5.4 9.6 12.1 79

ucts under diverse experimental conditions to aid 
in the elucidation of the mechanism. Much of 
(2) was not accomplished, and the discussion will 
be postponed until a later date.

Experimental
Eastman Kodak Company w-butyl methyl ketone (b. p. 

approx. 127°) was converted to the semicarbazone and 
precipitated from a mixture of distilled water and ethyl 
alcohol; 250 cc. of water was added to 30 cc. of ketone and 
ethyl alcohol added until solution was complete. Sodium 
acetate and semicarbazide hydrochloride were added in 
slight excess of equivalent amounts and the derivative 
precipitated, m. p. 123 °. The derivative was recrystal­
lized from water and ethyl alcohol, hydrolyzed by re­
fluxing with 15% sulfuric acid, and then distilled. The 
resulting product was dried with anhydrous magnesium 
sulfate, w25d  1.4003. The ketone was stored in the dark, 
under vacuum (usually at —77°).

In the first series of runs unfiltered light from a high pres­
sure mercury arc lamp was used. In the second series the 
following filter was used to isolate the 3130 A. line: (1)
5-cm. quartz cell filled with a solution made by adding

14 g. of CoS04*7H20, 46 g. of NiS04-6H20  to 330 cc. of 
water; (2) a 0.5-cm. cell filled with solution containing 10 
g. of potassium acid phthalate per liter; (3) blue glass to 
remove the visible mercury lines.

After exposure, the reaction mixture was condensed with 
liquid nitrogen and the residual gases (CO, H2, CH4, part 
of the C2H6) were removed by a Toepler pump. This part 
was further fractionated and analyzed. It was always 
small. Next the gases uncondensed by a w-pentane mush 
at temperatures from —130 to —145° were removed and 
analyzed. As shown in the table this fraction consisted 
mostly of a compound of empirical formula C3H6, pre­
sumably propylene. Finally, a fraction removed at 
—77° gave fair agreement for the empirical formula of 
acetone. This agreement was obtained by measuring 
both carbon dioxide produced, water formed, and oxygen 
consumed during the burning of this fraction. It should 
be emphasized that the presence of acetone in the quanti­
ties indicated has not been definitely established. Dif­
ficulty was experienced in removing all of the acetone. 
The first pump-fulls gave a good analysis, but small 
amounts of material kept coming over for long periods, 
and these gave spurious results. If Type II decomposi­
tion occurs and the amount of propylene is really equal to
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T a b l e  I I

A n a l y s is  o f  D e c o m p o s it io n  P r o d u c t s  o f  M e t h y l  w- B u t y l  K e t o n e  
(Runs with filters on mercury arc)

5
CuO com bustion tu b e : ca 200°

1
Run

2
P ress, of 
ketone, 

mm.

3
E xposure 

tim e, m in.

4
T em p ., 
t, °C.

Liquid nitrogen 
fraction 
( - 1 9 5 ° )  

moles X 10 " 8

6
Frac tions ta k e n  off 

a fte r liq. N 2 frac tion , 
moles X 1 0 "8

7&
CsHe-Liq. Ns  

frac .
moles X 10 8

8
COs-M -pentane

frac .
moles X 10'"8

12 8 220 24 1.24 5 9 .0  ( - 1 3 0 ° )
IS 12 720 24 4.85 7 5 .0  ( - 1 4 5 ° ) 1.1 3 .0

14
15

12
7

240
245

24
26

51
1

2 6 5 .5  ( - 1 3 0 ° )
2 3 .6  ( - 1 1 5 ° )
6 9 .0  ( -  80°)  

1 11 .0  ( -  77°)
“1 11 .0  ( -  77°)

4 7 .0  ( - 1 3 0 ° )
3 8 .7  ( - 1 3 0 ° )

“ All this fraction not taken because gas was coming off dry-ice very slowly and evidently very impure. b The copper 
oxide does not oxidize hydrocarbons so that this column represents such hydrocarbons (mostly ethane) which can be 
removed by the Toepler pump when the products are condensed with liquid nitrogen.

H o t P t. wire com bustion  tu b e : ca. > 6 00°
near wire

Analysis of fractions taken off after 
rem oval of liq. N2 fraction

11
9 10 H2O formed 

O2 used in CO2 formed, (by diff.), 
combustion, -w-pentane fr., moles X 

moles X 10~8 moles X 10 ~8 10 “a

9 /6
Moles O2 
used per 

mole of frac­
tion burned 

on Pt

10/6
Moles CO2 

formed 
per mole of 

fraction 
burned 
on Pt

2 X 11/6 
g. atoms H2 
per mole of 

fraction 
burned on Pt

6 /5
Ratio of 2 

fraction 
taken off 

after liq. N2 
fraction to 

liq. Ns 
fraction

6/8
Ratio of 2 of 

fractions taken 
after liq. N2 
fraction to 
CO2 in liq. 

N2 fraction

8/5 x  100
% CO2 in 

liq. N2 
fraction

313 213 200 5 .3 3 .6 1 6 .7 8 48
334 222 224 4 .4 5 2 .9 6 5 .9 8 62

1290 840 900 4 .8 6 3 .1 6 6 .7 3
111 6 8 .5 85 4.7 2 .9 7 .2
279 206 146 4 .0 4 2 .9 9 4 . 2 + 2 - 6 . 2
460 348 224 4 .1 4 3 .1 4 4 . 0 4 + 2 - 6 . 0 4

364 3 .2 8
31

... 35

the amount of acetone, only about 75% of the acetone is Small amounts of carbon monoxide are pro-
recovered from the reaction mixture.

Two attempts tvere made to estimate the quantum 
yields, using a galvanometer and photocell circuit cali­
brated for another research. The values 4?C3H6 = 0.6 and 
<f»co = 0.15 should be given little weight, and further data 
will be presented in a later article.

Conclusions
The photochemical decomposition of ^-butyl 

methyl ketone at room temperature (23-28°) at 
pressures from 5 to 13 mm. yields mainly com­
pounds having the empirical formula C3H6 and 
CsHeO. This is true for unfiltered radiation of 
the mercury arc and for approximately mono­
chromatic 3130 A. radiation.

duced, the relative amount being greater for the 
unfiltered radiation than at 3130 A. However, 
the amount of decomposition was several fold 
larger for the unfiltered radiation. In no case 
was more than a few per cent, of the parent ketone 
decomposed, and for the unfiltered radiation the 
amount did not exceed a few tenths of a per cent.

Some doubt may be expressed as to whether 
any carbon monoxide is formed by the decompo­
sition of w-butyl methyl ketone. Carbon mon­
oxide might be formed entirely from the decom­
position of acetone formed in the initial reaction.
R o c h e s t e r , N e w  Y o r k R e c e i v e d  J uly  6, 1942
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[C o m m u n ic a t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m i s t r y , U n i v e r s it y  o f  M a n i t o b a ]

The Density of Selenium
B y A. N. Campbell and  S. E pstein

The only figures in existence for the density of 
liquid selenium are those of Dobinski and Weso- 
lowski,1 who carried their measurements up to 350° 
and reported a straight-line relationship between 
density and temperature. They made their de­
terminations by a plummet method and, in view 
of the high viscosity of liquid selenium, we thought 
it desirable to repeat their measurements by an 
independent, pycnometric method. We extended 
our measurements to certain of the solid forms 
also.

Experimental
The selenium was of two kinds: (a) pure, from British 

Drug Houses, (b) crude. The crude material was purified 
by the method of Hugot,2 followed by sublimation of the 
red amorphous selenium under reduced pressure: vitreous 
selenium was thus obtained. The results obtained with 
both samples were practically identical.

The method was to melt the selenium under an inert 
liquid in a calibrated pycnometer which was constructed 
of combustion tubing, since it was found that anything 
frailer than this cracked under the expansion of the solidi­
fied selenium. The inert liquid was Russian mineral oil 
(Paraffinol). The density of this oil was determined be­
tween 20 and 300° and was found to be represented by the 
equation

D = 0.8823 -  0 .0 0 0 6 2 2 -  20.5)
but, of course, the density will vary somewhat for different 
samples.

Enough selenium (about 80 g.) was introduced to fill 
about three quarters of the pycnometer, when the sele­
nium was molten. The oil was then added and the pyc­
nometer kept in a bath at 250° until the selenium had 
melted. While the selenium was liquid, air bubbles were 
expelled by tapping and suction.

Before using the Paraffinol, experiments were carried 
out to determine its suitability. Its boiling point was 
found to be in the neighborhood of 310°. The solubility 
of selenium in the boiling oil was found to be 0.0013 g. 
per cc. of oil. The selenium did not react chemically 
with the oil for, on cooling the hot saturated oil, red sele­
nium precipitated.

Density determinations for liquid selenium were made 
at temperatures ranging from 227 to 277°. Determina­
tions at higher temperature were unsatisfactory because 
bubbles of vapor were evolved after prolonged heating. 
In all determinations the selenium was kept at one tem­
perature for two hours to ensure attainment of a possible 
internal equilibrium. All determinations were repeated, 
with very good agreement.

(1) D obinski an d  W esolowski, Bull, intern, akad. polon. sci., 
Classe sci. math, nat., N o. 8 -9 A, 446 (1936)-

(2) C f. H itto rf, Fogg. A n n .,  84, 214 (1861).

The Paraffinol proved to be too viscous for determining 
the density of solid (metallic) selenium. Benzyl benzoate 
gave satisfactory results. The density of benzyl benzoate 
at various temperatures is given in Table I.

T a b l e  I
T em p era tu re  in  °C. dh

21.8 1.12000
175.0 0.99359
193.0 0.97723
203.0 0.96834

These results can be expressed by the equation 
D  = 1.12001 -  0.000834(/ -  22)

After the powdered selenium had been introduced into 
the pycnometer, weighed and covered with benzyl ben­
zoate, it was heated for several hours at 150° to ensure 
conversion of all the selenium into the metallic state. The 
results for metallic and for liquid selenium are contained 
in Table II.

T a b l e  I I

in  °C. E xp tl.
dh

Calcd. A d
D obinski and  
W esolow ski1

20.4 4.7924
Metallic Selenium 
4.7966 4-0.0040 4.80 (at 17°,

90.0 4.7641 4.7560 — .0081 “Int. Crit.
159.5 4.7152 4.7165 + .0013 Tables”)0
188.5 4.6954 4.6989 4- .0035
197.5 4.6940 4.6937 — .0003
205.5 4.6919 4.6891 - .0028

225 3.9705
Liquid Selenium 
3.9727 -f .0022 3.976

241 3.9540 3.9479 — .0061 3.955
244.5 3.9394 3.9424 T .0030 3.947
257 3.9276 3.9236 — .0040 3.929
277 3.8904 3.8925 4- .0024 3.891
a The figures of Kruyt [Z. anorg. Chem., 64, 310 (1909)]

for the density of metallic selenium cannot refer to stable 
states; he gives densities ranging from 4.49 to 4.63. These 
figures are interpreted along the lines of Smits’ theory of 
pseudo-components. The most recent treatment along 
these lines is that of Briegleb [Z. physik . Chen,, 144, 321 
(1929)].

In Table II, represents the temperature, *‘d  Bxptl.” 
the values of density obtained experimentally, and “ d  
Calcd.” those obtained from the formulas

D  — 4.8073 — 0.0005753/ (for metallic selenium) 
and

D  = 3.9851 — 0.001551 (/ — 217) (for liquid selenium)
These formulas were computed from the experimental 
results by the method of least squares: Ad represents the 
difference between ((d  Calcd.” and “ d  Exptl.” The 
figures calculated from Dobinski and Wesolowski’s equa­
tion are given in the fifth column.



2680 A. N. Campbell Vol. 64

The density of vitreous selenium was also determined. 
In order to ensure that the sample might consist, as far as 
possible, entirely of vitreous selenium, liquid selenium 
was quenched in a steel mold. It was found possible only 
to determine the density of this form at room temperature 
because at higher temperatures, e. g., 90°, the velocity of 
conversion to the stable metallic form was appreciably 
great. The result obtained was: d21*34 = 4.2524.

Discussion
The formula obtained by Dobinski and Weso­

lowski for the density of liquid selenium is
D = 3.987 -  0.0016(£ -  220)

The close agreement of Dobinski and Wesolowski’s 
results with ours shows the suitability of the 
methods employed by both. The conclusion is 
that the results of Dobinski and Wesolowski are 
equally reliable throughout their range of meas­
urement, i. up to 345°. The linear relation­
ship between density and temperature indicates 
that as far as density is concerned the behavior

of both solid and liquid selenium is quite regular, 
i. e., unaccompanied by a shifting internal equi­
librium.

From our results, the change in volume on 
melting results as +0.03737 cc. per gram. Tak­
ing the heat of fusion as 13.4 cal. per gram,3 we 
obtain for the change in fusion temperature with 
pressure +0.033° per atmosphere. This seems 
abnormally large and might make selenium an 
interesting subject for pressure experiments.

J Summary
The densities of selenium (metallic and liquid) 

have been measured over the range 20-277°. In 
agreement with the conclusion of Dobinski and 
Wesolowski1 these measurements give no indica­
tion of a shifting internal equilibrium. The rise 
of the melting point with pressure has been cal­
culated.

(3) M ondain  an d  M onval, B ull. soc. chim., [4] 39, 1349 (1926). 

Winnipeg, Canada R eceived M ay 16, 1942

[Contribution from the Department of Chemistry, University of M anitoba]

The Systems: LiN03-NH4N 0 3 and LiN03-N H 4N 0 3-H 20
B y A. N. Campbell

The system LiNO3-NH4NO3 is interesting as 
one of the series of binary systems consisting of 
NH4NO3 and the nitrates of the univalent metals, 
viz., TINOs, AgN03, LiNOs, NaNOs, K N03, all 
which have been studied. In some of these sys­
tems, compound formation occurs, in others solid 
solution, and in others again, the equilibrium 
diagram is of the simple eutectic form, unaccom­
panied by solid solution. This appears to be the 
case with lithium nitrate, according to Perman 
and Harrison,1 who investigated the system up to 
a content of 45% LiNC>3.

Certain of the observations of Perman and 
Harrison are important in the present work and I 
quote: “On increasing the proportion of lithium 
salt, the stability was reduced, so that the range 
of the experiments at higher temperatures was 
very limited.” I have not found this to be the 
case; on the contrary, measurements were car­
ried as high as 230° (in presence of LiNOs) before 
decomposition invalidated the results.

“The curve shows the usual two branches, with 
a eutectic at 97° and 25% LiNOs. There is,

(1) P e rm an  and  H arrison , J .  Chem. Soc., 125, 1709 (1924).

however, a marked break in the left branch at 
122° indicating a change (on cooling) from the 
d to the 7-form of N H 4N O 3 .

“A cooling curve was obtained for LiNOs (in a 
separate experiment) between 265° (its melting 
point) and 80°. It showed no breaks, thus prov­
ing that this salt exists in but one crystalline form 
between these limits of temperature.”

I have repeated the work of Perman and Harri­
son, using a refined technique, and have carried 
the measurements to a higher content of lithium 
nitrate. The technique used was that of metal­
lurgical practice, and consisted essentially in the 
use of a neutral body and two thermocouples in 
opposition: very small thermal changes in the 
system are thus rendered evident by large dis­
placements of a sensitive galvanometer: the
method is due to Roberts-Austen.2 In the course 
of this investigation I frequently detected a point 
of recalescence which led me to suspect either 
limited solid solubility or the existence of a com­
pound with incongruent melting point. I there-

(2) F if th  R ep o rt, Alloys R esearch  C om m ittee, Proc. In st. M ech.
Engrs. (L ondon), (1899).
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fore investigated the ternary system LiNOa- 
NH4NO3-H2O at 90, 60, 31 and 25° and have 
thus shown that neither compound nor solid solu­
tions exist.

Experimental
Two large hard glass test-tubes were placed symmetrically 

in an electric furnace. One tube contained the LiN03-  
NH4NO3 mixture, in weighed proportions (from 60 to 
100 g.), and the other the neutral body of silica, of such a 
weight as to have nearly equal thermal capacity. Each 
test-tube carried an iron-constantan thermocouple, con­
nected in opposition through a delicate reflecting galva­
nometer. Temperatures were read directly on mercurial 
thermometers inserted in the system and in the neutral 
body. The thermometers were calibrated in boiling ben­
zene, water, toluene, m-xylene, aniline, nitrobenzene and 
naphthalene and in freezing lead; an exposed stem correc­
tion was also applied. Systems consisting of mixtures of 
salts are at a disadvantage in comparison with similar 
systems consisting of metals, because of the low thermal 
conductivity of the former. It is, therefore, important to 
make provision for adequate stirring and in the present 
case this was achieved by means of a fine stream of com­
pressed air passing through a capillary immersed in the 
melt. Unfortunately, no system of stirring is of any 
value after solidification, or even partial solidification, has 
taken place, and the full effect of poor thermal conductivity 
then comes into play.

In conducting the thermal analysis, the Plato method 
of graduated cooling3 was applied; i. e., the temperature 
of the furnace was reduced by equal decrements per unit 
of time, by increasing the resistance in the circuit. The 
lithium nitrate and ammonium nitrate used were British 
Drug Houses A. R. chemicals. To ensure their dryness, 
the ammonium nitrate was kept over sulfuric acid, with 
frequent grinding, and the lithium nitrate was fused just 
before use; lithium nitrate must not be kept fused for any 
length of time, or the temperature raised much above the 
melting point, lest decomposition become appreciable.

To ensure homogeneity of the mixtures, the following 
procedure was adopted: The ammonium nitrate was first 
weighed out and brought to the temperature of incipient 
fusion; the powdered and weighed lithium nitrate was 
then added, little by little and with constant stirring, 
until a completely clear and homogeneous melt was 
obtained. This was then placed in the furnace, which 
had previously been raised to a temperature above the 
freezing point of the mixture.

The observation of Lowry4 that melts rich in am­
monium nitrate invariably cracked the test-tube on cool­
ing was confirmed. He attributes this to the transforma­
tion NH4N03 II NH4NO3 III at 82°, which occurs 
with expansion on cooling: the transformation III —► 
IV at 32° is accompanied by a contraction.

Results
The results of the thermal analysis are given in 

Table I (in duplicate runs, the results were repro*
(3) Z. physik. Chem., 55, 721 (1906).
(4) E arly  and  Low ry, J . Chem. Soc., 115, 1387 (1919).

T a b l e  I
T e m p e r a t u r e - C o m p o s i t io n  D a t a  f o r  t h e  S y s t e m : 

LiN O3-NH 4N O3
Freezing  po in t, P eritec tic , E u tec tic ,

%  LiN O i °C . °C . °c.
100 270
75 218
70 212
65 205
60 196 116-113 (indistinct)
55 182 118
50 171 120 95
45 151 119 97
40 135 117 96
35 121 96
30 110 97
25 97 97
20 106 97
15 119 97
10 133 126 (NH4NO3 97

transition)
5 153 128 93
0 169 126

ducible to =*=0.5°). These figures are expressed 
graphically in Fig. 1.

Discussion
The figures entirely confirm the results of Per­

man and Harrison. The only new observation is 
the so-called “peritectic point.” A recalescence 
on the lithium nitrate curve, for mixtures between 
60 and 40% LiNOs, was frequently observed, at a 
temperature of about 110-120°. No explanation
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Table II
S y s t e m  LiN0s-NH4N03-H20

w t .  % NH4N0* wt. %
LiNOs

wt. % wt. % wt. % wt. %
NH4NÓ3 LiNOs NH4NO3 LiNOs

90° 60° 31°
Solid phase: 
NH4NO3 II

*88,5 0.0
70.0 10.6
66.7 20.8
66.0 23.3

Invariant Point:
65.5 29.3

Solid phase: LiNOr
anhyd.

60.7 32.0
56.3 34.6
52.2 36.9
45.0 41.5
38.5 45.0
38.0 45.5
26.5 52.2
23.2 54.2
17.6 57.8
10.1 61.8
0.0 *68.0

* Literature value: 
NH4NOs -  89.3 (I. C. 
T.). LiNOg = not 
previously determined.

Solid phase: 
NH4NOs III

*81.0 0.0
68.5 9.2
63.0 14.9
60.2 18.7
57.0 25.9
57.1 27.4

Invariant Point:
56.4 31.2

Solid phase: LiNO,
anhyd.

56.9 31.5
32.2 44.3
30.2 45.5
19.2 51.5
14.4 54.0
9.0 56.6
0.0 *62.2

* Literature Values: 
NH4NOs = 80.8 (I. C. 
T.); LiNOs -  63.6 
(Donnan and Burt).

Solid phase: 
NH4N 03 IV

*71.5 0.0
70.0 0.6
68.2 1.6
66.2 2.9
60.5 7.7
56.5 11.4
47.3 22.9
43.8 32.9
42.3 34.5

Invariant Point:
ƒ 42.0 38.7
\  41.9 38.4

Solid phase: LiN
anhyd

39.9 39.3
39.3 39.9
38.4 40.5
37.7 41.1
32.2 43.0
31.5 43.5
24.0 47.0

wt. % wt. % 
NH4NO8 LiNOs

31° (contd.)
14.8 51.8
9.1 53.9
5.1 56.0
3.1 56.7
1.5 57.7
0.0 *58.5

* Literature Values: 
NH4N 03 -  71.0 (I. C. 
T.); LiNOs -  57.8 at 
29.60 (Donnan and
Burt).

25°
Solid phase: 

NH4N 03 IV 
*69.2 0.0
55.8 9.9
49.1 17.4
43.6 25.7
40.2 31.5
38.5 35.0

Invariant Point 1:
37.5 39.0
37.7 38.9

wt. % 
NH4NO3

W t. % 
LiNOa

Solid phase: LiNO-
anhyd.

36.9 39.5
33.8 41.0
32.2 41,8
29.0 43.3
20.8 47.3
19.6 48.0
14.3 50.5

Invariant Point.2:
14.0 51.0
Solid phase: 
LiN0r3H20
12.5 49.0
11.5 47.5
7.0 45.0
3.8 45.0
2.8 45.3
1.0 45.6
0.0 *46.0

* Literature Values: 
NH4NO3 = 68.7 (I. C. 
T.); LiNOs = 45.24 
(Interpolated from 
Donnan and Burt).

lias been found for this observation. It may be 
the result of some unknown experimental trouble; 
or it may indicate a polymorphic transition of 
lithium nitrate, although this could not be con­
firmed by the cooling curve of pure lithium ni­
trate. It does not seem to be the transition tem­
perature of a compound of the two salts, since the 
ternary system revealed neither compound nor 
solid solution formation.

LiNO 3- N H 4N O 3- H 2O .—This system was in­
vestigated at 90, 60, 31 and 25°. Using a small 
thermostat, a low-lag electrical heating unit, and 
a sealed mercury arc relay, it was possible to main­
tain temperature constant to within 0.01° even at 
90°. All solutions were stirred for twenty-four 
hours before analyzing them. In order to obtain a 
solid phase as free as possible from mother liquor, 
an all-glass apparatus was designed, incorporat­
ing a sintered glass filter and filtration by suction 
at the temperature of the thermostat. Ammonia 
was estimated by distillation and lithium by con­
version to sulfate in a platinum dish. The accu­
racy of the ammonia estimation is high, certainly 
as high as 0.1% ; that of the lithium determination 
not so high, 0.2% at best. The reproducibility

was checked by taking solutions close together 
in composition: the analytical results lie on a
smooth curve. Occasional discrepancies were 
due to insufficient time of stirring: these solutions 
attain equilibrium very slowly. The results are 
in Table II, and plotted in Figs. 2, 3, 4 and 5.

Since the hydrate, LiNOs* V̂ KkO, described by 
Donnan and Burt,5 nowhere occurs as solid phase 
in any of these systems, a dilatometric investiga­
tion of the transition points of hydrated lithium 
nitrate was carried out. The dilatometer con­
tained anhydrous lithium nitrate to which water 
was added in amount more than sufficient to con­
vert all the salt to hemihydrate but insufficient 
to convert it entirely to the trihydrate; the indi­
cator fluid was m-xylene. The dilatometer was 
kept at room temperature overnight to ensure hy­
dration and it was obvious to the eye that this had 
occurred. According to Donnan and Burt, the 
bulb should have contained a mixture of tri- and 
hemihydrates. A marked transition point was 
found at 28.8°. Donnan and Burt give 29.6° as 
the temperature of the transition

LiNOs-3 H2O LiNOs-V2H2O +  2 7 2H20
(5) D onnan and  B u rt, J .  Ch$m . Soct> 88» 335 (1903).
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These authors also give 61.1° as the temperature 
of the transition

UNO*-V2H2O LiN03 +  V2H2O 

I observed no second transition up to 78.8°.

H20.

NH4N 03. LiNOs.
Fig. 2 .-90°.

H20.

Fig. 3 .-60°.

Discussion
It is apparent from the isotherms that no com­

pound is formed between ammonium nitrate and 
lithium nitrate and that, in the solid state, am­
monium nitrate is insoluble in lithium nitrate 
(up to 90°) and lithium nitrate insoluble in all 
four crystalline modifications of ammonium ni­
trate. It is well known that ammonium nitrate 
forms solid solutions with potassium and cesium 
nitrates, but not with sodium nitrate. It is 
pointed out by Tutton6 that in some cases simi­
larity in crystalline form alone, even when it is

(6) “ C rystalline S tru c tu re  an d  Chem ical C onstitu tion ,” M ac­
m illan, London, 1910, p. 128.

h 2o.

Fig. 4 .-31°.

h 2o .

NH4NOs. LiNOs.
Fig. 5 .-25°.

very marked, is not sufficient to cause miscibility 
in the solid state, but that the molecular volumes 
of the two substances must also be almost equal. 
The molecular volumes of the nitrates in cc. are

NH4NOs KNOs CsNOs LiNOs NaNOs
46.5 48.0 52.8 29.6 35.8

Another striking feature of the isotherms is that 
the hemihydrate, LiNOs-VVtLO, nowhere occurs 
as stable solid phase. A similar observation was 
made by Massink,7 working on a system compris­
ing LiNOs, who found that, with the exception of 
one experiment, anhydrous LiNOs always oc­
curred as the solid phase, where the results of 
Donnan and Burt5 would lead one to expect the 
hemihydrate. Donnan and Burt base their evi­
dence for the existence of the hemihydrate on a 
direct determination of transition point in the 
dilatometer and on the occurrence of a break in

(7) M assink, Z . physik . Chem., 92, 356 (1916-1918).
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their solubility curve for lithium nitrate in water. 
I have been unable to obtain the transition point 
dilatometrically and, if the solubility figures of 
Donnan and Burt are plotted, there seems no 
reason to give the curve the shape drawn by them; 
their figures are better represented by a smooth 
curve: in any case, their determinations are too 
far apart to settle the matter definitely. I con­
clude that the existence of the hydrate, LiNCV 
V2H20, is doubtful.

Summary
1. The system LiNCb-NHUNOs has been in­

vestigated by thermal analysis. The results of 
Perman and Harrison are confirmed and extended.

2. The system LiNO3-NH4NO3-H2O has been 
investigated at 90, 60, 31 and 25° by the usual 
solubility technique.

3. No compound occurs, under any of the 
above conditions; neither is solid ammonium ni­
trate soluble in solid lithium nitrate (up to 90°), 
nor lithium nitrate in any of the four crystalline 
modifications of ammonium nitrate.

4. Lithium nitrate exists in but one crystal­
line form between room temperature and its melt­
ing point, in accordance with Perman and Harri­
son.

5. The hydrate, LiNOs* V2H2O, described by
Donnan and Burt, nowhere exists as stable solid 
phase. A direct investigation of transition point 
with the dilatometer failed to reveal the transition: 
LiN03-V2H2O LiNOs +  7 2H20, which is
said to occur at 61.1°. The existence of this hy­
drate is doubtful.
W in n ipeg , Canada R eceived M ay 29, 1942

[Contribution  from the D epartments of Physics and Chemistry of the  U niversity  of Florida]

Spectroscopic Evidence of Intermolecular Transfer of Protons
B y D udley  W illiam s1 and W . D avid Stallcup2

The high degree of association exhibited by pure 
liquids and by liquid mixtures in which the mole­
cules contain hydrogen atoms attached to atoms 
of the electronegative elements fluorine, oxygen 
or nitrogen has been explained, qualitatively at 
least, in terms of proton bonds or hydrogen bridges 
formed between neighboring molecules. Accord­
ing to the proton-bond theory, protons are 
“shared” between adjacent molecules in somewhat 
the following manner

/Hs
r—° \ H/ ° —R'

In the case of water and other liquids having 
especially strong proton bonds, the proton can be 
transferred from one molecule to another when 
the molecules are separated. Whether actual 
intermolecular transfer of protons can occur in 
all liquid mixtures having association of the type 
indicated above is not entirely clear. The pur­
pose of the present paper is to report a method 
for detecting intermolecular transfer and to give 
the results for a single binary mixture.

The method is rather simple: the hydrogen in 
one liquid is replaced by deuterium. Then the

(1) Present address: Radiation Laboratory, Massachusetts
Institute of Technology, Cambridge, Mass.

(2) Present address: American Cyanamid Company, Stamford, 
Conn.

two liquids are mixed. After mixing, the liquids 
are separated by distillation and the liquid origi­
nally containing no deuterium is tested for the 
presence of deuterium. The changes in physical 
constants produced by the presence of deuterium 
are, in most cases, so slight that it was decided 
to use the infrared absorption of the liquids as a 
test for the presence of deuterium. The separa­
tion of OH and OD bands in alcohols is approxi­
mately 830 cm.-1 ; the OH and OD absorption 
bands appear at 3.0 ju and 4.0 fi9 respectively. The 
two liquids chosen for study were methanol and 
heavy butanol.

Experimental Results
Anhydrous methanol was prepared by treat­

ing a suspension of magnesium methylate in 
methanol with freshly distilled methanol and 
then separating the methanol from this mixture 
of magnesium oxide and magnesium methylate 
by distillation. The methanol thus prepared had 
the following physical constants: b. p. 64.5°, w25d 
1.3268, and d254 0.7896.

The deuterium butoxide was prepared by add­
ing deuterium oxide to ^-butyl borate. After 
standing a few hours, the precipitated boric acid 
was removed by filtration. The filtrate was then 
fractionated in order to separate the deuterium
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Drum reading.
8.0 8.5 9.0 9.5 10.0 10.5

Fig. 1.—The infrared transmission of methanol and butanol: 
Curve A, original methanol; Curve B, original butanol (containing 
deuterium); Curve C, recovered methanol; Curve D, recovered 
butanol.

butoxide from unreacted butyl borate. The 
deuterium butoxide fraction was then re­
fractionated through a thirty-plate column 
and the material distilling at 119.0-119.5° 
was collected. The physical constants of 
this material were: n2bD
0.8131.

The transmission of samples of the meth­
anol and the deuterium butoxide was then 
measured in the region between 2 and 5 /*.
The absorption cells used were approxi­
mately 0.03 mm. in thickness. The 
spectrometer was a Littrow instrument 
equipped with a rock salt prism. The 
results obtained are shown in Fig. 1.
Curve A is the transmission curve for 
methanol and exhibits only two absorp­
tion bands; the band at 3.0 ju arises from 
an OH vibration and the band at 3.4/* 
from a CH vibration. Curve B represents 
the transmission of the deuterium butoxide 
prepared in the manner described above.
In this curve strong bands are found near
3.4 /jl and 4.0 /*, arising from CH and OD 
vibrations, respectively; a rather weak 
band is also observed at 3.0 /*, indicating 
that some OH groups are also present in 
the heavy butanol.

After the spectra of the original liquids 
had been studied, equimolecular amounts 
of the liquids were mixed and heated for 
two hours. At the end of this time, the 
methanol and butanol were separated by 
fractionation through a forty-plate column.
The first fraction was collected at the end 
of ninety minutes and, after discarding 
intermediate fractions, the final butanol 
fraction was collected three hours later. The 
recovered alcohols had the following physical 
constants

Methanol: b. p. 65.5° 1.3270 d2h 0.7913
Butanol: b. p. 119° w25d 1.3970 d2h 0.8103

The spectra obtained for a sample of the re­
covered methanol is shown in Curve C of Fig. 1. 
Three absorption bands will be noted; these are 
produced by OH, CH, and OD vibrations. The 
OH band is weaker than in the spectrum of the 
original methanol and an OD band can now be ob­
served near 4.0 /*. Curve D represents the trans­
mission of a sample of the recovered butanol and 
also indicates absorption arising from OH, CH, 
and OD groups. The OH band is much stronger

than in the original butanol, while the OD band 
is correspondingly weaker.

Discussion
The spectroscopic results indicated in Fig. 1 

can be interpreted on the basis of the actual trans­
fer of hydrogen atoms from methanol to butanol 
and the transfer of deuterium atoms from butanol 
to methanol. There are obvious extensions of the 
method developed in the present study to the 
study of other mixtures whose components can be 
separated by distillation. It was originally hoped 
to extend the present investigation to include the 
study of proton transfers between other alcohol 
molecules, between amine molecules, and be­
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tween alcohols and amines. Numerous other ap­
plications of the method suggest themselves, but 
the pressure of other work will prevent pursuing 
the problem further at present.

Summary
When a mixture of MeOH and BuOD is frac­

tionated, it is found that MeOH and MeOD are

both present in the recovered methanol and that 
BuOH and BuOD are both present in the recov­
ered butanol. It is concluded that the intermo­
lecular hydrogen bonds involve the actual trans­
fer of protons between molecules. Extension of 
the present study to include other compounds is 
suggested.
C a m b r id g e , M a ss . R e c e i v e d  A u g u s t  7, 1942

[C o n t r i b u t io n  f r o m  D e p a r t m e n t  o f  C h e m i s t r y  o f  C o r n e l l  U n i v e r s i t y ]

The Structures of Dimethyl Boron Fluoride and Methyl Boron Difluoride
B y S. H. B auer and J. M . H astings

The structures of boron trifluoride and boron 
trimethyl as determined by Lévy and Brockway1 
were among the first items of information to sug­
gest that rather artificial explanations may be 
necessary in some cases to make the observed in­
teratomic distances harmonize with the Pauling 
and Huggins2 table of covalent radii and with the 
postulate of the dependence of bond order on the 
distances between the atoms in a molecule.3 The 
suggestion of Schomaker and Stevenson4 that as a 
next best approximation the electronegativity 
difference between the atoms be considered in 
computing the separation for normal covalent 
bonding was a welcomed one since it permitted a 
reasonable interpretation of data otherwise not 
readily accounted for; it removed the necessity 
for the artificial postulates applied to various 
boron compounds.5 The structures of the methyl 
boron fluorides discussed in this paper furnish 
critical tests for the applicability of the table of 
atomic radii as revised by them and of the use of 
their equation

r*b = ra +  r& — 0.09 | xa — | (1)
Both the methyl boron difluoride and the di­

methyl boron fluoride were furnished by Dr. Anton 
B. Burg.6 We wish to acknowledge his coopera­
tion and to thank him sincerely for this and other 
compounds he gave us.

The Apparatus and Photographs
The present electron diffraction apparatus re-

(1) H . A. L évy  and  L. O. B rockw ay, T h is  J o ur n a l , 59, 2085 
(1 9 3 7 ),

(2) L . Pau ling  and  M . L. H uggins, Z . K rist., A87, 205 (1934).
(3) F o r  references, L. Pauling , " N a tu re  of th e  Chem ical B ond,” 

C ornell U niversity  Press, I th aca , N . Y ., C h ap ter V, 1940.
(4) V. Schom aker and  D. P . S tevenson, T h i s  J o urn al , 63, 37 

(1941 ).
(5) S. H . B auer and  J . Y. Beach, ibid., 63, 1394 (1941).
(6) A. B. B urg, ibid., 62, 2228 (1940).

sembles the latest model constructed by Brock­
way.7 A simple but highly effective voltage 
regulator8 and voltmeter have been set up so that 
the net voltage fluctuations have been reduced to 
a few hundredths of one per cent. The apparatus 
was designed to be flexible and special provision 
made for the incorporation of a rotating sector,9 
the assembly of which has now been completed. 
A more detailed description of this unit will be 
given in a future paper.

The photographs were taken with electrons 
having a wave length near 0.06 A., and with the 
nozzle-plate distance equal to 13.69 cm. The 
visual appearance of the photographs is that 
indicated by curves V, Figs. 2 and 4; the

4-7T “1
y  sin G0/2 values for the maxima and

minima as determined by the usual visual tech­
nique, and their relative intensities above or be­
low the estimated backgrounds (lines through 
curves V) are given in Tables II and III.

Analysis of the Data
Because of their relative simplicity, consider­

able information regarding the structures of these 
molecules can be obtained from their radial dis­
tribution curves. These were computed accord­
ing to the method of Walter and Beach,10 and 
are plotted in Fig. 1. The results are summarized 
in Table I. To facilitate the interpretation of 
these curves and to show the resolution which 
might be expected under ideal conditions, “syn­
thetic” radial distribution curves for various

(7) E . H . E y s te r, R . H . G ille tte  and. L. O. B rockway, ibid., 62, 
3236 (1940), an d  p riv a te  com m unications.

(8) T he vo ltage stab ilizer is of th e  degenerative ty p e  and  resem bles 
th e  one described  by L. G. P a r r a t t  and  J . W. T rischka, Rev. Sci. 
Instrum ents, 13, 17 (1942).

(9) P. P . D ebye, P hysik . Z ., 40, 404 (1939).
(10) J . W alte r and  J . Y. Beach, J . Chem. Phys., 8 , 601 (1940).
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models are also included in Fig. 1. The approxi­
mate equations given by Debye11 were used, as 
was also an average value for the temperature 
factor, a# ( =  0.042). The synthetic D(r)’s thus 
computed for planar models, boron valence 
angles equal to 120°, with B-C =  1.56 A. and 
B-F =  1.30 A., agree very well with the experi­
mentally determined R. D. curves. It is clear 
that only slight distortions of these basic models 
(Table I) would be needed to obtain the best 
quantitative check between the calculated and ob­
served patterns.

T a b l e  I
B(CH3)2F

Peaks a t  A. In te rp re ted  as R atios

0.95 C-H
1.29 B-F
1.55 B-C B-C/B-F = 1.204
2.49 C-F B-C/C-F = 0.623

ZCBF = 122° indicated
BCH3F2

Peaks a t  A. In te rp re ted  as R atios
1.01 C-H
1.31 B-F B-F/F-C = 0.512
2.23 F-F B-F/F-F = 0.586
2.55 C-F F-F/F-C = 0.874

ZCBF = 12172° indicated

To begin with, we considered models with 120° 
valence angles, varying the B-C/F-B ratio. The 
intensity curves, calculated in the usual manner, 
are shown in Figs. 2 and 4, with the description 
of the corresponding models given in the legends. 
In order to restrict the total number of computa­
tions for configurations with unequal boron va­
lence angles, we made use of the following argu­
ment. If

I ( s )  =  V '  Z i Z j

i j  k i s
then

ö/ ( j ) _  ^ d rs in /ij-f] bhj
b P n  * * b l i j  L l i j S  J c)PW

where P n is a given structure parameter, 
thermore

(2)

Fur-

bljj rsinj^n _ f  sin s(ljj +  e) _
5 L UjS J  “  2e L s(Ui +  e)

sin s{kj — e)“| e2s2 sin UjS 
s(kj ~  e) J ~  2hj W

to the approximation sin se =  se; cos es = 1 — 
s2e2/ 2; and e2 «  l^2. Since with the available 
sin x/x  strips, e can be made as small as 0.01, equa­
tions 2 and 3 are quite accurate. Hence it is a 
simple matter to estimate the effect an increment

(11) P . D ebye, J . Chem. P hys., 9, 55 (1941).

A.
Fig. 1.—Radial distribution curves for methyl boron 

fluorides* Those marked “S” are synthetic curves for 
boron valence angles equal to 120°, B-C = 1.56 A., 
B-F = 1.30 A., C-H = 1.09 A., atj = 0.042. The other 
curves were computed from the data quoted in Tables II 
and III, using the method of Walter and Beach.
in a particular structure parameter will have on 
the intensity pattern over any given interval of 5. 
Knowing such trends is of considerable aid in de­
ducing a configuration which is satisfactory. 
However, of greater value is the possibility thus 
presented of deducing the effects of increments
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in several parameters at once. Were one to start

Fig. 2.—Intensity curves for dimethyl boron fluoride. 
Curve V is a sketch of the visual appearance of the pat* 
tern; the dashed curve is the supposed background above 
and below which our relative intensity estimates were 
made. For the computed curves, C-H == 1.09 A., carbon 
valence angles tetrahedral (assumed); B-F = 1.29 A., 
boron valences in a plane, and 
B-C = 1.61 A., ZCBF = 120° Curve A

1.55 120 C
1.49 120 E
1.55 122 F (usual method), 

ƒ (eq. 4)
1.55 118 G (usual method), 

g (eq. 4)
1.58 122 i  (eq. 4)
1.61 124 k (eq. 4)

with a satisfactory model and values for èl(s) /d P M 
covering the critical regions, he can quickly esti­
mate the effects of any combination of increments, 
if these are reasonably small, from

I (-S’)  new config. — I (•?) original "1"  ̂t*  ̂ A P ft ( 4 )rt Or n

and thus conclude which combinations will still 
lead to satisfactory models. Limits on these in­
crements are imposed by the radial distribution 
curve.

Dimethyl boron Fluoride.—The critical points 
of comparison are the intensities of the fourth and 
seventh peaks relative to the maxima on either 
side of these. For configurations with 120° 
boron valence angles six curves were computed, 
with the B -C /B -F  ratio varying from 1.61/1.29 
to 1.49/1.29. Of these, curves A and E, Fig. 2, 
are the extremes. The curve marked C, for 
which B -C /B -F  =  1.202, and B-C/C-F =  0.630, 
appears to be quite satisfactory, both qualita­
tively and quantitatively (Tables I and II). 
A change of 0.03 A. in the B-C separation intro­
duces features not experimentally observed in the 
photographs.

T a b l e  II
D i m e t h y l  b o r o n  F l u o r id e

Sealed./Sobs.
M ax. M in. Sobs. I c i k

1 2.54 10 (1.181)
2 4.20 -  9 0.986

2 5.59 18 1.020
3 7.19 -1 2 0.992

3 8.24 10 1.004* 0.982 0.972
4 9.51 -  5 1.002* .982 .975

4 10.67 5 1.001* .978 .975
5 12.01 -  4 0.965* .958 .952

5 13.29 5 0.983* .967 .962
6 14.65 -  2 1.006* .978 .969

6 15.85 3 1.022* .989 .980
7 16.99 -  1 1.018* .989 .982

7 18.15 1 1.012* .986 .982
8 19.61 -  1 1.003* .983 .977

8 21.03 1 1.003
*

Average 1.001 1.002 0.979 0.973
Mean deviation 0.011 0.011 0.0072 0.0670

Distances 
and angle * 
deduced

B-F 1.291 1.293 1.263 1.255
B-C 1.552 1.553 1.547 1.566
C-F 2.462 2.465 2.457 2.49l
ZCBF

oO
t

oOrH 122° 1.24°

The radial distribution curve suggests a small 
distortion in the boron valence angles. How­
ever, instead of calculating a whole series of curves 
covering a range in B -C /B -F  ratio for various 
angles in the vicinity 120°, we computed dl(s)/
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Fig. 3.—The variation of the intensity curves with 
distance and angle parameters, (CH3)2BF, curves I and 
II: b l ( s ) / b (B-C) and b l ( s ) / b (  Z  CBC/2), respectively.
CH3BF2, curves III and IV: same distance parameter, 
while angle parameter is ZFBF/2.

1.58 120 C
1.56 120 D
1.58 122 E (usual method) , 

e (eq. 4)
1.55 122 ƒ (eq. 4)
1.625 119 h. (eq. 4)

d(B-C) and dl(a)/da, where a — Z CBC/2, 
using curve C as our basic model (Fig. 3, curves 
I and II, respectively). We then made use of 
equation 4 to obtain subsequent models, some of 
which are included in Fig. 2, f-k. The accuracy 
of the method can be judged from a comparison 
of curves F and G with ƒ and g, the former two 
being computed in the usual manner, with B -C / 
B-F Aa =  1.202 and Z CBF =  122 and 118°, re­
spectively, while the latter were obtained from

eq. 4 (curve II, Fig. 3) with =  — 2 and + 2 ° , re­
spectively.

It soon became evident that in general incre­
ments in either parameter alone lead to unaccept­
able curves, the fit being least disturbed for A a 
negative. However, the combination of positive 
increments in B-C and negative ones in a resulted 
in a series of curves having the proper form 
(typical ones are i ,  k , Fig. 2); however, due to 
the good resolution obtained in the R. D. curves,
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T a b l e  I I I

M e t h y l b o r o n  D i f l u o r i d e

M ax. M in. ôbs. I B
Scaled./ Sobs.C D ƒ h

1 (3 .2 ) 5 (0.991) (0 .997) (0 .997)
2 4 .3 5 - 1 4 0 .986 0 .993 0 .991

2 5 .7 3 20 1 .024 1 .030 1.033
3 7 .3 3 -  1 1.025 1 .027 1 .027 1.040 1 .015

3 (8 .1 6 ) 1 (1.032) (1 .059) (1 .071) (1 .083) (1 .032)
4 (9 .50 ) -  1 (0.981) (1 .007) (1 .007) (0 .993) (0 .994)

4 (10 .70) 3 (1.034) (1 .044) (1 .037) (1 .028) (1 .045)
5 13. 79 -  8 1.004 1 .012 1 .015 1.022 1 .001

5 15 .06 5 1.024 1 .036 1 .039 1 .039 1 .024
6 16.47 -  2 1.021 1 .032 1.036 1.032 1.019

6 17 .67 2 1.001 1 .005 1 .0 0 8 1.019 0 .9 9 0
7 19 .14 -  2 0 .990 0 .9 9 6 1 .000 1.008 0 .9 8 7

7 2 0 .2 9 3 1 .008 1 .016 1 .020
8 22.100 -  1 1.001 1 .000 1 .012

8 2 2 .93 1 1.013 1 .014 1 .026
9 2 4 .3 9 -  1 0.991 0 .9 9 0 1.000

9 2 5 .4 4 1 1.006 1 .006 1 .015
Average 1.007 1 .012 1 .017 1.027 1 .006
Mean deviation 0.011 0 .0 1 3 0 .0 1 2 0 .010 0 .013

' B-F 1.299 1 .305 1 .3 1 2  . 1 .325 1 .2 9 8

Distances and angles
Aorhir'&A

B-C
C-F

1 .6 2 i
2 .538

1 .599
2 .5 2 o

1 .587
2 .5 1 2

1.592
2 .557

1 .635
2 .5 3 5

F-F 2 .256 2 .2 6 7 2 .2 7 8 2 .249 2.223
ZCBF 120° 120° 120° 122° 119°

not all of these are acceptable. On weighing the parameter alone. However, small positive incre-
various data, we concluded that dimethyl boron 
fluoride is a planar molecule, B -F  = 1.29 =*=
0.02 A.; B-C = 1.55 ±  0.02 A.; C-F = 2.48 ±
0.03 A.; C-H =1.09 A. and tetrahedral carbon 
valence angles were assumed. The above com­
bination of distances leads to Z CBF = 12 iy2°.

Methylboron Difluoride.—The critical region 
extends from s =  7 to 19. Due to the steeply de­
creasing background and the presence of a broad 
fourth maximum, the exact shape of the pattern 
in the interval 5 =  8 to 13 could not be clearly 
determined. Again, using 120° valence angles 
for boron, four curves were computed for the B-C / 
B -F  ratio ranging from 1.66/1.29 to 1.56/1.29, 
with the best qualitative and quantitative fit be­
ing somewhere between curves B and C (Fig. 4 
and Table III) B -C /B -F  =  1.61/1.29 and 1.58/ 
1.29, respectively.

With model B as a base, d/(5)/ö(B-C) and 
dI(s)/dp  where 0 =  Z FBF/2 (Fig. 3, III and 
IV, respectively) were obtained. It is clear that 
positive or negative increments in the two pa­
rameters would cancel each other except in the 
range s =  8 to 11. Thus, although the R. D. 
curve suggests that Z CBF is greater than 120°, a 
negative increment in 0 leads to unacceptable 
curves (E and e, Fig. 4), as do increments in either

ments both in B-C and in 0 lead to several ac­
ceptable curves (h, Fig. 4 is typical), as do small 
negative increments in both (ƒ of Fig. 4). One 
may conclude that methyl boron difluoride is a 
planar molecule, B -F  =1.30 =*= 0.02 A.; B-C  
1.60 ±  0.03 A.; C-F =  2.53 ±  0.03 A.; C-H 
= 1.09 A. and tetrahedral carbon valence angles 
assumed. The above combination of distances 
leads to Z CBF =  121°.

Discussion
The electron diffraction results of Lévy and 

Brockway1 coupled with the data obtained in this 
investigation show that the molecules comprising 
the series B(CH3)3, B(CH3)2F, BCH3F2, and BF3 
have the same configuration, and essentially the 
same interatomic distances. For quantitative 
comparison we have compiled Table IV. All but 
one of the reported B-C separations are equal 
to that expected for normal covalent bonding; 
at present writing we are unable to propose a 
theory which would account for the small in­
crease in the B-C distance in BCH3F2 and which 
would not introduce difficulties for the remain­
ing data. Empirically, the difference between the 
B-F separations observed in the methyl boron 
fluorides and those in (CH3)20:B F 3, etc., may be
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T a b l e  IV
B -C  distance, B -F  distance,

Com pound A. A. Reference

H3BCO 1 .57

CO0d■H 12
(CH3BO)3 1 .57 =*= .03 5
B(CH3)3 1 .56 ±  .02 1
B(CH3)2F 1 .55 ±  .02 1 .2 9  i  0 .0 2 B and H
b c h 3f 2 1 .60 ±  .03 1 .3 0  =*= .02 B and H
b f 3 1 .3 0  ±  .02 1

1 .29 13
(CH3)20:B F 3 1 .41  =*= .02 14
Alkali fluoborates 1 .43 15
Expected, for
bonds of unit
order: S and S 1 .57 1 .39 4, 5

ascribed to the transition in the coordination of 
boron from three to four, although reasoning on 
the basis of this postulate would lead one to ex­
pect a somewhat larger B-C distance in H3BCO, 
wherein the boron atom is tetrahedrally bonded, 
than in the other compounds.

Introduction of Jhe assumption of the depend­
ence of bond distance on bond type always raises 
the question as to the interatomic distance one 
should select for a unit bond. Assuming that no 
distinction need be made between sp2 and spz type 
bonds (Table IV), it follows that the B-C link­
ages are all of unit order, whereas the B-F bonds 
in boron trifluoride are of an order higher than 
unity; i. e., that the three excited structures 
F2B~::F+:: contribute appreciably to the ground 
state. This is borne out by a rough comparison 
of the bond strengths in BF3 and BF4“ as deduced 
from their heats of formation,16 and is further

(12) S. H. B auer, T his J ournal, 59, 1804 (1937).
(13) D. M . Gage and  E. F . B arker, J . Chem. P hys., 7, 455 (1939).
(14) S. H . B auer and G. F in lay , unpublished  electron diffraction 

results, to  be subm itted  for pub lication  in This J ournal.
(15) C. F inbak  and O. Hassel, Z . physik. Chem., B32, 433 (1936); 

J . L. H oard  and  V. B lair, T his Journal, 57, 1985 (1935).
(16) In  B F 4" th e  average bond s tren g th  is estim ated  to  be 144 

kcal./m ole  bond, whereas in B F 3 i t  is 169 k ca l./b o n d  mole. R o th  
and  E rik a  Borger, Ber., 70B, 48 (1937); de Boer and  van  L iem pt, 
Rec. trav. chim., 46, 124 (1927).
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supported by the low parachor value which must 
be assigned to boron in BF3 (8 as compared with 
about 15 in the other trihalides).17

If the postulate of sp2 plus graphite type reso­
nance presented above for boron trifluoride is 
extended to the methylboron fluorides, the fact 
that the B-F separation is the same for the three 
compounds appears to be fortuitous. Thus one 
has to assume that a bond order of about 1.2 may 
result either from the normal (CH3)2B : F ::: plus 
the single excited structure (CH3)2B~::F+::, or 
from the normal F2B : F ::: plus the three excited 
structures F2B _ ::F+::, in which each B~::F+ link 
is on the average only one-third double bond. 
Clearly, resonance among the latter three equiva­
lent structures lowers some of the levels and 
raises others, so that the consequent resonance 
with the ground state is not strictly parallel to the 
case for dimethyl boron fluoride.

Finally one might point out the difference be­
tween the effects of successive substitutions of 
fluorine atoms on carbon and on boron. In 
CH2F2 the C-F separation is around 0.05 A. less 
than in the monosubstituted methane,18 whereas 
all the observed B-F distances are equal in the 
series BF3, BF2CH3, BF(CH3)2.

Summary
An electron diffraction study of dimethyl boron 

fluoride and methyl boron difluoride leads to the 
following: the molecules are planar, B(CH3)2F: 
B-F = 1.29 ±  0.02 A.; B-C =  1.55 ±  0.02 A.; 
C-F =  2.48 ±  0.03 A. BCH3F2: B -F  =  1.30 
±  0.02 A.; B-C =  1.60 ±  0.03 A.; C-F =  2.53 
±  0.03 A.

I t h a c a , N e w  Y o r k  R e c e i v e d  A u g u s t  12, 1942

(17) A. W . L aubengayer, R . P . Ferguson an d  A. E . N ew k irk , 
T his J ournal, 63, 559 (1941).

(18) L. O. B rockw ay, J . Phys. Chem., 41, 747 (1937).



2692 H erbert Sargent, Edwin R. Buchman and J ohn P. F arquhar Vol. 64

[C o n t r i b u t io n  f r o m  t h e  G a t e s  a n d  C r e l l i n  L a b o r a t o r ie s  o f  C h e m i s t r y , C a l i f o r n i a  I n s t i t u t e  o f  T e c h n o l o g y ,
No. 903]

The Constitution of Pirylene: Chemical Evidence
By Herbert Sargent, Edwin R. Buchman and John P. Farquhar

The C5H6 hydrocarbon pirylene (IV) was first 
prepared by Ladenburg1 starting from piperidine 
and following essentially the path here indicated 
over the intermediates (I) to (III). The structure 
of these intermediates was but imperfectly known 
in Ladenburg’s time,2 so that a correct formula­
tion of the pirylene molecule was out of the ques­
tion. In 1928, von Braun and Teuffert3 reinvesti-

I—CH Br ----** C6H7N(CHs)2 bases — >

CH3
w-C5H7N +(CH3)3I -  — c5h 6 

III IV
CH3C=CCH=CH2 — ^ CH3CH=CC1CH=CH2 

V VI
gated the subject, and concluded that pirylene 
must possess a doubly unsaturated ring structure. 
A number of possibilities were cited; that of 
methylenecyclobutene4 seemed most in accord 
with their observations. Because of our interest 
in cyclobutane derivatives the present study was 
undertaken.

It was found that degradation of (I) led to a 
mixture of bases (II), a fact which had been over­
looked by previous investigators,1,3,5 who had 
assumed the homogeneity of their C 5H 7N ( ( ^ 3 ) 2  

base. From (II), a methiodide (III) was obtained 
which is without doubt the parent substance from 
which pirylene was formed. The straight-chain 
nature of the C 5H 7 radical in this quaternary salt 
was demonstrated by catalytic reduction of the 
corresponding chloride to n-amyltrimethylam- 
monium chloride. From (III) pirylene (IV) was 
made in the usual way1,3; its properties, which 
agreed with the previous descriptions, were those 
of a pure substance.

A sample of this hydrocarbon has been sub­
mitted to Dr. V. Schomaker and Dr. R. Spurr of 
these Laboratories who have been able to work

(1) L adenburg , (a) Ber., 15, 1024 (1882); (b) A nn ., 247, 56 (1888).
(2) I t  was n o t u n til  1900 th a t  W ills ta tte r , Ber., 33, 365 (1900), 

e luc idated  th e  s tru c tu re  of th e  N  ,N -d im ethy l- ot- (brom om ethy 1-) - 
pyrro lid in ium brom ide  (I).

(3) von  B raun  an d  T euffert, ibid., 61, 1092 (1928).
(4) S tevens and  R ichm ond, T h is  J o u r n a l , 63, 3133, F oo tno te  14 

(1941), have po in ted  o u t th a t  i t  is difficult to  explain th e  form ation 
of th is  hydrocarbon.

(5) See also (a) L adenburg , Ber., 14, 1347 (1881); (b) M erling, 
ibid., 17, 2139 (1884); (c) W ills ta tte r , ref. 2.

out its structure from the electron diffraction pat­
tern.6 Their investigation indicates that (IV) 
is not a ring compound, but possesses the struc­
ture (V) of 1-methyl-2-vinylacetylene, a known 
substance,7 the physical properties of which agree 
well with those of pirylene.

The results of our chemical investigation are in 
full conformity with this conclusion. On catalytic 
reduction pirylene readily took up three moles of 
hydrogen; the reduced product was shown to be 
^-pentane. It also added one mole of hydrogen 
chloride, as has been demonstrated8 for (V), giving
3-chloro-l,3-pentadiene (methylchloroprene) (VI).

Experimental
C5H 7N(CH3 )2 Bases (II).—The pyrrolidinium bromide 

(I)60 was degraded according to directions in the litera­
ture.10'3 From 136.5 g. (0.5 mole) of (I), 39 g. (70%) of 
mixed bases (II) was obtained, b. p. ca. 56-70° at 50 mm.; 
the exact composition of this mixture9 was not determined 
due to its unstable nature. Fractionation through a pre­
cision column at 50 mm. gave 7.5 g. (13%) of material boil­
ing constantly at 66.5°; examination of this fraction dis­
closed that it represented a substantially pure substance. 
It was used directly for conversion to the quaternary salt 
(III).

A portion of this base was further purified over the di- 
liturate10 which crystallized from alcohol in well-formed 
narrow rectangular crystals; m. p. 161-162°. The re­
generated base, b. p. 65° at 49 mm., d 2h  0.800, w25d  1.4430, 
entirely stable for months in an atmosphere free from 
carbon dioxide, was obtained by distilling the diliturate 
with excess aqueous alkali.

Anal. Calcd. for C7H13N: C, 75.60; H, 11.79. Found: 
C, 75.89; H, 12.10.

The picrate was prepared from the components in ether, 
cube-like crystals from ethanol-isopropyl ether, m. p.
100.5-101.0°.

Anal. Calcd. for Ci3Hi6N407: N, 16.47, Found: N, 
16.25.

With methyl iodide the methiodide (III) described be­
low was obtained.

rc-C5H 7N(CH3)3l (III).—To 54.3 g. of base, (from frac­
tionation of (II), b. p. ca. 66.5° at 50 mm.), in 250 cc. of 
ethanol, 76.4 g. of methyl iodide (10% excess) was added 
slowly, keeping the temperature at below 35° by cooling 
in an ice-bath. The crystalline product started to separate

(6) S p u rr an d  Schom aker, T h is  J o u r n a l , 64, 2693 (1942).
(7) Jacobson  and  C aro thers, ibid., 55, 1622 (1933).
(8) Jacobson and  C aro thers, ibid., 55, 1624 (1933).
(9) A fu ller accoun t of th e  constituen ts  will be published  in 

ano the r connection.
(10) C om pare R edem ann  and  N iem ann, ibid., 62, 590 (1940).
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almost immediately; after recrystallization from aqueous 
alcohol, the yield of (III) was 104 g. (84%), m. p. 259° d. 
(lit.3 m. p. 257°), entirely stable when heated with water 
at 100° (compare ref. 3).

Anal. Calcd. for C8Hi6IN: C, 37.96; H, 6.36; N, 
5.53. Found: C, 38.33; H, 6.60; N, 5.57.

The same methiodide (III) was obtained when the mixed 
bases (II) were methylated according to directions1 in 
the literature. As a characteristic derivative, the picrate 
was prepared from concentrated aqueous solutions of (III) 
and of sodium picrate, needles from ethanol, m. p. 112.5- 
113.0°.

(Ill) was not amenable to catalytic reduction; it was 
converted to the corresponding chloride3 which was 
hydrogenated in aqueous solution under two atmospheres 
pressure using a palladium-charcoal catalyst. Two moles 
of hydrogen was taken up; the product was characterized 
by conversion to the picrate, prisms, m. p. 93.2-94.0°, 
from ethanol-isopropyl ether, and to the bromide, needles, 
m. p. 181.0-181.5°,11 * from ethanol. These derivatives 
gave no depression when mixed with authentic samples 
of the corresponding w-amyltrimethylammonium salts 
made from w-amyl bromide and trimethylamine.

Pirylene (IV)1.—Quaternary iodide (III) (57.5 g.) was 
introduced together with 27 g. of potassium hydroxide 
and 70 cc. of water into a flask, and the mixture distilled 
from an oil-bath into a receiver immersed in a bath at 
— 15°. A smooth decomposition took place (bath tem­
perature 120-135°); the distillate was acidified with 
6 N  hydrochloric acid, and the hydrocarbon separated 
and dried over potassium carbonate, and over sodium. 
After distillation through a precision column, 8.9 g. 
(59%) of (IV) was obtained which boiled constantly; in

(11) von B raun and  M urjahn , Ber., 59, 1205 (1926), reported  the
m. p. 175-176°.

a second similar experiment the yield was 11.0 g. (7 3 %) of 
material having a 0.3° range. The constants observed 
were: b .  p. 59.4° at 744 m m .,  d2\  0.7339, n25d  1.4467 (lit. 
pirylene3: b . p. 60°, d 194 0.7443, n19n 1.4505; methylvinyl- 
acetylene (V)7: b .  p. 59.2° at 760 mm., d 204 0.7401, w20d  
1.4496); the material polymerized slowly (much less 
rapidly than (VI)) on standing (compare refs. 3, 7).

The hydrocarbon (IV) (2.140 g.) was hydrogenated in 
ethanol solution using a palladium-charcoal catalyst. 
The hydrogen adsorbed (2.415 1. at 23° and 745 mm.) 
corresponded to 3 double bonds. The reduced hydro­
carbon was distilled from the reduction mixture, treated 
with concentrated sulfuric acid and redistilled through 
a precision column; the sole product detected was «- 
pentane, yield 1.0 g., b. p. 36.3-36.5° (lit.12 36 .1°).

Methylchloroprene (VI) was prepared from 3.7 g. of 
(IV) according to directions in the literature.8 Two and 
two-tenths grams of (VI) b. p. 98.5-101°, n25d 1.4745 
(lit.8 b. p. 99.5-101.5°, n20d 1.4785) was obtained, and 1.5 
g. of hydrocarbon was recovered. (VI) was identified 
by condensing with «-naphthoquinone; the derivative8 
melted at 180.7-181.0° cor. (lit.8 181°). When excess of 
(IV) and a-naphthoquinone were heated for two hours in 
a sealed tube at 100° no reaction13 was observed.

Summary
The conclusion, first arrived at as a result of 

the electron diffraction investigation,6 that pi­
rylene and 1-methyl-2-vinylacetylene are identical, 
is supported by the chemical evidence.

(12) Egloff, “ P hysical C onstan ts  of H y d ro ca rb o n s,”  Vol. I ,  
Reinhold P ublish ing  C orp ., N ew  Y ork, N . Y ., 1939, p. 33.

(13) C om pare B utz  an d  Joshel, T h is  J o u r n a l , 63, 3344 (1941). 
U nder th e  sam e conditions, p ipery lene gave an  a d d u c t w hich  w as 
oxidized to  1 -m ethy lan th raqu inone, m. p. 170-171°.

Pasadena , Ca lif . R eceived  J uly  7, 1942

[C o n t r i b u t io n  f r o m  t h e  G a t e s  a n d  C r e l l i n  L a b o r a t o r ie s  o f  C h e m i s t r y , C a l i f o r n i a  I n s t i t u t e  o f  T e c h n o l o g y ,
No. 902]

The Constitution of Pirylene: Electron Diffraction Investigation
B y R obert Spurr and Verner  Schomaker

In connection with the studies described in the 
foregoing article1 we have carried out an electron 
diffraction investigation of the C 5H 6 hydrocarbon 
pirylene with the object of determining its struc­
tural formula. Our results show that pirylene 
does not contain a three or four-membered ring as 
suggested by von Braun and Teuffert2 but that it 
is methylvinylacetylene, C H 3—C=C—C H = C H 2. 
This identification is substantiated by the agree­
ment1 of the physical properties of pirylene with 
those reported for methylvinylacetylene and by 
chemical evidence.1 We wish to express our thanks

(1) H erb e rt Sargen t, Edw in  R . B uchm an an d  John  P. F arquhar, 
T h is  J o u r n a l , 64, 2692 (1942).

(2) von B raun  and  T euffert, Ber., 61, 1092 (1928).

to Dr. E. R. Buchman for suggesting the problem 
and to him and his collaborators for providing 
the sample of pirylene used in the investigation.

Experimental
The preparation of the pirylene has been de­

scribed.1 The apparatus and technique used have 
been reviewed by Brockway.3 Twenty photo­
graphs were taken of the scattering from the 
vapor. The camera distance was about eleven 
or about twenty centimeters, and the wave 
length of the electrons was about 0.06 A. (based 
on ao =  4.070 A. for Au). The diffraction pat­
tern showed fine structure indicative of long inter-

(3) L. O. B rockw ay, Rev. Modern P hys., 8, 231 (1936).
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atomic distances of the order of 5 A. Thirty-one 
features were measured; the q values are repre­
sented by the arrows drawn through curves E'
and E q = ~  sin  ̂ where X is the electronK A 'K
wave length and \p is the scattering angle). 
The intensity pattern is well represented by 
curve E' in the figure for q <  40 and by curve E 
for q >  40.

Discussion
In most electron diffraction investigations the 

structural formula of the compound is known and 
the task is to find certain interatomic distances and 
bond angles. In the case of pirylene, however, 
only the molecular formula was known, and it was 
desired to find the correct structural formula 
(there are about 30 possibilities) even though a 
precise determination of the various important 
parameters seemed not to be feasible. To do this 
the expected molecular structures corresponding 
to the various structural formulas were compared 
with the information obtainable from the electron 
diffraction photographs with the aim of finding 
the satisfactory formula and eliminating all the 
others.4 The procedure followed involved mainly 
the use of the radial distribution function3 to­
gether with only a few theoretical intensity curves, 
as described below.

The radial distribution curve R is a plot of
88

rD(r) = 2  I ne~an2 sin rn (e-0(88)2 = 0.1)
n  — 0

where the In are the ordinates at unit intervals 
of q of a curve drawn to represent the appearance 
of diffraction pattern, the measured positions of 
the rings, and the general characteristics of the 
simplified theoretical intensity function as defined 
below. With this interval of q} this radial dis­
tribution summation is still an entirely satis­
factory approximation to the corresponding 
Fourier integral for r =  5 A., and no false peaks of 
significant size are to be expected (except from 
possible errors in the In) for values of r less than 
about 10 A. We have found that radial distribu­
tion summations of this kind are superior to the 
ordinary summations especially at large values 
of rt where the heights of the peaks of the ordi-

(4) Since the present knowledge of the bond distances and bond 
angles in the lower hydrocarbons is very extensive (see L. Pauling, 
“ The Nature of the Chemical Bond,” Cornell University Press, 
Ithaca, New York, N . Y .; L. Pauling, H. Springall, and K. Palmer, 
T h is  J o u r n a l , 61, 927 (1939)), the predictions made for pirylene are 
alm ost certainly sufficiently accurate for this choice of the structural 
formula, and the reliability of the choice will depend only on the 
accuracy and completeness of the electron diffraction data.

nary summations are difficult to interpret and 
false peaks often appear. With these exceptions, 
the ordinary summations made for pirylene 
agreed well with R.

Since the radial distribution curve shows that 
there are important interatomic distances in the 
molecule up to about 5 A., and none greater (the 
longest carbon-carbon distances expected for 
structures containing a ring or a branched chain 
is about 4.2 A.), and since no branched chain or 
ring structures giving good general agreement 
with the radial distribution function could be 
found, an extended structure is indicated. Of 
the extended structures, only I and II will be

CH=CH2

c h 2= c= c
H

I

CH5

c h 3—c=c—c
H

II
CH3

/
c h2= c—c=c

H
III

CH=CH2 

CH=C—CH2 and

IV
CH—CH3

/CHe=C—c
H

V

given detailed consideration here. It was found 
that the interatomic distances expected for struc­
tures III, IV, and V are in disagreement with the 
radial distribution curve, and that theoretical 
intensity curves (not shown here) drawn for 
models representing these structures bear little 
resemblance to the observed diffraction pattern; 
moreover, these structures are unlikely for chemi­
cal reasons.5

The intensity curves of Fig. 1 were drawn6 for
(5) Structures IV and V may be definitely excluded because pi­

rylene does not undergo the typical reactions of substances which 
contain an acetylenic hydrogen atom. See Ladenburg, B e r ., 15, 
1024 (1882); A n n . ,  247, 56 (1888), and the procedure for the prepa­
ration of pirylene, ref. 1.

(6) The intensity functions were calculated according to the 
formula

J = 5V ^  s in ^ i )
ij rii 10

with the use of International Business Machines. In the tempera­
ture factor the coefficients a*/ were taken as zero for all except the 
C— H bonded interactions, for which the value 0.00022 was used. 
The non-bonded C . . . H  terms, which require a more severe tem ­
perature factor, were om itted except for the best model, E . For 
it the intensity function E was calculated with the omission of these 
terms, and the function E ' with their inclusion with a%j equal to  zero. 
The probable effect of these terms was estimated for th e other models 
by a comparison of E and E'. In the correlation of M odel E with 
the measured q values a transition from curve E ' to  curve E was 
made in the region where a i j  values of 0.00044 would reduce the non- 
bonded C . . . H  terms to  approximately one-half their initial ampli­
tude. In th e figure the arrows representing th e measurements 
change from E ' to E at this point. The C— H distance was taken
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the models shown below with the indicated dis­
tances and angles. All of the models are coplanar
with respect to the carbon atoms; it is to be 
noted that A has the trans or extended configura-
tion.

c h = c h 2 CH
s  1.32 

125V1.46 1.25° /  V 1-32140°/1.54 X
c h 2= c= ch c h 2= c  CH

1.32 1.32 1.32 \  1.54 /  
140° \  /  1.54

c h 2
A B

c h 2 c h2

125 V ^ . 32 129 V^l.32
CH3—C=eeC—CH CH3—C=C—CH

1.46 1.20 1.46 1.46 1.20 1.46
C D

c h 2

1 25°/ii.35
CH3—C=C—CH 

1.47 1.20 1.42 
E

These models represent the remaining possible 
structures, I (model A) and II (C, D, and E;

T able 1
Max. Min. Scaled. {Zobsd. Scaled./<Zobsd.

2 3 .1 8
2 4 .7 0

3 6 .5 6
3

4
8 .7 3

11 .05
4

5 1 3 .5
12 .52
13 .98 0 .966

5
6

1 8 .4 17.91
19.06

1.027

6
7

2 0 .2 7
2 1 .6 7

7
8 2 7 .2

2 3 .76
2 7 .2 7 0 .997

8
9

3 2 .0 31 .4 0
3 2 .9 5

1.019

9
10 3 7 .5

3 5 .4 2
3 6 .7 8 1.020

10 4 0 .5 4 0 .0 7 1.011
11 4 3 .0 42 .6 9 1.007

11
12

4 5 .7 4 5 .93
47 .23

0 .995

12
13

48 .3 9
52.71

as 1.09 A., th e  bond angles involving hydrogen were based on ethylene 
an d  m ethane, an d  fo r hydrogen Z was replaced  by  th e  value 1.25.

T he  use of th e  in ten sity  function  here described, which differs 
from  th e  one usually  used3 by  th e  fac to r q, will be discussed in  deta il 
a t  a  la te r  tim e; i t  offers ad van tages  of convenience bo th  in  the  
construction  of th e  rad ia l d is tribu tion  function  an d  in  th e  correlation 
procedure. Only a t  sm all values of q does th e  difference in behavior 
of th e  tw o functions becom e great. T here, however, th e  measured 
ring  diam eters are  n o t sufficiently reliab le for use in th e  quan tita tive  
com parison anyw ay, and  ne ither function  fa ith fu lly  represents the  
appearance of th e  pho tographs a lthough  e ither can be used to  the  
ex ten t th a t  experience and  com parison w ith  molecules of known 
s tru c tu re  can  be used  as guides.

13 5 7 .5 56 .46 1 .0 1 8
14 5 9 .0 58 .10 1 .015

14
15

6 0 .5 60 .31
64 .7 2

1 .0 0 5

15 6 9 .8 68 .7 2 1 .0 1 6
16 7 1 .5 71 .41 1.001

16
17

7 4 .5 74 .1 8
78 .51

1 .0 0 2

17 8 5 .0 8 5 .31 0 .9 9 6
Average 1.006
Average deviation 0.011

a Only the more easily measurablè features are chosen for 
comparison with calculated q values.

the parameters of C and D include small variations 
from the expected values used in E), and the 
ring structure most favored by von Braun and 
Teuffert.2*7

A.
1 2 3 4 5 6

o.
Fig. 1.

The appearance of the pictures is well repre­
sented only by curves E' and E, although for 
q < 50 C and D are not significantly less satisfac­
tory than E. The numerical comparison for E'- 
E,6 given in the table, possesses satisfactory in­
ternal consistency and indicates that the over-all 
size of the model is essentially correct. The 
agreement between the radial distribution func­
tion and the interatomic distances of model E is

(7) T he  bond angles involv ing  th e  side chain in  th is  m odel were
given a value (140°) la rger th a n  expected in an  effort to  ob ta in
be tte r agreem ent w ith  th e  rad ia l d is trib u tio n  function .
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very satisfactory as shown by the vertical lines 
under the peaks in the figure.

The other intensity curves are quite unsatis­
factory. Curve B is of some interest because it 
lacks the fine structure on the inside of the first 
minimum which appears on the other curves, 
apparently as a result of the terms above 4 A. 
The possibility of obtaining a satisfactory curve 
with any reasonable variation of Model A seems 
remote. One cause of the disagreement with 
Curve A is revealed by the width and position 
(1.42 A.) of the first peak of the radial distribution 
function. For Model A one would expect in­
stead a rather sharp peak at about 1.34 A. with 
weak shoulders or satellites at 1.46 A. and 1.09 A. 
Another factor is the absence of any distance 
which would correspond to the radial distribution 
peak at 4.12 A.

Our electron diffraction investigation thus leads 
to the conclusion that pirylene is l-methyl-2-

vinylacetylene (Structure II) with the bond dis­
tances and bond angles which were assumed for 
Model E from the existing information regarding 
similar molecules. Because the agreement of the 
photographs and the radial distribution function 
with Model E is so detailed that it could hardly be 
fortuitous, we should have confidence in this 
conclusion even if no effort to eliminate other 
possible formulas had been made.

Summary
The electron diffraction investigation of pirylene 

shows it to be 1-methyl-2-vinylacetylene. The 
structural parameters found were those antici­
pated from a knowledge of the structures of simi­
lar molecules.

An approximation to the radial distribution 
integral which is more accurate than the usual 
summation is briefly described.
P asadena , California  R eceived July  7, 1942

[C o n t r i b u t io n  f r o m  t h e  G a t e s  a n d  C r e l l i n  L a b o r a t o r ie s  o f  C h e m i s t r y , C a l if o r n ia  I n s t i t u t e  o f  T e c h n o l o g y ,
N o . 894]

Cyclobutane Derivatives. I.1 The Degradation of c is- and f rans-1,2-Cyclobutane- 
dicarboxylic Acids to the Corresponding Diamines

B y E dw in  R . B uchman, Alf O. R eims, T hurston Skei and M aurice J. Schlatter

According to scattered references in the litera­
ture,2 the Curtius degradation of cyclic dicar­
boxylic acids proceeds in the normal fashion 
without change in configura­
tion. In the present work it 
was found that the cis- and 
trans-isomers (III) could be 
converted, over the intermedi­
ates (IV) and (V), into the 
corresponding diaminocyclobu- 
tanes (VI). The diamine ob- 
tained from the cis-acid was 
shown to possess the ^-struc­
ture by the preparation from it of cyclic deriva­
tives; under the same conditions cyclic products 
were not obtained from trans-(VI).

(1) T he  re su lts  con tained  in  th is  an d  th e  tw o  following papers 
were p resen ted  before th e  Pacific D ivision of th e  American Associa­
tio n  for th e  A dvancem ent of Science a t  th e  Pasadena M eeting, June,

The K. F. Schmidt degradation4 had not pre­
viously been applied to cyclic dicarboxylic acids. 
When cis- and trans-(III) were treated with

C N

C H 2C H B r C O O C H 3

C H 2C H B r C O O C H 3

I

C O N H N H 2

-C O O C H s

C O N H N H 2

I V

~ C O O C H 3

I I

- N H C O O C 2H 6

-C O O H

-C O O H

I I I

- N H C O O C 2 H 5

V

- N H 2

- n h 2

V I

hydrazoic acid according to this method they were 
transformed directly, with retention of configura­
tion, to cis- and trans-(VI) ; thus the method af­
fords an alternative preparative route to these 
substances.

1941.
(2) (a) C urtiu s, / .  prakt. Chem., [2] SI, 23 (1915); (b) Diels, 

B lom  and  Koll, A n n .,  443, 242 (1925); (c) A lder and  Stein, ibid., 
514, 211 (1934). H ow ever, in  th e  case of th e  1,3-cyclohexane- 
dicarboxylic acids, S k ita  an d  R össler [Ber., 72, 461 (1939)] claim 
th a t  th e  sam e d iu re th an  re su lts  b o th  from  th e  cis- and  from  the  
trans-diazide.

(3) Fuson  an d  K ao, T h is  J o u r n a l , 51, 1536 (1929); Ellingboe 
and  Fuson , ibid., 56, 1774 (1934).

(4) H u rd  in G ilm an’s “ O rganic C hem istry ,’’ Jo h n  W iley and  Sons, 
Inc ., N ew  Y ork, N . Y ., 1938, p. 698. From  succinic acid a  small 
yield of e thylenediam ine has been o b ta ined  (O esterlin, Angew. Chem., 
45, 536 (1932)).
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Experimental5
The cyclobutanedicarboxylic acids (III) were made by 

the method3 of Fuson employing both the methyl and the 
ethyl esters of the intermediates. The use of the methyl 
esters is to be recommended as pure crystalline meso (I) 
can more conveniently be prepared than the corresponding 
diethyl ester. It is possible to utilize the crude liquid 
racemic dibromoadipic esters for ring closure or for con­
version to the crystalline isomers but, since the crude 
esters contain6 some a, «-dibromo isomer, additional 
purification steps are necessary.

a ,a '-Dibromoadipic Dimethyl Ester ( I) .7 8—Adipic acid 
(1460 g. = 10 moles) was treated in all glass apparatus with 
thionyl chloride715,8 (2380 g. = 3% excess); the latter 
was added at two to three hour intervals in portions of 
about 750 g. while heating at 70-80°. When reaction was 
complete, 3520 g. of bromine (10% excess) was added 
dropwise (eighteen hours) with continued heating and the 
product finally heated for eight hours at 100°. The crude 
acid halide was added with stirring to 2000 cc. of methyl 
alcohol in a flask surrounded by an ice-bath; meso (I) 
crystallized on seeding and cooling. After filtering and 
washing with methanol the yield was about 50%. Crude 
(I) was recovered from the filtrate by distillation,715 b. p. 
ca. 163° at 3 mm., average9 total yield 93%. Additional 
meso (I) was obtained from the distillate, needles, m. p.
73.5-74.0° from methanol, average total yield 2329 g. = 
70% (corresponding yield in case of the diethyl ester, 46%).

The non-crystalline distillate consisted largely of the 
unstable racemic modification, which crystallized out 
slowly at about —10°. It was obtained pure by recrys­
tallization from methanol at —78°, m. p. +11-12°.

.A n a l Calcd. for CsB12Br20 4: C, 28.94; H, 3.64.
Found: C, 29.07; H, 3.86.

1-Cyano-l ,2-cyclobutanedicarboxylic Acid Dimethyl 
Ester (II).—Two moles10 of meso11 (I) (664 g.), 368 g. 
(5.5 moles) of potassium cyanide (Merck reagent12) and 
360 cc. of methanol were refluxed for fifty-six hours from 
an oil-bath maintained at about 75°; occasional stirring 
was necessary to break up the solid cake which formed. 
The product was taken up in anhydrous ether and frac­
tionated in vacuo; the average yield, b. p. ca. 128° at 3 
mm. was 284 g. =7 2 % (82% in the ethyl ester series). 
The distillate crystallized in part; the resulting crystals 
(26% of the weight of the distillate) were recrystallized 
from methanol, colorless needles m. p. 89.5-90.0°. The

(5) All m elting po in ts  a re  corrected . T he  au tho rs  are indebted  
to  D r. G. O ppenheim er and  M r. G. A. S w inehart for m icroanalyses 
repo rted  in  th is  and  th e  tw o  following papers.

(6) Ingold, / .  Chem. Soc., 119, 956 (1921).
(7) (a) Le Sueur, ib id ., 95, 275 (1909); (b) S tephen and  Weiz- 

m ann, ibid., 103, 271 (1913); (c) B ernton , Ing  and Perkin, ibid., 
125, 1492 (1924).

(8) Fuson, K reim eier and  N im m o, T h is  J o u r n a l , 52, 4074 
(1930).

(9) Average yields repo rted  in  th is  p ap er a re  based on the  results 
of six or m ore identical experim ents.

(10) A ten-m ole b a tch  gave only a 40%  yield due to  decom position 
during  d istilla tion  of th e  crude p roduct.

(11) T he  racem ic form  of (I) behaved  in  th e  sam e way, giving a 
com parable yield of crystalline  and  liqu id  (I I)  w ith  th e  la tte r  p re­
dom inating .

(12) A com m ercial g rade of sodium  cyanide proved satisfac to ry3
for effecting ring  closure of th e  meso d ie thy l este r in  ethanol b u t its
use in th e  present instance led to  extensive ta r  form ation.

non-crystalline part13 was refractionated and the portion 
boiling at 119-120° at 2 mm. subjected to analysis; this 
material did not crystallize at 0°.

A n al Calcd. for C9HnN 04: C, 54.82; H, 5.62; N,
7.10. Found (solid): C, 55.15; H, 5.62; N, 7.15. Found 
(liquid): C, 54.49; H, 5.62; N, 6.85.

1,1,2-Cyclobutanetricarboxylic Acid.—This acid was 
prepared from crystalline (II) following essentially the 
procedure of Fuson.3 The colorless barium salt was de­
composed with the requisite amount of sulfuric acid and 
the filtrate evaporated in vacuo. The crystalline residue 
consisted of hydrated tricarboxylic acid, m. p. 135° dec. 
from dioxane on addition of benzene. The water of 
crystallization was not lost on drying in vacuo under the 
usual conditions; in one experiment which we have not 
since been able to reproduce, water was apparently re­
moved during recrystallization. The anhydrous acid, 
colorless massive prisms from anhydrous ether in which it 
is soluble without difficulty at room temperature, melted 
at 91-92° and began to lose carbon dioxide at about 130°.

A n al Calcd. for Ĉ HsOe: C, 44.69; H, 4.29. Found: 
C, 44.90; H, 5.12.

On treatment with water, the acid was reconverted to 
the stable hydrate.

cis- and /ra?w-l,2-Cyclobutanedicarboxylic Acids (III).—
The crude liquid isomer (II) (789 g.) was refluxed with 
2000 cc. of 6 AT hydrochloric acid for twenty-four hours, 
the hydrolyzate evaporated on the steam-bath and the 
residue extracted with anhydrous ether (acetone may also 
be used). After removal of solvent, the crude acid was 
decarboxylated by heating at 170-180° at 20 mm. for 
three hours and the mixture refluxed14 for an additional 
three hours with 2000 g. of acetyl chloride. Acetyl chlo­
ride and acetic acid were distilled off; the material re­
maining was heated from an oil-bath at 150-160° at 20 
mm. fpr several hours and finally distilled at 2 mm. An 
81% yield of as-anhydride was obtained boiling at 127- 
130°; a portion was recrystallized from benzene, blades, 
m. p. 76.5-77.0°. Distillation residues from several runs 
were combined and subjected to a second treatment with 
acetyl chloride; a small additional amount of anhydride 
was recovered.

cis-Anhydride was heated to boiling with 0.8 its weight 
of water; as-acid crystallized from the resulting solution 
on cooling. Saturation of the filtrate with dry hydrogen 
chloride yielded additional amounts of less pure material. 
The yield of as-(III) was 85%; from benzene-dioxane it 
crystallized in rectangular prisms exhibiting extensive 
twinning, m. p. 139.5-140.0°. From the residual mother 
liquors, recovery was best effected via the anhydride.

trans-(III) has been prepared from the as-isomer by 
treatment with hydrochloric acid15; in the present investi-

(13) A p o rtion  w hich had  stood in  a  loosely stoppered  b o ttle  for
a year had  deposited  a sm all am o u n t of crystals, colorless rec tan g u la r 
prisms from  m ethano l, m. p. 172.5-173.5° dec., easily soluble in 
w ater an d  h o t m ethano l, difficultly soluble in e ther. A nalyses 
poin t to  th e  form ula  C 10H 12N 2O6: C alcd.: C, 50.00; H , 5.04;
N , 11.66. F o u n d : (average) C, 50.23; H , 5.43; N , 11.36. T h e  
substance m ay  be re la ted  to  a ,a '-d icy an o ad ip ic  ester.

(14) tra n s - ( l l l)  is converted  by  th is  tre a tm e n t to  a  m ixed a n ­
hydride w ith  acetic  acid w hich on s tronger heating  decom poses in to  
cis-anhydride; com pare how ever reference 15.

(15) P erk in , J . Chem. Soc.t 65, 572 (1894).
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gation two further methods for effecting the isomerization 
were found. trans-(III) may also conveniently be prepared, 
although the method is expensive, from the readily ob­
tainable /raws-dihydrazide (IV) by hydrolyzing with 
boiling 6 N  hydrochloric acid and isolating by continuous 
extraction with ether.

cA-(III) (50 g.), heated16 under reflux from a bath at 
200° for five hours was partially isomerized. Recrystalli­
zation of the product from water yielded 25.5 g. of trans- 
(III), clusters of blades from benzene-dioxane, m. p.
130.5-131.0°.

Twenty grams of cw-(III) dimethyl ester was heated 
under reflux from a water-bath for two and one-half hours 
with 0.3 g. of sodium dissolved in 5 cc. of methyl alcohol.17 
The product was washed with water, dried and distilled, 
giving 16.3 g. of ester, b. p. 118-119° at 24 mm. A portion 
of this ester, hydrolyzed by heating with dilute hydro­
chloric acid, yielded 76% of trans-(III). From another 
portion the trans-dihydrazide (IV) was obtained in 86% 
yield; the amount of as-ester present in the equilibrium 
mixture18 must, therefore, be small.

cis- and trans-(III) Esters.—Pure cw-(III) dimethyl 
ester was prepared in 94% yield from the acid with diazo­
methane, b. p. 85° at 3 mm. On a preparative scale the 
diethyl ester was made by heating under reflux 500 g. of 
cis- (III) (anhydride could be used directly) for four hours 
with 2000 cc. of absolute alcohol while passing in a slow 
stream of dry hydrogen chloride. The reaction mixture 
was then poured into water and worked up in the usual 
manner. The yield was 493 g. (71%), b. p. 99-100° at 2 
mm., 123° at 24 mm.; this ester contained at most only 
small amounts of trans-isomer (best detected by the reac­
tion with hydrazine hydrate). Incompletely esterified 
acid in the water and carbonate washings was recovered 
by evaporation and conversion to anhydride.

A suitable source material for the preparation of large 
amounts of trans-(TV) was made directly from crude
(III) , resulting from saponification of crude liquid (II) 
and subsequent decarboxylation. This was esterified by 
heating with alcohol, carbon tetrachloride19 and aqueous 
hydrochloric acid; an average yield of 82% of a mixture 
consisting of about equal amounts of each isomer was ob­
tained (in the case of the cyano diethyl ester intermediate, 
the average yield was 71% of a similar product).

cis- and 2raws-l,2-Cyclobutanedicarboxdihydrazides
(IV) .—These compounds were prepared by adding cis- 
and trans-(III) esters dropwise to 10% excess of hydrazine 
hydrate (85%) which was heated under reflux from an oil- 
bath at 130° (lower temperatures gave incomplete reac­
tion) and continuing the heating at this temperature for 
five hours. Under these conditions a practically quantita­
tive yield of crude (IV) resulted. No changes in con­
figuration took place; cis- and trans-(TV) on acid hydroly­
sis gave, respectively, cis- and trans-(III).

From aV(III) dimethyl ester an 80% yield of cis- (IV) 
was obtained. On a preparative scale, 246 g. of aV(III) 
diethyl ester was treated with 160 g. of 85% hydrazine

(16) Com pare L ieberm ann, Ber., 22, 2245 (1889); Stoerm er 
and  Bachér, ibid., 55, 1865 (1922); S k ita  and  Rössler, ibid., 72, 271 
(1939).

(17) Com pare H iickel and  G oth , ibid., 58, 447 (1925).
(18) C om pare ref. 2c.
(19) H uitm an , D avis an d  C larke, T h is  J o u r n a l , 43, 366 (1921).

hydrate. The product was allowed to crystallize in the 
ice-chest, was filtered off and washed with alcohol; the 
filtrates were evaporated and the residue pressed on tile. 
The combined crude material was refluxed for a short 
while with 500 cc. of absolute alcohol (not sufficient to 
effect complete solution); after cooling and filtering, 160 
g. (75%) of substantially pure cw-(IV) was obtained. 
The mother liquors did not usually afford crystalline 
material and were hydrolyzed for recovery of (III). In a 
few cases the m. p. of the crude indicated an admixture of 
trans-isomer arising probably from impurity in the cis-
(III) ester used; separation was effected by digesting the 
crude (IV) with an amount of 85-90% ethanol sufficient 
to dissolve the cA-isomer and filtering hot. The greater 
part of cis-(TV) could be recovered from the filtrate.

cw-(IV) crystallized from absolute alcohol in massive 
prisms which exhibit extensive twinning, m. p. 140.0- 
140.5°. Occasionally when recrystallized from this solvent 
a second metastable form was encountered which was 
separated mechanically, clusters of fine needles, m. p.
134.5-135.0°, mixed m. p. with the stable form 135-140°; 
on standing it is transformed to the stable variety, cis-
(IV) , over a period of months, was largely converted into 
material of different composition difficultly soluble in 
water and the common organic solvents.

It was found convenient to prepare the trans-isomer from 
cis-, trans-(III) diethyl ester mixtures (see above); trans- 
(IV) crystallized from the reaction mixture and aVisomer 
could be isolated from the mother liquors (better to hydro­
lyze for recovery of (III)), trans-(TV) was purified by 
recrystallization from 50% aqueous alcohol, clusters of 
colorless needles, m. p. 223.0-223.5°. The (III) ester mix­
ture from crude liquid (II) gave an average yield of 54% 
while the ester mixture from cyano diethyl ester gave a 
48% yield.

Anal. Calcd. for C6Hi2N402: C, 41.85; H, 7.02; N, 
32.54. Found (c^-needles): C, 42.03; H, 6.92; N, 32.74. 
Found (cis-prisms) : C, 41.71; H, 7.01; N, 32.70. Found 
(trans): C, 42.18; H, 7.01; N, 32.89.

cis- and trans-(TV) Dihydrochlorides.—To 100 g. of 
cis-(TV) suspended in an equal weight of water and sur­
rounded by an ice-bath, 98 cc. of concentrated c. P. hydro­
chloric acid was added dropwise with stirring during twenty 
minutes. A further addition of 100 cc. excess of hydro­
chloric acid caused the precipitation of the dihydrochloride 
which was filtered off on a sintered glass filter, washed with 
cold absolute albohol and dry ether and dried in a desic­
cator over sodium hydroxide, yield 78.5 g. (55%). The 
material is easily altered; it was analyzed without further 
purification. Additional amounts contaminated with 
hydrazine hydrochloride were obtained from the mother 
liquors by saturating with hydrogen chloride gas at 0°; 
such material could also be used for the preparation of 
cis-(V).

trans-(TV) (250 g.) was suspended in 300 cc. of water 
and the theoretical amount of concentrated hydrochloric 
acid (242 cc.) added during twenty minutes as above. 
Excess acid (500 cc.) was added and the precipitate iso­
lated as before, yield 342.5 g. (96%). A portion was re­
crystallized by dissolving in methanol at 25° and cooling 
to- 0°, compact rosets of fine needles, m. p. about 200° 
dec.
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Anal. Calcd. for C6H14CI2N4O2: C, 29.40; H, 5.76; N,
22.86. Found (cis): C, 29.67; H, 6.06; N, 23.19. Found 
(trans) : C, 29.73; H, 6.02; N, 22.76.

cis- and Zraws-NjN'-Diearbethoxy-l^-diaminocyclo- 
butanes (V).20—ew-(IV) dihydrochloride (100 g.) was 
dissolved in 100 cc. of water, the solution layered with 700 
cc, of anhydrous ether and a solution of 56.2 g. of sodium 
nitrite in 120 cc. of water was added over a period of 
fifteen minutes with continuous stirring, maintaining the 
temperature at 13-16021 (cooling bath at —15°). Stirring 
with cooling was continued for an additional five minutes; 
the ether layer was then separated and dried by shaking 
in the cooling bath for five minutes with 40 g. of reagent 
grade calcium chloride. The aqueous layer was twice ex­
tracted with 100-cc. portions of ether, the extracts dried 
and combined with the above. After the addition of 440 
cc. of absolute alcohol, the ether solution was distilled 
from a water-bath at about 60°; nitrogen was evolved. 
The resulting alcoholic solution was refluxed from an oil- 
bath for one hour, the solvent removed in vacuo and the 
residue treated at room temperature with absolute alcohol. 
The portion difficultly soluble (1.0 g.) was recrystallized 
from 80% alcohol, colorless hexagonal plates, m. p. 258.5- 
259.0°; this substance is possibly 4,5-dimethylenedihydro- 
uracil.

Anal. Calcd. for C6H8N20 2: C, 51.42; H, 5.75; N, 
19.99. Found: C, 51.63; H, 5.88; N, 19.89.

The portion readily soluble in alcohol gave on evapora­
tion 52 g. (55%) of crude crystalline cis-diurethan (V) 
which was suitable for conversion to cw-(VI). A sample 
was recrystallized from ethyl acetate, colorless needles, 
m. p. 101.5-102.0°.

The preparation of trans- (V) was carried out in a similar 
fashion except that the trans-(IV) dihydrochloride (100 g.) 
was dissolved in 200 cc. of water and the sodium nitrite 
solution was added maintaining the temperature of the 
reaction mixture at 18-20° (this slightly higher tempera­
ture was found, as the result of a series of experiments, to 
afford optimum yields). The reaction between the diaz­
ide and alcohol gave 2.2 g. of amorphous material diffi­
cultly soluble in absolute alcohol; this material, m. p. ca. 
210°, could not be crystallized; on hydrolysis with alkali 
it yielded substantial amounts of trans-(VI). The average 
yield of alcohol soluble material was 57 g. (60%); it was 
used for conversion to trans-(VI). Pure trans-(V) was 
obtained by crystallization from aqueous alcohol, from 
which solvent it came out in both needles and cube-like 
crystals, m. p. 129.5-130.0°.

Anal. Calcd. for C10H18N2O4: C, 52.16; H, 7.88; N,
12.17. Found (cis): C, 52.24; H, 7.52; N, 12.05. Found 
(trans): C, 51.89; H, 7.51; N, 12.22.

cis- and trans-1,2-Diaminocyclobutanes (VI) from the 
Diurethans (V).—A solution of 250 g. of c. p . potassium 
hydroxide in 680 cc. of methanol was refluxed with 62 g. 
of crude cw-diurethan for one hour from a bath at 100°. 
The solvent was distilled off and the residue steam dis­
tilled from a bath at 170° until the distillate was neutral 
to litmus. The aqueous and methanolic distillates were

(20) Procedure based on th a t  used by  C urtiu s  [J. prakt. Chem.,
[2] 52, 221 (1895)] in  th e  case of succindihydrazide.

(21) H igher tem p era tu res  gave poorer yields.

combined, acidified with c. p . concentrated hydrochloric 
acid and evaporated to dryness on the steam-bath, yield 
of crude hydrochloride nearly theoretical. The salt was 
dissolved in the minimum amount of water and the solu­
tion added dropwise to 100 g. of potassium hydroxide. 
The free base was isolated by continuous ether extraction; 
the ether extract after drying and distilling over sodium 
yielded 17.2 g. (77%) of diamine, b. p. 147°, b. p. 75° at 
50 mm., n20d 1.4881, d2\  0.9652.

The /raws-diamine was prepared from crude trans-(V) 
in exactly the same manner; yield of crude hydrochloride 
theoretical. The continuous ether extraction required a 
longer time for completion than was necessary in the case 
of the ^-compound. From 62 g. of crude trans-(V)t 14.4 
g. (63%) of base was obtained, b. p. 151°, b. p. 74° at 50 
mm., n20d 1.4837, d2\  0.9490.

Anal. Calcd. for C4H10N2: C, 55.77; H, 11.70; N,
32.53. Found (cis): C, 55.77; H, 11.90; N, 32.00.
Found (trans) : C, 55.59; H, 11.62; N, 31.77.

The diamines react readily with carbon dioxide22; the 
resulting ether insoluble addition compounds sublimed 
with decomposition, cis- at ca. 150°, trans- at ca. 110°. 
The following derivatives of cis- and trans-(VI) were made 
in the usual manner; the empirical formulas given were 
confirmed by analysis. Dibenzenesulfonamides, CiöHis- 
N2O4S2.’ cis- m. p. 145.5-146.5° from alcohol, trans- m. p.
153.5- 154.0° from alcohol. Dibenzamides from benzoyl 
chloride, base and aqueous alkali, Ci8Hi8N20 2: cis- m. p.
204.5- 205.0° from absolute alcohol, trans- m. p. 245.5- 
246.0° from dioxane. Dipicrates from base with ethereal 
picric acid, Ci6Hi6NgOi4: cis- insoluble in the usual sol­
vents, crystallized by dissolving in pyridine and adding 
absolute alcohol, m. p. 255° dec.,23 trans- m. p. 254° dec.,23 
from aqueous alcohol. Derivative from /ra/w-diamine 
with phenyl isocyanate, Ci8H2oN402: fine needles, m. p. 
279-280° from dioxane-water; trans-oxalate, C6H12N 2O4: 
prisms from aqueous alcohol, m. p. 268° dec.

cis- and trans-(VI) from the Dicarboxylic Acids (III).— 
In a 1-liter three-neck flask equipped with dropping 
funnel, mechanical stirrer, gas evolution indicator, and 
thermometer dipping into the liquid was placed 46 cc. of 
concentrated c. p . sulfuric acid. First, 20 g. (0.139 mole) 
of gw-(III) was added and then a solution of hydrazoic 
acid24 in chloroform (from 32 g. of sodium azide and found 
by titration to contain 14.8 g. (0.335 mole) of hydrazoic 
acid) was added over a period of twenty-five minutes 
maintaining the temperature at about 40°. Heating was 
continued at this temperature for twelve hours; the reac­
tion mixture was poured on ice, sepai'ated from chloroform 
and distilled to remove traces of this solvent. A solution 
of 180 g. of potassium hydroxide in water was added slowly 
with cooling and the mixture steam distilled at a bath tem­
perature of about 160° (compare preceding section). The 
crude dihydrochloride, 16.5 g. (75%), was contaminated 
with a small amount of ammonium chloride. The free 
base was isolated as before, yield 4.2 g. (35%).

trans-Diamine was made by essentially the same pro­
cedure; a theoretical yield of crude di hydrochloride re­

(22) C om pare Chem. Zentr., 72, I I ,  519 (1901).
(23) M in im um  tem p e ra tu re  a t  which a fresh sam ple will d e ­

compose w hen placed for tw en ty  seconds in a b a th  a t  th is  te m ­
perature.

(24) von B raun , A n n ., 490, 125 (1931).
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suited. The yield of trans-(VI) was 7.3 g. (55%) from 22 
g. of trans-(III).

These amines made directly from the dicarboxylic 
acids had the same physical constants and gave the same 
characteristic derivatives as the amines prepared by the 
Curtius degradation.

Preparation of Cyclic Derivatives from cis-(VI).— 
Although benzil reacted vigorously with cis-(VI), the re­
action did not afford the expected derivative25; the only 
product isolated was tetraphenylpyrazine, needles from 
alcohol, m. p. 252.0-252.5° (analysis). Even when equiva­
lent amounts of the reactants were brought together 
in ether solution at room temperature, under which con­
ditions they react slowly, only tetraphenylpyrazine was 
isolated in pure form from the complex mixture of reac­
tion products. The same substance was also formed by 
heating benzil together with trans-(VI).

Gaseous phosgene in excess was passed into an ethereal 
solution of cw-(VI) at 0°; the reaction proceeded rapidly 
with separation of solid. After evaporation of solvent the 
residue was dissolved in water, made alkaline and con­
tinuously extracted with ether. From the extract the 
cyclic urea derivative26 was recovered as a crystalline solid 
together with unchanged cis diamine. The former was 
purified by sublimation at 100° at 2 mm. and recrystalliza­
tion from a mixture of isopropyl ether and a small amount 
of absolute alcohol, colorless octahedra, m. p. 147.0- 
147.5°, difficultly soluble in ether, easily in alcohol or water.

Anal. Calcd. for C5H8N2G: C, 53.55; H, 7.19; N, 
24.99. Found: C, 53.63; H, 7.32; N, 25.10.

When trans-(VI) was treated in the same manner with 
phosgene, in addition to unchanged amine, only an amor­
phous insoluble product was isolated.

When excess of carbon disulfide was added to an alco­
holic solution of cw-(VI), a white crystalline precipitate 
separated immediately. This salt27 crystallized from 
aqueous alcohol, colorless plates, sintering with loss of 
hydrogen sulfide at about 152° and then melting at the 
melting point of the 2-thiol-4,5-dimethyleneimidazoline. 
The latter was prepared by evaporating an aqueous solu­
tion of the dithiocarbamate on the water-bath, colorless 
plates from water, m. p. 168.5-169.0°.

Anal. Calcd. for C5H8N2S: C, 46.84; H, 6.29. Found: 
C, 46.80; H, 6.16.

When the trans-diamine was treated with carbon disul­
(25) C om pare M ason, Ber., 20, 268 (1887).
(26) C om pare E inhorn  an d  Bull, A n n .,  295, 216 (1897).
(27) C om pare H ofm ann, Ber., 5, 240 (1872).

fide in the same manner, a similar precipitate of a dithio- 
carbamic acid internal salt formed, stable granular white 
crystals from hot water, sintering at 263°,23 difficultly solu­
ble in cold water or hot alcohol.

Anal. Calcd. for C5Hi0N2S2: C, 37.01; H, 6.21; N,
17.27. Found: C, 36.77; H, 6.18; N, 16.81.

cis-Diamine (0.86 g. = 0.01 mole) and thioacetamide 
(0.75 g. = 0.01 mole) when stirred together at room tem­
perature reacted exothermally with vigorous evolution of 
ammonia and hydrogen sulfide.28 After the reaction had 
subsided, the mixture was heated for one-half hour at 80°. 
The product was taken up in 20 cc. of 12 N  hydrochloric 
acid, the solution evaporated to dryness on a steam-bath, 
and the residue made alkaline and continuously extracted 
with ether. The pale yellow mass of needles thus obtained 
was sublimed at 90° and 2 mm. giving 0.82 g. of 2-methyl-
4,5-dimethyleneimidazoline, colorless needles, m. p. 89.0- 
90.0° from benzene.

Anal. Calcd. for C6HioN2: C, 65.42; H, 9.15; N,
25.43. Found: C, 65.51; H, 9.03; N, 25.66.

The picrate crystallized from aqueous alcohol in yellow 
plates, m. p. 150.0-150.5°.

The reaction was carried out with trans-(VI) in the 
same manner; it was necessary to heat the mixture before 
gases were evolved. The product29 was easily hydro­
lyzed with regeneration of trans-(VT) and was not investi­
gated further.

Summary
cis- and trans- 1,2-cyclobutanedicarboxylic acids 

have been degraded by the Curtius and by the
K. F. Schmidt method. These methods were 
shown to involve no change in configuration and 
to provide preparative routes to the diaminocyclo- 
butanes.
P a s a d e n a , C a l if o r n ia  R e c e i v e d  J u l y  22, 1942

(28) T h e  p rep a ra tio n  of im idazolines by  th e  in te rac tion  of a 
th ioam ide w ith  a  d iam ine h as been lim ited  to  a  few instances (Forssel, 
Ber., 25, 2132 (1892); M cC lelland and  W arren , J .  Chem. Soc., 2621 
(1929); see also U. S. P a te n t 2,252,721, Chem. Abs., 35, 7658 
(1941)). In  view  of th e  cu rre n t in te res t in im idazoline chem istry, 
i t  m ay be p o in ted  o u t th a t  th e  reaction  is qu ite  generally  applicable, 
proceeds read ily  under m ild conditions (advan tage  over usually  
em ployed m ethods) and  affords good yields of th e  desired p roducts  
which m ay  in  m any  instances be iso lated  d irec tly  from  th e  reaction  
m ixture b y  sublim ation . C aution! M any  im idazolines readily  
undergo h y d ro ly tic  fission, A spinall, J . Org. Chem., 6, 895 (1941).

(29) C om pare S ch la tte r, T h is  J o u r n a l , 64, 2722 (1942).
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Cyclobutane Derivatives. II. The Thermal Decomposition of frans-1,2-Cyclobutane-
b is- (trimethylammonium) Hydroxide

B y  E d w in  R . B uch m an , M aurice  J. Schlatter  a n d  A lf  O. R eim s

The investigation of the thermal decomposition 
of trans-1,2-cyclobutane-&is- (trimethylammo­
nium) hydroxide (I) was carried out as part of a 
research program directed toward the synthesis 
of cyclobutadiene. The diquaternary base was 
made by stepwise methylation (see Experimental) 
of trans-1,2-diaminocyclobutane.1 Although its 
decomposition was studied carefully under a 
variety of conditions, no indication for the forma­
tion of the desired hydrocarbon2 was obtained. 
The nature of the products may be seen from the 
accompanying chart.

N(CH3)sOH . .pyrolysis N(CH3)2
---------- +

N(CHs)sOH N(CHs)2

N(CH3):

( I ) (II) (III)
OH

+
=o

+

(IV) (V) (VI)

+

=o

Because of its unstable nature3 (III) was not iso­
lated. It is undoubtedly the parent compound 
from which (IV), (V) and (VI) are derived and 
must be considered the principal primary product 
of the reaction.

Experimental4
2raws-Tetramethyldiamino-1,2-cyclobutane (II).5—Crude 

trans-1,2-diaminocyclobutane hydrochloride obtained1 
either by the action of hydrazoic acid on /raws-l,2-cyclo- 
butanedicarboxylic acid or from crude trans-1,2-cyclobu- 
tanediurethan was methylated. The hydrochloride from

(1) B u ch m an , R e im s , S k e i a n d  S c h la t te r ,  T h is  J o ur n a l , 64, 2696 
(1942).

(2) F o r  ex am p les  of h y d ro c a rb o n  fo rm a tio n  fro m  th e  p y ro ly s is  
of 1 ,2 -d iq u a te rn a ry  b ase s  see H u rd  a n d  D ra k e , ibid., 61, 1943 (1939).

(3) C o m p a re  o th e r  m o lecu les  c o n ta in in g  th e  C = C — NRa g ro u p ­
in g ; M erlin g , Ber., 24, 3108 (1891); W il ls ta t te r ,  Ann., 317, 267 
(1901); C ia m ic ian  a n d  S ilb e r, Ber., 26, 2738  (1893); W ills ta tte r  
a n d  W a se r, i b i d . ,  44 , 3423 (1911 ); v o n  B ra u n  a n d  K irsc h b a u m , 
i b i d . ,  52, 2261 (1919); K . H . M e y e r  a n d  H o p ff, i b i d . ,  54, 2274 (1921); 
v o n  B ra u n  a n d  R i t te r ,  i b i d . ,  55, 3798 (1922 ). (T h e  p ic ra te  m e n tio n e d  
h e re , m . p . 157° is in  a ll p ro b a b i l i ty  d im e th y la m in e  p ic r a te ) ; F u so n , 
T h is  J o u r n a l , 50, 1446 (1928 ); T i , C h e m .  A b s t . ,  30, 4463 (1936); 
see a lso  M a n n ic h  a n d  co -w o rk ers , Ber., 69, 2106 , 2112 (1936).

(4) A ll m e ltin g  p o in ts  a re  c o rre c te d .
(5) W h e n  c i s - 1 , 2 -d ia m in o c y c lo b u ta n e 1 w as  refluxed  w ith  excess 

of aq u e o u s  fo rm a ld e h y d e  a n d  fo rm ic  a c id , a p p ro x im a te ly  th e  th e o ­
re t ic a l a m o u n t of c a rb o n  d io x id e  w as ev o lv ed . H ow ever, a f te r  
e v a p o ra tin g  th e  re s u lt in g  s o lu tio n  a n d  m a k in g  basic , on ly  a n  in ­
so lu b le , n o n -d is ti lla b le  t a r  w as  o b ta in e d .

20 g. of trans-acid was refluxed for four hours with 200 g. 
of aqueous 36% formaldehyde6 and 100 g. of 90% formic 
acid. During the first half hour a rapid gas evolution 
took place; after the reaction subsided small additional 
amounts of formaldehyde and formic acid were added to 
insure complete methylation. The resulting solution was 
concentrated to a small volume on the steam-bath and the 
base liberated by treating with excess of strong sodium 
hydroxide solution and taken up in ether. The ether solu­
tion was dried and distilled over sodium; yield 10 g. 
(50% from trans acid) of product boiling chiefly at 164°. 
From 50 g. of crude urethan a 71% yield of methylated 
base was obtained; the methylation reaction proceeds 
therefore with at least this efficiency. On refractionation 
the base distilled with practically no range, b. p. 83° at 50 

mm., b. p. 101° at 100 mm., d204 0.8455, w20d 
1.4472.

Anal. Calcd. for CsHisNa: C, 67.55; H,
12.76; N, 19.70. Found: C, 67.54; H, 13.17; 
N, 19.63.

The dipicrate C20H24N8O14 (analysis) precipi­
tated when ethereal solutions of the components 
were mixed, yellow needles, m. p. 244° dec.,7 
from aqueous alcohol.

Preparation of trans-1,2 - Cyclobutane-èis-(tri - 
methylammonium) Hydroxide (I).—The diquaternary 
iodide was conveniently prepared by adding slowly 67 g. of 
methyl iodide (40% excess) to a solution of 23.8 g. of (II) 
in 67 cc. of methanol while cooling in an ice-bath. After 
a few minutes, crystals started to come out. When the 
precipitation was complete, the product8 was filtered off 
and washed with methanol, yield 65.9 g. (92%); additional 
amounts could be recovered from the mother liquors. 
A portion of the salt was recrystallized from aqueous 
ethanol, colorless plates, m. p. 251° dec.7

Anal. Calcd. for CioH ^ N jj: C, 28.18; H, 5.68; N, 
6.57. Found: C, 28.08; H, 5.87; N, 6.80.

The salt is difficultly soluble in solvents except water; 
it was found possible to recover it by continuous extrac­
tion with chloroform. When its aqueous solution was 
treated with aqueous sodium picrate, a precipitate was 
obtained, orange-yellow needles from water, m. p. 288° 
dec.,7 analysis indicates the expected formula C22H28N8O14,

The direct methylation of /raws-diaminocyclobutane 
with methyl iodide in the presence of alkali did not yield

(6) Regarding m ethylation b y  th is  m eth od  see Clarke, Gillespie 
and W eisshaus, T h is  J o u r n a l , 55, 4571 (1933).

(7) M inim um temperature at which a fresh sam ple will decom ­
pose when introduced into a bath at this tem perature for tw en ty  
seconds.

(8) This product consisted solely of diiodide; cases have been 
reported [Rupe and Bohny, Helv. Chim. Acta, 19, 1305 (1936)] of 
tetramethyldiamino ring bases (apparently trans-configuration) 
reacting with only one mole of m ethyl iodide.
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the expected product.9 A solution of 12.6 g. of crude 
diamine hydrochloride (from urethan) in 90 cc. of metha­
nol was mixed with 136 g. of methyl iodide (100% excess), 
and a solution of 53.6 g. of potassium hydroxide (100% 
excess) in 170 cc. of methanol was added slowly with 
stirring while refluxing gently over a period of one and one- 
half hours. The refluxing was continued for an additional 
two hours and the mixture evaporated to dryness in 
vacuo at about 40°. Exhaustive extraction of the residue 
with chloroform gave no hexamethylated salt. The prod­
uct, after several recrystallizations from absolute alcohol, 
was homogeneous and consisted of colorless feather-like 
crystals decomposing sharply at 218.0-218.5°.

Anal. Calcd. for C9H2iIN2: C, 38.04; H, 7.45; N,
9.86. Found: C, 37.94; H, 7.17; N, 9.66.

The formulation of this compound as (1-dimethylamino- 
cyclobuty 1-2)-trimethylammonium iodide was confirmed 
by its conversion to the diquatemary iodide by heating 
for fifteen hours at 100 ° in a sealed tube with excess methyl 
iodide in ethanol.

The free base (I) was prepared from the diiodide by 
shaking it in aqueous solution with an excess of freshly 
prepared silver oxide (washed free of alkali by decanting 
several times with distilled water) until the colloidal par­
ticles in the supernatant liquid had coagulated. The mix­
ture was then filtered rapidly with suction and the filter 
cake washed with distilled water. The filtrate and wash­
ings were concentrated in vacuo at 40° to a small volume 
and the resulting gray to brownish, cloudy solution used 
for pyrolysis. In order to avoid carbonate formation all 
operations involving the free base were carried out in an 
atmosphere of nitrogen.

Thermal Decomposition of (I).10—The decomposition 
was carried out by heating at approximately 250° in a 
glass vessel without a catalyst and was extensively studied 
in the range 350-4200 in the presence of platinized asbes­
tos. No essential differences in the course of the reaction 
under these varied conditions could be detected. In the 
following a typical pyrolysis carried out at 350-360 ° is 
described.

The apparatus has been previously described.11 The 
spiral gas wash bottle contained 100 cc. of 3 A hydrochloric 
acid. The air was displaced from the apparatus with 
carbon dioxide and the concentrated solution of the base 
(from 42.6 g. =0.1  mole of diiodide) dropped on platinized 
asbestos at 350-360° over a period of fifteen minutes. 
No gas collected in the gasometer12 and very little went 
into the hydrochloric acid wash bottle.

The pyrolysis distillate was made acid with a small 
excess of 6 A hydrochloric acid and the neutral products 
removed by several extractions with ether. The basic 
material was recovered from the aqueous phase by making 
alkaline with 6 A sodium hydroxide solution and continu-

(9) Compare von Braun, Kruber and Danziger, Ber., 49, 2642 
(1916); von Braun and Neumann, ibid.., 53, 109 (1920).

(10) See Schlatter, Thesis, California Institute of Technology, 
1941.

(11) Schlatter, T h is  J o u r n a l , 63, 1733 (1941).
(12) In an exactly similar pyrolysis but carried out at 410-420°, 

about 300 cc. of gas was collected. A sample of this condensed at 
— 70° giving a mobile liquid with a pleasant unsaturated odor. 
The analysis carried out in a semimicro combustion apparatus 
indicated an H /C  ratio of 1.94; calcd. for cyclobutadiene, C4H 4 , 1.0.

ously extracting with ether. The contents of the hydro­
chloric acid wash bottle were investigated separately.

Investigation of Neutral Products.—The ether solution 
containing this fraction was dried with anhydrous sodium 
sulfate and the ether removed by distillation through an 
efficient total reflux column. The residue was fractionated 
carefully in specially designed equipment, which treatment 
gave 1.8 g. of material boiling from 80-100°, smaller 
amounts of an intermediate fraction and 1.3 g. of material 
boiling at 5 mm. over a 10° range at approximately 85°.

The lower boiling (80-100°) liquid was shown to con­
tain cyclobutanone (b. p. 98.5-99 °13) as its chief constitu­
ent. Its odor was similar to that of cyclopentanone; it 
formed a bisulfite addition compound13 somewhat less 
readily14 than the five ring ketone. The ketone deriva­
tives, with one exception, checked the literature descrip­
tion for the corresponding cyclobutanone derivatives; 
semicarbazone (analysis) rosets of white needles from 
water, m. p. 212.0-212.5° (lit. m. p. 211-212° dec.15), 
phenylhydrazone pale yellow needles from aqueous alcohol 
m. p. 98.0-98.5° (lit. m. p. 95-96 °15a) decomposed after a 
few days’ standing, 2,4-dinitrophenylhydrazone, orange- 
red needles, m. p. 147.0-147.2 °16 from absolute alcohol.

Anal. Calcd. for CioH10N404: C, 48.00; H, 4.03; N, 
22.39. Found: C, 48.27; H,4.07; N, 22.53.

The higher boiling fraction (1.3 g.) consisted of 1-(1'- 
hydroxycyclobutyl-l'-)-cyclobutanone-2 (V) mixed with 
smaller amounts of l-cyclobutylidenecyclobutanone-2 (VI). 
From the mixture, with phenylhydrazine, with semicar­
bazide and with sodium bisulfite, derivatives were obtained 
which however were not suitable for characterization. The
2,4-dinitrophenylhydrazones were prepared from approxi­
mately 0.1 g. of ketone mixture by adding to a hot sus­
pension of 0.2 g. of 2,4-dinitrophenylhydrazine in 3 cc. of 
glacial acetic acid, heating for twenty minutes at 80 °, 
evaporating to dryness in a stream of nitrogen and remov­
ing the last of the volatile material at 1 mm. and 80°. 
The residue was taken up in benzene and chromato­
graphed17 on alumina. Three zones appeared on the 
column, a thin dark brown very strongly adsorbed layer 
on the top of the column (due to impurities), a moderately 
strongly adsorbed yellow zone (derivative of (V)) and a 
very weakly adsorbed orange zone (derivative of (VI)) 
which was washed completely into the filtrate.

The yellow zone was eluted with 2% acetic acid in ben­
zene, the eluate filtered and evaporated to dryness in an in­
ert atmosphere. The residue (230 mg.) was crystallized from 
benzene yielding clusters of orange needles, m. p. 186-187 °.7

Anal. Calcd. for Ci4H16N40 5: C, 52.49; H, 5.04; N, 
17.49. Found: C, 52.96; H, 5.30; N, 17.20.

(13) K is h n e r , J .  R u s s .  P h y s . - C h e m .  Soc., 39, 923 (1907) [Chem..  
Z e n t r . ,  7 9 ,  I ,  123 (1908 )].

(14) C o m p a re  P e tre n k o -K r its c h e n k o  a n d  K a n tsc h e ff , B e r . ,  39, 
1456 (1906).

(15) (a) C u r tiu s , J .  prakt. C h e m . ,  [2] 94, 362 (1916 ); (b) D em - 
ja n o w  a n d  D o ja re n k o , Ber., 55, 2740 (1922); (c) L ip p  a n d  K o s te r , 
ibid., 64, 2824  (1931).

(16) L ip p , B u c h k re m e r  a n d  S eeles, Ann., 499, 20 (1932), r e p o r t  
th e  m . p . o f th i s  c o m p o u n d  a s  13 2 -1 3 3 ° .

(17) See Z e c h m e is te r  a n d  C h o ln o k y , “ P rin c ip le s  a n d  P ra c t ic e  of 
C h ro m a to g ra p h y ”  ( t r a n s la t io n  b y  B a c h a ra c h  a n d  R o b in so n ) , J o h n  
W iley  a n d  S ons, In c .,  N ew  Y o rk , N . Y ., 1941. T h e  c h ro m a to g ra p h ic  
s e p a ra t io n  of 2 ,4 -d in i tro p h e n y lh y d ra z o n e s  h a s  b ee n  d esc rib ed  b y  
S tra in , T h is  J o u r n a l , 57, 758 (1935).
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The column filtrate containing the material which had 
given rise to the orange zone was also evaporated to dry­
ness in an inert atmosphere and the residue (40 mg.) 
crystallized from benzene and isopropyl ether. Clusters 
of scarlet blades were obtained sintering at 18407; the 
color18 agrees well with the formulation of this substance 
as a derivative of an «,/3 unsaturated ketone (VI).

Anal. Calcd. for Ci4H i4N40 4: C, 55.02; H, 4.67; N,
18.54. Found: C, 55.67; H, 4.97; N, 18.93.

Investigation of Basie Products.19—The ether solution 
obtained by continuous extraction of the liberated bases 
from the pyrolysis distillate was carefully distilled to re­
move solvent and the residue fractionated in special equip­
ment. Because of the small amounts of material available 
(0.4 cc.) accurate separations were not achieved. The 
unsaturated base, 1-dimethylaminocyclobutene-l (III) 
was not isolated nor could any characteristic derivative 
be obtained. However, cyclobutanone (identified as semi-

CIS) According to a generalization formulated by Dr. C. E. Rede­
mann (based on unpublished observations made in this Laboratory), 
when the parent carbonyl compound has a double bond conjugated 
with the carbonyl group, the 2,4-dinitrophenylhydrazone is colored 
red; a few exceptions are known. The method used above to  
prepare the dinitrophenylhydrazones of (V) and (VI) is based on a 
procedure recommended by Redemann.

(19) In one pyrolysis carried out at 350-400°, the contents of
the hydrochloric acid wash bottle were combined with the pyrolysis 
distillate and the neutral material rem oved with ether. The acid 
solution was then evaporated to dryness in  v a c u o , taken up in a 
small amount of water and slowly added to  potassium hydroxide 
pellets in an apparatus arranged for distillation. Volatile amines
were removed at a bath temperature of 60° and the oily top layer 
remaining allowed to stand for 24 hours in contact with the con­
centrated base. During this tim e the oily layer had been trans­
formed to an amorphous non-volatile solid, difficultly soluble in 
water and ether, soluble in alcohol and pyridine; it was easily soluble 
in dilute hydrochloric acid and from the resulting solution was re­
precipitated by addition of alkali. E vidently dimethylamine had 
added to condensation products of cyclobutanone to give high 
molecular weight bases.

carbazone) was recovered from the fraction boiling at 
90-110°. 1,2-6w-(Dimethylamino)-cyclobutane (II) was
shown to be present in the appropriate fraction (ca. 0.25 
cc.) by conversion to its characteristic dipicrate, dimeth- 
iodide and (from this latter) dimethopicrate. The proper­
ties of these derivatives agreed with those found above.

The contents of the hydrochloric acid wash bottle were 
evaporated to dryness in vacuo at 100°, giving 12.4 g. of 
a mixture of the hydrochlorides of dimethylamine and of 
trimethylamine. The former was identified by its ben- 
zenesulfonyl derivative, in. p. 47020 from isopropyl ether, 
and the latter by its picrate, yellow needles from aqueous 
alcohol, m. p. 224-225°.21 A comparison of the amount of 
benzenesulfonyl derivative obtained, with that formed 
under identical conditions in control experiments from 
mixtures of dimethylamine and trimethylamine of known 
composition indicated that these had been formed during 
the pyrolysis in the ratio of approximately 1 to 5.

Summary
Cyclobutadiene was not detected among the 

products of thermal decomposition of trans-1,2- 
cyclobutane-&is- (trimethylammonium) hydroxide. 
Dimethylamine, trimethylamine, trans-1,2-bis- (di­
methyl amino) -cyclobutane, cyclobutanone and 
condensation products of the latter were identi­
fied as products of the pyrolysis. 1-Dimethyl- 
aminocyclobutene-1 is postulated as an unstable 
intermediate in the reaction.

(20) Beilstein, “ Handbuch der organischen Chem ie,” 4th ed., 
1928, Vol. X I, p. 40.

(21) Beilstein, “ Handbuch der organischen Chem ie,” 4th ed., 
1923, Vol. VI, p. 280.
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[Contribution from the Gates and Crellin Laboratories of Chemistry, California Institute of T echnology,
N o , 896]

Cyclobutane Derivatives. III. cis-1,3-Cyciobutanedicarboxylic Acid
By Edwin R. Buchman, Alf O. Reims and Maurice J. Schlatter

In 1890 Markownikoff1 converted trans-1,3- 
cyclobutanedicarboxylic acid (I) into an isomeric 
acid to which the ris-strueture (II) was later as-
signed by E. Haworth and Perkin, Jr.2 The*

HOOCCH CHCOOH CH.,
/ \ / \ II

c h 2 c h 2 c h 2 c h 2 CCOOH
\ / \ / /

CHCOOH CHCOOH c h 2
\ CHjCOOH

I II III

(1) Markownikoff, J .  R u s s . P h y s .-C h e m . S o c ., 22, 279 (1890) 
[ B e r . ,  23R, 432 (1890)].

(2) Haworth and Perkin, J .  C h e m , S o c ., 73, 330 (1898),

latter authors also reported2 that they were able 
to isolate (II) from the mother liquors resulting 
from the preparation3 of (I) and from the product 
of the action of alkali on polymeric methylene- 
malonic ester. The preparation of (II) by related 
reactions (from formaldehyde and malonic ester or 
their equivalents) was claimed in further studies4 
by Perkin, Jr., and co-workers. Although the 
acid obtained in this way yielded,40 under rela­
tively mild conditions, products having an open

(3) From the action of sodium ethylate on ethyl «-chlor opropio- 
nate, M arkownikoff and Krestownikoff, A n n . ,  208, 333 (1881).

(4) (a) Bottom ley and Perkin, J . C h em . S o c ., 77, 294 (1900); 
(b) Simonsen, ib id . ,  93, 1777 (1908); (c) Perkin and Simonsen, ib id . ,  
95, 1166 (1909),
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chain, the assigned structure has not previously 
been questioned.5

In connection with researches involving the 
preparation of considerable amounts of cyclo- 
butanedicarboxylic acids, the above syntheses 
were reëxamined. It was found that (II) may be 
obtained both from the trans-isomer (I) as had 
been demonstrated by Markownikoff1 and as a 
by-product in the preparation of (I) as shown by 
Haworth and Perkin.2 Its structure was sub­
stantiated by the fact that it was found possible 
(see Experimental) to reconvert it to (I).

However the acid obtained by a variety of 
methods2»4 from formaldehyde and malonic ester 
does not possess the cyclic structure and is, in 
fact, identical with the well characterized6 a- 
methyleneglutaric acid (III). Its properties when 
made by the English investigators’ methods2,4 
coincided with the literature data6 on this sub­
stance; the constitution was confirmed by direct 
comparison with (III) of known structure made 
from methyl acrylate.6b

There is a fortuitous physical resemblance be­
tween (II) and (III) and between some of their 
derivatives which accounts for the mistake in 
identity. Chemically the two acids can easily be 
distinguished; (II) has saturated properties con­
sistent with its formula while (III) reacts instan­
taneously with alkaline permanganate,6b,c adds 
hydrobromic acid4c,6b,c’7 and with diazomethane 
readily gives a pyrazoline derivative.

Experimental8
cis-1,3-Cyclobutanedicarboxylic Acid (II).—Following 

the procedure of Markownikoff,1 the silver salt of the 
trans-acid (I) was treated with acetyl chloride to give the 
mixed anhydride, distillation of which at 2 mm. yielded the 
anhydride of (II), rosets of colorless blades from abso­
lute ether, m. p. 47.5-48.0°.

Anal. Calcd. for C6H60 3: C, 57.14; H, 4.80. Found: 
C, 56.89; H, 4.97.

The mixed anhydride was more conveniently prepared 
by refluxing (I) with ten molecular proportions of acetyl 
chloride9 for five hours. After removal of solvent by 
distillation, the residue was treated as above to give the 
anhydride of (II).

The m-acid (II) was obtained from its anhydride by
(5) Compare W assermann, H e lv . C h im . A c ta ,  13, 223 (1930); see 

also Clemo and W elch, J .  C h em . S o c ., 2621 (1928).
(6) (a) W eidel, M o n a ts h ., 1 1 , 513 (1890); [B e r ., 24R, 148 (1891)]; 

(b) von Pechmann and Rohm, ib id . ,  34, 428 (1901); (c) Fichter and 
Beisswenger, ib i d . ,  36, 1202 (1903).

(7) The product obtained by Perkin and Simonsen4® must be 
formulated as ot- (bromomethyl) -glutaric acid. The other supposed 
products of ring splitting retain their previously assigned formulas.

(8) All m elting points are corrected.
(9) Haworth and Perkin2 em ployed acetic anhydride.

evaporating a solution in five times its weight of 6 A hydro­
chloric acid to dryness on a steam-bath and recrystalliz­
ing the residue from hydrochloric acid and finally from 
water, m. p. 143.0-143.5°.

Anal. Calcd. for C6H80 4: C, 50.00; H, 5.60. Found: 
C, 50.20; H, 5.85.

Crude diethyl ester3 b. p. 123-130° at 28 mm. was re­
fluxed for twenty-four hours with 6.5 times its weight of 
6 N  hydrochloric acid and the resulting solution evaporated 
on a steam-bath. The residue, consisting of crude crys­
talline trans-acid (I) and a dark oil was pressed on porous 
tile and the tile extracted with ether. After removal of 
solvent, seeding and allowing to stand at about 0°, a 
small amount of crude crystalline (II) was obtained 
which, after two recrystallizations from hydrochloric acid, 
melted at 143° and gave no depression when mixed with
(II) made from the anhydride. Further larger amounts of
(II) were obtained from the mother liquors; treatment of 
these with acetyl chloride, distillation and refractionation 
of the distillate gave a portion boiling at about 104° at 4 
mm. which crystallized on cooling and was hydrolyzed to
(II) as above.

Alkaline permanganate was not decolorized by (II) 
at room temperature. The dimethyl ester was prepared 
by refluxing (II) with methyl alcohol and a small amount 
of sulfuric acid, b. p. 110-111° at 20 mm.

Anal. Calcd. for C8H i20 4: C, 55.80; H, 7.03. Found: 
C, 55.94; H, 7.09.

The dihydrazide was formed by heating the dimethyl 
ester for five hours at 130° with the theoretical amount of 
8 5 %  hydrazine hydrate, clusters of colorless prisms or 
plates from alcohol-water, m. p. 172-174°.

Anal. Calcd. for C6H12N402: C, 41.85; H, 7.02; N,
32.54. Found: C, 41.98; H, 6.85; N, 32.37.

The ^-bromophenacyl ester was made from the di­
sodium salt of (II) in the usual manner, colorless needles 
from absolute alcohol, m. p. 121.2-121.7°.

Anal. Calcd. for C22Hi8Br20 6: C, 49.09; H, 3.37.
Found: C, 49.24; H, 3.33.

Reconversion of cis-Acid (II) to trans-Acid (I).10—
Attempts to effect this change by heating (II) for five to 
six hours at 180° with concentrated hydrochloric acid in a 
sealed tube were unsuccessful. Extensive destruction11 
of (II) took place with formation of carbonized material 
and siiups; no (I) could be detected among the reaction 
products.

The effect of heat on (II) was also studied. When heated 
for five hours from a bath at 200°, complete conversion to 
its anhydride was observed. Heating at higher tempera­
tures also gave no (I).

To a solution of sodium methylate prepared from 0.25 
g. of sodium in 50 cc. of methanol, 5 g. of the dimethyl 
ester of (II) was added and the mixture refluxed for one 
hour. After distilling off the solvent, the product was 
washed with water and hydrolyzed by evaporating to dry­
ness on the steam-bath with 10 volumes of 6 A hydrochloric

(10) Compare conversion of cis-l,2-cyclobutanedicarboxylic acid 
to  the trans-isomer, Buchman, R eim s , S kei and Schlatter, T h is  
J o u r n a l , 64, 2696 (1942).

(11) The instability  of (II) toward hydrochloric acid was ap­
parently first noted2 by Haworth and Perkin.
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acid. The residue was recrystallized from water, m. p. and 
mixed m. p. with an authentic sample of (I) 172.0-173.0°.

c*-Methyleneglutaric Acid (III).—Samples of (III) 
made by various methods were shown to be identical by 
mixed melting point determinations; all samples reacted 
instantaneously at room temperature with alkaline per­
manganate. Substantial depressions of the melting point 
were observed when (III) and (II) or corresponding deriva­
tives (anhydride, />-bromophenacyl ester) were mixed.

(Ill) was prepared in small yield from polymerized 
methyl acrylate,6b from methoxymethylmalonic ester,4b’5 
from crude l-methoxy-2,2,4,4-tetracarbethoxybutane4c (b. 
p. 180-185° at 3 mm.), from diethyl methylenemalonate,4®’12 
and in somewhat better yield (21%) from “ethylpara- 
methylenemalonate. ,,2’4a

A superior method for preparation of (III) was de­
veloped starting from formaldehyde and malonic ester. 
To 192 g.13 (1.2 moles) of the latter in a flask surrounded 
by an ice-bath was added 100 g.13 (1.33 moles) of 40% 
formaldehyde and 3.4 g. of piperidine. After two hours the 
mixture was removed from the ice-bath and allowed to 
stand at room temperature for twelve hours. The heavier 
organic layer (220 g.) was separated and added to 100 g. 
(2.5 moles) of sodium hydroxide14 in one liter of methanol 
in a flask surrounded by an ice-bath. The mixture slowly 
turned to a white pasty mass, was then removed from the 
ice-bath and permitted to stand at room temperature over­
night; it was again cooled to 0° and 2 liters (6 moles) of 
3 N  hydrochloric acid added. After standing for two hours 
the methanol was distilled off, 500 cc. (6 moles) of con­
centrated hydrochloric acid added and the mixture re­
fluxed for twelve hours. The residue obtained on evapo­
rating the mixture to dryness on a steam-bath was ex­
tracted with absolute alcohol, the solvent removed and 
the material again evaporated with 500 cc. of water to 
hydrolyze any ester which might have formed. The oil 
remaining was allowed to crystallize for several days in the 
ice-box and the crude crystals recrystallized from water, 
yield 17.9 g. (20% yield from malonic ester) of (III), m. p.
131.0-132.0°, b. p. 175° at 3.5 mm.

Anal. Calcd. for C6H80 4: C, 50.00; H, 5.60. Found: 
C, 50.07; H, 5.71.

The mother liquors from several preparations of (III) 
by essentially the above method were combined and 
esterified with ethanol in the presence of hydrochloric acid 
and the esters carefully fractionated.15 The ethyl esters 
of glutaric acid (a major product), b. p. 104-105° at 8 mm., 
of o!-methyleneglutaric acid (III), b. p. 111-113° at 8 
mm. and of 1,3,5-pentane tricarboxylic acid, b. p. approx. 
128-132° at 2 mm.16 were isolated and identified by con­

(12) Made in poor yield both by distillation of the polymer and 
also by the method of Bachman and Tanner, J. Org. Chem., 4, 493 
(1939).

(13) T h e se  relative amounts appeared to  give optimum yields of
( H I ) .

(14) I t  was not found possible to  work out as convenient a method 
employing potassium hydroxide.

(15) From the forerun (up to  80° at 2 m m .) a small amount of a 
crystalline material containing ionic halogen separated on standing, 
m. p. 220.0-220.5° from alcohol, easily soluble in water, quite in­
soluble in ether, acid to  litm us. The analysis (Found: C, 49.79; 
H, 8.36; N , 7.77; C l- , 18.43) points to  th e formula CsHieCINCb 
(Calcd.: C, 49.61; H , 8.33; N , 7.23; C l~, 18.31); the substance is 
obviously derived from the piperidine used as catalyst.

(16) K ay and Perkin, J. Chem. Soc., 89, 1647 (1906).

version to the corresponding acids.17 From a fraction 
present in small amount, boiling at about 103° a t 2 mm., 
on hydrolysis with 6 N  hydrochloric acid, a new acid, a,a'- 
dimethyleneglutaric acid,18 was obtained which after re­
crystallization from water melted at 152.0-153.0°.

Anal. Calcd. for C7H80 4: C, 53.84; H, 5.16. Found: 
C, 53.90; H, 5.23.

When the acid (III) was esterified with ethanol in the 
presence of hydrochloric acid there was a substantial loss 
due to polymerization. The diethyl ester, obtained in 
43% yield, b. p. 132-133° at 23 mm., on treatm ent with 
hydrazine hydrate gave no crystalline dihydrazide. The 
anhydride was prepared in the usual fashion,2,40 b. p. 
112-115° at 2 mm., large colorless prisms from anhydrous 
ether, m. p. 51.0-51.5° (analysis).

On treatment with 10% excess of thionyl chloride and 
distillation at reduced pressure, (III) gave the acid chlo­
ride, b. p. 82-83° at 5 mm., and smaller amounts of the 
anhydride. A portion of the acid chloride dissolved in 
ether was saturated with excess of dry ammonia, the ether 
evaporated and the residue extracted with chloroform. 
The diamide was obtained from the chloroform extract, 
m. p. 164.0-165.0° from absolute alcohol.

Anal. Calcd. for C6HioN202: C, 50.69; H, 7.09; N,
19.71. Found: C, 50.63; H, 7.38; N, 19.82.

The ^-bromophenacyl ester crystallized in colorless 
needles from 96% alcohol, m. p. 121.6-121.7°.

Anal. Calcd. for C22Hi8Br20 6: C, 49.09; H, 3.37.
Found: C, 49.11; H, 3.33.

An excess of diazomethane in ether was added to 1 g. of
(III), the ether removed and the residual oil heated in a 
sealed tube at 100° for twenty hours with 20 cc. of an 
alcoholic ammonia solution (saturated a t 0°). After 
evaporation of the solvent on a steam-bath the remaining 
oil crystallized, m. p. 145.0-145.5° from absolute alcohol. 
The analysis indicates that this substance is the diamide 
of the pyrazoline19 resulting from the addition of diazo­
methane to the double bond in (III).

Anal. Calcd. for C7H12N40 2: C, 45.64; H, 6.57; N, 
30.42. Found: C, 45.92; H, 6.67; N, 30.42.

Summary
In accord with literature claims, eis-l,3-cyclo- 

butanedicarboxylic acid may be obtained from 
the /raws-isomer or as a by-product in the prepara­
tion of the latter. It has properties consistent 
with its structure.

The compound obtained from formaldehyde 
and malonic ester or their equivalents and reported 
as cis-1,3-cyclobutanedicarboxylic acid is ol-  

methyleneglutaric acid.
P a s a d e n a , C a l i f . R e c e i v e d  J u d y  22, 1942

(17) 1,3,5-Pentanetricarboxylic acid, m. p. 112 .5 -113 .0° (a n a ly sis ); 
compare ref. 4a.

(18) This structure is in accord w ith the m ethod o f form ation  
from m alonic ester and formaldehyde. All of th e  products iso lated  
could be formed from a common interm ediate, m eth ylen ed im alon ic  
ester; compare W elch, J .  Chem. Soc., 257 (1930).

(19) Regarding its  probable structure see von A uw ers and Cauer, 
Ann., 410 , 284 (1929); von Auwers and König, ibid., 496, 27 (1932).
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[C o n t r i b u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m i s t r y , Y a l e  U n i v e r s i t y ]

Complex Formations between Iodine and M-Mercapto-dihydroglyoxalines1
B y  T reat  B. J ohnson and C. O. E d en s2

In a recent paper from, this Laboratory the au­
thors3 reported on the characteristic behavior of 
ethylene-thiourea I when oxidized by 5,5-dibrom- 
oxyhydrouracil. They found that this cyclic 
ureide is transformed into a representative of a 
new class of glyoxaline sulfides, namely, dihydro- 
glyoxaline sulfide II, which proved to be identical 
with a sulfur compound of unknown constitution,

CH2—NHV 
2 | >CS

CH2—NEe
I

CH2—NHv /N H —CH2
> c - s - c /

-N ^CHa- ‘N- -CH2
II

obtained by Jaffe, in 1894, by interaction of ethyl­
enediamine with thiophosgene. Since this change 
is brought about through the agency of hypo- 
bromous acid (HOBr) resulting from the dissocia­
tion of the pyrimidine, 5,5-dibromoxyhydrouracil, 
it was of interest to the authors to examine the 
behavior of ethylenethiourea I toward iodine 
solution. Practically no attention has hitherto 
been paid to the action of iodine on cyclic ureides 
of the thiodihydroglyoxaline type I. The experi­
mentation has led to results of immediate interest, 
and opened a gate to a new field of heterocyclic 
sulfur compounds of biochemical significance.

Ethylene-thiourea I does not react with iodine 
in aqueous solution to form Jaffe’s dihydroglyoxa- 
line sulfide II. On the other hand, it undergoes 
the normal change of oxidation of a true thiol 
compound and is converted into a disulfide which 
combines at once with iodine to form the charac­
teristic periodide III. Propylene-thiourea (2- 
thio-5-methyl-dihydroglyoxaline) interacts with 
iodine solution to yield a corresponding periodide 
derivative, while the unsaturated 2-thio-5-methyl- 
glyoxaline5 reacts under similar conditions to form 
periodide containing one molecule only of iodine 
IV. The simplest glyoxaline disulfate V or its per­
iodide have not been described in the literature.

CH2—NHv
I JCH2-----

/N H —CH2
- <  I -HI*212*N- -CH2

III
(1) A  grant for partial support of this work made by the Rocke­

feller Foundation of New York City, is gratefully acknowledged by  
th e authors.

(2) Sterling Professorship of Chemistry Research Assistant, 1940- 
1941.

(3) Johnson and Edens, T his Journal, 63, 1058 (1941).
(4) Jaffe and Kuhn, Ber., 27, 1664 (1894).
(5) Gabriel and Pinkus, ibid., 26, 2203 (1893).

CH3C—NH-
II
CH—N ^

NH—C—CH3
s - s -c ^ N_ | l E -H I'12

IV

\  /■ —«—s.rv

CH—NH- 

CH-----
Nc—s—s- -<

:H

NH—CH
II

N-----CH

Especially interesting is the behavior of the 
periodide III on hydrolysis. Boiling with water 
leads to decomposition of the molecule with 
evolution of iodine vapors and formation of the 
hydriodide of Jaffe’s sulfur base—dihydroglyoxa- 
line sulfide II. Free sulfur and sulfuric acid are 
also products of this change. The periodide III 
is also destroyed by treatment with aqueous am­
monia. This leads to reduction of the disulfide 
grouping with regeneration of ethylene-thiourea 
I and formation of ammonium iodide.

Dihydroglyoxaline sulfide II likewise combines 
with iodine in aqueous solution to give a periodide 
conforming in constitution to the formula CeHio- 
N 4 O H I T 3 .  This dissociates quantitatively at 
125° into iodine and the hydriodide of dihydro­
glyoxaline sulfide II.

Previously, the irreversible change expressed by 
equation “A” has not been emphasized.

CH2—NHV /N H —CH2
“A” I >C—S—S—QQ I -

CH2-----N ^
CH2- N E

c h 2
X - s - c / '

■N^ >N-

N-----CH2
NH—CH2

-c h 2

It is very possible that this interesting change of 
the sulfur linkage may be the cause of some of the 
irregularities in analytical results from the titra­
tion of certain 2-thioglyoxalines with iodine solu­
tions. Further attention will be given to this 
problem as our work progresses, and when we 
have an opportunity to apply our technique to 
other representatives of the thiodihydroglyoxaline 
series.

Experimental Part
Periodide of 4,5-Dihydroglyoxaline-2-disulfide, C 6H io- 

N4S2 HI*2I2, III.—A solution of five grams of ethylene­
thiourea I dissolved in 200 ml. of water was cooled to room 
temperature and a solution of 0.4 N  iodine, in aqueous 
potassium iodide, was added from a buret during vigorous 
stirring. The first few drops produced a yellowish-brown 
precipitate which redissolved immediately; further addi­
tion of iodine produced a permanent turbidity, which
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gradually turned to a reddish-brown appearance. At this 
point, a dark red powder began to take form and settled to 
the bottom of the beaker. Iodine solution was added 
until there was no further precipitation, the volume con­
sumed being 185 ml. or practically the equivalent of about 
3 moles of iodine per mole of ethylene-thiourea I. A 
further addition of 25 ml. was added to assure an excess. 
This product was separated by filtration and washed with 
cold water and finally with carbon tetrachloride. The 
yield was 20.5 g. or 87.3% of the theoretical.

The equation leading to the formation of the unknown 
disulfide may be expressed as

c h 2—NHX
2 | >CS +  I2 =

CH2—NH^
CH2—NHv.
1 ?  CH2-----F r

C—S—S—G
/NH—CH2

'N- -CH2
+  2HI

This disulfide then adds iodine immediately, giving the 
above periodide derivative.

The periodide is a dark red substance of crystalline 
character. I t  melts at 119° and is extremely soluble in 
acetone, diethyl ether, ethanol, methanol, ethyl acetate 
and warm glycerol. I t  is moderately soluble in benzene 
and insoluble in carbon tetrachloride, petroleum ether and 
water. It can be recrystallized from dilute alcohol.

Anal. Calcd. for C6HnN4S2l 5: C, 8.60; H, 1.31; I, 
75.85; S, 7.63. Found: C, 8.55; H, 1.28; I, 76.00; S,
7.55.

Behavior of the Periodide III on Heating with Water.— 
Two grams of the above periodide of dihydroglyoxaline 
disulfide was digested with 75 ml. of boiling water for 
about forty-five minutes. Iodine vapors were evolved 
copiously, and the compound gradually changed to a dark 
oil, which finally dissolved yielding a pale-yellow aqueous 
solution. This was then concentrated to about 10 ml. in 
vacuo and cooled, when glistening needles crystallized from 
the solution. These melted at 284 ° and a mixed melt with 
the hydriodide of dihydroglyoxaline sulfide II (C6Hi0N4- 
S’HI) gave no depression in melting point. The free base 
and picrate were likewise prepared and checked with mixed 
melts. Sulfuric acid was identified in the aqueous filtrate, 
and free sulfur also was present.

Anal Calcd. for C6H ioM4S-HI: N, 18.79; I, 42.6. 
Found: N, 18.63; I, 42.75.

Action of Ammonia on the Periodide C6H11N4S2I5 
(Ammonolysis).—The periodide interacts with aqueous 
ammonia with evolution of heat, and is decolorized almost 
immediately. The disulfide linkage is destroyed by this 
treatment with formation of ethylene-thiourea I and 
ammonium iodide. Other products are undoubtedly 
formed here, but after two applications to ammonolysis 
the only pure sulfur compound isolated was the cyclic 
ureide I. This reaction is under investigation in this 
Laboratory and the results of our experimentation will be 
reported in a subsequent paper.

Synthesis of Ethylene-thiourea (2-Thiol-dihydrogly- 
oxaline I) and Propylene-thiourea (2-Thiol-4-methyl- 
dihydroglyoxaline).—These cyclic ureides are easily pre­
pared from ethylenediamine and propylenediamine, re­
spectively, according to the following procedure:

One hundred grams of carbon disulfide is placed in a 500- 
ml. flask attached to a reflux condenser. Then 75 g. of the 
respective commercial diamine (80%) is added dropwise 
with frequent shaking. The reaction is vigorous. After 
final addition of the amine, the mixture is then carefully 
refluxed for one-half hour and cooled. The excess of 
carbon disulfide is now poured off and the viscous reaction 
product dissolved by warming in 200 ml. of water. Ring 
closure of the respective dithiocarbamate intermediate is 
easily accomplished by adding 15 ml. of concentrated 
hydrochloric acid and finally refluxing the solution at 100° 
for one hour. On cooling, the dihydroglyoxaline separates 
in crystalline condition. Further material is obtained by 
concentration of the aqueous mother liquors. The ethyl­
ene-thiourea is obtained in a yield of 64.5 g. and melting at 
198°, or 63%.6

Propylene-thiourea is easily purified by crystallization 
from benzene, and the yield was 64.5 g., melting at 100°. 
This ureide is much more soluble than ethylene-thiourea I.

Anal Calcd. for C4H8N2S: C, 41.33; H, 6.94; N,
24.11. Found: C, 41.41, 41.42; H, 6.62, 6.76; N, 
24.38,24.28.

Periodide of 5-Methyl-4,5-dihydroglyoxaline-2-disulfide,
C8H14N4S2 HI 2I2.—To a solution of 5 g. of propylene- 
thiourea in 100 ml. of water was added dropwise with stir­
ring the calculated volume of 163 ml. of 0.4 N  iodine solu­
tion. The first addition produced an immediate turbidity 
and finally a compound separated in the form of a glistening 
viscous oil adhering to the sides and bottom of the beaker. 
After the addition of five atoms of iodine per mole of the 
propylene-thiourea, a further addition of 25 ml. of the 
standard iodine solution was made, the total volume 
added being 187 ml. On standing, the viscous oil finally 
solidified to a brittle solid which was washed with water 
and dried. After grinding it formed a heavy dark red pow­
der melting at 67°. This periodide is very soluble in 
acetone, ether and ethanol; insoluble in water and carbon 
tetrachloride.

Anal Calcd. for C8Hi5N4S2Iö: C, 11.09; H, 1.73; I, 
73.31; S, 7.39. Found: C, 11.23; H, 1.79; I, 73.52; 
S, 7.28.

When this periodide was heated with boiling water iodine 
vapors were evolved and the compound completely dis­
solved. After concentrating the solution to 10 ml. and 
cooling no crystals separated as did in the case of the 
ethylene-thiourea experiment. Instead, a dark red oil 
separated that failed to crystallize on long standing. The 
solution gave a strong test for sulfuric acid,

4,5-Dihydroglyoxaline-2-thioglycolic Acid, C5H8O2N2S.— 
An aqueous solution (50 ml.) of 5 g. of ethylenethiourea I 
and 9.4 g. of chloroacetic acid was heated at its boiling point 
for three hours. I t was then concentrated to a thick sirup 
and 50 ml. of ethanol added when the hydrochloride of this 
acid separated in crystalline form. The yield was 8 g. or 
81%. The hydrochloride was purified by crystallization 
from hot ethanol, and melted at 223 0 with decomposition. 
Qualitative tests showed the presence of sulfur, nitrogen 
and chlorine. The cyclic ureide derivative is very re­
sistant to hydrolysis.

(6) Hoffmann, Ber., 5, 242 (1872); Schacht, Arch. Pharm., 235, 
442 (1897); Ruiz and Libenson, Anales asoc. quim. Argentina, 18, 37 
(1930); C. A., 24, 5726 (1930).
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Anal. Calcd. for C6H90 2N2SC1: C, 30.53; H, 4.58; 
N, 18.05. Found: C, 30.59, 30.85; H, 4.54, 4.36; N, 
18.00, 17.81.

5-M ethyl-4,5-dihy droglyoxaline-2-thioglycolic Acid,
C6H11O2N2S.-—This was obtained in the form of its hydro­
chloride by digesting a solution of 5 g. of propylene-thio­
urea and 8.2 g. of chloroacetic acid in 50 ml. of water for 
three hours. The yield was 8 g. and the salt melted at 
215° after crystallization from ethanol. This compound 
was recovered unaltered after digestion for two hours with 
20% hydrochloric acid.

Anal. Calcd. for C6H11O2N2SCI: Cl, 16.86. Found: 
Cl, 16.85, 16.83.

Periodide of 4,5-Dihydroglyoxaline Sulfide, C6Hi0N4S* 
HI I3.—This is easily prepared by dissolving the hydriodide 
of dihydroglyoxaline sulfide CeHio^S-HI (0.4 g.) II in 100 
ml. of water at room temperature, and then adding drop- 
wise 5 ml. of standard iodine solution (0.4 N). At this 
point no further precipitation was observed. The pre­
cipitate was filtered off and after washing it with cold 
water and carbon tetrachloride it was dried in a vacuum 
desiccator over sulfuric acid. This periodide crystallizes 
as a dark red powder melting at 170-175°. It is quite 
soluble in ether and acetone.

Anal. Calcd. for C6HnN4Sl4: C, 10.83; H, 1.62; I, 
74.81. Found: C, 10.61; H, 1.62; I, 74.55.

Dissociation of the above Periodide C6HnN4Sl4 by Heat­
ing.—A small amount of the periodide was spread on a 
porous plate and exposed to the temperature of a drying 
oven at 125 °. In fifteen minutes the three atoms of iodine 
had volatilized completely and a colorless powder re­
mained behind. This was identified as the hydriodide of
4,5-dihydroglyoxaline sulfide and melted at 284°. No 
change in the linkage of sulfur had taken place.

Action of Chloroacetic Acid on Jaffa’s Base—Dihydro­
glyoxaline Sulfide, II.—One gram of the glyoxaline deriva­
tive, C6H10N4S, and 1.19 g. of chloroacetic acid were dis­
solved in 50 ml. of water and the solution boiled for three 
hours. The solution was then concentrated to 5 ml. and 
diluted with ethanol. The hydrochloride of Jaffe’s sulfur 
base separated immediately. No other product was iden­
tified, and there was no evidence of desulfurization by this 
treatment or formation of a thioglycolic acid derivative.

Anal. Calcd. for C6HioN4S-HCl: Cl, 17.20. Found: 
Cl. 17.45.

Periodide of 5-Methylglyoxaline Disulfide, CgHioNr 
S2-HI-I2.—2-Thio-5-methylimidazole7 (0.5 g.) was dis­
solved in 100 ml. of cold water and a 0.4 N  solution of 
iodine in aqueous potassium iodide added slowly with 
vigorous stirring. Addition of 5 ml. produced a deep 
yellow solution; 13.4 ml. led to the formation of a precipi­
tate which was complete after adding 28.5 ml. The 
periodide separated as dark red crystals. After washing 
with cold water and chloroform it was dried in a vacuum 
over sulfuric acid. The compound decomposed on heating.

Anal. Calcd. for CsHn^Sds: C, 15.75; H, 1.80; I, 
62.44; S, 10.52. Found: C, 15.93, 15.77; H, 1.66, 1.64; 
I, 62.47; S, 10.41.

Summary
1. Ethylene-thiourea and propylene-thiourea 

interact with iodine in aqueous potassium iodide 
solution to form the periodides C6Hi0N4S2*HI*2I2 
and C8Hi4N4S2*HI*2I2, respectively.

2. The periodide resulting from ethylene- 
thiourea is converted by hydrolysis into dihydro­
glyoxaline sulfide C6H10N4S. Interaction with 
ammonia (ammonolysis) leads to the regeneration 
of ethylene-thiourea.

3. Dihydroglyoxaline sulfide reacts with iodine 
to give the periodide CeHio^S-HTIa which dis­
sociates at 125° yielding the hydriodic salt of di­
hydroglyoxaline sulfide.

4. Dihydroglyoxaline sulfide C6H10N4S is 
not desulfurized by digestion with chloroacetic 
acid.

5. Ethylene-thiourea and propylene-thiourea 
interact with chloroacetic acid to form the repre­
sentative 2-thioglycolic acid derivatives without 
desulfurization.

6. 2-Thio-5-methylimidazole interacts with 
iodine in aqueous solution to give a periodide of 
formula C8Hi0N4S2*HI*l2.
N e w  H a v e n , C o n n e c t ic u t  R e c e iv e d  J u n e  27, 1942

(7) Gabriel and Pinkus, Ber., 26, 2197 (1893).
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Researches on Thiazoles. XXV. Some New Thiazolidinopyrimidines of Barbituric
Acid Type

B y  E dw ard  J. M asters and  M arston  T aylor B ogert

Ch*

CH2'

ch2-

H
I

A *
(I)

/Sv

CHS

t - nh2
II

-N
(IV)

Since the proof of the structure of vitamin Bi,1 
great interest has been shown in compounds con­
taining the thiazole or thiazoline ring. A mis­
cellany pf such compounds 
having therapeutic value ap­
pears in the patent and regu­
lar literature. These com­
pounds are characterized by 
relatively low toxicity when 
introduced into the body.

Thus, sulfathiazole2 is an 
example of this type of com­
pound and is useful in the 
treatment of certain types of 
bacterial infection. More re­
cently, its thiazoline analog, 
sulf athiazoline,3 has been 
synthesized. A variety of 
compounds containing the 
thiazole or thiazoline ring 
and possessing local anes­
thetic activity has been prepared.4"9

The immediate object of this investigation was 
the synthesis of compounds related to the struc­
ture (A)

l

est approach to it is found in the thiochrome 
molecule10 (B), the thiazolopyrimidine portion 
of which is enclosed in broken lines.

F l o w  S h e e t

+H Br CH2Br
I
CH2NH3Br

+KSCN CH2Br

ch2nhcsnh2
+NaOH

(II) ( H I )

/ S\
ch2 c= nh
I I
ch2—nh

+NaOEt
+  CH2(COOEt)2

/ \ / N '
ch2 c

CH-

I +RCH(COOEt)2 
|  +NaOEt

-N 

(V)

CO
I

ch2

/ S\ ^ N '
ch2
I

ch2- -N

CO

<^HR

+NaOEt
+R'X

ch2
I
ch2-

co
/R

xc o /

R
R '

(VI)
= Me, Et, i-Pr, Ph, and PhCH2 
= Et, i-Pr, n-Bu, Ph, and PhCH2

Nv
C
I I / *

■N C<
\ c o /  Xr'

(VII)

2 CH C CH7
II I II

3 CH—N CHe
4Nnc h /

(A)

Compounds containing this skeletal structure 
are as yet unknown in the literature. The near-

r~

hocsh4—i—C
! iiMe— C

l / N \

■N

L X c h ‘

Cl

<y j
/  I^C h /

C—Me
(B)

(1) Cline, Williams and Finkelstein, T h is  Jo u r n a l , 59, 1052 
(1937).

(2) L ott and Bergeim, ibid., 61, 3593 (1939).
(3) Raiziss and Clemence, ibid., 63, 3124-3126 (1941).
(4) Johnson, ibid., 52, 4141 (1930).
(5) U. S. Patent 1,970,656 (1931).
(6) Ballowitz, Arch. Exptl. Path. Pharm., 163, 687 (1932).
(7) Niederl, Hart and Scudi, T h is  J o u r n a l , 58, 707 (1936).
(8) Hart and Niederl, ibid., 61, 1145 (1939).
(9) Adams, ibid., 59, 2264 (1937).

The 5,7-dioxo derivatives of constitution (A) 
present an interesting variation in the barbituric 
acid structure, and the analogs of the more im­
portant barbituric acids might be expected to 
possess hypnotic or anesthetic activity. The 
flow sheet for the reactions involved includes 
standard methods for the synthesis of barbituric 
acids.

As will be noted in' this flow sheet, 2-aminothia- 
zoline (IV) is assumed to react in its tautomeric 2- 
iminothiazolidine form under the conditions em­
ployed.

Bogert and Mills11 in laying the groundwork for 
the synthesis of compounds of type (A) synthe­
sized 0, /3'-di- (1 -barbituryl) -ethyl disulfide, using 
^-mercaptoethylamine as the starting material. 
Bogert and Nathan12 continued this work and by 
reduction of 0, /T-di- (1 -barbituryl) -ethyl disulfide, 
using zinc and hydrochloric acid, obtained a com­
pound of the empirical formula C6H6N202S. 
Since condensation at two different positions was 
possible, it was not clear whether the structure of 
this compound was

(10) Bergel and Todd, J. Chem. Soc., 1601 (1936).
(11) Bogert and Mills, T h is  J o u r n a l , 62, 1173-1180 (1940).
(12) Bogert and Nathan, ibid., 63, 2361-2366 (1941).
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(VIII)
CH2 C ^ 0 = 1
I I I

CHj— N NH
\ C/

II
O

o CHs C

CHs- -N CHj
\ C/

CHs C = N -----CO

CH2----N— CO— C=NOH
(IX)

\
C—N--- CO
I I

— N— CO— CHNHCONH2 

(XI)

In the present work, it was thought that a more 
direct and unequivocal syn­
thesis of (V) could be ef­
fected by condensation of 
2-aminothiazoline (IV) with 
malonic ester, analogous to 
that used by Chichibabin18 
in which 2-aminopyridine 
was condensed with malonic 
ester to yield the bicyclic 
pyridinopyrimidine.

In the attempts to condense 2-aminothiazoline 
with malonic ester to form the desired pyrimidine 
(V), the conditions of Chichibabin’s experiment 
were followed, i, e.y the slow heating of the react­
ants to 195°. Extensive decomposition occurred 
with the formation of a hard red resin. Lower tem­
peratures were used without success. The con­
densation was finally effected in high yield using 
sodium ethylate with absolute ethyl alcohol as sol­
vent. This synthesis of compound (V) proves that 
the compound synthesized from /3,/V-di-(l-barbi­
turyl)-ethyl disulfide by Bogert and Nathan12 was 
(VIII), since the two products were not identical.

When mono-substituted alkyl or aryl malonic 
esters were used in the condensation with 2- 
aminothiazoline in the presence of sodium ethyl­
ate, the reaction proceeded readily with formation 
of the mono-substituted thiazolidinopyrimidines 
listed in Table I. The synthesis of the disub­
stituted pyrimidines was effected by alkylation 
of the appropriate monosubstituted pyrimidine 
containing the more sterically hindered group. 
The alkylations were conducted in absolute ethyl 
alcohol in the presence of sodium ethylate. The 
disubstituted pyrimidines synthesized in this 
series (Table II) are the analogs of the barbi­
turic acids: Veronal, Neonal, Ipral and Pheno- 
barbital.

Of the compounds described in Tables I and II, 
nos. 1, 2 and 6 formed white dendritic crystals; 
no. 3, white needles; nos. 4, 8, 10 and 11 colorless 
plates; nos. 5, 7 and 9, colorless needles.

Solubilities.— No. 1, 1% in hot absolute alco­
hol, 2% in hot water; no. 2, 1 g. in 150 cc. of hot

(13) Chichibabin, Ber., 57, 1168 (1924).

water; no. 3, 1% in hot water, more soluble in 
—10 alcohol; no. 4, 1 g. in 9 cc. of hot alcohol; no. 7,

(V) 0.25% in hot water.
From the thiazolidinobarbituric acid (V), the 

corresponding uric acid (XII) was synthesized 
via the usual oximino (IX), uramil (X), and pseu- 
douric acid (XI) derivatives

C = N —
I

-N—CO-
(X)

-CO
I

~c h n h 2

—N-

C = N ----C— NHn
II

CO— C— NH7 

(Xlla)

>CO, or
\

C= =N— CO
I

—N—C =C
I I

HN NH (XHb)
\  /

CO
The results of the pharmacological tests upon 

the compounds described in this paper will be re­
ported later.
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Experimental
All melting points recorded are corrected for stem 

exposure.
/3-Bromoethylamine hydrobromide (II) was prepared 

most satisfactorily as follows: 174 g. (4 mols) of 99%
ethyleneimine was added dropwise to 1250 cc. (11.1 mols) 
of 48% HBr. The temperature of the reaction mixture 
was maintained at 0-5 °, and the solution was stirred vigor­
ously during the addition. I t was then concentrated to a 
thick sirup under vacuum, allowed to cool, the crystalline 
mass filtered off and washed with a little absolute alcohol. 
The filtrate and washings were concentrated further to 
yield more of the product. The product after drying 
weighed 660 g. or a yield of 80%. After recrystallization 
from absolute alcohol, the compound melted at 173.3— 
174.3 ° (lit.,14 m. p. 172-173 °).

Anal. Calcd. for C2H7Br2N: C, 11.7; H, 3.4. Found:
C, 11.7; H, 3.3.

It is stated by Gabriel,16 and in “Organic Syntheses,”16 
that the above compound can be prepared “by the addition 
of hydrogen bromide to ethyleneimine,” but if the reaction 
is carried out in that way the compound sought will not be 
obtained.

0-Bromoethylthiourea (III) was prepared from j8-bromo- 
ethylamine hydrobromide and potassium thiocyanate by

(14) Leffler and Adams, T h is  J o u r n a l , 59, 2255 (1937).
(15) Gabriel, Ber., 21, 1054 (1888).
(16) “ Organic Syntheses,” X V III, 14 (1938),
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T a b l e  I

6 - M o n o s u b s t i t u t b d  2 ,3 ,6 ,7 -T e t r a h y d r o -5 ,7 -d i0 X o -5 -t h ia z o l o  [3 ,2 -a  Jp y r i m i d i n e s

No. Formula
Group 

at 6
Yield,

% M. p. (cor.), °C.
Calcd.

C H
Found

C H
1 CeHtOïNüS H 88 244.5-245.5 42.5 3.6 42.6 3.8
2 C7Hs0 2N2S Me 72 272-276 45.7 4.4 45.9 4.5
3 C8ÏÏ10O2N 2S Et 70 224.4-224.7 48.5 5.1 48.7 5.2
4 C9H12O2N2S i- Pr 76 262.3-262.8 51.1 5.7 51.5 6.0
5 C12H40O2N2S Ph 45 247.2-247.7 58.5 4.1 58.5 4.1
6 C13H12O2N2S PhCH2 82 241.9-242.3 60.0 4.7 60.0 4.8

T a b l e  II
6 ,6 - D is u b s t it u t e d  2 ,3,6 ,7 - T e t r a h y d r o -5 ,7 -d io x o -5 -t h ia z o l o  [3,2-a Jp y r i m i d i n e s

No. Formula
Groups 

at 6
Yield,

% M. p. (cor.), °C.
Calcd.

C H
Found

C H

7 C10H i4O2N 2S E t, E t 29 138.2-138.7 53.1 6 .2 53.4 6 .4
8 CnH i60 2N 2S E t, i-Pr 33 92 .6 -93 .1 55.0 6 .7 55.3 6 .8
9 c 12h 18o 2n 2s E t, n-Bu 31 89 .7 -90 .3 56.7 7 .1 56 .8 7.1

10 Ci4H i40 2N  2S E t, Ph 36 120.3-121.3 61.3 5 .2 61.4 5 .2
11 Ci5H 160 2N 2S E t, PI1CH 2 30 136.0-136.4 62.5 5 .6 62.7 5 .7

the method of Gabriel,17 and melted at 173.6-174.2° (lit.,17 
m. p. 172.5-173.5°); yield, 60%.

The 2-aminothiazoline (IV) used was obtained by treat­
ing (III) with caustic soda solution.17 The m. p. was 84- 
85° (lit.,17 m. p. 84-85°); yield, 86%; over-all yield from 
ethyleneimine was 41%.

2,356,7-Tetrahydro-5,7-dioxo-5-thiazolo [3,2-a jpyrimidine
(V).—2.3 g. (0.10 mole) of clean metallic sodium was dis­
solved in 50 cc. of absolute ethyl alcohol. This solution 
was cooled to 50 ° and 8 g. (0.05 mol) of ethyl malonate was 
added, followed by a solution of 5 g. (0.05 mol) of 2-amino­
thiazoline in 20 cc. of absolute ethyl alcohol. The reaction 
mixture was refluxed for three hours, during which period a 
white solid separated rapidly.

The mixture was. cooled, brought to acidity by the addi­
tion of 11 cc. of concentrated hydrochloric acid, the pre­
cipitate filtered off and washed with a few cc. of alcohol. 
It was then slurried with about 30 cc. of water, to remove 
any sodium chloride, filtered, dried at 105° for an hour, 
and then weighed. The yield was 6.8 g. From the origi­
nal filtrate, 0.7 g. more was obtained, making a total yield 
of 7.5 g. or 88%. Recrystallized from alcohol, it formed 
small dendritic crystals, which melted with decomposition 
at 244.5-245.5°.

Anal. Calcd. for C6H60 2N2$: C, 42.5; H, 3.6. 
Found: C,42.6; H, 3.8.

The mono-R derivatives of (V) were synthesized in a 
manner analogous to the above, using the appropriate 
mono-substituted malonic ester in the place of malonic 
ester. Data concerning them appear in Tables I and II. 
The phenyl malonic ester employed was prepared from 
phenyloxaloacetic ester.18

6,6-Diethyl-2,3,6,7-tetrahydro-5,7-dioxo-5-thiazolo[3,2~ 
a] pyrimidine (VII).—4 g. (0.020 mole) of the monoethyl 
derivative (VI) was added to an alcoholic solution of so­
dium ethylate prepared by dissolving 0.50 g. (0.022 mole) of 
clean metallic sodium in 50 cc. of absolute ethyl alcohol, 
and the temperature was kept at 50°.

3.9 g. (0.025 mole) of ethyl iodide was added, and the 
solution refluxed until neutral. The time of refluxing was

(17) Gabriel, Ber. 22, 1141 (1889).
(18) “ Organic Syntheses,” X V I, 33 (1936).

about two hours. I t  was then concentrated to about 
15 cc., 100 cc. of water added slowly with shaking, and 
small white feathery crystals precipitated. The crystals 
were collected on a Büchner funnel, washed with a few cc. 
of dilute bicarbonate solution, to dissolve any unreacted
(VI), then with a few cc. of alcohol, and finally with water. 
Dried at 105°, the yield was 1.3 g., or 29%.

Recrystallization of the product from a large volume of 
hot water resulted in the formation of beautiful long 
needles, m. p. 138.2-138.7°.

Anal. Calcd. for CioH i40 2N2S: C, 53.1; H, 6.2.
Found: C, 53.4; H, 6.4.

V
The other 6,6-disubstituted products were prepared 

similarly, using the appropriate halide. Analyses and 
other data are given in Tables II and III. These com­
pounds were quite soluble in various organic solvents, but 
dissolved only slightly in water. A convenient method of 
isolating them consisted in removing all of the alcohol 
from the reaction mixture, when the residual oil congealed 
on standing and cooling. Unaltered initial mono-sub­
stituted esters were then easily removed by washing with a 
potassium carbonate solution.

6-Isonitroso-2,3,6,7-tetrahydro-5,7-dioxo-5-thiazolo [3,2- 
a] pyrimidine (IX).—A suspension of 7 g. (0.041 mol) of 
(V) in 100 cc. of 30% alcohol was stirred vigorously and
6.3 g. (0.054 mol) of isoamyl nitrite added dropwise over a 
period of a half hour. After further vigorous stirring for 
an hour, the temperature was slowly raised to 50 0 and the 
stirring continued for another hour. The white suspension 
slowly changed into the purple of the nitroso compound. 
The mixture was chilled, the nitroso compound removed, 
washed with alcohol and air dried; yield, 5 g., or 61%; 
m. p. 175-178°. As some difficulty was experienced in 
purifying this compound, it was used without further puri­
fication in the subsequent reactions. I t  dissolved readily 
in alkali to a deep purple solution.

6-Amino-2,3,6,7-tetrahydro-5,7-dioxo-5-thiazolo [3,2-a ] 
pyrimidine (X).—-To a solution of 4 g. (0.02 mol) of (IX) in 
10 cc. of concentrated ammonium hydroxide diluted with 
10 cc. of water, 7 g. of sodium hydrosulfite, dissolved in 15 
cc. of water containing a few drops of ammonia, was 
added slowly until the purple color disappeared. The
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solution was chilled and neutralized with dilute hydro­
chloric acid. The precipitate was filtered off, washed 
with water and crystallized from hot water. The yield 
was 2 g. or 54%. The compound turned red at 174° and 
decomposed at 194°. Not unlike other uramils, this 
compound was very troublesome to purify, changed color 
rapidly in the air or on drying in vacuo, and burned with 
difficulty in the microanalytical apparatus, so that it was 
felt that not much reliance could be placed upon the 
analytical results, although these indicated that the sub­
stance was the impure monohydrate.

Anal. Calcd. for C6H90 3N3S: C, 35.5; H, 4.5. 
Found: C, 36.4; H, 4.5.

6-Ureido-2,3,6,7-tetrahydro-5,7-dioxo-5-thiazolo [3,2-a ] 
pyrimidine (XI).—To a solution of 0.5 g. of (X) (0.0027 
mol) in 30 cc. of hot water, there was added a solution of 
0.32 g. (0.0040 mol) of potassium cyanate in 10 cc. of 
water, and the solution was warmed to the disappearance 
of its purple color. I t  was then chilled, acidified with 
dilute hydrochloric acid, the yellow precipitate collected 
and dried; yield, 0.5 g., or 80%. Recrystallized from hot 
water containing a little Norit, a white crystalline product 
resulted, m. p. 261-263°.

Anal. Calcd. for C7H80 3N4S: C, 36.9; H, 3.5.
Found: C, 37.2; H, 3.5.

The thiazolidinouric acid (X lla or X llb) was obtained 
from the corresponding pseudouric acid (XI) by an 
adaptation of the classic method of Fischer and Ach.19

A mixture of 46 mg. of the pseudouric acid (XI) with 1 g. 
of anhydrous oxalic acid was placed in a test-tube and 
heated in an oil-bath, the temperature of which was 
brought to 185° in the course of ten minutes. Most of the 
oxalic acid volatilized, and some of the pseudouric acid 
was decomposed with liberation of hydrogen sulfide. The

(19) Fischer and Ach, Ber., 28, 2473 (1895).

residue when cold was extracted with alcohol, to remove 
any oxalic acid still present, and the undissolved material 
was dissolved in dilute sodium hydroxide solution, boiled 
with activated carbon, the filtrate acidified with dilute 
hydrochloric acid and chilled. The precipitate, removed 
and dried, weighed 15 mg., i. e., a yield of 36%. Recrys­
tallized from a large volume of water, it separated in 
glistening white microscopic crystals, which remained un­
melted at 300°.

Anal, (on 1 mg. of product). Calcd. for C7H6O2N4S: 
C, 40.0; H, 2.9. Found: C, 39.7; H, 2.7.

Not enough material was available to determine whether 
the constitution of this product should be represented by 
formula X lla  or X llb, either one of which could be formed 
by the elimination of water from the initial pseudouric acid.

Summary
1. Thiazolidinopyrimidines of barbituric acid 

type are easily prepared pure and in satisfactory 
yields from 2-aminothiazoline as initial material 
by familiar reactions.

2. Among the compounds so prepared are 
analogs of Veronal, Neonal, Ipral and Phenobar- 
bital.

3. From the thiazolidinobarbituric acid, the 
corresponding thiazolidinouric acid has been syn­
thesized via the oximino, uramil and pseudouric 
acid derivatives.

4. The physiological effects of these com­
pounds are now being studied, to ascertain to 
what extent, if at all, their properties resemble 
those of the corresponding barbituric acids.
N e w  Y o r k , N. Y. R e c e iv e d  J u l y  18, 1942

[C o n t r i b u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r ie s  o f  C o l u m b ia  U n i v e r s it y  ]

Researches on Thiazoles. XXVI. Some Acyl Derivatives of 2-Aminothiazole
B y  E dw ard  J. M asters and  M arston  T aylor  B ogert

The behavior of 2-aminothiazole (I) when di­
gested with ethyl malonate and sodium ethylate, 
in alcoholic solution, is quite different from that of 
2-aminothiazoline under similar conditions,1 as 
can be seen from the following flow sheet, in

/C H = C H
which R represents the thiazole residue, S<̂  |

? “ N
This difference in the behavior of 2-aminothia­

zole as compared with 2-aminothiazoline is prob­
ably due, as pointed out in our previous article,1 
to the fact that the thiazoline can react in its 
tautomeric iminothmzolidine form, a rearrange-

(1) M asters  an d  B ogert, T h is  J o u r n a l , 64, 2709 (1942).

ment which is less likely to occur with the more 
stable conjugated system of the thiazole.

Refluxing of the thiazole, in alcoholic solution, 
with sodium ethylate and ethyl malonate, re­
sulted in the formation of both the thiazolyl- 
malonamic ester (II), and the sym-dithiazolyl- 
malonamide (III).

Some years ago, the I. G. Farbenind. A.-G.2 
took out patents for the manufacture of aceto- 
acetyl derivatives of 2-aminothiazole by heating 
together the amino thiazole and acetoacetic ester 
(and analogous esters) without any solvent. In

(2) I. G. Farbenind. A .-G., German Patent 603,623, Oct. 8, 1934; 
C. A., 29, 814 (1935); and addition thereto, Jan. 3, 1935; C. A., 29, 
4024 (1935).
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+NaOEt

+CH 2(COOEt)2 1 \
RNH2 --------------------- >- RNHCOCH2COOEt +  CH2(CONHR)2

+ NaOEt
(I) (II) (HI)

+EtCH(COOEt)
+N aO Et

»- RNHCOCHEtCOOEt

(IV)

yCOOEt 
— +CH2

\C 0 0 K  +  NaOEt — >- RNHCOCH2COOH

+ ht. (V)

Ethyl N-(2-Thiazolyl)-malonamate (II).—To a 
solution of 11.5 g. (0.5 mole) of clean sodium in 
500 cc. of absolute ethanol, cooled to 50°, there 
was added 80 g. (0.5 mole) of ethyl malonate, 
followed by 50 g. (0.5 mole) of 2-aminothiazole. 
After refluxing the mixture for five hours, it was 
cooled, and acidified by the addition of 42 cc. of 
concentrated hydrochloric acid. The precipitate 
contained two products, the more soluble of which 
was extracted by leaching with large volumes of 
hot water. The total yield of this product, includ­
ing some recovered from the original filtrate, was
34.5 g. Recrystallized from water, it formed 
white crystals, m. p. 149-149.5°, soluble in alcohol 
or benzene.

<—>- +A c20  >- RNHAc (VI)

our own experiments, when the aminothiazole 
and malonic ester were heated together directly, 
a great deal of decomposition ensued, but both 
(II) and (III) were isolated from the crude prod­
uct.

When the malonamate (II) was heated above its 
m. p., or was refluxed in absolute ethanol solution 
with sodium ethylate, the diamide (III) was 
formed.

By the use of a substituted ethyl malonate, in­
stead of ethyl malonate itself, in the condensation 
with the aminothiazole, the corresponding sub­
stituted malonamate (IV) was obtained.

From the potassium salt of the malonic ester 
acid, 2-aminothiazole, and sodium ethylate, in 
absolute ethanol solution, the malonamic acid
(V) was prepared. This acid when heated lost 
carbon dioxide, with formation of the same 2- 
acetaminothiazole as resulted from direct acetyla­
tion of the aminothiazole.

All attempts to cyclize the malonamic acid (V) 
to a thiazolopyrimidine have so far proved fruit­
less.

Acknowledgments.—Our thanks are due to 
the Monsanto Chemical Co., of St. Louis, Mis­
souri, and to the Calco Chemical Division of the 
American Cyanamid Company, Bound Brook, 
New Jersey, for supplies of 2-aminothiazole; 
and to Mr. Saul Gottlieb for the analysis of our 
products.

Experimental
All melting points are corrected for exposed stem.
2-Aminothiazole (I) can be prepared readily from thio­

urea and dichloroethyl ether, by the method of Traumann,3 
if necessary, but it is also available commercially.

Anal. Calcd. for C8H10O3N2S: C, 44.8; H, 
4.7; N, 13.1. Found: C, 45.0; H,4.6; N, 13.1.

syw-N-(2-Thiazolyl)-malonamide (III), which was the 
less soluble product in the above reaction, was isolated in 
a yield of 34 g. The combined yield of (II) and (III) ac­
counted for about 80% of the aminothiazole used.

The amide (III) was purified by precipitating its bi­
carbonate solution by dilute acid. I t  began to change 
color at about 258° and decomposed sharply at 271 °.

Anal. Calcd. for C9H8O2N4S2: C, 40.3; H, 3.0; N,
20.8. Found: C, 40.2; H, 3.0; N, 20.6.

N-(2-Thiazolyl)-malonamic acid (V) was prepared as 
described for (II), using the potassium salt of malonic ethyl 
ester acid in place of ethyl malonate. By acidification 
with dilute mineral acid, the free malonamic acid was 
obtained as white dendritic crystals, in a yield of 54%. 
At 185.8-186.8°, it melted with decomposition, losing car­
bon dioxide and forming the 2-acetaminothiazole (VI), 
m. p. 206.5-207° (lit.,3 m. p. 203°), long needles, whose 
identity was checked by preparation of the same com­
pound from the aminothiazole (I) and acetic anhydride.3

Anal. Calcd. for C6H6O3N2S: C, 38.8; H, 3.3; acid 
equivalent, 186. Found: C, 39.1; H, 3.6; acid equiva­
lent, 186.

Ethyl N-(2-thiazolyl)-ethylmalonamate (IV), prepared 
by the same method as (II), using ethyl ethylmalonate in 
place of ethylmalonate, was obtained in a yield of 46%, 
m. p. 117.8-118.8°, as white dendritic crystals.

Anal. Calcd. for C10H14O3N2S: C, 49.6; H, 5.8.
Found: C, 49.8; H, 5.8.

In this case, no diamide analogous to (III) was isolated.

Summary
1. The behavior of 2-aminothiazole when di­

gested, in alcoholic solution, with ethyl malonate 
and sodium ethylate, is quite different from that 
of 2-aminothiazoline, in that there results a mix­
ture of the thiazoiylmalonamic ester and the sym- 
dithiazolylmalonamide, but no thiazolopyrimi­
dine, nor could the latter be obtained by cycliza­
tion of the thiazoiylmalonamic acid.
New York, N. Y. R e c e i v e d  J u l y  18, 1942(3) T raum ann , A nn., 249, 35 (1888).
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[C o n t r i b u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m is t r y  o f  D u k e  U n i v e r s i t y ]

Condensations. XVIII. The Acylation of the Anions of Certain Esters with Ethyl
Carbonate

B y C harles  R . H auser , B. Abramovitch and J oe T . A dams

The acylation of organic esters having two 
a-hydrogens with alkyl carbonates in the pres­
ence of sodium or potassium alkoxides has been 
developed by Wallingford and co-workers1 for the 
convenient production of malonic esters. Esters 
having only one a-hydrogen failed to be acylated, 
and even with ethyl /-butyl acetate the yield was 
not reported. Moreover, the method does not 
appear to °be applicable to the preparation of 
malonic esters with two different ester groups, 
that is, “mixed” malonic esters.

Although these acylations fail in the presence of 
metal alkoxides, they may be effected by means of 
the stronger base, sodium triphenylmethyl, which 
converts esters largely into their anions.2 The 
acylation of the anions of esters with only one a- 
hydrogen, for example, ethyl isobutyrate, is prob­
ably best effected with ethyl chlorocarbonate, di­
ethyl a, a-dimethylmalonate being obtained in 
this manner in 75% yield.2 The anion of ethyl 
isovalerate (which has two a-hydrogens) with 
ethyl chlorocarbonate, however, gives only a low 
yield of the malonic ester, forming mainly the 
diacylated ester.2 It is shown in the present in­
vestigation that the anions of certain esters having 
two or three a-hydrogens may be acylated satis­
factorily with ethyl carbonate to produce malonic 
esters. With this acylating reagent, the anion of 
ethyl /-butylacetate gives diethyl /-butylmalonate 
in 47% yield, while the anions of /-butyl acetate 
and /-butyl propionate give the “mixed” malonic 
esters, /-butyl ethylmalonate and /-butyl ethyl- 
a-methylmalonate in yields of 54 and 72%, re­
spectively. These acylations may be represented 
as follows.
C2H50C02C2H5 +  [(CH3)3CCHC02C2H5]- — >

(CH3)3CCH(C02C2H5)2 +  -OC2H5 

C2H5OCO2C2H5 +  [CH2C02C(CH8)3]" — ^
C2H802CCH2C02C(CHa)8 +  -OC2H5 

C2H0OC02C2H5 -j- [CH(CH3)C 02C(CH3)3]- —
C2Hö0 2GCH(CH3) C02C(CH3)3 4- -OC2H5

In each of these reactions equivalent amounts 
of the ester having a-hydrogen, sodium triphenyl­
methyl and ethyl carbonate were used. The

(1) Wallingford, Homeyer and Jones, T h is  J o u r n a l , 63, 2056  
(1941).

(2) See Hudson and Hauser, ibid., 63, 3156 (1941).

malonic ester formed was probably converted into 
its anion by means of the ester anion first pre­
pared, and the corresponding amount of the 
ester was regenerated. The amount of ethyl 
carbonate used was twice that theoretically re­
quired but the excess seemed desirable in order 
to minimize the self -condensation of the ester 
having a-hydrogen. The yields of malonic esters 
reported above are based on the sodium triphenyl­
methyl used.

This method should be applicable to the acyla­
tion with ethyl carbonate of other esters that 
undergo self -condensation relatively slowly3 4 (com­
pared to ethyl acetate) to produce malonic esters 
in which the ester groups are the same or differ­
ent.

Experimental
Ethyl 2-Butyl Malonate.—Sodium triphenylmethyl2 

(1700 cc., 0.730 mole) was prepared in a 2-liter “Pyrex” 
bottle. The stopper was removed and the bottle quickly 
fitted with an efficient mechanical stirrer, dropping funnel, 
and bent tube delivering a slow stream of dry nitrogen. 
2-Butyl acetate (94.5 cc., 84.7 g., 0.73 mole) was added 
rapidly to the vigorously stirred solution (the red color 
being discharged immediately) and after one minute 88 cc. 
(86.1 g., 0.73 mole) of ethyl carbonate (b. p. 125.5-126.0°) 
was added during seven minutes, the bottle being cooled 
if the ether began to boil. Stirring was continued for two 
hours longer. Glacial acetic acid (60 cc.) dissolved in 300 
cc. of ice-water was then added and the mixture transferred 
to a 2.5-liter separatory funnel. The mercury, aqueous 
solution, and sludge were then separated, the latter being 
washed with ether. The combined ether solutions were ex­
tracted with 10% sodium carbonate solution, and dried 
over anhydrous sodium sulfate followed by Drierite, and 
the solvent distilled. Distillation of the residue from a 1- 
liter Claisen flask yielded 41.0 g. of recovered esters (b. p. 
45° at 60 mm. to 70° at 35 mm.) and 69.5 g., of material 
(b. p. 70 ° at 35 mm. to 150° at 18 mm.) which on fractiona­
tion through a twelve-inch Vigreux column at 17 mm., 
yielded 27.0 g. of a fore-fraction (b. p. 40-93°) and 36.0 g. 
(54% yield based on the sodium triphenylmethyl) of ethyl 
2-butyl malonate, b. p. 93-95°.

Anal.* Calcd. for CgHieOu C, 57.4; H, 8.57. Found: 
C, 57.4; H, 8.56.

Ethyl 2-Butyl-a-methylmalonate.—2-Butyl propionate 
(b. p. 118.0-118.5°) was prepared in 63% yield from 2-butyl

(3) Results on the relative ease of self-condensations of esters in the 
presence of sodium triphenylm ethyl will be published shortly.

(4) Analysis by Saul Gottlieb, Columbia University, New York, 
N. Y.
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alcohol and propionyl chloride in the presence of dimethyl- 
aniline, essentially according to the procedure of Norris 
and Rigby6 for the preparation of 2-butyl acetate.

Anal.* Calcd. for C7HHO2: C, 64.6; H, 10.84. Found: 
C, 65.1; H, 11.20.

2-Butyl propionate (107 cc., 92 g., 0.708 mole) was added 
to sodium triphenylmethyl1 2 (1700 cc., 0.708 mole), the 
color being discharged within thirty seconds, and after two 
minutes 86 cc. (83.5 g., 0.708 mole) of ethyl carbonate was 
added. Stirring was continued for one and one-half hours 
longer. Glacial acetic acid (60 cc.) was added and the 
mixture worked up. After distilling off the solvent the 
residue gave 55.2 g. of a mixture (b. p. 35-77° at 40 mm.) 
of 2-butyl propionate and ethyl carbonate, and 66.2 g. of 
material (b. p. 77° at 40 mm. to 150° at 12 mm.). Redis­
tillation of the latter fraction through a twelve-inch Vigreux 
column at 14 mm., yielded 13.0 g. of a fore-fraction (b. p. 
49-94°) and 48.7 g. (72% yield based on the sodium tri­
phenylmethyl) of ethyl 2-butyl-a-methylmalonate (b. p. 
94-95°).

Anal.* Calcd. for Ci0H18O4: C, 59.4; H, 8.97. Found; 
C, 60.0; H, 9.10.

Diethyl 2-Butylmalonate.—Ethyl 2-butyl acetate (38.2 g., 
0.266 mole) prepared by the method of Homeyer, Whitmore

(5) Norris and Rigby, T h is  J o u r n a l , 54, 2097 (1932).

and Wallingford,6 was added with shaking to an ether 
solution of 0.266 mole of sodium triphenylmethyl and, after 
standing for ten minutes, 31.4 g. (0.266 mole) of ethyl car­
bonate was added. After twenty-four hours the reaction 
mixture was acidified with dilute acetic acid, the ether solu­
tion dried and the solvent distilled. The residue yielded 30 
g. of recovered esters (b. p. 67-78° at 100 mm.) and 13.3 
g. (47%) of diethyl 2-butylmalonate (b. p. 102-104° at 11 
mm.).

Anal.7 Calcd. for C11H20O4: C, 61.10; H, 9.32.
Found: C, 61.24; H, 9.20.

Summary
The anions of ethyl 2-butyl acetate, 2-butyl ace­

tate and 2-butyl propionate (prepared by means 
of sodium triphenylmethyl) have been acylated 
with ethyl carbonate to form, respectively, diethyl 
2-butylmalonate and the “mixed” malonic esters, 
ethyl 2-butylmalonate and ethyl 2-butyl-a-methyl- 
malonate,

(6) H om eyer, W hitmore, and Wallingford, ibid., 55, 4209 (1933).
(7) Analysis by W illiam Saschek, 630 W. 168 St., N ew  York, 

N . Y.

D u r h a m , N. C. R e c e iv e d  A u g u s t  12, 1942

[C o n t r i b u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m i s t r y , U n i v e r s i t y  o f  C i n c i n n a t i ]

A Study of the Products Obtained by the Reducing Action of Metals upon Salts in 
Liquid Ammonia Solution. VIII. The Reduction of Complex Cyanides

B y  J ohn  W. E astes and W ayland M . B u rg ess1

Introduction
The unusual result obtained by the action of 

alkali metals on the complex cyanides of nickel 
in liquid ammonia solution,2 as contrasted to that 
obtained through the use of simple nickel salts,3 
prompted the examination of the behavior of the 
complex cyanides of other metals, some of whose 
simple salts are also known to give the free metal 
when reduced by alkali metals in liquid ammonia 
solution. For this purpose the complex cyanides 
of cadmium, copper, silver and zinc were chosen. 
Also the action of calcium on potassium cyano- 
nickelate was investigated. The reactions were 
carried out as described in previous articles.2

Preparation of Complex Cyanides
The complex potassium cyanides of silver, copper and 

zinc were prepared in the way previously described for the
(1) This article is based upon the thesis presented to the Faculty  

of the Graduate School, University of Cincinnati, by John W. Eastes 
in partial fulfillment of the requirements for the degree of Doctor of 
Philosophy, 1936.

(2) Eastes and Burgess, T h is  J o u r n a l , 64, 1187 (1942).
(3) Burgess and Eastes, ibid., 63, 2674 (1941).

nickel compound.2 All were markedly more soluble in hot 
than cold water. Inasmuch as cadmium cyanide is sol­
uble in water, the complex cyanide was prepared by crystal­
lization from a solution containing the stoichiometric quan­
tities of cadmium sulfate and potassium cyanide. The 
product was recrystallized until free of sulfate ion and then 
dried at 110°.

All of these complex cyanides were very soluble in liquid 
ammonia, giving clear colorless solutions.

Potassium Cyanocadmiumate, K2Cd(CN)4, and Potas­
sium.—-Pieces of potassium, when added to a liquid am­
monia solution of potassium cyanocadmiumate (in excess), 
slowly react in such a way that each piece is replaced by a 
clump of metallic cadmium. No hydrogen gas is given off 
during the reaction. The black metallic cadmium is not 
reactive with water, but is highly pyrophoric.

Potassium Cyanocopperate, K8Cu(CN)4, and Potas­
sium.—Potassium, when added to a solution of potassium 
cyanocopperate in liquid ammonia, reacts to give a finely 
divided black precipitate of pyrophoric copper. At the 
instant the solution turns blue, due to reaction of all of the 
complex cyanide and solution of the excess potassium, a 
beautiful copper mirror forms on the surface of the reaction 
tube in contact with the solution.

Potassium Cyanosilverate, KAg(CN)2, and Potassium, 
When pieces of potassium are added to a liquid ammonia
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solution of potassium cyanosilverate, each piece reacts 
slowly to be replaced by a clump of black pyrophoric silver. 
Only a trace of hydrogen gas is given off before the solution 
becomes blue with excess potassium after reaction of all 
the complex cyanide. Thereafter hydrogen is very, very 
slowly given off until the blue color of the dissolved potas­
sium disappears. Thus the clumps of silver are very poor 
catalysts for the formation of potassium amide and hydro­
gen. The silver was not reactive with water.

Potassium Cyanozincate, K2Zn(CN4), and Sodium.— 
Sodium reacts rapidly with a liquid ammonia solution of 
potassium cyanozincate to give a finely divided precipitate 
of metallic zinc. This precipitate is not reactive with water 
nor is it pyrophoric. No hydrogen gas is given off during 
its formation nor after the solution has become blue with 
excess sodium. Thus the precipitate is not a catalyst for 
the amide formation. At the instant the solution becomes 
blue with excess sodium, a beautiful silvery mirror is 
formed on the walls of the reaction tube exposed to the 
solution. This mirror was not reactive with water.

The formation of zinc instead of NaZn4 is comparable to 
the case wherein Burgess and Rose4 observed the formation

(4) Burgess and Rose, T h is  J o u r n a l , 51, 2127 (1929).

of metallic zinc by reaction of sodium with a 20% excess of 
zinc cyanide.

Potassium Cyanonickelate, K2Ni(CN)4, and Calcium.—
Calcium, when added to a solution of potassium cyano­
nickelate in liquid ammonia, gives the same type of reac­
tion as does sodium and potassium,2 but with the difference 
that hydrogen gas is given off throughout the course of the 
reaction. The insoluble reaction products are soluble in 
water to give the characteristic red solutions.

Summary
Unlike that of nickel, the complex cyanides of 

cadmium, copper, silver and zinc are reduced to 
the free metal by alkali metals in liquid ammonia 
solutions. Under the conditions used all of the 
precipitated metals but zinc were pyrophoric.

Calcium, in liquid ammonia solution, reduces 
alkali metal cyanonickelates to give the same type 
of products as obtained by reduction with alkali 
metals

R e c e iv e d  J u n e  15, 1942

[C o m m u n ic a t io n  No. 871 f r o m  t h e  K o d a k  R e s e a r c h  L a b o r a t o r ie s ]

The Viscosity of Dilute Solutions of Long-Chain Molecules. IV. Dependence on
Concentration1

By M aurice L. H uggins

In the first2 and second3 papers of this series an 
equation was derived for the specific viscosity 
(*?sp) of dilute solutions of randomly-kinked chain 
compounds. At the limit of infinite dilution this 
equation reduces to

( ^ )  ^  0 2  = K q +  KnU = Ko +  KmM  (1)
\  c /  C = 0 770

where 77 and rj0 are the viscosities of the solution 
and of the pure solvent, c is the concentration in 
submoles per liter (or any units proportional to 
these), n is the number of submolecules per mole­
cule, M  is the molecular weight, and K 0, K n and 
K m are constants.

In deriving this expression, Stokes’ law
Force = ÖTrrjau (2)

was assumed in computing the frictional force 
acting on each submolecule as a result of its ve­
locity (u) relative to the liquid immediately sur-

(1) Presented before the D ivision of Colloid Chemistry at the 
Buffalo M eeting of the American Chemical Society, Sept. 9, 1942. 
Som e of the material contained herein was previously presented at 
the Symposium on “ Viscosity, Molecular Size and Molecular Shape," 
held under the sponsorship of the Society of Rheology at the Poly­
technic Institute of Brooklyn on Feb. 20, 1942.

(2) M. L. Huggins, J. Phys. Chem., 42, 911 (1938).
(3) M. L. Huggins, ibid., 43, 439 (1939).

rounding it. The insertion of rj0 for 77 in (2) leads 
to the limiting Equation (1) just given. If, in­
stead, one inserts into (2) the value of the viscosity 
of the solution

V = 770 (1 +  77sp) (3)
the expression

T  -  »  +  *■> <«
is obtained.4

For small concentrations, (4) is equivalent to

+  M 2 c (5)
C \ C  / c = 0 \  C / c — 0

At first sight, it might seem that this should give 
the initial variation of rjsp/c  with concentration. 
The application of Equation (2) to the solutions 
under discussion is, however, very questionable. 
Strictly speaking, this equation would be appli­
cable only if each submolecule were isolated from 
all others, so that the liquid streaming past one

(4) This is equivalent to  Eq. (25) of ref. 2 and, except for the 
Einstein term in the numerator, to  Eqs. (123) and (126) of ref. 3. 
If Einstein’s derivation (which also depends on (2)) is similarly modi­
fied, to  make it  applicable to  solutions of finite concentration, by the 
use of ij instead of tjq for the frictional coefficient in Stokes’ law, Eqs. 
(123) and (126) of ref. 3 also become equivalent (as regards the con­
centration dependence) to (4) above.



Nov., 1942 T h e  V iscosity  of D ilu te  Solutions of L ong-Chain  M olecules 2717

would not be affected by the disturbances of the 
streaming around other submolecules. Moreover, 
the use of this equation involves the assumptions 
that the submolecules are spherical and are large 
relative to the solvent molecules, also that there 
is no sliding friction, as the solvent molecules 
move around the submolecules. It certainly does 
not seem proper, in calculating the dissipation of 
energy when a solute submolecule interacts with 
the surrounding (chiefly solvent) molecules, to use 
a value of rj which is related primarily to the mu­
tual interaction between solvent molecules.

It seems reasonable to assume that these ob­
jections to the use of Equation (2) can all be met, 
approximately, by the introduction in it of another 
factor, k', having a magnitude characteristic of 
the system under consideration—depending on 
the sizes, shapes and cohesional properties of both 
solvent molecules and solute submolecules, but 
not on the number of submolecules (i. e., the 
length) of the solute molecule chain. In place of 
(2), we thus put

Force = Girk'yjau (6)

This leads to

— = ( —)  B( l+*' *p) '  (7)C \  c /c=0

which is identical with an empirical equation re­
cently published by Schulz and Blaschke5 and 
tested by them on solutions in chloroform of 
methyl methacrylate polymers. The same value 
of kr (0.30) was found satisfactory for unfrac­
tionated polymers of various average sizes and for 
their fractions (see Fig. 1).

Equation (7) can readily be put into the form
+  terms in higher 

powers of c
(8)

the higher terms being negligible for dilute solu­
tions. This form is especially well suited for 
comparison with the many other equations which 
have been proposed to represent the variation 
with concentration of the viscosity of solutions. 
Nearly all of them can be expanded into an ex­
pression of this sort; they differ only with respect 
to the value and interpretation of kr and with 
respect to the higher terms. Although we shall 
not here enter into an exhaustive comparison of 
these various equations, a few will be mentioned.

Martin,6 considering data for solutions of a
(5) G. W. Schulz and F. Blaschke, J. prakt. Chem., 158, 130 (1941).
(6) A. F. Martin, paper presented at the Memphis Meeting of 

the American Chemical Society, April, 1942.

Fig. 1.—Illustrating the agreement with Eq. (4) for solu­
tions in chloroform of methyl methacrylate polymers: 
concentrations in g./l.; data by Schulz and Blaschke.5 
The samples giving the curves labelled A and B were ob- 

’ tained by fractionation; the other samples were unfrac­
tionated.

variety of high-molecular weight solutes in vari­
ous solvents, has concluded that the relation

T - ( ? ) « . “ ■> <9>
accurately represents the viscosity-concentra­
tion relationships up to concentrations of 5%, the 
constant kM varying with solvent and with solute, 
but being constant for members of a given poly- 
homologous series dissolved in a given solvent. 
Neglecting the higher terms in the expansion of 
the exponential, this equation reduces to Equa­
tion (8), with k' equal to 2.3 kM, thus confirming 
the theoretical argument just outlined.

The equations
-  -  (1  +  £ bc)* 'bVo

kpk 'fc
v,p ~ ~ F 7 c

and
*» -  h e f* *

(10)

( 11)

(12)

have been proposed by Baker,7 by Fikentscher
(7) F. B aker, J .  C h em .  Soc . ,  103, 1653 (1913).



2718 M aurice L. H uggins Vol. 64

and Mark,8 and by de Jong, Kruyt and Lens,9 re­
spectively. Here kB, kB', kF, etc., are empirically 
determined constants. These equations all re­
duce to Equation (8), with k' equal to l/ 2 — 
1/ 2&'B, 1/&f , and respectively.

Arrhenius,10 Hess and Philippoff11 and Bredée 
and de Booys12 have proposed the following equa­
tions, respectively

) =  k AC 
70 /

(13)

( •  +  ¥ ) ■
(14)

5&b b c \ 6 
1 2  )

(15)

The last two are special cases of Baker’s equation,
(10). All three reduce to Equation (8), with k' 
equal to 1/ 2, 7/ie and 5/i2, respectively,—con­
stants independent of the solvent-solute system. 
As would be expected, these inflexible equations 
do not give as good general agreement as do (7) 
and (9)-(12), which contain an additional adjust­
able constant.

Fig. 2.—-Dependence of viscosity on concentration, for 
polyisobutylene (polybutene) solutions in w-butyl ether: 
O, 20°; • ,  37.78°; data by Evans and Young.14

It should be noted that our comparison of these 
various equations for the concentration depend­
ence of viscosity has concerned only the initial 
slope of the rjsp/c vs. c curve and so applies only

(8) H. Fikentscher and H. Mark, Kolloid-Z., 49, 135 (1930).
(9) H. G. de Jong, H. R. K ruyt and W. Lens, Kolloid Beihefte, 36, 

429 (1932).
(10) S, Arrhenius, Medd. Vetenskapakad., Nobel-inst., 4, 13 (1916).
(11) K. Hess and W. Philippoff, Ber., 70B , 639 (1937).
(12) H. L. Bredée and J. de Booys, Kolloid-Z., 79, 31 (1937).

to quite dilute solutions. We shall not here enter 
into a discussion of the theoretical or empirical 
treatment of this dependence at higher concen­
trations, except to make one remark:

If the attractions between like molecules in the 
solution are considerably more potent than those 
between unlike molecules—as indicated13 by a 
large value of ah and by a separation into two 
phases at sufficiently high concentrations—the 
solute molecules tend to form aggregates at con­
centrations somewhat below that at which the 
second phase becomes evident. This results in a 
viscosity-concentration curve with a slope which 
decreases (or even becomes negative) at the 
higher concentrations. Solutions of polyisobutyl­
ene in n-butyl ether at 20°, for example, show 
this effect14 (see Fig. 2). As would be expected, 
the anomalous behavior disappears as the tem­
perature is raised; m is decreased and the aggre­
gates are dissociated. The viscosity behavior of 
solutions of poly isobutylene in benzene is likewise 
anomalous,15 apparently for the same reason.

Summary
1. It has been shown that a simple, reasonable 

modification of the author’s previous theoretical 
treatment of the viscosity of dilute solutions of 
long-chain molecules leads to the equation

— = ( t )  „ d  +  *'*«.)
for the initial concentration dependence of the 
viscosity. This is identical with an equation ar­
rived at empirically by Schulz and Blaschke.

2. The constant kf is characteristic of a given 
solute-solvent system; it is the same for solutions, 
in a given solvent, of different members of a 
polymer-homologous series, however.

3. At low concentrations (such as assumed in 
the theoretical derivation), this relationship is 
equivalent to

5-s =  (V*s\ +  k' ( ^ Y  c

Equations proposed by Baker, by Fikentscher and 
Mark, by de Jong, Kruyt and Lens, and by Martin 
all reduce to this same limiting equation, with k' 
different for different systems. Equations pro­
posed by Arrhenius, by Hess and Philippoff, and by 
Bredée and de Booys likewise reduce to this form, 
but with k' having the same value for all systems. 
R o c h e s t e r , N e w  Y o r k  R e c e iv e d  A u g u s t  28, 1942

(13) M . L . H u g g in s , T h is  J o u r n a l , 64, 1712 (1942).
(14) H . C. E v a n s  a n d  D . W . Y o u n g , Ind. Eng. C h e m . ,  34 , 461 

(1942).
(15) A . R . K e m p  a n d  H . P e te rs , I n d .  Eng. C h e m . ,  34, 1192 (1942).
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[C o n t r i b u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m is t r y  o f  t h e  U n i v e r s i t y  o f  T e x a s ]

The Halogenation of Certain Esters in the Biphenyl Series. II. The Chlorination of 
4-Phenylphenyl Benzoate and 4-Phenylphenyl Benzenesulfonate1

B y C ora M ay Segura  Savoy and J ohn  L eo  Ab er n eth y

Prior to the chlorination of 4-phenylphenyl 
acetate, recently reported,2 work was begun on 
the chlorination of 4-phenylphenyl benzoate and
4-phenylphenyl benzenesulfonate in an endeavor 
to find a more direct route to 4-(4-chlorophenyl) - 
phenol than had been used previously.3 In view 
of the unanticipated mode of entry of chlorine into 
the biphenyl nucleus in the case of 4-pheny lphenyl 
acetate and the ease of hydrolysis of the resultant 
chlorinated ester to 4-(4-chlorophenyl)-phenol, 
it seemed of value to continue the present problem. 
The present paper shows that chlorination of 4- 
pheny lphenyl benzoate and 4-phenylphenyl ben­
zenesulfonate results in substitution in the same 
position of the biphenyl nucleus as does 4-phenyl­
phenyl acetate.

Chlorination of 4-phenylphenyl benzoate in the 
presence of iodine catalyst, using carbon tetra­
chloride as the solvent, gave rise to 4-(4-chloro- 
phenyl)-phenyl benzoate. That chlorine had 
entered the 4'-position of the biphenyl nucleus was 
proved by hydrolysis of the chlorinated ester to 
the known 4-(4-chlorophenyl)-phenol and ben­
zoic acid. Benzoylation of 4-(4-chlorophenyl)- 
phenol, prepared by a different method, yielded 
the same chlorinated ester.

When 4-phenylphenyl benzenesulfonate was 
chlorinated, using similar conditions, 4-(4-chloro- 
phenyl)-phenyl benzenesulfonate resulted. The 
position of entry of chlorine was proved by hy­
drolysis.

Although 2-chloro-4-phenylphenyl benzoate and 
2-chloro-4-phenylphenyl benzenesulfonate were 
sought for in the above chlorination processes, 
neither was found.

During the progress of this investigation it was 
found desirable to prepare the benzenesulfonates 
of the known chlorophenylphenols. Accordingly,
4-(4-chlorophenyl)-phenyl benzenesulfonate, 2- 
chloro-4-phenylphenyl benzenesulfonate, 2,6-di- 
chloro-4-phenylphenyl benzenesulfonate and 2,6- 
dichloro-4- (4-chlorophenyl) -phenyl benzenesul­
fonate were synthesized by the interaction of

(1) From a portion of a thesis subm itted by Mrs. Savoy to the 
Graduate Faculty of the University of Texas in partial fulfillment of 
the requirements for the degree of M aster of Arts, August, 1942.

(2) S avoy  and Abernethy, T h is  J o u r n a l , 64, 2219 (1942).
(3) Angelleti and Gatti, Gazz. chim. ital., 58, 633 (1928).

benzenesulfonyl chloride with the corresponding 
phenols.

A comparison of the yields of 4-(4-chloro­
phenyl)-phenol by chlorination of the various 
esters of 4-phenylphenol shows that the route 
through the acetate gives the best yield. The ex­
treme ease of hydrolysis of the acetate is indeed 
worthy of mention.

Acknowledgment.—The writers are indebted 
to Professor H. R. Henze of the University of 
Texas and Professor E. G. Feusse of South­
western Louisiana Institute for their valuable 
assistance during the progress of this investiga­
tion, and to the Research Institute of the Univer­
sity of Texas for a grant permitting the continu­
ance of this work.

Experimental
4-(4-Chlorophenyl)-phenyl Benzoate.—A trace of iodine 

was added to 13.7 g. of 4-phenylphenyl benzoate suspended 
in 125 cc. of carbon tetrachloride. A solution of 3.9 g. 
(10% excess) of chlorine in 75 cc. of carbon tetrachloride 
was introduced dropwise over a period of two horn’s. 
When the reaction mixture had been allowed to stand over­
night, the white solid was filtered, washed with cold eth­
anol, and twice digested with ethanol. The purified 4- 
(4-chlorophenyl)-phenyl benzoate, which melted at 182° 
weighed 8.5 g. (55% yield). An additional 0.5 g. was ob­
tained upon distillation of the filtrate from the reaction 
mixture.

This same ester was prepared by benzoylation of 4-(4- 
chlorophenyl)-phenol. A mixed melting point caused no 
depression.

Anal. Calcd. for C19H13O2CI: Cl, 11.49. Found: Cl, 
11.52.

Hydrolysis of 4-(4-Chlorophenyl)-phenyl Benzoate.—A
mixture of 5 g. of 4-(4-chlorophenyl)-phenyl benzoate and 
10 g. of potassium hydroxide in 100 cc. of'50% ethanol was 
refluxed for three hours, cooled and poured into 100 cc. of 
water. After the ethanol had been removed by distilla­
tion, the alkaline solution was extracted with ether and the 
ether extract dried with anhydrous sodium sulfate. Evap­
oration of the ether and digestion of the remaining solid 
with ethanol yielded 0.4 g. of unhydrolyzed 4-(4-chloro­
phenyl)-phenyl benzoate.

Saturation of the aqueous solution with carbon dioxide 
resulted in the formation of a white precipitate which was 
extracted with ether and dried over anhydrous sodium sul­
fate. When the solvent was evaporated, 3.0 g. of solid 
resulted. Purification of this product by crystallization 
from chloroform and petroleum ether (b. p. 35-55°) gave 
rise to a white solid which melted at 145.5-146°, and did not
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depress the melting point of 4-(4-chlorophenyl)-phenol, 
prepared by the hydrolysis of 4-(4-chlorophenyl)-phenyl 
acetate. The yield was 2.2 g. (67%).

The aqueous solution previously saturated with carbon 
dioxide was acidified with hydrochloric acid and again ex­
tracted with ether. After drying with anhydrous sodium 
sulfate and removing the ether, 1.4 g. of benzoic acid was 
obtained.

Benzoylation of 4-(4-chlorophenyl)-phenol gave rise to
4-(4-chlorophenyl)-phenyl benzoate, which did not depress 
the melting point of the ester prepared by the chlorination 
of 4-phenylphenyl benzoate.

4-(4-Chlorophenyl)-phenyl Benzenesulfonate.—A solu­
tion of 5 g. (10% excess) of chlorine in 100 cc. of carbon 
tetrachloride was introduced, drop by drop, into a solution 
of 20 g. of 4-phenylphenyl benzenesulfonate,4 a trace of 
iodine, and 100 cc. of carbon tetrachloride. After the re­
action mixture had been allowed to stand overnight, the 
solvent was removed by distillation under reduced pres­
sure. The viscous, amber colored liquid which resulted 
was dried with anhydrous sodium sulfate and distilled at 8 
mm. pressure. The portion which distilled between 220 
and 300°, when purified with methanol, yielded 15.1 g. of 
crystals. After five recrystallizations from methanol, the 
product, m. p. 74-75°, weighed 4.7 g. (21% yield).

Anal. Calcd. for C18H13O3CIS: S, 9.303. Found: S, 
9.309.

Reaction of benzenesulfonyl chloride with 4-(4-chloro­
phenyl)-phenol in pyridine yielded this same ester.

Hydrolysis of 4-(4-Chlorophenyl)-phenyl Benzenesul­
fonate.-—A mixture of 3 g. of 4-(4-chlorophenyl)-phenyl 
benzenesulfonate and 10 g. of potassium hydroxide in 100 
cc. of 50% ethanol was refluxed for ten hours, cooled and 
poured into 100 cc. of water. After the ethanol had been 
removed by distillation, the alkaline solution was extracted 
with ether. The ether extract was dried with anhydrous 
sodium sulfate and the solvent was removed by distillation 
under reduced pressure. No residue was left after all the 
ether had been removed. The aqueous solution was acidi-

(4) H azlet, T h is  J o u r n a l , 59, 1087 (1937).

fled with hydrochloric acid and extracted with ether. 
After drying with anhydrous sodium sulfate and removal 
of the ether, 1.6 g. of light yellow solid was obtained. 
Three recrystallizations from chloroform and petroleum 
ether reduced the yield to 0.7 g. (39% yield) of a pure 
white solid, m. p. 145-146°. A mixed melting point with 
known 4-(4-chlorohenyl)-phenol caused no depression.

Benzenesulfonylation of Certain of the Chlorinated 
Phenylphenols.—A mixture of 2 g. of the phenol, 20 cc. of 
10% aqueous sodium hydroxide, and 2 cc. of benzenesul­
fonyl chloride was refluxed for ten minutes, poured into 100 
cc. of water and allowed to stand for one hour. Filtration 
of the product and recrystallization from ethanol yielded 
the ester. The results are recorded in Table I.

T a b l e  I

B e n z e n e s u l f o n a t e s  f r o m  C e r t a in  C h l o r in a t e d  
P h e n y l p h e n o l s

Benzenesulfonate V O O

Sulfur,
Calcd.

%
Found

4- (4- Chlor ophenyl) -phenyl 74- 75 9.303 9.309
2- Chlor o-4-pheny lphenyl 59- 60 9.303 9.287
2,6-Dichloro-4-phenyl-

phenyl 128-129 8.457 8.372
2,6-Dichloro-4-(4-chloro-

phenyl) -phenyl 125-126 7.753 7.738

Summary
It has been shown that chlorination of 4-phenyl­

phenyl benzoate and 4-phenylphenyl benzenesul­
fonate introduces chlorine in the 4'-position of the 
biphenyl nucleus. Hydrolysis of the resultant 
chlorinated esters gave rise to 4-(4-chlorophenyl)- 
phenol,

The benzenesulfonates of 2-chloro-4-phenyl- 
phenol, 2,6-dichloro-4-phenylphenol and 2,6-di- 
chloro-4- (4-chlorophenyl) -phenol were prepared 
for the first time*
A u s t i n , T e x a s  R e c e iv e d  A u g u s t  24, 1942

NOTES

The Acylation of Acetonitrile with Ethyl n -  
Butyrate and the Alcoholysis of the Resulting 

Ketonitrile to Ethyl w-Butyrylacetate
By B. A b r a m o v it c h  a n d  C h a r l e s  R. H a u s e r

McElvain and co-workers1 have shown that, 
in the presence of sodium ethoxide, acetonitrile 
(and also certain other nitriles) may be acylated 
satisfactorily with ethyl benzoate or ethyl iso-

(1) (a) Dorsch and M cElvain, T h is  J o u r n a l , 54, 2960 (1932); 
(b) Cox, Kroeker and M cElvain, ibid., 56, 1172 (1934).

butyrate to form /Tketonitriles, which may be 
alcoholyzed to form 0-keto esters. Apparently, 
the acylation of acetonitrile with esters capable of 
undergoing self-condensation in the presence of 
sodium ethoxide, for example, ethyl ^-butyrate, 
was not attempted. The acylation of the rela­
tively reactive nitrile, phenylacetonitrile, with 
ethyl acetate, however, may be effected satis­
factorily.2

(2) “ O rganic S yn theses,”  1925, Vol X V III , p. 36.
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In the present investigation it is shown that 
acetonitrile may be acylated with ethyl w-butyrate 
by first converting the nitrile into its anion by 
means of sodium triphenylmethyl3 and then treat­
ing the anion with the ester; in this manner 
w-butyryl acetonitrile was obtained in 52% 
yield (based on the sodium triphenylmethyl). 
Alcoholysis of the /3-ketonitrile gave a 64% 
yield of ethyl n-butyrylacetate, the over-all 
yield being 33%. The reactions may be repre­
sented as

CH3CN +  (C6H5)sC - ----^  (CH2CN)- +  (C6H6)3CH
CH3(CH2)2C02C2H6 +  (CHaCN)-----

CH3(CH2)2COCH2CN +  -OC2H5 
HCl

CH3(CH2)2COCH2CN +  C2H5O H ------
CH3(CH2)2C0CH2C02C2H5

To a stirred solution (1300 cc.) of 0.19 mole of sodium 
triphenylmethyl3 at 0° was added 7.8 g. (0.19 mole) of 
acetonitrile (b. p. 81.5-82.0°) dissolved in 25 cc. of dry 
ether. The red color of the sodium triphenylmethyl was 
discharged immediately yielding a light orange solution 
with a white precipitate. To this stirred mixture was 
added during five minutes 22 g. (0.19 mole) of cold ethyl 
w-butyrate (b. p. 121.0-121.5°) dissolved in 25 cc. of dry 
ether. The mixture was stirred for five minutes longer, 
removed from the ice-bath, and shaken vigorously for two 
minutes. Ice water (500 cc.) was then added with shak­
ing to the mixture, the alkaline layer separated and the 
ether layer washed with sodium hydroxide solution fol­
lowed by water. From the dried ether solution were re­
covered 2.5 g. of acetonitrile and 12.0 g. of ethyl n-bu­
tyrate. Acidification (with cold 10% sulfuric acid) of the 
combined alkaline solution and washings yielded an oil. 
The mixture was extracted three times with ether and the 
combined ether solutions washed with 10% sodium bi­
carbonate solution, dried, and the solvent distilled. On 
distilling the residue in vacuo there was obtained 5.5 g. 
(52% based on the sodium triphenylmethyl) of w-butyryl 
acetonitrile boiling at 104-105° at 11 mm.

Anal.* Calcd. for C6H9ON: C, 64.8; H, 8.17. Found: 
C, 65.3; H, 8.21.

By allowing the reaction mixture to stand at room tem­
perature (25°) for two days, the same yield (52%) of 
product was obtained, there being also formed more alkali- 
soluble by-product.

Treatment of the w-butyryl acetonitrile with dry halogen 
chloride in absolute alcoholla gave a 64% yield of ethyl 
tt-butyrylacetate (b. p. 94-95° at 15 mm.; copper com­
pound, m. p. 124-125°).5
D e p a r t m e n t  o f  C h e m is t r y  
D u k e  U n i v e r s it y
D u r h a m , N o r t h  C a r o l in a  R e c e iv e d  A u g u s t  15, 1942

(3) See especially Hudson and Hauser, T h is  J o ur n a l , 63, 3156 
(1941).

(4) Analysis by S. Gottlieb, Columbia University, New York, 
N . Y.

(5) Moureu and Delange, Compt. rend., 136, 753 (1903); Bull,
soc. chim., [3] 29, 668 (1903).

Catalytic Hydrogenation of Cystine
B y  K e v i n  E . K a v a n a g h

The applicability and high efficiency of the re­
cently developed palladium and platinum syn­
thetic high polymer catalysts were described in 
previous papers.1’2,3 In an effort to determine 
whether these polymers are able to protect against 
the well-known poisoning of noble metals by 
sulfur, an attempt was made to hydrogenate 
cystine using a PVA-Pd catalyst. Bergmann 
and Michalis4 reduced cystine to cysteine us­
ing palladium black: for the almost complete re­
duction of 4.8 g., 2 g. of palladium black and six 
hours of shaking were required. Applying the 
Pd-PVA catalyst, partial reduction of cystine 
was slowly obtained using only 10 mg. of Pd. 
Therefore, the amount of Pd was increased to 100 
mg., whereupon almost complete hydrogenation 
resulted.

Procedure
A catalyst containing 500 mg. of PVA, 100 mg. of Pd 

and 50 cc. of water was prepared. Two grams of cystine 
dissolved in 50 cc. of 2 N  hydrochloric acid was introduced 
into the vessel and the whole shaken for forty-five hours 
at room temperature and ordinary pressure. At the end 
of this time 176 cc. of a theoretical 199 cc. of hydrogen had 
been absorbed. Thereupon, the still colloidal catalyst 
was made strongly acid with 5 cc. of 12 N  hydrochloric 
acid and then flocculated by the addition of excess alcohol. 
The cysteine hydrochloride hydrate was isolated and air- 
dried. The melting point of the hydrochloride, after the 
molecule of water of crystallization had been removed by 
drying in a vacuum desiccator, was 184° decomp. The 
absence of cystine was ascertained by the iodometric titra­
tion of the cysteine to cystine.5’6 1 2 3 4 5 6 7 0.4389 g. of cysteine 
hydrochloric acid hydrate required 25.05 cc. of 0.1004 N  
iodine. Calcd. 24.91 I2.

Anal. Calcd. for the cysteine hydrochloric acid hy­
drate: N, 7.97; H20, 10.25. Found: N, 7.79; HaO, 
10.49.

The repeatedly emphasized4,7 sensitivity of Pd catalysts 
to sulfur-containing proteins was smoothly overcome by 
using a Pd-PVA catalyst.

Acknowledgment.—This investigation was partly sup­
ported by grants of the American Philosophical Society 
and the Bache Fund of the National Academy of Sciences.
D e p a r t m e n t  o f  O r g a n i c  C h e m i s t r y  
F o r d h a m  U n i v e r s i t y

B r o n x , N e w  Y o r k , N. Y. R e c e iv e d  J u l y  30, 1942
(1) H. S. Taylor and W. J. Shenk, T h is  J o u r n a l , 63, 2756 (1941).
(2) Louis D . Rampino and F. F. Nord, ibid., 63, 3268 (1941); and 

forthcoming article.
(3) T. H. James, ibid., 64, 732 (1942).
(4) M . Bergmann and G. Michalis, Ber., 63, 987 (1930).
(5) Th. F. Lavine, J. Biol. Chem., 109, 141 (1935).
(6) G. Toennies and M. A . Bennett, ibid., 112 , 497 (1935-1936).
(7) H. Wieland, Ber., 45, 2617 (1912); E. B. M axted and H. C. 

Evans, J. Chem. Soc., 603 (1937).
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The Reaction between Thioamides and Primary 
Amines

B y  M a u r i c e  J. S c h l a t t e r 1

The older literature2 implies that the reaction 
between thioamides and primary amines proceeds 
solely with elimination of hydrogen sulfide and 
resultant formation of amidine. The present 
studies show that under certain conditions am­
monia may be split out between the reacting mole­
cules giving an N-substituted thioamide.3 The 
interaction may also result in the simultaneous 
elimination4 of hydrogen sulfide and ammonia.

Experimental
Thioacetamide and w-Butylamine.—Five grams of 

thioacetamide (0.077 mole) was mixed with 16.8 g. of n- 
butylamine (0.23 mole) and heated under reflux until the 
initially brisk gas evolution had almost ceased (about 
three hours). Fractionation of the product in vacuo gave
5.3 g. of light yellow oil,5 the major portion of which boiled 
at 131.5° (5 mm.) and gave analytical figures for N- 
butyl thioacetamide.

Anal. Calcd. for C6Hi3NS: C, 54.91; H, 9.99; N, 
10.67. Found: C, 54.91; H, 10.06; N, 10.73.

Thioacetamide and Benzylamine.—Benzylamine (2.14 
g. = 0.020 mole) was mixed with thioacetamide (1.43 g. = 
0.022 mole) and heated in a bath at 80 ° for one and one- 
quarter hours. The initially vigorous gas evolution almost 
stopped after forty-five minutes. On fractionation, the 
reaction mixture distilled almost completely at 158-162° 
at 2 mm. The distillate (2.28 g.) solidified on cooling and 
on recrystallization from anhydrous ether gave colorless 
needles, insoluble in water, soluble in alcohol, m. p. 65.1-
65.3 06 (cor.).

Anal. Calcd. for C9H11NS: C, 65.41; H, 6.71; N, 
8.48. Found: C, 65.60; H, 6.68; N, 8.27.

Thioacetamide and Ethanolamine.—Ethanolamine 
(15.3 g. == 0.25 mole) and thioacetamide (18.0 g. == 0.276 
mole) were mixed in a flask equipped with stirrer and 
immersed in a bath. On heating at 60-75° an active gas 
evolution took place which lasted about one-half hour. 
The stirrer was then replaced by a distilling head and the 
temperature of the bath raised slowly to 215° while volatile 
material was removed in vacuo (30 mm.). The residue 
(17.9 g.) solidified on cooling and was recrystallized from 
absolute alcohol; colorless rectangular prisms, m. p.
101.0-101.5° (cor.). The analysis indicates that two 
molecules of each of the reactants have combined with loss 
of two molecules of ammonia and one of hydrogen sulfide; 
a possible formula is [HOCH2CH2N ^C (C H 3) “ ]2S. 1 2 3 4 5 6

(1) Present address, Chemistry D epartm ent, University of 
California at Los Angeles.

(2) Bernthsen, Ann., 184, 290 (1877).
(3) Compare W estphal and Andersag, Chem. Ahstr., 35, 1413 

(1941); 36, 1950 (1942); see also Gatewood and Johnson, T h is 
J o u r n a l , 50, 1423 (1928).

(4) Compare Buchman, Reims, Skei and Schlatter, ibid., 64, 
2696 (1942).

(5) Compare Sakurada, Chem. Zentr., 99, I, 683 (1928).
(6) Worrall, T h is  J o u r n a l , 50, 1459 (1928), gives m. p. 62--630 

for N-benzylthioacetam ide.

Anal. Calcd. for C8H16N202S: C, 47.03; H, 7.90; N, 
13.71; S, 15.69. Found: C, 47.09; H, 7.79; N, 13.64; 
S, 15.82.

A derivative crystallized from the reaction mixture 
when equal volumes of saturated solutions of the sub­
stance and of picric acid in ethyl acetate were mixed, 
heated to boiling and then cooled to 0°. The crystals 
were washed with ether and dried, m. p. 95.0-95.5° (cor.).
C o n t r i b u t io n  No. 897 f r o m  t h e
G a t e s  a n d  C r e l l i n  L a b o r a t o r ie s  o f  C h e m is t r y
C a l if o r n ia  I n s t i t u t e  o f  T e c h n o l o g y
P a s a d e n a , C a l i f o r n ia  R e c e iv e d  J u l y  22, 1942

Preparation of ^-Fructose-1,6-diphosphate by 
Means of Baker’s Yeasts

By C. N e u b e r g  a n d  H. L u s t ig

The preparation of the phosphoric esters of 
carbohydrates has not been achieved up to now 
with fresh baker’s yeast, as phosphorylation with 
top yeast was only possible by addition of co-fer­
ment to acetone yeast or alcohol-ether dried 
yeast (phosphorylation to 100%), or, with the 
same type of yeast, if dried before in the usual 
manner (phosphorylation to 20%).1 By means of 
the procedure described below, ^-fructose-1,6- 
diphosphate is readily obtained by the use of com­
mercial bakers’ yeasts without the necessity of 
treating brewers’ yeast by washing, pressing, etc. 
Nearly equally satisfactory results have been 
obtained with various brands of fresh bakers’ 
yeast (Atlantic, Federal, Blue Ribbon and Na­
tional Grain), but not with fresh Fleischmann’s 
yeast.

Procedure
To a solution of 200 g. of sucrose, 42 g. of monosodium 

phosphate (NaH2P04*2H20 ) and 11 g. of sodium bicar­
bonate in 1000 cc. of tap water contained in a 5-1. bottle 
add 450 g. of fresh bakers’ yeast (Atlantic) and 150 cc. 
of ether.2 Shake the mixture until homogeneous, stopper 
the bottle in a manner which will allow the escape of 
gases, and place in an incubator at 37° until phosphoryla­
tion is complete3 (four and one half hours). The complete­
ness of this process may be judged by adding 3 cc. of 
2.5% ammonia and 1 cc. of 10% ammonium chloride to 
2 cc. of the filtered fermentation mixture and then adding 
magnesia mixture. An immediate precipitation does not 
occur when phosphorylation is complete.

When phosphorylation is complete, add a few cc. of a
(1) C. Neuberg and A. G ottschalk, Biochem. Z., 154, 492 (1924).
(2) Carbon tetrachloride is an equally satisfactory plasmolytic 

agent, also for the phosphorylation with brewers’ yeast, as our 
experiments w ith yeasts obtained from the Piel and Schaefer 
breweries (bottom  yeasts) demonstrate.

(3) The tim e required for com plete phosphorylation varies with  
different brands of yeast and with the temperature. Similar experi­
ments made with Atlantic and Federal yeasts at room temperature 
(20-24°) required tw enty  and seventy-two hours, respectively.
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10% solution of octyl alcohol in ethanol to the fermenta­
tion mixture and immerse the container in an actively 
boiling water-bath until the proteins are coagulated. 
Separate the coagulum by centrifugation or filtration (in 
a refrigerator), neutralize the clear filtrate to phenolphtha­
lein by the addition of 4 N  sodium hydroxide and imme­
diately precipitate by the addition of a solution of 55 g. 
of calcium chloride in 100 cc. of water; i. e., slightly more 
than one mol of this reagent is required for each mol of 
monosodium phosphate present in the initial mixture. 
Complete the precipitation by heating at a boiling water- 
bath for a short time, and filter the warm mixture with 
suction. Wash the precipitated calcium ^-fructose-1,6- 
diphosphate with warm water; yield, 22 g.

An alternative procedure is the following: When phos­
phorylation is complete add to the fermentation mixture a 
solution of 40 g. of picric acid in 200 cc. of hot ethanol. 
Allow the mixture to stand in a refrigerator for two hours 
and filter. Add 4 N  sodium hydroxide to the filtrate 
until neutral to phenolphthalein, then add calcium chloride 
as previously described. The precipitated calcium salt 
contains some picrate but this is removed by washing 
with hot water and subsequently with alcohol. An ex­
periment conducted in this fashion with the quantities of 
material stated above yielded 24 g. of crude calcium d- 
fructose-1,6-diphosphate.

To purify the crude calcium salt obtained by either of 
these procedures, dissolve the moist crude product in 
250 cc. of 2 N  acetic acid, add 125 cc. of water, filter if 
necessary, and to the clear solution add 2 N  sodium hy­
droxide until neutral to phenolphthalein. Heat the 
resulting mixture in a boiling water-bath for a short time, 
filter and wash the precipitated salt with warm water; 
yield about 80% of the crude product.

In analogous manner the barium salt can be prepared, 
but in this case the use of picric acid for the deproteiniza- 
tion is not advisable because of the difficult solubility of 
barium picrate.

As mentioned in the introduction, fresh Fleischmann’s 
yeast is not satisfactory for the preparation of d-fructose-
1,6-diphosphate in the manner described. If, however, 
this brand of yeast is well dried at room temperature in 
the usual manner, it may be employed, for with such 
dried yeast phosphorylation takes place rapidly. When 
a mixture of 30 g. of dried Fleischmann’s yeast, 15 cc. of 
carbon tetrachloride and 100 cc. of the sugar-phosphate 
solution of the composition mentioned earlier was incu­
bated at 37°, phosphorylation was found to be complete 
within one and one-half hours. Similar results were 
obtained with dried preparations of National Grain and 
Federal yeasts. The product of phosphorylation contains, 
as well as in the other cases described, in addition to hexose- 
diphosphate also sugar-monophosphates.

A purity test can be made using an observation pub­
lished many years ago.4 Calcium and barium hexose- 
diphosphate dissolve readily in solutions of ammonium 
tri-salts, such as acetate, chloride, nitrate, rhodanide, while 
calcium and barium phosphate are practically insoluble. 
Consequently the pure salts of hexose-diphosphate are 
completely dissolved in the ammonium salt solutions and 
added magnesia mixture does not cause a precipitate.

Nov., 1942

(4) C. N euberg  and  S. Sabetay , B io c h e m .  Z . ,  161, 240 (1925).

We are indebted to the manufacturers of the various 
brands of yeast mentioned for generous supplies of their 
respective products.
D e p a r t m e n t  o f  C h e m is t r y  
N e w  Y o r k  U n i v e r s i t y
N e w  Y o r k , N .  Y .  R e c e iv e d  M a y  28, 1942

The Catalytic Reduction of Cholesterol a-Oxide
By Homer E. S t a v e l y

The catalytic reduction of oxides of the ethylene 
oxide type has been suggested as a possible ap­
proach to certain synthetic problems in the ster­
oid hormone field. Only a few such examples can 
be found in the literature. Triphenylethylene 
oxide,1 ethylene oxide2 and ethyl stearate oxide3 
have been catalytically reduced to alcohols. 
Fernholz4 hydrogenated stigmasterol a-oxide- 
(5,6) acetate using platinum and acetic acid, and 
obtained stigmastanediol-3,5 monoacetate in 20% 
yield. According to a patent5 3-acetoxy-pregna- 
diene-5:6,20:21 can be converted into a dioxide, 
which can then be reduced in acetic acid with 
palladium and hydrogen to 3-acetoxypregnane- 
diol-5,20.

Similar treatment of cholesterol a-oxide6 should 
yield either 3,5- or 3,6-cholestanediol. The 3,5- 
diol was obtained by Chinaeva and Ushakov7 
when they treated cholesterol a-oxide with 
phenyllithium.

Cholesterol a-oxide was hydrogenated in acetic 
acid with palladium catalyst. The hydrogen up­
take was slow, and was therefore allowed to pro­
ceed over a period of several days with intermit­
tent shaking. The reaction products were acety­
lated and chromatographed on alumina. Three 
substances were isolated in pure form, choles- 
tanediol-3,5 monoacetate,8 cholestanol-3 acetate, 
and a-cholestanetriol-3,5,6 diacetate. The latter 
compound obviously is not a reduction product; 
it can be prepared by heating the oxide acetate 
with acetic acid. It is evident that the major 
part of the oxide is reduced to the 3,5-diol, from

(1) W eill and Kayser, Bull. soc. chim., [5] 3, 841 (1936).
(2) Ushakov and M ikhailov, J. Gen. Chem. (U. S. S. R .), 7, 249 

(1937); C. A., 31, 4645 (1937).
(3) Pigulevskiï and Rubashko, J. Gen. Chem. (U. S. S. R .), 9, 

829 (1939); C. A., 34, 378 (1940).
(4) Fernholz, Ann., 508, 215 (1934).
(5) Swiss Patent 214,540.
(6) W indaus and W estphalen, Ber., 48, 1064 (1915).
(7) Chinaeva and Ushakov, J. Gen. Chem. (U. S. S. R .), 11, 335 

(1941); C. A., 35, 5903 (1941).
(8) The m elting points of the free diol and the diol acetate are 

somewhat higher than the figures given by Chinaeva and Ushakov. 
The tw o diols m ay be isomeric at C6,



2724 Notes Vol. 64

which the tertiary hydroxyl is then partially elimi­
nated with the production of cholestanol-3. It 
is probable that the formation of the primary re­
duction product would have taken precedence 
over the side reactions if the experimental condi­
tions had permitted a shortening of the reduction 
period.

The several examples now at hand permit the 
generalization that when an ethylene oxide ring is 
opened by hydrogenation the hydroxyl group 
formed will be attached to the carbon atom carry­
ing the smaller number of hydrogen atoms,9 as 
one would expect on theoretical grounds.

Experimental
Two hundred mg. of palladium catalyst in acetic acid 

was saturated with hydrogen, and a solution of 300 mg. 
of cholesterol a-oxide, m. p. 141°, in acetic acid was added. 
After three hours of shaking only two-thirds mole 
(10 cc.) of hydrogen had been absorbed. Intermittent 
shaking was continued for two days, and the total hydrogen 
uptake was 18 cc. (1.2 moles). After removal of the 
catalyst the acetic acid was removed by vacuum distilla­
tion and the residue acetylated at room temperature over­
night with pyridine-acetic anhydride. The total acety­
lated reaction product was dissolved in hexane and 
chromatographed on a column of alumina 1 X 15 cm. 
Elution was carried out with hexane, then with hexane- 
benzene mixtures, and finally with benzene. The hexane 
fractions yielded 85 mg. After two recrystallizations 
from methanol the m. p. was 109-110°. The m. p. of a 
mixture with cholestanol-3 acetate was not depressed.

Anal. Calcd. for C29H50O2: C, 80.86; H, 11.70. Found: 
C, 80.80; H, 11.77.

The combined residues from the hexane-benzene (2/1) 
mixtures weighed 120 mg. After several recrystallizations 
the m. p. was constant at 181°.

Anal. Calcd. for C29H5o03: C, 77.97; H, 11.28. Found: 
C, 77.81; H, 11.08.

Twenty-five mg. of the diol acetate was hydrolyzed with 
methanolic potassium hydroxide. The diol had a m. p. 
of 216-217°. Chinaeva and Ushakov7 give a m. p. of 
201° for the diol and 177° for the acetate.

The residue from the benzene fractions weighed 75 mg. 
After several recrystallizations from methanol the m. p. 
was 165-167°. The m. p. of a mixture with authentic «- 
cholestanetriol-3,5,6 diacetate was not depressed.

Anal. Calcd. for C31H52O5: C, 73.77; H, 10.39. Found: 
C, 73.67; H, 10.63.

The triol was prepared by hydrolysis of the diacetate, 
m. p. 227-230°. The m. p. of a mixture with an authentic 
sample was not depressed.
T h e  S q u ib b  I n s t i t u t e  f o r  M e d i c a l  R e s e a r c h  
D i v i s i o n  o f  O r g a n ic  C h e m is t r y
N e w  B r u n s w i c k , N. J. R e c e iv e d  A u g u s t  10, 1942

(9) K rassusky , C h e m .  Z t g . ,  31, 704 (1907), found th a t  a  sim ilar
ru le  applies w hen th e  alkene oxide ring  is opened w ith am m onia to
form  «-am ino alcohols.

Revised Constants for the Debye-Hückel Theory
B y  H. I. S t o n e h il l  a n d  M . A . B e r r y

Using the newer values of certain fundamental 
constants, viz., e (electronic charge ) =  4.803 X 
10-10 e. s. u., k =  1.379 X 10"16 erg/°C., N  =  
6.028 X 1023, T0 (ice point) =  273.18°K.,1 D 
(dielectric constant of water at 25°) =  78.54,2 it 
may be calculated that the values of h and g in the 
first term of the Debye-Hückel expression for the 
log of the activity coefficient of a z\\z% valent 
electrolyte in aqueous solution at 25°

log y  = — -  log (1 +  O.OlSSwn)
1 +  ga v  I

are h =  0.5103 and g =  0.3290 X 108.
The older values, s =  4.774 X 10"10, k =  1.372 

X 10-16, N  =  6.061 X 1023, To =  273.1°K.,3 
lead to h — 0.5065, g =  0.3287 X 108. Harned 
and Robinson in two recent publications4,5 em­
ployed the values h =0.5065, g =  0.3288 
X 108 and h =  0.5056, g =  0.3288 X 108. 
While the value of g is practically unchanged, 
there are discrepancies of 1.0 and 0.8% be­
tween 0.5103 and the two values of h used by 
Harned and Robinson, leading to correspond­
ing discrepancies in the first term of the Debye- 
Hückel equation. This term is the most impor­
tant one even in extended forms of the equation 
containing arbitrary linear, quadratic or other 
additional functions of concentration, at least up 
to about I  =  1.0. Thus a 0.9% error in h corre­
sponds to an approximately equal error in log 7. 
A 0.9% error in log 7 corresponds to % errors in 
7 of 0.1, 0.2, 0.3, 0.5, 0.7, 0.8, 1.1, 1.5, 2.1 when 
7 is, respectively, 0.9, 0.8, 0.7, 0.6, 0.5, 0.4, 0.3,
0.2 and 0.1. Hence any equation purporting to 
give activity coefficients with an error not exceed­
ing these limits should use the newer value of h. 
This will not affect the work of Harned and Rob­
inson5 since they only claimed an accuracy of
0.3% in 7 where 7 was always greater than 0.8; 
but there are many other calculations which will 
need revision, e. g., the linear relation between log 
a and log B discovered by Harned and Robinson4 
for the alkali halides may not exist if values of a 
and B are recalculated with the newer value of h.

The authors on February 26, 1942, furnished the follow­
ing supporting information: “Take the case of a 1:1 valent

(1) Childs, “ Physical C onstants,” London, 1939.
(2) W yman, Phys. Rev., 35, 623 (1930).
(3) “ International Critical Tables.”
(4) Harned and Robinson, Chem. Rev., 28, 419 (1941).
(5) Harned and Robinson, Trans. Faraday Soc., 37, 302 (1941).
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electrolyte at concentration c (equal to the ionic strength). 
Then

lo g / = —h Vc 
1 +  gO' Vc

->1“ Be

Assume a fixed value for c and thus for log/. To find how 
a slight change in the value of h will affect a and B, we 
differentiate, treating g as a constant, since its value has 
been shown to remain practically unchanged when new 
fundamental constants are used. Thus

- A T ,  Vg i h v c ______ g VC
l - \ ~ g a V 'r ^ Jtg O 'V c  1 -f ga V

d a +  cdB
Hence

Ah = i hV —rr +  V2U +  g« Vc)dB (1)1 +  ga Vc
Robinson and Harned’s proposed logarithmic relation be­
tween a and B is

log B — 14 log a — 9.75
which gives upon differentiation

d B /B  = 14da/a (2)
Now take a definite though hypothetical example chosen 

for simplicity, namely, an electrolyte for which ga = 1, or 
a = l/g  = (1/0.3289) X 10~8 = 3.04 X 10“ 8. Put h = 
0.5065 (the value at 25° used by Robinson and Harned), 
and dh = 0.0038 (the difference between 0.5065 and the 
newer value 0.5103). Applying equation (1) to a conven­
ient pair of arbitrarily chosen concentrations, (0.1)2 and 
(0.3)2, which are low enough for the theory to apply, we 
obtain

0.5065 X 0.1 X 0.3289 X 108"0.0038 = j / a  X 

and

0.0038 = j^da X

1.1 +
[dB X 0.1 X 1.1]

0.5065 X 0.3 X 0.3289 X 108_

whence

1.3

da = 0.634 X 10~ 
d B = -0.0528

+
[dB X 0.3 X 1.3]

Results such as these would, of course, have to be obtained 
for various pairs of concentrations and then averaged by 
the method of least squares. The preservation of the 
logarithmic relation between a and B requires, as shown by 
equation (2), that any increase in a should be accompanied 
by an increase in B, whereas we have just shown that an 
increase in a due to a change in the value of h is accom­
panied by a very great decrease in B (for alkali and hydro­
gen halides B is of the order 0.01 to 0.2, so dB is relatively 
important). ’ ’—T h e  E d i t o r .

C h e m is t r y  D e p a r t m e n t
T e c h n ic a l  C o l l e g e  R e c e iv e d  D e c e m b e r  11, 1941 
B r a d f o r d , Y o r k s h ir e , E n g l a n d

Crude Boron. Analysis and Composition
B y  E a r l  H. W in s l o w  a n d  H e r m a n  A. L ie b h a f s k y

When “pure” boron bought commercially began 
to vary widely from one lot to the next, we planned

analyses to discover why. The chemical literature 
was not very helpful, and we have consequently 
explored several ways in which such analyses can 
be done. The results for three commercial borons 
will be given below; but the experimental meth­
ods will be outlined only, and detailed literature 
references will be omitted. This procedure is 
justified because our results are not exact, be­
cause the methods may need modification to fit 
the particular boron being examined, and because 
much of the literature on elementary boron is un­
satisfactory. In judging this literature, however— 
and in judging our work—the complexity of the 
boron problem should not be forgotten.

Total Boron by Fusion.—The sodium peroxide fusion was 
done in a Parr bomb with 12 g. of sodium peroxide and 1 g. 
of sucrose. For the carbonate-nitrate fusion, the sample 
was mixed in a platinum crucible with 12 g. of the 
fusion mixture (by weight, 2 parts sodium carbonate, 1 
part potassium nitrate) and covered with 6 g. of the mix­
ture. The crucible was heated for two hours on a hot­
plate near 700°, then by a free flame until appreciable 
melting had occurred. Attack of the platinum was slight.

The fusion mixtures were dissolved and neutralized; the 
solutions were titrated for boron by the usual method ex­
cept that a glass electrode—which is very convenient for 
the purpose—was used. The maximum value of A £>H/ 
A cc. was taken as the end-point. Any precipitate was 
dissolved and reprecipitated; the resulting solution was 
titrated for boron also. Table I shows that fine, black 
powders sold commercially as pure boron may contain 
less than 80% of that element. We have found chlorina­
tion to be an effective tool for studying the impurities 
present.

T a b l e  I
P e r  c e n t . T o t a l  B o r o n  b y  F u s io n  o f  D r i e d

Boron “Pure”
S a m p l e s
“99% ”

Sam ple I Boron Boron
Sodium Peroxide Fusion 70 77® 76 71 72
Carbonate-Nitrate Fusion 65 71 75

® Result from 100-mg. sample; all other samples near 25 
mg.

Rapid Chlorination.—Very dry chlorine was passed into 
a vertical quartz test-tube on the bottom of which rested a 
quartz bucket containing the boron. A snugly fitting glass 
seal, through which the chlorine tube passed, prevented air 
or water from entering the test-tube against the issuing 
stream of chlorine and (later) of boron trichloride. The 
temperature of the sample was raised whenever glowing and 
fuming at a lower temperature had ceased. When no fur­
ther reaction could be observed, the residues (sometimes 
white, sometimes gray) were weighed and examined; iron 
and aluminum were determined in the sublimate on the 
walls of the test-tube. The quartz buckets changed nei­
ther in weight nor appearance. Experiments with boric 
oxide showed that appreciable volatilization of this sub­
stance was not to be expected at 725°, the maximum tem­
perature for these chlorinations.
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T a b l e  I I

R e s u l t s  f r o m  t h e  R a p id  C h l o r in a t io n  o f  D r i e d  S a m p l e s

Sample Boron I “ Pure” Boron “99% ” Boron

No. of determinations 4 3 7
Average residue, % 14.3 60.1 23.1
Upper and lower limits, % 15.4-13.4 60.9-59.0 24.4-22 .1
0 U1. ƒ Ferric, % Fe

( Aluminum, % Al
0.6
8.6

1.8
Trace

0.15
.06

f Chloride, % Cl Trace 19.8 14.9
Composition of residue *{ Magnesium,® % Mg 6.8 5.1

[ Boric oxide,6 % B20 3 None 8.5 3.0
Spectrographic report on residue | B, Na, Al, Si 

Ca, Mg
B, Mg, Si 
Mn, Cu, Ca

B, Mg, Si 
Mn, Cu, Ca

a Calculated from results of chloride determination. Qualitative tests showed magnesium present in approximately 
the expected amounts. 6 Boric oxide reported here is that extracted by hot water.

Slow chlorination.—Additional information was sought 
by chlorinating more slowly 100-mg. samples of boron in a 
horizontal reaction train. The less volatile reaction prod­
ucts, such as ferric and aluminum chlorides, condensed in 
the train before they reached two gas washing bottles, 
which contained water initially. Boron trichloride was 
absorbed and hydrolyzed in these washing bottles, the solu­
tions in which were eventually titrated for hydrochloric and 
boric acids; the glass electrode was used here also.

Despite space limitations, it seems well to point out that 
chlorine can complicate these acid determinations in sev­
eral ways. These complications were finally minimized by 
wrapping the washing bottles with black cloth (to prevent 
photochemical reactions during the chlorination); by shak­
ing the solution from a washing bottle with excess mercury 
(to extract the residual chlorine), mercury and mercurous 
chloride being removed and washed before the solution and 
washings were titrated; and by carrying out the chlorine 
extraction immediately a run was finished. Runs made 
without boron showed blank corrections to be small.

The results of this work are given in Table III. The 
residues were usually light gray.

T a b l e  III
S l o w  C h l o r in a t io n  D a t a  f o r  D r i e d  100-mg. S a m p l e s

Boron “ Pure” “99% ”
I Boron Boron

BCE liberated, as
% B 59 .0 56 .7  5 5 .8 6 0 .5  65 .5 59 .7  62 .3

% Residue® 
M oles H Cl/m oles

2 0 .8  2 2 .5 5 9 .2  5 6 .8 23 .1  21 .9

H 3BO 3 3 .1 6 3 .0 5  3.17& 2 .9 5  3.01& 2.83  3.00&

a Residues should have compositions corresponding to 
those of Table II. 5 Obtained by final, improved method.

Boron trichloride seems to be the only boron compound 
and the only acid-producing substance reaching the wash­
ing bottles in appreciable amount. (In all our chlorination 
work, the sublimed reaction products could have included 
small amounts of volatile boron compounds.) We believe 
that Table III truly gives the percentage of the sample con­
verted to boron trichloride; this percentage is in every case 
appreciably smaller than the per cent, total boron in Table 
I ; it probably includes all the boron present as the element 
and as metallic borides.

According to Table II, the percentage of the samples 
volatilized out of the test-tube during rapid chlorination is 
100 -  (14.3 +  0,6 +  8.6) = 76,5 for Boron I; (100+

19.8) — (60.1 +  1.8) = 57.9 for “Pure” Boron; and 91.6 
for “99%” Boron. For “Pure” Boron, this percentage 
agrees with the % B in Table III; but in the other cases 
it is appreciably greater.

Spectrographic examination of our samples showed car­
bon to be absent. The analytical results (Tables I and 
II) show that some element (presumably oxygen) not 
listed in Table II must be present in appreciable amount. 
The data of the preceding paragraph point to a possible 
volatilization of lower boron oxides or oxychlorides during 
the chlorination of Boron I and of “99%” Boron; that this 
could have escaped observation has been mentioned.

As a matter of historical interest, we examined the small 
quantity available of a pinkish beige powder1 labeled 
“Weintraub B60  1908.” Fusion gave 76.3% total boron. 
Rapid chlorination gave 3.4% residue, 0.06% iron. Spec­
trographic report on the residue: B, high; Si, present; Mg, 
trace. We do not consider that the existence of BeO has 
been established.

We wish to emphasize finally that materials sold com­
mercially as pure boron may contain less than 80% total 
boron, much of which is not present as the element. The 
most likely impurities are oxygen and whatever reducing 
agent (in our cases, magnesium, aluminum) was used in the 
preparation. We hope that the methods outlined here 
will prove useful in further work on the problems of crude 
boron.

(1) Cf. Weintraub, Trans. Electrochem. Soc., 16, 165 (1909).

R e s e a r c h  L a b o r a t o r y  
G e n e r a l  E l e c t r ic  C o m p a n y
S c h e n e c t a d y , N. Y. R e c e iv e d  J u l y  1, 1942

NEW COMPOUNDS

yym+^'-Dichlorotetraphenyiethylene

Treatment of 100 g. of ̂ -chlorobenzophenone with 100 g. 
of phosphorus pentachloride at 150° according to Overton1 
yielded 110 g. (90%) of ^-chlorobenzophenone chloride;

(1) Overton, Ber., 26, 28 (1893),
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b. p. 189-19402 (12 mm.); 1.302; w20d 1.6110. At­
tempts to convert this chloride to the desired ethylene by 
treatment with sodium iodide in dry acetone yielded a 
mixture of crystalline compounds which could not be 
separated by repeated recrystallizations. Analysis indi­
cated the product to be a mixture of the two pinacolones, 

O C6H6 O C6H4C1
ii /  ii i

CeH6CC(C6H4Cl)2 and ClCeH4C—C(C6H6)2, in spite of pre­
cautions to exclude moisture. From 63 g. of p-obloro- 
benzophenone chloride and 70 g. of sodium iodide boiled 
under reflux in 500 cc. of dry acetone for twelve hours, 45 
g. of the mixture was obtained, m. p. 126-145°. After 
repeated recrystallization a sample melted at 130-142°.

Anal. Calcd. for C28Hi8C120 : C, 74.82; H, 4.35. 
Found: C, 75.09; H, 4.39.

The desired ethylene was obtained by boiling 5 g. of p- 
chlorobenzophenone chloride in 50 cc. of dry ether with 10 
g. of pure zinc dust for one hour. The mixture was fil­
tered, washed with dilute hydrochloric acid, alkali and 
water and dried over calcium chloride. The ether was 
evaporated and the solid residue was extracted twice with 
20-cc. portions of boiling alcohol. The residue was then 
crystallized several times from 50 cc. of alcohol to yield 0.5 
g. (12%) of sym-p,p'-dichlorotetraphenylethylene, m. p. 202-  
203°.

Anal. Calcd. for C26H i8C12: C, 77.81; H, 4.52. 
Found: C, 77.85; H, 4.56.

When 0.25 g. of the ethylene in 10 cc. of benzene and 10 
cc. of absolute alcohol was treated with 1 g. of sodium, a 
Quantitative yield of fine white needles of tetraphenyl- 
ethane was obtained, m. p. 209°.3

Anal. Calcd. for C26H22: C, 93.37; H, 6.63. Found:
C, 92.89; H, 6.80.

Reduction of 1.1 g. of the ethylene in 15 cc. of methyl­
cyclohexane with hydrogen at 110 atm. and 100° using 2 g. 
of Raney nickel as a catalyst yielded a mixture of products 
from which 0.3 g. of fine white needles of p-chlorotetra- 
phenylethylene was isolated by recrystallization from 
aqueous acetic acid. The product melted sharply at 168°; 
Bergmann and Christiani4 report 165-166° and Norris and 
Tibbetts,5 162°.

Anal. Calcd. for C26H i9C1: C, 85.11; H, 5.22.
Found: C, 85.28; H, 5.43.

(2) Overton1 reports the boiling point as 192° (12 mm.); Morgan 
(T h is  Jo u r n a l , 38, 2100 (1916)) reports 190° (10-12 mm.); and 
Ingold and Wilson ( / .  Chem. Soc., 1493 (1933)) report 191—193° (13 
mm.).

(3) Sagumenny, Ann., 184, 177 (1877).
(4) Bergmann and Christiani, J. Chem. Soc., 412 (1936).
(5) Norris and Tibbetts, T h is  J o u r n a l , 42, 2085 (1920).

N o y e s  C h e m ic a l  L a b o r a t o r y
U n i v e r s it y  o f  I l l in o i s  C h a r l e s  C . P r ic e
U r b a n a , I l l in o is  P a u l  E. F a n t a

R e c e iv e d  J u l y  30, 1942

dl- and meso-y, 7 '-Diphenyl-7,7 '-suberodilactone
The reduction of 0-benzoylpropionic acid with zinc dust 

in boiling 80-90% acetic acid has been found to yield y-

phenyl-7-butyrolactone, m. p. 35-36°, in 30-40% yield 
accompanied by the corresponding bimolecular reduction 
products, the two stereoisomeric y, y '-diphenyl-7,7 '- 
suberodilactones, in 12-17% yields. For example, 16 g. of 
/3-benzoylpropionic acid in 75 cc. of 80% acetic acid was 
boiled for three and one-half hours while 25 g. of zinc dust 
was added in portions. The hot mixture was filtered and 
the cake of zinc dust was extracted with several portions of 
hot acetic acid to remove the high-melting dilactone. 
After several recrystallizations from glacial acetic acid, 1.5 
g. (9%) of high melting dilactone was obtained, m. p. 
267°.1 2

On cooling the filtered reaction mixture, zinc acetate 
crystallized. This was removed by filtration and water 
was added. Crystalline dilactone and oily lactone sepa­
rated from solution. Filtration yielded 1 g. (6%) of low- 
melting dilactone. After repeated recrystallization from 
alcohol, various samples showed a characteristic behavior 
in that they melted sharply at 165° to a cloudy semi-liquid 
which changed to a clear liquid sharply at 175.5°.

Anal. Calcd. for C20Hi8O4: C, 74.57; H, 5.63; sapn.
eq., 161. Found (267°): C, 74.55; H, 5.58; sapn. eq.,2
162. Found (165°): C, 74.34; H, 5.65; sapn. eq.,2 164.

(1) Fieser ("Organic Syntheses,” Vol. XV, John W iley and Sons, 
Inc., New York, N . Y ., 1935, p. 65) has reported the isolation of ■y.y'- 
diphenyl-y,y'-suberodilactone, m. p. 254°, as a by-product of the  
Clemmensen reduction of /8-benzoylpropionic acid.

(2) Redemann and Lucas, Ind. Eng. Chem., Anal. Ed., 9, 521 
(1937).

N o y e s  C h e m ic a l  L a b o r a t o r y
U n i v e r s it y  o f  I l l in o i s  C h a r l e s  C . P r ic e
U r b a n a , I l l in o i s  A r t h u r  J .  T o m i s e k

R e c e iv e d  J u l y  30, 1942

A Dioxanate of Iodine Pentafluoride
Iodine pentafluoride is partially soluble in dry 1,4- 

dioxane, addition of an excess causing colorless crystals of a 
dioxanate of formula IF 5*C4H802 to precipitate. The 
crystals start to hydrolyze immediately upon contact with 
the atmosphere, yielding iodic acid as the only solid residue 
after complete hydrolysis. They are likewise hydrolyzed 
over sulfuric acid in a desiccator.

When placed upon a melting point block, the dioxanate 
melts after an interval of time as low as 84°, but on im­
mediate contact with the block only at 112 0 or above. In 
all cases melting is accompanied by decomposition and the 
evolution of hydrogen fluoride and purple iodine fumes.

Analysis was conducted by a modification of the method 
of Prideaux1 (samples being weighed by shaking from a 
weighing bottle). Calculated for IF5-C4H802: IF 5, 71.6.
Found: IF5, 69.9.
T h e  C h e m ic a l  L a b o r a t o r y
R e e d  C o l l e g e  A r t h u r  F. S c o t t
P o r t l a n d , O r e g o n  J o s e f  F. B u n n e t t 2

R e c e iv e d  A u g u s t  25, 1942
(1) E. B. R . Prideaux, J. Chem. Soc., 89, 316 (1906).
(2) Present address: University of Rochester, Rochester, N ew

York.
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NEW BOOKS

Electrochemistry and Electrochemical Analysis. By 
H e n r y  J. S. S a n d , D .S c ., Ph.D., F.I.C. Volume III, 
Electrical Methods Applied to Titration, Moisture De­
termination and pH  Measurement. Chemical Publish­
ing Company, Inc., 234 King Street, Brooklyn, New 
York, 1942. ix +  118 pp. Illustrated. 12.5 X 19 cm. 
Price, $2.25.
This volume is devoted primarily to potentiometric and 

conductometric methods. Probably a statement could 
have been added that activities of other radicals could have 
been determined by applying the same principles as in the 
electrometric and pH determinations. If the “Determina­
tion of Moisture” is to be available to chemists, it is buried 
in a book with this general title. Volume III seems to be 
written from the same point of view as Volume II and to be 
equally meritorious. I t  seems to include all workable 
methods up to date written in a readily understandable 
style.

D. J. B r o w n

Polarography. Polarographic Analysis and Voltammetry.
Amperometric Titrations. By I . M. K o l t h o f f , Pro­
fessor and Head of the Division of Analytical Chemistry, 
University of Minnesota, Minneapolis, Minn., and J. J. 
L i n g a n e , Dept, of Chemistry, Harvard University. 
Interscience Publishers, Inc., 215 Fourth Avenue, 
New York, N. Y., 1941. xvi +  510 pp. 141 figs.
15.5 X 23.5 cm. Price, $6.00.
This book is an excellent, timely and comprehensive 

treatise that covers the essentials of the theory and prac­
tice of the polarographic method of investigation that was 
originated by J. Heyrovsky and his associates. This text 
is the most complete and systematic treatise in the field 
that has thus far appeared. Both authors have made 
numerous and significant original communications to 
the development of the science and art of polarography and 
for this reason the text has a masterful and purposeful 
style that could only come from long and substantial work 
with the subject.

The book is divided into eight parts. Part one is a brief 
and simple introduction. Part two contains twelve 
chapters which expound fully the fundamental theory of 
the diffusion current along the lines established by Ilkovic 
and amplified by MacGillavry and Rideal. The diffusion 
coefficient and the other factors that enter into the mag­
nitude of the diffusion current are thoroughly and criti­
cally discussed. Many of the illustrative data are taken 
from the careful and exhaustive researches of the authors 
and their associates. Separate chapters deal with the 
migration current, the electrocapillary curve of mercury, 
the residual current and with maxima in current-voltage 
curves and with the inadequacy of our present knowledge 
of the causes of these maxima. The detailed theory of 
the reduction of simple metallic ions, complex ions and of 
organic substances is treated in the three following chap­
ters. The authors properly lay much stress upon half­

wave potentials, accurate measurement of capillary con­
stants, and the analysis of waves by plotting log i/i& — i 
versus potential (i being the diffusion current at any point 
in the wave and id the limiting diffusion current). A very 
generous number of formulations of simple and compli­
cated cases of current-voltage relations is given to aid the 
unfamiliar worker to set up equations for use in connection 
with a particular problem. The rather involved question 
of hydrogen discharge in various media is well reviewed. 
The concept of mixed potentials is introduced and briefly 
discussed in a short chapter.

Part three deals with technique and equipment. A list of 
typical equipment is given with photographs of some com­
mercially available instruments. The section on tech­
nique, though brief, is adequate and contains some very 
useful ideas not available in other books on the subject.

Part four attempts to summarize in rather brief space the 
fundamental facts about the polarographic behavior of the 
various inorganic ions. This section gives a very good 
summary of the facts that were known at the time the 
manuscript was prepared. There still remains a great 
need for systematic practical measurements in many 
instances. A few actual polarograms giving unusual forms 
of waves might be of some service to the worker. A final 
chapter in this part gives a few practical applications to the 
analysis of alloys and other substances.

Part five deals with the polarographic estimation of or­
ganic substances. This is a rapidly expanding field of 
work and the authors have made a careful study and sum­
mary of the published data. The information is well 
classified and systematically treated.

Part six is a very brief survey of the biological applica­
tions of the method. Here again the book gives a rather 
brief introduction to a rapidly growing body of literature.

Part seven treats briefly the measurement of current- 
voltage curves with micro-platinum electrodes. A large 
proportion of this work has come from the researches of the 
senior author and his associates. This line of study is still 
fragmentary but the results thus far obtained suggest that 
such electrodes may extend the application of the method 
to certain cases where the use of the dropping mercury 
electrode is impractical.

Part eight deals with polarometric or amperometric titra­
tions. A beginning of the application of the polarized 
mercury electrode system to titrations was made by vari­
ous associates of Heyrovsky, notably V. Majer, Strubl and 
others. The senior author and his collaborators have 
systematized and extended this field of work and have in­
troduced improved techniques. The essentials of the 
theory and practice are briefly and clearly given.

The appendix gives tables of the potentials of reference 
electrodes and of the half-wave values for inorganic ions, 
and a chart for the latter in various media. The indices 
appear to be adequate and accurate.

The book as a whole is attractively arranged and reflects 
well the skill and care that have been used by both authors 
and publishers in its composition and production. Anyone
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who has worked even briefly in this interesting field can ap­
preciate the meticulous care that the authors have used 
in the preparation of the manuscript and the proper em­
phasis that they have placed upon the fundamentals of 
theory and practice. The book can be recommended with­
out reservation to anyone who is interested in the theory or 
the practical application of the methods.

N .  H o w e l l  F u r m a n

Principles and Practice of Chromatography. By L.
Z e c h m e is t e r , California Institute of Technology, and L. 
C h o l n o k y , University of Pecs. Translated from the 
second and enlarged German edition by A. L. Bacharach 
and F. A. Robinson. Foreword by I. M. Heilbron. 
John Wiley and Sons, Inc., 440 Fourth Ave., New York,
N. Y., 1941. xviii +  362 pp. 74 figs. 14 X 22 cm. 
Price, $5.00.
The second edition of this invaluable pioneering book 

appeared only a year and a half after the first. The revi­
sion has kept pace with the rapid progress in the field and 
results in a larger volume of wider scope, with many new 
illustrations and 200 new references to the literature.

Chromatographic analysis (use of Tswett adsorption 
columns) is offered as a means of testing for homogeneity, 
establishing the possible identity of two substances, of 
concentration from great dilution, separating mixtures, 
and of purification. Some isomers have been separated by 
this method.

Since the book is both text and laboratory manual (in a 
general rather than detailed way) there is much helpful 
discussion of adsorption powders, solvents, eluents, de­
velopment and extrusion. Micro-chromatography is in­
cluded. The original technique of Tswett was applied to 
plant pigments and other colored substances, but Zech­
meister and Cholnoky review the modern applications to 
separation of colorless substances, as by the use of ultra­
violet light, indicators, color reactions, etc. The import­
ant triumphs of chromatographic separations in the fields 
of chlorophylls, porphyrins, bile pigments, carotenoids, 
flavins, anthocyanins, pigments, dyestuffs, alkaloids, vita­
mins, sterols, hormones, enzymes and even with inorganic 
cations and anions are well presented.

This book is most stimulating to biochemists, organic 
chemists and botanists, but many other scientists will find 
it extremely useful.

H a r r y  N .  H o l m e s

An Outline of Organic Nitrogen Compounds. By Ed.
F . D e g e r in g , C a r l  B o r d e n c a  and B. H. G w y n n  and 
collaborators. John S. Swift Co., 5 E. Third St., 
Cincinnati, Ohio, 1942. Prev. editions 1938, 1940. 
381 pp. 16 X 23.5 cm. Price, $2.00 and $3.00.
This is a planographed edition of extensive chemistry 

notes accumulated by the senior author during his teaching 
career in dealing with a special Course on Organic Nitrogen 
Compounds offered for graduate students in Purdue 
University during the past twelve years. Acknowledg­
ment is made of abstraction of much of the material pre­
sented in the book from several standard texts on organic 
chemistry including “Recent Advances in Organic Chem­

istry” by Stewart; “Organic Chemistry” by Gilman; 
Sidgwick’s “Organic Chemistry of Nitrogen” by Taylor 
and Baker; and “Syntheses of Nitrogen Ring Com­
pounds” by Hollins.

The edition is devoted chiefly to a concise and intelli­
gible presentation of the chemistry of the ammonia system 
of organic compounds. Fundamental reactions illustrat­
ing the transformations of type compounds in both the 
aliphatic and aromatic series are reviewed.

The general concepts of organic structure and reaction 
mechanisms are explained according to the modern elec­
tronic theory of chemical change, but the authors have 
restricted the use of electronic formulas in the major text 
for the following reasons: “I t must be apparent that the 
continuous use of electronic formulas and equations 
throughout the book would make its price prohibitive.”

A short chapter is devoted to a condensed review of the 
chemical nature of alkaloidal substances, and one to the 
review of nitrogen heterocyclic chemistry. The latter is 
practically limited, however, to the chemistry and review 
of nitrogen ring compounds containing only one nitrogen 
atom as—dimethyleneimines, trimethyleneimines, pyrrols, 
pyrrolines, pyrrolidines, pyrrolidones, indols, pyridine, 
quinoline, isoquinoline and related condensed nitrogen 
ring compounds.

Cyclic ureide chemistry is illustrated briefly by reference 
to barbituric acid and its relationship to uric acid, and the 
naturally occurring purines—theobromine, theophylline 
and caffeine.

Comprehensive references to the original literature 
enhance the practical value of the book.

T r e a t  B . J o h n s o n

Micromethods of Quantitative Organic Analysis. By
J o s e p h  B .  N i e d e r l , P h .D . ,  Associate Professor of 
Chemistry, and V ic t o r  N i e d e r l , Teaching Fellow, New 
York University, Washington Square College. Second 
edition. John Wiley and Sons, Inc., 440 Fourth Ave­
nue, New York, N. Y., 1942. xiii +  347 pp. 62 figs.
15.5 X 23.5 cm. Price, $3.50.
The following statements, taken from the Introduction, 

indicate the scope of changes introduced into the second 
edition of this successful text. “In the present edition the 
chapters on balances and weighing have been enlarged to 
include the use of ordinary analytical balances of proper 
sensitivity and precision. Additional paragraphs treating 
the calibration of weights, the determination of the zero 
reading and the determination of the sensitivity and pre­
cision of microanalytical as well as the ordinary analytical 
balance have also been included.” “To the changes in 
the carbon and hydrogen determination as given in the 
first edition, . . ., have been added several types of com­
bustion-tube fillings,” and the manometric method of
D. D. Van Slyke and J. Folch has been described. “The 
determinations of halogen and sulfur have been improved” 
and “the standard solutions have been unified in a single 
chapter.” “To the ebullioscopic, cryoscopic and vapori- 
metric molecular-weight has been added an iso-thermic 
method.” “Liberal time estimates have been given for 
all the more important determinations in order to facili­
tate the planning of a day’s working or teaching schedule.”
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A valuable feature of this edition, as well as the earlier 
one, is the literature survey, which has been brought up 
to 1941. The citations number well above a thousand 
references.

The present edition maintains the same high standard 
set by its predecessor.

W. M. L a u e r

Volumetric Analysis. By I. M. K o l t h o f f , Professor and 
Head of Division of Analytical Chemistry, University of 
Minnesota, and V . A. S t e n g e r , Analytical Research 
Chemist, The Dow Chemical Company. Second Re­
vised Edition, 1942. Vol. I. Theoretical Fundamentals, 
Interscience Publishers, Inc. 215 Fourth Ave., New 
York, N. Y. xv +  309 pp. 31 illus. 23.5 X 15.5 cm. 
Price, $4.50.
The reviewer believes that the first edition of this book 

has become so well known that a detailed enumeration of 
the contents of this revision is not necessary. Such an 
omission seems further justified because, although this edi­
tion appears to have been quite completely rewritten, 
there has been no radical change in either contents or 
arrangement.

The number of chapters remains the same. An intro­
ductory chapter has been added and the chapter on the 
“Stability of Solutions” has been eliminated and is to be 
included in the second volume; with these exceptions the 
chapter headings and order are essentially as before. A 
much more liberal use of references to the original litera­
ture adds substantially to the value of the book. The 
chapters on “Reaction Velocity” and on “Adsorption and 
Coprecipitation Phenomena” have been extensively re­
vised and there has been added to Chapter X a discussion 
of amperometric titrations.

The present first chapter, which contains considerable 
material previously found in Chapter X, affords a more 
logical introduction to the book. It contains various 
definitions, a classification of volumetric methods, and a 
general introductory discussion of ionization and oxidation- 
reduction principles. The Brönsted definition of acids and 
bases is presented briefly but thereafter the treatment of 
neutralization methods and hydrolysis effects is along 
conventional lines.

The reviewer obtained the impression that the present 
edition has been held to a slightly more elementary level 
than the former one; this may account for the change on 
the title page from “Theoretical Principles” to “Theore­
tical Fundamentals.” Also, there seems in some cases a 
lack of consistency in the extent to which certain topics are 
treated. Hydrogen ion indicators are presented as organic 
compounds behaving as weak acids or bases with no dis­
cussion of their structures or of the theory of their color 
change, while thirty pages are given to potential indicators 
with fifty or more detailed structural formulas being shown.

In some few cases it seems unfortunate that topics 
should be discussed without reference to more recent work. 
Thus in the discussion of the permanganate-oxalate reac­
tion the only reference is to the work of Skrabal (1904). 
Also in the very interesting chapter on “Volumetric 
Methods of Organic Chemistry” it would seem that the 
behavior of the double bond could have been more ex­
plicitly discussed in the terms of modern organic theory 
rather than by resorting to the “partial valence” and 
“complete affinity quantity” of Thiele (1899, 1901).

The above are minor criticisms of a very valuable book 
which should be available to everyone seriously interested 
in the theory and development of volumetric methods of 
analytical chemistry.

E. H. Swift
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The Synthesis of 5-D-Glucosido-D-arabinose
B y  N orman S. M ac D onald and W m . L loyd E v ans1

The disaccharide, 5-D-glucosido-D-arabinose, 
is of much scientific interest. In the first place, 
this compound is a possible intermediate in the 
alkaline degradation of the 6-hexosido-hexose 
type2 of carbohydrate. Furthermore, the acetyl­
ated 5-D-glucosido-D-arabinose would possess both 
the pyranoid ring in the hexose section of the 
molecule and the furanoid ring in the pentose sec­
tion. So far as the authors are aware, a carbo­
hydrate of this type has not been synthesized 
hitherto.

The purpose of the present work was to prepare 
this disaccharide and characterize it. After try­
ing to obtain the compound by several of the well 
known degradative and synthetic procedures, its 
preparation was finally achieved by the Wohl 
technique for the degradation of sugar oximes, as 
modified by Zemplén.3

The 5-D-glucosido-D-arabinose heptaacetate was 
characterized by an elementary analysis, deter­
mination of acetyl number, and by an estimation 
of the pentose content.

Deacetylation of the acetate gave a white amor­
phous hygroscopic powder whose aqueous solu­
tion exhibited mutarotatory power. The de- 
acetylated sugar failed to give an aldehyde reac­
tion with Schiff reagent, a fact which when 
coupled with that of mutarotation indicates the 
presence of a ring in the reducing section of this

(1) Abstracted from a Thesis presented by N . S. M acDonald to  
the Graduate School of The Ohio State University in partial fulfill­
ment of the requirements for the degree of D octor of Philosophy.

(2) (a) W. L. Evans and R . C. H o c k e tt, T h is  J o u r n a l , 53, 4384 
(1931); (b) W. L. Evans, Chem. Revs., 6, 281 (1929).

(3) G. Zemplén, Ber., 59, 1254 (1928).

new disaccharide. Since the point of biosidic 
linkage of the reducing section is carbon atom 
five, it therefore follows that the lactal ring of the 
arabinose section is of the furanoid type. Treat­
ment of this water solution with phenylhydrazine 
led to a phenylosazone.

The acetylation of the free sugar was carried 
out with hot acetic anhydride-sodium acetate 
and, therefore, it seems likely that the crystalline 
material is the /3-isomer.

Upon working up the mother liquors of the deg­
radation, a small amount of a different crystalline 
substance was isolated. An insufficient quantity 
of this compound prevented complete character­
ization. It is suggested, however, that this lower 
melting, higher rotating compound is the a-isomer.

Experimental Part
Preparation of Gentiobiose Oxime.—To a solution of

17.5 g. of gentiobiose, obtained by the deacetylation of 
^-gentiobiose octaacetate4 with NaOMe, was added an 
alcoholic solution of hydroxylamine. The latter was made 
by adding 2.6 g. sodium in 65 cc. of absolute ethanol to 8.9 
g. of hydroxylamine hydrochloride (98% pure) in 6 cc. of 
hot water, cooling, and filtering the precipitated sodium 
chloride. The hydroxylamine hydrochloride used is 
150% in excess while the sodium is 90% of the amount re­
quired to neutralize the hydrochloric acid completely. 
After the dropwise addition of the hydroxylamine to the 
sugar solution, 10 g. of powdered calcium carbonate was 
added to neutralize any possible acidity which might 
hydrolyze the biosidic link. The temperature was then 
raised to 55° and kept at that point for two hours. With­
out removing the calcium carbonate, the solution was

(4) D . D . R eynolds and W m . Lloyd Evans, T h is  J o u r n a l , 60, 
2559 (1938).
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concentrated to dryness in vacuo. Twenty-five cc. of 
absolute ethanol was then added, and the solution again 
evaporated to dryness. The residue was dissolved in 20 
cc. of water, decolorized with carboraffin, and evaporated 
several times with absolute alcohol in order to dry it com­
pletely. The powder so obtained could not be crystallized 
and hence it was used directly in the next step.

Preparation of Gentiobionic Acid Nitrile Octaacetate.— 
Twenty grams of freshly fused sodium acetate was added 
to 145 cc. of acetic anhydride in a 250-cc. Erlenmeyer 
flask and the mixture heated to 110° in an oil-bath. To 
this was added 17.9 g. of dry, powdered gentiobiose oxime 
in such small portions that the temperature neither rose 
above 120° nor fell below 105°. This operation required 
about one-half hour. After the temperature was kept at 
110-115° for an hour longer the deep brown solution was 
allowed to cool to 80°. I t  was then poured into 750 cc. of 
cold water and stirred for one hour. The crumbly material 
which appeared was stirred with fresh water, filtered, dis­
solved in ethanol and decolorized with carboraffin. Dilu­
tion of the resulting solution with water led to the separa­
tion of sirups. These sirups were each subjected to frac­
tional precipitation from ethanol-water and, after some 
time, nuclei were obtained. Upon inoculating the sirups 
with these nuclei, crystals became readily available. The 
long needles are very soluble in chloroform and ethyl 
acetate, moderately soluble in methanol and ethanol, very 
slightly soluble in ligroin and water; m. p. 108-109°

(cor.); yield 14.5 g. (35%); [a] 25d 
+ 8.60°, (CHCh, c = 2.5). It 
may be noted here that the sign 
of the optical rotation is in ac­
cord with that predicted by the 
Hudson-Levene hydrazide rule, as 
extended to sugar acid nitriles.5 
This empirical generalization 
states that if the hydroxyl group 
on carbon two lies on the right 
side in the straight chain struc­
tural formula, the acetylated ni­
trile of the sugar acid will be 
dextrorotatory.

Anal. Calcd. for C27H37O18CN: 
C, 49.78; H, 5.48; N, 2.07. 
Found: C, 49.73, 49.77; H, 5.51, 
5.57; N, 2.38, 2.57.

The compound gives a positive 
qualitative test for —CN (addi­
tion of sodium hydroxide and fer­
rous sulfate followed by acidifica­
tion gives the characteristic Prus­
sian blue precipitate).

Quantitative Determination of 
—CN Group .—The weighed sam­
ple (0.1156 g.) was dissolved in 
25 cc. of absolute methanol and a 
solution of 0.3 g. of silver nitrate 
in 4 cc. of water added. After 
adding 10 cc. of methanol satu­
rated with ammonia, the flask was 
stoppered and allowed to stand at 
room temperature for ten hours. 

The clear solution was then acidified with dilute nitric acid 
and allowed to stand for three hours in a dark place. The 
precipitated silver cyanide was filtered into a weighed 
Gooch crucible, washed, dried at 100° and weighed. 
Calcd.: —CN, 3.85. Found: —CN, 3.60.

Degradation of Gentiobionic Acid Nitrile Octaacetate to
5-D-Glucosido-D-arabinose Heptaacetates.—Four grams 
of the nitrile was dissolved in 10 cc. of dry chloroform and 
a solution of 0.2 g. of sodium in 15 cc. of absolute methanol 
added, after cooling both in ice-water. The mixture gel­
atinized in one minute, but was allowed to stand in the bath 
for an additional five minutes. The gel was shaken with 
15 cc. of water and immediately acidified with 5 cc. of 
acetic acid. After diluting with 15 cc. of water, the solu­
tion was extracted with 25 cc. of chloroform. A suspension 
of 5 g. of silver acetate in 10 cc. of glacial acetic acid was 
added to the water layer, with shaking. After ten min­
utes, the silver cyanide and excess silver acetate were re­
moved by filtration, the filtrate giving no precipitate with a 
drop of fresh silver acetate solution. The filtrate was 
then warmed and dilute hydrochloric acid added dropwise 
to precipitate the Ag+. After filtration, the colorless 
solution was treated with a small amount of sodium bicar­
bonate to reduce the acidity, then concentrated to a sirup 
in vacuo. This sirup was dried by repeatedly evaporating 
to dryness with absolute ethanol. To the dried sirup was 
added 20 cc. of acetic anhydride and 3 g. of freshly fused

(5) V. Deulofeu, Nature, 131, 548 (1933).
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sodium acetate, the mixture placed in a boiling water-bath 
and kept at that temperature for one hour. The dark 
solution was then poured into 125 cc. of cold water and 
stirred for one hour. The granular material was filtered 
off and dissolved in chloroform, dried over anhydrous so­
dium sulfate and treated with carboraffin. Upon concen­
trating in vacuo, a yellow sirup was obtained, which was 
subjected to fractional precipitation from ethanol-water. 
Two products were finally obtained in the crystalline state: 
I, (less alcohol-soluble fraction), rhombohedra, m. p. 
161-162° (cor.); [«1«d -14.4° (CHClg, c =  4.2); yield
I. 2 g. (32%).

Anal. Calcd. for C25H34O17: C, 49.50; H, 5.61; acetyl,
II. 6.6 Found: C, 49.51, 49.25; H, 5.56, 5.67; acetyl,
11.7, 11.7.

II. (More alcohol-soluble fraction), needles; m. p.
132-133° (cor.); H 25d +23.10 (CHC13, c = 3.8.)

Anal. Calcd. for C20H34O17: C, 49.50; H, 5.61.
Found: C, 49.51, 49.40; H, 5.88, 5.82.

Such a small amount of this material was obtained that a 
satisfactory acetyl number could not be determined.

Preparation of 5-D-Glucosido-D-arabinose.—The free 
sugar was prepared in an amorphous condition by deacetyl­
ation of the heptaacetate I. To a cooled solution of 0.78 g. 
of the acetate in 30 cc. of absolute methanol was added
0.05 g. of sodium in 5 cc. of absolute methanol. After 
standing in the ice-box for two hours, and concentrating to 
a volume of 15 cc., a precipitate appeared. This material 
was filtered rapidly and washed with cold absolute meth­
anol. The amorphous powder reduces Fehling’s solution 
and is very hygroscopic; yield 0.25 g.; equilibrium rota­
tion [a p °D  -3 .14° (H20, c = 4.1).

Phenylosazone of 5-D-Glucosido-D-arabinose.—To the 
water solution of the free sugar, used for the determination 
of the optical rotation, was added a mixture of 0.3 g. of 
phenylhydrazine and 8 cc. of glacial acetic acid. After 
warming on the water-bath for forty-five minutes, the dark 
solution was diluted with 20 cc. of water and allowed to 
stand overnight. The crude material so precipitated was 
recrystallized by dissolving in the smallest possible amount 
of pyridine, diluting with a ten-fold volume of acetone, and 
adding ligroin to turbidity. A crop of yellow needles was 
obtained; m. p. 209-210° (cor.); mixed m. p. with glucose 
phenylosazone 198-200 °.

Anal. Calcd. for C2.3H30O8N4: N, 11.43. Found: N,
11.17, 11.02.

Estimation of Pentose in 5-D-Glucosido-D-arabinose 
Heptaacetate.—The method used was a modification of the 
standard procedure for pentose determination7 as de­
veloped by Tollens. Sixty-eight milligrams of the ma­
terial (I) was transferred to a 20-cc. distilling flask 
equipped with a 25-cc. dropping funnel in the neck and a 
short water jacket for the arm. The acetate was dissolved 
in 8 cc. of absolute methanol and 1.0 cc. of a sodium 
methylate solution (1%) added. It was found that unless 
the material was deacetylated and thus rendered water 
soluble, before the acid distillation, results were not re­
producible. After three minutes, 10 cc. of 12% hydro­

(6) A. K unz and  C. S. H udson, T h is  J o u r n a l , 48, 1982 (1926).
(7) “ Allen’s Com m ercial O rganic A nalysis,” 5 th  ed., Vol. I, p. 498.

chloric acid was added, boiling stones dropped in and the 
distillation begun gently. After 10 cc. had come over, the 
distillate gave a red color to paper moistened with aniline 
acetate, a positive test for the presence of furfural. The 
distillate was allowed to drop through a filter into a 
graduated cylinder and 100 cc. was collected, fresh 12% 
hydrochloric acid being added to maintain a constant level 
in the distilling flask. To the colorless distillate was 
added a solution of 0.05 g. of phloroglueinol in 10 cc. of 
warm 12% hydrochloric acid. A yellow color developed 
immediately, which darkened rapidly. Within ten min­
utes, a blue-black precipitate appeared. The mixture 
was diluted to 150 cc. with water and allowed to stand 
twelve hours at room temperature, after which it was 
filtered into a weighed Gooch crucible, dried and weighed. 
By applying empirical correction factors,7 the weight of 
pentose is calculated from the weight of furfural-phloro- 
glucide obtained: weight of arabinose calcd., 0.017 g.; 
weight of pentose found, 0.016 g.

Control.—A mixture of 0.036 g. of D-arabinose tetra­
acetate and 0.052 g. of D-glucose pentaacetate was treated 
in exactly the same manner: weight of arabinose calcd., 
0.017 g.; weight of pentose found, 0.016 g. In order to 
make sure that hydroxymethylfurfural, obtainable from 
the glucose section, did not interfere, 0.05 g. of gentiobiose 
octaacetate was subjected to exactly the same treatment. 
No coloration of aniline acetate and no precipitate with 
phloroglueinol were obtained under these conditions.

Summary
1 . Crystalline gentiobionic acid nitrile octa­

acetate was prepared by the removal of the ele­
ments of water from amorphous gentiobiose ox­
ime. The sign of its optical rotation agrees with 
that predicted from the Hudson-Levene hydra­
zide rule, as extended to sugar acid nitriles by 
Deulofeu.

2. 5-D-Glucosido-D-arabinose heptaacetate 
was prepared by the degradation of gentiobionic 
acid nitrile octaacetate with sodium methoxide 
and the acetylation of the resulting compound.

3. Since the free sugar is mutarotatory in 
aqueous solution and shows no reaction with 
Schiff reagent, it is concluded that the arabinose 
section of this compound contains the furan ring.

4. The presence of arabinose was established 
by the detection of furfural in the products of the 
acid hydrolysis of the disaccharide.

5. The phenylosazone of 5-D-glucosido-D-ara­
binose was prepared from the amorphous free 
sugar.

6 . It is suggested that the two acetylated 
compounds obtained from the degradation con­
stitute an a , (3-isomeric pair.
C o l u m b u s , Ohio R e c e i v e d  S e p t e m b e r  5 1942
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Basic Amino Acids in Strains of Tobacco Mosaic Virus
B y C. A. K night

It was shown in a recent communication from 
this Laboratory that the Holmes ribgrass strain 
of tobacco mosaic virus differs strikingly from 
ordinary tobacco mosaic virus in aromatic amino 
acid content. 1 It was also shown that cucumber 
viruses 3 and 4, which are related to tobacco 
mosaic virus, possess the same amount of ty r o ­
sine as the latter but contain distinctly different 
amounts of tryptophane and phenylalanine. 
These results demonstrated clearly for the first 
time the nature of some of the chemical differ­
ences between strains of tobacco mosaic virus. 
However, no distinctive difference was detected 
between the aromatic amino acid composition of 
ordinary tobacco mosaic virus and that of the 
yellow aucuba, green aucuba, J14D1, or masked 
strains of the virus. These strains are serologi­
cally, and in certain other respects, much more 
closely related to the common tobacco mosaic 
virus than are the other strains mentioned above. 
It seemed desirable, therefore, to extend the orig­
inal investigation to include other amino acids, 
in order to determine whether there are demon­
strable chemical differences between tobacco 
mosaic virus and some of its more closely related 
strains. The present report deals with analyses 
of the 8  previously described strains of tobacco 
mosaic virus1 for arginine and histidine.

Experimental
Preparations of the viruses were made by purely physical 

methods involving filtration and differential centrifugation 
of the juices from infected Turkish tobacco plants, or from 
cucumber plants in the cases of cucumber viruses 3 and 4. 
Highly purified solutions of each virus in distilled water 
were frozen, dried in vacuo, and then further dried to con­
stant weight at 110° in a drying oven. The white fluffy 
material thus obtained was used for amino acid analyses.

Arginine.—Arginine was determined by a colorimetric 
procedure based on the Sakaguchi reaction and by a gravi­
metric method involving precipitation of arginine as the 
flavianate.2’3

For the colorimetric test, 15 to 20 mg. of virus was 
hydrolyzed in 1 ml. of concentrated hydrochloric acid in a 
sealed tube in an oven at 110° for twenty hours. The

(1) C. A. K n ig h t an d  W . M . S tan ley , J .  Biol. Chem., 141, 39
(1941).

(2) L. E . T hom as, J . K . Ingalls, an d  J . M . Luck, ibid., 129, 263 
(1939).

(3) A. A. A lbanese, ibid., 134, 467 (1940).

hydrolysate thus obtained was transferred quantitatively 
to a 100 ml. volumetric flask, the solution was made to 
volume with distilled water, and 1 ml. aliquots were taken 
for analysis. The Sakaguchi reaction was carried out es­
sentially as described by Thomas and co-workers,2 with 
the exception that readings were made with a Klett- 
Summerson photoelectric colorimeter using Green Filter 
54. The method used for the gravimetric determination 
of arginine involved a preliminary isolation of the basic 
amino acids by the electrolytic procedure of Albanese.3

The arginine content of tobacco mosaic virus was found 
by colorimetric and gravimetric methods to be 9.2 ±0.1%. 
As may be observed in Table I, the arginine values ob­
tained by the two different methods agreed remarkably 
well for all of the strains. Four of the 8 strains were found 
to contain about 9.2% arginine. On the other hand, cu­
cumber viruses 3 and 4 were found to contain significantly 
less arginine than ordinary tobacco mosaic virus, while the 
green and yellow aucuba viruses were found to contain 
significantly more arginine than the type strain.

T a b l e  I
A r g in in e  a n d  H is t id in e  i n  S t r a in s  of  T obacco M osaic  

V ir u s
A rginine A rginine

Saka- F lavia-

V irus

No. of 
p re p a ra ­

tions

guchi
m ethod,

%*

No. of 
p rep a ra ­

tions

n a te
m ethod,

.%*

H isti­
dine.

%
Tobacco mosaic 7 9 .2 8 9 .2 N one
Yellow aucuba 7 10 .0 2 10.0 N one
Green aucuba 7 10 .0 1 10.0 N one
H olm es’ ribgrass 4 9 .1 1 9 .2 0 .5 5
H olm es’ m asked 2 9 .2 1 9 .0 N one
J14D1 2 9 .2 1 9 .2 N one
C ucum ber v irus 4 5 8 .7 2 8 .7 N one
C ucum ber v irus 3 1 8 .7 1 8 .8 N one

a The results of individual analyses for arginine showed 
a maximum deviation from the averages listed of ±0.2% 
for the Sakaguchi method and ±0.1% for the flavianate 
method.

Histidine.—Ross was unable to detect histidine in ordi­
nary tobacco mosaic virus upon examination of whole 
hydrolysates of the virus or portions of hydrolysates ob­
tained by chemical fractionation, although an amount of 
histidine equivalent to less than 0.1% of the virus could be 
recovered when added to various fractions.4 Hence, it 
was concluded that histidine is not present in the tobacco 
mosaic virus molecule. The present experiments confirm 
this conclusion.

The Albanese technique for the estimation of histidine3 
was found to be quite unreliable for the determination of 
very small amounts of histidine in mixtures which con­
tained large amounts of arginine. On the other hand, the 
conditions required in the Jorpes modification of the Pauly 
reaction5 seemed admirably suited to such analyses and

(4) A. F . Ross, ibid., 138, 741 (1941).
(5) E . Jo rpes, Biochem. J .,  26, 1507 (1932)*



Dec., 1942 B asic A mino  A cids in  Strains of T obacco M osaic V irus 2735

particularly adaptable to the determination of small 
amounts of histidine in the histidine-lysine fraction ob­
tained from tobacco mosaic virus by the electrolytic 
method. In the present investigation, the Jorpes proce­
dure was slightly modified by substituting for the Zeiss 
photometer a Klett-Summerson photoelectric colorimeter 
with Green Filter 54. Results of tests with a standard 
solution of histidine showed that a true proportionality was 
obtained between the colorimeter reading and the amount 
of histidine present in the range 0.005 to 0.05 mg. per ml.

Application of the Pauly test to the histidine-lysine 
fractions of the strains indicated the absence of histidine 
from all except the ribgrass strain (Table I). Analyses on 
2 different preparations of the ribgrass virus gave histidine 
values of 0.39 and 0.43%.

It has been suggested that the presence of carbohydrate 
may result in the destruction of histidine during the acid 
hydrolysis of proteins.6 In order to evaluate fairly the 
apparent absence of histidine from all except one of the 
strains, the destructive effect of the virus carbohydrate 
was tested in two ways. In the first, small amounts of 
histidine were added to tobacco mosaic virus during 
hydrolysis and the recovery of histidine was noted, and, 
in the second, nucleic acid was removed from tobacco 
mosaic and the ribgrass viruses before hydrolysis and the 
effect on the histidine analyses was observed. In two 
trials in which small amounts of histidine were added to 
tobacco mosaic virus during hydrolysis, recoveries of 36 
and 64% were made. In the other approach, tobacco 
mosaic and the ribgrass viruses were freed from nucleic 
acid by treatment with alkali. Negative phosphorus and 
carbohydrate tests on 25- to 30-mg. portions of the pro­
teins indicated that essentially all of the nucleic acid had 
been removed. Five hundred and ten mg. of nucleic acid- 
free tobacco mosaic virus protein and 470 mg. of the corre­
sponding preparation of ribgrass virus protein were then 
hydrolyzed as usual and the basic amino acids were isolated 
by the electrolytic procedure. No histidine could be 
demonstrated in the histidine-lysine fraction of the tobacco 
mosaic virus protein by the Pauly reaction, but 0.55% of 
histidine (calculated on the basis of the intact virus) was 
detected by the same method in a similar fraction of the 
ribgrass virus protein.

The histidine-lysine fraction of the nucleic acid-free 
ribgrass virus protein was also analyzed for histidine by 
the nitranilic acid gravimetric procedure as described by 
Block.6 After allowance was made for the 6% nucleic acid 
in the ribgrass virus, a histidine value of 0.57% was ob­
tained, in good agreement with the 0.55% found by the 
colorimetric procedure, and both figures are almost one- 
third greater than the highest value obtained on whole 
virus.

In general, the results of the above experiments ap­
pear to confirm earlier observations regarding the destruc­
tion of histidine in the presence of carbohydrate during 
acid hydrolysis of proteins. In particular, the data em­
phasize the absence of histidine from tobacco mosaic virus 
and its presence in the ribgrass virus. This is the first 
demonstration of the presence in a strain of tobacco mosaic 
virus of a constituent which is apparently entirely lacking 
in the common strain.

(6) R . J .  Block. J .  Biol. Chem., 133, 67 (1940).

Lysine.—If the amino nitrogen of the intact virus7 is 
attributed to epsilon amino groups of lysine, tobacco 
mosaic virus contains about 1.35% of lysine. However, 
the experiments of Ross8’9 have led him to conclude that 
tobacco mosaic virus contains very little, if any, lysine. 
In the present investigation, analyses of the electrolytically 
obtained lysine fractions of eight strains of tobacco mosaic 
virus indicated the presence of amino nitrogen which was 
unattributable to known constituents of the virus and 
which might therefore represent lysine. The amounts of 
this nitrogen were too small to permit the confirmatory 
isolation of lysine derivatives, but attempts to isolate such 
derivatives starting with considerably larger samples of 
virus are now in progress and will be described in detail in 
a later communication.

Discussion
Analysis of eight strains of tobacco mosaic virus 

indicated that each strain possesses a character­
istic and constant amount of arginine. Thus, in 
seven preparations of tobacco mosaic virus ob­
tained from different groups of diseased tobacco 
plants over a period of two to four years, the 
arginine content was found to be 9 . 2  =*= 0 .1 %. 
On the other hand, seven preparations of green au­
cuba virus and seven of yellow aucuba virus ob­
tained over a similar period of time were found to 
contain 10.0 =*= 0.1% of arginine. The differ­
ence between the compositions of the aucuba 
viruses and ordinary tobacco mosaic virus is par­
ticularly striking in view of the very close rela­
tionship of these strains. For example, it is almost 
impossible to distinguish between the symptoms 
produced by ordinary tobacco mosaic virus and 
the green aucuba strain in diseased Turkish 
tobacco plants. It is generally necessary to inocu­
late to N ico tian a  sylvestris Spegaz. and Comes to 
differentiate between the two strains. The green 
aucuba strain produces local lesions on N , s y l­
vestris, whereas the ordinary strain does not. It is 
now possible, on the basis of arginine content, 
to distinguish definitely between these strains 
with considerably less than the amount of virus 
obtained from a single diseased plant. The sig­
nificantly lower amounts of arginine found in 
cucumber viruses 3 and 4 than in ordinary tobacco 
mosaic virus are somewhat less surprising because 
the relation of the cucumber strains to the latter 
is less close.

In general, the data from the basic amino acid 
analyses of the virus strains support and extend 
the observations resulting from the aromatic

(7) G. L. M iller and  W . M . S tanley , ibid., 141, 905 (1941).
(8) A. F . R oss and  W. M . S tanley , Proc. A m . Soc. Biol. Chem., 

J . Biol. Chem., 128, p. lxxxiv (1939).
(9) A. F . Ross, J . Biol. Chem., 143, 685 (1942).
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amino acid analyses. 1’ 10 It is quite clear that the 
protein components of strains of tobacco mosaic 
virus differ in their amino acid compositions. 
Whether or not these differences are responsible 
for the different biological properties of the various 
strains remains to be shown. In any case, they 
must be considered when sufficient data have been 
gathered to permit an intelligent correlation of 
biological properties with chemical structure. 
The nucleic acid components of the viruses can­
not, of course, be entirely neglected. There is no 
unequivocal evidence at present that the nucleic 
acids of various strains of tobacco mosaic virus 
differ either quantitatively or qualitatively. On 
the other hand, the results of phosphorus analyses 
indicate that 8  of the strains contain essentially 
the same amount of nucleic acid, and colorimetric 
tests show that all of these 8  strains contain ribose 
nucleic acid. 1 Nevertheless, it will not be cer­
tain that the nucleic acids of strains of tobacco 
mosaic virus are identical until thorough analyti­
cal studies have been completed.

The discovery of the presence of histidine in 
the ribgrass virus is especially interesting, for it 
represents the first case in which one strain of 
tobacco mosaic virus has been found to contain 
a constituent apparently lacking in another. The 
ribgrass virus has not yet been obtained directly 
by mutation of ordinary tobacco mosaic virus, as 
have certain yellow strains1 1 ,1 2 and the Holmes 
masked strain. 13 Thus, the ribgrass strain may 
represent a stable product resulting from many 
variations rather than from one. However, if the

(10) W. M . S tan ley  and  C. A. K nigh t, Cold Spring Harbor S y m ­
posia on Quant. B iol., 9, 255 (1941).

(11) J . H . Jensen, Phytopathology, 23, 964 (1933).
(12) J. H . Jensen, ibid., 26, 266 (1936).
(13) F. O. Holm es, ibid., 24, 845 (1934).

ribgrass strain developed originally from ordinary 
tobacco mosaic virus, it is necessary to assume 
that at one stage some histidine was added to a 
virus molecule which previously contained none. 
Unless it can be established experimentally that 
direct changes of this type can occur in completely 
formed virus molecules, it seems reasonable to 
assume that the introduction of a new amino acid 
occurred as a result of a departure from the usual 
pattern of the synthetic process of virus multipli­
cation. On this basis the phenomena of virus 
multiplication and virus variation become di­
rectly related, the latter representing simply a 
modification of the former.

The author is indebted to Dr. W. M. Stanley 
for his interest and encouragement during the 
course of this investigation.

Summary
Eight strains of tobacco mosaic virus were 

analyzed for arginine and histidine. Analyses 
by two methods of seven different preparations 
of tobacco mosaic virus indicated that this virus 
contains 9.2 =*= 0.1% of arginine. A similar 
amount of arginine was found in the Holmes 
masked, Holmes ribgrass, and J14D1 strains. 
On the other hand, the green and yellow aucuba 
strains were found to contain 1 0 .0 % of arginine 
and the cucumber viruses 3 and 4, 8.7% of argi­
nine. No histidine could be detected in seven 
of eight strains, but about 0.55% of histidine 
was found in the ribgrass strain. Indirect analy­
ses indicated that the eight strains contain a small 
amount of lysine, but this finding has not yet 
been verified by isolation methods.
P r i n c e t o n , N e w  J e r s e y  R e c e i v e d  J u l y  29, 1942
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[C o n t r i b u t io n  f r o m  t h e  N o y e s  C h e m i c a l  L a b o r a t o r y , U n i v e r s it y  o f  I l l i n o i s , a n d  t h e  C h e m i s t r y  L a b o r a t o r y  o f
I n d ia n a  U n i v e r s i t y ]

Synthesis of Tectorigenin Dimethyl Ether
B y  R . L. Sh r in e r  and  R . W . S t e ph e n so n

An isoflavone structure has been suggested for 
tectorigenin, the aglucone of the naturally occur­
ring glucoside, tectoridin. This structure was 
deduced from its degradation products, 1 absorp­
tion spectra2 and general chemical properties. 2’3 

Two other possible substituted coumaran struc­
tures were shown to be quite different from the 
natural aglucone. 4 The present paper reports 
the synthesis of the dimethyl ether of tectorigenin
(V).

The starting materials are 4,5-dimethoxyresor- 
cinol (I) and homoanisonitrile (II). The first 
was prepared by the sequence: guaia- 
col —> 4,6 -dinitroguaiacol —> 3,5-di- 
nitroveratrole —» 3,5-diamino vera- 
trole —> 4,5-dimethoxyresorcinol, ac­
cording to the directions of Baker 
and Robinson. 5 Homoanisonitrile 
has been synthesized repeatedly by a 
number of methods; for instance, re­
cently by Julian and Sturgis, and by 
Lapine. 6 The direct chloromethyla- 
tion of anisole to p -methoxybenzyl 
chloride7 followed by reaction with 
sodium cyanide8 in the presence of an 
emulsifying agent to promote rapid 
reaction of the chloride with the cyanide was 
found to be a time saving procedure, although 
the yields were low (29%).

Condensation of 4,5-dimethoxyresorcinol (I) 
with homoanisonitrile (II) was effected by means 
of hydrogen chloride and zinc chloride. Hydroly­
sis of the intermediate iminohydrochloride (III) 
yielded the substituted desoxybenzoin (IV). A 
Claisen condensation of the latter compound with 
ethyl formate and sodium followed by acidifica­
tion yielded 5 -hydroxy-4 ',6 ,7 -trimethoxyisoflav- 
one (V). This compound melted at the same 
temperature as dimethyltectorigenin4 and a

(1) S h ibata , J. Pharm. Soc. Japan, 47, 380 (1927).
(2) Asahina, S h ib a ta  and  Ogawa, ibid., 48, 1087 (1928).
(3) M annich, Schum ann  and  Lin, Arch. Pharm., 275, 317 (1937).
(4) Shriner, M atson  and  D am schroder, T h is  J o u r n a l , 61, 2322 

(1939).
(5) B aker and  R obinson, J. Chem. Soc., 152 (1929).
(6) Ju lian  and  Sturg is, T h is  J o u r n a l , 57, 1126 (1935); Lapine, 

Bull. soc. chim., 6, 390 (1939).
(7) Q uelet and  Anglade, Compt. rend., 203, 262 (1936).
(8) Cannizzaro, Ann., I l l ,  243 (1861); Levy, Ann. chim., 9, 5 

(1938).

melting point of a mixture of the two samples 
showed no depression. The acetyl derivative of 
the synthetic isoflavone (V) was identical with the 
acetate prepared from the methylated tectori­
genin. 4

In the first step in the above synthesis, the 
Hoesch reaction is shown taking place in the 2- 
position of 4,5-dimethoxyresorcinol (I) rather than 
the 6 -position. The reactivity of the 2-position in 
substituted resorcinols of this type has been pre­
viously pointed out by Baker and Robinson5 who 
have shown that 3,4,5-trimethoxyphenylaceto-

nitrile condenses in the 2-position. Methoxy- 
acetonitrile also reacted with the 2 -position of
4,5-dimethoxyresorcinol. 9 Hence it seems very 
probable that the condensation with homoani­
sonitrile also takes place in the 2 -position espe­
cially since the properties of the isoflavone (V) 
indicate an hydroxyl group in the 5-position. 4

The second step in the synthesis of tectorigenin 
dimethyl ether involves the Claisen condensation 
with ethyl formate and ring closure with the 6 - 
hydroxyl of the substituted desoxybenzoin (IV) 
and not with the 2-hydroxyl. The fact that ring 
closure in compounds of this type always appears 
to involve the unhindered 6 -hydroxyl group has 
been well established by previous work by Baker 
and Robinson, 5 Bargellini10 and Chapman, Perkin 
and Robinson. 11

The present synthesis of tectorigenin dimethyl
(9) B aker, N odzu an d  Robinson, J. Chem. Soc., 74 (1929).
(10) Bargellini, Gazz. chim. ital., 45, 69 (1915); 49, 47 (1919).
(11) C hapm an, P e rk in  an d  R obinson, J. Chem. Soc., 3015 (1927).
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ether coupled with the fact that iretol (2,4,6-tri- 
hydroxyanisole) is one of the degradation prod­
ucts of tectorigenin1 shows that tectorigenin pos­
sesses the isoflavone structure (VI).

V I

Experimental
Homoanisonitrile.—One hundred fifty grams of anisole, 

150 g. of 40% formalin, 15 cc. of petroleum ether, and 15 g. 
of zinc chloride were placed in a three-necked flask equipped 
with a mercury-sealed stirrer. The flask was placed in an 
ice-bath, and hydrogen chloride gas was added with stir­
ring at such a rate that the temperature remained at 15°. 
After one hour and fifteen minutes the gas addition was 
stopped, and 30 g. of cracked ice was added. The stirring 
was continued for five minutes. After stopping the stir­
ring, an oily layer rose to the top of the solution. This 
layer was separated, dissolved in 200 cc. of benzene, and 
washed with 100 cc. of 10% sodium carbonate. The ben­
zene solution was then washed once with 100 cc. of water 
and added to a solution of 70 g. of sodium cyanide in 180 
cc. of water. One gram of sodium laurylsulfate (Dupanol 
WA) was added and stirring and heating were started. 
The benzene was distilled out by steam developed in the 
flask. After the distillation of the benzene was complete 
the condenser, which had been set downward for distilla­
tion, was raised to a vertical position and the solution 
heated at the boiling point until the solution had boiled 
with stirring, a total of three and one-half hours. After 
cooling, the solution was extracted with 800 cc. of ether in 
three portions. The ether solution was dried with sodium 
sulfate, and the ether was distilled off. The residue was 
distilled under diminished pressure. The first fraction 
(26 g.) was anisole b. p. 53-55° at 20 mm. The second 
fraction was homoanisonitrile b. p. 154-56° at 20 mm. 
Sixty grams (29%) of the nitrile was obtained.

The first step in this synthesis must be carried out 
quickly. The chloromethylanisole must be freed from 
hydrogen chloride and added to the sodium cyanide as 
quickly as possible. Otherwise polymerization or hydroly­
sis of the chloromethylanisole to methoxybenzyl alcohol 
occurs.

2,6-Dihydroxy-3,4-dimethoxy-a-(£-methoxyphenyl)- 
acefophenone (IV).—A 1.45-g. quantity of 4,5-dimeth­
oxyresorcinol, 1.8 g. of homoanisonitrile, and 0.5 g. of 
anhydrous zinc chloride were dissolved in 60 cc. of dry 
ether. Dry hydrogen chloride gas was passed into the 
solution at 0 °. The hydrogen chloride was added rapidly 
for one hour, then slowly for two hours. The flask was 
then stoppered and allowed to stand overnight. After the 
flask had stood for twenty horns, 100 cc. of dry ether was

added and the flask again allowed to stand overnight. 
The ether was then poured off the viscous oil and the oil 
washed with dry ether. Approximately 100 cc. of 10% 
hydrochloric acid was added to the oil and the solution 
boiled under reflux for one-half hour. After cooling, the 
solution was extracted with ether and the ether solution 
dried with anhydrous sodium sulfate. Removal of the 
ether left a red oil which became crystalline upon the addi­
tion of methyl alcohol. Recrystallization from methyl 
alcohol gave 0.8 g. (29%) of white crystals melting at 
116.5°.

Anal. Calcd. for CnHisOe: C, 64.15; H, 5.66. Found: 
C, 64.32; H, 5.99.

Dimethyltectorigenin.—To 0.20 g. of powdered sodium 
at 0° was added 0.28 g. of 2,6-dihydroxy-3,4-dimethcxy-«- 
(^-methoxy phenyl)-acetophenone in 4.5 cc. of redistilled 
ethyl formate. The mixture was stirred for four and one- 
half hours at 0°. Then about 10 g. of crushed ice was 
added, and the stirring was continued for three hours. 
After the solution had stood overnight without stirring so 
that the ethyl formate had evaporated, the solid was fil­
tered off. This solid was dissolved in pyridine and precipi­
tated with water. Repeated precipitation gave 0.04 g. 
(14%) of light tan colored microscopic needles m. p. 186 °. 
Recrystallization of this material from methanol gave sil­
very white needles melting at 188 °. A mixed melting point 
of this material with a sample of dimethyltectorigenin pre­
pared by Matson4 (from natural tectorigenin) gave no 
alteration in melting point.

Anal. Calcd. for CisHieOö: C, 65.85; H, 4.87. Found: 
C, 65.69; H, 5.06.

Dimethyltectorigenin Acetate.—In 0.6 cc. of dry pyri­
dine was dissolved 0.026 g. of dimethyltectorigenin and 
0.26 cc. of acetic anhydride. The stoppered tube was al­
lowed to stand at room temperature for three days. Then 
5 cc. of water was added to the mixture. After standing 
several hours light tan crystals had formed. These were 
purified by dissolving in pyridine and precipitating with 
water. After several crystallizations silvery-white crys­
tals melting at 213° were obtained. A mixed melting 
point of this material with a sample of dimethyltectori­
genin acetate, prepared by Matson4 (from natural tecto­
rigenin) gave no alteration in melting point.

Anal. Calcd. for C20H18O7: C, 64.86; H, 4.86. Found: 
C, 65.00; H, 4.95.

In order to establish the validity of the use of melting 
points of mixtures in the isoflavone field, five different syn­
thetic isoflavones were found to exhibit depressions in 
melting point when any two of them were mixed together.

Summary
A synthesis of tectorigenin dimethyl ether has 

been carried out which provides additional evi­
dence that tectorigenin possesses the isoflavone 
structure.
B l o o m in g t o n , I n d ia n a  R e c e i v e d  J u l y  24, 1942
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[Co n t r ib u t io n  fr o m  t h e  R e se a r c h  L aboratory  o f  A r m o u r  a n d  C o m p a n y ]

Refractive Indices and Densities of Normal Saturated Fatty Acids in the Liquid State

B y  A. D o r in so n , M . R . M cCorkle a n d  A. W. R alston

Few systematic studies of the refractive indices 
of the saturated fatty acids are found in the litera­
ture; there is the classical work of Eijkman, 1 the 
investigation of Schei j2 on the naturally occurring 
fatty acids, and the more modern work of Water­
man and Bertram. 3 Determinations were made 
at arbitrary and scattered temperatures; only the 
work of Falk4 on butyric acid embraces a large 
number of determinations over a wide range of 
temperature. We have measured the refractive 
indices of the normal saturated fatty acids in the 
liquid state, from caproic to stearic inclusive, at a 
sufficient number of temperatures between 2 0  and 
80° to enable us to plot the variation of refractive 
index with temperature for each acid, as shown in 
Fig. 1. In addition, the densities of these acids 
were determined at 80° and these data were used 
to calculate the molar volume and the molar re- 
fractivity of each acid at that temperature. The 
refractive indices are listed in Table I and the den­
sities in Table II. The values listed in Table I 
have not been corrected for the effect of tempera­
ture on the refractometer prism, since we feel that 
less confusion will arise among investigators using 
these figures if they are left uncorrected. When­
ever we shall have occasion here to treat the re­
fractive indices as functions of the homologous 
series, a correction given by

0.00006 (t -  20) (1)
where t is the temperature at which the refractive 
index was determined, will be added. This is the 
correction for the refractometer prism only. A 
correction should also be applied for the effect of 
temperature on the compensating prisms in the 
refractometer, but since their temperature could 
be estimated only crudely, this correction will be 
omitted. Since the compensating prisms do not 
deviate the sodium D line, the correction is prob­
ably very small.

Experimental
The acids used were carefully purified; their 

preparation is described in another communica-
(1) E ijkm an , Rec. trav. chim ., 12, 157 (1893).
(2) Schei j,  ibid., 18, 182 (1899).
(3) W aterm an  an d  B ertram , ibid., 46, 699 (1927).
(4) Falk , T h is  J o u r n a l , 31, 96 (1909).

tion from this Laboratory. 5 Refractive indices* 
were measured with an Abbe type refractometer, 
the temperature of whose prisms could be held 
constant to ±0.05. A calibrated thermometer 
was used. Densities were determined in a modi­
fied Ostwald pycnometer at 80 ±  0.05°. Weigh­
ings were corrected for the buoyancy of air.

Fig. 1.—The variation of refractive index with tem­
perature. Change of slope is shown by comparison with 
the extrapolation from the curve at higher temperatures. 
Extrapolation is represented by a dotted line.

Discussion
Molar Volumes.—The molar volumes at 

80° of the acids from caproic through stearic were 
calculated from the densities determined in this 
work. By taking advantage of the fact that the 
densities of the straight chain saturated acids are 
linear functions of temperature, we were able to

(5) H oerr, Pool and  R alston , Oil and Soap, 19, 126 (1942).
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R e f r a c t i v e  I n d ic e s  (n*d ) o f  N o r m a l  S a t u r a t e d  F a t t y  A c id s

Acid 2 0 .0 ° 2 5 .0 ° 30 .0° 40 .0 °  4 5 .0 ° 5 0 .0 ° 5 5 .0 ° 6 0 .0 ° 65 .0° 7 0 .0 ° 8 0 .0 °

Caproic 1.4170 1.4150 1.4132 1.4095 1.4054 1.4012 1.3972 1.3931
Enanthic 1.4230 1.4209 1.4192 1.4155 1.4114 1.4073 1.4037 1.3993
Caprylic 1.4280 1.4260 1.4243 1.4205 1.4167 1.4125 1.4089 1.4049
Pelargonic 1.4322 1.4301 1.4287 1.4250 1.4210 1.4171 1.4132 1.4092
Capric 1.4288 1.4248 1.4210 1.4169 1.4130
Hendecanoic 1.4319 1.4279 1.4240 1.4202 1.4164
Laurie 1.4323 1.4304 1.4288 1.4267 1.4250 1.4230 1.4191
Tridecanoic 1.4328 1.4310 1.4290 1.4272 1.4252 1.4215
Myristic 1.4329 1.4310 1.4291 1.4273 1.4236
Pentadecanoic 1.4348 1.4329 1.4310 1.4292 1.4254
Palmitic
Margaric
Stearic

T a b l e  II
D e n s i t i e s  o f  N o r m a l  S a t u r a t e d  F a t t y  A c id s  a t  80°

Acid dh Acid dh
Caproic 0.8751 Tridecanoic 0.8458
Enanthic .8670 Myristic .8439
Caprylic .8615 Pentadecanoic .8423
Pelargonic .8570 Palmitic .8414
Capric .8531 Margaric .8396
Hendecanoic .8505 Stearic .8390
Laurie .8477

convert data already in the literature2’ 4’6 - ' 11 to the 
proper temperature and to extend this series of 
calculations at 80° down to acetic acid, and also 
to make a series of calculations from formic acid 
to pelargonic acid at 20° (see Table III). At 
2 0 ° the molar volumes from acetic acid to pelar­
gonic acid are adequately expressed by

Vm -  16.89w -f- 23.62 (2)
where n is the number of carbon atoms in the 
chain. At 80° the equation

Vm = 17.2 bn +  28.88 (3)
holds for butyric and higher acids. The deviation 
of the first three members of the series from line­
arity is quite sharp and the addition of a term of 
the form k /n  does not extend the validity of the 
equation to include these three members. The 
molar volumes of the normal saturated acids, ar­
ranged serially, do not show as much deviation 
from a linear relation as noticed by Huggins12 for 
the normal saturated hydrocarbons, nor does this 
deviation extend as far up the series for the acids 
as for the hydrocarbons.

(6) Timmermans and Hennaut-Roland, J .  chim . ph ys., 27, 420, 
422, 425 (1930); 29, 550 (1932).

(7) M erry  and Turner, J .  Chem. Soc., 105, 758 (1914).
(8) Eijkman, Chem. Z en tr., 78 , II, 1210 (1907).
(9) Dunstan, J . Chem. Soc., 107, 667 (1915).
(10) Deffet, B u ll. soc. chim . Belg., 40, 385 (1931).
(11) Garner and Ryder, J .  Chem. Soc., 127, 728 (1925).
(12) Huggins, T h is  J o u r n a l , 63, 116 (1941).

1.4328 1.4309 1.4272
1.4340 1.4324 1.4287

1.4337 1.4299

T a b l e  III
M o l a r  V o l u m e s  o f  N o r m a l  S a t u r a t e d  F a t t y  A c id s

V m a t  20° Vm  a t  80°
Acid Exptl.® Calcd. E xptl. C alcd.c

Formic 37.71 40.51
Acetic 57.21 57.40 61.11“ 63.38
Propionic 74.55 74.29 79.68“ 80.63
Butyric 91.93 91.18 97.95“ 97.88
Valeric 108.69 108.07 115.33“ 115.13
Caproic 125.04 124.96 132.67d 132.38
Enanthic 141.89 141.85 150.07 149.63
Caprylic 158.57 158.74 167.30 166.88
Pelargonic 174.53 175.63 184.50 184.13
Capric 201.80 201.38
Hendecanoic 218.90 218.63
Laurie 236.29 235.88
Tridecanoic 253.27 253.13
Myristic 270.41 270.38
Pentadecanoic 287.61 287.63
Palmitic 304.56 304.88
Margaric 321.90 322.13
Stearic 338.85 339.38

a Calculated from densities obtained from references 2, 
4, 6-11. b Calculated from equation (2). c Calculated 
from equation (3). d This figure and subsequent figures 
in this column were computed from densities in Table II.

Refractivities.—In Fig. 1 we have plotted the 
refractive indices of the acids, corrected accord­
ing to equation (1), against temperature. The 
refractive indices for each acid fall upon a straight 
line between 40 and 80°. Below this temperature 
a change of direction is observed. A plausible 
explanation of this phenomenon can be found in 
the theory of molecular refractivity and in current 
viewpoints on the structure of liquids consisting 
of polar molecules. To begin with, the molar re­
fraction for visible light, calculated by the Lo- 
rentz-Lorenz equation, is equal to the electron 
polarization. A collection of molecules which are 
inherent dipoles, such as the molecules of a fatty 
acid, act on each other to cause more or less orien­
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tation, even in the liquid state, and consequently 
produce an electric field within the body of the 
liquid. Onsager13 has published a theoretical 
treatment of this effect on the determination of 
dipole moments of polar substances by means of 
an external electrical field. It is beyond the 
scope of this paper to attempt a quantitative 
treatment of the effect of the internal electric 
field on the bonding electrons in the relatively 
non-polar part of the fatty acid chain, and hence 
on the refractivity, but qualitatively we would 
expect the electron polarization of a substance 
such as a fatty acid to depend on the statistical 
orientation of the individual molecules within the 
body of the liquid. On the other hand, the ther­
mal motions of these molecules will tend to pro­
duce disorder, and at some temperature they 
should be vigorous enough to completely over­
come the restraints caused by dipole interaction. 
The molecules within the liquid will then exhibit 
a perfectly random configuration and the net 
field there will be zero. On these grounds we 
would expect to find a temperature for each acid 
above which the molar refractivity will be con­
stant and below which it will depend on tempera­
ture. We have taken the data of Falk4 for bu­
tyric acid and instead of smoothing out the values 
of the refractive index, we have calculated the 
molar refractivities from the data as they stand. 
This examination shows that the molar refrac­
tivity is practically constant above 42° and a 
linear function of the temperature below this 
point. This is the only fatty acid reported for 
which a sufficient number of molecular refrac­
tivities could be calculated from the original 
data over a wide temperature range.

To eliminate the possibility that the discon­
tinuities in the plot of the refractive indices of the 
acids might be due to some systematic defect in 
the refractometer or in the calibration of the ther­
mometer, the refractive index of ^-heptane was 
determined between 20 and 50°. The data so ob­
tained lie on a straight line and the data of 
Shepard, Henne and Midgley14 also lie on this 
line in full agreement with ours.

If a plot of the molar refractivity of a normal 
fatty acid shows discontinuity with temperature, 
it can be shown that a plot of the refractive in­
dices will also exhibit discontinuity. The den­
sities of the fatty acids are continuous linear

(13) O nsager, T h is  J o u r n a l , 58, 1486 (1936).
(14) S h e p a rd , H e n n e  a n d  M id g le y , ibid., 53, 1948 (1931).

functions of the temperature from zero to at least 
80°. The density factor, then, will produce no 
discontinuity in the molar refractivity as calcu­
lated from the Lorentz-Lorenz formula

n2 -  1 M  
n2 -f- 2 d

but any discontinuity in the temperature varia­
tion of n  will show up in the molar refractivity 
and vice versa , since it is impossible to eliminate 
n from the ratio ri2 — 1 /n 2, +  2 .

The molar refractivities of the normal saturated 
fatty acids, from caproic to stearic inclusive,, can 
be expressed as a function of the number of carbon 
atoms in the chain by

R m = 4.654n +  3.83 (4)
The observed values and those calculated from 
this formula are listed in Table IV.

T a b l e  IV
M o l a r  R e f r a c t iv i t ie s  o f  N o r m a l  S a t u r a t e d  F a t t y  

A c id s  a t  80°
A cid Rm ( e x p t l .)« R m  (ca lcd .)*

Caproic 31.70 31.75
Enanthic 36.34 36.40
Caprylic 41.08 41.06
Pelargonic 45.66 45.71
Capric 50.36 50.37
Hendecanoic 55.02 55.02
Laurie 59.73 59.68
Tridecanoic 64.35 64.33
Myristic 69.00 68.99
Pentadecanoic 73.65 73.64
Palmitic 78.30 78.30
Margaric 83.01 82.95
Stearic 87.59 87.61

f i2 — 1 Ma Computed from the formula R m =  —r——-  —, refrac-
n2 -+- 2 a

tive indices corrected. b Calcd. from equation (4).

Summary
1. The refractive indices of the normal satu­

rated fatty acids from caproic to stearic inclusive 
have been determined at a number of tempera­
tures between 20 and 80°. For each acid the re­
fractive indices are straight line functions of the 
temperature with an abrupt change of a slope at 
40°.

2 . An explanation of this change of slope has 
been presented.

3. The densities of these acids at 80° have 
also been determined. Molar volumes and molar 
refractivities for the homologous series have been 
computed and shown to be linear with respect to 
the number of carbon atoms in the chain.
C h ic a g o , I l l in o i s  R e c e iv e d  J u n e  24, 1942
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Solubility Studies. VII. The Solubilities of Some Isomeric Ketones in Water

B y J ohn H . Saylor, V ictor J. Baxt1 and P aul M . Gross
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The possible existence of a linear relationship 
between the heats and entropies of solution of or­
ganic compounds has been suggested by several 
investigators2*3 and is of considerable interest 
from the standpoint of the energy relationships 
involved in the solution process.

In a previous communication from this Labora­
tory4 it was shown that a linear relationship be­
tween the heats and entropies of solution existed 
for three of the ketones studied. These ketones, 
methyl propyl, methyl isopropyl and diethyl, have 
approximately the same molar volumes at the 
temperatures of the measurements. It was sug­
gested that equality of solute volumes as well as 
chemical similarity may well be a prerequisite 
for the existence of such a linear relationship be­
tween the heats and entropies of solution. The 
present investigation of the solubilities of the 
three isomeric ketones, dipropyl, diisopropyl and 
methyl n -amyl, was undertaken with this sugges­
tion in mind.

Experimental
The saturated solutions were prepared and 

analyzed by means of a Zeiss combination liquid 
and gas interferometer as previously described. 4 ’5

The ketones were obtained from the Carbide 
and Carbon Chemical Company. They were 
purified by repeated shaking with ammoniacal 
silver nitrate until no discoloration appeared on 
allowing the ketone to stand for thirty minutes in 
contact with fresh reagent. Then they were

T a b l e  I
B o il in g  P o in t s  o f  t h e  C o m p o u n d s

B. p. at Previously
Substance 760 m m ., °C. observed b. p., °C. Ref.

Dipropyl ketone 144.00-144..10 144.1 6
Diisopropyl ketone 124.06 =*= 0. 05 124.0 123.7 7,8
Methyl w-amyl

ketone 150.18-150..32 150.2 9
(1) This paper was taken in part from the thesis submitted by 

Victor J. Baxt to  the Graduate School of D uke University in partial 
fulfillm ent of the requirements for the degree of M aster of Arts, June, 
1940.

(2) Evans and Polanyi, Trans. Faraday Soc., 32, 1333 (1936).
(3) Butler, ibid., 33, 229 (1937).
(4) Gross, R intelen and Saylor, J .  Phys. Chem., 43, 197 (1939).
(5) Gross and Saylor, T h is  J o u r n a l , 53, 1747 (1931).
(6) Timmermans, Bull. söc. chim. belg., 30, 62 (1931).
(7) M ailhe, B ull. soc. chim ., [4] 5, 620 (1909).
(8) “ International Critical T ables.”
(9) Park and Hoffman, Ind . Eng. Chem., 24, 132 (1932).

washed, dried over calcium sulfate and fraction­
ated in a 50-cm. Widmer still using calibrated 
thermometers. The boiling points of the frac­
tions used are given in Table I.

It was necessary to determine the densities of 
diisopropyl and methyl n -amyl ketone in order to 
calculate the corresponding molar volumes. This 
was done at 10, 30, 50 and 75° by means of ap­
propriate specific gravity bottles.

Results
The observed solubilities are listed in Table II. 

Vapor solubilities, 4 ' 10 Cs, were calculated from 
these and are listed in Table II along with the 
vapor pressures, P L, of the solute. The vapor 
solubility is defined as that concentration Cs in 
equilibrium with the vapor of the substance under 
a standard pressure of 1 0 0  mm. at the particular 
temperature in question. It is calculated by 
means of Henry’s law from the observed solubili­
ties and the vapor pressure of the liquid solute at 
the same temperature.

Table II also lists the mole fraction, N y corre­
sponding to Cs as well as the densities and molar 
volumes, Fm, at each temperature.

The free energies of hydration as given by the 
relation A F  =  R T  ln (P / N ) have been calculated 
from the mole fractions, N , given in Table II. 
The corresponding entropy of hydration A S  was 
evaluated graphically from a plot of AF  vs. T . 
The heats of hydration A H  were calculated from 
the values of A F  and A S  by means of the relation 

A F  — A H  -  T A S

These quantities are listed in Table III.
Figure 1 is a plot of A S  versus A H  for dipropyl, 

diisopropyl and methyl w-amyl ketones as well as 
for methyl propyl, methyl isopropyl and diethyl 
ketones taken from the previous investigation. 
The linear relationship is not as good in the pres­
ent investigation. Nevertheless, within the lim­
its of experimental error and the assumptions 
involved the data point to its validity. It is 
likely that the relation may have limited validity 
for the longer carbon chains with their many pos­
sible configurations. Butler3 has shown that 
such a linearity exists in a series of alcohols. It

(10) Saylor, S tuckey  an d  Gross, T h is  J o u r n a l , 60, 373 (1938).
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T a b l e  II
S o l u b il it i e s  a n d  R e l a t e d  Q u a n t it ie s

Dec., 1942 T h e  So lu bilities  of Some I someric K etones  in  W a ter

t . , M oles per Cs
Ketone °c. 1000 g. h 2o molality N  X 103 d h P l, (mm.) V m, (ml.)

DipropyF 0 0.0643 4.02 69.1 0.834011 1.612 136.9
10 .0466 1.55 27.2 .8248 3.0 138.4
30 .0331 0.348 6.23 .8081 9.5 141.3
50 .0288 .113 2.03 .7913 25.5 144.3
75 .0254 .336 0.604 .7702 75.6 148.2

Diisopropyl 10 .0587 .858 15.2 .8139 6.813 140.3
30 .0404 .201 3.60 .7968 20.1 143.3
40 .0392 .118 2.12 .7869 33.2 145.1
50 .0350 .0668 1.20 .7792 52.4 146.5
55 .0339 .0562 1.01 .7734 65.5 147.6
65 .0331 .0335 0.603 .7645 98.8 149.3
75 .0376 .0255 .459 .7560 147.3 151.0

Methyl n - amyl 10 .0472 3.35 56.8 .8245 1.4114 138.5
30 .0355 .668 11.9 .8072 5.32 141.4
50 .0319 .216 3.86 .7898 14.8 144.6
60 .0308 .110 1.97 .7809 28.0 146.2
65 .0315 .0890 1.60 .7761 35.4 147.1
75 .0339 .0610 1.10 .7676 55.6 148.7

Data at 0 and 10 ° from the data of Gross, Rintelen and Saylor, ref. 4.

T a b l e  III
V a l u e s  o f  A F> AH a n d  AS

Ketone °C.
Dipropyl 0

10 
30 
50 
75

Diisopropyl 10
30
40
50
55
65
75

Methyl n - amyl 10
30
50
60
65
75

A F , 
kcal.

-  AS, 
cal./degree

-  A H , 
keal.

3.95 65.8 14.01
4.62 64.5 13.63
5.84 58.1 11.76
6.93 54.1 10.54
8.31 53.0 10.13
4.94 62.1 12.63
6.16 58.1 11.44
6.70 58.1 11.49
7.27 55.1 10.47
7.50 52.5 9.68
8.07 46.6 7.68
8.50 41. Ó 5.81
4.20 60.2 12.84
5.44 59.7 12.65
6.52 56.7 11.79
7.17 53.3 10.58
7.42 52.7 10.39
7.90 50.2 9.57

appears, however, that the alcohols with the 
longest carbon chains do not follow the relation­
ship as closely.

Figure 2 is a plot of vapor solubility against 
molar volume. There is a still greater tempera­
ture dependency in the solubility of these com­
pounds than that found previously for ketones of 
lower molecular weight. At 10° methyl n-amyl

(11) F. K. Beilstein, “ Handbuch der organischen Chemie,” 4th 
ed., Julius Springer, Berlin, Vol. 1, p. 700, appendix 1, Vol. I, p. 
359.

(12) Rintelen, Saylor and Gross, T h is  J o u r n a l , 59, 1129 (1937).
(13) Aston and M ayberry, ib id . , 56, 2682 (1934).
(14) Stuckey and Saylor, ib id . ,  62, 2922 (1940).

ketone is 3.9 times more soluble than diisopropyl 
ketone but this ratio diminishes with increase in 
temperature until at 75° it is 2.4. This greater 
temperature dependency would be predicted from 
the explanation previously offered.

11 12 13 14 15
— AH  kcal.

Fig. 1.—Relation between heats and entropies of solution.

According to this, compounds such as methyl n- 
amyl ketone with longer unbranched side-chains
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75°, 50°, 30°, 10°

Fig. 2.—Effect of temperature on solubilities in relation to volume: v, methyl amyl 
ketone; O, diisopropyl ketone; □ , dipropyl ketone.

may be stretched out at low temperatures so that 
the CH2 groups are surrounded by the maximum 
possible number of water molecules, the attractive 
forces between these groups and water thus add­
ing to the main interaction between the carbonyl 
dipole and water. When the temperature in­
creases, the molecule may assume other more 
compact configurations which will be such as to 
decrease the number of water molecules adjacent 
to the CH2 groups. On the other hand, molecules 
such as that of diisopropyl ketone having com­
pact branched structures can only assume a lim­

ited number of configurations 
and, hence, their solubilities 
are less temperature depend­
ent.

Summary
The solubilities in water 

of dipropyl, diisopropyl and 
methyl n -amyl ketones have 
been determined at various 
temperatures from 10 to 75° 
and vapor solubilities have 
been computed.

Free energies, heats and entropies of solution 
have been calculated. Additional evidence was 
obtained which tends to confirm the previous sug­
gestion that equality of solute volume as well as 
chemical similarity is necessary for a linear rela­
tion to exist between entropies and heats of solu­
tion.

Large solubility differences and a large tem­
perature dependence of these differences were 
noted in agreement with those previously found 
for other isomeric ketones.
D u r h a m , N orth Carolina R eceived September 2,1942

[C o n t r i b u t io n  f r o m  t h e  M a l l in c k r o d t  C h e m ic a l  L a b o r a t o r y  o f  H a r v a r d  U n i v e r s i t y ]

The Surface Tension of Solutions of Electrolytes as a Function of the Concentration.
TV. Magnesium Sulfate

B y Grinnell Jones and Wendell A. R ay

This paper is a continuation of work previously 
reported1 on the surface tensions of aqueous solu­
tion of electrolytes relative to that of pure water. 
These earlier papers should be consulted for a de­
scription of the experimental technique and a dis­
cussion of the historical and theoretical back­
ground of the problem. The data given are “ap­
parent relative surface tensions” in the sense de­
fined in the second paper of this series.

Magnesium sulfate was chosen for this work 
because none of the salts already studied belonged 
to this valence type. The measurements have 
been carried out at 25.00° over a concentration 
range of 0.0001 up to 2 molar.

Analytical reagent grade magnesium sulfate 
was purified by two recrystallizations from water. 
The crystals were washed by centrifugation and

(1) G rinnell Jones and  W endell A. R ay , T h is  J ournal, 59, 187 
(1937); 63, 288, 3262 (1941); G rinnell Jones and  L. D. Frizzell,
J . Chem. Phys., 8, 986 (1940).

slowly dried in an electric oven. As the salt was 
hygroscopic each sample before final weighing 
was kept in an electric furnace at 475° for several 
hours or until constant weight was assured. At 
this temperature the anhydrous salt was formed. 
The samples were weighed in platinum boats in 
stoppered weighing bottles. A saturated solu­
tion showed no red coloration with phenolphtha­
lein. Two 50-ml. Ostwald type pycnometers 
were used for the density measurements and 
gave duplicate results differing by not more than 
a few parts per million. The surface tension 
measurements were made by the differential 
capillary rise method as described in the first 
and second papers of this series. The figures 
given in Table I are the mean of at least two 
independent determinations for each concentra­
tion. The results are shown graphically in Figs 
1 and 2.
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Table I
D ensity and Apparent R elative Surface T ension of 

M agnesium Sulfate Solutions at 25 °

Concentration,
molar

Density
Apparent rela­

tive surface 
tension (oc — (To)/ C(Fq

0.000100 0.997085 0.99997 — 0.3
.000200 .997096 .99994 -  .3
.000500 .997131 .99993 -  .14
.001000 .997190 .99997 -  .03
.002000 .997322 1.00003 +  -15
.005000 .997694 1.00022 +  .044
.010000 .998319 1.00046 +  -046
.020000 .999544 1.00087 +' .0435
.050000 1.003198 1.00195 -f .0390
.10000 1.009195 1.00345 4- .0345
.20000 1.021005 1.00638 4- .0319
.49647 1.055099 1.01435 +  .02890

1.0000 1.110781 1.02836 4- .02836
1.98720 1.214289 1.06603 4- .03323

Interpretation of the Data

The densities of magnesium sulfate may be ex­
pressed over the range studied by an equation of 
the form suggested by Root.2

d 2h =  0.997074 +  0.124469c -  0.010756c3A

This equation agrees with the data with an aver­
age deviation of less than 0.001%.

From the curve it may be seen that the appar­
ent relative surface tension of magnesium sulfate 
in the extreme dilute range becomes less than 
unity giving a minimum. The surface tension at 
the minimum is about 0.010% below that of pure 
water. The minimum occurs at about 0.0005 
molar. This minimum is similar to that found by 
us for the other salts studied. At higher concen­
trations the surface tension is nearly a linear func­
tion of the concentration but a slight positive 
curvature may be noted at the highest concentra­
tions which has been found typical of all the salts 
studied in this Laboratory in the past.

0.5 1.0 1.5
Concentration. 

Fig. 1.

2.0 2.5

0.002 0.004 0.006 0.008 0.01
Concentration.

Fig. 2.

Summary
The apparent relative surface tensions of aque­

ous solutions of magnesium sulfate have been 
measured from 0.0001 to 2 molar at 25.00°.

At extreme dilution magnesium sulfate ap­
parently gives a minimum in the surface tension- 
concentration curve. This same type of minimum 
has been observed for all of the other salts so far 
reported in this series.

At moderate and high concentrations mag­
nesium sulfate increases the surface tension of 
water almost linearly with concentration and be­
haves as a typical “capillary-inactive” substance.

(2) W. C. R oot, T h is  J o u r n a l , 55, 850 (1933). Cambridge, M assachusetts R eceived A ugust 25, 1942
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[C o n t r i b u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m i s t r y , N e w  Y o r k  U n i v e r s i t y ]

Some Isotherms of the System Sodium Chromate-Sodium Chlorate-Water
B y J. E. R icci and C. W eltman

Solubility measurements in the ternary system 
sodium chromate-sodium chlorate-water have 
been made with the purpose of testing any pos­
sible similarity with the behavior of the related 
system sodium sulfate-sodium chlorate-water, 
which forms a double salt of the formula NaCKV 
3Na2S 0 4.1 The present measurements, how­
ever, reveal neither compound formation nor solid 
solution between the salts Na2Cr0 4  and NaC103 
over the temperature range studied, 19-50°.

Materials.—A c. p. grade of sodium chlorate was used, 
found to be 100.0% pure by reduction and precipitation of 
silver chloride. Recrystallized c. p. potassium dichromate 
was used for the standardization of the 0.2 N  sodium thio­
sulfate titrating solution. Other chemicals used, such as 
sulfur dioxide and silver nitrate, were similarly of c. p . 
grade. The sodium chromate was used in the form of the 
tetrahydrate, supplied by the Mackay Company; the per­
centage of Na2Cr04 in this material, found by titration, was
69.15, and by dehydration, 69.25, as compared with the 
theoretical value of 69.21. The purity of this salt is fur­
ther confirmed by the agreement of the solubility at 25 ° as 
determined by evaporation, with the value obtained by 
titration (see Table I) : 45.63 and 45.59%, respectively.

Solubility Determinations.—Complexes were made up 
by weight from sodium chlorate, tetrahydrate and water, 
and rotated in a thermostat at the specified temperature 
(=*=0.02°), about three days being allowed for the attain­
ment of equilibrium. Samples for analysis were taken in 
the usual way by means of pipets fitted with filter paper.

Analysis.—1. Sodium chromate in the presence of 
sodium chlorate. Gravimetric determination as barium 
chromate or as lead chromate (using excess of barium 
chloride or of lead nitrate) gave consistently high results in 
the determination of about 0.5 g. of potassium chromate in 
the presence of 0.5 to 2 g. of sodium chlorate, the errors 
being about +15 and + 6  parts per 1000, respectively. 
These errors may indicate co-precipitation of the respec­
tive chlorates. A volumetric analysis was therefore em­
ployed, involving precipitation as barium chromate, filtra­
tion, re-solution in nitric acid and iodometric titration of 
the chromate with standard thiosulfate. The use of 
hydrochloric acid in re-dissolving the precipitate of barium 
chromate gave irregular, low results, by as much as thirty 
parts per thousand, apparently because of some reduction 
of chromate by the hydrochloric acid, during the process of 
solution of the precipitate. Nitric acid, however, gave 
satisfactory results (=*=0.5 part per thousand); the proce­
dure was tested on samples of ~0.35 g. of potassium chro­
mate in the presence of 1-4 g. of sodium chlorate, the final 
titration being carried out with 3 g. of potassium iodide 
and 8 cc. of 6 N  nitric acid in a total volume of 200 cc. 
Whatever small amounts of chlorate may have accom­

(1) R icci and  Y anick , T h is  J o u r n a l , 59, 491 (1937).

panied the precipitated barium chromate apparently caused 
no measurable interference under these conditions.

2. Sodium chlorate can be determined by difference 
from the percentage of total solid obtained by evaporation 
of the saturated solution at 110 °. But because of some 
difficulty and uncertainty in the complete drying of sodium 
chromate residues, it was decided to supplement this in­
direct determination of sodium chlorate by the following 
direct analysis.

3. Direct gravimetric determination of the chlorate, 
by reduction with sulfur dioxide gas followed by the usual 
gravimetric determination of the resulting chloride as silver 
chloride. This procedure gave exact results both on pure 
sodium chlorate and in the presence of sodium chromate, as 
can be seen of course in the close agreement of the algebraic 
extrapolation of tie-lines for the identification of solid 
phases in the ternary system, described below.

Results.—The results for the solubility deter­
minations for three isotherms, 19, 25 and 50°, are 
given in Table I. All compositions are in weight 
per cent. The first two columns under the cap­
tion “saturated solution” are the directly deter­
mined percentages of the two individual salts, and 
the percentage of water for the actual phase 
diagram was calculated by difference, using the 
sum of these percentages for the total solid. The 
percentage of total solid obtained by direct 
evaporation was considered probably slightly less 
dependable than the sum of the separate deter­
minations. The third column under “saturated 
solution” gives the percentage of water deter­
mined by evaporation, and it may be seen that 
the total solid so determined is nevertheless in 
good agreement in general with the sum of the 
first two columns. The average discrepancy is 
+ 0 . 8  to 1 . 0  part per thousand for the evaporation 
figure, the maximum difference being six parts per 
thousand. All but eight of the analytical values 
given in Table I are averages of at least two dup­
licates; the average disagreement of duplicates 
was 1.3 parts per thousand. The sodium chlo­
rate solubilities given in parentheses were deter­
mined by evaporation. Table II compares the 
solubilities of the single salts here reported with 
values from the literature.

The results, shown graphically for two temper­
atures in Fig. 1, indicate that in the range of tem­
perature studied, the system is simple, the only 
solid phases being anhydrous sodium chlorate and 
one of the hydrates of sodium chromate. This is
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T a b l e  I

S y s t e m  Na2Cr04-NaC103-H 20
— Original com plex------- -

W t., %  W t., %  
NazCrO* NaClC>3

'  w t . ,  %
NaaCr04

----- S a tu ra ted  so lu tion----------------------— .
W t., % W t., %  
NaClCL H 2O b y  evapn. Solid phases

At 50°
0.00 . . . 0.00 55.49 44.51 NaClOs
5.00 60.00 6.36 48.49 45.11 NaClOa

13.94 51.78 18.37 36.71 44.94 NaC103
23.00 44.00 31.45 23.55 44.69 NaC103
30.00 38.00 40.80 15.81 43.32 NaClOs
39.00 25.00 43.13 13.87 42.90 NaC103 +  Na2Cr04-4H20
53.00 10.00 43.15 13.85 42.89 NaCIO, -f Na2Cr04*4H20
Av. 43.14 13.86 42.90 NaClOs +  Na2Cr04-4H20
54.00 7.00 44.21 11.54 44.21 Na2Cr04*4H20
55.00 4.00 47.32 6.20 46.47 Na2Cr04-4H20

0.00 50.66 0.00 49.34 Na2Cr04-4H20
At 25°

0.00 0.00 (50.06) 49.94 NaClÖs
5.00 53.00 5.95 43.88 50.17 NaC103
9.98 49.87 12.45 37.06 50.36 NaClOs

15.00 48.00 20.42 29.30 50.27 NaClOs
20.00 44.99 28.51 21.50 50.03 NaClOs
25.00 40.00 35.18 15.65 49.16 NaClOs
34.00 33.00 36.43 14.43 49.04 NaClOs +  N a2Cr04*4H20
36.00 20.00 36.44 14.44 49.00 NaClOs +  N a2Cr04*4H20
46.88 10.00 . 36.43 14.43 49.04 NaClOg +  N a2Cr04-4H20
Av. 36.43 14.43 49.03 NaClOg +  Na2Cr04-4H20
48.00 7.00 39.47 9.82 50.71 Na2Cr04*4H20
49.96 4.99 41.04 7.34 51.59 Na2Cr04-4H20

0.00 45.59 0.00 54.37 Na2Cr04*6H20
At 19°

0.00 0.00 48.28 51.62 NaClOs
4.93 55.01 6.43 41.91 51.64 NaClOs

11.00 50.01 14.56 33.59 51.71 NaClOs
20.00 42.00 27.00 21.57 51.39 NaClOs
27.00 36.00 35.05 15.01 49.96 NaClOs +  Na2Cr04*6H20
35.00 21.00 35.03 15.03 49.96 NaClOs +  Na2Cr04-6H20
Av. 35.04 15.02 49.96 NaClOs +  Na2Cr04-6H20
43.00 8.00 37.26 10.70 51.99 N a2Cr04-6H20
44.95 4.01 40.60 5.14 54.27 Na2Cr04-6H20
45.00 2.00 42.26 2.31 55.35 Na2Cr04-6H20

0.00 43.63 0.00 56.33 N a2Cr 0 4- 10H2O

T a b l e  I I the tetrahydrate for the whole sodium chromate
I n d i v i d u a l  S o l u b i l i t i e s solubility curve at 50°. The binary transition

S alt
T em p.,

°C. O bserved L ite ra tu re Solid phase

NaClOs 19 48.3 48.752 NaC103
25 50.1 50.12»3 NaClOs
50 55.5 55.23 NaC103

Na2Cr04 19 43.6 43.34 Na2CrO4-10H2O
25 45.6 * 45.84»5 Na2Cr04-6H20
50 50.7 51.0® Na2Cr04*4H20

(2) In te rp o la ted  from : Bell, J . Chem . Soc., 123, 2713 (1923);
and  Ricci and  Y anick , ref. 1.

(3) R icci, T h is  J o u r n a l , 60, 2040 (1938).
(4) In te rp o la ted  from  Salkowski, Ber., 34, 1947 (1901).
(5) Takeuchi, M em . Kiyoto Im p . U niv., 1, 249 (1916); cited in 

“ In t .  C rit. T ab les,” Vol. IV , p. 347 (1926).
(6) In te rp o la ted  from  M ylius and  F u n k , W iss. Abh. Reichanstalt, 

3, 451 (1900); c ited  in  Seidell “ Solubilities, e tc .,” 1940, Vol. I, p. 
1255.

temperature to the hexahydrate is 25.9°, and that 
between the hexahydrate and the decahydrate 
lies at 19.5°.7 The stable solid phases for the 
solubility of the pure salt at the lower tempera­
tures, 25 and 19°, are therefore the hexahydrate 
and the decahydrate, respectively, and they are so 
reported in the table. Apparently, however, these 
phases are in each case dehydrated to the next 
lower hydrate in the presence of even small con­
centrations of sodium chlorate, since the tie-lines 
for the ternary system in this region show only 
the tetrahydrate as the solid phase at 25° and

(7) R ich ard s and  K e lley , T h is  J o u r n a l , 33, 847 (1911 ).



2748 M el v in  L. Schultz and E r n est  F . L il e k Vol. 64

h 2o

only the hexahydrate at 19°. The isothermally 
invariant points for equilibrium, at each of these 
two temperatures, between the two adjacent hy­
drates in the ternary system were not determined.

The identity of the solid phases as reported 
is based on graphical and algebraic extrapola­
tion of tie-lines. For the case of sodium chlo­
rate as solid phase these tie-lines extrapolate to 
100% sodium chlorate with an average absolute 
error, for all three isotherms, of 0.16%, calcu­
lated as % water. For the sodium chromate 
phases, the average error of extrapolation to the 
theoretical percentage of sodium chromate in 
the respective hydrates, is 0.11%, calculated as 
% sodium chlorate. There is consequently no 
indication, within the experimental error, of any 
solid solution formation between the equilibrium 
phases of the system.

Summary
Solubility determinations are reported for 

the ternary system sodium chromate-sodium 
chlorate-water at 19, 25 and 50°. No evidence 

is found for any compound formation or solid 
solution between the two salts in this temperature 
range.
New Y o r k , N. Y. R e c e i v e d  A u g u s t  6, 1942

[C o n t r i b u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m is t r y , I l l i n o i s  I n s t i t u t e  o f  T e c h n o l o g y ]

Absorption Spectra of Some Double Salts Containing Cobaltous Chloride*
B y  M e lv in  L. Schultz and E r n e st  F . L il e k

The blue color of solutions containing cobal­
tous chloride and hydrochloric acid or certain 
other chlorides in large excess has been shown 
by ion migration experiments1 to be due to an 
anion of which cobalt is a constituent. It has 
been suggested frequently,2 on the basis of in­
direct physico-chemical evidence, that this ion 
may be represented as C0 CI4 .

The absorption spectra of solutions containing 
the ion in question have been observed, the most 
accurate measurements being those of Brode,3 
Brode and Morton,4 and Kiss and Gerendas.5

* P resen ted  before th e  D ivision of Physical and  Inorganic Chem ­
istry  a t  th é  Buffalo m eeting  of th e  A m erican  Chem ical Society, 
S eptem ber, 1942.

(1) F . G. D onnan  and  H . B assett, J .  Chem. Soc., 81, 939 (1902).
(2) See “ Gm elins H and b u ch  der anorgan ischen  Chemie, System - 

N u m m er 58, K o b a lt, T eil A ,” V erlag Chem ie G. m . b. H ., Berlin, 8 
aufl., 1932, p. 490 for a  sum m ary  of th e  w ork  done before 1932. W. 
F e itk n ech t, Helv. Chim. Acta, 20, 659 (1937), has sum m arized th e  
m ore recen t resu lts  and  has p resen ted  a  c ritica l discussion of th e  re la­
tionsh ip  betw een color an d  co n stitu tio n  fo r a  num ber of cobaltous 
com pounds.

(3) W . R . Brode, Proc. Roy. Soc. (L ondon), 118A, 286 (1928).
(4) W . R . B rode and  R . A. M orton , ibid ., 120A, 21 (1928).
(5) A. v. Kiss and  M . G erendas, Z. p h ysik . Chem., 180A, 117 

(1937).

The spectrum consists of many relatively narrow 
bands extending from the near infra-red through 
the visible into the ultraviolet. In the present 
paper, the results of the comparison of the por­
tion of this spectrum lying within the visible 
region with spectra of several blue double salts 
containing cobaltous chloride are reported.

The structure of one of these double salts, 
Cs3CoCl5, has been determined by X-ray diffrac­
tion measurements.6 These experiments have 
shown that in the crystal there exists an approxi­
mately regular tetrahedral arrangement of four 
chloride ions about each cobalt ion, the cobalt- 
chlorine distance being 2.34 A. The fifth chloride 
ion is separated from the cobalt ion by a much 
greater distance, about 6.0 A. The absorption 
spectrum responsible for the blue color of this 
crystal may be ascribed to the presence of the 
tetrahedral C0 CI4 group.

If this same complex is present in other crystals 
or in solution the absorption spectra ought to re-

(6) H. M . Pow ell and  A. F . W ells, J . Chem. Soc., 359 (1935).



Dec., 1942 A bso rptio n  Spectra  of C obalt C h lo rid e  D ouble  Salts 2749

semble one another closely. It need not be ex­
pected, however, that the positions and relative 
intensities of corresponding absorption bands be 
identical. For the crystals, differences in the 
identity of the surrounding ions and differences 
in their arrangement about the CoCl4 complex 
would be expected to give rise to differences in the 
spectra. The absorption bands for the solution 
should be more diffuse than those for the crystals 
with fewer details of structure resolved because of 
the less regular arrangement of neighbors about 
the complex ions and because of the effect of ther­
mal agitation upon the arrangement. Any 
change in the binding energy between cobalt and 
chlorine for the complex in solution as compared 
with the crystal might produce shifts in the posi­
tions of the absorption bands. If, however, the 
complex responsible for the absorption, either in 
solution or in a crystal other than Cs3CoCl5, has a 
different composition or structure the absorption 
spectrum should be qualitatively different. From 
the results of measurements by Brode7 it may be 
inferred that the blue color of solutions of cobalt 
chloride in various solvents is not always due to 
the same complex since the spectra of such solu­
tions do show characteristic differences in their 
structure.

We have found that the absorption spectra of 
crystals of Cs3CoCl5, Cs2CoCl4, (PyH)2CoCl4, 
(QuH)2CoC14 and (QuH)2CoC14*H20, in which 
PyH represents the pyridinium ion and QuH the 
quinolinium ion, are nearly identical. Further­
more, there is a close correspondence between 
these spectra and the spectrum of the hydro­
chloric acid solution of cobalt chloride. It may be 
concluded, therefore, that in these crystals and 
in the blue aqueous cobalt chloride solutions 
containing large excess of chloride ion the char­
acteristic color is due to a tetrahedral CoCl4 
complex ion.

Experimental
The spectra were photographed using a Hilger constant 

deviation wave length spectrometer, fitted with a camera of 
30 cm. focal length, and Eastman Spectroscopic Plates 
types IV B, IV F and 144 N. The linear dispersion at 
4500 A. was about 50 A. per mm. An image of the source, 
an automobile headlight bulb operated from a small motor 
generator, was focused on the crystal. An image of the 
illuminated crystal was then focused on the spectrograph 
slit which was set at a width of about 0.02 mm. Exposure 
times varied from a few seconds to about nine hours.

The double salts used were prepared by methods de­
(7) W. R. Brode, Tuis J o u r n a l , 53, 2457 (1931).

scribed in the literature.8 The composition of each was 
confirmed by determination of chloride. Single crystals up 
to about 2 mm. in thickness were used in photographing 
the weak absorption bands. For the more intense bands 
the material was powdered and pressed between microscope 
slides whose surfaces had been ground with fine carborun­
dum. With (PyH)2CoCl4 and (QuH)2CoCl4-H20  large 
single crystals could not be obtained. In order to photo­
graph the weak bands of these two substances relatively 
thick layers of the powdered material were used which made 
long exposure times necessary.

The wave lengths of the bands were determined by first 
spotting visually on the plates the centers of the bands and 
by then determining the positions of the spots with respect 
to the comparison spectrum using a measuring microscope. 
For each band, with the exception of a few which were very 
weak, the value reported is the mean of at least five inde­
pendent measurements. The average deviation, from the 
chosen value, of the individual measurements on a given 
band varied from about 1.5 A. in the blue to about 6 A. in 
the far red. The relative intensities of the bands were 
estimated visually from the plates and are expressed on a 
scale of 0-10. Since the absorption bands observed were 
rather sharp with clearly defined edges the band widths 
were estimated roughly by spotting, on the plates, the band 
edges. The values reported for the widths have been 
rounded off to the nearest 10 cm.-1.

Results and Discussion
The wave numbers, calculated from the meas­

ured wave lengths, of the band centers for the 
five double salts studied are listed in Table I to­
gether with the band widths and estimated inten­
sities. These data are plotted in Fig. 1, in which 
the vertical lines represent the positions of the 
band centers and the heights of the lines repre­
sent the relative intensities. The only marked 
differences among these spectra occur in the group 
of weak bands lying between 19,200 cm.-1 and 
20,300 cm.-1. The remaining bands appear in 
all the spectra with nearly the same positions 
and relative intensities. Evidently, the energy 
levels characteristic of the complex ion are not 
very sensitive to changes in the surroundings.

The absorption curve for the solution of cobalt 
chloride in concentrated hydrochloric acid is 
plotted also in Fig. 1 with wave numbers as ab­
scissas and log e as ordinates. This curve was 
constructed from the data of Brode3 and Brode 
and Morton.4 The similarity between the curve 
for the solution and the spectra of the crystals is 
apparent. Each consists of four regions of ab­
sorption: a group of intense bands in the red, a 
group of smaller intensity in the green and yellow 
and two groups of weak bands in the blue. The

(8) H . W . Foote , A m . J .  Sci., 13, 158 (1927)? E, G, V- Percival 
and W- W ardlaw , J ,  Chem-. Soc., 1505 (1929),
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V,
cm.

CssCoCU 
Width, 
cm.-1 Int.

V,
cm._1

CS2C0 CL 
Width, 
cm. 1 Int.

(PyHhCoCU 
v, Width, 

cm.-1 cm.-1 Int.
(QuHHCoCU 

Vy Width, 
cm. -1 cm. -1 In t.

14258 200 10 14258 230 10 14299 290 10 14242 220 10
15021 190 10 14988 220 10 15000 180 10 15000 220 10
15403 130 8 15393 130 9 15524 170 8 15496 180 8
15783 140 9 15803 140 10 15881 210 9 15811 230 9
16238 110 9 16242 120 9 16311 140 8 16281 160 8
16583 90 8 16570 180 8 16725 140 7 16698 140 7
17262 200 4 17198 170 3 17308 150 4 17227 120 3
17703 180 2 17635 150 2 17698 120 3 17698 120 2
18073 90 3 18072 140 3 18066 130 4 18067 170 3
18642 180 6 18600 120 6 18623 180 5 18621 140 5
18872 160 6 18837 120 6 18915 130 6 18897 190 6
19273 130 1 19305 180 4
19659 160 2 19559 180 5 19684 170 2 19667 220 3
20153 340 1 20284 350 1 20320 270 2
21909 110 4 21889 180 2 21918 170 4 21896 160 2
22155 100 5 22143 130 5 22210 200 3 22152 160 2
22410 140 4 22444 160 4 22498 180 3 22462 120 3
22843 160 0 22832 170 0 22856 100 0 22800 120 1
24044 100 1 24040 110 2 24026 110 2 24018 100 0
24510 110 2 24497 120 1 24489 90 1 24462 130 0

number of components, six, of the group in the 
red is the same for the solution and for the crys­
tals although the bands in solution are somewhat 
more diffuse. The remaining groups of bands 
show less structure in the spectrum of the solu­
tion than in the spectra of the crystals. For these

Fig. 1.—The absorption spectrum of CoCL  ̂ in: I, 
Cs3CoCl5; II, Cs2CoCl4; III, (PyH)2CoCl4; IV, (QuH)2- 
CoCh; V, (QuJE)2CoC14-H20  ; VI, cobalt chloride in 
hydrochloric acid (from data of Brode and Morton3*4).

(QuH )2C oCU-H20  
v, W idth,

c m .-1 c m .-1 In t.

14269 310 10
15036 220 10
15496 140 8
15868 220 9
16314 170 8
16681 100 7
17246 120 4
17684 90 3
18053 130 4
18606 110 5
18867 160 6
19258 100 2
19647 180 3
20243 260 1
21876 170 2
22148 140 3
22446 120 3
22765 110 1
23996 120 0
24442 140 0

groups, however, the curve for the solution fol­
lows approximately the envelope of the bands for 
the crystals if slight shifts in the positions of some 
of the groups are made. This comparison indi­
cates that the differences between the two spectra 
are due principally to the effects of thermal agi­
tation in solution. Therefore, the conclusion that 
the same complex is responsible for the absorption 
by the solution and by the crystals may be drawn.

Brode3 and Brode and Morton4 have shown that 
their absorption curve for the solution may be 
analyzed into components each of which is a mul­
tiple of a frequency of 409 cm.-1. Although 
there are minor discrepancies between their data 
and those of Kiss and Gerendas,5 the spectrum 
reported by the latter for these same solutions 
may be analyzed in the same fashion. The wave 
numbers, vy of the bands found, including those 
in the ultraviolet which were not studied by 
Brode and Morton, may be represented by an ex­
pression of the form

v — cl T  bu

in which a  and b are constants and n  is a running 
positive integer. The values of a and b which give 
the best fit between the calculated and experi­
mental wave number values are found in Table 
II. The constant frequency difference, 416 
cm."1, is in approximate agreement with the value 
of Brode and Morton.

The absorption spectra of the crystals may be 
represented by similar expressions. The con-
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Table 11 8
Av. dev.

a, cm.-1 b, cm.-1 cm._1
CoCl2 in HCl® 14302 416 68
Cs.'jCoCU 14225 393 57
CS2C0CI4 14231 391 69
(PyH)2CoCl4 14304 390 73
(QuH)2CoC14 14236 391 64
(QuH)2CoC14-H20 14282 389 74

a Analysis based on the data of Kiss and Gerendas.5

stants, together with the average deviations be­
tween the calculated and experimental values of 
v, are listed in Table II. The latter are somewhat 
larger than the experimental uncertainties in the 
wave number values of the bands but are of the 
same order of magnitude. Since the bands are 
from 100 to 300 cm.”1 in width, the deviation 
might be due, in part, to slight systematic errors 
in picking out the band maxima.

In view of these regularities, following a sug­
gestion made recently by one of us9 for several 
other complex ions, these spectra may be inter­
preted as having originated in electronic transi­
tions for which vibrational structure character­
istic of the C0 CI4 complex ion is developed. It 
may be noted that the average frequency for the 
complex in solution, 413 cm.”1, differs by 22 cm.”1 
from the average value of the crystals, 391 cm.”1. 
Since the frequencies of the normal vibrations of 
the complex depend on the force constant of the 
cobalt-chlorine bond and since the frequency 
found here is probably that of the totally sym­
metric vibration, the existence of this difference 
indicates that the binding energy of the complex 
ion in the crystal is smaller than in solution.

(9) M . L. Schultz, J . Chem . P hys., 10, 194 (1942).

Although each observed band in the spectra of 
the crystals (and in the solution as well) is rep­
resented by an integral value of n f not all values 
of n  represent observed bands. This, together 
with the somewhat unsatisfactory fit of the group 
of bands at 22,000 cm.”1 into the suggested analy­
sis, indicates that this analysis is too simple. 
Probably several electronic transitions, each with 
its associated vibrational structure, occur. With 
the data at present available, no reliable energy 
level diagram can be constructed. It is the in­
tention in this Laboratory to study the spectra 
of these crystals at low temperatures in order to 
obtain information which might permit the con­
struction of such a diagram and also in order to 
study in more detail the effect of the environment 
upon the spectrum.

Summary
1. The absorption spectra of crystals of two 

cesium cobaltous chlorides, dipyridinium cobalt­
ous chloride, diquinolinium cobaltous chloride 
and diquinolinium cobaltous chloride monohy­
drate have been measured.

2. Comparison of the spectra of these crystals 
with the spectrum of the solution of cobaltous 
chloride in concentrated hydrochloric acid shows 
that the same complex ion, C 0 C I 4  , is present in 
all.

3. A tentative analysis of the spectra of the 
crystals has been made. This analysis suggests 
that the spectra may be considered to originate 
in coupled electronic-vibrational transitions.
C h ic a g o , I l l i n o i s  R e c e i v e d  J u l y  27, 1942

[C o n t r i b u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r ie s  o f  t h e  U n i v e r s i t y  o f  N o t r e  D a m e ]

Some Boron Trifluoride Catalyzed Alkylations of Halobenzenes1
B y  G. F. H e n n io n  and  V. R. P ie r o n e k

Introduction
Previous work in this Laboratory has shown 

that boron trifluoride, in the presence of a strong 
dehydrating agent such as phosphoric anhydride 
or sulfuric acid, is an excellent catalyst for the 
alkylation of benzene2 and its homologs3 with al­
cohols. This method was extended in the present 
work to the halobenzenes.

(1) P aper X X V II on organic reactions w ith  boron trifluoride; 
X X V I delayed in p re ss ; X X V , T h is  J o u r n a l , 63, 2603 (1941).

(2) T oussain t an d  H ennion, ibid., 62, 1145 (1940).
(3) W elsh and  H ennion, ibid., 63, 2603 (1941).

In many respects boron trifluoride has been 
found superior to aluminum chloride for these 
alkylations. With aluminum chloride there may 
be considerable halogen migration to produce 
benzene, dihalobenzene and alkylbenzene as well 
as the desired alkylhalobenzene.4*5 Further­
more, the aluminum chloride methods result in 
both meta and para substitution,6*7 thus giving an

(4) D um reicher, Ber., 15, 1866 (1882).
(5) B erry  and  R eid, T h is  J o u r n a l , 49, 3146 (1927).
(6) T sukervan ik , J .  Gen. Chem. ( U . S . S . R .), 8, 1512 (1938); 

C. A .,  33, 4587 (1939).
(7) D reisbach, B ritto n  and  Perkins, U . S. P a te n t 2,193,760 (1940).
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Com pound
Yield,

%

PQdo p->
M m . n 20D d 20

M ol. wt.
C alcd. Obsd.®

% H alogen 
Calcd. Obsd. &

2-£-Chlorophenylpropane 63.0C 66-72 11 1.5109 1.0190 152.5 150.5 23.30 22.77
2-^-Chlorophenylbutane 66.4 81-82 8 1.5095 1.0122 166.5 167 21.29 21.28
2-£-Chlorophenylpentane 35.0 93-96 9 1.5040 0.9951 180.5 173 19.65 19.30
3-p-Chlor ophenylp ent ane 33.6 95 10 1.5049 0.9934 180.5 177 19.65 19.50
p- Chlorophenylcy clohexane 34.0 145-7 19 1.5585 1.0753 194.5 192 18.34 18.20
2-p-Chlor ophenyloct ane 45.0 106-8 3 1.4971 0.9553 223.5 220 15.88 15.75
2-/>-Bromophenylpropane 31.7 58-60 3 1.5379 1.2936 197 195 40.61 40.54
2 -p-Br omopheny Ibut ane 35.3 96-98 8 1.5290 1.2225 211 211 36.92 36.70
2-£-Bromophenylpentane 27.3 68-72 3 1.5240 1.1988 225 219 36.00 35.90
2-£-Iodophenylbutane 31.7 92-94 3 1.5651 1.4438 258 260 49.30 48.90
2-^-Iodophenylpentane 19.1 94-97 3 1.5538 1.3636 272 268 46.67 46.20

Cryoscopic in cyclohexane. b Sodium-liquid ammonia method. c Polyalkylation product 15.1%.

undesirable mixture. Boron trifluoride is a less 
drastic catalyst. No migrations of the halogen 
on the benzene nucleus were observed, nor were 
any dehalogenated products isolated. Moreover, 
oxidation of the alkylhalobenzenes to the p -  
halobenzoic acids reveals that the orientation of 
the product is entirely para when boron trifluoride 
is used as a catalyst.

The reactions were found to proceed analo­
gously to those described in previous papers. 2 ,3  

The yields decrease with the increasing molecular 
weight of the alcohol or halobenzene used, and 
with the increasing tendency of the alcohol to­
ward dehydration. Isomeric primary and second­
ary alcohols were found to give the same product, 
^>-s-alkylhalobenzene. This was proved by the 
reaction of £-s-butylchlorobenzene (from n -butyl 
alcohol) with sodium in liquid ammonia at —34°, 
which gave a 1 0 % yield of £>-s-butylaniline and a 
50% yield of s-butylbenzene. The various re­
action products are described in Table I.

Experimental
Procedure.—The halobenzene was weighed into a one- 

liter, three-neck, round-bottom flask, equipped with an 
efficient oil-sealed stirrer, a reflux condenser and a thermom­
eter. The alcohol was then added and mixed with the 
halobenzene. The flask was cooled in ice-water and boron

trifluoride introduced below the liquid surface until the 
appearance of white fumes above the condenser indicated 
that the reactants were saturated. It was found, in every 
case, that the mixture at this point had absorbed one mole 
of boron trifluoride per mole of alcohol. Phosphorus pent­
oxide (0.25 mole per mole of alcohol) was then added as 
quickly as possible. The temperature was raised slowly to 
about 75-85° and maintained there for about six hours. 
The heating was then stopped, the mixture cooled with 
ice-water and then poured into a separatory funnel. The 
lower layer was discarded and the upper washed with wa­
ter, twice with 10% solution of sodium carbonate, and fi­
nally with water. After drying with calcium chloride the 
material was distilled through an efficient column. The 
yields in Table I represent products of narrow refractive 
index range after two distillations.

Oxidation.—Small samples (0.2 to 0.3 g.) were oxidized 
with sodium dichromate (3.5 g.) and sulfuric acid (5.0 ml.) 
in (6.0 ml.) acetic acid solution at 70-75°. Melting points 
of the £-halobenzoic acids agree with literature values: p-
chloro, 242°; £-bromo, 252°; p -iodo, 269-270 °.

Summary
1. Boron trifluoride, with phosphoric anhy­

dride as an adjunct, has been shown to be an ef­
fective catalyst in the condensation of alcohols 
with chloro-, bromo- and iodobenzenes.

2. Satisfactory yields of ^-^-alkylhalobenzenes 
are readily obtained in this manner.
N o t r e  D a m e , I n d ia n a  R e c e i v e d  J u l y  27, 1942
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[Contribution No. 304 from the Chemical Laboratory of the University of Texas]

The Nitrogen Compounds in Petroleum Distillates. XXIV. Isolation and Identifica­
tion of a CnH17N Base from California Petroleum

B y H. L. Lochte, W. W. Crouch1 and E. D . T homas

The identification of the C^F^N base isolated 
by Thompson and Bailey2 from the kerosene dis­
tillates of California petroleum as 2-(2,2,6-tri- 
methylcyclohexyl)-4,6-dimethylpyridine3 suggests 
that the so-called “non-aromatic” bases of 
Perrin and Bailey4 might consist of mixtures of 
highly substituted pyridines. These bases are 
separated from the other bases present in kerosene 
distillates by extraction of an aqueous solution 
of the mixed base hydrochlorides with chloro­
form, the “non-aromatic” base hydrochlorides 
being found in the chloroform layer. The mix­
ture of bases remaining in the water layer always 
has the higher refractive index and density, and a 
number of these compounds have been identified 
by Bailey and co-workers as alkylated quinolines.

Besides the C16H25N base, two other bases hav­
ing physical constants and chemical properties 
similar to the known alkylated pyridines have 
been isolated previously from the chloroform- 
soluble hydrochlorides of petroleum bases. These 
are a C10H15N base isolated by Roberts5 and a 
C13H21N base isolated by Armen dt, 6 neither of 
which has been identified.

The bases used in this study were recovered 
from the hydrochlorides found in the chloroform 
layer after extraction of an aqueous solution of 
the hydrochlorides of kerosene bases boiling at 
210-213°. After fractional distillation and frac­
tional extraction with hydrochloric acid, the frac­
tions were sufficiently pure to form crystalline 
picrates from which pure bases were recovered. 
A C11H17N base was isolated and identified as 
<i/-2~s-butyl-4,5-dim ethylpyridine by the follow­
ing facts: (1 ) condensation of the base with ben­
zaldehyde to form a mono-addition compound 
indicated that one methyl group was in position 
2, 4 or 6  on the pyridine ring. (2) Failure of the 
base to condense with acetic anhydride to form a 
picolide showed that the reactive methyl group 
was not in position 2 or 6 . (3) Ozonolysis to pro-

(1) R esearch A ssistan t, U niversity  R esearch  In s titu te  P ro ject No. 
49.

(2) Thom pson and  Bailey, T h is  J o u r n a l , 53, 1002 (1931).
(3) Shive, R oberts, M ahan  and  Bailey, ibid., 64, 909 (1942).
(4) P errin  and  Bailey, ibid., 55, 4136 (1933).
(5) R oberts, P h .D . Thesis, T h e  U niversity  of Texas, 1939.
(6) A rm endt, P h .D . Thesis, T h e  U niversity  of Texas, 1932.

duce diacetyl indicated that two methyl groups 
were present in adjacent positions. (4) Isolation 
of the amide of d l-methylethylacetic acid after 
ozonolysis showed that a secondary butyl group 
was at position 2. (5) The structure was con­
firmed by permanganate oxidation to give pyri­
dine-2 ,4,5-tricarboxylic acid.

Small quantities of two other bases were iso­
lated by means of crystalline picrates analysis of 
which corresponded to formulas of C12H19N and 
C13H21N for the bases. While not obtained in suf­
ficient quantities for identification, the physical 
characteristics and formulas of the bases suggest 
that they are probably alkylated pyridines.

Experimental
The material for this investigation consisted of 6.8 liters 

of bases that had been obtained from kerosene distillates, 
carefully fractionated and donated to this Laboratory in 
1940 by the Union Oil Company of California. The boiling 
point of the material used ranged from 210-213° and the 
index of refraction at 20° from 1.4982 to 1.5040. The mix­
ture was acidified with 3750 cc. of concentrated hydro­
chloric acid in 4 kg. of chipped ice, then divided into six 
aliquots and extracted by stirring successively with six por­
tions of 1500 cc. of chloroform, the chloroform then being 
washed with 800~cc. portions of water similar to the 
multiple-fractional-extraction method described by Mor­
ton.7 The chloroform was distilled off and the base was 
recovered by addition of sodium hydroxide solution. In 
this way there was obtained 2 liters of material with n 20D 
1.4922-1.4904. It was combined and distilled at 20 mm. 
through a 12-ft. packed column with 10:1 reflux ratio; 
b. p. 99-103° (20 mm.).

Fractional Acid Extraction.—The highest boiling ma­
terial from the distillation, 190 g. with n20D 1.4916, was dis­
solved in 500 cc. of petroleum ether and extracted in thir­
teen fractions using the apparatus of Fig. 1. A 1.5 A solu­
tion of hydrochloric acid was introduced into the top flask, 
extracting the base from the solvent and passing down the 
spinner8 column. At the bottom of the column, 1.5 A  
sodium hydroxide solution was added at one-half the rate 
of addition of the acid so that one-half of the base was 
released and carried up the column by the rising stream of 
petroleum ether, thus furnishing reflux for the descending 
salt solution. The aqueous extract was taken off in 300- 
cc. portions from which the base was recovered, volume 
and refractive indices of the fractions being shown in 
Table I.

(7) M orton , “ L ab o ra to ry  T echn ique  in  O rganic C hem istry , 
M cG raw -H ill Book Co., Inc ., N ew  Y ork , N . Y ., 1938, p . 200.

(8) Schutze an d  Lochte, In d . Eng. Chem., A na l. E d ., K  675 
(1938).
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Isolation of the C11H17N Base.—To one-gram samples of 
these fractions dissolved in sulfurous acid solution, 1.5 g. 
of picric acid in saturated aqueous solution was added. 
Oily picrates formed but after several days in the icebox 
the picrate of fraction 6 crystallized. It was recrystallized 
from ethyl alcohol and dilute acetic acid to a constant 
melting point of 127-128°.

Anal. Calcd. for C17H20O7N4: C, 52.04; H, 5.14; N,
4.28. Found: C, 52.12; H, 4.99; N, 14.13.
By seeding the other fractions with the 

Table I

pure picrate,

F rac tio n  no. Volum e, cc. »2°D
1 8 1.4943
2 12 1.4921
3 12 1.4921
4 13 1.4931
5 10 1.4938
6 14 1.4938
7 14 1.4936
8 13 1.4925
9 13 1.4907

10 15 1.4901
11 14 1.4880
12 (Residue) 33 1.4871

crystals were obtained from fractions 4-8. They were re­
crystallized until pure and warmed with excess concen­
trated ammonium hydroxide to give the free base which 
was separated, washed, dried over solid sodium hydroxide 
and distilled; b. p. 214° (752 mm.); d204 0.8991; w20d 
1.4947.

Anal. Calcd. for C11H17N: C, 80.92; H, 10.50; N,
8.58. Found: C, 80.89; H, 10.44; N, 8.47.

From fractions 5 and 6, 40% by weight of the mixture 
was recovered as pure base. More of the base was ob­
tained by processing in a similar way petroleum bases from 
the same source boiling at 214-215.5°.

Condensation of the C11H17N Base with Benzaldehyde. 
—Two grams of the base, 4 g. of benzaldehyde and 0.5 g. 
of zinc chloride were heated for twenty-four hours at 200° 
in a sealed tube. The dark, viscous product was shaken 
with 2 N  hydrochloric acid but only a few drops of base 
was recovered from the water layer. The residue was 
washed twice with ether to remove benzaldehyde, made 
alkaline with sodium hydroxide solution, separated, dis­
solved in alcohol and added to two grams of picric acid in 
alcohol. Three grams of the picrate of the benzal deriva­
tive was obtained which was recrystallized to a constant 
melting point of 143°.

Anal. Calcd. for CmHmOjN*: C, 59.99; H, 5.03.
Found: C, 59.98; H, 5.05.

Attempted Condensation of the C11H17N Base with Ace­
tic Anhydride.—Following the procedure employed by 
Scholtz9 for the condensation of acetic anhydride with 2- 
methyl- and 2,4-dimethylpyridine, 1.7 g. of the natural 
base was heated with 10 g. of acetic anhydride for eight 
hours at 210° in a sealed tube. The dark, resinous product 
was heated with water, alcohol and chloroform in an at­
tempt to obtain a crystalline picolide. No such com­
pound was obtained by cooling or evaporating the solvents.

Ozonolysis of the C11H17N Base.—Through 4 g. of the 
C11H17N base dissolved in 20 cc. of carbon tetrachloride 
and cooled to 0 ° there was passed a stream of 10% ozone 
at a rate of 1200 cc. per hour for four hours. Five grams of 
30% sodium hydroxide solution was added and the mixture 
shaken vigorously for ten minutes, during which white 
crystals separated. They were filtered off, the carbon 
tetrachloride layer was dried, and the ozonolysis repeated. 
In this way, 250 mg. of amide was obtained melting, after 
recrystallization from benzene-petroleum ether, at 112°. 
A mixed melting point showed it to be the amide of dl- 
methylethylacetic acid.

Anal. Calcd. for C5HnON: N, 13.85. Found: N,
13.71.

The ozonolysis was repeated, the ozonide was decom­
posed by adding water and stirring, and ^-nitrophenyl- 
hydrazine hydrochloride solution was added to the prod­
uct. The mixture was warmed and the dark red crystals 
of the ^-nitrophenylosazone of diacetyl separated. It was 
recrystallized from nitrobenzene and melted with decom­
position at 332°. The melting point and mixed melting 
point of this derivative of synthetic diacetyl showed the 
two compounds to be identical.

Permanganate Oxidation of the CnHi7N Base.— Ten 
grams of the base was added to two liters of 2% potassium

(9) Scholtz, Ber., 45, 734 (1912).
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permanganate solution and the mixture was stirred on a 
steam-bath with reflux. After twelve hours the solution 
was decolorized and 40 g. more of potassium permanganate 
was added in concentrated solution. After twelve hours 
the addition was repeated, after which the solution was 
not completely decolorized by heating for four days. The 
excess permanganate was reduced with formaldehyde, the 
solution was filtered, concentrated to 200 cc. and neutral­
ized with dilute nitric acid. Silver nitrate solution was 
added and the floccuient precipitate of silver salt was 
filtered, washed, dissolved in ammonium hydroxide and 
reprecipitated in three fractions by the slow addition of 
I N  nitric acid. The second fraction was suspended in 
water and hydrogen sulfide passed into the mixture. The 
silver sulfide was removed and the solution evaporated to 
leave white crystals of pyridine-2,4,5-tricarboxylic acid, 
melting with decomposition at 242-243°. It was re­
crystallized from dilute hydrochloric acid from which it 
precipitated slowly. The air-dried sample was heated one 
hour at 120° to remove water of crystallization.10

Anal. Calcd. water of crystallization for CsHsOeN-FbO: 
H20, 7.86. Found: H20, 7.90.

The anhydrous acid was analyzed for nitrogen.
Anal. Calcd. for C8H50 6N: N, 6.63. Found: N, 6.69.
The acid was readily soluble in water and gave a dark 

red color with ferrous sulfate solution. It was heated to 
170° without appreciable carbon dioxide evolution, a reac­
tion that is reported11 to be rapid above 140° for pyridine-
2,3,6-tricarboxylic acid. It was apparently unaffected by 
boiling for two hours with acetic anhydride, giving none of 
the chloroform-soluble cinchomeronic anhydride which is 
formed12 by this treatment of pyridine-2,3,4-tricarboxylic 
acid.

Isolation of a C12H19N Base.—An intermediate fraction 
of bases from the distillation described above, 80 g. with

(10) W eidel, Ber., 12, 410 (1879).
(11) W eiss, ibid., 19, 1310 (1886).
(12) K irpa l, M onatsh., 26, 63 (1905).

w20d 1.4904 and b. p. 101° (20 mm.), was extracted from 
500 cc. of petroleum ether in seven fractions using the ap­
paratus of Fig. 1. Fraction 6 was converted to the picrate 
as described above, giving a crude picrate which was re­
crystallized repeatedly from dilute ethanol and dilute acetic 
acid to a constant melting point of 174°.

Anal. Calcd. for C18H22O7N4: C, 53.20; H, 5.46.
Found: C, 53.20; H, 5.51.

One-half gram of the picrate was heated with concen­
trated ammonium hydroxide to liberate the base which was 
extracted in ether, dried and distilled in a semi-micro dis­
tillation apparatus. A middle fraction gave the following 
constants: b. p. 214° (754 mm.); w20d 1.4832.

Anal. Calcd. for C12H19N: N, 7.90. Found: N, 7.79.
Isolation of a C13H21N Base.—Fraction 7 of the extrac­

tion series described above from which the C12H19N base 
was obtained was converted to the picrate and recrystal­
lized repeatedly to give yellow needles having a constant 
melting point of 121°.

Anal. Calcd. for Ci9H2407N4: C, 54.28; H, 5.75; N, 
13.33. Found: C, 53.87; H, 5.74; N, 13.52.

Summary
1 . A sample of California petroleum bases 

boiling at 210-213° has been fractionated by 
efficient methods of extraction and distillation to 
yield products of sufficient purity that crystalline 
picrates of three new bases were obtained.

2. By a process of degradation a C11H17N base 
has been identified as <f/-2-s-butyl-4,5-dimethyl- 
pyridine.

3. Two other bases having molecular formulas 
of C12H19N and C13H21N were isolated in quan­
tities too small for identification. It is believed 
that they are also alkylated pyridines.
Austin, Texas Received July 31, 1942

[Contribution from the Gates and Crellin Laboratories of Chemistry, California Institute of Technology,
No. 909]

Stereoisomeric Diphenyloctatetraenes
B y  L. Zechm eister

While some earlier authors1 have denied the 
existence of c is-tra n s-isomers in the case of an ex­
tended conjugated double bond system, Kuhn2 

correctly summarized the situation in 1933 by the 
following statement: . . according to the avail­
able evidence a strong accumulation of double 
bonds does not exclude the occurrence of cis-trans- 
isomerism. That the higher diphenylpolyenes are 
known only in one spatial form is due to the in­

ti) G. W ittig  and  W . W iem er, A n n ., 483, 144 (1930).
(2) R . K uhn , in  F reudenberg ’s “ S tereochem ie,” F . D euticke, 

V ienna, 1933, p. 915.

and A. L. LeR osen

adequacy of the preparative methods.” In the 
series mentioned, C6Hg(CH=CH)wC6H 5, so far as 
we know, stereoisomeric forms have been ob­
tained3 only in the case n  <  3. According to X- 
ray studies by Hengstenberg and Kuhn4 the prepa-

(3) F . S trau s , A n n .,  342, 190 (1905). An alleged w h ite  m odifica­
tion of d ip h en y l-o c ta te traen e  (H . S tobbe, Ber., 42, 567 (1909)) was 
la ter identified as stilbene by  R . K u h n  an d  A. W in te rs te in  (foo tno te  
5). Accordingly, te x t and  fo rm ulas on pp . 179-180 of th e  following 
book should be corrected: G. Egloff, G. H u lla  an d  V. I. K om a 
rewsky, “ isom erization  of P u re  H ydrocarbons,”  R einho ld  P ub lish ­
ing Corp., N ew  Y ork, N . Y ., 1942.

(4) J . H engstenberg  and  R . K u h n , Z. K ryslall. M iner., 75, 301 
(1930).
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rations of Kuhn and Winterstein5 represent all- 
trans forms in case of n =  3 or 4.

In contrast, the existence of a great number of 
stereoisomers has recently been demonstrated for 
naturally occurring polyenes, the carotenoids. For 
example, 14 stereoisomeric lycopenes, C40H56, have 
been reported, and one of them, prolycopene con­
taining 4 or 5 cis-double bonds, has been isolated 
from natural sources. 6 A partially cis 7 -carotene, 
viz., pro-7 -carotene, 7 C40H 56, also occurs in nature. 
Many stereoisomers can be obtained from ^-caro­
tene8 in addition to Gillam’s pseudo-a-carotene. 9

Considering these facts a stereochemical re­
investigation of diphenylpolyenes was desirable. 
We have mentioned briefly10 11 that some methods

410 390 370 350
X, m/x.

Fig. 1.—Isomerized diphenyloctatetraene in benzene. 
Light absorption curves of a chromatographic filtrate 
containing chiefly zone 2. The curves III, II, and I were 
taken after zero, one, and two days, respectively. Curve 
I remained constant on the fourth day. (Abscissa: 
wave length, ordinate: percentage transmission measured 
in the Beckman photoelectric spectrophotometer.11)

(5) R . K u h n  an d  A. W in terste in , I l e l v .  C h im .  A c ta ,  1 1 , 87, 116, 
123, 144 (1928).

(6) L. Zechm eister, A. L. LeR osen, F . W . W ent and L. Pauling, 
P r o c .  N a t .  A c a d .  S c i . ,  2 7, 468 (1941); A. L. LeRosen and  L. Zech­
m eister, T h is  J ournal , 64, 1075 (1942); L. Zechm eister an d  R . B. 
Escue, J .  B i o l .  C h e m .,  144, 321 (1942).

(7) L. Zechm eister an d  W . A. Schroeder, S c ie n c e ,  94, 2452 (1941); 
T h is  J ournal , 64, 1173 (1942); J .  B i o l .  C h e m .,  144, 315 (1942); 
W . A. Schroeder, T h is  J ournal , 64, 2510 (1942).

(8) A. Polgar and  L. Zechm eister, T h is  J ournal , 64, 1856 (1942). 
T h e  sam e s ta tem en t is valid  for a-caro tene.

(9) A. E . G illam  an d  M . S. E l R id i, B io c h e m .  J . ,  30, 1735 (1936); 
i b i d . ,  31, 1605 (1937) [w ith  S. K . K on]; G. R . C arter and  A. E. 
G illam , i b i d . ,  33, 1325 (1939).

(10) L. Z echm eister an d  A. L. LeR osen, S c i e v c e ,  96, 587 (1942).
(11) H . H . C ary  an d  A. O. Beckm an, J .  O p t .  S o c .  A m . ,  31, 682 

(1941).

in use for the isomerization of carotenoids are 
applicable to synthetic polyenes.

The stereochemical homogeneity and the all- 
trans configuration of 1 ,8 -diphenyloctatetraene 
(prepared according to Kuhn and Winterstein5) 
can be demonstrated chromatographically. A 
single zone, showing an intense light yellow fluo­
rescence in ultraviolet light, appeared on the lime 
column. When, however, a benzene solution of 
this zone was refluxed, irradiated, or treated with 
iodine, or if crystals were melted for a short time, 
subsequent chromatography gave three well 
separated, fluorescing zones in each case. The 
upper one was identical with the single all-trans 
zone mentioned. The two other fractions possess 
^-configurations of some double bonds which 
will be designated below.

It is easy to isomerize about one-sixth of the 
starting material, e. g .y the weight ratio of the 
three isomers was 83:15:2 from top to bottom of 
the Tswett column (weighed in form of the regener­
ated oll-trans isomer). In some favorable cases 
two additional minor isomers appeared below the 
main zones. In this way five of the ten theoreti­
cally possible isomers were observed. They are 
designated as zones 1-5 (no. 1 =  all-trans top 
zone).

All diphenyloctatetraenes containing as-double 
bonds are labile. Their solutions when kept at 
room temperature contain a gradually increasing 
quantity of the all-trans form. The conversion 
becomes manifest by a decreasing light-transmis­
sion until a constant end value is reached (Fig. 1). 
This conversion has been followed and confirmed 
chromatographically.

Analogous changes were observed by starting 
from solid samples obtained by almost instantane­
ous evaporation of solutions of the zones 2-5 
which had been washed through the column. 
Adsorption analysis showed that the fresh solu­
tion of the dry residue contained very little of the 
all-trans isomer, the quantity of which, however, 
rapidly increased on standing. Because of these 
circumstances we were unable (even working at 
5°) to isolate samples of a m-isomer for which the 
absence of the all-trans compound could be con­
clusively proved. Attempts to crystallize indi­
vidual 6‘A-coinpounds, contained in chromato­
graphic zones, using the ordinary methods of 
elution and isolation so far gave only crystals of 
the trans-isomer. Combustion analysis of some 
isomerized, chromatographed and reconverted
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samples (zones 2 and 3) proved, however, that no 
other change but a spatial shift within the mole­
cule had taken place during the operations.

Another characteristic feature showing the la­
bility of the new isomers is the very rapid recon­
version of adsorbed material under the quartz 
lamp. In a suitably developed chromatogram 
those portions of zone 2 which were adsorbed on 
the cylindrical surface of the column, when ex­
posed to ultraviolet light for a minute, showed on 
further washing a division into two fluorescing 
layers. The inside of the column showed only 
the original zone but none of the aSt-trans zone 
formed locally by the irradiation of the surface.

Fig. 2.—Model of one molecule end of diphenylocta- 
tetraene (values used: C—C, 1.33 A.; C—C, 1.46 A.; 
C6H5—C, 1.44 A;; C6H5—H, 1.08 A.; C—H, 1.09 A.; 
H-radius, 1.20 A.; angles C—C—C and C=C—H, 
124 °20'.

With reference to the configuration of the in­
dividual diphenyloctatetraenes the following re­
marks can be made. Figure 2 shows that if an 
end double bond of the aliphatic chain assumes 
^^-configuration, a hydrogen atom of the nu­
cleus, in opposition to the side chain, is spatially 
hindered by one of the hydrogens of the latter so 
that planar or approximately planar configuration 
becomes impossible for the molecule. The calcu­
lated deviation is about 52.5°. Therefore if the 
all-trans compound is isomerized, great preference 
will be given to the formation of stereoisomers in 
which the two end double bonds remain in trans­
position . Instead of nine isomeric tetraenes 
possessing cis-bonds only two will be formed in 
any substantial quantity. We believe that these 
are contained in the two main zones produced by 
isomerization for which we suggest the following 
probable configurations

Zone 1 (top) trans-trans-trans-trans 
Zone 2 (middle) trans-cis-trans-trans 
Zone 3 (bottom) trans-cis-cis-trans

As with m-stilbene, C6H5CH=CHC6H5, 
and aVdiphenylbutadiene, C6H&(CH=CH)2C6H6,

“hindered” isomers are also formed; this is 
shown by the minor zones 4 and 5 of the isomerized 
tetraene chromatogram. In the case of the octa- 
tetraene, isomerization is distributed between the 
several sterically possible types, some of which 
may be formed without significant steric hindrance 
others of which may involve definite spatial con­
flicts. Since the former types provide preferred 
configurations which may be assumed by the mole­
cule, the sterically “hindered” types will not have 
the opportunity to play the prominent role which 
they have been found to assume in the case of stil­
bene (and diphenylbutadiene) in which the “hin­
dered” isomer is without competition from other 
and more stable forms.

In the field of the carotenoids, according to 
Pauling,12 the group >C—CH—C< constitutes

CH3
a complete hindrance for a tra n s-c is-sh iit. The 
number of the expected c is-tra n s-isomers (occur­
ring in substantial quantities) can be reduced on 
the basis of spatial considerations both in the class 
of natural and synthetic polyenes.

Acknowledgment.—The authors wish to thank 
Dr. R. B. Corey for valuable advice and Dr. G. 
Oppenheimer as well as Mr. G. Swinehart for 
microanalyses.

Experimental
1,8-Diphenyloctatetraene was synthesized according to 

Kuhn and Winterstein.5 After recrystallization from

410 390 370 350
X, nipt.

Fig. 3 —-Absorption curve of all-*ra«s-diphenylocta- 
tetraene in benzene. (Abscissa, wave length; ordinate,
mol. extinction coefficient.) E ~ - -  log —.__________  Lc I

(12) L. Pauling , Fortschr. Chem. Organ. N atursloffe , 3, 203 (1939).
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chloroform the yellow plates melted at 235-237° (cor.). 
The absorption curve is given in Fig. 3.

Anal. Calcd. for C2oHi8: C, 92.97; H, 7.03. Found:
C, 93.27; H, 7.23.

Chromatographed on calcium hydroxide (Shell brand 
chemical hydrate, 98% through 325 mesh) as described 
below, a solution of the crude or of the purified crystals 
showed homogeneity. The zones as well as those of stereo­
isomers are best located during the development on a 
Tswett column by means of a portable quartz lamp in the 
dark. Intense light yellow fluorescence appears.

1. Isomerization in Solution by Heat.—A solution of 
0.4 g. of diphenyloctatetraene in about 200 ml. of benzene 
was gently refluxed for several hours, brought to 225 ml. 
(in order to prevent precipitation) and diluted with 3 
volumes of light petroleum (b. p. 60-70°). The solution 
was immediately poured on the adsorbent in a percolator 
(40 X 16 X 8 cm.) under suction. After washing with 
light petroleum the chromatogram was developed with 
benzene-light petroleum 1:10 within a few hours. Below 
the main zones of unchanged all-trans compound a second 
and a smaller third zone appeared, followed by traces of 
two minor fractions. All zones (termed 1-5, from top to 
bottom) were well separated by non-fluorescing intermedi­
ate sections. Each of the main zones was cut out, eluted 
with benzene-methanol 3:1, quickly washed alcohol-free 
in a special apparatus,13 dehydrated with sodium sulfate 
within a few minutes and completely evaporated in vacuo. 
Each dry residue was dissolved in dioxane and precipitated 
with water. The zones 1-3 yielded 0.25 g., 0.05 g. and 
0.005 g. of substance, respectively. All were identified as 
all-trans compounds by mixing them together and chro­
matographing; only one zone appeared.

Anal. Calcd. for C20H18: C, 92.97; H, 7.03. Found
(zones 1-3): C, 92.72, 93.07, 92.43; H, 7.72, 7.37, 7.94.

In other experiments the elution of the isomers formed 
was made with ether which was evaporated directly. 
Each residue when chromatographed gave only a zone of 
the all-trans form.

2. Isomerization by Melting.—A sealed tube containing 
several milligrams of diphenyloctatetraene was kept in a 
bath of boiling diphenyl ether (b. p. 259°) for fifteen min­
utes. After rapid cooling in ice-water the material was 
dissolved in cold benzene and diluted with light petroleum. 
The chromatogram showed two isomers below the main 
zone of unchanged starting material. A second adsorption 
of the lower zones revealed the presence of a strong zone of 
the all-trans isomer, formed during the operations (elution, 
filtration, washing, drying).

Similar results were obtained by heating diphenylocta­
tetraene in melted diphenyl at 140° for five hours.

3. Isomerization by iodine catalysis in benzene solution 
at 25° in the dark produced the zones 1-3 within fifteen 
minutes as demonstrated chromatographically.

4. Photochemical Isomerization.-—A benzene solution 
containing 2 mg. of diphenyloctatetraene per ml. was 
divided into two parts. One part was kept in diffuse light 
at 25 0 while the other was irradiated for twelve hours with 
a mercury quartz lamp (4 amp. d. c., voltage drop 32 v.) in 
a quartz tube. A half ml. of the irradiated solution, 
chromatographed on a column (25 X 1.7 cm.), after suit­

(13) A. L. LeR osen, In d . Eng. Chem., A na l. Ed., 14, 165 (1942).

able development showed the following zones from top to 
bottom (the figures on the left side denote width of zones, 
in mm.):

10 zone 1 (all-trans), strongly fluorescing 
5 dark interzone

20 zone 2 , fluoresced more weakly than 1, contained 
much less material 

5 dark interzone
2.5 zone 3, well defined, similar to 2 in fluorescence 
2 dark interzone
2 zones 4 and 5, not well differentiated (traces), easily 

washed into the filtrate.

The non-irradiated portion showed a similar chromato­
gram but a much smaller fraction of the adsorbed material 
was contained in the zones 2-5 than after irradiation.

In another set of experiments the modifications a and b 
were made:

a. The irradiated solution was poured on a short column 
prepared in a Gooch funnel ( 8 X 4  cm.) which was attached 
to a side neck of a three-neck flask (1 liter). Three 
fluorescing layers were visible. The two lower zones were 
slowly washed into the flask with benzene-light petroleum 
(1:1). The flask was immersed in hot water; each drop of 
the filtrate was rapidly evaporated by a current of air 
under reduced pressure. The whole procedure was fol­
lowed by an ultraviolet lamp in the dark. In this way a 
solid residue was obtained consisting of a mixture of all- 
trans diphenyloctatetraene and a preponderant quantity 
of its steroisomers. A subsequent chromatogram showed 
a narrow top zone 1 of the all-trans form while zone 2 was 
four times broader. It was followed by a smaller layer, all 
separated by non-fluorescing sections.

A portion of the solid mixture was investigated spectro- 
photometrically in benzene solution, immediately and after 
twenty-four hours of standing. It shows considerably de­
creased transmission, corresponding to the formation of 
more trans-isomer.

b. In other experiments the first portion of the chro­
matographic filtrate was rechromatographed and the two 
lowest isomers were washed through with pure benzene. 
The light absorption curve was determined immediately as 
well as after one, two and three days of standing at room 
temperature. The transmission decreased considerably 
in the course of the first day, less in the second day and 
thereafter it remained constant. An equilibrium had been 
reached in which the all-trans form was predominant 
(Fig. 1).

Summary

Ordinary (all-trans) 1,8-diphenyloctatetraene, 
C6H5 (CH=CH)4C6H5 when heated, irradiated or 
treated with iodine in benzene solution is partially 
converted into two main stereoisomers which can 
also be obtained by melting of crystals. These 
labile isomers are adsorbed below the unchanged, 
dül-trans compound in the lime column. Their 
solution re-isomerize spontaneously at room tem­
perature. This has been followed chromato­
graphically and photometrically. A similar but



Dec., 1942 P h o sp h a t a s e  A ct iv ity  of t h e  P a r a t h y r o id  H o r m o n e 2759

more rapid change occurs on irradiation of ad­
sorbed material. The configurations trans-cis-  
trans-trans and tra n s-c is-c is -tra n s  are suggested 
for the new isomers mentioned. As two minor 
isomers also appear, five out of the ten possible

steric forms of diphenyloctatetraene have been ob­
served. It is shown that the formation of sub­
stantial quantities of certain isomers is prevented 
by spatial conflicts.
P a s a d e n a , C a l if o r n ia  R e c e i v e d  A u g u s t  27, 1942

[C o n t r i b u t io n  f r o m  t h e  C h e m i c a l  L a b o r a t o r ie s  o f  R a d c l i f f e  C o l l e g e  a n d  H a r v a r d  U n i v e r s i t y  a n d  t h e  
D e p a r t m e n t  o f  B io l o g ic a l  C h e m is t r y  o f  t h e  H a r v a r d  M e d ic a l  S c h o o l ]

Does the Parathyroid Hormone Influence Phosphatase Activity?
B y T homas R. W ood and W illiam F. R oss

It is well established that serum phosphatase is 
markedly increased in rickets, hyperparathyroid­
ism and other diseases characterized by lesions in 
the bones. 1’ 2 ,8 It has even been suggested that 
the action of phosphatases on organic phosphate 
compounds in bone “is the factor that controls 
the direction and intensity of calcification in 
bone. ” 3 This concept is supported by the in­
creased serum phosphatase activity after para­
thyroid hormone injection, 4 and by similar changes 
in bone phosphatase of rats following injection of 
the hormone. 5,6

The question arises, as to whether there is an 
in  vitro influence of the parathyroid hormone on 
the activity of phosphatase. Such an effect, if 
reasonably pronounced, would afford a simple, 
economical, and rapid assay method for the hor­
mone, which is sorely needed at the present time. 
Hey mann7 reported that glycerophosphatase and 
hexosediphosphatase of bone are inhibited by 
parathyroid extract, but Bakwin and Bodansky, 8 

drew the opposite conclusion, that rat and cattle 
bone phosphatases are not affected. Both of the 
above studies involved the use of very small 
amounts of impure parathyroid preparations.

The effect of a very active parathyroid extract9 

on the hydrolysis of glycerophosphate by a kid­
ney phosphatase preparation has therefore been 
investigated. The hormone concentrate had a 
nitrogen potency of 300 units per mg. of nitrogen, 
thus being three times as active as any prepara-

(1) Roe and  W hitm an , A m . J .  Clin. Path., 8, 233 (1939).
(2) B odansky and  Jaffe, Arch. In ternal M ed., 54, 88 (1934).
(3) Peters, R obbins and  L av ietes, A n n . Rev. Biochem., 5, 295 

(1936).
(4) Page and  Reside, Biochem. Z ., 226, 273 (1930).
(5) W illiam s an d  W atson, Endocrinology, 29, 250 (1941).
(6) Page, Biochem. Z ., 223, 222 (1930).
(7) H eym ann, ibid., 227, 1 (1930).
(8) Bakw in an d  B odansky, Proc. Soc. E xptl. Biol. Med., 31, 64 

(1933).
(9) Ross and  W ood, J .  Biol. Chem., 146, 49 (1942).

tion hitherto reported, 10 and many times more 
active than those used in the phosphatase studies 
referred to above. 7 ,8 At the same time experi­
ments were carried out in which two other pro­
teins, thrice-crystallized egg albumin and crystal­
line, carbohydrate-free horse serum albumin11 were 
substituted for the hormone. Other conditions 
such as pHy temperature, and magnesium ion 
concentration were identical in all experiments.

The data obtained from these studies give the 
curves of Fig. 1. Under our conditions each of the 
three proteins has an activating effect upon phos­
phatase, and the parathyroid hormone is not un­
like the other two substances in any respect. 
Characteristic of the curves is the tendency to 
approach a constant maximum, which is not fol­
lowed by a subsequent decline in activity.

Log of N concn. in mg. per ml.
Fig. 1.—The in vitro effect of parathyroid hormone 

(O), horse serum albumin ( • ) ,  and egg albumin (X) on 
phosphate liberation by kidney phosphatase.

This behavior of phosphatase recalls its activa­
tion by other nitrogen containing compounds, such 
as ammonia, amino acids and veronal. The ac­
tivity in the presence of these substances, however, 
passes through a maximum and then decreases.

(10) Collip and  C lark, ibid., 66, 133 (1925).
(11) M cM eekin, T h is  J o u r n a l , 61, 2884 (1939).
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The published data for glycine12 ’ 13 illustrate this 
quite satisfactorily, and we have obtained similar 
data for ammonia and veronal. On the basis of 
these results the nature of the activation by these 
simple organic compounds appears to differ from 
that caused by proteins, but the parathyroid 
hormone, even in the high concentrations em­
ployed (as much as 75 units per ml. of digest 
solution) has no individual and characteristic 
effect of its own.

Experimental
A concentrate of “alkaline” phosphatase was prepared 

from beef kidney cortex by the method of Albers and 
Albers.14 The resulting solution was evaporated to dry­
ness in the frozen state; such preparations are stable for 
months at 5°.

The digest solutions were 0.025 M  in borate buffer of
(121 B odansky, J .  Biol. Chem., 115, 101 (1936).
(13) W illiams and  W atson, ibid., 135, 337 (194.0).
(14) Albers and  Albers, Z. physiol. Chem., 232, 189 (1935).

pH  9.75, 0.0005 M  in magnesium chloride, and 0.015 M  
in sodium glycerophosphate (52% (3); the enzyme was 
present in a concentration of 0.004%. The thoroughly 
dialyzed protein solutions were adjusted to pH  9.75 im­
mediately before incorporation in the above mixture. The 
total volume was 10 ml.; hydrolysis was allowed to pro­
ceed at 30 ° for sixty minutes. The final values of pH  were 
9.55 =*= 0.05 unit. Inorganic phosphate liberated during 
the digestion was estimated by the method of Fiske and 
Subbarow.15 Control experiments in the presence of each 
of the three proteins demonstrated that no inorganic phos­
phate appeared if enzyme or substrate was omitted.

Summary
The parathyroid hormone, like two other typi­

cal proteins, egg and serum albumins, accelerates 
the liberation of phosphate by kidney phospha­
tase. It has no peculiar effect which can be at­
tributed to its function as a hormone.

(15) F iske an d  Subbarow , J . Biol. Chem., 66, 375 (1925).

B o s t o n  a n d  C a m b r i d g e , M a s s a c h u s e t t s
R e c e i v e d  S e p t e m b e r  1, 1942

[C o n t r i b u t io n  f r o m  t h e  N o y e s  C h e m ic a l  L a b o r a t o r y , U n i v e r s i t y  o f  I l l i n o i s ]

The Structure of Riddelliine, the Alkaloid in S en ec io  R id d e ll i i . I
B y  R oger Adams, K. E. H amlin, Jr ., C. F. Jelinek  and R. F. P hillips

The similarity of the alkaloids occurring in the 
plant genera Senecio, Trichodesm a, H eliotropium , 
and Crotalaria has previously been discussed. 1 As 
was pointed out, these alkaloids are esters which 
on alkaline hydrolysis yield an acid and an alkanol- 
amine, retronecine or some other closely related 
bicyclic base.

As a result of investigations on the alkaloid Rid­
delliine, obtained by ethanolic extraction of 
Senecio R id d e llii, it can be stated that this com­
pound possesses the properties characteristic of 
the group. Riddelliine was first isolated from the 
plant by Manske, 2 who reported a molecular 
formula of Ci8H2 3 0 6N. His directions for extrac­
tion and isolation were followed and as a result of 
analytical data on the pure riddelliine, its hydro­
chloride and methiodide, Manske’s formula was 
confirmed. Hydrolysis of riddelliine indicated that 
this alkaloid was typical of the Senecio group. 
Alkaline cleavage yielded a basic product, which 
proved to be retronecine, and a crystalline acid, 
CioHuOe, designated as riddellic acid.

Ba(OH)2
Ci8H230 6N -f 2H20 ------------ ^  C8H130 2N +  CioH140 6

(1) A dam s an d  Rogers, T h is  J o u r n a l , 61, 2815 (1939).
(2) M anske, Can. J .  Res,, B17, 1 (1939).

From the above equation it is to be noted that 
in common with most of the other Senecio alka­
loids, water enters into the reaction with no loss 
of carbon dioxide and that the acid product con­
tains ten carbon atoms. The retronecine, which 
was isolated in a nearly quantitative yield, was 
identified by comparison with an authentic 
sample.

Riddellic acid was obtained in both an anhy­
drous and hydrated form. It is optically active 
and is shown by direct titration to be dibasic. 
However, by addition of excess alkali and back 
titration, evidence for a third carboxyl was found 
which indicates the probability of the presence 
of a lactone linkage. The acid formed a dimethyl 
ester on treatment with diazomethane. Molecular 
weight determinations in dioxane and benzene 
indicate that dimethyl riddellate is a monomer, 
although in the latter solvent apparently one mole­
cule of benzene associates with a molecule of sol­
ute. Preliminary hydrogenation experiments 
show that with a platinum oxide catalyst, two 
moles of hydrogen are absorbed to give a product 
which as yet has not been obtained in a pure state. 
Significantly, when the dimethyl ester of riddellic 
acid was hydrogenated with platinum oxide, only
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one mole equivalent of hydrogen was absorbed 
to give a nearly quantitative yield of dimethyl 
dihydroriddellate.

On alkaloids analogous to riddelliine catalytic 
hydrogenation has also been employed as a 
degradative procedure. In the case of mono- 
crotaline, 1 hydrogenolysis takes place upon ab­
sorption of one molecule of hydrogen followed by 
absorption of a second molecule and the reduc­
tion of the double bond in the basic portion of the 
molecule. Thus, monocrotalic acid and retro­
necanol are isolated.

Reduction of riddelliine using Raney nickel 
resulted in the absorption of two molecules of 
hydrogen. A single product was isolated in ex­
cellent yield, which indicated that no cleavage 
had occurred. This tetrahydroriddelliine (II), 
(C18H27O6N), is optically active and possesses the 
physical properties of an amino acid. Hydroly­
sis by means of barium hydroxide yielded an acid 
identical with riddellic acid and a base identified 
as retronecanol, On the basis of this evidence 
riddelliine exists as a cyclic diester (I), one mole­
cule of the dibasic riddellic acid being linked to 
the two hydroxyls of a molecule of retronecine. 
Thus it is an alkaloid similar in general structure 
to grantianine. 3 The first molecule of hydrogen 
apparently attacks the labile ester linkage and 
the second reduces the double bond of the basic 
moiety. Using the formulas recently proposed for 
retronecine and retronecanol, 4 the following 
equations may be written 

(c8H12o2)
c=o 0=0

2H2

C9H,304-C00— j| ^
CHS H20

-------- >-

II
(COOH

C8H12OR +  HO
(cooh

Riddellic acid Retronecanol

If hydrogenation is carried out using a platinum 
oxide catalyst, somewhat different results are ob­
tained. In this case, four mole equivalents of

(3) A dam s, C arm ack and  R ogers, T h is  J o u r n a l , 64, 571 (1942).
(4) A dam s, C arm ack and  M ahan , ibid., 64, 2593 (1942); Adonis 

and H am lin, ibid., 64, 2597 (1942).

hydrogen are rapidly absorbed. The octahydro- 
riddelliine has not yet been obtained in a pure 
state. However, alkaline hydrolysis of the crude 
reduction product has yielded an acid and the 
base retronecanol. Although the acid has not 
been purified, the additional two moles of hy­
drogen must have reacted with the acid portion 
of the molecule, a fact which agrees with the hy­
drogenation experiment on riddellic acid itself.

Experimental
Extraction of Riddelliine from Senecio R iddellii.—About

I. 41 kg. of dried, finely ground Senecio Riddellii (entire 
plant) was extracted by percolation with 95% ethanol over 
a forty-eight hour period. Most of the solvent was re­
moved in vacuo and the concentrate was poured into a 
large evaporating dish. After acidification to congo red 
with citric acid, the extract was mixed with water to pre­
cipitate the resins and the remaining ethanol was boiled off 
over a steam-cone. The mixture was then allowed to stand 
at room temperature overnight to permit caking of the 
resinous material. The solution was decanted from the 
resin and extracted with successive portions of ether until 
the ether extracts were colorless, then with two 50-cc. por­
tions of chloroform. The aqueous solution was now made 
alkaline to litmus with aqueous ammonia and extracted 
with successive portions of chloroform until evaporation of 
the extract left no residue. After distilling off the solvent,
II. 3 g. of crude, crystalline riddelliine was obtained. Re­
crystallization from absolute ethanol yielded 6.4 g. (0.45%) 
of product, m. p. 193-195° (cor.) with decomposition in an 
evacuated tube. It was noted that for several experi­
ments, the yield of pure alkaloid varied from 0 to 0.70% 
depending on the plant material. Further purification 
from absolute ethanol produced white prisms, m. p. 197- 
198° (cor.) with decomposition in an evacuated tube.

Anal. Calcd. for Ci8H230 6N: C, 61.92; H, 6.64; N,
4.01. Found: C, 61.87; H, 6.69; N, 4.00.

Rotation. 0.0889 g. made up to 5 cc. with chloroform at
25° gave a n  -3.90; l, 1; [ « ] 25d  -109.5°.

These results are in satisfactory agreement with the 
work of Manske2 who has reported 196 ° (cor.) as the melt­
ing point of the alkaloid and an analysis corresponding to 
the formula, CisH^OeN.

Riddelliine Hydrochloride.—A  solution of 0.5 g. of rid­
delliine in a slight excess of 0.1 N  hydrochloric acid was 
evaporated under reduced pressure with gentle heating on 
the water-bath. The residue was recrystallized from abso­
lute ethanol, m. p. 225-226° (cor.) with decomposition in 
an evacuated tube.

Anal. Calcd. for Ci8H240 6NC1: C, 56.03; H, 6.27; N, 
3.63. Found: C, 55.86; H, 6.40; N, 3.62.

Rotation. 0.0900 g. made up to 5 cc. with water at 25° 
gave (xo —1.45; l, 1; [ a ] 25D —80.6°.

Riddelliine Methiodide.—To a solution of 1 g. of rid­
delliine in 4 cc. of chloroform and 3 cc. of methanol was 
added 1.5 cc. of methyl iodide. After warming a few min­
utes, the mixture was cooled and filtered; yield 1.2 g. 
After recrystallization from water, the methiodide melts 
with decomposition at 260-262° (cor,) after beginning to
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darken at 235°. Manske2 has reported the melting point 
of riddelliine methiodide to be 259 ° (cor.) with decomposi­
tion.

Anal. Calcd. for CuHmOiNI: C, 46.44; H, 5.29; N, 
2.85. Found: C, 46.67; H, 5.55; N, 2.82.

Alkaline Hydrolysis of Riddelliine
A. Riddellic Acid (CioHi-iOö).—A mixture of 5 g. of

riddelliine, 10 g. of barium hydroxide octahydrate and 70 
cc. of water was heated under reflux for one hour and 
cooled. The solution was saturated with carbon dioxide 
and the precipitated barium carbonate filtered off. After 
acidification to congo with hydrochloric acid, the solution 
was extracted continuously with ether for seventy-two 
hours. The ether extract, which contained an appreciable 
aqueous layer, was evaporated to dryness in vacuo. The 
residue was a viscous orange glass which began to crystal­
lize after standing in a vacuum desiccator at refrigerator 
temperature. After recrystallization from ether-petroleum 
ether (b. p. 30-60°), the product was obtained as colorless 
needles, m. p. 62° (cor.); yield, 3.02 g. (85%).

Anal. Calcd. for CioHuOe-HaO: C, 48.40; H, 6.50.
Found: C, 48.52; H, 6.63.

Rotation. 0.2038 g. made up to 5 cc. with absolute 
ethanol at 31° gave o:d —0.08; l> 1; [a]31D —1.96°.

The anhydrous form of riddellic acid resulted if the ether 
extracts were withdrawn periodically from the continuous 
extraction, were dried over anhydrous magnesium sulfate 
and the ether removed in vacuo. Also the monohydrate 
was converted readily into anhydrous riddellic acid by boil­
ing with benzene or by fractional crystallization from ether- 
petroleum ether. Recrystallization from ether-petroleum 
ether gave colorless prisms, m. p. 102-103° (cor.).

Anal. Calcd. for CioHhOö: C, 52.17; H, 6.08. Found: 
C, 52.11; H, 6.21.

Rotation. 0.2644 g. made up to 5 cc. with absolute 
ethanol at 32° gave «d — 0.14; /, 1; [a]32D —2.65°.

The neutral equivalents for both the hydrated and an­
hydrous forms of riddellic acid always ran about 5% high 
for a dibasic acid. However, the values for the hydrate 
checked satisfactorily those for the anhydrous form.

Hydrogenation of Riddellic Acid (PtC>2 Catalyst).—A 
solution of 1 g. of riddellic acid monohydrate in 25 cc. of 
absolute ethanol was hydrogenated at 2-3 atmospheres 
pressure using 0.05 g. of platinum oxide. Within fifteen 
minutes, hydrogenation was complete, a total of two mole 
equivalents being absorbed. After filtering the catalyst 
and removing the solvent in vacuo, a reddish glass remained. 
This product has not been obtained in a pure state.

Dimethyl Riddellate.—A suspension of 5 g. of riddellic 
acid monohydrate in 30 cc. of chloroform was treated with 
an excess of an ethereal solution of diazomethane. During 
the addition of the diazomethane, the mixture was shaken 
continuously and the temperature maintained below 10°. 
The solvents were distilled in vacuo leaving a yellow oil 
which readily distilled at 144-145° (1 mm.); yield, 5.10 
g. (98%). This product was redistilled at 0.075 mm. to 
yield a pale yellow, viscous oil; d204 1.171; n2Qd 1.4870.

Anal. Calcd. for Ci2Hi80 6: C, 55.80; H, 7.03. Found: 
C, 55.96; H, 6.86.

Rotation. 0.4931 g. made up to 5 cc. with absolute 
ethanol at 32° gave a v  —0.28; /, 1; [a]32D —2.84°.

Molecular weight determinations by the cryoscopic 
method in dioxane gave a value of 265; theoretical for 
dimethyl riddellate is 258. Using benzene as the solvent, a 
value of 340 was obtained. Assuming a molecule of ben­
zene to be associated, the actual molecular weight would be 
262.

Dimethyl Dihydroriddellate.—A solution of 5.1 g. of
dimethyl riddellate in 50 cc. of absolute ethanol was hydro­
genated at 2-3 atmospheres pressure using 0.1 g. of plati­
num oxide catalyst. Exactly one mole equivalent of 
hydrogen was absorbed within one hour and although 
shaking was continued one-half hour no additional hydro­
genation occurred. The catalyst was filtered and the 
solvent removed in vacuo. The pale yellow oil remaining 
was distilled, b. p. 146-147° (1 mm.). The product was a 
colorless viscous oil; yield 5.0 g. (97%); w20d 1.4682; 
d™ 4 1.153.

Anal. Calcd. for Ci2H2o0 6: C, 55.37; H, 7.75. Found: 
C, 55.37; H, 7.84.

Rotation. 0.4577 g. made up to 5 cc. with absolute 
ethanol at 32° gave ao  —1.40; /, 1; [a]32D —15.3°.

B. Retronecine Hydrochloride.—-The aqueous solu­
tion, remaining after ether extraction of the riddellic acid, 
was evaporated in vacuo to dryness. The crystalline resi­
due was extracted with boiling absolute ethanol and the 
extracts concentrated. The crystalline product after re­
crystallization from absolute ethanol melted at 160-161° 
(cor.). A mixed melting point with an authentic sample 
of retronecine hydrochloride showed no depression; yield, 
2 5 g. (91%).

Tetrahydroriddelliine.—A solution of 5 g. of riddelliine 
in 150 cc. of ethanol and 25 cc. of water5 was hydrogenated 
at 2-3 atmospheres in the presence of 3 g. of Raney nickel. 
After three hours, two mole equivalents of hydrogen had 
been absorbed and the reduction was complete. The cata­
lyst was filtered off and the solvent removed in  vacuo. A 
white crystalline solid remained which was purified by dis­
solving in a little hot glacial acetic acid and adding abso­
lute ethanol until the solution became cloudy. White 
microscopic prisms were obtained, m. p. 205° (cor.) with 
decomposition; yield 4.4 g. (87%).

Anal. Calcd. for Ci8H2706N: C, 61.17; H, 7.70; N,
3.96. Found: C, 60.75; H, 7.55; N, 4.05.

Rotation. 0.0944 g. made up to 5 cc. with absolute 
ethanol at 31° gave « d —0.18; /, 1; [a]31D —9.5°.

Tetrahydroriddelliine is fairly soluble in water, easily 
soluble in glacial acetic acid but practically insoluble in 
ethanol.

When first prepared by hydrogenation of riddelliine in 
absolute ethanol, the tetrahydroriddelliine was an amor­
phous solid, very hygroscopic and easily soluble in ethanol. 
However, after once obtaining the crystalline product, the 
original experiment could not be duplicated.

Alkaline Hydrolysis of Tetrahydroriddelliine
A. Riddellic Acid.—A mixture of 1 g. of tetrahydro­

riddelliine, 2 g. of barium hydroxide octahydrate and 15 cc. 
of water was refluxed for one hour and cooled. After

(5) I t  is necessary to  have sufficient w ater p resen t to  dissolve th e  
te trahydroriddelliine  form ed during  th e  reaction . If  th is  p recau tion  
is no t tak en  th e  p rec ip ita te  form ed inac tivates th e  cata ly s t th u s  s top ­
ping hydrogenation.
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saturating with carbon dioxide, the solution was filtered 
and made acid to congo. Continuous ether extraction for 
twenty-four hours and removal of the solvent in vacuo, 
yielded an oil which crystallized after seeding with riddellic 
acid. Recrystallization from ether-petroleum ether (b. p. 
30-60°) gave 0.35 g. of a white crystalline solid melting at 
61-62° (cor.). A mixed melting point with riddellic acid 
monohydrate (m. p. 62°) gave no depression.

B. Retronecanol.—The aqueous solution remaining 
after ether extraction of the acid just described was made 
alkaline with 10% aqueous sodium hydroxide and extracted 
with ether. After drying the ether extracts over anhydrous 
magnesium sulfate and distilling the ether, a solid remained. 
This product, recrystallized from petroleum ether (b. p. 
30-60°), melted at 95-96° (cor.) which is identical with 
the melting point of retronecanol.

A picrate was prepared from water which melted at 211 ° 
with decomposition. A mixed melting point with retrone­
canol picrate (m. p. 211°) showed no depression.

Hydrogenation of Riddelliine (PtC>2 Catalyst).—A solu­
tion of 5 g. of riddelliine in 150 cc. of ethanol and 25 cc. of 
water was hydrogenated at 2-3 atmospheres pressure using 
0.1 g. of platinum oxide catalyst. A total of four mole 
equivalents of hydrogen was absorbed within one hour. 
The catalyst was filtered off and the solvent removed in 
vacuo. A white amorphous solid material remained which 
was very hygroscopic and soluble in ethanol. Attempts to 
obtain a crystalline product failed.

One gram of this material was taken up in 5 cc. of water 
and 10 cc. of 50% aqueous sodium hydroxide added. 
After refluxing one hour and cooling, the mixture was ex­
tracted with ether. The ether extract was dried over an­
hydrous magnesium sulfate and the ether distilled. A 
solid product remained which after one recrystallization 
from petroleum ether melted at 95-96°. Retronecanol 
melts at 95-96 °. A picrate of the above base was prepared 
in ethanol and melted at 213°. A mixed melting point 
with authentic retronecanol picrate showed no depression.

Acidification and continuous ether extraction of the

aqueous solution remaining after removal of the retrone­
canol yielded an acid fraction as a brown viscous oil. This 
has not been obtained in a pure state.

Summary
1. Riddelliine, the alkaloid of Senecio R id d e l­

l i i , has been isolated and shown to have the molec­
ular formula reported by Manske, CisH^OeN.

2. Upon saponification, riddelliine gives a 
molecule of retronecine and one molecule of a 
crystalline acid, CioHuOö, designated as riddellic 
acid. It is dibasic and with diazomethane gives a 
dimethyl ester.

3. Riddellic acid, upon reduction with hy­
drogen and platinum oxide, absorbs two moles of 
hydrogen but no pure product was isolated. Di­
methyl riddellate under similar conditions ab­
sorbs only one mole of hydrogen to give dimethyl 
dihydroriddellate.

4. Riddelliine, upon reduction with hydrogen 
and Raney nickel, absorbs two moles of hydrogen 
to form tetrahydroriddelliine which has the prop­
erties of an amino acid and can be hydrolyzed to 
retronecanol and riddellic acid. With platinum 
oxide as a catalyst, four moles of hydrogen are 
absorbed but the product has not been obtained 
in a pure state. On saponification the crude 
octahydroriddelliine yields retronecanol.

5. Riddelliine is thus shown to be an ester 
from one mole of the dibasic acid, riddellic acid, 
and one mole of retronecine, each of the two hy­
droxyls in the molecule being utilized.
U r b a n a , I l l i n o i s  R e c e i v e d  S e p t e m b e r  18, 1942

[C o n t r i b u t io n  f r o m  t h e  R e s e a r c h  L a b o r a t o r ie s  o f  T h e  C a l c o  C h e m i c a l  D i v i s i o n  o f  t h e  A m e r i c a n  C y a n a m id
C o m p a n y ]

Sulfanilamide Derivatives. VIII. Sulfanilylamidines1
B y B. H. N orthey , A lan  E. P ierce  a n d  D. J. K ertesz

In view of the fact that most of the recently de­
veloped chemotherapeutic agents of high po­
tency, including sulfapyridine, sulfathiazole and 
sulfadiazine, have the structure of sulfanilyl
cyclic amidines, 4 -(NH2)C6H4S0 2NHC>^N  ̂ it was 
thought desirable to prepare an analogous series 
of amidine derivatives of the type 4-(NH2)- 
C6H4S02N H C (R )=N R /. A number of such 
compounds have been made, however, the 
structure appears to be better represented by

(1) Presen ted  in p a r t  before th e  D ivision of M edicinal Chem istry, 
A. C. S., Buffalo, N . Y ., Septem ber, 1942.

the formula 4-(NH2)C6H4S02N =C (R )N H R /, be­
cause the monosulfanilylamidines did not form 
alkali salts corresponding to the well known so­
dium salts of the above sulfanilamido hetero­
cycles. This would indicate lack of ionizable 
hydrogen associated with the amide nitrogen. 
Also, while sulfapyridine is stable to alkaline hy­
drolysis and is cleaved by mineral acids to sul- 
fanilic acid and 2-aminopyridine,2 the sulfanilyl- 
amidines are cleaved to sulfanilamide by either

(2) Crossley, N o rth ey  and  H u ltq u is t, T h is  J o u r n a l , 62, 372 
(1940.).
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Table I

Com pound 
(S=HaNCsH4S02— ) 

S-A cetam idine5 
D i-S -acetam idine 
S -Isocaproam idine 
S-a-P heny lace tam id inec 
S- Benzam idine6 
D i-S-benzam idine 
S-i>-Toluamïdine 
Di-S-i>-toluamidine 
S-N icotinam idine 
N -S -N '-M ethy lbenzam id ine  
N -S -N '-D ie thy lbenzam id ine  
N -S -N '-a -P y ridy lbenzam id ine

° Melting point taken on 
for the nitro compound.

Formula

«------------ Melting range, °C .------------ •
Int. nitro Finished 

cpd.® product

% Assay 
by

nitrite
C8H iiN 302vS 1 9 0 .7 -191 .3 1 5 1 .4 -1 5 2 .0 6 100.6
C 14H 16N 4O4S2 1 89 .0 -190 .7 1 9 1 .6 -191 .8 100.5
Cl2Hl9N30 2S 2 4 7 .0 -2 5 0 .0  dec. 1 2 6 .0 -127 .2 9 9 .3
Cj.4Hj.5N  3o 2s 1 9 4 .3 -195 .8 177 -179
Ci3Hi3N 30 2S 1 8 0 .3 -181 .0 210 .2—2 1 0 .7d 100.3
C 19H 15N 4O4S2 2 4 1 .8 -2 4 2 .6 2 0 6 .4 -2 0 7 .6  dec. 100.3
CuHi5N30 2vS 149 . 5-160 2 3 4 .9 -2 3 5 .4 100.3
C 20H 20N 4O4S2 2 1 3 .7 -2 1 4 .9 166 .9 -167 .5 100.3
C 12H 11N 4O2S 2 3 2 .5 -2 3 3 . 5 2 0 8 .1 -2 0 8 .2 100.0
Ci4Hi5N 30 2S 181.2 dec. 2 2 8 .1 -229 .2 100.0
C 17H 21N 3O2S 193 .7 -194 .0 100.0
C 18H 16N 4O2S 180.7 dec. 2 0 6 .8 -2 0 7 . 5 9 9 .8

samples crystallized from alcohol or from water. 
d Melting point, lit. 203°.

53 .0  4 .2  13 .0  14 .9
58 .0  5 .2  14 .6  11 .1
54 .0  4 .5  12 .6  14 .4
5 1 .4  4 .0  2 0 .4  11 .6
58 .1  5 .2  14 .5  11 .1
6 1 .5  6 .4  12 .7  9 .7
61 .3  4 .6  15 .9  9 .1

’ Melting point, lit. 149°.

acid or alkaline hydrolysis, indicating a different 
type of linkage between amide nitrogen and car­
bon.

Further information on structure was given by 
synthesis from the corresponding imido chloride, 
—S 0 2N=C(R)C1, by reaction with secondary 
amines giving compounds of the type, —S02N =  
C(R)N(R')R//, where the possibility of tautomer- 
ism was eliminated.

As by-products in the reaction of unsubstituted 
amidines with sulfonyl chlorides, we isolated 
disulfonyl derivatives of the probable structure 
—S02N =C (R )N H S02—, which formed neutral 
alkali salts with one equivalent of base.

Preliminary pharmacological tests3 showed low 
chemotherapeutic activities for all of the com­
pounds with the possible exception of sulfanilyl- 
acetamidine which was approximately equal to 
sulfanilamide.

After the work here reported was completed, 
two patents4,5 came to our attention. However, 
the preparation of disulfanilylamidines was not 
described in these references.

In preliminary work, acetylsulfanilylacetami- 
dine was prepared from acetylsulfanilyl chloride 
and acetamidine, but it was not found possible to 
hydrolyze this product to sulfanilylacetamidine. 
Hence, this method of preparation was aban­
doned in favor of the preparation of nitrobenzene 
sulfonylamidines as intermediates. These were 
prepared in two ways. Amidine hydrochlorides, 
where readily available, were treated in acetone 
with ^-nitrobenzenesulfonyl chloride, in the pres­
ence of excess sodium hydroxide. Both mono- 
and &is-nitrobenzenesulfonylamidines were formed

(3) Pharm acological te s ts  w ere carried  o u t under the  direction of 
W . H . Feinstone a t  th e  S tam fo rd , C onn., L abora to ries  of the Am eri­
can  C yanam id Co.

(4) H ungarian  P a te n t 127,837, 1941; C. A .,  36, 2271 (1942).
(5) British P a te n t 538,822, 1941; B rit. Chem. Abs., B i l l ,  344 

(1941).

'—-------------------Analyses, %------------- —  ■
Calculated Found

C H  N  S C H  N  S
4 5 .0  5 .2  19 .7  1 5 .0  4.5.0 5 .3  19 .7  14 9
4 5 .6  4 .4  15 .2  17 .4  4 5 .5  4 .7  15.3 17 2
53 .4  7 .1  1 5 .6  11 .9  52 .7  7 .0  15.9 11.9
5 2 .6  3 .8  13 .2  10 .0  51 .8  4 .0  12.9 10.0
5 6 .8  4 .8  15 .3  11 .6  5 6 .4  5 .0  15 .4  11.5

53 .0  4 .2  13.3 15.2
5 7 .4  5 .1  14.7 11.2
52 .4  4 .7  12.9 14 .2
52 .1  4 .5  2 0 .4  11 .5  
57.9  5 .0  14 .6  11.1
61.1  6 .4  12 .6  10 .0
61 .7  4 .5  16.3 8 .7

c Analysis given

in this reaction, the proportion varying with the 
amount of ^-nitrobenzenesulfonyl chloride used 
in excess. The two types of products were easily 
separated, since only the latter were soluble in 
alkali. The first eight compounds in Table I were 
prepared through the use of this procedure. The 
second method involved the preparation of aro­
matic or heterocyclic N-acyl-^-nitrobenzenesul- 
fonamides from the acid chloride and p -nitro- 
benzenesulfonamide in dry pyridine. The acyl 
sulfonamides were treated with phosphorus penta­
chloride to yield the corresponding imido chlo­
rides which with ammonia or amines were con­
verted to amidines. This method, as applied to 
N-benzoylbenzenesulfonamide,has been previously 
described6’7’8 and was used for the preparation of 
the last four compounds listed in Table I.

All nitro compounds were reduced with iron to 
give the corresponding sulfanilylamidines, which 
were obtained as white microcrystalline substances 
upon purification by crystallization from alcohol 
or precipitation from acid or alkaline solution.

Experimental
N4-Acetylsulfanilylacetamidine.—To 9.5 g. of acetami- 

dine hydrochloride and 19.5 g. of 50% sodium hydroxide so­
lution in 75 cc. of acetone, was added 25.2 g. of 95% acetyl­
sulfanilyl chloride in portions, with vigorous stirring, over 
twenty minutes, at 10-20°. Cooling was necessary. 
After further stirring for twenty minutes, the slurry was 
diluted with 2 volumes of cold water, filtered, and the solid 
washed and dried. The yield of acetylsulfanilylacetami- 
dine was 16.0 g., or 62.5%. A small sample recrystallized 
from hot water melted at 244.2 to 244.7° (all m. p.’s cor­
rected) .

Anal. Calcd. for C10H13N3O3S: C, 47.0; H, 5.1; N, 
16.5; S, 12.6. Found: C,47.0; H, 4.5; N, 16.8; S, 12.5.

Hydrolysis of acetylsulfanilylacetamidine was carried 
out in six moles of 7.5 M  hydrochloric acid at 60°. Solu-

(6) Gerhardt, A n n ., 108, 214 (1858).
(7) Wolkoff, Ber., 5, 137 (1872).
(8) Wallach and Gossman, ibid., 11, 753 (1878).
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tion was complete in two and three-fourths hours, but 
hydrolysis of the acetyl group was not complete, as deter­
mined by titration with sodium nitrite, until the end of 
three and one-half hours, when heating was stopped. 
Sulfanilamide was isolated in 90% yield. No sulfanilyl- 
acetamidine was identified.

^-Nitrobenzenesulfonylamidines from Amidines.—The
procedure given above for acetylsulfanilylacetamidine was 
followed using a 5-10% excess of ^-nitrobenzenesulfonyl 
chloride instead of acetylsulfanilyl chloride. In the alka­
line filtrate from the mono-nitrobenzenesulfonylamidines, 
the öw-nitrobenzenesulfonylamidines were precipitated by 
acidification with hydrochloric acid. The yields ranged 
from 40-80% for the monosubstituted amidines and 20 to 
35% for the disubstituted derivatives.

£-Nitrobenzenesulfonylamidines from Imido Chloride.— 
This method is illustrated by the preparation of p-nitro- 
benzenesulfonylnicotinamidine. 76.8 g. of N 1-nicotinyl- 
^-nitrobenzenesulfonamide9 was mixed with 57 g. of phos­
phorus pentachloride and 100 cc. of phosphorus oxychlo­
ride, then heated at 80-85° for five hours. The excess 
phosphorus oxychloride was removed by distillation at 
reduced pressure and by washing the residue with petro­
leum ether. The imido chloride was added with stirring to 
300 cc. of 15% aqueous ammonia. The p-nitrobenzene- 
sulfonylnicotinamidine was filtered off, in 44% yield, and 
the corresponding amide was recovered, in 50% yield, by 
acidification of the filtrate.

The preparation of N^substituted ^-nitrobenzenesul- 
fonylbenzamidines was analogous. Aqueous methylamine 
and an acetone solution of diethylamine or 2-aminopyri- 
dine was used instead of ammonia for reaction with the 
imido chloride.

Reduction of Nitro Compounds.—All the nitro com­
pounds were reduced with iron. The procedure for prep­
aration of sulfanilylbenzamidine is illustrative. A mix­
ture of 84 g. of finely divided iron and 19 cc. of 5 A hydro­
chloric acid in 500 cc. of water was stirred at 95-100°. 
The mixture was alkaline to congo red. To the slurry 
was added 91.5 g. of ^-nitrobenzenesulfonylbenzamidine. 
There was slight heat evolution, and the color of the in­
soluble substance changed from yellow to gray. After 
two hours of stirring at a temperature near the boiling 
point the mixture was made just alkaline with sodium car­
bonate solution, cooled and filtered. The dried iron sludge 
was extracted with 3A alcohol, which on evaporation 
yielded 73 g. of crude product. This was purified by crys­
tallization from glacial acetic acid and from 3A alcohol,

(9) Prepared in the manner described for N 1-nicotinyl-N 4-acetyl- 
sulfanilamide but starting with ^-nitrobenzenesulfonamide, .see 
Crossley, N orthey and Hultquist, T h is  J o u r n a l , 61, 2950 (1939).

using decolorizing carbon; 35 g. of pure sulfanilylbenz­
amidine was obtained.

The disulfanilyl compounds were dissolved by the so­
dium carbonate addition, and were obtained by making the 
filtrate slightly acid. The other sulfanilylamidines were 
practically insoluble in hot water, except sulfanilylacet- 
amidine.

The products were purified by reprecipitation from acid 
or alkaline solution, by crystallization from 60-95% ethyl 
alcohol or acetic acid, or by both methods.

Hydrolysis of Sulfanilylacetamidine.—Sulfanilylace- 
tamidine (1.066 g., 0.005 mole) was distilled in a Kjeldahl 
distillation apparatus with 100 cc. of 0.25 A sodium 
hydroxide, catching the ammoniacal distillate in standard 
acid. During forty-five minutes, the still solution was 
evaporated to 15-25 cc., and 0.00496 mole of ammonia was 
distilled. The contents of the still were filtered and neu­
tralized to pH 9; the white precipitate obtained was filtered 
off, washed, and dried. The product weighed 0.66 g. and 
was identified as sulfanilamide by m. p. and mixed m. p. 
with an authentic sample.

Sulfanilylacetamidine (1.066 g., 0.005 mole) was gently 
boiled for half an hour with 60 cc. of 2 A hydrochloric acid. 
The solution was made strongly alkaline and distilled as 
described in the preceding paragraph. The titer of the dis­
tillate corresponded to an evolution of 0.00498 mole of 
ammonia. No sulfanilic acid was detected in the still 
contents. The acid hydrolysis was repeated on another 
1.066-g. sample of sulfanilylacetamidine. The resulting 
solution was concentrated and neutralized. The solid 
which precipitated was recrystallized from hot water and 
dried. The white crystalline product weighed 0.63 g. and 
was identified as sulfanilamide, as previously described.

Summary
1. A  series of sulfanilylamidines of the struc­

ture 4-(NH2)C6H4S0 2N = C (R )N (R ')R '/ were pre­
pared, where R  was alkyl, aryl, aralkyl or hetero­
cyclic, and R ' and R "  were hydrogen, alkyl or 
heterocyclic. None of these compounds formed 
sodium salts.

2. As by-products in some preparations disul- 
fanilylamidines were isolated having the probable 
structure, 4-(NH2)C6H4S02N=C(R)NHS02C6H4- 
(NH2)-(4)'. These formed neutral sodium salts.

3. None of the compounds was more active 
than sulfanilamide in preliminary chemothera­
peutic studies.
B o u n d  B r o o k , N. J. R e c e iv e d  J u l y  25, 1942
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[Contribution prom Westinghouse R esearch Laboratories]

Ionization and Dissociation by Electron Impact: Normal Propyl Chloride and Ter­
tiary Butyl Chloride

B y  D. P. St e v e n so n 1*2 a n d  Jo hn  A. H ippl e

In an effort to gain further insight into the 
unimolecular dissociation reactions of hydro­
carbons and related molecules which follow ioni­
zation by electron impact, we undertook a mass- 
spectroscopic investigation of some alkyl halides. 
Due to circumstances beyond our control, the 
research was terminated with the work on ^-pro­
pyl and /-butyl chlorides only partially completed. 
Since the data which have been acquired seem of 
interest, we report them herewith.

The apparatus and technique have been briefly 
described in an earlier paper.3 The ^-propyl and 
/-butyl chlorides were Eastman Kodak Co. white 
label compounds, used without further purifica­
tion. The electrons were obtained from the same 
oxide-coated platinum filament used in the pre­
ceding work.3 This pair of halides very markedly 
decreased the activity of the filament. When the 
vapors were removed from the tube the filament 
regained its original activity. A  similar, but less 
pronounced, effect had been noted with the un­
saturated hydrocarbons, propylene and isobutyl­
ene. The latter, however, left the voltage scale 
calibration (correction for contact potentials) 
unchanged. The propyl chloride decreased the 
correction, as determined from the ionization 
efficiency curve of argon, by a little over one volt. 
This effect provides full justification for the extra 
effort involved in admitting the calibration gas, 
argon, simultaneously with the substance under 
investigation.

The relative intensities of the principal ions in 
the mass spectrum of /-butyl chloride are given 
in Table I for some round values of the bombard­
ing electron energy. Due to the almost im­
measurably small current of the parent ion, 
C 4H 9C 1+ , the principal ion in the spectrum, 
C 4 H 9 +  has been used as the reference standard. 
The complete lack of stability of the /-butyl 
chloride ion was both surprising and irritating. It 
precluded the measurement of the appearance po­
tential of this ion and thus the vertical ionization 
potential of the molecule.

(1) W estinghouse Research Fellow.
(2) Present address, Shell D evelopm ent Co., Em eryville, Cali­

fornia.
(3) D . P. Stevenson and J. A. Hippie, T his J o u r n a l , 64, 1588 

(1942).’

It will be noted that even though the breaking 
of a carbon-carbon bond (loss of a methyl radical) 
is favored by the greater number of such bonds,3 
the molecular ion has a greater tendency to lose a 
chlorine atom. Similarly, the isobutane molecu­
lar ion loses a methyl radical more readily than 
a hydrogen atom,3 despite the greater number of 
C-H  than C -C  bonds. These reaction probabili­
ties of the molecular ions are apparently directly 
related to the strength of the bond that breaks 
since in the order of their decreasing strength the 
bonds are C-H, C -C , and C -Cl.

One of the more characteristic reactions of 
propane and the butanes is the one giving rise 
to a lower olefinic ion and methane, ethane or 
hydrogen. B y analogy one would expect the 
reactions

(a) /-BuCl---->  C3H5C1+ +  CH4 +
(b) t-BuCl — >  C3H6+ +  CH3C1 +  e~

to contribute to the spectrum of /-butyl chloride 
to a much greater extent than is observed. As in 
the isobutane spectrum, the relative abundance 
of the allene (or methylacetylene) ion, C 3 H4+ is 
much smaller than those of the ions CsHs* and 
C 3 H 3 +  and the ethylene (or ethylidene) ion is less 
abundant than C 2 H5+ and C 2 H3+.

The mass spectrum of normal propyl chloride, 
given in Table II, presents a marked contrast to 
that of tertiary butyl chloride. In the first 
place, the parent ion, 0 3 ^ 0 1 +, is present in quite 
large abundance. Because of the apparent simi­
larity of the dissociation reactions involved, one 
would expect C8H 7 + to be much more abundant 
than C 3H6+, since the current of C4H9+ from /- 
butyl chloride is about twelve times as great as 
that of C4H8+. That our expectation is not ful­
filled is the more surprising when it is noted that 
the relative abundances of C2H5+, C 2 H4+ and 
C2H3+ have the same pattern in both chlorides.

Although their relative abundances are not very 
large, it is to be noted that both C2H 5 C 1 + and 
CH3C1+ are present in the spectrum of the propyl 
chloride. Although methane and ethane are 
formed in the dissociation of the butane ions, care­
ful search failed to reveal any trace of the ions 
CH4+ or C2H6+ in the spectra.3 It is conceivable
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Table I
M ass Spectrum of /-Butyl Chloride (Incomplete®)

V ~ (volts) c 4h 8c i + CaHeCl+ CaH&Cl+ CaH4C l+ C2H3C1 + HCl+ C l4

30 < 0 .1 39 < 0 .1 < 0 .1
50 < 0 .1 43 3 .4 0 .5 < 1 < 0 .1 < 0 .1

100 < 0 .1 47 3 .5 < 0 .1 < 0 .1
V -  (volts) C4h 9+ c 4h 8+ c 3h 7+ CaH«+ CaH5 + CsH4 + CsH 3 + c 2h 6+ C2H4+ C2Ha +

30 99 55 7 .3
50 100 7 .9 4 .5 0 .7  73 2 .7 23 32 6 .6 20

100 107 78 23
° Absence of an ion from table does not necessarily imply absence from spectrum. The relative abundances have 

been corrected for C13 in its natural abundance, 1.1%.

Table II
M ass Spectrum of w-Propyl Chloride®

V (volts) c 3h 7c i + C2H 4C1 + CH2C1+ c 3h 7 + C3H e+ . C3H b + C3H4 + C3H3 +
30.0 100 51.3 14.8 108 368 1 0 2 26 .7
40.0 107 57.0 25.6 114 382 116 60.1
60.0 HI 59.0 28.3 118 392 124 14.5 63.2

100.0 113 60.0 27.2 121 412 129 60.5
V ~ (volts) c 2h 5+ C2H 4 + C2Ha + c 2h 2 + C2H + CH* +

30.0 184 60.5 163 7 .6
40.0 204 87 .5 216 24 .7
60.0 219 96 .5 250 32.0 3 .5 31.1

100.0 224 100 255 29 .5
V" (volts) CaHeCl+ CaHeCl+ CaH4Cl + C2H 5C1+ C2H 3C1+ C2H 2C1 + C2HC1 + C1 +

60.0 3 .9 2 .2 2 .4 0 .9 8 . 8 4 .3 1.9 2 .5
V" (volts) CHaCl + CHC1 + CC1 + C3H 2 + CaH + Ca + HC1 +

60.0 3 .0 2 .8 3.1 4 2 2 2
® The relative abundances have been corrected for isotopic effects.

that the C2H5C1+ and CH3C1+ are present in the The value H(C3H7C1+) = 10.7 e. v. in the
spectrum of C3H7C1 because of ethyl and methyl 
chloride impurities. For this to be the case one 
would expect the relative abundances to be in the 
reverse order, i , e., C2H5C1+ > CH3C1+, rather 
than the observed C2H5C1+ < CH3C1+.

The appearance potentials, which were deter­
mined from the “ initial breaks” 3 of the ionization

w-C3H 7 C 1  spectrum is to be associated with the 
vertical ionization potential of this molecule. 
The vertical ionization potential of /-butyl chlo­
ride must be less than the appearance potential 
of the ion C4H9+ in its spectrum, that is, /vert- 
(/-BuCl) <  10.2 e. v. These values stand in con­
tradiction to the suggestion made by Price5 that

efficiency curves are listed in Table III. When 
two values are noted, the second refers to the 
position of a marked inflection in the ionization 
efficiency curve. The ionization potential of ar­
gon was taken equal to 15.76 e. v .4 for calibration 
purposes.

T able III
Appearance Potentials in the 

Spectra
Process

*-C4H 9Cl ----- >  CsHeCl+ +  CHa +
— >  C4H9 + +  €~ +  Cl 
— >  CaHe +
...... ^  CaHa + -f~ . . . +

/-BuCl AND TZ-PrCl

4 (X +)
IO . 7 7  =*=0. 1 e.v.
IO. 2 7  ± 0 . 2 ; 18. 5  ± 1  

12.4i=s=0.2; lÖ .o ^ l  
16 . 1 ^ 1

n-C3H7CI - CsHtCI+ + «- 
C2H4C1 + +  CHa + € ~ 
CaH7 + 4* Cl +

10.7  =t0 . 2  e. v.
12 .0  =*=0.3 e. v.
11.1 =*=0.3 e. v.

(4) R . F. Bacher and S. Goudsmit, “ Atomic Energy States,"
McGraw-Hill Book Co., New York, N . Y ., 1932. See footnote to
Table I of the preceding paper on isobutylene, etc.

there should be no further reduction in the ioni­
zation potentials of the alkyl chlorides beyond 
that found in going from methyl chloride to ethyl 
chloride. In the light of the large decrease in the 
vertical ionization potential in the sequence 
ethane, propane, butane (11.6, 11.0, 10.2, re­
spectively3), the results on the propyl and butyl 
chlorides are not entirely surprising.

By use of the rules formulated by Kistiakowsky 
and co-workers6 in combination with the data 
summarized by Rossini7 one can estimate the heat 
of the reaction w-C4H i0 +  HCl = n -C3H7C1 +  
CH4, to be Ai72°98.i = 0.15 =*= 0.05 e. v. From 
Table III we have rc-C3H7Cl rc-C3H7+ +  Cl +

(5) W. C. Price, J. Chem. Phys., 4, 539, 547 (1936).
(6) J . B. Conn, G. B. K istiakowsky and E. A. Sm ith, T his J our­

n a l , 60, 2764 (1938).
(7) F. D. Rossini, Chem. Rev., 27, 1 (1940).
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€ , A  ( C 3 H 7 = 11.1 and from earlier work,3 
n-CJHio “ > ^-C3H7+ +  CH3 +  €~, ,4(C3H7) + -  
11.2]. Herzberg8 gives 4.43 e. v. for the dissocia­
tion energy of HCl. Combining these data with 
the assumptions described elsewhere,9 we find
4.42 d= 0.2 e. v. for the strength of the first carbon- 
hydrogen bond in methane. The excellence of the 
agreement of this estimate of Z>(CH3-H) with 
that made from other similar pairs of appearance 
potentials, 4.3g =*= 0.2 e. v., provides further justi­
fication for an assumption there made, namely, 
that in the reaction C3H8 —> C3H7+ +  H +  €“ , 
the C3H7+ is the isopropyl rather than the normal 
propyl ion.

If the value of H(C4H9+) in the /-BuCl spec­
trum is combined with that of the same ion in the 
isobutane spectrum and the heats of formation 
of isobutane7 and tertiary butyl chloride,10 one 
finds 3.7 e. v. for the dissociation energy of HCl. 
This value is 0.7 e. v. lower than the accurate 
value quoted above.8 In making this estimate, 
we have assumed that the C4H9+ in the isobu­
tane spectrum has the tertiary structure. If the 
appearance potential H(C4H9+) =  11.6 =*= 0.3 
e. v .3 corresponds to the formation of the iso­
butyl ion from isobutane, the calculated value 
of the dissociation energy of HCl would be too 
low by an amount equal to the energy of the 
isomerization process, f-C4H9+ —» /-C4H9+. Since 
this latter quantity is probably of the order of
0.4 e. v., the assumption that isobutane yields 
the isobutyl ion would explain most of the dis­
crepancy. The determination of the appearance 
potential of C4H9+ in the isobutyl chloride spec­
trum would make possible a decision as to whether 
or not the explanation of the discrepancy is the 
correct one.

The reaction giving rise to C3H5+ in the spec­
trum of /-BuCl may be either of the following pair

/-C4H9CI — ^ C3H5+ -+- CH3 +  HCl +  e“
C8H6+ +  CH4 +  Cl +  6-

(8) G. H erzberg, "M olecu lar S pec tra ,"  P ren tice-H all, Inc., New 
Y ork, N . Y ., 1939.

(9) D. P. Stevenson, J .  Chem. Phys., 10, 291 (1942).
(10) G. B. K istiakow sky an d  C. H. Stauffer, T h is  J o urn al , 59,

165 (1937).

since the two pairs of un-ionized fragments are 
of very nearly the same energy. The following 
simple calculation shows the observed value of 
A  (C3H5+) to be consistent with either of the re­
actions. From reference 10 we have

i-C4H8 +  HCl = /-CJI9CI A/72°98 = ~0.73 e. v. 

while
;-C4H8 = C3H5+ +  CH3 +  € A(C3H5+) = 11.5! e. v.11 

Adding, we find, /-C4H9C1 C 3H5+ +  CH3 +
HCl +  e~, .4calcd. (C3H5+) = 1 2 . 2 5  e* v - in excel­
lent agreement with the observed value. Since 
Z>(CH3— H) and D {H— Cl) are equal to within 0.1 
e. v., the products could also be CH4 and Cl. A  
possible reaction which can be eliminated is 

/-C4H9C1 — > C3H5+ +  CH3C1 +  H +  €-

From the data given by Bichowsky and Rossini12 
one finds CH4 +  HCl = CH3 Cl + H, AHSa. = 0.91 e. v. 
Thus 41 caicd. (C3H5+) for the latter un-ionized 
products is 0.8 e. v. greater than the observed 
value.

Until further data on related molecules are 
.acquired, it is not profitable to discuss the reac­
tions /-C4H&C1 -> C3H6C1+ +  CH3 +  e~ and 
rc-C3H7Cl C2H4C1+ +  CH3 +  € , further than 
to state that the appearance potentials observed 
seem to be consistent with the reactions as written.

In closing, we should remark that no search was 
made for negative ions, which undoubtedly are 
formed.

Summary
The mass spectra of tertiary butyl and normal 

propyl chloride are tabulated and briefly discussed. 
The appearance potentials of a few ions in these 
spectra were measured. The vertical ionization 
potential of normal propyl chloride is 10.7 =*= 0.2 
e. v. An estimate of Z>(CH3— H) from the pres­
ent data leads to the value 4.42 ^ 0-2 e. v. in 
agreement with the value deduced from other 
electron impact data.
East P ittsburgh, Pa . R eceived July 28, 1942

(11) D. P. Stevenson and J. A. Hippie, ibid., 64, 2769 (1942).
(12) F. R. Bichowsky and F. D . Rossini, "Thermochemistry,” 

Reinhold Publishing Co., New York, N . Y ., 1936.
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[C o n t r i b u t io n  f r o m  W e s t i n g h o u s e  R e s e a r c h  L a b o r a t o r i e s ]

Ionization and Dissociation by Electron Impact: Isobutylene, Propane, and Propylene
B y  D. P. St e v e n so n 1 a n d  J o hn  A. H ippl e

In a recent paper the results of a mass-spectro­
scopic investigation of the dissociation products 
of normal and isobutane were reported. 2 We pre­
sent here the results of a similar investigation of 
isobutylene. As a part of an extensive study of 
the form of ionization efficiency curves, we have 
examined certain processes in propane and pro­
pylene. Inasmuch as our results on these latter 
molecules differ from those of a previous investi­
gation, we also report appearance potentials of 
some of the ions in the mass spectra of propane 
and propylene.

The instrument and general technique have 
been described in the preceding article. 2 The gas 
samples were given to us by the Standard Oil 
Company of Indiana.

The appearance potentials, determined from 
the “ initial breaks, ” 2 are summarized in Table I. 
The results of Delfosse and Bleakney3 on pro­
pane and propylene are included for comparison. 
We can offer no explanation for the discrepancies 
between our results and those of Delfosse and 
Bleakney. Careful checks show the results we 
report are consistent with our previously reported 
work on ethane and the butanes.

The significance of the appearance potentials of 
the various ions in the spectra of propylene and 
propane has been discussed by Delfosse and 
Bleakney . 3 Our values are not sufficiently dif­
ferent to change their interpretation in any sig­
nificant detail.

The value of the appearance potential of the 
parent ion in the isobutylene spectrum, ^4(C4 H8+) 
= 8.9 e. v., which is to be associated with /verr  
(i-C4 H8) is surprisingly low. The substitution of 
two methyl groups in ethylene reduces 7vert(  ̂ +  
7r, 7ru) by ^2.0 e. v. The effect of methyl for hy­
drogen substitution is more marked in the ethylene 
series than in the corresponding ethane series, 
since/vert(C2 H 6 ) = 11.7 e. v. and I veTt(C Jlio) =
10.4 e. v . 2 The 7vert(ethylenes) decrease more 
or less smoothly with methyl substitution, while 
the ethane series shows a greater decrease from 
propane to butane than from ethane to propane.

(1) W estinghouse Research Fellow. Present address, Shell De­
velopment Co., Em eryville, California.

(2) D. P. Stevenson and J. A. Hippie, T h is  J o ur n a l , 64, 1588 
(1942).

(3) J. Delfosse and W. Bleakney, P h y s .  R ev . ,  56, 256 (1939).

It will be noted that while in the ethylene 
series there is a difference of over 2 . 2  volts be­
tween the appearance potentials of R -H + and 
R + +  H, the difference is less than 1.2 e. v. for 
the saturated hydrocarbons. A  similar situation 
obtains when one compares the appearance po­
tentials of R -C H 3+ and R + +  CH 3 for R olefin or 
saturate. These observations are consistent with 
the assumption which is usually made with re­
spect to the relative strengths of single bonds to 
unsaturated and saturated carbon atoms. 4

The ionization efficiency curve for C 4 H8+ from 
isobutylene shows inflections at ~ 12.5  e. v. and 
at ~ 18  e. v. The inflection at 12.5 probably 
is to be attributed to the removal of the electron 
from a C-H  bond orbital instead of from a C -C  
double bond orbital. Although we can make no 
assignment of the higher ionization potential 
(~ 18  e. v.), it should be remarked that isobutane 
also has an ionization potential about 9 volts 
above the appearance potential. The ionization 
efficiency curves for C 4 H8+ from 7-C4 H8  and for 
C 4 Hio+ from f-C 4 Hi0  are shown in Fig. 1 .

Barring molecular rearrangement, the ion 
C 3 H5+ formed from isobutylene has the structure 
CH 3 CCH 2+. One might expect the C 3 H5+ 
formed from propylene to be the isomeric CH2- 
CHCH2+ since the bonds to carbon atoms at­
tached to unsaturated carbon atoms are gen­
erally weaker (more reactive) than the bonds to 
an unsaturated atom. The fact that A  (C3 H5+) 
from C 3 H 6  is 2 . 2  e. v. greater than A  (C3 H6+) while 
^4(C3 H7+) from C 3 H 8  is but 0.5 e. v. greater than 
A  (C3 H8+) suggests that the hydrogen atom lost 
by propylene was attached to one of the ethylenic 
carbon atoms. In either case we can write
(a) C3H6 — >  CH3CCH2+ +  H 4- e-

A (C3H5D > 11.96
(b) 7C4H8----CH3CCH2+ +  CH3 -f 6“

4(C 3H5)+ = 11.5j
(c) 6 i-C4H, +  2H = C3H6 +  CH4 AHSs.i = -4.93 
These equations lead to D(CH 3 — H) < 4.48 e. v. 
This is in good agreement with the value of 4.3g 
e. v. deduced from other data . 6  This agreement

(4) F. O. R ice and K. K. Rice, “ The Aliphatic Free R adicals,” 
Johns Hopkins Press, Baltimore, M d., 1935, p. 75.

(5) F. D. Rossini, C h e m .  R e v . ,  27, 1 (1941), 1 kcal./m ole =  0.04337 
e. v.

(6) D . P. Stevenson, J .  C h e m .  P h y s . ,  10, 291 (1942).
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Table I
Appearance P otentials of Various Ions in C3H6, C3H8 and in C4Hs
Process A (X+), e. v.a A(X+), e. v . b

C3H6 C3H6+ T  € 9.76 =*=0.1 10.0*0.2
C3H6 — >- C3H6+ +  H +  <r 11.96* .1 11.8* .2
c 3h 8 — >- c 3h 8+ +  «- 11.21* .1 11.3* .2
C3Hs — ^ CsH,+ -f- e~ 11 .67*  .1 11.9* .2
CsH8 — > C2H6+ +  CHs +  e- 12.21* .1 12.3* .2
C3H8 — >■  C2H4-1- +  c h 4 +  <r H .81*  .1 12.2* .2
CbH8 — > CHs+ +  . . . +  6- 17 *2
i-C4H8----C4H8+ +  «- 8.86*0.1; 12.5*1
i - C d h  — > C4H7+ +  H +  e- 11.32* .1
i'-C4H8 — > C3H6+ +  CHs +  6“ 11.51* .1
i-C4H8---->- C3H4+ +  c h 4 +  e- 11 .62*  .1
;-C4H8 — C3Hs+ +  . . . +  <r 14.2 *  .5
f-C4H8 — >- C2H8+ +  . . . +  <r 15 *1
»-C4Hs — >- C2H4+ +  C2H4 +  6- 12.1 *0 .5
j-C4H8 — >• C2H3+ +  C2H4 +  H +  <r 15.2 *  -5

a The ionization potential of argon, I  — 15.76 e. v., was taken in accordance with the new conversion factor, 1 e. v. = 
8066 cm.-1. The appearance potentials in reference 2 should all be raised 0.07 e. v. We should like to thank the referee 
who called attention to the inconsistency on this point which existed in our original manuscript. 6 Ref. 3 of text.

suggests either that the unsymmetrical structure 
for the C 3 H5+ from C 3 H 6  is correct or that the isom­
erization energy of the reaction CH 2 CHCH2+ —> 
CH 3 CCH2+ is quite small. The latter seems very 
likely, since the allene —> methylacetylene reac­
tion involves but —0.07 e. v.

Fig. 1.—Ionization efficiency curves for the reactions 
7-C4H8 -*• C4H8+; *-C4Hs G4H7+ +  H; *-C4H10 
—*■ C4Hio+. The voltage scale is uncorrected. The 
ordinates for isobutylene and isobutane are not com­
parable.

The C 3 H4+ from isobutylene may have either 
the allene or the methylacetylene structure. 
From the data summarized by Rossini, 5  we can 
write

(d) ;-C4H8 = CH2CCH2 +  CH4 A//2098.i = 1.36 e. v. 
or

(d') *-C4H8 = CHsCCH +  CH4 A#298.i = 1.29 e. v. 
Subtracting from i-C 4 H8; ^4(C3 H4+) = 1 1 .6 2 , we 
have either J(CH 2 CCH2) = 10.26  or J(CH 3 CCH) 
= IO. 3 3  e. v. Delfosse and Bleakney3 found from 
direct measurement on allene, ^4(C3 H4+) ==
9.9 e. v. The ionization potential of methyl­
acetylene has not been measured. In acetylene, 
^4(C2 H2+) = 11.2 e. v . 7  B y  analogy with the 
observed decreases in the vertical ionization po­
tential brought about by substituting a methyl 
group into ethane and ethylene, one may guess 
that 7vert(CH 3 CCH) is 1 e. v. less than I^ rt-  
(C2 H2) or 7vert(CH3 CCH) = 10.2 e. v. Thus we 
are unable to reach a decision with regard to the 
structure of the C 3 H4+ in the isobutylene spec­
trum. It may be noted that regardless of the 
structure of this ion, the methyl and hydrogen 
which form the methane come from adjacent 
carbon atoms rather than from the same atom . 8

The relatively low values of the appearance 
potentials of the ions C 2 H5+ and C 2 H4+ in the 
isobutylene spectrum indicate that a minimum 
number of bonds are lost in the course of the re-­
arrangement and dissociation reactions through 
which they are formed. The essential sharpness

(7) J. T. Tate, P. T. Sm ith and A. L. Vaughan, P h y s .  R ev . ,  48, 525 
(1935).

(8) See the discussion in refs. 2 and 3.
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with which the ionization efficiency curves (see 
Fig. 2) rise to their maximum values suggests that 
but one process is involved in each case, i. e .y one 
set of products. The low precision of A  (C2 H5+) 
precludes the unique assignment of the un-ionized 
fragments which accompany the formation of
C*H5+

From the data of Rossini5 we can write
(e) *-C4H8 = 2C2H4 Affis.i = 1.23 e. v.

while Tate and co-workers9 give
(f) C2H 4 — >  C2H4+ +  c A (C2H4+) = 10.8 e. v. 

Adding, we find
(g) *-C4H8---->  C2H4+ +  C2H4 +  e-

-dcalcd. (C2H4+) = 12.0 e. V.

in excellent agreement with the observed value 
(Table I). If, instead of the electron impact 
value of ^ (C 2 H4+), we had used Price’s1 0  spectro­
scopically determined F (C2 H 4 ) = 10.4 e. v., the 
value of A  (C2 H4+) calculated for (g) would be 0.4 
e. v. below the observed value. This suggests
0.4 e. v. as a limit to the activation energy of the 
reverse of reaction (g). We have assumed that 
the products are of the ethylene rather than the 
ethylidene structure, an assumption which is un­
warranted at present. Until the energies of ethyli­
dene and its ion are known from other data, this 
ambiguity in the foregoing discussion must re­
main unresolved.

The ionization efficiency curve of the ion of 
mass 27 (primarily C 2 H3+) of the isobutylene 
spectrum is similar in form to the curves for this 
ion in the spectra of ethane and the butanes. The 
rather large range of electron energies through 
which the slope increases suggests that one or 
more secondary processes, involving more frag­
mentation than the primary process, are involved. 
Combining reaction (e) with C 2 H4, ^4(C2 H3+) =
14.1 e. v . , 9  we find
(h) *-C4H8 — ^  C2H4 +  C2H3+ +  H +  e-

d Caicd.(C2H3+) = 15.3 e. v.
in good agreement with the observed value of 
^4(C2 H3+) = 15.(2) e. v. We cannot exclude 
C 2 Ü 5  as the un-ionized product which accompanies 
the C 2 H3+. The association of C 2 H4  and H to C 2 H 5 

gives off about 1.7 e. v., thus for the reaction 
(h') *-C4H8 — >  C2H5 +  C2H3+ +  €- 

one would estimate ^4(C2 H3+) ^13.6  e. v., well 
below the observed value. The 1.5 e. v. discrep­
ancy could easily be assigned to an activation 
energy of the reverse of reaction (h').

(9) P. Kusch, A. Hustrulid and J. T. Tate, Phys. Rev.,52, 843 (1937).
(10) W. C. Price, ibid., 47 , 444 (1935).

Fig. 2.—Ionization efficiency curves for various processes 
in isobutylene. (C4H8+)i is to be compared with the C2 
masses. (C4H8+)2 is to be compared with the C3 masses.

The form of the ionization efficiency curve of 
CH3+ from propane is of a character intermediate 
to those of this ion in ethane and the butanes. 
The formation of the methyl ion in the ethane 
spectrum involves mainly single ionization and in 
the butanes only double ionization. The value 
of ^4(CH3+) from propane, while only rough, 
indicates that a process involving only single 
ionization contributes. The very pronounced 
curvature of the ionization efficiency curve in 
the vicinity of 26 volts indicates double ioniza­
tion to be the more important source of methyl 
ions. The CH3+ current from propane attains 
about 1 0 %  of its maximum value for 30 volt 
electrons, while for similar electrons in ethane, 
CH3+ is 50% of its maximum value. The methyl 
ion current is but 6 %  of its maximum value for 30 
volt electrons in the butanes.

The relative abundances of the various ions 
in the mass spectrum of isobutylene are given, for 
round values of the bombarding electron energy 
in Table II. Qualitatively, the distribution of in­
tensities is very like that observed in the butane 
spectra. As is the case in the spectra of propylene, 
propane and the butanes, the principal reaction is 

R-CH3 — ^  R+ +  CH3 +  e"
In the C 4  region of the spectrum, isobutylene
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Table II
T he M ass Spectrum of Isobutylene®

m/e = 56 55 54 53 52 51 50 49 48V ~ ion  = C4Hg + C4H 7 + C4ILU c 4h 5 + C4H4 + C4H3 + C4H2 4- c 4h  + CU
30 100 33.3 3.9
50 103 40.8 4.9 11.0 2.5 8.6 8.4 1.6 0.22
70 108 43.6 4.8 10.8 2.3 8.5 9.7 2.6 • 3g

100 107 45.1 5.2 11.2 2.2 8.3 10.3 3.2 • 54
m/e — 42 41 40 39 38 37 36V" ion — C3H6 + C3H s + C3H U C3HU C3H2 + CsH + Cs +

30 16.1 175 16.9 50.1
50 18.2 218 21.4 83.8 11.3 5.1 0.25
70 18.7 231 22.4 87.4 12.7 7.5 •88

100 17.2 243 22.6 87.0 12.7 8.1 1.33
m/e = 29 28 27 26.5 26 25.5 25 24 15 14

V ion  = C2H 5 + C2H4 + CaHU C4H5 + + C2H2 + C4Hs + + C2H + C2 + CHs + CHU
30 18.8 42.2 21.4 1.4 O.O9
50 28.1 59.5 55.1 11.0 0.5 5.5 1.9
70 29.1 63.3 56.6 13.9 6.5
90 29.9 64.8 55.7 0.22 14.3 2.8 2.3 0.25 6.7

a No correction for C13 in its natural abundance, 1.1%.

shows its generic relationship to isobutane. The 
manner in which the spectrum changes with 
electron energy is illustrated in Fig. 2.

Summary

The results of a mass-spectroscopic investiga­
tion of the ionization and dissociation of propyl­
ene, propane and isobutylene by electron impact

are reported. The vertical ionization potentials 
of these three molecules were found to be 7V(C3 H6) 
= 9.8 =•= 0 . 1  e. v., IV(C3 H8) = 1 1 . 2  =±= 0.1 e. v., and 
Iv(i-C4H8) = 8.9 =*= 0.1 e. v. The significance of 
some of the observed appearance potentials of ions 
in the isobutylene spectrum is discussed. The 
mass spectrum of isobutylene is given in detail. 
East P ittsburgh, Pa . R eceived July 28, 1942

[Contribution from the D epartment of Chemistry of the University of T exas]

Reactions of Cobalt(III), Cobalt(II), and Iron(II) Oxides in Liquid Ammonia
By Thomas E. Moore and George W. Watt

With the single exception of the reduction 
studies described by W att and Fernelius, 1 the 
only available information relative to reactions 
of metal oxides in liquid ammonia consists of a 
number of incidental qualitative observations2  

together with certain partially erroneous3 results 
on reactions of the acidic oxides of chromium, 
molybdenum and tungsten published by Rosen­
heim and Jacobssohn. 4  The experiments de­
scribed in this paper represent the first of a series 
of studies initiated for the purpose of providing 
information on the behavior of metal oxides 
toward liquid ammonia and liquid ammonia solu­
tions of ammonium salts (acids), alkali amides 
(bases) and strong reducing agents.

(1) W a tt an d  Fernelius, T h is  J o u r n a l , 61, 2502 (1939).
(2) F o r p rim ary  references see Fernelius and  W a tt, Chem. R e v . ,  

20, 213 (1937).
(3) D avies an d  W a tt, forthcom ing publication .
(4) Rosenheim  and  Jacobssohn, Z .  a n o rg . a ll g em . C h e m . ,  50, 297 

(1906).

Experimental
Methods.—Unless otherwise indicated, the experimental 

techniques were those employed by Watt and Fernelius.1 
All analytical data were obtained using standard methods 
of analysis.

Materials.—All materials were carefully dried before 
use. All chemicals other than the oxides were either re­
agent grade materials or consisted of commercial products 
which were subjected to careful purification.

Cobalt(IH) Oxide.—Baker ' 'reagent grade” oxide was 
dried for ten hours at 100° and used without further treat­
ment.

Anal. Calcd. for Co20 3: Co, 71.06. Found: Co,
70.75.

Cobalt(II) Oxide.—The most satisfactory method for 
the preparation of this material was found to be that of 
Le Blanc and Möbius.5 However, the use of this method 
in the original or in modified form, as well as other known 
methods,6 failed to yield a product of the desired composi-

(5) Le Blanc an d  M öbius, Z .  p h y s i k .  C h e m . ,  A142, 151 (1929).
(6) For details see M ellor,. “ A Com prehensive T rea tise  on In o r­

ganic and T heoretical C h e m is try /’ Longm ans, Green and  Co., New 
York, N. Y., 1937, Vol. X IV , pp. 558-563.
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-O x ide—

T able I
R eactions with Ammonium Salts at 1000

-S a lt— -O xide dissolved—
Form ula Wt., g. Form ula wt., g. N H s, m l. T im e, h r. wt., g. %
C02O3 0.4186 NH4C1 11.00 20 36 0.0000“ 0.00
C02O3 .4979 NH4N03 36.80 30 36 .0000“ .00
CoO .1960 NH4C1 12.90 20 20 .0163 8.32
CoO .1896 n h 4n o 3 25.80 25 20 .0083 4.38
FeO .4596 n h 4ci 11.50 20 24 .0082 1.80
FeO .3878 n h 4n o 3 20.00 25 24 .0049 1.26

The aqueous extracts failed to give positive tests for cobalt with «-nitroso-/3-naphthol reagent which, according
Atack [/. Soc. Chem. Ind., 34, 641 (1915)] will detect one part of cobalt in one million parts of solution.

tion. The best product obtained contained 75.0% cobalt 
as compared with a calculated cobalt content of 78.7% 
for CoO.

Iron(II) Oxide.—Kahlbaum iron(II) oxide was used. 
The chief impurity in this material was found to be ele­
mental carbon. Anal. Calcd. for FeO: Fe, 77.71.
Found: Fe, 73.64. The method of Chaudron7 and other 
known methods8 failed to provide a product of purity 
greater than that of the Kahlbaum product.

Reactions with Liquid Ammonia.—Weighed quantities 
of the oxides were allowed to remain in contact with a large 
excess of liquid ammonia in sealed tubes at 25° over a 
period of twenty-four hours. After removal of the am­
monia, the oxides were shown by analysis to have under­
gone no change in composition. For example, a sample of 
iron(II) oxide (0.5388 g.) contained 73.81% iron before 
treatment and was found to contain 73.84% iron after 
treatment with ammonia.

Reactions with Ammonium Salts.—Weighed samples of 
the oxides were treated with liquid ammonia solutions 
containing large excesses of ammonium salts in sealed 
“Pyrex” tubes which were heated to 100° in an autoclave 
of the type described by Bergstrom.9 After removal of 
the solvent, unchanged oxides of cobalt were separated by 
extraction with water. Both the soluble and insoluble 
portions were thereafter analyzed for cobalt. Unchanged 
iron (II) oxide was separated on the basis of its insolubility 
(as shown by preliminary experiments) in 1.2 N  hydro­
chloric acid solution. In each case the identity of the un­
changed oxide was established by analysis. Results of 
these experiments are given in Table I.

Reactions with Potassium Amide.—The methods used 
were those employed by W att and Fernelius10 with the ex­
ception that the stopcocks were removed from the Fara­
day tubes prior to mixing the reactants. This procedure 
was found necessary in order to avoid loss of solvent due 
to leakage over the long periods of time and under the 
pressures developed due both to solvent vapor pressure 
and that of gases evolved during the reactions. This prac­
tice, however, suffers a disadvantage in that it does not 
permit of the ready collection and identification of insol­
uble gaseous reaction products.

Cobalt(III) Oxide.—When treated with a liquid am­
monia solution of potassium amide (from 1.3110 g. of 
potassium) at room temperature for ten days, cobalt (III) 
oxide (0.5847 g.) reacted slowly to form an apparently

(7) C haudron, Ann. chim., 16, 272 (1921).
(8) M ellor, “ A C om prehensive T rea tise ,” 1937, Vol. X III ,  p. 709.
(9) B ergstrom , J. Org. Chem., 2, 424 (1937).
(10) W a tt and  Fernelius, T h is  J o u r n a l , 61, 1692 (1939).

complex mixture of insoluble products. The only product 
identified was elemental cobalt which Was deposited on the 
walls of the tube in the form of a thin bright metallic 
mirror. This deposit was dissolved by hydrochloric acid 
with evolution of hydrogen. In any case, the quantity of 
elemental cobalt isolated was small; for example, in a 
typical case 0.0085 g. of cobalt was separated from the 
heterogeneous insoluble products.

Cobalt(II) Oxide.—Treatment of 0.2984 g. of cobalt 
(II) oxide with an ammonia solution of the potassium 
amide from 1.1847 g. of potassium over a period of ten 
days at room temperature resulted in a three-fold increase 
in the bulk of the insoluble solid phase, the liberation of 
small quantities of an insoluble gas, and the production of 
an intensely green colored ammonia solution. Following 
separation of the ammonia solution from the insoluble ma­
terial, the former was cooled to —70°, whereupon deep 
blue crystals separated together with crystals of potassium 
amide. Attempts to separate the blue crystalline product 
by fractional crystallization from ammonia were unsuccess­
ful. The heterogeneous insoluble material reacted with 
hydrochloric acid with liberation of hydrogen. A repre­
sentative sample of this material (0.3231 g.) was found to 
contain: N, 5.76; K, 17.49; Co, 58.94.

Iron(II) Oxide.—Potassium amide (from 1.4111 g. of 
potassium) in liquid ammonia solution was allowed to re­
main in contact with iron(II) oxide (0.4286 g.) at room 
temperature over a period of ten days, without any visible 
evidence of reaction. However, the insoluble black solid 
phase (after thorough washing with liquid ammonia) was 
found to contain: N, 7.73; K, 5.40; Fe, 73.80.

Reduction Reactions.—Cobalt(III) and iron(II) oxides 
were reduced by liquid ammonia solutions of potassium 
at 0° using the same procedures as those employed by 
W att and Fernelius1 with the exception that provision was 
made for the collection of hydrogen resulting from the 
interaction of potassium and ammonia under the catalytic 
influence of the oxides and/or reduction products. In ef­
fecting several reactions involving the heterogeneous re­
duction of a given oxide, efforts were made (but none too 
successfully) to control (a) the concentration of the potas­
sium solutions, (b) the rate of addition of the reducing 
agent, and (c) the uniformity of agitation of the reactants. 
After washing each insoluble product, the tube was evacu­
ated at 80-90° at an oil pump to remove adsorbed ammonia 
and hydrogen.

Unchanged cobalt (III) oxide was separated from the 
insoluble reduction products on the basis of its insolubility 
(as shown by preliminary experiments) in 1 A hydrochloric



2774 T homas E . M oore and  George W . W att Vol. 64

acid. I t  was found impossible to separate iron(II) oxide 
by any similar procedure even when buffered acetic acid 
solutions were employed. Consequently, the gross insol­
uble product was analyzed as such. Data relevant to re­
duction reactions are given in Tables II  and III.

T a b l e  IF
R eduction of Cobalt (III) Oxide by P otassium in 

Liquid Ammonia at 0°

C0203,
g.

Potassium
Equiva- 

G. lents
H 2, cc. 

at S. T. P.

Co (g.) in 
acid-soluble& 

product

Reduc­
tion ,0

%
0.5248 0.7559 6 .1 157 0.1860 50.1

.2572 0.7429 12.0 163 .1328 74.5

.2569 1.4453 2 3 .9 341 .1700 93.6
a Data recorded in this table represent the average re­

sults of at least three independent experiments which 
agreed as well as could be expected in view of the variables 
previously indicated. b In each case, the acid-insoluble 
product was shown to consist of unchanged cobalt (III) 
oxide. For example, Anal. Calcd. for C02O3: Co, 70.75. 
Found: Co, 70.59. c Based on soluble cobalt.

Table III
R eduction of I r o n ( I I )  Oxide by Potassium i n  Liquid 

Ammonia at 0°

FeO,
Potassium

Equiva-
Analysis of insoluble products® 

W eight, Fe, K,
g- G. lents g. % %

.8732 0.9590 1.41 0.8914 72.01 4.42

.6112 1.3361 2.81 .6015 74.52 2.20

.4659 2.0496 5.66 .4594 74.04 2.73
Analysis showed that nitrogen was absent or present

only in traces.

Discussion

With regard to the preparation of the oxides 
of divalent cobalt and iron, this study has con­
firmed conclusions reached by earlier investi­
gators6 ' 8  to the effect that pure compounds cor­
responding to the formulas CoO and FeO cannot 
be produced by at present available methods. 
Apparently the most that can be accomplished 
is the preparation of materials in which the lower 
oxides predominate.

That these oxides, and cobalt(III) oxide as 
well, are insoluble in and unreactive toward 
liquid ammonia is in full accord with the earlier 
observations of Franklin and Kraus . 1 1  In their 
reactions with ammonium salts, the behavior of 
the oxides included in this work parallels their be­
havior toward the corresponding aquo acids. If 
it may be assumed that the ability of a liquid am­
monia solution of an onium type salt to dissolve 
metal oxides may be looked upon as a true mani­
festation of acidity, then it may be concluded that 
the acidic solutions employed in this investiga­
tion are of considerably lesser acidic strength

(11) F rank lin  and  K raus, A m .  C h e m .  J . ,  20, 827 (1898).

than the corresponding aqueous acid solutions 
and that (in liquid ammonia) ammonium chloride 
is a stronger acid than ammonium nitrate. That 
cobalt(III) oxide proved to be entirely unreactive 
even at 1 0 0 ° is not surprising since this oxide is 
dissolved only very slowly by hot concentrated 
hydrochloric acid.

The reactions with potassium amide proved 
to be slow, very complex, and probably incom­
plete. The presence of elemental cobalt among 
the reaction products provides new evidence of the 
reducing action of the amide ion. The insoluble 
heterogeneous products also may have contained 
unchanged oxides, lower oxides, potassium hy­
droxide, and possibly salts of amphoteric bases 
resulting from the interaction of the reduced 
metals and potassium amide. 1 2  That mixtures 
were produced is shown by the fact that in every 
one of a considerable number of cases, the ana­
lytical data failed to conform to the composition 
of any known or probable compound.

The reduction of cobalt(III) oxide is believed 
to occur in two stages

Co20 3 +  2K +  NH3 ^  2 CoO -j- KOH +  KNH2
CoO +  2K +  NH3 ^  Co +  KOH +  KNH2

This view is supported by the physical appear­
ance of the products obtained when six, twelve 
and twenty-four equivalents of potassium are 
used, and by the fact that the insoluble product 
obtained using six equivalents of potassium is dis­
solved by hydrochloric acid without appreciable 
liberation of hydrogen whereas hydrogen is 
evolved extensively when the products obtained 
using twelve or twenty-four equivalents of potas­
sium are treated similarly. Furthermore, the 
weights of potassium amide found by analysis1 3  

of the ammonia-soluble products were found to 
agree only with the theoretically possible weights 
of amide corresponding to the assumption that 
cobalt(II) oxide is the principal product of reac­
tions involving six equivalents of potassium. 
Similarly, the weights of potassium amide found 
in reactions involving twenty-four equivalents of 
potassium agree only with values calculated on 
the assumption of essentially complete reduction 
to elemental cobalt. Of the possible bases for the 
determination of extent of reduction, analysis 
for soluble cobalt is believed to be the most re­
liable. Reproducible values for hydrogen evolved 
by the catalyzed reaction between potassium and

(12) Cf. Bergstrom and Fernelius, Chem. Rev., 12, 43 (1933).
(13) Data available but not included in this paper.
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T a b l e  IV
T h e  E x t e n t  o f  R e d u c t io n  o f  I r o n (II) O x i d e  b y  P o t a s s iu m

K Insol. prod., KO H ,8
Cor. wt. of 

insol. prod.,& Fe, FeO, Reduction,
FeO

accounted for,
(equivalents) g. g. g. g. g- % %

1.41 0.8914 0.0565 0.8349 0.1050 0.7299 16.4 99.9
2.81 .6015 .0190 .5825 .0742 .5083 16.5 99.5
5.66 .4594 .0180 .4414 .0582 .3832 17.1 99.2

* Calculated on the basis of potassium found by analysis of the insoluble products. b Corrected by subtraction of 
the weight of KOH—column 3.

ammonia could not be obtained due probably to 
leakage around the stopcocks and to the absorp­
tion of hydrogen by the reduction products. 1 4  

Calculations based on analyses of ammonia- 
soluble products also led to divergent results 
probably as a result of difficulty encountered in 
complete removal of the solvent ammonia.

Iron (II) oxide is incompletely reduced to ele­
mental iron in accordance with the equation 

FeO +  2K +  NHS Fe -f KOH -j- KNH2 

If it is assumed that the insoluble product con­
sists of iron, iron(II) oxide, and potassium hy­
droxide, the values given in Table IV may be cal­
culated from the data of Table III. The validity 
of this interpretation is supported by the excellent 
agreement between the weights of iron(II) oxide 
used initially and that accounted for in terms of 
the analytical data.

The fact that the extent of reduction of iron(II) 
oxide does not increase appreciably [as in the case 
of cobalt(III) oxide] with increase in the quan­
tity of potassium used provides evidence that 
iron(II) oxide (or its reduction products) is a 
much more active catalyst for the conversion of 
potassium to potassium amide than is cobalt(III) 
oxide (or its reduction products). Although no 
rate measurements were made, it was observed

(14) Cf. Burgees and Eastes, T his Journal, 63, 2674 (1941).

that evolution of hydrogen is, in either case, 
relatively slow until some of the oxide has been 
reduced. Hence, it seems likely that the ob­
served catalytic activity is to be attributed more 
to the reduction products than to the parent 
oxides.

Summary

1 . Cobalt(III), cobalt(II) and iron(II) oxides 
are insoluble in and unreactive toward liquid 
ammonia at room temperature.

2. Cobalt(III) oxide is unreactive toward 
liquid ammonia solutions of ammonium chloride 
or nitrate at 1 0 0 ° while, under the same condi­
tions, cobalt(II) and iron(II) oxides are partially 
dissolved.

3. Cobalt (III), cobalt(II) and iron (II) oxides 
react slowly with liquid ammonia solutions of 
potassium amide at room temperature to form 
complex mixtures of soluble and/or insoluble 
products.

4. Cobalt(III) oxide is reduced to cobalt(II) 
oxide and finally to elemental cobalt by liquid 
ammonia solutions of potassium at 0 ° to an ex­
tent dependent upon the C 0 2 O3 /K  ratio. Under 
the same conditions, iron(II) oxide is reduced to 
elemental iron only to a very limited extent.

A u s t i n , T e x a s  R e c e iv e d  J u n e  22, 1942
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The Vapor Pressure of Phenylhydrazine as a Function of the Temperature1
B y G len n  E. W illiams and E. C. G il b e r t
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Work now in progress in this Laboratory re­
quired a knowledge of the vapor pressure and 
latent heat of vaporization of phenylhydrazine. 
A  search of the literature revealed an almost total 
lack of information based on any adequately puri­
fied and protected sample. The present work 
was therefore undertaken to obtain the required 
data over a considerable range of temperature.

Procedure and Apparatus.—The isoteniscopic apparatus 
of Smith and Menzies2 was used, suitably modified so that 
samples could be introduced by distillation at reduced 
pressure and protected during the experimental manipula­
tion in an atmosphere of dry nitrogen. Temperatures 
were controlled to =*=0.02° and the thermometers had been 
compared with standards calibrated by the National Bur­
eau of Standards. The manometer was of the Germann3 
design and was read to 0.1 mm. with a cathetometer, the 
readings being corrected to 0°, sea level, and latitude of 45°.

As a check on the accuracy of the procedure, the vapor 
pressure of water was measured in the temperature range 
20-75®, and that of aniline in the range 100-150°. The 
arithmetical mean deviation of the twelve measurements 
with water was ±0.24 mm., with a maximum deviation 
of ±0.40 mm. The results for aniline agreed with the data 
of Ramsay and Young4 rather than with those of Garrick,8 
obtained with a different type of apparatus unsuitable for 
use with phenylhydrazine. The maximum deviation of 
our experimental points from the smoothed values of 
Ramsay and Young at eight temperatures was 0.8 mm., 
the mean being ±0.3 mm.

Materials.—The nitrogen supply was passed through 
sodium pyrogallate to remove oxygen, and dried over a 
long column of calcium chloride and “anhydrone.” The 
phenylhydrazine was prepared by the method of Coleman6 
and purified by fractionation under reduced pressure (18 
mm.) in an atmosphere of nitrogen. The middle fraction 
from 250 cc. was distilled onto crushed stick sodium hy­
droxide. After standing, the phenylhydrazine was redis­
tilled and a 20-cc. middle fraction was introduced into the 
isoteniscope. Four different samples were used including 
one from the Eastman Kodak Company. All were purified 
in the same manner. The aniline (Eastman Kodak Com­
pany) was purified in essentially the same manner as the 
phenylhydrazine.

Results and Discussion.— Fifty-five values of 
the vapor pressure were obtained between 1 0 0

(1) Based on Thesis for the M aster’s Degree by G. E. Williams, 
1942. Published with the approval of the Monographs Publication 
Committee, Oregon State College, as Research Paper N o. 66, School 
of vScience.

(2) Sm ith and M enzies, T his Journal, 32, 897, 997, 1412 (1910).
(3) Germann, ibid., 36, 2456 (1914).
(4) Ram say and Young, J. Chem. Soc., 47, 640 (1885).
(5) Garrick, Trans. Faraday Soc., 23, 560 (1927).
(6) “ Organic Synthesis,’’ Coll. Vol. I, second edition, John Wiley 

and Sons, Inc., N ew  York, N . Y ., 1941, p. 442.

and 192° using the four samples. Some sets of 
readings were taken with falling temperatures 
and some rising. It was found that these data 
fitted well an empirical equation of the form used 
by Cox7  and Davis8  and shown by them to be 
valid with a considerable variety of substances 
over a range of 340°. This equation is essentially 
lo g P  — A  — B / ( t  +  230), where t = centigrade 
temperature and P  is the pressure in mm. Util­
izing the 50 experimental points between 105 and 
150°, the values of the constants A  and B  of this 
equation were derived by the method of least 
squares and found to be as follows: A  = 7.9046; 
B  =  2366.4.

The arithmetical mean deviation of the vapor 
pressures calculated by this formula from those 
observed was ±0.4 mm., with a maximum 
deviation of ±1.0 mm. In terms of percent­
age, the mean deviation above 125° was ±1.0%, 
while at lower temperatures the smaller abso­
lute values of the vapor pressure (7-17 mm.) re­
sulted in a larger mean deviation, approximately 
3.0%.

As a further test of the adequacy of the equa­
tion, the vapor pressures measured at the five 
higher temperatures in the range 160-192° were 
compared with those calculated. The average 
arithmetical mean deviation of these measure­
ments was ±0.7 mm. or ±0.5%, the maximum 
deviation being +0.75% . This showed that a 
fit, practically equal to the precision of the meas­
urements was afforded by this equation.

The normal boiling point of phenylhydrazine 
calculated from the equation was 241°, slightly 
lower than the highest value given in the litera­
ture, 9 but in good agreement with others.

For the estimation of the latent heat of vapori­
zation, values of the vapor pressure were calcu­
lated at 1 0 ° intervals, and from adjacent pairs 
the latent heat was calculated by the Clausius- 
Clapeyron equation, which is the best approxima­
tion that can be had, lacking critical data. The 
results are shown in Table I.

(7) Cox, Ind. Eng. Che?n., 15, 592 (1923).
(8) Davis, ibid., 17, 735 (1925); 22, 380 (1930).
(9) Perkin, J. Chem. Soc., 69, 1209 (1896); Blanksma, Chem. 

Weekblad., 7, 418 (1910); Fischer, Ann., 236, 198 (1896); Heilbron, 
“ Dictionary of Organic Compounds,” Oxford University Press, N . Y .# 
1938, Vol. 3, p. 419.
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T a b l e  I
T h e  H e a t  o f  V a p o r iz a t io n  o f  P h e n y l h y d r a z in e

Temp., °C.

Heat of vaporization, 
cal./mole

25 95 105
125 135 145

(14690) 13886 13788
13610 13526 13455

115
240

13693
(12903)

Summary
The vapor pressure of phenylhydrazine has 

been measured by means of the isoteniscope over

the range 105-192° with a precision of about 
=±=0.4 mm. From the resulting data an empirical 
equation was derived by the method of least 
squares which reproduced these values to within 
the experimental precision.

From these values of the vapor pressure the 
latent heat of vaporization at temperatures from 
25-240° has been computed and tabulated.

C o r v a l l is , O r e g o n  R e c e iv e d  J u n e  22, 1942
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Kinetics of the Transformation of Hydrazine Cyanate into Semicarbazide1
B y  E lton M. B aker  a n d  E. C. G il b e r t

The transformation of ammonium cyanate into 
urea has been the subject of numerous and ex­
haustive studies but the analogous reaction of 
hydrazine cyanate to form semicarbazide has 
never been subjected to critical examination. 
Such examination is complicated by the reactive 
nature of the substances involved and also by the 
fact that semicarbazide is definitely basic whereas 
urea is so weakly basic that for practical purposes 
its proton affinity in dilute aqueous solution is 
entirely negligible. The present work, however, 
represents a study of the kinetics of the reaction, 
simple salt effects, equilibrium measurements and 
the effect of temperature on the rate.

Experimental Part

Preparation of Materials.—Potassium Cyanate (Baker
c. p.) was suspended in absolute ethanol by vigorous shak­
ing, to dissolve any small amount of cyanide present. I t  
was then collected on a filter, washed with ether and dried. 
I t was then preserved in a vacuum desiccator and stored 
in the dark. Prepared in this manner, analysis by the 
Volhard method showed a purity of 99.6%.

Two neutral salts of hydrazine, the perchlorate and 
monohydrochloiide, were prepared from Kahlbaum 100% 
hydrazine hydrate and the corresponding pure acids. 
These salts were recrystallized from 80% methanol and 
dried over sulfuric acid. They were analyzed by the iodate 
method.

For equilibrium measurements semicarbazide was neces­
sary. Eastman Kodak Co. semicarbazide hydrochloride 
was recrystallized from 80% methanol, and checked for 
purity by Volhard analysis for chloride content. Foreign 
salts a d d e d  to  increase ionic strength were Baker c. p . 
quality.

(1) Taken from the thesis presented by Elton M. Baker in partial
fulfillment of requirements for the Ph .D ., Oregon State College, 1942.
Published with the approval of the Monographs Publication Commit­
tee, O. S. C. Research Paper 67.

Procedure.—The unexpected rapidity of the reaction 
precluded the preparation of pure hydrazine cyanate (free 
from other ions) from silver cyanate and hydrazine chloride 
in a manner analogous to that used by Warner and S titt2 
to prepare ammonium cyanate.

All solutions were made up by adding hydrazine mono­
chloride or perchlorate in solution to exactly equivalent 
amounts of potassium cyanate. This was accomplished 
by a vessel of special design which permitted almost in­
stantaneous mixing of small amounts of these solutions. 
Measurements were made at 25 and 15° in a bath controlled 
to ±0.05°.

The progress of the reaction was followed by withdraw­
ing samples which were added to excess standard silver 
nitrate solution. The precipitated silver salts were filtered 
out and the excess silver ions in an aliquot portion were 
determined by titration with standard thiocyanate using 
ferric alum indicator.

From these results the amount of unreacted cyanate 
present a t any time was calculable.

Equilibrium measurements were made from both for­
ward and backward directions. Reaction mixtures of 
hydrazine and cyanate were allowed to react until the 
cyanate titer was constant. Similarly semicarbazide solu­
tions of equivalent concentrations were allowed to stand 
at constant temperature and analyzed for cyanate from 
time to time. Equilibrium lies so far toward completion 
that the reverse reaction has no detectable effect in the 
early stages of the process.

Discussion

The rapidity of the reaction as measured was 
quite unexpected as the laboratory directions for 
the preparation of semicarbazide by this method3  

called for elevated temperature and twenty to 
twenty-four hours of standing. It was therefore 
thought desirable to demonstrate that the reaction 
being followed was actually that which was postu-

(2) Warner and Stitt, T h is  J o u r n a l , 55, 4807 (1933),
(3) Beilstein, 4th edition, Vol. H I, p. 98,
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lated. This was done by adding benzaldehyde 
solution at intervals to samples of reaction mix­
ture. With unchanged hydrazine the yellow in­
soluble compound benzalazine was formed, while 
with semicarbazide the white semicarbazone of 
the benzaldehyde was formed. This was also in­
soluble. The two were readily separated by dif­
ferential solubility in ether and their identity estab­
lished by mixed melting points with known sam­
ples. As the reaction proceeded the amount of 
yellow benzalazine rapidly decreased and that of 
the semicarbazone increased. Had it not been 
for the time lag in formation of these compounds 
it would have provided an excellent method of 
following the reaction. There thus is no reason to 
doubt that the reaction measured is that of the 
formation of semicarbazide. No evidence was 
ever found indicating the presence of carbonate, 
which is known to be a disturbing factor in the 
urea reaction . 2  This is probably due to the lower 
temperatures and shorter times used in this work.

The main points of interest lie in the conclusions 
that may be drawn concerning the possible mech­
anism of the reaction, the possibility of general or 
specific ion catalysis and the energy of activation.

The assumption that the process would likely 
prove to be bimolecular was borne out by the fact 
that in all cases the graph of time against the re­
ciprocal of cyanate concentration was a very 
satisfactory straight line (Fig. 1) until the reac­
tion was at least 50% complete.

0 10 20 30 40
Time in minutes.

Fig. 1.—Graph showing bimolecular characteristics of 
reaction, also temperature effect: upper curve, temp. 25°; 
lower curve, temp. 15°.

For the elucidation of the mechanism useful 
evidence is obtainable from the effect of ionic 
strength on the velocity, as shown in Table I. 
Since the ionic strength diminished due to the dis­
appearance of the hydrazine and cyanate ions 
during the reaction it was necessary to approxi­
mate the mean ionic strength during the time over 
which the constant was determined.

T a b l e  I

C o n v e r s io n  o f  H y d r a z in e  C y a n a t e  in t o  S e m ic a r b a ­
z id e  a t  25°, D e p e n d e n c e  o f  t h e  B im o l e c u l a r  R a t e  

C o n s t a n t  u p o n  t h e  I o n ic  S t r e n g t h

Run
Initial

m olality
M olality  of 
added salts Mean® /i

Bimolecular k, 
mole liter-1 

sec.-1

19 0.0250 0.0260 (1) 0.0488 0.0390
24 .0250 .0260(1) .0435 .0300
25 .0250 .0260(2) .0453 .0298
63 .0403 .0403 (1) .0700 .0286
10 .0500 .0500 (1) .0858 .0286
18 .0500 .0500 (2) .0860 .0283
12 .0500 .0500(3) .0860 .0282
11 .0500 .0500(1) .0860 .0278
17 .0500 . 1000 (3) .1360 .0275
16 .0500 .1500(3) .1865 .0260
15 .0500 .2500 (3) .2870 .0238
14 .0500 .4500 (3) .4887 .0220
a Mean ionic strength taking into account salts present 

plus mean concentration of hydrazine and cyanate ions 
during time used in establishing bimolecular constant, k: 
(1) potassium chloride only; (2) potassium perchlorate 
only ; (3) potassium nitrate and chloride.

There was a definitely negative primary salt 
effect though the concentrations which it was 
necessary to use were too high to expect quanti­
tative agreement with the limiting law. When 
the expression for the limiting law, modified to 
allow for higher ionic strength

log k — log ko +  ZiZ% jJTjTTVp

is used, excellent agreement is obtained even at 
the higher concentrations.

According to Bronsted’s theory such a nega­
tive salt effect is to be expected for a reaction be­
tween ions of unlike charge, whereas if uncharged 
molecules were involved the salt effect should be 
negligible. The effect is shown graphically in 
Fig. 2, in which has been shown also the limiting 
slope ( — 1 ) predicted for a reaction in which the 
ions have unit positive and negative charges, in 
solutions of low ionic strength.

This evidence, like that in the urea conversion, 
points strongly to the theory that the rate govern­
ing step is one between ions, presumably hydra­
zine and cyanate.
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The effect of temperature is also illustrated in 
Fig. 1 showing runs at 15 and 25° for solutions of 
low ionic strength. The mean ku  for 5 runs was
0.0107 and the mean k2*> for 4 runs was 0.0284 
giving a temperature coefficient of 2.65 for ten 
degrees, and a calculated energy of activation of 
16,600 cal./mole. The data probably do not 
possess sufficient precision to merit calculation 
of the entropy of activation.

Equilibrium data are shown in Table II. Due 
to the greater time required for attainment of 
equilibrium at lower temperatures with the at- 
tendent complications of side reactions and oxi­
dation only measurements at 25° are reported. 
Equilibrium is apparently reached only when ap­
proximately 97% of the hydrazine cyanate has 
reacted.

T a b l e  II
E q u il ib r iu m  C o n s t a n t , a t  25°

X  — (M o l a l it y  o f  C y a n a t e ) 2 
~~ (M o l a l it y  o f  S e m ic a r b a z id e )

Run
M olality of 

semicarbazide
M olality of 

cyanate K X 105

60 0.02409 0.00091 3.44
61® .03903 .00124 3.94
62® .03924 .00111 3.14
62® .03927 .00108 2.97
64 .03907 .00128 4.19

® Semicarbazide was allowed to decompose into hydra­
zine cyanate. In all other runs the reactant was hydrazine 
cyanate.

Using the equilibrium data, in equations of 
Walker and Appleyard4  it was possible to calcu­
late k2 for the postulated reverse unimolecular 
decomposition of semicarbazide. This is shown 
in the summarizing table, Table III.

1.30

1.40

1.50
7

1.60

1.70

Fig. 2.—Change of velocity constant ki a t 25° with 
change in ionic strength. Solid line is limiting slope for 
reaction between univalent ions of opposite charge.

04 0.2 0.3
v V /(l +  1.7 vm)-

the hydrazine salts were of the monovalent series 
and the potassium cyanate neutral the reaction 
mixture at the start was at a pH of approximately
6 . As semicarbazide was formed, there was a 
gradual increase in pH. A t this pH, calculation 
shows that the semicarbazide is practically en­
tirely in the basic form. Buffers which are effec­
tive in this range have the disadvantage that prac­
tically without exception their silver salts are in­
soluble, unless acid is added, in which case error is 
introduced by the concomitant solubility of the 
silver cyanate.

T a b l e  III
S u m m a r y  o f  C o n s t a n t s

Conversion of Hydrazine Cyanate to Semicarbazide
Equilibrium constant X20 (m
Equilibrium constant Ki$ (m
k\ forward at 25° (m
k2 reverse at 25°
ki forward at 15° (m
k2 reverse at 15°
k0 (extrap.) at 25° (m

Temperature coefficient k2*>/ku
Energy of activation

Due to limitations imposed by the method of 
analysis which so far have not seemed avoid­
able, and the basicity of the semicarbazide, in­
vestigation of possible specific or general catalysis 
was confined to qualitative observations. Since

(4) Walker and Appleyard, J .  Chem. S oc., 69, 193 (1896).

= ca. 0.05) 3 .5 X 1 0 - 6
= ca. .05) (2.9 X 10-5)
= ca. .08) 2.85 X 10-2 mole liter-1 sec.-1

9.98 X 10-7 mole liter-1 sec.-1 
= ca. .08) 1.07 X 10-2 mole liter-1 sec.-1

4.93 X 10-8 mole liter-1 sec.-1 
= 0) 4.46 X 10-2 mole liter-1 sec.-1

2.65
16,600 cal. mole-1

One set of experiments using an acetate buffer 
at pH 5 (slightly lower than that of the unbuffered 
mixture) showed apparently an increase in reac­
tion rate which might indicate a hydrogen ion ca­
talysis. There was no change in the bimolecular 
characteristics, however. So far as could be de-
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termined, an increase in buffer concentration 
caused no increase in rate, indicating no general 
catalysis at least for the acetate-acetic acid 
buffer.

To convert semicarbazide predominantly into 
its salt requires a p H  of about 2 . Efforts were 
made to study the rate of reaction in this p H  
range by adding acid from a micro buret at a rate 
sufficient to keep the p H  at 2 . 2  (in which case the 
acid added is a measure of the semicarbazide 
formed) following the procedure of earlier work . 5 

Evidence showed however that the cyanic acid 
was decomposing with little semicarbazide being 
formed, and this approach was not carried further.

(5) Gilbert, T h is  J o u r n a l , 51, 3394 (1929).

Summary
1. The formation of semicarbazide from hy­

drazine cyanate takes place readily at room tem­
perature.

2. Increase in ionic strength reduces the veloc­
ity of reaction in a manner which agrees with the 
postulate that the rate determining process is the 
reaction between the hydrazine and cyanate ions.

3. The reaction reaches an equilibrium far to 
the side of formation of semicarbazide.

4. Quantitative results are presented on the 
velocity constants of the reaction at 15 and 25°, 
the equilibrium constant, salt effects, temperature 
coefficient and heat of activation.
C o r v a l l is , O r e g o n  R e c e iv e d  A u g u s t  6 , 1942

[C o n t r i b u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r ie s  o f  H a r v a r d  U n i v e r s it y , t h e  I l l in o i s  I n s t i t u t e  o f  T e c h n o l o g y ,
a n d  t h e  U n i v e r s it y  o f  C a l i f o r n ia  a t  L o s  A n g e l e s ]

The Role of Neighboring Groups in Replacement Reactions. I. Retention of Con­
figuration in the Reaction of Some Dihalides and Acetoxyhalides with Silver Acetate1

B y  S. W in s t e in 2 a n d  R. E. B uck les

Three mechanisms for nucleophilic replacement 
reactions at a saturated carbon atom are cur­
rently recognized. 3 »4  One is the now familiar5  

bimolecular (S N2) substitution with complete 
Walden inversion. A  second mechanism (Srfi) 
involves the rearrangement of an intermediate 
product3 ’6  in such a way that retention of con­
figuration is the steric resült.

The third mechanism has been termed unimo­
lecular3  (S N1) or polymolecular. 3 »4 ’7  It seems to 
consist of at least two steps, the most probable 
rate-determining step being an ionization. There 
are several indications that the carbonium ion in­
termediate is, in some respects, quite unfree. 4  

For example, the steric result of reaction by this 
mechanism generally is predominant inversion. 
Quite analogous to the S N1 mechanism is a process

(1) A portion of the m aterial reported in this paper was presented 
before the Organic D ivision a t the St. Louis m eeting of th e  American 
Chemical Society, April, 1941.

(2) National Research Fellow  in Chemistry, Harvard University, 
1939-1940.

(3) (a) Cowdrey, H ughes, Ingold, M asterman and Scott, J. Chem. 
Soc., 1252 (1937); (b) Batem an, Church, Hughes, Ingold and Taher, 
ibid., 979 (1940).

(4) H am m ett, “ Physical Organic Chem istry,” McGraw-Hill Book 
Co., Inc., N ew  York, N . Y ., 1940, Chapters V and V I.

(5) (a) Olson, J. Chem. Phys., 1, 418 (1933); (b) Bergmann,
Polanyi and Szabo, Z. physik. Chem., 20, 161 (1933).

(6) Hughes, Ingold and W hitfield, Nature, 147, 206 (1941).
(7) (a) Steigm an and H am m ett, T h is  J o u r n a l , 59, 2536 (1937);  

(b) Farinacci and H am m ett, ibid., 59, 2542 (1937); (c) Beste and  
H am m ett, ibid., 62, 2481 (1940),

involving the electrophilic attack of a reagent 
such as silver ion on a halogen atom . 3 ’ 4

Ionization to an ion-pair, solvated in a way char­
acteristic of ions, may be thought to be the rate­
determining step in the S N1 mechanism. Solva­
tion of the ions makes this step feasible; there­
fore, the rate varies with the arrangement of sol­
vent molecules around what is to be the ion-pair. 
Solvent molecules must be included in the transi­
tion state, without, however, drawing bonds be­
tween the solvent molecules and the carbonium 
ion. 8 ’9 ’ 1 0  If the carbonium ion is very reactive it 
will react preferentially with a molecule in the 
solvation cluster to give inversion as the major 
steric result. 3  There may thus be some con­
nection between rates and final product com­
positions in mixed solvents. 3 ’ 8  If reaction of the 
carbonium ion takes place after dissociation of 
the ion-pair, complete racemization is the steric 
result. 7

(8) W instein, ibid., 61, 1635 (1939).
(9) Balfe and K enyon, ibid., 62, 445 (1940).
(10) I t  is possible th at th e failure of a tertiary halide with the halo­

gen atom on a bridge-head to  undergo solvolytic reaction, as demon­
strated by Bartlett and co-workers, [T h is  J o u r n a l , 61, 3184 (1939); 
62, 1183 (1940)] should be ascribed partly to the fact that the solva­
tion energy of the cationic end of the ion-pair to  be formed is apt to  
be much smaller than usual. Solvent is kept away from the cationic 
carbon atom by the hydrocarbon cage more effectively than is pos­
sible with the most highly hindered open-chain compounds in which 
the cationic carbon atom  can flatten out.
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To understand the rates and steric results of 
nucleophilic replacement reactions of the most 
complex compounds (perhaps with several func­
tional groups) it is necessary to demonstrate and 
understand the effects of substituent groups other 
than their supply or withdrawal of electrons to the 
seat of substitution by induction and resonance. 3  

One of the most interesting effects is that of par­
ticipation of a group on a neighboring or more 
distant carbon atom in a replacement process at 
a carbon atom. Thus, a replacement reaction 
might really consist of two steps, the first one an 
intramolecular reaction, the second the open­
ing of a ring. Two inversions or apparent reten­
tion will be the steric result.

Even more interesting is the involvement of a 
neighboring group in a replacement reaction which 
appears to be of the S N1 type. In this connection, 
several reactions have been found to proceed 
with retention of configuration because of an 
extra functional group . 3 ’ 1 1 ’ 1 2 * 1 3

In this article we present and discuss several 
additional examples of reactions which similarly 
involve participation of a neighboring group and 
we include a discussion of general expectations as 
to the scope and results of such participation.

We have now studied the steric result of the 
reaction of silver acetate in dry acetic acid with 
the threo- and ery^ro-2-acetoxy-3-bromobutanes, 
the d l- and raesö-2,3-dibromobutanes, tr a n s - 1 - 
acetoxy-2 -bromocyclohexane and tra n s -  1 ,2 -di- 
bromocyclohexane. Table I gives a summary of 
the results of the conversions. The steric results 
are based on configurations of the starting ma­
terials and products which are either proved or 
highly probable.12,14> 15>16> 1 7

It is seen that the acetoxybromobutanes and 
the butene dihalides react with silver acetate to 
give diacetates with quite high retention of con­
figuration. Thus, retention of configuration is 
the steric result in the replacement of both the 
first and second bromine atom of the dibromide 
by the acetoxy group. Similarly the cyclohexene 
derivatives react with retention of configuration to 
give ^ra^s-diacetate under conditions which cause 
no configurational change of w-diacetate.

(11) Cowdrey, Hughes and Ingold, J. Chem. Soc., 1208 (1937).
(12) (a) W instein and Lucas, This J o u r n a l , 61, 1576 (1939); (b) 

W instein and Lucas, ibid., 61, 2845 (1939).
(13) Lucas and Gould, ibid., 63, 2541 (1941).
(14) Bartlett, ibid., 57, 224 (1935).
(15) Lucas and Gould, ibid., 64, 601 (1942).
(16) W instein, ibid., 64, 2792 (1942).
(.17) Rothstein, Ann. Chim., 14, 461 (1930).

T a b l e  I

S u m m a r y  o f  S t e r ic  R e s u l t s  o f  R e a c t io n  o f  S il v e r  
A c e t a t e  w it h  S o m e  H a l i d e s  i n  A c e t ic  A c id

Diacetate® Corrected*»
Starting halide M. p., °C . Config. steric result

Ira ns-1 - Acetoxy-2-bromo-
cyclohexane 102c 97% trans 97%  R etention

/!/?r<?o-2-Acetoxy-3-bromo-
butane 41 95.5%  dl 98% R etention

£ry(&ro-2-Acetoxy-3-bromo-
butane 0 .5 91% meso 91% Retention

h'£ms-l,2-Dibromocyclo-
hexane 103c 98% trans 98%  R etention

^Z-2,3-Dibromobutane 39 91% dl 94% R etention
7w^5o-2,3-Dibromobutane - 1 . 5 87% meso > 87%  R etention d

a Melting point of ^-2,3-diacetoxybutane, 42.9°; meso 
isomer 3.0°. 6 There is included a correction for slight
configurational impurity of two starting materials. 
c Melting point of glycol from saponification of the diace­
tate. Melting point of /r<ms-l,2-cyclohexanediol, 104°. 
d This result is a lower limit since it was obtained early in 
the course of the work and the acetic acid solvent was not 
freed from water as thoroughly as in later work; see ref. 18.

The retentions of configuration are almost com­
plete and would appear even better were one able 
to eliminate small configurational impurity of 
starting materials; also, if one were able com­
pletely to eliminate another reaction to be dis­
cussed elsewhere, 1 8  which gives rise to inverted 
products and which can be made predominant 
under other conditions. Also, there is the pos­
sibility that the halides are to a very small degree 
isomerized to diastereomers by silver halide in the 
course of the conversions. This would give rise 
to a small amount of apparent inversion in the 
steric result.

Besides acetic acid as a solvent medium for the 
reaction of the cyclohexene derivatives with silver 
acetate, acetic anhydride was also employed. 
The results obtained were entirely similar in steric 
result to those in acetic acid but the yields of 
diacetate were much inferior and it was difficult 
to fractionate out pure material.

The retentions of configuration observed are 
best accounted for by the participation in the 
replacement process of the — Br atom or — OAc 
group on the carbon atom neighboring the seat of 
substitution. This participation involves bond 
formation to the carbon atom being substituted 
either simultaneously with or very shortly after 
the removal of halide ion by silver ion in some 
form with the production of intermediate I or II 
with quite complete inversion. The reaction of 
these intermediates with acetate ion1 9  with a

(18) W instein and Buckles, ibid., 64, 2787 (1942).
(19) Although the reaction is formulated in this way, it is not en­

tirely clear whether acetate ion or acetic acid12b is the reagent in this 
case. This point will be settled later.
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CH3

>c------c<
I

> c — c<
II

second inversion gives a net apparent retention of 
configuration as the steric result.

The bromonium ion I has been considered an 
intermediate in the reaction of the 3-bromo- 
2 -butanols with hydrobromic acid1 2  and in one 
ionic mechanism of addition of bromine to the 
ethylenic linkage . 1 2 »2 0  Lucas and Gould have re­
cently presented evidence for an analogous chlo- 
ronium ion. 1 3

For two reasons, the ion II is chosen as the 
intermediate when a neighboring acetoxy group 
participates in the replacement process. First,
II should be energetically preferable over other 
possible forms because of freedom from strain and 
because of resonance between equivalent forms
III and IV. The arrow in formula II indicates

CH3 CH3

/ ° xo o+ ^ c \  
+o o

>c— c< >c— c<
III IV

the symmetrical nature of II. Secondly, in re­
actions similar to the one being dealt with, ortho­
acetate derivatives are often isolated.

The argument in favor of the mechanism involv­
ing intermediates I and II for the retentions of 
configuration is strengthened by the results with 
some optically active materials (Table II). 2- 
Bromoöctane with aD (1 dcm.) 5.39° was con­
verted by silver acetate in acetic acid to an acetate 
with aD (1 dcm.) — 0.61°. On the basis of den­
sities and specific rotations in the literature3 8 " 2 1  for 
2 -bromoöctane and 2 -acetoxyoctane, it appears that 
72% of the optical activity survives in the proc­
ess and that the results correspond to 8 6 %  inver­
sion and 14% retention. Thus, in the absence of a 
neighboring group the reaction conditions lead to 
a typical3 »4  S ^ l  steric result. 2,3-Dibromobutane 
with aD (1 dcm.) — 2.43° yielded a diacetate 
which was completely inactive in spite of the fact 
that active diacetate did not lose its activity under 
the conditions of the experiment. Also, trans-1- 
acetoxy-2-bromocyclohexane with aD (1 dcm.)

(20) Roberts and Kim ball, T his J ournal, 59, 947 (1937).
(21) (a) Hughes, Ingold and M asterm an, J. Chem. Soc., 1196 

(1937); (b) Pickard and K enyon, ibid., 45 (1911); (c) Pickard and 
K enyon, ibid., 830 (1914).

— 0.19° yielded a completely inactive diacetate- 
These results are in perfect accord with the pre­
diction1 2  of complete loss of activity for a mecha­
nism involving an inactive internally com­
pensated intermediate (I or II).

T a b l e  II
S u m m a r y  o f  t h e  R e s u l t s  o f  t h e  T r e a t m e n t  o f  A c t iv e  
C o m p o u n d s  w i t h  S i l v e r  A c e t a t e  i n  D r y  A c e t i c  A c id

Starting compound Final product
N am e «d (l «ic m .)0 ckd (1 dcm .)°

2-Bromoöctane 5.,39 -0 .6 1
2,3-Dibromobutane -2..43 .00*0.01
/ra«s-l-Acetoxy-2-

bromocyclohexane - 0 . ,19 . 0 0 *  .0 1
2,3-Diacetoxybutane .48 -  .45

We are still inquiring into the question whether 
the closings of the rings in intermediates I and 
II are one-stage1 2  or two-stage3 processes. The 
two-stage processes would involve the bromine- 
substituted carbonium ion V  and the acetoxy- 
substituted carbonium ion VI. In this connection

CHS
I

o / C“ °
I +>c— c<

VI

some relative reactivities are pertinent. There 
is a tremendous difference in reactivity of the 
2 -butene chlorohydrins and bromohydrins toward 
fuming hydrobromic acid. This has been men­
tioned by Lucas and Gould1 3  and we have inde­
pendently noticed it. A  similar difference in re­
activity appears in the cyclohexene series. 2 2  It 
does not appear reasonable that inductive effects 
can account for such a large difference. Bromine 
and chlorine atoms generally have effects of com­
parable magnitude2 3  and thus would hinder about 
equally well the formation of conjugate acid from 
halohydrin and the departure of a water molecule 
with the shared pair of electrons from the halo- 
hydrin-conjugate acid. Thus, the bromine atom 
is able to meet much better than the chlorine atom 
a demand of the carbon atom being substituted. 
This effectiveness of the bromine atom must rest 
in its larger size and larger polarizability.

Also, there is a tremendous difference in the 
reactivity of the cis- and tran s-l-acetoxy-2 -chloro- 
cyclohexanes toward silver acetate . 2 4  Under 
conditions more drastic than those needed to

(22) W instein, unpublished work.
(23) See, for example, Branch and Calvin, “The Theory of Organic 

Chemistry,” Prentice-Hall, Inc., N ew  York, N . Y ., 1941, p. 204.
(24) Winstein and Buckles, unpublished work.

Br
I

>C — -C <
V
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bring about reaction of the trans-com pound, the 
cis-compound is completely unreactive. The 
trans-sicetoxy  group seems to be able to supply 
some driving force for the reaction and the cis- 
acetoxy group is essentially unable to do this. 
These relative reactivities are more easily under­
stood on the basis of a one-stage closing of the 
ring in intermediates like I or II than on another 
basis. This holds also for the rather complete 
inversion accompanying the formation of I or 
II together with the rather complete lack of com­
petition of outside reagents (solvent, AcO“ , etc.) 
with the neighboring group for attachment to the 
carbon atom being substituted.

We are also attempting to decide whether the 
opening of the ring in intermediates like I or II 
occurs in one or two stages. 2 5

Participation of Neighboring Groups.— The 
observed retentions of configuration due to the 
participation of a neighboring group in an 5^1-like 
replacement process involve the effect of a car- 
boxylate ion group1 1  in solvolytic and analogous 
reactions of salts of a-halogen acids; the effect 
of a neighboring bromine atom in the reaction of 
a bromohydrin with hydrogen bromide1 2  and in 
the reaction of a dibromide with silver acetate; 
the effect of a neighboring chlorine atom in the 
reaction of a chlorohydrin with thionyl chloride13; 
and the effect of a neighboring acetoxy group in 
the reaction of acetoxy bromides with silver ace­
tate. One would expect this effect to be very gen­
eral, likely neighboring groups for such participa­
tion, including those already mentioned, being 
— 0 “  of a carboxylate ion group, halogen, 
— OCOR, — NH 2  or — N R2, — SR, — OR, — OH 
and of course — O- .

It is worth pointing out briefly some expected 
results of the participation of neighboring groups 
in replacement processes of the S ^ l  type. We 
will symbolize V II as the starting compound with 
Y  the group to be replaced and AS the neighbor­
ing group, Z being the entering group.

First, if VII is the derivative of an unsymmet­
rical olefin, it becomes possible for some or most of

(25) If generalizations such as rate sequences, /-Bu >  i-Tr >  E t >  
M e for SnI reactions and /-Bu <  i-Pr <  E t <  M e for Sn2 reactions 
hold12 for intermediates like I or II it  would be possible to learn the 
nature of a reaction from the direction of the opening of the ring of an 
unsymmetrical intermediate. Considerable success22 can be attained  
in this way in understanding the direction of opening of oxide rings 
but even with oxides one generalization, at least, does not hold. 
For Sn2 reactions, hydroxide ion should be a reagent superior to a 
water molecule. However, in kinetic work on reactions of oxides 
which appear to  be Sn2, hydroxide ion has proved to be an ineffective 
reagent while water is an effective one [Brönsted, Kilpatrick and Kil­
patrick, T his Journal, 51, 428 (1929)].

i
Y

VII VIII
A  A\x s

I I>Ci----C2< >Ci-— c2<
z z

IX
the product IX  to have Z on a different carbon 
atom than the one left by Y.

A second expectation involves the results when 
VII is either the cis- or trans-derivative of a cyclic 
olefin. If the new ring in the intermediate V III 
is a small one, it is possible for the neighboring 
group to participate in the replacement process 
only when one starts with trans-V II and not when 
one starts with cis-VII. Thus, retention of con­
figuration will be the steric result when one starts 
with tran s-V II and the usual predominating in­
version will be the steric result when one starts 
with cis-VII. There will then be a tendency for 
both isomeric VITs to give, in reactions of the 
S ^ l  type, a product with the groups Z and SA 
trans to each other. 2 6

A situation which appears to illustrate this point 
arises in the reaction of silver acetate with aceto- 
halogen sugars to form normal polyacetates. 
Tipson2 7  has made the generalization that ace­
tate groups 1 and 2  in the product are tran s  to 
each other and Isbell2 8  has pointed out that this 
result arises because of the ability of acetate 
group 2  to enter into the replacement process if it 
is trans to the original halogen and not if it is cis  
to the original halogen.

Somewhat the same differences which are fore­
seen for cis- and tran s-derivatives of cyclic olefins 
may be looked for in the case of pairs of open-chain 
diastereomers where rotation is seriously re­
stricted about the bond between carbon atoms 
C-l and C-2. The configurations about this 
bond might be so preferred2 9  that it is easy for a 
neighboring group to participate in a replacement 
process of one diastereomer and difficult in the 
case of the other.

(26) The effect of the neighboring group might contribute toward  
the existence of a large difference in reactivity of cis- and trans-VII in  
SnI type reactions.

(27) Tipson, J. Biol. Chem., 130, 55 (1939).
(28) (a) Isbell, “ Annual R eview  of Biochem istry,” Annual R e­

views, Inc., Stanford U niv. Press, Stanford Univ. P. O., Calif., 1940, 
page 65; (b) Frush and Isbell, J. Research Natl. Bur. of Standards, 
27, 413 (1941) .

(29) Weissberger, J. Org. Chem., 2, 245 (1937).
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Finally, reactions involving the intermediate 
V III might yield products other than IX  in view 
of the ability of V III to undergo other reactions. 
Thus, if VIII were to become X , we might expect 
to get oxide X I by the loss of a proton. Indeed

H

,o+
> c -

\-c< —H +

oxides are often isolated from S N1 or analogous 
reactions of halohydrins, monotosylates of glycols, 
etc.

If II is the intermediate, then reaction at car­
bon C-3 should give an orthoacetate deriva-

<jais c h 3 z

+<yC\0 XI I  I I>c------c< >c----- c<
II X II

tive XII. Isbell2 8  has pointed out that aceto- 
halogen sugars often give rise to orthoacetate 
derivatives, and that these ortho acetate deriva­
tives are obtained only when the neighboring 
acetate group is trans  to the halogen and not when 
it is cis. This is because an intermediate like II 
is easily possible only for the /raws-compound.

It seems possible that other intermediates 
might discard, instead of a proton, some other 
group. Thus, it seems possible that an inter­
mediate such as X III might give rise to oxide X I 
and a tertiary butyl derivative X IV .

CH;CH3
.CHs

I +Z
/ ° \  ----- *  / ° \

>C -------C< >C ----- C< -f (CH3)3C-
X III XI XIV

Experimental
/raws-2-Bromocyclohexanol.—This material was pre­

pared from cyclohexene and acetbromamide.30 1.56 moles
of cyclohexene and an equivalent amount of acetbrom- 
amide were stirred under reflux with 1200 ml. of water for 
one and one-half hours. The reaction was controlled by 
addition of coned, sulfuric acid, 2 ml. at the start, 2 ml. 
after one half hour and 1 ml. at the end of an hour. The 
temperature of the reaction mixture was kept below 50° 
with an ice-bath. At the end of the one and one-half-hour 
period the mixture had returned to room temperature. 
The bromohydrin layer was separated and the aqueous 
layer was extracted with 150 ml. of ether. The extract and 
bromohydrin were combined and washed with 250 ml. of 
water to remove acetamide. The ether was distilled off

(30) Schm idt, K nilling  an d  Ascherl, B e r . ,  59B, 1280 (1926).

and the bromohydrin was distilled rapidly through a 
Weston-type31 column at reduced pressure. The yield was 
219 g. (79%), b. p. 86.6-88.4° (10 mm.), 5d 1.5184.

irans-1 - Ac e toxy-2 -hr omo cy clohexan e.—Acetylation of 
the bromohydrin was carried out with a 20% excess of 
acetic anhydride. To 45 g. of bromohydrin, acetic an­
hydride and 2 drops of coned, sulfuric acid were added. 
The mixture warmed up and soon returned to room tem­
perature. The mixture was shaken with a little calcium 
carbonate to neutralize the catalyst, filtered and distilled 
at reduced pressure through a short column. 48 g. (87%) 
of the acetate was obtained; b. p. 109-110° (12 mm.), 
r i25 d 1.4857.

/raras-l,2-Dibromocyclohexane.—Bromine was added to 
cyclohexene by the method of Greengard.32 Material, 
b. p. 99.6-99.9° (13 mm.), w25d 1.5506, was used in this 
work.

/raws-l,2-Cyclohexanediol.—This material was some 
prepared from cyclohexene oxide in connection with other 
work16 and some prepared by saponification of the diace­
tate obtained from the action of silver acetate on dibromo- 
cyclohexane in dry acetic acid. Recrystallization from 
carbon tetrachloride yields a product, m. p. 104°.

as-l,2-Cyclohexanediol.—This material was some pre­
pared in another study.18

cis- and /raws-l,2-Diacetoxycyclohexanes.—These .sub­
stances were prepared by acetylation of the glycols by the 
procedure used with the bromocyclohexanol. The diace­
tates were obtained in 90 to 95% yield, the cis, b. p.
117.8-118.0° (12 mm.), rc25D 1.4475, the trans, b. p. 120° 
(12 mm.), w25d 1.4457.

^re<9-3-Bronio-2-butanol.—This substance was prepared 
from the reaction of acetbromamide and cw-2-butene12 ob­
tained from mesö-2,3-butanediol by way of the diacetate 
and dibromide.33 The general procedure has been de­
scribed previously.12 The reaction was controllable when 
0.4 mole of butene was added to the acetbromamide in 250 
ml. of water to which 4 ml. of 6 N  sulfuric acid had been 
added. Under these conditions the reaction mixture was 
worked up after one and one-quarter to two hours and the 
yield, 82%, (107 g. bromohydrin from a total of 0.855 mole 
of butene used in two runs) was superior to that formerly 
obtained.12

ery^ro-3-Bromo-2-butanol.—This material was prepared 
from pure oxide.12

threo- and ery/&rtf-2-Acetoxy-3-bromobutanes.—These 
substances were prepared by acetylation of the correspond­
ing bromohydrins as previously described.34 In the acety­
lation of bromohydrins from the reaction of olefin with 
acetbromamide, a drop or two of coned, sulfuric acid was 
needed as a catalyst, and the reaction mixture was shaken 
with a little calcium carbonate before distillation.

^/-2,3-Dibromobutane.—This material was prepared 
from meso-diacetate.33,34

mes0-2,3-Dibroinobutane.—This dibromide was some 
prepared by the action of fuming hydrobromic acid on pure 
oxide or the bromohydrin or the acetoxybromobutane 
derived from it.12»34

(31) W eston, Ind. Eng. Chem., Anal. Ed., 5, 179 (1933).
(32) Greengard, Org. Syntheses, X II, 26 (1932).
(33) Wilson and Lucas, T his Journal, 58, 2396 (1936).
(34) Winstein and Lucas, ibid., 61, 1581 (1939).
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Reaction of the Dibromides and Acetoxy-bromides with 
Silver Acetate.—The reaction of the halides with silver ace­
tate in acetic acid at 100-110° with automatic stirring 
yielded results superior to some35 reported for other condi­
tions. Silver acetate (approximately 25% excess) was 
precipitated by adding excess aqueous sodium or potassium 
acetate to aqueous silver nitrate. I t was filtered and 
washed carefully three times with glacial acetic acid on a 
Büchner funnel. The moist mass was then transferred to 
the reaction flask equipped with a mercury-sealed stirrer 
and reflux condenser protected by a drying tube. 100 ml. 
of reagent grade glacial acetic acid for each 0.1 mole of 
halide was added and the mixture was stirred for fifteen 
minutes. Then a sample of the acetic acid solvent was 
pipetted through cotton and the water content of the acid 
estimated from the melting point. An amount of acetic 
anhydride, in excess by 2 or 3 ml. of the amount necessary 
to react with the water in the solvent, was then added and 
the mixture was kept warm for about two hours36 with stir­
ring with an oil-bath at 100-110°. Then the halide was 
added and to insure complete reaction the mixture was 
stirred for eight hours in the case of the butene derivatives 
and eleven hours for the cyclohexene derivatives, the oil- 
bath being maintained at 100-110°. Sometimes the reac­
tion was vigorous at the start and it was necessary to in­
terrupt the heating for a short while. At the end of 
the proper time, the reaction mixture was allowed to cool 
and it was filtered. The filtrate was distilled at reduced 
pressure through the Weston-type column to isolate the 
diacetates. Starting with 0.1-mole quantities of the hal­
ides the yields averaged 70%, and they were better on 
larger runs. The products agreed within experimental 
error in boiling point, refractive index and saponification 
equivalent with authentic samples.

When acetic anhydride was used as a reaction medium 
in the case of the cyclohexene derivatives the procedure 
was the same in preparing and washing the silver acetate. 
Then acetic anhydride was added instead of acetic acid, 
the mixture was heated for a time to remove water, and 
the reaction was then carried on as usual and the product 
was isolated as usual. A good deal of high-boiling residue 
was formed in these reactions and only a 30-40% yield of 
somewhat impure diacetate could be distilled out with dif­
ficulty.

Analysis of Products.—The 1,2-diacetoxycyclohexane 
samples were identified by saponification to the glycol. 1 
ml. of the ester was refluxed two hours with 2 ml. of 35% 
aqueous sodium hydroxide and 2 ml. of pure alcohol. The 
solution was washed into a separatory funnel with a mini­
mum of water (1 or 2 ml.). Then the glycol was extracted 
with five 25-ml. portions of pure chloroform, the extracts 
were dried over potassium carbonate, distilled to a small 
volume and the residue was allowed to evaporate to dry­
ness. The solid glycol was thus obtained in nearly quanti­
tative yield. The melting points of the glycol and its mix­
tures with authentic specimens yielded an estimate of the 
composition of the glycol. Recrystallization of the crude 
glycols from carbon tetrachloride yielded pure trans-glycol. 
The saponification procedure was carried out on mixtures

(35) Bainbridge, J. Chem. Soc., 105, 2291 (1914).
(36) For the reaction of raeso-2,3-dibromobutane the water was re­

moved by allowing the mixture to  stand nearly two days at room 
temperature before the dibromide was added.

of cis- and ^mws-diacetates made up by weight, the tem­
peratures of disappearance of solid when the glycol was 
melted being summarized in Table III.

The diacetoxybutanes were identified by melting point 
and mixed melting point with the aid of melting point- 
composition data of Lucas and Mitchell.37

Table III
M elting P oints of Glycols from the Saponification 
of M ixtures of the cis- and trans-1 ,2-D iacetoxycyclo- 

HEXANES
% trans M . p., °C. % trans M . p., °C.

0 98 45 72
4 93.5 51 74
5.7 91 66 82
8.7 89 83 92.5

12 88 89 99
23 80.5 93 100.5
35 71.5 100 103.5

The melting points of the solid diacetate were taken by 
melting the whole sample in a flask or test-tube. In the 
case of the liquid diacetate, the dependence of composition 
on melting point is so sensitive that some standardization 
of the procedure was necessary. About a 10-g. sample of 
the diacetate was frozen in a test-tube and then with stir­
ring at room temperature allowed to melt, the melting 
point being taken with a thermometer in the melt. With 
this technique and the thermometer in use, the very purest 
diacetate (prepared from glycol, m. p. 34.5°, by acetyla­
tion, removal of the sulfuric acid catalyst with calcium car­
bonate, and careful purification) gave a temperature 0.5° 
below the value of Lucas and Mitchell. Thus 0.5° was 
added to the temperature values near the melting point of 
meso-diacetate. To discover on what side of the eutectic a 
low-melting sample was it was sufficient to add a small 
amount of meso-diacetate and notice whether a decrease or 
increase in melting point was observed.

The products from the reaction of the cyclohexene 
derivatives in acetic anhydride gave glycols a little less 
pure than those obtained from the acetic acid reaction, the 
acetoxybromocyclohexane product giving a glycol, m. p. 
101.5° and the dibromocyclohexane product giving a glycol 
m. p. 96°. These glycols were again predominantly trans.

Corrections for Slight Impurity of Starting Isomers.—In 
the preparation of j^reö-2-acetoxy-3-bromobutane (from 
the butene from the dibromide) and the dl-2,3-dibromo- 
butane, meso-diacetate of slightly low melting point was 
used. This impurity was partly due to impurity of the 
glycol used and perhaps partly due to the failure to neu­
tralize the sulfuric acid, used as a catalyst in the acetyla­
tion of the glycol, before distillation. This impurity in the 
starting diacetate is corrected for in Table I.

Preparation of Active 2-Bromoöctane and its Reaction 
with Silver Acetate.—5.0 ml. of active 2-octanol (kindly 
supplied by Dr. P. D. Bartlett) «d (1 dcm.)—7.38°, was 
mixed with 15.0 ml. of Eastman Kodak Co. dl-2-octanol 
and the mixture was sealed up with hydrobromic acid 
which was prepared by saturating12»34 130 g. of 48% acid 
with hydrogen bromide gas at 0 °. The reaction mixture 
was left at room temperature with occasional shaking for 
several days when the reaction vessel was opened and the

(37) Private communication.
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bromide layer separated. The bromide was washed with 
water, twice with 10 ml. of coned, sulfuric acid, then with 
water and finally with potassium carbonate solution. The 
bromide was dried over potassium carbonate and the 21.5 
g. of crude material was then distilled through the Weston- 
type column. 18.5 g., b. p. 74.7-75.3° (14 mm.), aD (1 
dcm.) 5.39°, was obtained. The bromide, 18.0 g., was 
converted to acetate with silver acetate in dry acetic acid 
as for the butene and cyclohexene derivatives. Distilla­
tion through the Weston-type column yielded 9.5 g. (59%) 
of acetate, b. p. 81.3-82.0° (12.5 mm.), n22d 1.4140, aD 
(1 dcm.) -0.61°.

Active 2,3-Dibromobutane and its Conversion to Diace­
tate.—Partial resolution of a 2,3-dibromobutane which was 
mostly the dl-isomer was accomplished by the method of 
Lucas and Gould.15 64.8 g. (0.30 mole) of the dibromide 
and 39.5 g. of brucine were mixed and allowed to stand for 
eighteen hours. The brucine was dissolved in excess 
hydrochloric acid and the dibromide was removed with the 
aid of 200 ml. of petroleum ether. The extract was 
washed with water and dried over potassium carbonate. 
The dibromide was obtained by distillation at reduced 
pressure; 46 g., b. p. 73.0-73.5° (50 mm.), aD (1 dcm.) — 
2.43 °. When this material was converted to diacetate in 
the usual way, the product proved to be completely in­
active.

A 2,3-diacetoxybutane with an —0.48° (mostly diace­
tate of Lucidol glycol) was subjected to the reaction condi­
tions using a mixture of silver acetate and bromide. The 
recovered diacetate an — 0.45° showed a change in the 
rotation no larger than one would expect due to fractiona­
tion.

Active l-Acetoxy-2-bromocyclohexane and its Conver­
sion to Diacetate.—The method of treating the bromo­
hydrin with a deficiency of acetic anhydride in the presence 
of brucine as described previously1215 for butene derivatives 
yielded a slight resolution. A solution of 30 g. of brucine, 
54 g. of 2-bromocyclohexanol and 13 ml. of acetic anhydride 
in 300 ml. of carbon tetrachloride was refluxed for two 
hours. The reaction mixture was treated as before and 
fractionation at 12 mm. yielded 23.2 g. of bromohydrin, 
b. p. 88.5-91.0°, an (1 dcm.) — 0.20° and 17.8 g. of ace- 
toxybromocyclohexane, b. p. 106.0-107.2°, aD (1 dcm.) — 
0.19°. Each fraction was treated with acetic anhydride 
to convert all the bromohydrin to acetate. The bromo­
hydrin fraction yielded 23.6 g. of acetate, b. p. 109-110° 
(12 mm.), an (1 dcm.) — 0.19°. The bromoacetate frac­
tion38 yielded 14 g., b. p. 109-110° (12 mm.), aD (1 dcm.) 
-  0.17°.

When the acetoxybromocyclohexane, aD (1 dcm.) — 
0.19° was converted to diacetate with silver acetate in dry

(38) The fact th at th e same sign of rotation is displayed by the 
acetoxybrom ocyclohexanes from both fractions shows that the slight 
resolution obtained by this procedure is not due to a selective acetyla­
tion but to some other reaction.

acetic acid in the usual way the diacetate, b. p. 120.0- 
120.5° (12 mm.) showed no activity at all. The inter­
mediate fraction lower-boiling than the diacetate also 
showed no activity.

Behavior of cw-1,2-Diacetoxycyclohexane under the Re­
action Conditions.—A small quantity of cis-1,2-diacetoxy- 
cyclohexane was heated eleven hours in dry acetic acid 
with a mixture of silver acetate and silver bromide. The 
reaction mixture was filtered and diluted with water. The 
diacetate was then extracted with ether. The ether extract 
was neutralized with carbonate solution and then dried 
over potassium carbonate. Evaporation of the ether and 
saponification of the ester by the procedure in use gave 
cw-glycol, m. p. 97.5° before recrystallization. Thus at 
least 99% of the glycol maintains its configuration.

It is a pleasure to thank Professor H. J. Lucas 
and Messrs. C. W. Gould and F. W. Mitchell, Jr., 
of the California Institute of Technology for data 
in advance of publication and Professor P. D. 
Bartlett of Harvard University for the optically 
active 2-octanol used. Also, one of us (S. W.) 
wishes to acknowledge several helpful discussions 
with Professors P. D. Bartlett and H. J. Lucas.

Summary

The reactions of silver acetate in dry acetic acid 
with the eryihro- and ^reö-2-acetoxy-3-bromo- 
butanes, /ra^s-l-acetoxy-2 -bromocyclohexane, the 
meso- and dl-2 ,3-dibromobutanes, and tran s- 1 ,2 - 
dibromocyclohexane proceed with predominant 
retention of configuration. Also, optically active
2,3-dibromobutane and trans-1 -acetoxy-2-bromo- 
cyclohexane give rise to completely inactive di­
acetates. The steric results are believed due to 
the participation of a neighboring bromine or 
acetoxy group in the replacement processes, with 
production of the intermediates

/ Bt\
>C --------C< and

CH3

> C -----C<

A discussion of the scope of this kind of partic­
ipation of neighboring groups in replacement 
processes and the results to be expected from such 
participation is included.

Los A n g e l e s , C a l if o r n ia  R e c e i v e d  A p r i l  14, 1942
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The Role of Neighboring Groups in Replacement Reactions. II. The Effects of 
Small Amounts of Water on the Reaction of Silver Acetate in Acetic Acid with Some

Butene and Cyclohexene Derivatives1
B y S. W in s t e in 2 and R . E . B uck les

In a previous3 publication on the effects of 
neighboring groups in replacement reactions we 
reported that the reaction of silver acetate in dry 
acetic acid with trans- l-acetoxy-2 -bromocyclo- 
hexane, threo- and ery^rtf-2-acetoxy-3-bromo- 
butane, tran s- 1 ,2 -dibromocyclohexane and d l- and 
raes0 -2 ,3 -dibromobutane proceeded with what 
appears to be quite complete retention of con­
figuration. This and other evidence pointed to 
the participation of the neighboring — Br and 
— OAc groups in the replacement process, inter­
mediates I and II being involved.

/ b ’\
>C - -c<

c h 3

> c — c <
II

In the course of this investigation, we noticed a 
pronounced and interesting effect of the presence 
of water in the acetic acid on the nature of the 
product and the steric result. The presence of 
water causes the appearance of roughly 65-75% 
of the equivalent amount of monoacetate in the 
product and shifts the steric result to as much as 
95-98% of inversion of configuration. This is 
shown in Table I.

That monoacetate of the glycol is the direct 
product of the reaction in the presence of water is 
shown by the behavior of some of the monoace­
tates and diacetates toward the reaction condi­
tions (Table II). The monoacetates are converted 
to diacetates to a considerable extent, while the 
diacetates are converted to monoacetates to only 
a negligible extent.

Since monoacetate is the direct product of reac­
tion, the presence of water is able to cause the in­
troduction of an hydroxyl group instead of an ace­
tate group by the action of silver acetate on the 
bromoacetates. However, it appears unlikely

(1) A large portion of the material reported in this paper was pre­
sented before the Organic Division at th e St. Louis meeting of the 
American Chemical Society, April, 1941.

(2) N ational Research Fellow in Chemistry, Harvard University, 
1939-1940.

(3) Winstein and Buckles, T his Journal, 64, 2780 (1942).

T a b l e  I

T h e  E f f e c t  o f  W a t e r  o n  t h e  R e a c t io n  o f  S o m e  H a l ­
i d e s  w it h  S i l v e r  A c e t a t e  i n  A c e t ic  A c id

Compound Moles H2O
threo-2-Acetoxy-3- 0

bromobutane 0.25
.50
.75

1.0
1.0C

erythro- 2-Acetoxy-
3-bromobutane 1.0

dL2,3-Dibromobu- 0.5
tane 1.0

ra0yo-2,3-Dibromo-
butane 1.0

dl-trans- 1-Acetoxy- 0.00‘
2-bromocyclo- 0.51
hexane 1.0

N* D iacetate & 
m. p ., °C.

Corrected  
steric 

result % 
inversion

0 41 2
0.10 34.8 19

.39 15.7 55

.58 - 4 .5 82

.70 0.5 94

.72 2.1 95

41.3 96
.39 14.2 57
.65 2.0 96

.67 40.5 96
0 7
.37 67
.65 92
.64 94
.52 92
.65 98
.64 90

98

1.0*
1.0C
2 .0

dl-trans- 1,2-Di- 1.0
bromocyclohexane 2.0
a Mole fraction of monoacetate in reaction product. 

6 </L2,3-Diacetoxybutane melts at 42.9 °, the meso-isomer 
at 3.0°. c 1 mole of potassium acetate per mole of halide 
was used in the reaction mixture. d Volume of reaction 
mixture was twice as large as usual so that the initial con­
centration of water was half as large.

T a b l e  II
T h e  B e h a v i o r  o f  M o n o - a n d  D ia c e t a t e s  t o w a r d  t h e  
C o n d i t io n s  f o r  R e a c t io n  o f  H a l i d e s  w i t h  S i l v e r  

A c e t a t e

Compound
Moles
H2O

Hours of 
heating N %

retention

meso-2,3-Diacetoxy-
butane 1.06 11 0 .02 100

erythro-3-Acetoxy-2- 
butanol 0 .3 7 .5 .76 100

cis-1,2-Diacetoxy- 
cyclohexane 1.0 11 .03

cA-2-Acetoxy cyclo­
hexanol0 0.51 11 .51

2ra«s-l,2-Diacetoxy-
cyclohexane 2 .0 11 99
a This material was 84 mole % monoacetate, 16 mole 

% diacetate. b In all these experiments an equimolar 
mixture of silver acetate and silver bromide was added.
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CH3
I

H — C —Br

CHS W.I. CHs
I

CHs

-f-AgOAc H—C—OAc -f AgOAc - f l l20  H—C—OAc +AcOH H—C—OAc
I  ---------- ^  ] ---------------------- > | ------------|

Br— C— H -A g B r  Br— G—H “ AgBr -AcOH H—C—OH - H aO H—C—OAc
I I  I I

CHs CHs CHs CHs
^//-2,3-di- /&ra?-2-acetoxy-3- erythro-3-acetoxy-2- wesö-2,3-diacetoxy-

bromobutane bromobutane butanol butane
g. 1.—erythroS-Acetoxy-2-hut3.no\ and mes0-2,3-diacet.oxybutane from ^/-2,3-dibromobutane or threo-2-acetoxy-3-

bromobutane.

that water causes the introduction of an hydroxyl 
group instead of an acetate group when silver 
acetate reacts to replace the first bromine atom 
of the dibromides. This is evident from the be­
havior of the bromohydrins which would thus be 
formed (Table III).

T a b l e  I I I
T h e  B e h a v io r  o f  B u t e n e  a n d  C y c l o h e x e n e  B r o m o -

HYDRINS TOWARD SILVER ACETATE IN ACETIC 
M oles

Acid
%

Compound HsO N retention
/^fg6>-3-Bromo-2-butanol 1 . 0 75°
^mwy-2-Bromocyclohexanol 1 . 0 78 92
/raw.?-2-Bromocyclohexanol 0 .645 71 93

a The yield of d iacetate on acety lating  the crude ester 
product of the reaction was only 26% . h One mole of silver 
brom ide was added also.

Firstly, //zra?-3-bromo-2-butanol gives only a 
poor yield4 of expected product with silver acetate 
in acetic acid. Secondly, with the butene bromo­
hydrin, the steric result is 75% retention, 5 while 
with the cyclohexene bromohydrin it is at least 
93% retention. All our experience3 »6 would lead 
us to expect bromohydrin to be formed from di­
bromide with retention of configuration, so reten­
tion of configuration should be the steric result for 
the conversion of dibromide to monoacetate by 
way of bromohydrin. Actually inversion is the 
major steric result in the presence of enough water.

Figure 1 illustrates the reaction course for the 
preparation of a mixture of monoacetate and di­
acetate from one of the dibromides or bromoace- 
tates with silver acetate in wet acetic acid con­
taining moderate amounts of water . 7  If di­
bromide is the starting material, bromoacetate 
is produced with retention of configuration just as

(4) W ith the cycloliexene bromohydrin the yield of expected prod­
uct was not much inferior to  th at obtained from dibromide.

(5) The reason for this steric result in the case of the butene bromo­
hydrin is not yet clear. In view  of th e poor yield, the amount of in­
version observed could be due to  reaction of a small amount (ca. 7%) 
of bromoacetate produced from bromohydrin.

(6) (a) W instein and Lucas, T his J ournal, 61, 1576 (1939); (b) 
W instein and Lucas, ibid., 61, 2845 (1939).

(7) Mr. Robert Henderson has found that very much larger 
am ounts of water in the reaction mixture for the treatment of the 
dibromobutanes have some marked effects such as depressing the 
yield'of product greatly.

in the absence of water . 3  Then bromoacetate 
gives rise to monoacetate with inversion of con­
figuration, the monoacetate then slowly being 
acetylated. The inversion of configuration is de­
noted by W .I.

In the presence of small amounts of water the 
scheme shown in Fig. 1 apparently proceeds until 
the water is largely consumed and then the scheme 
for dry acetic acid (with retention of configura­
tion) operates. Since water is slowly produced 
from the monoacetate, it becomes clear why there 
is a tendency for the amount of inversion of con­
figuration to run somewhat higher than equivalent 
to the amount of water in the original reaction 
mixture.

The most probable explanation of the effect of 
the water involves the formation of intermediate 
I I  even when some water is present. Then inter­
mediate II reacts with water at carbon atom C-3 
to give the conjugate acid of the orthomonoace­
tate of the glycol III which by loss of a proton

CH3
I

+ H 2o
+o o --------->

I I >Ci— c2<
II

c h 3 o h 2

0
1

> c -

0
1-c<

—H+

III
CHS OH CHS

> C<
/ \ >0=0

01 0  —1
/-> o1 OH11>c—

1-c< 1>c- 1
— c<

IV

gives rise to the orthomonoacetate of the glycol 
IV . 8  The orthomonoacetate IV and the ordinary

(8) At least part of the orthom onoacetate formation in the pres­
ence of water m ay arise from reaction of molecules of acetoxybromide, 
to which water has already added, according to the scheme shown.

CH-, OH CH3 OH
> c /

CHS OH
V /

o

>c-~

OH

-C<
I

Br

+ A g +

-A g B r
0
1

>C~

OH
I

-C<
- I F

0
1

>C -

O

- c <

T his schem e in v o lv e s  th e  p artic ip ation  o f a  neigh b orin g orth oacetate
group in  th e  process of rep lacem en t of th e  brom ine a tom .
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monoacetate V are presumed to be readily inter­
convertible without any configurational changes 
under the conditions of the replacement reaction. 9  

Thus, the preparation of monoacetate is at­
tended by one Walden inversion which occurs 
in the formation of intermediate II.

There are several favorable aspects to this 
explanation. First, intermediates of type II 
must be reactive at carbon atom C-3, for aceto- 
halogen sugars in which the neighboring ace­
toxy group is trans  to the halogen atom often 
give rise to orthoacetate derivatives in reac­
tions similar in nature to the one discussed in 
this paper. 1 0 » 1 1  Secondly, the ability of water 
to affect the reaction only when the acetoxy 
group is the neighboring group becomes under­
standable. Thirdly, the very high percentage of 
inversion of configuration that occurs when enough 
water is present is to be expected from a process 
involving the production of an intermediate such 
as II.

Other Halides with Silver Acetate in Wet 
Acetic Acid.— Rothstein1 2  obtained c is-zs ter  from 
cyclohexene dibromide and Brunei1 3  obtained 
what is now known to be cis-ester from 1 -acetoxy- 
2  - iodocyclohexane, 1 4  1 -bromo - 2  - iodocyclohex-
ane, 1 4  and l-chloro-2-iodocyclohexane. 1 4  These 
results demand the presence of water in the acetic 
acid used as solvent, by analogy with the results 
we have reported.

A case which comes to mind of the introduction 
of an hydroxyl group on treatment of an acyloxy- 
halide with silver acetate in acetic acid is the con­
version1 5  of such compounds as l-iodo-2,3-di-p- 
nitrobenzoxypropane VI to 1,3-di-^-nitrobenz- 
oxypropanol-2 IX.

This work is interesting here not only because 
an hydroxyl group is introduced instead of an 
acetoxy group but because an acyl group has 
migrated3  in the process. If our mechanism for 
the effect of water in acetic acid on the course of

(9) The ready interconversion of IV to V would be expected from 
the available work on compounds such as these (Meerwein and Sönke, 
J .  prakt. Chem., 137, 295 (1933); Hibbert and Greig, Can. J .  Research, 
4, 254 (1931)).

(10) (a) Isbell, Annual Review of Biochemistry, Annual Reviews, 
Inc., Stanford Univ. Press, Stanford Univ. P. O., Calif., 1940, page 
65; (b) Frush and Isbell, J. Research Natl. Bur. of Standards, 27, 413 
(1941).

(11) Generalizations are still lacking as to the factors which deter­
mine relative reactivity at carbons C-l and C-2 as compared to C-3. 
In the present work it seems necessary to say that acetate ion reacts 
at C -l and C-2, while water reacts very rapidly at C-3.

(12) Rothstein, Ann. chim., 14, 461 (1930).
(13) Brunei, ibid., [8] 6, 200 (1905).
(14) These compounds are all presumably trans.
(15) E. Fischer, Ber., 63, 1621 (1920).

the reaction of acyloxyhalide with silver acetate is 
correct, the transformation VI —> IX  proceeds ac­
cording to the scheme1 6  VI -> VII -> V III IX.

H2C—I
I

HC—OCOCethN 0 2
I

H2C—0C 0C 6H4N 02 
VI

h 2c—o c o c 6h 4n o 2

-f AgOAc
-Agl —OAc

h 2 c—O^
I £>c—c 6h 4n o 2

HC—0 /
I

h 2c —o c o c 6h 4n o 2
VII

+

I
HC—OH

h 2c -

h 2o
H +
-Ov /OHx-O- c 6h 4n o 2

h 2c—o c o c 6h 4n o 2
IX

HC-
I

h 2c—o c o c 6h 4n o 2
VIII

Form VIII was suggested by E. Fischer1 5  as an 
intermediate for the migration of acyl groups in 
partially acylated polyhydroxy compounds.

The Neighboring Hydroxyl Group.— The quite 
high retention of configuration observed in the 
treatment of cyclohexene bromohydrin with sil­
ver acetate in acetic acid and the predominating 
retention of configuration in the similar treat­
ment of the butene bromohydrin suggest that the 
ester product X I is produced chiefly by way of 
the conjugate acid of the oxide X , the opening of

+Asr+ ?
HO

-f-OAc"

>c— c< 
I

Br

-A gB r / 0  + \
> c - -c<

HO
I>c-

X

-c<
I

OAc
XI

the oxide ring occurring with inversion. 1 7  Thus, 
it would appear that a neighboring hydroxyl 
group can be similar in action to a bromine or 
acetoxy group . 3

Experimental
/raws-2-Bromocyclohexanol, ^rgö-3-Bromo-2-butanol, 

/ra«s-l-Acetoxy-2-bromocyclohexane, tran s-1,2-Dibromo- 
cyclohexane, erythro- and ^rgo-2-Acetoxy-3-bromobutane 
and d/-2,3-Dibromobutane.—These substances were either 
the same as or prepared similarly to the ones used in the 
previous work.3

wesö-2,3-Dibromobutane.—This material, b. p. (50 
mm.) 73.3-73.5°, was prepared by the action of fuming 
hydrobromic acid17’18 on the d/-2,3-diacetoxybutane which 
was obtained in the course of this and the previous3 work 
and which was purified by recrystallization from petroleum 
ether.

cw-l,2-Cyclohexanediol.—This substance, m. p. 98°, 
was prepared by saponification of esters obtained in the

(16) One desirable support for this scheme would be to  show th at 
the a,j6f-diglyceride does not proceed rapidly enough to  the  
glyceride by way of the ortho form V III.

(17) W instein and Lucas, T his Journal, 61, 1581 (1939).
(18) Wilson and Lucas, ibid., 68, 2396 (1936).
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present work. I t  was purified by recrystallization from 
carbon tetrachloride. When prepared in large batches by 
saponification of the ester from the reaction of 1 mole of 
dibromide with silver acetate in wet acetic acid, the glycol 
was sometimes not as pure as from the 0.1-mole runs. It 
was helpful to dissolve the glycol in acetone, filter off an 
acetone-insoluble impurity, evaporate the acetone from the 
filtrate and then recrystallize the residue from carbon tetra­
chloride.

cis- and /ra«s-l,2-Diacetoxycyclohexanes.—These sub­
stances were the same ones used before.3

Monoacetate of raesö-2,3-Butanediol.—This material 
was the one previously17 prepared. Most of it, b. p. 
79.2° (10 mm.), w25d 1.4215 was from butene oxide and a 
little, b. p. 74.5-75.5° (8 mm.),19 was from meso-glycol.

Monoacetate of a‘s-1,2-Cyclohexanediol.—A mixture of 
29 g. (0.25 mole) of a's-glycol, 25.5 g. (0.25 mole) of acetic 
anhydride, and 25 ml. of acetic acid was treated with sev­
eral drops of coned, sulfuric acid. After the heat evolution 
had ceased and the solution had returned to room tem­
perature, the mixture was diluted with 300 ml. of water and 
extracted with three 100-ml. portions of ether. The ether 
extracts were washed with carbonate solution and dried 
over potassium carbonate. Distillation at 12 mm. 
through the Weston-type20 column yielded 27.5 g., 67%, of 
product boiling at 114-115°, w26d 1.4607. This product 
had a saponification equivalent weight of 142, indicating 
a composition of 84 mole per cent, monoacetate and 16 
mole per cent, diacetate.

Conversion of Dibromides and Acetoxybromides to Mix­
tures of Mono- and Diacetates.—The halogen compounds 
were allowed to react with silver acetate in acetic acid as 
described previously.3 The amount of water in the reac­
tion mixture before addition of the halogen compound was 
estimated as before. Enough additional water was added 
to make up the desired quantity and the halogen compound 
was added after the mixture was stirred for a few minutes. 
Sometimes potassium acetate was added along with the 
water. The product was isolated as before except when 
potassium acetate was used in the experiment. Then, the 
reaction mixture was filtered as before and concentrated at 
reduced pressure. Ether was added to enable separation 
from solid potassium acetate. Then the ether was dis­
tilled off and the product isolated at reduced pressure.

The mixtures of mono- and diacetates distilled over a 
small range of temperatures but the mono- and diacetates 
boil sufficiently near the same temperature to enable sharp 
separation from acetic acid and high-boiling residue. The 
yields in the presence of water were about the same as in 
its absence.

Analysis of Ester Mixtures.—Usually a small portion of 
the mono- and diacetate mixture obtained by distillation 
was used for a determination of the saponification equiva­
lent of the sample by the method of Redemann and Lucas.21 
Then the mole fraction of monoacetate in the sample could 
be calculated.

To obtain a configurational analysis of the ester product, 
the procedure was similar to the one used before.3 The 
cyclohexene derivatives were saponified to glycol. The

(19) Previously incorrectly reported as b. p. 74.5-75.5° (10 mm.) 
[This Journal, 61, 1583 (1939)].

(20) W eston, Ind. Eng. Chem., Anal. Ed., 6, 179 (1933).
(21) Redemann and Lucas, ibid., 6, 521 (1937).

butene derivatives were acetylated, distilled and the diace­
tates analyzed as before.

Behavior of Mono- and Diacetates.—The behavior of 
mono- and diacetates toward the reaction conditions was 
studied by using a mixture of silver acetate and bromide to 
best simulate the actual reaction conditions and isolating 
and analyzing the products as for the conversion reactions.

With trans-1,2-diacetoxycyclohexane only a very small 
amount of ester was treated. I t  was not distilled but 
separated with ether after diluting the filtered acetic acid 
solution with water. The ether solution was neutralized 
and dried, the ether was evaporated and the residue was 
subjected to the saponification procedure.

The diacetates on treatment with silver salts in wet 
acetic acid, gave rise to products with refractive indices and 
saponification equivalents slightly high. The values of N, 
the mole fraction of monoacetate in the product, are given 
in Table II. There seems to be a very slight change to 
monoacetate, but it is not possible to estimate such small 
changes very accurately with the methods we used.

Behavior of Butene and Cyclohexene Bromohydrins.— 
The bromohydrins were treated with silver acetate and 
silver bromide in wet acetic acid in the same way as for an 
acetoxybromide. The ^reö-3-bromo-2-butanol yielded 
only a small amount of ester product which was at once 
acetylated. The cyclohexene bromohydrin gave products 
which, in spite of the approximate character of the tempera­
ture control of the bath, etc., seemed definitely higher in 
monoacetate content than the cfs-products obtained from 
dibromide and acetoxybromide.

Summary

The presence of small amounts of water in the 
acetic acid used as a medium for the action of 
silver acetate on the erythro- and threo-2 -ace- 
toxy-3-bromobutanes, trans-1 -acetoxy-2-bromo-
cyclohexane, the m eso- and dl-2 ,3-dibromobu- 
tanes, and tran s- 1 ,2 -dibromocyclohexane, gives 
rise to a steric result shifted toward inversion and 
a product containing monoacetate. The per­
centage of inversion is usually slightly greater 
than equivalent to the water present in the acetic 
acid solvent and approaches 1 0 0  quite closely.

There is evidence that monoacetate is directly 
produced when water is involved in the replace­
ment process and that the monoacetate is slowly 
esterified. Also, water seems to be involved in 
the replacement process for only the second bro­
mine atom of the dibromides.

All the facts are best accounted for by the idea 
that the water exerts its effect through formation 
of the orthoester intermediate,

CH3 OH

> C -------C <

Los A ngeles, California  R eceived April 14, 1942
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The Role of Neighboring Groups in Replacement Reactions. III. Retention of Con- 
figuration in the Reaction of the 3-Bromo-2-butanols with Phosphorus Tribromide

B y S. W in st e in

When the erythro- and tóreu-3-bromo-2-butanols 
react with phosphorus tribromide, the steric re­
sult is predominant retention of configuration. 
This is clear from Table I which lists the properties 
and compositions of the dibromobutanes derived 
from the bromohydrins. 1 It is seen that erythro-
3-bromo-2-butanol gives a dibromide which is 
95% meso and /&ra?-3-bromo-2-butanol yields 
one which is approximately 90% dl. Thus, the 
retention of configuration in the reaction is rather 
high. Perhaps it would be higher if one learned 
if there should be made a correction for stereo­
mutation of the dibromides under the reaction 
conditions.

T a b l e  I

Properties a n d  Compositions o f  2,3-D ibromobutanes 
Prepared from 3-Bromo-2-butanols and Phosphorus

T r ib r o m id e
Bromohydrin erythro threo

Dibromide, b. p., °C. 74.0-74.2 76.0-76.7
(51 mm.) (50 mm.)

Dibromide, w2Bd  1.5087 1.5115
Dibromide, K 22 0.0531 0.0324
Dibromide, % meso 95 11
Dibromide, % dl 5 89

The steric result of predominant retention of 
configuration may be accounted for by the opera­
tion, for the most of the reaction, of one or the 
other of two mechanisms. One mechanism is the 
cyclic rearrangement3 of an intermediate com­
pound such as I.

Br

>C
/

Br+
>C-

\
-C<

II
The other mechanism involves the formation of 

the bromonium ion1 »4  II. Then II reacts with 
bromide ion with another inversion.

(1) For a discussion of configuration see (a) Winstein and Lucas, 
T his Journal, 61, 1576 (1939); (b) W instein and Buckles, ibid., 64, 
2780 (1942).

(2) Dillon, Young and Lucas, ibid., 52, 1953 (1930).
(3) (a) Cowdrey, Hughes, Ingold, Masterman and Scott, J. Chem, 

Soc., 1252 (1937); (b) Hughes, Ingold and Whitfield, Nature, 147, 206 
(1941).

(4) Winstein and Lucas, T his Journal, 61, 2845 (1939).

A  definite choice between these two mechanisms 
would be possible from the results with active 
tór^ö-3-bromo-2-butanol. 1 »4  However, it seems 
very probable that the retention of configuration 
observed is another result of the participation of a 
neighboring group (Br) in the replacement process. 
Lucas and Gould5  have shown that the 3-chloro-
2 -butanols react with thionyl chloride by way of a 
chloronium ion, in spite of the small tendency for 
a chlorine atom to participate in this manner. 1 »5  

Thionyl chloride is the type reagent most addicted 
to the cyclic mechanism; thus there seems to be 
no great tendency for the cyclic rearrangement 
mechanism to operate in systems such as those 
under consideration.

It is interesting to compare the present results 
with the findings of Lucas and Gould5  for the 
reaction of phosphorus trichloride with the 3 - 
chloro-2-butanols. Phosphorus trichloride re­
acted with the 3-chloro-2-butanols with predomi­
nant inversion of configuration, whereas phos­
phorus tribromide reacted with the bromohydrins 
with predominant retention of configuration. 
This would seem to be at least partly due to the 
greater tendency to participate in a replacement 
process that a neighboring bromine atom dis­
plays relative to a chlorine atom.

Experimental
erythro- and //^ö-3-Bromo-2-butanols.—The erythro- 

bromohydrin was an old sample prepared from pure low- 
boiling 2,3-epoxybutane.1 I t was quite dark by the time 
it was used in this work. The ^r^ö-bromohydrin was pre­
pared as previously described1 by way of 2-butene start­
ing with racstf-diacetate.

Conversion of Bromohydrins to Dibromides with Phos­
phorus Tribromide.—The bromohydrin (0.1-0.15 mole) 
was added dropwise with cooling and stirring to a 50% ex­
cess of phosphorus tribromide in a 3-necked flask equipped 
with a mercury-sealed stirrer, a reflux condenser and a 
dropping funnel and protected against moisture. With 
the J&reo-bromohydrin the addition was too rapid at first 
and the reaction mixture erupted once, causing some loss. 
There appears to be considerable heat evolution in some 
reaction step before the one producing the final products. 
After the bromohydrin was added, the reaction mixture 
was surrounded by a bath which was brought to 100 ° and 
kept at this temp, for one and one-half hours. Then the

(5) Lucas and Gould, ibid., 63, 2541 (1941).
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reaction mixture was cooled and poured onto ice. The 
dibromide was separated with the aid of some carbon 
tetrachloride and the extract was washed with potassium 
carbonate. Distillation at reduced pressure through a 
Weston-type6 column yielded 39 and 42% yields of di­
bromides, from threo- and gryJ&ro-bromohydrins, respec­
tively.

Analysis of Dibromides.—Comparison óf the boiling 
points and refractive indices of the dibromides with the 
known2’7 properties of the 2,3-dibromobutanes indicates 
that the dibromide samples are largely either meso- or 
^-2,3-dibromobutane. Also, the samples are contami­
nated with a trace of some low-refractive index impurity, 
possibly bromohydrin. For samples not absolutely free 
of foreign materials, the best method of analyzing a mix­
ture of meso- and dZ-2,3-dibromobutanes is by way of the 
rate constant K 2 for the reaction of the sample with potas­
sium iodide in methanol.2 Mr. Harold Pokras kindly de­
termined these rates and they are included in Table I along

(6) W eston, Ind. Eng. Chem., Anal. Ed., 5, 179 (1933).
(7) Wilson and Lucas, T h is  J o u r n a l , 58, 2396  (1936).

with the calculated compositions for the dibromide samples. 
The values of K2 are slightly in doubt because of an uncer­
tainty about the solvent correction of the solvent used in 
the rate measurements. The uncertainty in the composi­
tions is about 4%.

Summary
The erythro- and //£ra?-3-bromo-2-butanols are 

converted to dibromides by the action of phos­
phorus tribromide with a steric result of predomi­
nant retention of configuration.

It is considered probable that the steric result 
is due to the participation of the neighboring 
bromine atom in the replacement process with the 
formation of the bromonium ion

as an intermediate.
Los A n g e l e s , C a l i f o r n ia  R e c e iv e d  A p r il  14, 1942

[C o n t r i b u t io n  f r o m  t h e  G a t e s  a n d  C r e l l i n  L a b o r a t o r ie s  o f  C h e m is t r y , C a l i f o r n ia  I n s t it u t e  o f  T e c h n o l o g y , 
a n d  t h e  C h e m is t r y  D e p a r t m e n t  o f  t h e  U n i v e r s it y  o f  C a l i f o r n ia  a t  L o s  A n g e l e s ]

The Role of Neighboring Groups in Replacement Reactions. IV. The Identity of 
Various Preparations of 1,2 -Dibromocyclohexane

B y S. W in stein

A  number of reactions leading to 1,2-dibromo- 
cyclohexane have been investigated as to the 
steric result because of the interest in effects1 »2  

of neighboring groups on replacement processes.
All of the preparations of 1,2-dibromocyclo- 

hexane, summarized in Table I, have been com­
pared with the dibromide from cyclohexene. The 
latter dibromide has been assigned the trans- 
configuration for the following reasons. First, the 
predominance of trans-addition of halogen to 
olefins3  leads one to this configuration. Further, 
the second-order rate constant at 74.90° for the 
reaction of cyclohexene dibromide with potas­
sium iodide in methanol is 0.0204.4 This value 
compares favorably with 0.0301 for d/-2,3-di- 
bromobutane5  and 0.0562 for meso-2 ,3 -dibromo­
butane . 5  Since the favored mechanism6  of the 
reaction is a /raws-elimination of bromine by po­
tassium iodide, the /raws-configuration for cyclo­
hexene dibromide is strongly indicated.

(1) (a) W instein and Lucas, T his Journal , 61, 1576 (1939); (b) 
W instein and Lucas, ibid., 61, 2845 (1939).

(2) W instein and Buckles, ibid., 64, 2780 (1942).
(3) (a) Michael, J. prakt. Chem., 52, 344 (1893); (b) Terry and 

Eichelberger, T his Journal, 47, 1067 (1925).
(4) K indly determined by Dr. D . Pressman.
(5) Dillon, T his Journal, 54, 952 (1932).
(6) W instein, Pressman and Young, ibid., 61, 1645 (1939).

T a b l e  I
P r o p e r t i e s  o f  D if f e r e n t  P r e p a r a t io n s  o f  

1 ,2 - D ib r o m o c y c l o h e x a n e

no. Source ««D °c.
r Cyclohexene +  Br2 1.5507 - 4 .5
26 /raws-Diacetate +  HBr —

AcOH 1.5498 - 6
3 cw-Diacetate -j- HBr — H20 1.5506 - 4
4 cw-Diacetate +  HBr —

AcOH 1.5504 - 4
5C Oxide -j- HBr -  H20 1.5504 - 5
6 Bromohydrin from olefin +

HBr -  H20 1.5506 - 4
7 Bromohydrin from ketone +

HBr -  H20 1.5490 - 6
8 Bromohydrin from oxide +

PBr3 1.5497 - 8
9 Bromohydrin toluenesul­

fonate +  HBr — H20 1.5504 - 4
- d2\  1.7826, M Rd 43.28. b K 2 at 74.90° for reaction

with KI is 0.0203. c K 2 a t 74.90°, 0.0205.

One group of dibromocyclohexane samples was 
prepared from 2-bromocyclohexanol. The 2- 
bromocyclohexanol, which is prepared from cyclo­
hexene and which is presumably2 »7  of the trans- 
configuration, reacts smoothly with fuming hy­
drobromic acid to yield dibromide. In preparing

(7) Bartlett, ibid., 57, 224 (1935).
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cyclohexene dibromide in this manner, one can 
treat cyclohexene oxide directly with fuming hy­
drobromic acid without first converting it to bro­
mohydrin. 8  Phosphorus tribromide reacts with 
/rans-bromohydrin2 ’7  from cyclohexene oxide to 
yield, along with what is probably some elimina­
tion product, considerable 1 ,2 -dibromocyclo- 
hexane. Cyclohexene bromohydrin can be con­
verted to dibromide by way of the ^-toluenesul- 
fonate. The ^-toluenesulfonate was non-crystal­
line but its behavior on treatment with fuming 
hydrobromic acid was reasonable for the p -tolu­
enesulfonate of the bromohydrin. Smooth con­
version to dibromide occurred.

The products of these three reactions are almost 
indistinguishable, on the basis of physical prop­
erties and mixed melting points, from the di­
bromide prepared directly from cyclohexene. 
Thus complete retention of configuration obtains 
in these reactions. It would seem that all three 
reactions proceed by way of the cyclohexene 
bromonium1 ’ 2 ion I.

H 2 h 2 
I

The reaction2  of I with bromide ion with inversion 
gives a net apparent retention of configuration as 
the steric result.

The bromohydrin from the reduction of 2-bro- 
mocyclohexanone with aluminum isopropoxide9 

was also converted to dibromide with fuming 
hydrobromic acid. Whether the bromocyclo- 
hexanol, a somewhat impure product which did 
not keep well, contained any cis-compound7 is un­
certain. The dibromide was almost identical with 
the dibromides from the other reactions.

The cis- and tran s-1,2 - di acetoxy cyclohexanes 
yielded the other preparations of cyclohexene 
dibromide by some reactions which merit further 
investigation. 8  Both esters yield dibromide 
smoothly on treatment with hydrogen bromide in 
acetic acid. The cis-diacetate yields dibromide 
on treatment with fuming hydrobromic acid. All 
three of these dibromides are almost indistinguish­
able from the dibromide from cyclohexene.

On treatment with fuming hydrobromic acid, 
tran s- 1 ,2 -diacetoxycyclohexane behaves differ-

(8) W instein  and L ucas, T h is  J o u r n a l , 61, 1581 (1939).
(9) Winstein, ibid., 61, 1610 (1939).

ently from the cis-isomer. The reaction mixture 
turns very dark and yields no dibromide. Pos­
sibly the diacetate yields the glycol, which under­
goes rearrangement.

The various preparations of 1,2-dibromocyclo- 
hexane all appeared to be quite pure trans-isomer. 
A similar tendency for the production of only one 
dihalide of a cyclic olefin by replacement reac­
tions is seen in the results of other workers. Thus, 
Mousseron and Granger1 0  report that 2-bromo- 
cyclohexanol and phosphorus pentabromide and 
2 -chlorocyclohexanol and phosphorus pentachlo­
ride give rise to the same dihalides obtained from 
the fixation of halogen to cyclohexene. Also, 
Suter and Lutz 1 1  have reported that the treat­
ment of trans-indene chlorohydrin with phos­
phorus pentachloride and both cis- and tran s-in­
dene chlorohydrins with thionyl chloride gives one 
and the same dichloride. This dihalide is ap­
parently the same as indene gives with chlorine. 
Suter and Lutz 1 1  have drawn attention to the fact 
that apparently the only report of a pair of iso­
meric dihalides of a simple cyclic olefin is that of 
the cyclohexene dichlorides. 1 2

The factors operating to make one dihalide, the 
trans-isomer, the favored product in nucleophilic 
replacement reactions have been partly discussed 
already . 2  Thus it has been pointed out that 
SN1 type replacement reactions with cis- and 
trans-d e r iv a tiv e s  of cyclic olefins will tend to give 
trans-product if a neighboring group such as a 
halogen atom is available for participation in the 
replacement process.

It is possible that a neighboring halogen atom 
contrives in another way to make the tran s-d ih a l­
ide  the favored product of replacement reactions. 
Evidence from studies on restricted rotation1 3  

of dihalides leads to a considerable barrier for pas­
sage through a configuration with two bromine 
atoms cis  to each other. With this kind of energy 
effect to modify the activation energy of an S ^ i  or 
Sn 2  reaction leading to cis-dihalide, it is possible 
for the S Ni  or the S N2  mechanism to disappear 
to the exclusive operation of mechanisms leading 
to ^(ms-product.

This latter kind of effect of a /Ö-halogen atom 
we hope to demonstrate independently. This is 
desirable first, because it is not clear to what

(10) M ousseron and Granger, Compt. rend., 205, 327 (1937).
(11) Suter and Lutz, T his Journal, 60, 1360 (1938).
(12) K om atsu and Kawamoto, C. A., 26, 5080 (1932).
(13) (a) Beach and Palmer, J. Chem. Phys., 6 , 639 (1938); (b)

Beach and Turkevich, T his Journal, 61, 303 (1939).
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extent S ^ 2 U and mechanisms operate in 
cyclic systems such as those being discussed. 
Secondly, except for the above-postulated effect, 
a /3-halogen atom would be expected to increase14 1 5  

the rate of an S N2  process.

Experimental
Cyclohexene Oxide.—Cyclohexene was converted to 

chlorohydrin, which, without being isolated as a pure prod­
uct, was converted to oxide. 123 g. (1.5 moles) of cyclo­
hexene was treated with hypochlorous acid solution.16 17 
The chlorohydrin layer was separated, the aqueous layer 
was extracted with a 300-ml. portion of isopropyl ether 
and the chlorohydrin and ether extracts were stirred for 
one and one-quarter hours with a solution of 80 g. of sodium 
hydroxide in 400 ml. of water. The ether layer was then 
separated, usually dried over potassium carbonate and 
distilled through a Vigreux column. There was obtained 
53-66 g. of oxide, b. p. 127-130°, 69.5-71.0° (100 mm.), 
yield 36-45%.

trans-1,2-Cyclohexane diol.—Cyclohexene oxide, 114.5 
g., was shaken with 330 ml. of water to which 8 drops of 
60% perchloric acid had been added. The mixture became 
warm and was homogeneous after about a half hour. The 
solution was neutralized with sodium hydroxide, the water 
was distilled off at reduced pressure, and the residue was 
recrystallized from 300 ml. of benzene. 108 g., 80%, of 
glycol, m. p. 103-104°, was obtained without working up 
the mother liquor.

/raws-1,2-Diacetoxycyclohexane.—This substance was 
prepared from glycol as described previously.2

«s-1,2-Diacetoxycyclohexane.—This substance was 
some prepared previously.2 Most of the work with cis- 
diacetate was performed on the product of the reaction of
1,2-dibromocyclohexane with silver acetate in acetic acid 
on the basis of Rothstein’s report.17 We have since2»18 
investigated this reaction and now know that the product 
must have been a mixture of mono- and diacetates of the 
«s-glycol, the mole per cent, of monoacetate being about 
65.

2-Bromocyclohexanol from Oxide.—This was carried out 
in the same manner in which butene oxide was converted 
to bromohydrin.1 Forty-nine grams of oxide and 100 ml. 
of 48% hydrobromic acid yielded 65 g., 73%, of bromo­
hydrin, b. p. (10 mm.) 86°, n25d 1.5178.

2-Bromocyclohexanol from Cyclohexene.—Cyclohexene 
was converted to bromohydrin by treatment with acet­
bromamide as directed by Schmidt, Knilling and Ascherl.19 
The product was obtained in 60% yield, b. p. (10 mm.) 
86°, n2*n 1.5165. Later,2 the use of acid as a catalyst in 
this reaction was found advantageous, but it is possible that 
these conditions give rise to a little dibromide with the 
bromohydrin.

2-Bromocyclohexanol from 2-Bromocyclohexanone.—
The reduction of 2-bromocyclohexanone with aluminum

(14) Bartlett and Rosen, T his Journal, 64, 544 (1942).
(15) Hughes, Trans. Faraday Soc., 37, 625 (1941).
(16) Coleman and Johnstone, “ Organic Syntheses,” Coll. Vol. I, 

1932, p. 151.
(17) Rothstein, Ann. chim., 14, 461 (1930).
(18) W instein and Buckles, T his J ournal, 64, 2787 (1942).
(19) Schm idt, Knilling and Ascherl, Ber,, 59B , 1280 (1926).

isopropoxide has already been described.9 The product 
from this method darkened rapidly and underwent some 
change for, on redistillation after ten days, it showed n 25d 
1.5142 instead of n 25D 1.5165 first obtained. The density 
was now d 2h  1.3990 compared to d 2\  1.4542 for the product 
from cyclohexene. When samples of about 0.8 g. of this 
material were left in 20 ml. of 0.4 N  sodium hydroxide di­
luted with 20 ml. of alcohol and the mixtures then back- 
titrated with standard acid, the sample was found to use 
up 88% of the theoretical amount of alkali in four minutes 
at room temperature, 90% in twenty-four minutes at room 
temperature, and 91% in six minutes at the boiling point. 
The bromohydrin from cyclohexene, similarly treated, con­
sumed 98% of the theoretical amount of alkali in five min­
utes at room temperature.

1,2-Dibromocyclohexane from Cyclohexene.—Cyclo­
hexene was converted to dibromide by the method of 
Greengard.20 The dibromide turns dark rapidly on stand­
ing, as is reported, due to impurities. When the impure 
material is stored over potassium carbonate and fraction­
ated twice through a Weston21 column, the bulk of the ma­
terial distils at 99.6-99.9° (13 mm.). This substance re­
mains colorless indefinitely whether exposed to air or not.

Preparation of 1,2-Dibromocyclohexane from Diacetates 
and Hydrogen Bromide in Acetic Acid.—The method was 
the same as for the diacetoxybutanes.8 A heating period 
of ten hours on a water-bath was used. The crude yield of 
product was approximately 85%, the bulk of material dis­
tilling at constant temperature at reduced pressure.

Preparation of 1,2-Dibromocyclohexane Using Fuming 
Hydrobromic Acid.—The procedure was the same as for the 
butene derivatives.1»8 The reaction mixtures became 
cloudy in a half hour or less and were left at room tem­
perature several days. Crude yields were about 90% for 
the products except the one from bromohydrin from bromo­
ketone. These products distilled sharply through the 
Weston column. In the case of the experiment with 
bromohydrin from bromoketone the yield was lower and 
the reaction mixture was very dark. The product was 
separated with the aid of some carbon tetrachloride. On 
distillation, the yield of product, not as pure as some of 
the others, was 55%.

«VI,2-Diacetoxycyclohexane, on treatment with fuming 
hydrobromic acid, behaved, from external appearances, 
just as the monoacetate-diacetate mixture.

When tra n s - 1,2-diacetoxycyclohexane was dissolved in 
fuming hydrobromic acid and the mixture left at room tem­
perature, no dibromide layer formed, but instead, the re­
action mixture became somewhat colored in one day and 
extremely dark in a week. Heating a small portion of the 
reaction mixture after two days at room temperature at 75 ° 
in a sealed tube for one and one-quarter hours and steam­
distilling afterwards yielded only traces of oil, n 22i> 1.527.

Dibromocyclohexane from Bromohydrin and Phos­
phorus Tribromide.—26.8 g., 0.15 mole, of bromohydrin 
was dropped with stirring into 6 ml. of phosphorus tri­
bromide in a three-necked 100-ml. flask equipped with a 
dropping funnel, a mercury-sealed stirrer, a drying tube 
and an ice-bath. The bromohydrin was added over a 
period of twenty minutes and a little hydrogen bromide

(20) Greengard, “ Org. Syntheses,” 12, 26 (1932).
(21) W eston, Jnd. Eng. Chem., Anal. Ed., 5, 179 (1933).
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was evolved at the end of the addition. After a half-hour 
at the ice-bath temperature the material in the reaction 
flask was still one phase. The ice-bath was removed. 
After two hours* standing, there was still no change. Then, 
5 ml. more of phosphorus tribromide was added and the 
reaction mixture was warmed. After one and one-half 
hours the temperature had been raised to 100 °, with slight 
evolution of hydrogen bromide. A gummy viscous deposit 
had formed on the walls. Two hours further heating at 
95-100° was allowed. The reaction mixture was then 
cooled and poured onto ice and sodium bicarbonate with 
which it was well stirred. The dibromide was separated 
with the aid of 25 ml. of carbon tetrachloride after hydro­
chloric acid was added to break an emulsion. The extract 
of the dibromide was washed with potassium carbonate 
solution, dried over potassium carbonate, filtered and dis­
tilled through the Weston column. There were obtained 
15 g., 41%, of dibromide, b. p. 93.1-94.1° (10 mm.) as well 
as 7 g. of a low boiling fraction, b. p. 50.3-51.0 (13 mm.), 
n25d 1.4941, d2i4 1.325 (in a 2-ml. pycnometer). The low 
boiling fraction gave an immediate precipitate with aque­
ous 1 N  silver nitrate and it absorbed bromine in carbon 
tetrachloride, not instantaneously but at a moderate rate, 
without evolution of hydrogen bromide.

1,2-Dibromocyclohexane from Bromohydrin ^-Toluene- 
sulfonate.—Ten grams, 0.056 mole, of cyclohexene bromo­
hydrin from the oxide, 10.9 g. of £-tosyl chloride and 4.4 
ml. of pyridine were mixed, whereupon the mixture warmed 
up to 40 or 50 ° and cooled off after about an hour. Solid 
precipitated. After two days the mixture was poured into 
dilute hydrochloric acid and stirred well. An oil settled 
out which was not induced to crystallize. The oil was 
separated and added to 30 ml. of 48% hydrobromic acid. 
The oil remained as an upper layer after the mixture was 
saturated with hydrogen bromide gas at 0° and sealed off 
in an ampoule. After several hours at room temperature, 
a good deal of solid seemed to have formed, presumably p- 
toluenesulfonic acid. After several days of standing at 
room temperature, the ampoule was cooled and opened, 
and the contents were poured into water. The dibromide 
was washed with potassium carbonate and dried over 
potassium carbonate, 11.0 g, (81% yield) of crude product 
being obtained. The bulk of this material distilled at
110.8- 111.0° at 16 mm.

Properties of Dibromide Preparations.—About 90 ml. 
combined preparations 1, 2, 3, 4, 5 and 6, Table I, in a

large test-tube equipped with a thermometer, mercury- 
sealed stirrer and a drying tube was frozen out and allowed 
to melt while the test-tube was kept in a Dewar flask for 
insulation. The temperature was —5.0° when the mixture 
was too thick to stir even by hand and all the solid was 
gone at —4.0°, so the combined material melted substan­
tially over a range of 1 .0° and negligible amounts of iso­
meric impurities were indicated.

The melting points of individual preparations were taken 
by freezing about 10-ml. portions in test-tubes and warm­
ing the portions with stirring. The points of disappearance 
of solid are given in Table I. Mixed melting points were 
taken on various pairs of samples and no melting point 
lowerings were ever experienced.

Boiling ranges of the dibromides were very narrow and 
the spread in the values was from 98.6-99.9° a t 13 mm., 
mostly because of difficulty in reproducing pressures.

It is a pleasure to acknowledge the many sug­
gestions of Professor H. J. Lucas and Dr. E. R. 
Buchman of the California Institute of Tech­
nology.

Summary
Preparations of 1,2-dibromocyclohexane from 

the action of : fuming hydrobromic acid on cyclo­
hexene oxide, 2 -bromocyclohexanol derived from 
cyclohexene, and 2 -bromocyclohexanol derived 
from 2 -bromocyclohexanone; phosphorus tri­
bromide on 2 -bromocyclohexanol derived from 
oxide; fuming hydrobromic acid on 2 -bromocyclo- 
hexyl ^-toluenesulfonate; fuming hydrobromic
acid on c is- 1 ,2 -diacetoxycyclohexane; and hy­
drogen bromide in acetic acid on c is- and tra n s-
1 ,2 -diacetoxycyclohexane all proved to be essen­
tially pure and identical with the known dibro­
mide derived from cyclohexene.

The known 1,2-dibromocyclohexane is assigned 
the /mws-configuration. It is pointed out how a /3- 
halogen atom contrives to make the dihalide
the favored product of nucleophilic replacement 
reactions.
Los A n g e l e s , C a l i f o r n ia R e c e i v e d  A p r i l  14, 1942
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[C o n t r i b u t i o n  f r o m  t h e  C h e m ic a l  L a b o r a t o r ie s  o f  . t h e  U n i v e r s it y  o f  C a l i f o r n ia  a t  L o s  A n g e l e s  a n d  t h e
I l l in o is  I n s t it u t e  o f  T e c h n o l o g y ]

The Role of Neighboring Groups in Replacement Reactions. V. The Effect of the 
Neighboring Acetoxy Group on the Course of the Replacement of the Tosylate Group 

of frans-2-Acetoxycyclohexyl p-Toluenesulfonate1
B y S. W in s t e in , H . V. H ess  a n d  R. E. B uck les

In a recent communication it was reported that 
the erythro- and tóra?-2-acetoxy-3-bromobutanes 
and /rans-l-acetoxy~2-bromocyclohexane are con­
verted by silver acetate in dry acetic acid to di­
acetates with retention of configuration.2 This 
steric result and the loss of optical activity when 
active 1 -acetoxy-2-bromocyclohexane was treated 
with silver acetate in dry acetic acid led to the 
idea that the acetoxy group participated in the 
replacement process to give rise to the intermedi­
ate I. The presence of enough water in the acetic

CHs

I I
> C ----- C<

I

acid used as a medium for the action of silver ace­
tate on the halides mentioned gave rise to an odd 
number of inversions3 in contrast to the even 
number of inversions under anhydrous conditions.

We now report quite analogous results in the 
homogeneous solvolysis of £raws-2-acetoxycyclo- 
hexyl ^-toluenesulfonate4 II in acetic acid con­
taining potassium acetate.

H Ótosyl 
II

When /raws-2-acetoxy cyclohexyl tosylate is re­
fluxed with potassium acetate in dry acetic acid 
a diacetate is produced which is at least 93% 
tra n s  so that retention of configuration is by far 
the predominant steric result.5 Thus the bulk of 
the replacement process must be by way of the 
intermediate I, which reacts with acetate ion.2

(1) A portion of the material reported in this paper was presented 
before th e Organic D ivision at the St. Louis m eeting of the American 
Chem ical Society, April, 1941.

(2) W instein and Buckles, T his Journal, 64, 2780 (1942).
(3) W instein and Buckles, ibid., 64, 2787 (1942).
(4) Criegee and Stanger, Ber., 69B, 2753 (1936).
(5) cis-D iacetate is not transformed to  trans under the conditions 

of th e  replacem ent process.

This is further indicated by the loss of activity2 
which is experienced when the replacement proc­
ess is carried out with the acetate-tosylate de­
rived from active tra n s-1,2-cyclohexanediol by 
first tosylating and then acetylating the glycol. 
Almost pure levorotatory glycol, m. p. 111°, 
[oj] d 30.2°, (0.221 g. in 25.0 ml. solution, chloro­
form as solvent) when converted to active acetate- 
tosylate, then to diacetate and then back to gly­
col, gave rise to completely inactive, almost pure 
trans-glycol. This, on recrystallization, yielded 
pure inactive tran s-g lyco l, m. p. 104°. This is a 
more satisfactory demonstration of the loss of 
activity due to a neighboring acetoxy group than 
was possible before.2

In the presence of enough water in the acetic 
acid, the acetate-tosylate gave rise to the ester of 
pure cw-glycol, and intermediate amounts of 
water caused the production of esters of both cis- 
and tran s-g lyco l*  A  series of experiments was 
carried out in which small amounts of acetate- 
tosylate were treated with potassium acetate in 
acetic acid of varying water content. The crude 
diacetate was saponified and the resulting crude 
glycol was recrystallized. Under the conditions of 
concentration employed, acetic acid of higher 
melting point than 15.75° yielded a glycol mix­
ture from which tran s-g lyco l could be obtained by 
recrystallization. Acetic acid of melting point 
below 15.50° yielded a mixture from which cis- 
glycol was obtained.

Table I summarizes the results of the series of 
experiments. The third column indicates where 
very low recoveries of pure glycol were obtained 
by the recrystallization. The arrows indicate the 
directions of increase in these recoveries. In­
cluded in Table I are the results of three other 
qualitative experiments which yielded glycols 
very largely cis.

Several larger runs were made in which the 
acetate-tosylate was treated with potassium ace­
tate in acetic acid of varying water content and

(6) Criegee and Stanger4 have recommended the reaction of the 
/rtftts-acetate-tosylate with potassium  acetate in acetic acid for pre­
paring cis-1,2-cyclohexanediol. These authors m ust have used acetic 
acid with a considerable water content.
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T a b l e  I

S u m m a r y  o f  Q u a l it a t iv e  E x p e r i m e n t s  o n  t h e  E f f e c t  
o f  W a t e r  C o n t e n t  o f  A c e t ic  A c id  o n  t h e  S t e r ic  
R e s u l t  o f  C o n v e r s i o n  o f  £ra^s-2-AcETOXYCYCLOHEXYL

^ -T o l u e n e s u l f o n a t e  t o  M o n o - a n d  D ia c e t a t e
M. p. of AcOH, Config. of Recovery on

°C. recryst. glycol recryst.
16.7° trans J
16.0 trans
15.85 trans
15.75 trans low
15.50 cis low
15.30 cis
15.0 cis
14.6 cis
14.1 cis
13.1 cis
10.4 cis >f
16.7°’6 cis high
14.65 cis high

e cis high
° Small excess of acetic anhydride present. 6 No potas­

sium acetate added. c Solvent was absolute alcohol.

the ester was isolated by distillation. Here it is 
possible to estimate the steric results quite ac­
curately.2 Table II summarizes some of the re­

product and found it to be pure monoacetate. 
Potassium acetate can be dispensed with. When 
the /ram-acetate-tosylate is heated in absolute 
alcohol, to which a trace of water is added and in 
which calcium carbonate is suspended, a product 
is obtained which can be saponified directly to 
quite pure cis-glycol without being isolated.

The facts that acetate ion may be dispensed 
with in alcohol and that little or no ethyl ether 
V is produced are consistent only with the follow­
ing mechanism for the replacement process. 

AcO OEt
I I >c— c<

V
There is formed intermediate I which reacts with 
ethyl alcohol to give VI.7 This loses a proton to 
give an orthoacetate derivative VII which even­
tually8 gives the ordinary monoacetate IV. We 
plan to prepare VII and show whether the con­
version to monoacetate does indeed proceed. Also 
we shall attempt to isolate VII from the reaction 
mixtures.

suits. E t

T a b l e  I I c h 31
|

c h 3 o—
S t e r ic  R e s u l t s  a n d  P r o d u c t s  o f  R e a c t io n  o f  trans-2- 
A c e t o x y c y c l o h e x y l  T o s y l a t e  w it h  P o t a s s iu m  A c e ­ +o o

1 1

\ c / ++EtOH
---------- o  o

1 1t a t e  i n  A c e t ic  A c id
M ole > Ci-----C2 < >c— c<

H

M. p. of 
AcOH, 

°C. %
h 2o

ratio
h 2o/-

tosylate
Mole % 
mono­
acetate

M. p. of 
glycol,® 

°C.
Steric
result

I

0 0 0 100 93% Retention
16.0 0.35 0.20 16 85 68% Retention
10.3 4.0 2.3 65 98 100% Inversion
‘ M. p. of trans-glycol, 104°; cA-glycol, 98°.

-fOAc- 
—HOAc

CH3

x
VI

OEt

\ O

>c— c<
VII

+ h 2o

-E tO H

CHs
^>c=o

0  OH
1 I >c—-c<

IV
In line with the previous discussion,3 the most 

likely explanation of the effect of water is that it 
reacts with intermediate I to give orthomono­
acetate III which isomerizes to ordinary mono­
acetate IV. The validity of this explanation has

From the previous3 and the present work, it ap­
pears that intermediate I reacts with water and 
alcohol at carbon atom C-3 and with acetate ion

(7) It must be noticed that part, at least, of VI might be formed 
from reaction of molecules to which alcohol has already added, as

CHS CH3 OH|

+ h 2o  / c \

O ( o + ooA

1 1 -H +  | |
>c— c< >C ----- C<

I III

CHs
\c = o

0  OH
1 I >c— c<
IV

been indicated by the study of the acetate-tosyl­
ate II in alcohol. Criegee and Stanger4 have al­
ready reported that the acetate-tosylate gives rise 
to quite pure m-ester on refluxing with potassium 
acetate in absolute alcohol. We have confirmed 
this steric result in alcohol (see Table I and experi­
mental part). Also, we have isolated the ester

follows
CHa OEt CHa OEt

>/ Xo OH ----------> O O+H
1 -O T s~ I |>C—-c< >c— c<

Ótosyl
(8) A possible route from VII to IV is as follows
CHs OEt CHs OH CHS
>c</

+ h 2o  } c<\
^>c==o

0
1

0  -
1

----------- >- o  o  —
-E tO H  I I

O OH
i 1

> c ---- -c< > C ----- C< >c— c<
I t  is possible th a t  th e  o rth o ace ta te  ex ists up  to  th e  tim e  th a t  w ater
is added  in  iso la ting  m onoaceta te  from  th e  reaction  m ix tu re .
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T a b l e  III
S o m e  R e p l a c e m e n t  R e a c t io n s  w it h  a  S t e r ic  R e s u l t  o f  R e t e n t io n  o f  C o n f ig u r a t io n  B e c a u s e  o f  P a r t ic ip a t io n

o f  N e ig h b o r in g  G r o u p s
Diastereomer used

Neighbor­
ing group

dl or trans 
or threo

Compound inactive active
erythro or mesoinactive active

Leaving
group

Extracting
reagent

Entering
group Ref.

— C r of Solvent OH~
— COO- RCHBrCOO- Br~ Ag+ OC2H5- 10

—Br CH3CHBrCH (OH) CHS 
2-Bromocyclohexanol

V
V

V V V o h 2 Solvent Br~ 11, 12
— Cl CH3CHC1CH(0H)CH3 V V V V OSOC1-? ci- 13
— B r 2-Bromocyclohexyl

^-Toluenesulfonate V OTs“ Solvent Br“ 12

— Br CH3CHBrCHBrCH3 
1,2-Dibromocyclohexane

V
V

V V Br~ AgOAc OAc- 2

— Br CH3CHBrCH(OH)CH3
2-Bromocyclohexanol

V
V

V OPBr2“ ? Br" 12, 14

—OH CHgCH (OH) CHBr CH3 
2-Bromocyclohexanol

V
V

Br~ AgOAc OAc“ 3
—OAc CH3CH(OAc) CHBrCH3 

l-Acetoxy-2-bromocyclohexane
V
V V

V Br“ AgOAc OAc“ 2

—OAc 2-Acetoxycyclohexyl V V OTs~ Solvent OAc“ Present
^-Toluenesulfonate work

at carbon atoms C-l and C-2. Also, the reac- Summary of Retentions of Configuration.-
tions with water and alcohol are very much faster 
than with acetate ion. One more reaction of 
intermediate I seems indicated. In dry acetic acid 
in the absence of potassium acetate, the acetate- 
tosylate II yields, on heating, a diacetate which is 
about 90% cis, so that predominant inversion is 
the steric result (see Table I and experimental 
part). Apparently, without any acetate ions to 
react with intermediate I at carbon atoms C-l or 
C-2, a reaction path to cis-diacetate is available. 
This may be as follows 

CH S CHs OAc CHs

+o o +AcOH---------- >
-H +

Nc<  ̂ ^C—o
/o o

>Ci-—c2<
I

>c— c<
VIII

I
> c —

OAc
I-c<

IX

I reacting at carbon atom C-3 with even the poor 
electron-donor, acetic acid. The subsequent loss 
of a proton gives the orthodiacetate VIII which, 
under the conditions prevailing, is isomerized to 
the normal diacetate IX .9 The only inversion in 
the whole process is during the formation of inter­
mediate I. We may attempt to synthesize and 
study VIII.

(9) If th e mechanisms we have outlined are correct, acetate ion re­
acts w ith interm ediate I a t C -l and C-2 faster than acetic acid at C-3. 
Therefore, it  m ust react at C -l and C-2 very much faster than acetic 
acid a t C -l and C-2. This seems to  be evidence th at the opening2 of 
th e ring of I by acetate ion is Sn2 in character. Also, it  would appear 
th at in  the previous2 work with silver acetate, the intermediate I 
reacts with acetate ion and not acetic acid. In the reaction mixtures 
using silver acetate, acetate ion is as effective as it  is  in 1 M potassium  
acetate solution in th e hom ogeneous work.

There has been reported by us and others a 
number of SN1 type replacement reactions which 
have a steric result of predominant retention of 
configuration. These have been discussed from 
the standpoint of the role of a neighboring group 
in causing this steric result and they are summa­
rized in Table III.

Experimental
cis- and Zraws-l,2-Cyclohexanediol.—These substances 

were the same as those previously used.2’3’12
cis- and trans-1,2-Diacetoxycyclohexane.—These ma­

terials were prepared as before.2
Cyclohexene Oxide.—-This material was prepared as 

before.12
dZ-Zraws-2-Hydroxycyclohexyl-jMoluenesulfonate.—The 

monotosylate of trans-1,2-cyclohexanediol was produced 
from cyclohexene oxide and purified by the method of 
Criegee and Stanger.4

As mentioned by Criegee and Stanger,4 the glycol mono­
tosylate may also be prepared from trans-1,2-cyclohexane­
diol. To 1.00 g. of glycol in 10 ml. of dry pyridine was 
added 1.64 g. of good grade tosyl chloride and the mixture 
was allowed to stand overnight. Treatment of the mixture 
with dilute sulfuric acid and stirring yielded after several 
minutes a solid product, 1.58 g., 68%, after washing and 
drying. This product was suitable to acetylate without 
further purification.

dZ-Zraws-2-Acetoxycyclohexyl-£-toluenesulfonate.—The
acetylation of the glycol monotosylate was performed with 
excess acetic anhydride containing a trace of concentrated 
sulfuric acid (1 drop in 10 ml.). After the mixture had

(10) Cowdrey, Hughes and Ingold, J . Chem. Soc., 1208 (1937).
(11) W instein and Lucas, T his Journal, 61, 1576, 2845 (1939).
(12) W instein, ibid., 64, 2792 (1942).
(13) Lucas and Gould, ibid., 63, 2541 (1941).
(14) Winstein, ibid., 64, 2791 (1942).
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stood overnight, it was poured into water. There was ob­
tained a nearly quantitative yield of product which soon 
crystallized; m. p. 73-760; recryst. from ligroin, m. p. 
78°. The acetates from the monotoluenesulfonates pre­
pared from oxide and glycol proved identical in melting 
point and mixed melting point.4

Active Zraws-l,2-Cyclohexanediol.—This substance was 
obtained by the resolution of Zraws-l,2-cyclohexanediol as 
carried out by Wilson and Read.15 16 Z-Menthoxyacetic acid 
was prepared by the method of Frankland and O’Sullivan16 
but the acid was distilled as Read and Grubb did.17 The 
rotation of the distilled acid agreed with the report of 
Read and Grubb.

The Z-menthoxyacetate from the trans-1,2-cyclohexane­
diol and Z-menthoxyacetyl chloride in pyridine was obtained 
in ether solution by treatment of the reaction mixture with 
hydrochloric acid, extraction with ether, washing of the 
ether extracts with potassium carbonate solution, and dry­
ing of the ether extracts over potassium carbonate. 
Evaporation of the ether solvent yielded a residue of which 
nearly all turned solid on cooling. Washing of the residue 
with petroleum ether yielded a dry white solid. Several 
crystallizations of this solid from benzene consistently gave 
a small yield of the high-melting diastereomer of mono-Z- 
menthoxyacetate of Zraws-l,2-cyclohexanediol, m. p. 126- 
127°.

The active glycol was conveniently obtained from the 
menthoxyacetate by saponification and then vacuum sub­
limation of the glycol from salts. A mixture of 1.00 g. of 
menthoxyacetate, 17 ml. of alcohol, and 1 ml. of 35% 
aqueous sodium hydroxide was refluxed for two hours. 
Then the solution was poured into an evaporating dish and 
saturated with carbon dioxide by the careful addition of 
dry-ice. Evaporation of the solvent left a solid, from 
which the glycol was sublimed at about 3 mm. A total 
of 3.46 g. menthoxyacetate yielded 1.11 g., 86%, of glycol, 
m. p. 109-110.5°, 109-111° (different preparations). This 
glycol was evidently not quite as pure as that of Wilson 
and Read,15 m. p. 113-114°, but as pure as that of Derx,18 
m. p. 110.5°. The glycol on mixing with dl-trans-glycol 
showed a m. p. of 95-98°. A chloroform solution of 
0.221 g. of the glycol in 25 ml. had aD (2 dcm.) 0.53°, 
[a] D 30.2°.

Qualitative Experiments on the Conversion of dl-trans- 
2-Acetoxycyclohexyl-£-toluenesulfonate to Glycol.—To 10 
ml. of acetic acid of known melting point was added 1 g. of 
potassium acetate. Sometimes a slight excess of acetic 
anhydride was added and the mixture heated two hours to 
destroy the water. Three grams of acetate-tosylate was 
added and the solution was heated four hours under reflux. 
The reaction mixture was allowed to cool and then it was 
poured into water. The mixture was neutralized with 
potassium carbonate and extracted with ether. The ether 
extracts were dried over potassium carbonate, the ether 
was distilled off and then the residue was directly saponi­
fied to glycol according to the saponification procedure 
previously2 used for analyzing ester mixtures.

When the conversion was carried out in the absence of 
potassium acetate, the procedure was similar except that

(15) Wilson and Read, J. Chem. Soc., 1269 (1935).
(16) Frankland and O’Sullivan, ibid., 2329 (1911).
(17) Read and Grubb, J. Soc. Chem. Ind., 51, 329T (1932).
(18) Derx, Rec. trav. chim., 41, 312 (1922).

50 ml. of acetic acid was used and the reaction time was five 
hours at 100°.

To obtain the glycols, the saponification mixtures were 
at first saturated with carbon dioxide and allowed to evapo­
rate, whereupon the glycol was extracted out of the solid 
with chloroform. The yields by this procedure were about 
60%. Later, the glycols were extracted from the saponi­
fication mixture as in the saponification-analysis method 
used on the esters previously.2 The yields by this method 
were in excess of 80%.

The glycols thus prepared tended to be impure and they 
melted at temperatures considerably lower than when the 
ester product could be isolated by distillation. However, 
by recrystallization from carbon tetrachloride, the pre­
dominant glycol could be obtained pure or still contami­
nated with the other glycol if the mixture was originally 
one with comparable amounts of the two glycols.

When sodium acetate replaced potassium acetate in dry 
or quite wet acetic acid, the results were quite unchanged.

When absolute alcohol was used as the solvent, 4.5 g. of 
acetate-tosylate, 6 g. of potassium acetate and 50 ml. of 
Commercial Solvents Gold Shield absolute alcohol were 
refluxed for thirty-six hours. At the end of the heating 
period, the mixture was filtered, the solid was washed 
with ether, the alcohol and ether were boiled off of the 
combined filtrate and ether washings and the residue was 
treated according to the saponification procedure. A 71% 
yield of glycol was obtained, which on recrystallization 
from carbon tetrachloride gave better than an 80% recov­
ery of pure cA-glycol, m. p. 98.5°.

Conversion Reactions with Isolation of the Ester Prod­
ucts.—To a mixture of 100 ml. of glacial acetic acid (m. p. 
16.0°), 5 ml. of acetic anhydride and 9.8 g. of potassium 
acetate, which had been refluxed one hour, was added 30 g. 
of acetate-tosylate and the solution was refluxed five hours. 
I t  was allowed to cool, poured into water, neutralized, ex­
tracted with ether and then the ether extracts were dried. 
Evaporation of the ether and distillation of the residue 
through a Weston19 type column yielded 13.0 g., 68%, of 
diacetate, b. p. (12.5 mm.) 120.4-121.4°, w26d 1.4476. The 
saponification method yielded a glycol melting at 100°, 
which corresponds to 93% trans. The refractive index of 
the sample was somewhat high. On redistillation, the 
main fraction had b. p. (12 mm.) 119.5-119.8°, w25d 1.4470, 
the refractive index still high.

The same experiment was carried out using acetic acid 
of different water contents. Acetic acid, m. p. 10.3°, 
yielded 14.1 g., 85%, of product, b. p. (12 mm.) 114-116°, 
»25d 1.4574 and saponification equivalent,20 128. This 
product yielded cA-glycol, m. p. 98°, on saponification. 
Acetic acid, m. p. 16.0°, yielded 15.4 g., 83%, of product 
b. p. (12 mm.) 114-118°, w25d 1.4490 and saponification 
equivalent 105. This material yielded a glycol, m. p. 85°, 
predominantly trans.

In the absence of potassium acetate, 480 ml. of acetic 
acid (m. p. 16.4°) and 8 ml. of acetic anhydride were re­
fluxed one hour, 30 g. of acetate-tosylate was added, and 
the mixture was held at about 100° for five hours. After 
the reaction mixture was cool, 0.1 mole of potassium ace­
tate was added. Most of the acetic acid was distilled off

(19) W eston, Ind. Eng. Chem., Anal. Ed., 5, 179 (1933).
(20) Redem ann and Lucas, ibid., 9, 521 (1937).
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at reduced pressure and the residue was poured into water. 
The mixture was neutralized with potassium carbonate and 
the diacetate was taken up in ether. The ether extract 
was dried over potassium carbonate, the ether was distilled 
off and the diacetate was isolated at reduced pressure; 12.9 
g., 67%, of material, b. p. (12 mm.) 117.5-117.8°, w25d 
1.4480, saponification equivalent 99 (theoretical 100). By 
the saponification procedure, this product appeared to be 
89% cis. A small part of the steric result may be due to 
reaction of some unreacted acetate-tosylate with potassium 
acetate during the distillation of acetic acid.

For the reaction in absolute alcohol, the procedure was 
as for the qualitative experiment except that 30 g. of ace­
tate-tosylate was used. When the ether washings and alco­
hol solution were concentrated, the residue was poured into 
water and the ester was extracted out with ether. The ether 
extract was dried over potassium carbonate and the ester 
isolated by distillation at reduced pressure; 9.2 g., 60%, of 
material, b. p. (12 mm.) 113-113.2°, w25d  1.4650, saponifi­
cation equivalent 156.5, 99 mole per cent, monoacetate, was 
obtained. By the saponification procedure a glycol, mostly 
cis, m. p. 93 °, was obtained. This result, together with the 
melting point of 96 ° obtained for the product in the ab­
sence of potassium acetate (see later) and the melting 
point of 96-98 ° reported by Criegee and Stanger4 indicates 
that essentially pure cis-product is obtained in alcohol.

Conversion of Acetate-Tosylate of Active trans-1,2- 
Cyclohexanediol to the Diacetate of dl-trans- 1,2-Cyclo- 
hexanediol.—1.02 g. of active glycol was tosylated as in the 
case of the ^/-glycol, yielding 1.67 g., 70%, of crude mono­
tosylate. As in the case of the dZ-compound, the crude 
monotosylate was acetylated directly. The addition of 
water to the reaction mixture gave an oil which did not 
crystallize. The oil was finally extracted with 100 ml. of 
warm ligroin and the solution was dried over potassium 
carbonate. When the ligroin solution was cooled an oil 
came down which turned solid in a dry-ice bath and more 
loose solid developed on longer cooling. The solid could 
be filtered rapidly but it melted on the filter paper as it 
warmed up toward room temperature. Thus it appeared 
that the acetate-tosylate of the active glycol was quite low 
melting compared to the analogous ^/-compound. The 
solid which was filtered off rapidly at low temperature was 
taken up in carbon tetrachloride, the carbon tetrachloride 
solution was washed with carbonate solution to remove any 
traces of acetic acid present and then dried over potassium 
carbonate. The volume of the solution was 34.5 ml., and 
the aD (2 dcm.) 1.22°. The carbon tetrachloride was 
pumped off at low pressure with the aid of a bath at 40-50 ° 
and the residue was refluxed four hours with a solution of 
potassium acetate in dry acetic acid. The reaction mixture 
was poured into water and treated in the usual way. The 
extracted diacetate was saponified in the usual way after 
the ether was driven off. The saponification mixture was 
saturated with carbon dioxide and allowed to evaporate. 
Vacuum sublimation yielded 0.24 g. of glycol. A much 
larger yield of glycol was obtained when dl-trans-glycol was 
carried through this whole procedure. One reason for the 
low yield was that considerable active acetate-tosylate was 
left in the ligroin solvent. When the ligroin solution re­
maining after filtration from the active acetate-tosylate 
was washed with carbonate solution, dried over potassium

carbonate, and pumped down to a volume of 29 ml., it 
had old (2 dcm.) 0.44°. Another reason for the lower yield 
is the loss attending the extra handling which was neces­
sary for the liquid acetate-tosylate.

The glycol in 25 ml. of chloroform showed aD (2 dcm.) 
=*=0.00°. I t  melted over a range up to 96°. Mixing with 
dl-trans, m. p. 104°, raised the melting point. Recrystal­
lization from carbon tetrachloride yielded 0.18 g. of glycol, 
m. p. 103.5-104°, no change on mixing with pure dl-trans 
glycol. The glycol in 25 ml. of chloroform showed aD 
(2 dcm.) ±0.00°.

Conversion of Acetate-Tosylate to as-Ester in Alcohol 
without Potassium Acetate.—A mixture of 1.50 g. of ace­
tate-tosylate, 0.50 g. of calcium carbonate, 17 ml. of abso­
lute alcohol and two drops of water was heated under reflux 
for thirty-nine hours, and then filtered. Saponification of 
the ester and sublimation of the glycol yielded 0.33 g., 59%, 
of product, m. p. 90-96°. Recrystallization from car­
bon tetrachloride gave a nearly quantitative recovery of 
cw-glycol, m. p. 98° and the same on mixing with authentic 
m-glycol.

Tests on the Stability of Esters under Reaction Condi­
tions.—Two-gram portions of cis- or trans-1,2-diacetoxy - 
cyclohexane were subjected to the reaction conditions pre­
vailing in the conversion reactions. Then the reaction 
mixtures were worked up as for the small qualitative ex­
periments previously described.

cw-l,2-Diacetoxycyclohexane, after refluxing four hours 
with 1 g. of potassium acetate in 10 ml. of dry acetic acid 
yielded nearly pure cis-glycol, m. p. 96.5°. The trans- 
diacetate on refluxing four hours with 1 g. of potassium 
acetate and 0.54 g. of water in 10 ml. of acetic acid yielded 
nearly pure trans-glycol, m. p. 102.5°. The /raws-diacetate 
after being held five hours at 100° with 1.72 g. of ^-toluene- 
sulfonic acid in 50 ml. of dry acetic acid yielded nearly 
pure trans-glycol, m. p. 102°.

Summary
/r<ms-2-Acetoxycydohexyl ^-toluenesulfonate is 

converted to diacetate with predominant reten­
tion of configuration when it is heated with po­
tassium acetate in dry acetic acid. Also, active 
£raws-2-acetoxycyclohexyl ̂ -toluenesulfonate gives 
rise to inactive diacetate. These results are ex­
plained by the participation of the neighboring 
acetoxy group in the replacement process to give 
rise to the intermediate

CHS

I I >c— c<
which reacts with acetate ion with a second in­
version.

When /ra«s-2-acetoxycyclohexyl />-toluenesul- 
fonate is heated in sufficiently wet acetic acid with 
or without potassium acetate, in absolute alcohol 
with or without potassium acetate, or in dry 
acetic acid without potassium acetate, there are
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isolated products (mono- or diacetates or mix­
tures) which are entirely or very largely of the 
^-configuration. It is considered most probable

that orthoacetate intermediates are involved in 
these transformations.
Los A n g e l e s , C a l i f o r n ia  R e c e iv e d  A p r il  14, 1942

[C o n t r i b u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r y  o f  t h e  U n i v e r s it y  o f  C a l i f o r n ia ]

Reversible Photochemical Processes in Rigid Media: The Dissociation of Organic
Molecules into Radicals and Ions

B y G ilbert  N. L ew is  and  D avid  L ip k in

In previous papers1 we have studied the phos­
phorescent state of dye molecules. This phos­
phorescent state returns to the initial state with 
light emission and is to be regarded as isomeric 
with the normal molecule. On the other hand, the 
present paper deals with the photo-dissociation of 
organic molecules into radicals, ions and electrons.

In a study of the absorption spectra of odd mole­
cules we desired to investigate diphenylnitrogen, 
the free radical of tetraphenjdhydrazine, but at 
any temperature at which the dissociation is ap­
preciable the radical disappears as fast as it is 
formed, through processes of rearrangement or 
disproportionation. We therefore attempted to 
produce diphenylnitrogen by illuminating a solu­
tion of tetraphenylhydrazine in our EPA solvent 
(see experimental section) at low temperature.

The solution in a quartz tube was immersed 
in liquid air contained in a quartz Dewar. After 
a minute or two of exposure to the light from a 
high-pressure mercury arc the solution acquired 
a green color which we attributed to the forma­
tion of the diphenylnitrogen radical, although we 
shall see presently that other substances are also 
produced. The color persists for many days at 
the temperature of liquid air but rapidly disap­
pears when the temperature is raised sufficiently 
to make the solvent fluid.2 This rise of tem­
perature for EPA is about 10°. That the disap­
pearance of color is not primarily the effect of 
temperature but of the change in rigidity of the 
solvent is shown by the fact that most of the phe-

(1) (a) Lewis, Lipkin and Magel, T his Journal, 63, 3005 (1941); 
(b) Lewis, M agel and Lipkin, ibid., 64, 1774 (1942).

(2) The production of color by illumination in the cold and its 
disappearance on warming m ay be repeated many times with the 
same sample, although eventually a permanent yellow color appears. 
Quantitative experiments show that when the initial illumination is 
carried to the point where all of the tetraphenylhydrazine is gone, 
more than 90% of it  is regenerated on warming. From the fact that 
diphenylnitrogen is one of the chief products of the photo-dissociation 
and that this returns to tetraphenylhydrazine, even at very low tem ­
peratures, we have recently drawn certain conclusions regarding the 
heat of dissociation of the latter compound [Lewis and Lipkin, T his 
Journal, 63, 3232 (1941)).

nomena that we are going to describe are dupli­
cated when the tetraphenylhydrazine is dissolved 
in glycerol or triethanolamine and illuminated at 
190°K. and in a few cases similar phenomena 
have been obtained in glucose at room tempera­
ture.3

When the green solution is studied spectro­
scopically we find that, instead of one band, 
several prominent bands appear and we shall 
see that these belong to different substances, 
since their relative intensities vary greatly ac­
cording to the way in which the solutions are 
prepared and treated. The absorption curves are 
shown in Fig. 1, in which the ordinates of each 
curve are proportional to the extinction coefficient, 
but with an arbitrary proportionality factor for 
each curve, since we have not yet determined 
the absolute concentration of any one of the sub­
stances.

Fig. 1.—Absorption bands of tetraphenylhydrazine 
illuminated and measured in EPA at about 90 °K. The 
ordinates for each curve are in arbitrary units.

In attempting to identify substances pro­
duced by illumination we are handicapped by

(3) The only antecedents th at we have been able to  find in the  
literature to  the phenomena th at are to  be here described are in the  
inorganic field the coloration of glasses after long exposure to  light 
and in the organic field the observations of Wieland [Ann., 381, 216 
(1911)], who exposed crystalline substances such as the tetraaryl- 
hydrazines to  electron bom bardment at the temperature of liquid air. 
H e obtained strong coloration which he attributed to  free radicals. 
The color disappeared within a few minutes after the bombardment 
ceased.
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being unable to study any of the physical prop­
erties of the new substances except their reac­
tions with photons (absorption and lumines­
cence).4 On the other hand, we have the great 
advantage of working with isolated molecules. 
At the small concentrations that we use, 10~4 M  
or less, the individual molecules are on the average 
over 100 A. apart and when the solution is cooled 
to rigidity no appreciable diffusion can occur, and 
therefore no bimolecular reactions. Except in 
cases where the solute is polymerized before 
the state of rigidity is attained, the simple 
molecule and the group of solvent molecules in its 
immediate neighborhood alone can participate in 
the photochemical process or in the reactions 
which occur after illumination. This restriction 
of all processes in the rigid solvent to the zone of 
a single molecule limits the number of possible 
structures that may be assigned to the photo­
chemical products.

In order to investigate the several absorption 
bands obtained by illuminating tetraphenylhy­
drazine the frequency of the activating light may 
be varied, the effect of further illumination by 
light of various frequencies may be observed, and 
if the temperature is gradually raised we may see 
which substances first disappear, and whether the 
disappearance is accompanied by an increase in 
any of the other bands. Finally, we may activate 
with polarized light and study the molecular ori­
entation of the products. In addition to these 
experiments on tetraphenylhydrazine itself we 
may illuminate other substances containing the 
diphenylnitrogen group and find whether we can 
reproduce any of the bands already observed.

Fig. 2.—Absorption of (£-CH3C6H4)3N + : Curve 1,
Granick and Michaelis by chemical oxidation; Curve 2, 
by photo-oxidation in EPA at about 90 °K.

(4) W e have  n o t a tte m p te d  to  s tu d y  th e  m agnetic  susceptibility  of
our solutions. Such an  investigation , while difficult, would be
profitable.

We shall find three types of photochemical re­
action. The first is the one already mentioned, 
namely, splitting into two uncharged radicals, 
and this for brevity will be called photo-dissocia­
tion. Second, a molecule may be split by light 
into a positive and a negative ion. This photo­
ionization is also observed under ordinary condi­
tions in such substances as the leucocyanides of 
crystal violet and malachite green.5 Since these 
positive ions behave as secondary acids6 the re­
combination of the ions in the dark is observably 
slow at room temperature. Third, the illumi­
nated molecule may merely eject an electron. To 
distinguish this from the preceding type of process 
we shall call it photo-oxidation, and indeed the 
simplest of all oxidation processes is the loss of an 
electron. Since this photo-oxidation is a new 
and somewhat surprising phenomenon we shall 
first present the evidence for its existence.

Photo-oxidation by the Loss of an Electron
Upon illuminating a variety of substances in 

rigid media it soon became apparent that one 
of the commonest photochemical processes is the 
mere loss of an electron by the activated molecule. 
When triphenylamine was illuminated at liquid 
air temperature in EPA a blue color was obtained. 
The absorption curve showed a maximum at 
6560 A. and a shoulder in the neighborhood of 
5700 A. The curve was so similar to a curve 
obtained by Granick and Michaelis7 (Curve 1, 
Fig. 2) for the ion of tri-^-tolylamine, (£-CH3- 
CglU) 3N produced by chemical oxidation of tri- 
^-tolylamine, that it seemed very probable that 
our blue substance was (C6H5)3N +. This odd 
ion is so unstable because of the lability of the 
para hydrogens that it cannot readily be ob­
tained by chemical oxidation. We were, there­
fore, very grateful to Drs. Granick and Michaelis 
for sending us a sample of the tri-^-tolylamine 
used in their investigation. When this was illumi­
nated in the rigid solvent we obtained the sub­
stance whose absorption is given in Curve 2 of 
Fig. 2. There can be no question that chemical 
oxidation at room temperature and photo-oxida­
tion at liquid air temperature have given the same 
substance, namely, the positive ion left when 
one electron has been removed. In order to pro­
duce photo-oxidation of triphenylamine and tri­

es) T h is  p h e n o m e n o n  h a s  r e c e n tly  b ee n  ca re fu lly  s tu d ie d  b y  
H arr is , K a m in sk y  a n d  S im a rd  [This J ournal, 57, 1151 (1935)].

(6) L ew is, J .  F r a n k l in  I n s t i t u t e ,  226, 2093 (1938); L ew is a n d  S ea ­
borg , T his Journal, 61, 1886 (1939).

C7) G ra n ic k  a n d  M ich ae lis , i b i d . ,  62, 2 2 4 1 -2242  (1940).
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^-tolylamine it is necessary to illuminate with the 
full mercury arc through quartz, but even so it is 
surprising to find the energy sufficient to expel 
an electron according to the process 

Ar3N ----Ar3N+ +  e“

As to what becomes of the electron we can only 
speculate. It presumably becomes attached to 
a solvent molecule,8 or to a group of molecules, 
or even to some unique point in the solvent de­
termined by its rigid structure. The electron must 
lie in a potential hole which is deep enough so that 
the large electrostatic field of the ion is unable 
to dislodge it. The color persists at liquid air 
temperature for several days, but at only slightly 
higher temperatures the color disappears. Then 
presumably the electron has returned to the ion.

Another case where we may compare our re­
sults with those of Michaelis and his collaborators
is that of Wurster’s blue, (CH3)2n /  )>N(CH3)2] +,
They prepared this odd ion by chemical oxida­
tion, and their absorption spectrum9 obtained 
at room temperature in partly aqueous solutions 
is given in Curve 1, Fig. 3. We dissolved the 
colorless base of Wurster’s blue in EPA and il­
luminated in liquid air. The absorption spec­
trum was then measured above rapidly boiling 
liquid air.10 The results are given in Curve 2, 
Fig. 3. In spite of the difference in solvent and 
in temperature the agreement of the two curves

Fig. 3.—Absorption of Wurster’s blue: Curve 1,
Michaelis, Schubert and Granick by chemical oxidation; 
Curve 2, by photo-oxidation in EPA at about 90 °K.

(8) In a mixture of equal volum es of ether and isopentane the 
same results were obtained as in EPA. On the other hand, in a 
solvent of mixed hydrocarbons (3 vols. of isopentane to 1 vol. of 
methylcyclohexane) little  or no blue color was produced. Whether, 
however, this failure was due to lack of oxygen atoms in the solvent 
or to a lesser rigidity of the hydrocarbon solvent, we have not as yet 
ascertained.

(9) Michaelis, Schubert and Granick, T his Journal, 61, 198 
(1939).

(10) Lewis, M agel and Lipkin, ibid., 62, 2973 (1940).

is remarkable, and definitely proves the ejection of 
an electron by light.11

Owing to the complete elimination of bimolecu­
lar reactions in a rigid solvent we may by this 
method of photo-oxidation obtain and study 
numerous odd ions which, under ordinary cir­
cumstances, would engage in further reactions 
almost as soon as formed. The triphenylamine 
ion is an example. As further illustrations of 
odd ions produced by light through the ejec­
tion of electrons, we give in Fig. 4 the very

Fig. 4.—Absorption of tetramethylbenzidine ion pro­
duced by photo-oxidation in EPA at about 90 °K. The 
sample was not specially purified.

complex spectrum of tetramethylbenzidine ion, 
(CH3)2N<( )><( )>N(CH3)2"| + , and in Fig. 5 the
spectrum of methyldiphenylamine ion, (C6H5)2- 
NCH3+. The spectra of several other odd ions 
will be given in later sections.

Wave length, A.
Fig. 5.—Absorption of methyldiphenylamine ion pro­

duced by photo-oxidation in EPA at about 90 °K.
(11) When the ion of W urster’s blue was produced in a solvent 

containing air a slight blue color remained after warming. If this 
is due to the permanent capture of electrons by the oxygen molecules, 
a study of the am ount of residual color as a function of the oxygen  
concentration might indicate how far the electron is ejected.
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Further cases of presumable photo-oxidation 
were found in a cursory examination of the fol­
lowing substances which gave the colors noted, 
the color disappearing when the solvent became 
liquid. These experiments should be repeated 
with more carefully purified materials.

Substance

Hydroquinone
a-Naphthol
^-Hydroxydiphenyl
Thiophenol
o-Thiocresol
Thio- /3-naphthol
^-Hydroxythiophenol

Color

Orange-yellow
Reddish-orange
Orange
Yellow
Yellow
Orange-red
Orange

Photo-dissociation into Free Radicals 
In order to make sure that dissociation into 

free radicals does occur under the conditions of our 
experiments, we slowly cooled in a sealed quartz 
tube a solution of triphenylmethyl in EPA. 
At about —50° it was so completely converted 
into hexaphenylethane that the free radical 
could no longer be detected spectroscopically. It 
was then placed in a quartz Dewar containing 
liquid air and illuminated by the mercury arc. 
After ten minutes of exposure the solution showed 
the sharp and unmistakable absorption bands of 
triphenylmethyl. The slow formation of the free 
radical, in spite of the small energy of dissociation, 
may indicate that the main absorption of hexa­
phenylethane comes at higher frequencies than 
are afforded by the mercury arc.

8100 7300 6500 5700 4900 4100
Wave length, A.

Fig. 6.—Curve 1 obtained by illuminating triphenyl- 
methyldiphenylamine in EPA at about 90 °K.: Curves 
2 and 3 (with a higher base line), absorption curves of 
(CeHs^C and (C6Hs)3C+, respectively.

The next substance investigated was diphenyl 
disulfide. A solution of this substance becomes 
yellow on heating and nearly colorless on re­
cooling. According to Schönberg12 it does not 
obey Beer’s law, so that it has been concluded

(12) Schönberg, Trans. Faraday Soc., 30, 17 (1934).

that there is partial dissociation to give the free 
radical CöHbS. We have studied photographically 
the absorption of diphenyl disulfide in ethyl ben­
zoate at 210°, with 1- and 5-cm. cells, and have 
found entirely similar but fainter absorption in 
ethanol with a 61-cm. cell at room temperature. 
While we have not yet studied the plates photo­
metrically, the absorption band is a broad one be­
ginning in the visible region and still rising at 
3900 A. The disulfide was next dissolved in 
EPA and illuminated at liquid air temperature. 
The resulting yellow solution showed, as was ex­
pected, the same band of CöHbS, but there is 
also a strong band with a maximum at 4600 A. 
Obviously, another process besides photo-dissoci­
ation occurs and we believe that it is another case 
of photo-oxidation and that the new band is due 
to C6H5SSC6Hb+. As in all our experiments, 
except when there is an explicit statement to the 
contrary, the color disappeared as the solvent 
was warmed to fluidity. Therefore both proc­
esses are reversed at very low temperature, show­
ing that, as in the case of diphenylnitrogen, there 
is no appreciable heat of activation for the dimeri­
zation of the phenylsulfur radical.

The next substance studied (EPA, liquid air) 
was triphenylmethyldiphenylamine, (C6H5)3CN- 
(C6H5)2. Here we expected to find photo-dissoci­
ation into the two radicals triphenylmethyl and 
diphenylnitrogen, but the process proved to be 
more complicated, as may be seen from the ab­
sorption spectrum of Fig. 6. In addition to Curve 
1, which shows the result of this experiment, we 
give in Curve 2 the absorption of triphenylmethyl 
according to our own measurements (90° K., 
EPA), which agree very closely with those of 
Anderson,13 and in Curve 3 the absorption of 
(C6H5)3C+ as obtained by Anderson. It is evi­
dent that both of these substances are present.14 
On the other hand, the ions (CeHs^C-  for which 
Anderson obtained an absorption maximum at 
4800 A., and (C6H5)2N~ whose absorption we give 
in Fig. 8, are not present in appreciable amount. 
There is, therefore, no evidence of photo-ioniza­
tion into positive and negative ions. On the other 
hand it appears that we must write at least two

(13) Anderson, T his J ournal, 57, 1673 (1935).
(14) While the parent substance is not sensitive to air at room tem ­

perature and below, we found that the absorption band of triphenyl­
methyl did not appear in the low temperature illumination unless the 
solution had been carefully freed from oxygen. Since in the rigid 
solvent it seems hardly possible for the oxygen to diffuse to the tri­
phenylmethyl th at is formed, we seem forced to the conclusion that 
the oxygen molecule is already there; in other words, that the parent 
substance must form some loose complex with the oxygen on cooling.
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photochemical equations, which are, presumably 
(C6H5)sCN(C6H5)2 — > (C6H5)3G +  (C6H6)2N 
(C6H5)3CN(C6H5)2---->  (C6H5)3CN(C6H5)2+ +  e-

the last substance then breaking into (C6H5)3C+ 
and (C6H5)2N, and possibly into (CeH5)3C and 
(C6H5)2N +. Obviously our hope of obtaining in 
this way the pure spectrum of (C6HB)2N was a 
vain one and the left-hand portion of our curve 
is a superposition of the curves for (C6H5)2N, 
(C6H5)2N +, and perhaps (C6H5)3CN(C6H5)2+.
Photochemical Reactions of Other Compounds 

Containing the Diphenylnitrogen Group
With the object of identifying the bands ob­

tained in the illumination of tetraphenylhydrazine 
we have treated by a similar procedure several 
substances in which the diphenylnitrogen group 
occurs.

Nitrosodiphenylamine, (C6H5)2NNO, and Di- 
phenylhydrazine, (C6H5)2NNH2.—The illumi­
nation of these two substances in EPA at liquid 
air temperatures gave green solutions of which the 
absorption spectra are given, respectively, in 
Curves 1 and 2 of Fig. 7. While we shall later 
discuss these curves briefly it may be noted now 
that their appearance is not inconsistent with the 
assumption that we have produced in varying 
amounts the two substances responsible for the B 
and C bands of illuminated tetraphenylhydrazine.

Fig. 7.—Absorption after illumination of (1) (CeHshNNO 
and (2) (C6H5)2NNH2.

Lithium Diphenylamide, (C6H5)2NLi.—In or­
der to study the diphenylamide ion it was neces­
sary to use a solvent containing no alcohol, since 
the ion is an even stronger base than alcoholate 
ion. The lithium diphenylamide was found to be 
sufficiently soluble for our purpose in a mixture 
of two parts of isopentane and one part of ether. 
The absorption curves at this temperature before 
and after illumination are given in Curves 1 and

2 of Fig. 8. It appears that the second curve 
is identical with that of the B band of tetraphenyl­
hydrazine.

Fig. 8.—Absorption of a solution of lithium diphenyl­
amide in ether and isopentane at about 90 °K.: (1) before 
illumination, (2) after illumination.

Diphenylamine, (C6H5)2NH.—While the illu­
mination of triphenylamine and methyldiphenyl­
amine gave simple photo-oxidation, the phe­
nomena attending the illumination of diphenyl­
amine proved to be of such complexity as to re­
quire a thorough investigation. When this sub­
stance in a rigid solvent is illuminated by the 
mercury arc, through quartz, it shows by trans­
mitted light a purple color which takes an ap­
preciable time, not more than a second, to rise to 
full intensity and disappears in about the same 
time after the illumination has ceased. The ab­
sorption spectrum while the sample is subjected 
to cross-illumination by the mercury arc is shown 
in Curve 3, Fig. 9. Since the half-life of the purple 
substance seems to correspond to that of the blue 
fluorescence of diphenylamine, it is probable that 
this absorption curve belongs to a phosphorescent 
state, such as we have previously studied in the 
case of fluoresceinla and of crystal violet.lb

Fig. 9.—In EPA at about 90 °K.: Curve 1, an example 
of the absorption curve obtained after prolonged illumina­
tion of diphenylamine; Curve 2, after brief illumination; 
Curve 3, absorption of the phosphorescent state of di­
phenylamine obtained while it is being illuminated.
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As the illumination is prolonged the purple 
color disappears and is replaced by a green color 
which persists indefinitely after illumination has 
ceased. Ordinarily the absorption curve of the 
solution so obtained is not simple. One such 
curve is reproduced in Curve 1 of Fig. 9. If, 
however, we use only a brief illumination we ob­
tain Curve 2 of Fig. 9. This so strongly resembles 
the curve of the positive ion of methyldiphenyl­
amine (Fig. 5) that we have little hesitation in 
ascribing it to the corresponding ion, (C6H5)2N H +.

Numerous curves obtained on longer illumina­
tion, the analysis of which we shall not describe 
in detail, indicated the presence, in addition to 
(C6H5)2N H +, of the two substances responsible 
for the B and C bands of tetraphenylhydrazine. 
More recent experiments of Mr. J. Bigeleisen 
have shown that in the absence of air the C band 
does not appear, and the only bands are that of 
(C6H5)2N H + and the B band of tetraphenylhy­
drazine, in amount depending on the length of 
illumination. Both of these bands disappear grad­
ually as the temperature is raised, that of the 
(C6H5)2N H + going more rapidly.

Interpretation of the Several Bands Obtained 
with Tetraphenylhydrazine

The X and D Bands.—Before considering the 
three main bands of Fig. 1 we shall say what we 
can of the elusive X  band which sometimes is 
nearly one-third as strong as the B band, but 
sometimes does not appear at all. It never ap­
peared when the illumination was by the full 
mercury arc through quartz. It appeared at its 
strongest when the illumination was with light 
lying between 3600 and 3800 A. The difference 
proved to be due to the fact that the X  substance 
is destroyed by all ultraviolet light as well as by 
the visible, in the range of absorption. Only 
when the frequency is in the neighborhood of 
3700 A. is the rate of its formation large compared 
with the rate of its destruction. On the other 
hand, the X  substance is not very sensitive to 
temperature and persisted on warming as long 
as any color remained in the solution. Suspect­
ing that the X  band might be due to an impurity, 
a new preparation of tetraphenylhydrazine was 
made which gave under similar conditions the same 
curves as the preceding preparation but the X band 
was never more than one-half as intense. Until 
further preparations are tested we must doubt that 
the X  band belongs to tetraphenylhydrazine.

The D band lay nearly outside the scope of our 
measuring apparatus and has therefore been little 
studied. It presumably does not represent an ad­
ditional substance, but is part of a second band 
system of substance B, or substance C, or both.

The A Band.—This band, lying altogether in 
the infrared and with a maximum beyond the 
limits of our experiments, probably at about 8200
A., might not have been discovered except for the 
short life of the A substance. We found that in 
the course of our absorption measurements over 
boiling liquid air that the absorption at the lowest 
frequencies fell off rapidly with time. It seemed, 
therefore, that the A absorption might readily be 
obtained by subtracting the curve obtained after 
the disappearance of A. The problem, however, 
was not so simple as this, for sometimes, as the A 
absorption diminished, that in the B and C re­
gions substantially increased. It was finally 
found that A disappears by two processes, the 
first of which produces no change in the amounts 
of B and C, and the second of which produces both 
B and C. Fortunately at low temperatures (ca. 
90°K.) the first process occurs almost alone and 
under these circumstances our method of subtract­
ing the curves obtained before and after stand­
ing, enable us to obtain the curve for the A band 
given in Fig. 1.

We are going to identify the A substance with 
the positive ion of tetraphenylhydrazine, (C6H5)2- 
NN(C6H5)2+. This is the one band that does not 
appear when other compounds containing the di­
phenylnitrogen group are illuminated, and its 
absorption maximum in the infrared is about that 
which would be expected for an odd ion possessing 
such great possibilities of resonance.15

The B and C Bands.—We have seen that at 
higher temperatures the disappearance of A is 
accompanied by the production of B and C. By 
studying the light absorption at 8100 A. and its 
change with time we have followed the kinetics 
of this reaction at about 90°K. The process 
proved to be strictly unimolecular with a half-life 
of twenty minutes. Concurrently the change of 
absorption in other parts of the spectrum were 
followed and it was seen that the B and C bands 
increased as they would if B and C were being

(15) In arriving at this conclusion it  has been necessary to  dis­
regard the work of W eitz and Schwechten [Ber., 60, 1203 (1927)] and 
of W eitz and M üller [ibid., 68 , 2306 (1935)] who by a variety of 
methods obtained violet substances which they believed to be the  
positive ions of tetraarylhydrazines. Some experiments similar to  
theirs but leading to a quite different interpretation will be discussed 
in the immediately following paper by Lewis and Bigeleisen.
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produced from A. It is to be assumed that this 
thermal reaction is

(C6H5)2NN(C6H5)2+ --- ^ (C6H5)2N +  (C6H5)2N+
These observations, together with the appear­

ance of the B and C bands in illumination of other 
compounds containing the diphenylnitrogen 
group, lead us to identify these bands with the 
substances (CeH5)2N and (CeH5)2N +. It remains 
to decide which substance should be assigned to 
which curve. The first evidence came from the 
observation that upon brief illumination only the 
A and B bands appeared. The two most likely 
reactions in a primary illumination, that is, 
an illumination which is not long enough to excite 
further the first products of illumination, are

(C6H5)2NN(C6H5)2----^  (C6H5)2NN(C6H5)2+ +  e-
(C6H6)2NN(C6H5)2 — ^  2(C8H5)2N

We believe that these two photochemical reactions 
occur in about equal amount and conclude that 
the B band is due to (C6H5)2N and therefore 
that the C band is due to (C6H5)2N +. By il­
luminating briefly and allowing the sample to 
stand at not too high a temperature, we were able 
to obtain the very satisfactory B band given 
in Fig. 1. On the other hand, the C band, which 
was obtained by a rough analysis of various com­
pound curves, cannot be considered very accurate.

The assignment of the B and C bands enabled 
us to interpret satisfactorily the results obtained 
with other substances containing diphenylnitro­
gen. The illumination of triphenylmethyldi- 
phenylamine gave (CeH0)2N, (C6H5)3C, (C6H5)2N + 
and (C6H5)3C+, all of which can be recognized in 
Fig. 6. The illumination of (C6H5)2NNH2 seems 
from Fig. 7 to give largely photo-ionization ac­
cording to the reaction

(C6H5)2NNH2----> (C6H5)2N+ +  N H r
The illumination of (C6H5)2NNO apparently gives 
both (CeH5)2N and (C6H5)2N+, but we should like 
to study this case more carefully before attempt­
ing to write the photochemical reactions.

The case of diphenylamine is interesting. We 
have seen that the primary illumination produces 
only photo-oxidation to give (C6H5)2NH +, but 
then on further illumination there is a second re­
action which must be written

(C6H5)2NH+ ---->  (C6H5)2N +  H+
and thus the B band is obtained.16

(16) I t  is to  be presumed that the proton attaches itself to  the 
basic oxygen of the ether or alcohol of the solvent. It is probable 
also that in some of our other reactions the neighboring solvent mole­
cules may take part to  the extent of forming loose addition com­
pounds presumably w ithout causing appreciable change in the ab­
sorption spectra.

Perhaps the least ambiguous evidence for our 
assignment of the B band to the diphenylnitrogen 
radical is obtained in the experiment with di­
phenylamide ion. It seemed unlikely in this case 
that the primary illumination would cause any­
thing except simple photo-oxidation

(C6H5)2N - ----> (C6H6)2N +  e-
and the appearance in Fig. 8 of the pure B band 
seems almost by itself sufficient to identify this 
band with (C6H5)2N.

Illumination by Polarized Light and the Pro­
duction of Permanent Dichroism in Homoge­
neous Media.—We planned to resolve the com­
plicated band system obtained by the illumi­
nation of tetraphenylhydrazine by using polarized 
light, and thus obtain an orientation of the re­
sulting molecules which would be permanent as 
long as the medium remained rigid, but other­
wise would be entirely similar to the orientation 
in the phosphorescent state that we previously 
studied.la We have not been able to carry out 
this program but have nevertheless, with one or 
two simpler substances, shown that the method is 
practical. In these cases colored solutions were 
obtained which when studied with polarized light 
showed a notable variation of the absorption with 
the direction of polarization.

Experimental
In several cases (hexaphenylethane and the several di- 

and triarylamines) light between 2500 and 3000 A. proved 
to be necessary for rapid photochemical action, and direct 
light from the high-pressure mercury arc was employed. 
In other cases the light passed first through a large quartz 
cell containing aqueous copper sulfate in order to use a 
high intensity of light without overheating the samples. 
Such overheating may easily occur even when the samples 
are immersed in liquid air. Various color filters were oc­
casionally used to give selected spectral regions. The 
cells of quartz, or of “Pyrex” glass when permissible, were 
ordinarily about 1 cm. in thickness. Sometimes the color 
obtained was nearly uniform throughout the cell, but some­
times it all appeared near the face, in which case both faces 
were illuminated in turn. The depth of penetration of 
color depends upon the concentration and also upon the 
position and intensities of the ultraviolet absorption bands 
of the initial and final substances. Occasionally, a very 
dilute solution was illuminated in a tube 10 cm. long and 
3 cm. in diameter, the illumination being across, and the 
absorption measurements along, the tube. The absorp­
tion measurements were made by methods that we have 
previously described.1*

Materials.—Tetraphenylhydrazine was prepared by the 
oxidation of diphenylamine with potassium permanganate, 
as described by Gattermann and Wieland.17 I t was not

(17) Gattermann and W ieland, "Laboratory M ethods of Organic 
C hem istry/’ The M acm illan Co., N ew  York, N . Y ., 1934.
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easy to determine the purity of the product since the sub­
stance decomposes before melting. We have mentioned 
that the X band shown in Fig. 1 may be due to impurity.

The hexaphenylethane was prepared in vacuo by the 
action of silver amalgam on triphenylehloromethane by a 
method that we shall describe more fully in another place. 
The triphenylmethyldiphenylamine was also made in 
vacuo by the method of Wieland.18 Tetraphenylhydra­
zine was added to a solution of hexaphenylethane in toluene 
and heated two hours at 100°. When once formed the 
product can be filtered and recrystallized in the air, al­
though after some months it deteriorates on standing in air.

Lithium diphenylamide was prepared as follows. A 
small amount of lithium and a slight excess of diphenyl­
amine were placed in a tube on the vacuum line and ethyl­
amine was distilled into the tube. After the completion 
of the reaction the ethylamine was pumped off and the 
mixture of ether and isopentane was distilled in. The 
tube was then sealed off. wwsyra-Diphenylhydrazine was 
prepared from the hydrochloride by adding alkali and 
shaking out with benzene. I t  was purified by vacuum 
distillation, as were also diphenylamine and methyldi­
phenylamine. Diphenyl disulfide was purified by re­
crystallizing from toluene at —80°.

Rigid Solvents.—At room temperature transparent 
glasses of boric acid or of glucose may be used. At —60 
to — 80 ® glycerol, triethanolamine, sulfuric and phosphoric 
acids make good rigid solvents. At the temperature of 
liquid air most supercooled liquids crack. Others have 
too little solvent power. We have found10 that for most 
purposes the best solvent is a mixture of 5 parts of ether, 
5 parts of isopentane,19 and 2 parts of alcohol by volume. 
This we designate as EPA or more explicitly E5P5A2. We 
have used higher alcoholic contents up to EPA4, but the 
chance of the solvent cracking in the midst of an experiment 
increases with the alcoholic content. In the experiment

(18) Wieland, Ann., 381, 214 (1911).
(19) W e are indebted to  th e Shell D evelopm ent Company for a 

liberal donation of isopentane of high purity.

with lithium diphenylamide the solvent was EP2. In other 
cases triethylamine may replace the alcohol in EPA. If a 
rigid solvent containing only hydrocarbons is desired, a 
mixture of 3 parts isopentane and 1 part methylcyclo­
hexane is useful.

Summary

When tetraphenylhydrazine in a rigid solvent 
is illuminated by ultraviolet light, the solution 
becomes colored and shows three main absorp­
tion bands, each of which is shown to be due to a 
separate substance. In order to identify these 
substances and to find what types of photo­
chemical reaction are possible under these cir­
cumstances, various substances have been simi­
larly studied. It is found that a molecule may be 
dissociated by light into two radicals, into posi­
tive and negative ions, and into a positive ion and 
an electron. In two cases the last type of dis­
sociation, which may be called photo-oxidation, 
gives substances identical with those obtained 
by Michaelis and associates by chemical oxida­
tion. From the illumination of several substances 
containing the diphenylnitrogen group it has been 
possible to find the absorption bands of (CöHb̂ N  
and (CeH^N4-. These are two of the main sub­
stances produced in the illumination of tetra­
phenylhydrazine. The third is (C6H5)2NN- 
(C6H5)2+, which disappears by two processes: 
one is the return of the electron, the other is dis­
sociation into (C6H5)2N and (C6H5)2N +. The 
latter process is shown to be unimolecular.
B e r k e l e y , C a l if o r n ia  R e c e iv e d  J u n e  27, 1942

[C o n t r i b u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r y  o f  t h e  U n i v e r s it y  o f  C a l i f o r n ia ]

The Initial Step in the Action of Acids on Tetraarylhydrazines
B y G il b e r t  N. L ew is

Wieland1 observed that tetraarylhydrazines 
react with acids to give colored substances which 
according to circumstances are green, violet or 
blue. In fact, a single preparation passes, some­
times rapidly, through a succession of color 
changes. If the solution has not aged much, Wie­
land showed that neutralization by alkali restores 
a large part of the original hydrazine and there­
fore concluded that the acid produces a mere ad­
dition complex without splitting the hydrazine. 
However, it has not been found possible to sug-

(1) Wieland, “ Die H ydrazine,” Ferdinand Enke, Stuttgart, 1913.

and J acob B ig e l e ise n

gest any such addition compound that would 
have any of the observed colors. Weitz and 
others2 have assumed a more or less reversible 
reaction which in the case of tetraphenylhydra­
zine may be written
3(C6H5)2NN(C6H5)2 +  2H+ -  2(C6H5)2NH +

2(C6H5)2NN(C6H5)2+ (1)

It is to such odd ions as the one appearing in 
this equation that Weitz ascribes the violet color 
obtained by the action either of acids or of oxi-

(2) W eitz and Schwechten, Ber., 60, 1203 (1927); W eitz and M ül­
ler, 68, 2306 (1935).
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dizing agents on tetraarylhydrazines. However, 
it has been shown in the adjoining paper of Lewis 
and Lipkin3 that this ion, which is produced from 
tetraphenylhydrazine by the loss of an electron, 
is certainly not violet, for its chief absorption is 
in the infra-red. In fact, the violet color as de­
scribed by Wieland and by Weitz must be the 
resultant of a complicated series of reactions; 
we have never observed the violet color in non- 
hydroxylic solvents in the absence of air.

Another objection to regarding equation (1) 
as the primary step in the process is that such a 
reaction would presumably have a considerable 
heat of activation, but we find that the production 
of color upon acidifying tetraphenylhydrazine is 
extremely rapid nearly down to the temperature 
of liquid air.4 It is possible that on the way to 
some of the end-products that have been identi­
fied by Wieland, reaction (1) may play a part, but 
here we are concerned only in finding what the 
first step in the reaction is.

Considering the various possible initial reac­
tions the only one that seems reasonable is the 
one that assumes that tetraphenylhydrazine is 
in rapid equilibrium with a small amount of its 
two ions according to the equation 
(C6H5)2NN(C6H5)2 (CeH5)2N+ +  (C6H5)2N - (2)

and that upon addition of acid the negative ion 
is removed5 allowing the positive ion to ac­
cumulate to such extent as to show its green 
color. We should expect, therefore, to obtain 
initially, in the absorption spectrum, the band 
designated as the “C” band in the preceding paper.

Our first experiments were made between 
200°K. and room temperature. Solutions of 
tetraphenylhydrazine in various solvents such as 
acetone, ether, isopropyl chloride, j3-n-amylene, 
and several mixtures of these, sometimes includ­
ing isopentane, were exhausted on the vacuum

(3) Lewis and Lipkin, T his J ournal, 64, 2801 (1942).
(4) As far as we can judge the reaction may still be instantaneous 

at temperatures below that of liquid air, but at these low tempera­
tures even the m ost fluid solvents, such as isopentane, become very 
viscous and the reaction tim e is th e tim e required for mixing.

(5) We shall not attem pt to  decide whether hydrogen ion adding 
to  (CcHshN" forms diphenylamine imm ediately or whether possibly 
the nitrogen acts as a secondary base, and therefore the hydrogen ion 
attaches itself a t a para position in one of the rings. When dry 
hydrogen chloride is added to  a solution of tetraphenylhydrazine in 
isopentane at low temperatures a typical green solution is formed, 
but further addition of acid produces a red precipitate. This phe­
nomenon, which is evidently due in some way to  the addition of a 
second hydrogen ion or acid molecule, may be avoided by buffering 
the solvent with any base such as ether, acetone or alcohol to keep 
down the acid strength. The use of such buffers in solvents which 
are not sources of hydrogen ion will be obvious to those familiar 
with the theory of generalized acids and bases (see Lewis, J. Franklin 
Institute, 226, 293 (1938)).

bench after cooling with liquid air, and dry hydro­
gen chloride gas was allowed to enter. Then either 
the containing tubes were sealed off or the solution 
was gradually warmed and stirred by a simple mag­
netic stirrer. All the solutions showed apparently 
the same green color. However, on spectrophoto­
metric examination the absorption curves varied 
greatly from sample to sample, depending upon 
the solvents and the temperature attained before 
making the measurements; none showed the ex­
pected pronounced maximum at the position of 
the “C” band (about 6800 A.). It is evident that 
even under the conditions of these experiments 
numerous colored substances have been produced.

The first indication of the “C” band appeared 
in a solution in ether, isopentane and isopropyl 
chloride (1,1,2 by volume). After freezing the 
solution in liquid air, passing in hydrogen chlo­
ride (in moles about equal to the amount of tetra­
phenylhydrazine used) and warming to about 
160°K., the solution was stirred, and once again 
cooled. The absorption measurements were 
made just above rapidly boiling liquid air. The 
experiment was unsatisfactory because of the 
clouding of the solvent, but there appeared to be 
definite evidence of an absorption maximum in 
the neighborhood of the “C” band.

A more conclusive experiment was then per­
formed using our EPA solvent, ether, isopentane 
and ethanol (5,5,2 by volume). The procedure 
was that just described except that the solution 
was treated with hydrogen chloride at about 130° 
K., was stirred about half a minute and then 
cooled to 90°K., where the absorption measure­
ments were made. The absorption curve ob­
tained is shown as curve 1 in Fig. 1. In the same 
figure curve 2 taken from the preceding paper 
of Lewis and Lipkin3 shows roughly the “C” band 
attributed to (OcHs^N*. There seems little doubt 
that the positive ion of diphenylnitrogen is one of 
the first substances produced in the action of an 
acid on tetraphenylhydrazine. That it is this ion, 
and not the accompanying substance with an ab­
sorption chiefly in the infra-red, that is actually 
the first colored product of the reaction, is shown 
by the fact that when the solution is warmed to a 
little higher temperature the “C” band disap­
pears and only the infra-red band remains.6

(6) It seems likely th at the substance responsible for the infra-red 
band is formed from the positive diphenyl nitrogen ion by a dispropor­
tionation involving the para hydrogen. Our experiments, therefore, 
should be repeated w ith tetra-^-tolylhydrazine so as to  exclude this 
typ e of side-reaction.
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Fig. 1.—1, Absorption curve of the products of reaction 
of HCl and (C6H5)2NN(C6H5)2 in EPA at low tempera­
ture; 2, absorption curve of (C6H5)2N +. In both cases 
the vertical scale is arbitrary.

The difficulties encountered in establishing the 
presence of (C6H5)2N + seem to be attributable 
not merely to its remarkable instability but also 
to the small contribution that it makes to the 
total absorption. This is not due to a small ab­
sorption coefficient; presumably this ion and the 
chloride ion are in equilibrium with diphenyl- 
chloramine according to the equation

(C6H5)2NC1 (C6H5)2N+ -f Cl- (3)

the diphenylchloramine being ionized only to 
a small extent. The situation is quite analogous 
to that of triphenylehloromethane in such a 
solvent as chlorobenzene.

Summary
Of the many reactions that are ordinarily ob­

served when acid is added to tetraphenylhydra­
zine, none is the initial reaction. The first 
process, which occurs rapidly even near the 
temperature of liquid air, is the formation of 
(CöHb)2N which we have identified by its ab­
sorption spectrum. If tetraphenylhydrazine is 
assumed to be in rapid equilibrium with the posi­
tive and negative diphenylnitrogen ions, the effect 
of an acid is to remove the negative ion and thus 
cause accumulation of the colored positive ion, 
a considerable part of which, however, presum­
ably combines with chloride ion to form colorless 
diphenylchloramine. The chloramine and its 
positive ion are too unstable to be observable ex­
cept at extremely low temperatures.
Berkeley, California R eceived August 3, 1942

[Contribution from the D epartment of Chemistry, Columbia University]

A Study of Heterogeneous Equilibria in Aqueous Solutions of the Sulfates of Tetra­
valent Vanadium at 30°

By C ha rles  S. R o h r er , Oscar E. L anford and  Sam uel J. K ie h l

Introduction
The hydrates of the sulfates of tetravalent 

vanadium reported in the literature by previous 
investigators are divided into two series by Mellor1: 
the one, V 02*S03-#H20  and the other 2V02*3S03* 
xH20 . However, we believe that he entertains 
some doubt as to the number of hydrates in each, 
for he states: “ . . .  some of them may be mixtures 
representing arbitrary states in the process of de­
hydration.” This uncertainty is more clearly 
substantiated if one considers the water ratio of 
each series. There are reported2-5 for the first 
series the following molecular ratios of H20 /V 0 2*

(! )  J. W. M ellor, “ A Comprehensive Treatise on Inorganic and 
Theoretical Chem istry,” Vol. IX , Longmans, Green and Company, 
N ew  York, N . Y ., 1929.

(2) J. J. Berzelius, Phil. Mag., 10, 321 (1831); 11, 7 (1832).
(3) B. W. Gerland, Chem. News, 34, 2 (1876); Ber., 9, 869 (1876); 

10, 2109 (1877); 11, 104 (1878).
(4) J. W. Crow, J. Chem. Soc., 30, 453 (1876).
(5) I. Koppel and E. C. Behrendt, Z. anorg. Chem., 35, 154 (1903).

S03: 0, 1, 1.5, 2, 2.5, 3, 3.5, 5, 6.5, and for the 
second series, the molecular ratios of H20 /2 V 0 2- 
3S03: 0, 1, 1.5, 2, 3, 4, 6, 14 and 16.

Doubtless in many of the preparations, since 
the products depended upon drying at various 
temperatures up to 360°, it is quite possible that 
intermediate states of incomplete hydration were 
reached. For, at 360° insoluble V02*S03 is in­
variably precipitated from concentrated sulfuric 
acid. Then, too, Gerland3 dried the pentahydrate 
at 100° and reported not only V 02-S03*2.5H20, 
but also V02*S03T.5H20  by prolonged heating at 
that temperature.

By the same procedure Koppel and Behrendt5 
reported V 02*S03-2.5H20  and V 02-S03-2H20 . If, 
however, the heating was done at 125°, they ob­
tained V 02-S03-1.5H20  and V 02-S03-H20  at 150°. 
Moreover, by heating 2V02*3S03*4H20  in the 
second series at from 140 to 160° they obtained
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2V02-3S03-3H20; upon further heating, however, 
at 175° 2V02*3S03*1.5H20  was obtained, which 
finally, by continued heating to 200°, changed to 
the anhydrous salt 2V02-3S03.

Furthermore, there is little information given 
as to the ratios of vanadium dioxide to sulfur tri­
oxide or to water in the reported preparations of 
the salts. Other authors,3-5 besides, have reported 
failure in attempts to prepare hydrates by methods 
previously described.

From the above considerations and since noth­
ing more than qualitative statements have been 
made as to the solubility of the various hydrates, 
it appears that a study of the system V O 2 - S O 3 -  

H20  would not only provide solubility data for 
the various hydrated sulfates of tetravalent vana­
dium, but also tend to clarify the available data. 
The results of such a study at 30° and under 
ordinary atmospheric pressure are given below.

Preparation of Materials
Vanadium Dioxide.—The vanadium dioxide was pre­

pared from a very good commercial product which by 
analysis gave 99.92% of vanadium pentoxide and showed 
no measurable loss of weight upon ignition. The material 
was very finely divided and quite insoluble in water. How­
ever, a suspension of it was slowly reduced to a solution of 
tetravalent vanadium by sulfur dioxide, the excess of 
which was removed by heating the solution for about 
twenty-four hours on a water-bath while a stream of nitro­
gen passed through it. During this process a lilac to orchid 
precipitate was formed which Gain and Dritte6 identify as 
V204-2H20 . The expulsion of the sulfur dioxide by boil­
ing, recommended in their procedure, was found to be im­
practical with more than a few grams of the vanadium 
pentoxide, because the very finely powdered oxide attached 
itself so firmly to the sides of the vessel that severe bumping 
approaching explosive violence at times, occurred. This 
difficulty was overcome by passing a stream of nitrogen 
through the solution while it was being heated on the 
water-bath.

The resulting precipitate was filtered on a fritted glass 
funnel and washed twenty times with hot water. In order 
to eliminate from our experiments any of the traces of 
soluble impurities which may have been in the anhydrous 
pentoxide, this washed precipitate only was used in prepar­
ing mixtures which were to be brought to equilibrium. By 
analysis this prepared dioxide was free from sulfur dioxide 
and was shown to have undergone no oxidation during 
exposure to the atmosphere in its preparation. The 
analysis, however, showed the compound to contain 1.3 =*= 
0.7% by weight of sulfur trioxide as an impurity 
which really was no impurity in the preparation of the 
vanadyl sulfates. In preparing the mixtures for solubility 
measurements of the solid phase V02 H20, however, it was 
an impurity. In this case the sulfur trioxide content was 
reduced to 0.3 =*= 0.2% by agitating the finely ground ma­

terial in an atmosphere of nitrogen for one month in pure 
water which was changed twice each week. The dioxide 
was reground in a mortar each time the water was changed.

The sulfuric acid, the potassium permanganate and the 
barium chloride, have been discussed heretofore.7

Apparatus.—All apparatus and their standardizations for 
temperature control, for stirring, for analytical work and 
for other purposes have been described previously.8»9

The containers were 250-ml. “non-sol” bottles tested for 
water tightness. The stoppers were sealed to the bottles 
with paraffin, as an added precaution, to prevent leakage 
while the samples were being agitated.

Analytical Determinations
Vanadium.—Since the vanadium to be determined was in 

the pure tetravalent state, the procedure was simple. The 
sample was dissolved and made up to a volume, aliquot 
portions of which were titrated directly with a standard 
solution of potassium permanganate in the presence of 
sulfuric acid. As an assurance that no oxidation had 
occurred, frequent checks were made by treating one of the 
aliquot parts with sulfur dioxide and titrating after removal 
of the excess. In no case was oxidation of the tetravalent 
vanadium observed.

In order to get the moist residue of the solid phase V02- 
H20, which is quite insoluble, into solution, the addition of 
an acid was necessary. Since the chloride ion did not inter­
fere with the sulfate determinations, hydrochloric acid was 
used. Nevertheless, it was necessary to remove it from 
the aliquot by evaporation almost to dryness with sulfuric 
acid before titrating with permanganate. The sulfate 
thus formed, however, is the insoluble form of the normal 
vanadyl sulfate identified by Gerland3 as V02 S03 which 
is not to be confused with the V02-SC>3 discussed later in 
this investigation, a form quite soluble. This insoluble 
form was dissolved by boiling in a quite concentrated so­
lution of sulfuric acid. The solutions so obtained were 
reduced with sulfur dioxide, prepared and titrated with a 
standard solution of potassium permanganate in the usual 
manner.

An alternate method for the analysis in the hydrochloric 
acid solution was used. In this procedure the tetravalent 
vanadium was oxidized to the pentavalent state with chlo­
rine, and the determinations made, after the removal of the 
excess, according to a method developed by Walden, 
Hammett and Edmonds.10 The results obtained by the 
two methods were in close agreement.

Sulfate Determinations.—Sulfur trioxide determinations 
were made according to the standard method for sulfates.11 
Moreover, in our analytical procedure the removal of the 
vanadyl ion was deemed unnecessary because no serious 
interference due to coprecipitation occurred. This fact 
was confirmed by taking aliquot portions of a concentrated 
solution of the vanadyl ion and determining the sulfur 
trioxide content first in the presence of the ion and, second,

(7) O. E. Lanford and S. J. Kiehl, T his Journal, 62, 1660 (1940).
(8) S. J. Kiehl and E. J. M anfredo, ibid., 59, 2118 (1937).
(9) E. J. Manfredo, “A Study of Heterogeneous Equilibria in 

Aqueous Solutions of the Sodium Salts of the Vanadic Aeids at 30°, 
C .,” P h .D . Dissertation, Columbia University, 1936.

(10) G. H . Walden, L. P. H am m ett and S. M. Edm onds, This 
Journal, 66 , 57 (1934).

(11) H. A. Fales, “ Inorganic Q uantitative A nalysis/' Century  
Company, New York, N , Y ., 1925.(6) G. Gain and M . A. Dritte, Com.pt. rend., 143, 873 (1906).
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after its removal from the aliquot portion by precipitation 
with ammonium hydroxide. The results from these experi­
ments were in agreement within experimental error. The 
samples were filtered in a porous bottom Gooch type 
crucible, and dried in a muffle furnace at 600 to 700°.

Experimental Procedure
Individual mixtures were prepared by adding the moist 

vanadium dioxide monohydrate to solutions of water and 
sulfuric acid of definite ratio ranging from pure water to 
pure sulfuric acid. For mixtures with higher concentra­
tions of sulfur trioxide, it was necessary to use fuming sul­
furic acid. As a precautionary measure against oxidation 
all samples were placed under an atmosphere of nitrogen 
and hermetically sealed with paraffin. These mixtures 
were stirred by end over end rotation for a period of time 
which exceeded that necessary for the attainment of equi­
librium.

In order to determine the time necessary for the attain­
ment of equilibrium, duplicate samples were prepared by 
taking one of the mixtures, as prepared above, at apparent 
equilibrium, and dividing it into two parts: one of these 
was maintained at 0° for twenty-four hours with frequent 
stirring; the other was treated likewise at 70 to 100°; they 
were then agitated again at 30 =±= 0.01° until equilibrium, 
with identical phases, was reached in both.

Three criteria were used to determine the establishment 
of equilibrium: first, the densities of the mother liquors 
remained constant at the same value for both of the dupli­
cates; this served as preliminary criterion before analyses 
were made; second, the analyses of the mother liquors 
agreed within experimental error; third, microscopic ex­
aminations revealed a single identical solid phase of definite 
crystalline form in both samples.

The time necessary to establish equilibrium ranged from 
three days, approximately, with VO2SO35H2O, where the 
crystals grew rapidly in the less viscous solutions, to a year 
or more for the 2V02-3S03*4H20  and VOrSOa in the 
highly viscous solutions of concentrated sulfuric acid.

Fig. 1;—System -VCVSOrHjO, 30° isotherm, data in 
weight percentage.

The attainment of equilibrium by approach from both 
higher and lower temperatures was employed, because it 
afforded an opportunity for formation of all possible 
hydrates. While temperatures of 0 and 70° or above were 
not the most satisfactory for economy of time, they never­
theless gave further opportunity during a period of several 
weeks for the crystallization of any other possible hydrates 
from the various concentrated solutions. During this 
time, moreover, they were repeatedly subjected to alter­
nate changes from high to low temperatures as well as to 
stirring. No matter what compound separated at lower 
temperatures or higher temperatures, the mixtures ob­
tained finally at equilibrium by stirring at 30° were the 
hydrates represented in Fig. 1.

After equilibrium was attained, rotation of the solutions 
was halted, and the solid phase was allowed to settle. 
Samples for density determinations and for analyses of the 
mother liquor were taken by the use of the pycnometer and

T a b l e  I
L iq u id  p h a se M o is t so lid  p h a se
P e rc e n ta g e s P e rc e n ta g e s S o lid

D en s ity V O 2 SO s V O 2 S O 3 p h ase

0 .9 9 6 0 .0 0 6 8 a
1 .0 4 8 3 .4 5 3 .3 3 4 5 .5 8 1 .6 4 a
1 .0 9 6 7 .2 1 6 .8 3 4 7 .2 2 3 .3 1 a
1 .231 1 1 .5 1 1 0 .9 3 4 6 .5 2 5 .6 8 a
1 .2 7 8 1 3 .4 1 1 2 .7 8 5 1 .2 0 5 .9 7 a
1 .361 1 6 .1 9 1 5 .4 0 4 9 .1 5 7 .8 0 a
1 .4 6 8 2 0 .2 1 1 9 .0 2 4 9 .5 3 1 0 .1 5 a
1 .5 9 5 2 4 .1 0 2 2 .2 2 5 1 .4 7 1 2 .1 3 a m
1 .6 3 9 2 5 .4 1 2 3 .8 8 4 9 .9 2 1 3 .3 6 a m
1 .663 2 5 .9 0 2 3 .8 3 4 0 .3 9 2 3 .5 8 a m

1 .5 0 8 2 1 .1 4 2 0 .0 9 2 8 .6 7 2 7 .5 8 b
1 .473 1 7 .2 4 2 2 .3 5 2 9 .0 8 2 9 .2 7 b
1 .461 1 7 .2 8 2 2 .5 0 2 9 .8 4 2 9 .8 8 b
1 .4 2 7 1 2 .4 0 2 6 .7 7 2 9 .4 8 3 0 .7 0 b
1 .4 2 2 1 1 .2 4 2 7 .4 0 2 9 .4 0 3 1 .1 2 b
1 .4 1 6 8 .1 1 3 2 .3 5 2 7 .8 5 3 1 .8 2 b
1 .4 3 6 6 .7 0 3 5 .4 4 2 9 .0 5 3 2 .1 6 b
1 .441 6 .5 2 3 6 .1 1 2 8 .5 1 3 2 .3 7 b

1 .5 3 5 1 7 .3 5 2 8 .0 9 3 2 .5 1 3 4 .3 2 c m
1 7 .3 6 2 8 .0 9 3 4 .4 3 3 5 .2 5 c m

1 .5 0 6 1 4 .7 7 2 9 .7 1 3 4 .1 0 3 5 .6 6 c m
1 .4 9 6 1 3 .5 2 3 0 .7 2 3 3 .7 7 3 5 .7 8 c m

1 1 .7 3 3 1 .6 4 2 8 .9 6 3 4 .6 7 c m
1 .4 4 8 6 .0 4 3 7 .5 0 2 9 .2 8 3 6 .8 2 c
1 .5 0 6 2 .2 7 4 6 .9 6 2 1 .7 7 4 1 .5 1 c
1 .5 1 7 2 .1 1 4 8 .1 7 2 7 .8 5 4 0 .0 4 c
1 .6 6 2 2 .0 5 5 0 .9 6 2 2 .5 8 4 2 .9 5 c
1 .5 7 8 2 .1 9 5 2 .4 5 2 6 .0 3 4 3 .4 2 c

1 .5 8 3 2 .8 0 5 1 .9 1 2 1 .3 1 5 0 .9 5 d m
1.5 8 9 2 .5 1 5 2 .2 7 1 7 .8 2 5 1 .4 9 d ra
1 .5 9 3 0 .9 6 5 5 .2 4 1 1 ,9 5 5 3 .6 5 d m
1.6 2 2 .3 7 5 8 .0 6 1 0 .7 3 5 5 .8 4 d
1 .5 8 2 .275 5 8 .8 9 1 7 .8 7 5 4 .6 0 d
1 .717 .2 4 5 5 9 .5 8 7 .8 4 5 7 .5 2 d
1 .7 5 4 .072 6 5 .5 2 1 3 .6 1 5 9 .5 9 d
1 .783 .0 8 0 6 9 .0 9 1 2 .4 2 6 2 .3 9 d
1 .787 .0 8 0 7 1 .1 6 9 .4 0 6 5 .5 2 d
1 .795 .0 8 8 7 2 .9 7 1 3 .3 4 6 4 .3 0 d

1 .801 .097 7 3 .6 7 1 3 .8 4 6 6 .8 9 e
1 .8 4 4 .086 7 4 .4 6 1 3 .4 5 6 7 .6 8 e
1 .811 .081 7 4 .5 6 1 2 .2 7 6 8 .4 0 e
1 .8 2 7 .0 6 2 7 9 .1 7 1 2 .0 1 7 1 .9 5 e
1 .827 .041 8 0 .1 8 9 .1 6 7 4 .5 2 e
1 ,8 3 5 .0 3 5 8 0 .5 8 1 2 .8 4 7 2 .5 3 e
1 .8 2 5 .0 3 6 8 1 .0 2 1 1 .7 3 7 3 .5 9 e
a = V02«h2o . b = < g in 0>a*5H20. c = VOrSOr3H20.
d = 2V0 2-3S0 r 4Hj>0 , e = VCVSOa. m *» metastable.
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T a b l e  II

^  vo2 h 2o

v o 2-h 2o

Most probable calculated value 
Value by analysis of purified compound 
Theoretical composition 
Deviation from the theoretical value

82,78*0.86
81.51
82.16
0.62

0.19 *0.26 
.30 
.00

+  .19

17.03*0.84
18.2
17.84

-0 .8 1
V02-S03-5H20

Most probable calculated value 
Value by analysis of purified compound 
Theoretical composition 
Deviation from the theoretical value

32.81*0.17
32.96
32.78

+0.03

31.60*0.23
31.46
31.63

-0 .0 3

35.58*0.29
35.58
35.59 

-0 .0 1
V02S03*3H20

Most probable calculated value 
Value by analysis of purified compound 
Theoretical composition 
Deviation from the theoretical value

38.25*0.20
38.41
38.22

+0.03

36.83*0.14
36.67
36.88

-0 .0 5

24.92*0.24
24.92
24.90

+0.02
2VO2*3S03*4H2O

Most probable calculated value 
Value by analysis of purified compound 
Theoretical composition 
Deviation from the theoretical value

34.36*0.86
32.84
34.69

-0 .3 3

50.49 *0.42 
51.26 
50.23 

+0.26

15.14*0.75
15.90
15.07

+0.07

VCVSO3
Most probable calculated value 
Theoretical composition 
Deviation from the theoretical value

49.81*2.80
50.89

-1 .0 8

49.28*2.37
49.11

+0.17

0.91*1.50 
0.00 

+  .91

sampling tube described by Kiehl and Manfredo.8 The 
solid phase was sampled by placing some of the mixture at 
equilibrium in a glass porous bottom Gooch type crucible 
which permitted a rapid and more complete withdrawal of 
the mother liquor. Thus, in turn the accuracy of the extra­
polation in the determination of the solid phase was in­
creased. These samples of mother liquors and precipitates 
were in due course diluted and dissolved, respectively, with 
water in a volumetric flask and aliquot parts taken for the 
determinations of both vanadium dioxide and sulfur tri­
oxide. The water was determined by difference.

Experimental Results
Table I gives the results of the analysis for the mother 

liquor and for the moist solid phase expressed in percent­
age by weight of vanadium dioxide, sulfur trioxide. The 
percentage of water may be obtained by difference. In 
order to be consistent throughout the paper, all reference 
to tables, solubility, etc., will, likewise, be expressed in per­
centage by weight of the respective components. The re­
sults plotted on triangular coordinate paper are shown in 
the accompanying figure.

Calculations
The composition of the solid phase at equilibrium 

was determined by the method of Schreine- 
rnakers.12 But because the errors in plotting do 
not permit a sufficiently accurate determination 
of the composition of the pure solid phase, the

(12) Schreinemakers, Z. physik. Chem., 11, 76 (1893).

tie-lines were expressed by algebraic equations 
as described by Roozeboom.13

As a more objective and a more highly satis­
factory procedure for the evaluation of the com­
position of the pure compounds by the algebraic 
method, the method of least squares was used, 
because it affords a comprehensive solution of all 
the equations for the tie-lines for each respective 
compound. For example, there were in one case 
ten equations which would give forty-five possi­
bly different intersections, representing forty-five 
possibly different values for each of the com­
ponents. By the use of the method of least 
squares the one most probable value for each 
of the components within the limits of the analyti­
cal results was obtained. The values listed below 
for each of the pure compounds were determined 
by the method of least squares.

The values of the most probable compositions 
of the various compounds together with the de­
viation from theoretical composition are listed in 
Table II. Moreover, these values for the composi­
tion of the pure compound as finally determined 
are burdened with the errors which accumulated 
from all sources in the course of the work. The

(13) Bakhuis Roozeboom, “ D ie heterogene Gleichgewichte vom  
Standpunkte der Phasenlehre,” 1911, Vol. 3, Part I, p. 149.
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method of computation of the errors has been de­
scribed.9»14

There is more consistency in some of the most 
probable values for composition than the errors 
would indicate. For example, if one determines 
the deviation from the most probable value in 
each equation by substituting the value for one 
component (the one most probable value) and 
solving for the other, one obtains for the composi­
tion of V 02-S03: 49.81% =*= 0.99 vanadium di­
oxide, 49.28% =*= 0.96 sulfur trioxide, and 0.91% 
=t= 0.25 water. The larger deviations listed for 
this compound in the table are, of course, due to 
the acute angles of intersection of the tie-lines on 
the one hand and to the closely located points 
which represent the composition of the saturated 
solution and that of the moist solid phase, respec­
tively, on the other.

Discussion of Results
The isothermal diagram Fig. 1 shows five solid 

phases: V 02-H20, V 02-S03-5H20, V 02-S03;3H20, 
2V02-3S03-4H20, and V 02-S03, at equilibrium, 
with their isothermally univariant liquid phase, 
respectively, in contact. Sufficient determina­
tions were made to follow the course of the solu­
bilities from pure water to 81.02% sulfur trioxide. 
No higher concentrations of sulfur trioxide were 
practicable since tetravalent vanadium was oxi­
dized in the more concentrated solutions.

The Solubility Curve AkB-C for the Solid 
Phase V 02-H20 .—The stable portion of the curve 
A-B has a range of solubility from 0.0068% of 
the unhydrated oxide in pure water to 21.2% 
V 02 at 20.1% S 03, the invariant point B. This 
is the invariant point for the solid phases V02*H20  
and V 02-S03*5H20  in contact with the solution. 
It was determined by intersection. The portion 
B-C is a metastable range in which the solubility 
extends to a maximum value of 25.90% vanadium 
dioxide at the metastable invariant point C where 
the percentage of sulfur trioxide is 23.83. The 
invariant point C was established by direct analy­
sis of the solution at equilibrium with the two solid 
phases V 02-H20  and V 02*S03*3H20 . The solu­
tions of this hydrate vary in color from an almost 
clear solution at point A to a solution which is so 
blue that it is almost opaque at the invariant 
point C. This hydrated oxide was described and 
identified by Gain and Dritte.6 A comparison of

(14) O. E . L anford , “ A S tu d y  of H eterogeneous E quilibria  in
A queous Solutions of th e  Sulfates of P en ta v a len t V anadium  a t
30® C .,”  P h .D . D isserta tion , C olum bia U niversity , 1939.

the calculated value with one obtained by analyz­
ing the purified compound as well as with the theo­
retical composition is given in Table II.

The Solubility Curve B-D for the Solid Phase 
V 02*S03-5H20 .—The stable range of solubility 
for the solid V 02*S03*5H20  in this system is from 
invariant point B in Fig. 1 to the invariant point
D. This point is the intersection of the two 
solubility curves B-D and C-D-E. At this point 
the percentage of vanadium dioxide is approxi­
mately 6.2 and that of sulfur trioxide about 
37.3. No metastable equilibrium of this hydrate 
was observed. The color of the solutions of the 
compound in this region ranges from a very dark 
blue translucent solution at point B, 21.1% 
vanadium dioxide, to a blue of medium intensity 
at point D which contains about 6.2% vanadium 
dioxide.

Moreover, it was necessary to seed all the solu­
tions in order to prepare this hydrate. After the 
crystals were once obtained, no difficulty was en­
countered in preparing the samples, as equilib­
rium was reached within three days or less after 
the seeding. The hydrate first appeared from a 
metastable saturated solution of the trihydrate 
which had been standing for a year or more.

On account of its stability, the slight viscosity 
of the solutions, and the larger size of the crystals, 
the removal of almost all of the mother liquor was 
accomplished quite easily. This made possible a 
much greater distance between the points repre­
senting the composition of mother liquor and that 
of the moist solid which determine the tie-lines 
on the diagram. For this reason the determination 
of the composition of this pure solid phase was 
made with greater precision.

In Table II a comparison of the most probable 
composition with the analytically determined 
composition and that of the theoretical will be 
found.

Gerland3 prepared the pentahydrate by heating 
the insoluble anhydrous V 02-S03 with a little 
water in a sealed tube to 150°. The resulting oily 
solution was boiled with alcohol to a gummy mass 
and dried over sulfuric acid. This remaining hard 
transparent mass when moistened with alcohol and 
left under a loose cover gradually assumed a 
crystalline form. The formula for it, he estab­
lished by analysis. Koppel and Behrendt5 by 
allowing one of the lower hydrates to deliquesce 
on standing in air prepared small well-defined crys­
tals from the resulting dark blue solution. These
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crystals when washed with alcohol and ether gave 
analyses corresponding to V 02-S03*5H20.

The Solubility Curve C-D-E for the Solid 
Phase V 02-S03-3H20 .—The solid phase V 02* 
S03*3H20  has a stable solubility range from the 
invariant point D to the invariant point E, 2.19% 
vanadium dioxide in 52.45% sulfur trioxide, in 
Fig. 1, which was established by direct analysis 
of a solution at equilibrium with the solid phases 
V 02-S03-3H20  and 2 V 03S 03*4H20. A meta­
stable range extends from the invariant point D 
to the metastable invariant point C for this solid 
phase and vanadium dioxide monohydrate. It is 
of interest to note that there are two complete 
metastable solubility curves B-C and D-C above 
B-D, the curve for the pentahydrate in the dia­
gram. The color of the saturated solutions of this 
solid varies from a very dark blue, almost opaque, 
solution at point C to a very clear, light blue solu­
tion at point E.

The trihydrate of the normal vanadyl sulfate 
may be isolated and purified without decomposi­
tion. It crystallizes readily into large, clear 
light blue crystals which permit removal of 
practically all of the mother liquor. A close 
agreement of the experimental with the theoret­
ical value of the composition was therefore ob­
tained, Table II.

In this study the hydrate was easily prepared 
at room temperature or slightly above by slowly 
adding concentrated sulfuric acid to the oxide 
suspended in a concentrated solution of vanadyl 
sulfate. These crystals of normal vanadyl sulfate 
trihydrate are reported by Koppel and Behrendt5 
to appear when an acid solution is evaporated at 
90°.

The Solubility Curve E-F for the Solid Phase 
2V02*3S03*4H20 .—The solid phase of 2VCV 
3S03*4H20  has a stable range of solubility from 
the invariant point E to the invariant point F. 
Invariant point F is somewhat indefinitely lo­
cated at 0.10%, approximately, vanadium di­
oxide in about 73.0% sulfur trioxide. The diffi­
culty in locating the percentage of sulfur trioxide 
for this point is apparent if one notes in Fig. 1 
how nearly the curves E-F and G-F approach 
each other as an almost continuous line. How­
ever, in Table I it may be observed that there is a 
slight but definite tendency for increased solu­
bility which would give an intersection at point F. 
A metastable range extends from point E to 2.80% 
vanadium dioxide in 51.91% sulfur trioxide.

The solutions of this solid phase vary in color 
from a very light blue in solutions of minimum 
sulfur trioxide to an almost clear solution in higher 
concentrations of sulfur trioxide.

Due to increased viscosity of the solutions and 
to the decreasing solubility of the solid phase, 
equilibrium was slowly attained. One to two 
months for the attainment of equilibrium was re­
quired in solutions of minimum sulfur trioxide 
while even longer times were required in the more 
concentrated solutions.

In Table II a comparison of the most probable 
calculated value with the analytical value and 
that of the theoretical value may be made.

While hydrates have been reported in this series 
carrying 16, 14, 6, 4, 3, 2, 1.5, and no mole­
cules of water of hydration, the tetrahydrate alone 
appeared as a compound at equilibrium in this 
study. Throughout the course of this investiga­
tion it was found that if an insufficient time was 
permitted for attainment of equilibrium, inter­
mediate stages were encountered. In these cases 
the tie-lines would fall at random between those 
for this solid phase and those for V 02-S03. 
This behavior would tend to support Mellor’s1 
suggestion that some of the hydrates reported 
were intermediate stages in the process of dehy­
dration.

The compound was found to be readily soluble 
in water and more slowly but quite soluble in abso­
lute alcohol. Partial purification, nevertheless, 
was secured by first washing with ether-alcohol 
mixtures and finally with pure ether. It was re­
ported by Gerland3 that this compound may be 
purified by washing with water or alcohol. Kop­
pel and Behrendt5 also prepared it.

The Solubility Curve F-G for the Solid Phase 
V 02*S03.—The anhydrous vanadyl sulfate has a 
short range of stability in concentrated solutions 
of sulfur trioxide. In concentrations higher than 
about 83 or 84% sulfur trioxide, the tetravalent 
vanadium is oxidized to the pentavalent state. 
The solubility at 81.02% sulfur trioxide is 0.036%, 
expressed as vanadium dioxide, which increases 
to 0.097% in 73.67% sulfur trioxide. These solu­
tions are almost clear.

The time necessary for attainment of equilib­
rium for this compound was not determined ex­
actly, but a year or more was required. The 
samples described were agitated for several months 
and then allowed to stand for two years before 
consistent analytical results were obtained. The
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crystals are white with a slight tint of blue. Direct 
analysis of the crystals was not successful since 
but a small amount was available. The crystals 
were very small and were contaminated always 
with the mother liquor of highly concentrated 
sulfur trioxide. They are very soluble in ether- 
alcohol or water solutions.

In Table II a comparison of the most probable 
calculated value with the theoretical value of the 
composition is shown.

Gerland3 identified an anhydrous normal van­
adyl sulfate which he prepared by boiling the 
soluble hydrated sulfates in concentrated sulfuric 
acid. His resulting gray compound is very in­
soluble even in boiling water. While Gerland’s 
insoluble compound was encountered in the course 
of this work, as previously mentioned, our anhy­
drous sulfate is quite soluble in water and dilute 
acid as well as in alcohol.

Summary
Solubility measurements are given for the ter­

nary system VO2-SO3-H2O at 30° and an isother­
mal ternary diagram has been constructed.

Over the total range of solubilities these five 
compounds only, V02*H20 , V 02*S03*5H20, V 02* 
S 03-3H20, 2V 02*3S03*4H20, and V02S03, were 
found to exist as stable solid phases at equilib­
rium with the various solutions.

For purposes of inoculation, attempts were 
made to prepare other compounds prepared pre­
viously by methods described in the literature in 
order to establish equilibrium relationships for 
the other reported hydrates. But no evidence was 
found for their existence.

A soluble form of the anhydrous normal van­
adyl sulfate found in our study has not previously 
been reported.
N e w  Y o r k , N .  Y .  R e c e iv e d  A u g u s t  13, 1942

[C o n t r i b u t io n  o f  t h e  L a b o r a t o r y  o f  P h y s ic a l  C h e m is t r y  o f  t h e  U n i v e r s i t y  o f  W is c o n s in ]

The Second Virial Coefficients of Gaseous Mixtures1
B y  A. E. E dw ards^ an d  W. E. R o s e v e a r e 2

Introduction.—Accurate p~V~T data at low 
pressures are few for pure gases and are almost 
non-existent for gaseous mixtures. This paper re­
ports on the theory and experimental techniques 
of an indirect method of determining the second 
virial coefficients of gaseous mixtures. The 
method consists of measuring the change in volume 
on mixing two different gases at constant tempera­
ture and pressure and does not require determina­
tions of absolute densities of gaseous mixtures.

Theoretical.—In this paper the virial equation 
of state is used in the form3

PV  = R T  +  BP  +  CP2 +  DPZ -F . . .  (1)
where B, C, D . .  . are the second, third, fourth . . .  
virial coefficients. Pressures are expressed in 
mm. of mercury and volumes are expressed either 
in cc. or in Amagat units. The Amagat unit is 
considered to be 2.24 X 104 cc. for all gases used.

If two different gases are mixed at constant 
temperature and pressure, there is usually a change

(1) Original manuscript received February 25, 1942.
(la ) du Pont Fellow in Chemistry, University of Wisconsin, 1940- 

41.
(2) Present address: E. I. du Pont de Nemours and Co., Rich­

mond, Va.
(3) For a discussion of the various forms of the virial equation of 

state, see Hirschfelder, Ewell and Roebuck, J. Chem. Phys., 6, 205 
(1938).

in total volume. The magnitude of this volume 
change depends upon the intermolecular forces 
between the molecular species making up the mix­
ture and may be interpreted in terms of the virial 
coefficients of the pure gases and of the gaseous 
mixture in the following manner.

If ni moles of gas 1 and n2 moles of gas 2, occupy­
ing volumes V\ and v2, respectively, are mixed at 
constant pressure P  and constant temperature T 
and if we neglect the effect of virial coefficients 
higher than the second,4 we may write

P(vi/fh) = R T  -f- BtP (2)
P(v2/n 2) — R T  -f- B2P (3)

P(»m(»i +' th)) = R T  -f- BmP  (4)

where vm is the volume occupied by the mixture 
and Bm is the second virial coefficient of the mix­
ture. By combining these equations, we have for 
the volume change on mixing at constant tempera­
ture and pressure
Av = vm — (vi +  v2) = (th -F w2)Pm — niBi — n2B2 (5) 

or in terms of the mole fractions in the mixture
Av/n = Bm -  N &  -  N2B2 (6)

(4) T he co n trib u tio n  of v iria l coefficients higher th a n  th e  second
is very  sm all a t  low pressures. I t  will be shown th a t  no significant
erro r is in troduced  in th is  work by  neglecting these term s.
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where n denotes the total number of moles of gas. 
By combining this equation with that derived by 
Lennard-Jones and Cook5 for molecules having 
symmetrical fields, i. e.

Bm = Ntlh  +  2 N 1N2B 12 + N\B2 (7)
we have

Av/nNiN2 = 2B12 -  {Bx +  B2) (8)
where B\2 may be interpreted as the second virial 
coefficient representing only the interaction be­
tween the unlike molecules in the mixture.

Therefore, if known volumes of two gases are 
mixed at constant temperature and pressure and 
the resulting volume change measured, the value 
of* B12 may be calculated providing the second 
virial coefficients of the pure gases are known.

Experimental.—The apparatus is shown in Fig. 1. The 
gases were first contained in the Pyrex bulbs A and B, each 
bulb having a capacity of approximately 3 liters. Bulb C, 
which was used to maintain gas at a constant reference 
pressure, had a volume of approximately one liter. Bulbs 
A and B were separated by magnetically operated mercury 
sealed glass valves Vi and V2 and by the diaphragm gage G. 
The gage consisted of a thin Pyrex diaphragm on which 
was mounted a small mirror Mi. Minute movement of 
the diaphragm could be detected by means of the optical 
lever, shown in Fig. 1, used in conjunction with a reference 
mirror M2, the position of which was fixed with respect to 
the equilibrium position of M i, a straight filament lamp L 
and a scale. The diaphragm gage used in this work 
would withstand pressure differentials of 10 cm. in either 
direction without rupture. Since the gage was used only 
as a null indicator it was unnecessary to calibrate it in 
terms of pressure differential.

Stopcocks Si and S2 were similar in design to those de­
scribed by Roper6 and were lubricated with sirupy phos­
phoric acid. The consistency of the lubricant made it 
advantageous to maintain a pressure of 200 mm. of nitro­
gen in the space within the stopcock below the plug rather 
than to evacuate this space completely. The other stop­
cocks were of the ordinary type and were lubricated by 
stopcock grease. This made it necessary to fill bulbs B 
and C only with those gases which were not affected by 
stopcock grease and to interpose a 20-cm. length of 1-mm. 
capillary tubing between bulb B and stopcock S3 in order 
to prevent diffusion of the gas mixture to the stopcock.

After evacuation, bulbs B and C were filled with one gas 
simultaneously with the filling of bulb A with the other gas. 
The pressures were balanced to within 0.01 mm. by means 
of the gage, and stopcocks S3 and Se were closed, thus iso­
lating the gas in bulb C. The valves Vi and V2 were opened 
and the contents of A and B mixed by the all glass pump P. 
This pump was a modification of that described by Funnell 
and Hoover7 and circulated an estimated 2 to 4 liters per 
hour. After thorough mixing of the two gases the pressure 
was returned to the original value (the pressure in bulb C

(5) Lennard-Jones and Cook, Proc. Roy. Soc. (London), 115A, 334 
(1927).

(6) Roper, J. Phys. Chem., 44 , 836 (1940).
(7) Funnell and Hoover, ibid., 31, 1099 (1927).

being used as a reference) by adding or removing mercury 
by means of the calibrated buret Bu. The volume change 
could then be determined from the initial and final mercury 
levels in the buret.

Li

. P

Fig. 1.

The apparatus, except for the buret and the manometer 
was held on a frame of brass and transite in a water thermo­
stat which was maintained at 25 =*= 0.01° throughout all 
experiments. The buret was held at 25 =*= 0.1° by pump­
ing thermostated water through the outer tube. The ap­
paratus was arranged in such a manner that all stopcocks 
and valves could be operated from outside the thermostat.

Materials.—The hydrogen, oxygen and nitrogen used 
were 99.7% pure, the carbon dioxide wias 99.5% pure and 
the helium and ethylene had a minimum purity of 99%. 
Further purification of the gases used in a number of runs 
had no observable effect upon the experimental results. 
Care was taken in all runs to sweep out all inlet tubes 
thoroughly and the bulbs were flushed several times before 
each run with the gases with which they were to be filled.

Experimental Results.—The data obtained for 
nine pairs of gases are given in Table I. Two runs 
were made at 760 mm. and two at 380 mm. for 
each pair of gases. The absolute error in the 
values of Av is constant throughout the data. 
The percentage error in values of the function 
2Bi2 — (Bi +  B2), which are calculated by use of 
the relationship derived above, vary inversely 
with the magnitude of the function. It is esti­
mated to be not more than 2% in the case of the 
H2-C2H4 mixture but may be as much as 12 to 
1 5 %  at most, i. e., for the C O 2 - C 2 H 4  mixture.

It will be noted that values obtained for the 
function 2B12 — (Bi +  B2) at 760 and 380 mm. 
are the same within the limits of the experimental 
error. Hence, omission of the virial coefficients
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Table I
Temperature = 25 =*=0.01°; mole fraction of gas A = 

0.5187; mole fraction of gas B = 0.4183; total volume = 
6595 cc.

Pres- Volume [2Bu  - (B i  -b W U B
Gas Gas sure, change, Amagat units

A B mm. cc. Exp. Average

h 2 n 2 760 1.21 8.07
760 1.23 8.15
380 0.60 7.96
380 0.59 7.82 8.02

h 2 co2 760 2.11 13.99
760 2.16 14.32
380 1.05 13.92
380 1.06 14.05 14.07

n 2 0 p 760 1.83 12.13
760 1.85 12.27
380 0.91 12.07
380 0.93 12.33 1 2 .2 0

o2 co2 760 1.69 11.20
760 0.82 11.34
380 0.82 10.87
380 0.87 11.54 1 1 .1 2

h 2 c2h 4 760 2.95 19.62
760 2.92 19.36
380 1.50 18.89
380 1.46 19.23 19.53

60

c2h 4 760 0.49 3.25
760 0.50 3.32
380 0.22 2.92
380 0.26 3.45 3.24

n 2 c2h 4 760 2.40 15.91
760 2.37 15.71
380 1.14 15.12
380 1.20 15.91 15.66

He n 2 760 1.23 8.15
760 1.18 7.82
380 0.58 7.69
380 0.61 8.09 7.94

He 0 p 760 2.10 13.92
760 2.12 14.06
380 1.06 14.06
380 1.05 13.92 13.99

higher than the second appears to be justified in 
work of this accuracy at pressures near one atmos­
phere.

Discussion.—For a number of gases, p -V -T  
data have been expressed in terms of the virial 
equation of state, the range of pressures covered 
being determined by the number of virial coeffi­
cients used. Such equations, calculated by Ne- 
witt8 from the data of Holborn and collabora­
tors,9,10,11 over a pressure range 0-200 atm. yield for 
the second virial coefficient of hydrogen 6.60 X

(8) N ew itt, “ High Pressure Plant and Fluids at High Pressures/’ 
Chapter V III, Oxford U niversity Press, N ew  York, N . Y ., 1940.

(9) Holborn, Ann. Physik, 68, 674 (1920).
(10) Holborn and Schultze, ibid., 47, 1089 (1915).
(11) Holborn and Otto, Z. Physik, 10, 367 (1922).

10~4: of nitrogen —2.0 X 10 ~4; and of helium 
5.26 X 10“4. These values are considered to be 
the best available for these gases at the present 
time.

If we consider the virial equation
P V  = R T  +  BP  (9)

or, rearranged
B — (P F  — R T )/P  (10)

the value of B as expressed by this equation may 
be termed the apparent second virial coefficient and 
it must approach the true second virial coefficient 
as the pressure approaches zero. Hence if values 
of B apparent are plotted against pressure the 
intercept of the extrapolated curve and the axis 
P  =  0 will be the true second virial coefficient. 
This procedure has been followed for carbon di­
oxide, oxygen and ethylene, using the data of 
Masson and Dolley12 and Michels13 for carbon 
dioxide. The best curves through these data yield 
for the second virial coefficient of oxygen —9.2 X 
10~4; of ethylene —62.5 X 10~4; and of carbon 
dioxide —52.5 X 10~4. Roper’s data14 give B 
for ethylene as —65.9 X 10“4 which agrees with 
the above value within Roper’s maximum experi­
mental error. Schafer’s data15 give B for carbon 
dioxide as —56 X 10~"4 by extrapolating B from 
data at 0 to —70°.

These values of the second virial coefficients of 
the pure gases and the values of Bn calculated by 
substitution of them into the function 2Bn — 
{Bi +  B2) are collected in Table II.

Table II
Second Virial Coefficient of Gases and of Gaseous 

Mixtures at 25°
B X 10^ Gas Bn X 104

Gas (Amagat units) mixture (Amagat units)
h 2 6.60 h 2-n 2 6.31
n 2 -  2.0 h 2-c o 2 -1 4 .7
He 5.26 n 2-c o 2 -2 1 .2
O2 -  9.2 o2-c o 2 -2 5 .2
co2 -5 2 .5 h 2-c 2h 4 -1 7 .7
c2h 4 -6 2 .5 n 2c2h 4 -2 4 .4

c o 2-c 2h 4 -5 5 .9
He-N2 5.60
He-C02 -1 6 .1

The values of Bm for mixtures of various com-
positions have been calculated for each of the 
nine pairs of gases by substituting the values of B 
and Bn from Table II into the equation of Len-

(12) Masson and D olley, Proc. Roy. Soc. (London), 103A, 524 
(1923).

(13) Michels and M ichels, ibid., 153A, 201 (1936).
(14) Roper, J. Phys. Chem., 44, 835 (1940).
(15) Schafer, Z. physik. Chem., B36, 93 (1937).
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Fig. 2.—Second virial coefficients of mixtures: O, H2-
C2H4; • ,  N2-C2H4; ©, CO2-C2H4.

Fig. 3.—Second virial coefficient of mixtures: O, H2-N 2; 
« , He-N2.

nard-Jones and Cook. This equation, derived on

Fig. 4.—Second virial coefficients of mixtures: O, H2-C 0 2;
• ,  He-C02; ©, N2-C 0 2; ©, 0 2-C 0 2.

the assumption of symmetrical fields about the 
molecules, has been introduced into the deriva­
tions above and has been shown elsewhere16 to be 
valid in similar cases.

The values of Bm thus obtained have been 
plotted against mole fractions in Figs. 2, 3, and 4.

, Summary
The theory and practice of a method for deter­

mining the second virial coefficients of gaseous 
mixtures has been described. The method gives 
data for mixtures corresponding in accuracy to 
those obtained by gas density measurements to 
approximately 0.002%.

Values for the second virial coefficients B 12 for 
nine pairs of gases at 25° have been reported.

Values of Bm for each of the nine pairs of gases 
have been plotted as functions of the compositions 
of the mixtures.
M adison, Wisconsin R eceived September 28, 1942

(16) Fowler and Guggenheim, “Statistical Therm odynam ics,” 
The M acmillan Co., N ew  York, N . Y ., 1939. p. 298.
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[C o n t r i b u t io n  o f  t h e  N o y e s  C h e m ic a l  L a b o r a t o r y , U n i v e r s it y  o f  I l l i n o i s ]

Adsorption of Simple and Complex Cobalt Ions on Titanium Dioxide

By D ouglas G. N icholson1

It is a well-known fact that the addition of 
small amounts of certain metallic soaps to drying 
oils accelerates the rate of gelation of these sub­
stances. A recent report2 has indicated that pig­
mented drying oil films containing drier metal 
ions coordinated with ortho-phenanthroline tend 
to absorb oxygen more rapidly and at a more uni­
form rate than did similarly pigmented films con­
taining uncoordinated metal ions. In this respect 
the films pigmented with titanium dioxide showed 
the greatest differences, while those containing zinc 
oxide or zinc sulfide exhibited slight differences.

Authorities in the drying field agree on the fact 
that cobalt ions are adsorbed on the surface of 
titanium dioxide particles suspended in a drying 
oil. This adsorption has been thought to be a 
rather slow process involving rather long periods 
of time. A recent study3 has indicated that the

Specific conductance ( X10 8).
Fig. 1.—Graphical representation of conductometric 

data obtained by the addition of cobalt acetate and cobalt 
d-phenanthroline acetate to (A) conductivity water and 
(B) conductivity water containing a known quantity of 
commercial rutile type titanium dioxide: o—o, Co(o-A)3- 
A c2; x—x, C oA c2; o—o, C o ( ö- A ) 3A c2 +  Ti02; x—x, CoAc2 
-f- T i02.

(1) Present address: Chemical Warfare School, United States
Army, Edgewood Arsenal, Md.

(2) Douglas G. Nicholson, paper presented before The Paint and 
Varnish Group of The American Chemical Society, 103rd meeting, 
M em phis, Tenn., April, 1942.

(3) Am. Paint J., 26, 4-B, October, 29, 1941.

adsorption of a monomolecular film of cobalt ions 
on the surface of the titanium dioxide particles 
would account for the loss in catalytic drying prop­
erties of such materials.

In an effort to show that these ion adsorptions 
progress to a considerable extent in the early stages 
of the aging of suspensions of titanium dioxide and 
cobalt materials, as well as to account for the re­
ported rapid oxygen absorption of drying oils con­
taining coordinated cobalt ortho-phenanthroline 
materials and titanium dioxide, a conductometric 
study of the subject was undertaken. As the work 
progressed, it was decided that spectrophotometric 
data obtained from the experimental solutions 
would also yield interesting related data.

Conductometric Measurements.—To 10 ml. of conduc­
tivity water in a Freas type conductivity cell maintained 
in a thermostat at 25 =*= 0.1°, ten successive additions of 
0.1 ml. of 0.002 M  solutions of cobaltous acetate were 
made. The cell was shaken after each addition and al­
lowed to come to the temperature of the thermostat. This 
experiment was then repeated except that instead of the 
cobaltous acetate, an equivalent solution of cobaltous 
ortho-phenanthroline acetate was added.

This pair of experiments was then repeated, except that 
in each experiment 5 g. of commercial, rutile type, tita­
nium dioxide was first added to the conductivity water.

Another pair of similar experiments was carried out 
identical to the above except that the conductivity water 
was replaced in the first by glacial acetic acid, and in the 
second by glacial acetic acid 0.0005 M  in cobaltous acetate. 
Small, but accurately measured, quantities of solid ortho- 
phenanthroline were added to each of these solutions and 
the resistance of the cell determined after each.

Fig. 2.—Graphical representation of conductance data 
obtained from the addition of tf-phenanthroline to (A) 
glacial acetic acid and (B) to a 0.0005 M  solution of cobalt 
acetate in glacial acetate acid: o—o, HAc +  10 cc. of 0.05 
M  C oA c2; x—“X, HAc.
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The results of these experiments are shown in graphical 
form in Figs. 1 and 2.

Spectrophotometric Measurements.—Samples of cobal­
tous acetate and of cobaltous ortho-phenanthroline acetate, 
0.025 M  in cobalt ion, were prepared and spectrophoto- 
graphic transmittancy curves obtained for each by means 
of a General Electric Recording Spectrophotometer. Addi­
tional portions of each of these solutions were shaken with 
commercial, rutile type, titanium dioxide and after allow­
ing approximately twelve hours of standing and filtering 
off the pigment, transmittancy curves were again obtained 
from the resulting solutions.

These data appear in graphical form in Figs. 3 and 4.
Discussion.—Figure 1 shows that the solutions 

containing the coordinated cobalt ions are poorer 
conductors than are uncoordinated solutions of 
equal ion concentration. When titanium dioxide 
is present in the solution, the reverse effect is 
true. Thus it appears that the loss of con­
ductivity of the uncoordinated ions may be due 
to adsorption of some on the surface of the 
pigment particles. The presence of the large 
coordinating molecules surrounding the cobalt 
ions, apparently reduces the tendency for this 
adsorption, with the result that the coordinated 
ions are better conductors when the pigment is 
present.

Figure 2 shows quite conclusively that cobalt 
acetate does form a coordination compound with 
ortho-phenanthroline in glacial acetic acid. The 
break in the curve occurs at approximately three 
molecules of the coordination agent per ion of 
cobalt. The data appearing in this graph also 
indicate that ortho-phenanthroline also reacts 
with the glacial acetic acid, with the probable 
formation of ortho-phenanthroline acetate.

Figures 3 and 4 show, respectively, the trans­
missivity curves obtained from the uncoordinated 
and the coordinated cobalt acetate-glacial acetic 
acid solutions, before and after the suspension of 
titanium dioxide pigment. It is to be noted 
(Fig. 3) that there is an increased transmissivity 
after the titanium dioxide contact with the solu­
tion. This tends to indicate that some of the 
coloring material (cobalt ions) had been removed 
by the treatment. This point supports the ad­
sorption idea. In Figure 4, there is actually a 
slight loss of transmissivity after the contact with 
the titanium dioxide. No explanation is offered 
to justify this anomalous behavior. However, 
there is little doubt regarding the fact that the 
pigment reacts differently toward the simple and 
the coordinated cobalt ions of equal concentration. 
These spectrophotometric data support the in-

Fig. 3.—-Spectrophotometric transmittancy curves ob 
tained from 0.025 M  cobalt acetate dissolved in glacial 
acetic acid: (a) solid line is control material; (b) dotted 
line is same material after having titanium dioxide sus­
pended and filtered.

Fig. 4.—Spectrophotometric curves obtained from 
0.025 M  cobalt o-phenanthroline acetate dissolved in glacial 
acetic acid: (a) solid line is control solution; (b) dotted 
line is same solution after exposure to titanium dioxide.

formation obtained from the conductometric por­
tion of this work.

Summary
Titanium dioxide suspended in water or glacial 

acetic acid solutions of cobalt acetate adsorbs 
cobalt ions in a relatively short time.

Coordination of cobalt ions with ortho-phen­
anthroline materially reduces this adsorption 
tendency. Ortho-phenanthroline forms a coordi­
nation compound with cobalt acetate in glacial
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acetic acid. The shortened induction period, 
which is characteristic of titanium dioxide-pig­
mented drying oils containing metal-ortho-phen-

anthroline complex driers can be attributed to 
this reduction in the adsorption tendency.

U r b a n a , I l l in o i s  R e c e iv e d  A p r il  27, 1942

[C o n t r i b u t io n  f r o m  t h e  H a y d e n  M e m o r ia l  L a b o r a t o r ie s  o f  N o r t h e a s t e r n  U n i v e r s it y ]

The Solubility Effect in Solvents of Low Dielectric Constant. II. A Study of the
Solubility Effect in Benzene1

B y A rth u r  A. Vernon  and J ohn  P . M a sterso n2

I. Introduction
In continuation of the work of Vernon, Luder 

and Giella3 this paper reports the results gf further 
solubility measurements of quaternary ammonium 
salts in benzene. In addition to the literature ref­
erences cited in the earlier paper by these authors 
it should be noted that Partington4 and co-work­
ers have reported results using alcohols as solvent. 
Also Geer5 studied some solubility effects in acetic 
acid, Gross, Kuzmany and Wald6 in ethyl alcohol 
and Anhorn and Hunt7 in liquid ammonia.

II. Experimental
Materials.—C. p. thiophene-free benzene, after standing 

for several days over anhydrous calcium chloride, was dis­
tilled from anhydrous aluminum oxide, the first and last 
fifth portions being discarded. I t  was collected and stored 
in five-pint, ground glass stoppered bottles.

Tetraisoamylammonium iodide was prepared by heating 
an equimolar mixture of Eastman Kodak Co. tri-isoamyl- 
amine and isoamyl iodide to 70° in a constant temperature 
oven. The crude yield was washed with petroleum ether 
and dissolved in hot ethyl acetate and treated while hot 
with alcoholic potassium hydroxide until pink to phenol­
phthalein. On decanting and cooling in an ice-bath, amine 
free iodide crystals separated out. The final leafy prod­
uct was obtained after several recrystallizations from ethyl 
acetate (m. p. 146.5°).

Tetraamylammonium iodide was prepared similarly 
except that the crude yield was dissolved in 95% ethyl 
alcohol before treatment with potassium hydroxide. The 
iodide was precipitated in water and recrystallized from 
ethyl acetate (m. p. 134°).

The corresponding picrates were prepared by the method 
of Cox, Kraus and Fuoss8 except that the recrystallizations 
were from 95% ethyl alcohol. They were tetraisoamyl-

(1) Condensed from a thesis presented by John P. Masterson to  
the faculty of Northeastern University in partial fulfillment of the  
requirements for the degree of M .S. in chem istry.

(2) Present address: Frem ont, Nebraska.
(3) Vernon, Luder and Giella, T his J ournal, 63, 862 (1941).
(4) King and Partington, Trans. Faraday Soc., 23, 522 (1927); 

Hawkins and Partington, ibid., 24, 518 (1928); Partington and 
W interton, ibid., 30, 619 (1934).

(5) Geer, Thesis, U niversity of Kansas, 1935.
(6) Gross, Kuzm any and W ald, T h is  J ournal, 59, 2692 (1937).
(7) Anhorn and H unt, J. Phys. Chem., 45, 351 (1941).
(8) Cox, Kraus and Fuoss, Trans. Faraday Soc., 31, 749 (1935).

ammonium picrate (m. p. 86°) and tetraamylammonium 
picrate (m. p. 73°).

Tributylammonium picrate was prepared by the method 
of Mead, Fuoss and Kraus.9

Procedure.—The method was essentially the same as 
described by Vernon, Luder and Giella3 with the modifica­
tions that only 600 cc. of benzene was used and a water 
solution of silver nitrate was substituted for the alcoholic 
solution. I t  was found that using alcoholic silver nitrate, 
the iodide was precipitated colloidally and on aging it 
settled and adhered to the bottom of the beakers. Trans­
fer of this type of solid to a Gooch crucible was very diffi­
cult and relatively inaccurate.

On using a water solution of silver nitrate, however, the 
precipitated silver iodide came down immediately in 
floccuient form and on standing settled out at the interface 
of the benzene and water layers. In this form it was 
readily transferred to a Gooch crucible since it rode along 
with the interface and any small particles that adhered to 
the beaker wall were easily transferred using a rubber 
policeman and a wash bottle stream. The reproduci­
bility of results was very good, often being within one part 
in five hundred. Analysis of a known weight of quaternary 
iodide showed this technique subject to about one per cent, 
error. The Gooch crucible containing the transferred 
silver iodide was dried for twenty-four hours over phos­
phorus pentoxide in a desiccator to consistent weight.

Results.—The results of the determinations are recorded 
in Tables I and II. All concentrations are in moles per 
liter and are the averages of duplicate measurements. 
Since these data are of most value when combined with

T a b l e  I
S o l u b il it y  o f  T e t r a is o a m y l a m m o n iu m  I o d id e  i n  t h e  
P r e s e n c e  o f  E i t h e r  (a ) T e t r a is o a m y l a m m o n iu m  
P ic r a t e  o r  (b ) T r ib u t y l a m m o n iu m  P ic r a t e  i n  B e n ­

z e n e  a t  25 °
Concn. of 
(a) X 104

Solubility of 
iodide X 10*

Concn. of 
(b) X 104

Solubility of 
iodide X 104

0.00 1.13 0.00 1.13
1.28 1.32
2.53 1.48 3.48 3.28
5.06 1.94 6.95 4.74

10.13 2.95
15.00 3.97 13.90 7.30
20.00 5.19
25.33 6.89 27.78 11.24

(9) M ead, Fuoss and  K raus, T h is  J o u r n a l , 61, 3257 (1939).
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T a b l e  II
S o l u b il it y  o f  T e t r a a m y l a m m o n iu m  I o d id e  i n  t h e  
P r e s e n c e  o f  E it h e r  (a ) T e t r a a m y l a m m o n iu m  P ic r a t e

(b) Tributylammonium P icrate in Benzene at 25
Concn. of Solubility of Concn. of Solubility of
(a) X 104 iodide X iO4 (b) X IO4 iodide X 104

0.00 0.539 0.00 0.539
1.00 0.583 1.00 1.07
5.00 0.992 3 .00 2.04

10.00 1.43 10.00 3.85
20.00 2 .5 0 30.00 7.39

50.00 10.65

previous results, they are plotted in Fig. 1 with the curves 
previously obtained by Vernon, Luder and Giella.3

III. Discussion
A usual treatment of solubility data is to com­

pare the curve of variation of activity coefficient 
versus the square root of salt concentration with 
that predicted by the Gronwall, LaMer and Sand- 
ved equations using arbitrary values of “ionic di­
ameters.” If the experimental and theoretical 
curves can be made to agree closely by assigning 
“reasonable” values to the “ionic diameter” then 
the theoretical equation is considered applicable 
in the region investigated.

To apply such calculations to the solutions in­
vestigated in benzene is fruitless. In such a low 
dielectric solvent, conductivity and freezing point 
measurements indicate that association becomes 
very manifest and the electrolytes behave as if 
incompletely dissociated. Obviously the value 
of an “ionic diameter” of a supposed single ion 
would have little meaning under such conditions.

An approach such as that of Gronwall, Sandved 
and LaMer might be possible if there were some 
means of calculating the number of charged ion 
aggregates in the solution. At present this is not 
the case.

The increase in solubility in every case on the

Moles of solvent salt per liter X 104.
Fig. 1,—I, (Am)4NI in presence of (Am)4N picrate; 

II, (Isoamyl)4NI in presence of (isoamyl)4N picrate; III, 
(Am4)NI in presence of (Bu)3HN picrate; IV, (Isoamyl)4- 
NI in presence of (Bu)3HN picrate; V, (Bu)4NI in presence 
of (Bu)4N picrate; VII, (Bu)4NI in presence of (Bu)jN- 
NO*.

addition of an electrolyte whether with or without 
a common ion seems to be further proof of other 
than single ion phenomena. If the predominant 
effect were that of single ions we should expect 
a decrease in solubility on adding a common ion. 
The fact that the tri salt gives a greater solubility 
increase than the tetra-salt with tetraisoamyl­
ammonium iodide may be due to a greater inter­
ionic attraction.

IV. Summary
1. The solubility of tetraisoamylammonium 

iodide in benzene solutions of tetraisoamylam­
monium picrate and tributylammonium picrate 
was determined.

2. The solubility of tetraamylammonium io­
dide in benzene solutions of tetraamylammonium 
picrate and tributylammonium picrate was de­
termined.

3. An increase in solubility of the saturating 
salt was found in both cases and the relation of 
this to multiple ion phenomena is indicated. 
B oston, M assachusetts R eceived August 20, 1942
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[C o n t r i b u t io n  f r o m  t h b  R e s e a r c h  L a b o r a t o r y  o f  A r m o u r  a n d  C o m p a n y ]

Studies on High Molecular Weight Aliphatic Amines and Their Salts. IX. The 
Behavior of Various Salts of Dodecylamine in Water, Ethanol and Benzene

By C. W. H oerr  and  A. W. R alston

Previous papers in this series have presented 
various aspects of the behavior of the normal pri­
mary aliphatic amine hydrochlorides and hydro­
acetates in water,1”4 and in ethanol and benzene.5 
These studies have shown that in water these 
salts are colloidal electrolytes, similar in their 
behavior to compounds in which the paraffin chain 
is in the anionic portion of the molecule. In dilute 
solution they act as simple, completely dissoci­
ated, uni-univalent electrolytes, while at certain 
concentrations dependent upon the length of the 
paraffin chain, a colloidal transformation results 
from the formation of micelles. With ethanol and 
with benzene, the amine salts form simple eutectic 
systems in which the eutectic composition is 
located in the region of very small concentration 
of amine salt.

This investigation is carried further by the 
preparation of a wide variety of salts of dodecyl­
amine. While this paper is primarily a report 
of the solubilities of these salts in water, ethanol 
and benzene, a study of the phase changes of 
several of the salt-water systems has been in­
cluded, together with a study of the state of some 
of the salts in solution, as indicated by their effects 
in depressing the freezing point of water and that 
of benzene.

Preparation of Materials.—The dodecylammonium 
chloride and the acetate were of the same lots which were 
used in previous experiments, and their preparations and 
constants have been reported.1,2,5 The preparations of 
the following salts have not been reported elsewhere. These 
salts were prepared by adding equimolar portions of the 
appropriate acids to dodecylamine in the most satisfactory 
solvent, as noted below.

Dodecylammonium w-propionate and dodecylammonium 
w-butyrate were prepared in the manner of the acetate,2 the 
propionate by repeated recrystallizations from ethyl ether 
and benzene, alternately, and the butyrate from petroleum 
ether (Skellysolve “F,” b. p. 30-60°), until their melting 
points were constant. The melting point of the propionate 
was 56.7-56.9° and that of the butyrate was 41.0-41.2°.

Dodecylammonium formate, bromide and iodide were 
prepared by the method used for the chloride1 with ben­

(1) Ralston, Hoffman, Hoerr and Selby, T his Journal, 63, 1598 
(1941).

(2) Ralston, Hoerr and Hoffman, ibid., 63, 2576 (1941).
(3) Ralston, Hoerr and Hoffman, ibid., 64, 97 (1942).
(4) Ralston and Hoerr, ibid., 64, 772 (1942).
(5) Harwood, Ralston and Selby, ibid., 63, 1916 (1941).

zene as the solvent to facilitate the removal of the water 
introduced by the addition of the acids. No melting 
points could be obtained for these salts since they decom­
pose at temperatures above 160°. Dodecylammonium 
formate transforms above 63° to a firm semi-solid liquid 
crystalline state.

Dodecylammonium acid sulfate and primary dodecyl­
ammonium phosphate were crystallized from 95% ethanol. 
Since dodecylammonium normal sulfate and secondary 
dodecylammonium phosphate are not appreciably soluble 
in any of the usual solvents, these salts were refluxed with 
ethanol for several hours, washed repeatedly with hot 
water and with ethanol, and finally with hot benzene. No 
melting points could be obtained for either of the sulfates 
or the phosphates since they decompose on heating above 
250°. Attempts to prepare ^-dodecylammonium phos­
phate were unsuccessful.

Dodecylammonium dodecylcarbamate was prepared in 
this Laboratory by Dr. F. M. Garland. Pure, dry carbon 
dioxide was passed into liquid dodecylamine at about 30°. 
Measurement by means of a gas buret of the quantity of 
carbon dioxide which reacted indicated that two moles of 
amine combine with one mole of carbon dioxide. This 
compound was purified by repeated crystallization from 
95% ethanol. I t  melts at 92-93°, and decomposes at 98° 
to dodecylamine and carbon dioxide.

The secondary and tertiary amine salts were prepared 
in this Laboratory by Dr. W. O. Pool. Primary dodecyl 
alcohol (133 g.) was refluxed with resublimed iodine (97 g.) 
and red phosphorus (7.2 g.) for one hour at 170°. The 
dodecyl iodide (b. p. 118-120° at 0.7 mm.) was removed 
from the mixture by solution in ethyl ether arid purified by 
fractional distillation under reduced pressure. The iodide 
(184 g.) was then heated with methylamine (635 g. of 
methanol solution containing 13.6 g. methylamine per 100 
ml.) in a bomb for eight hours at 135 ±5°. Excess meth­
anol and methylamine were removed by distillation, and 
the N-methyldodecylamine was purified by fractionation 
in vacuo. Its boiling point was 88-89° at 1 mm. The 
hydrochloride of this amine was prepared in the manner of 
the corresponding primary salt. I t melts with decomposi­
tion at about 180°, which agrees with a recent observation.6

N-Dimethyldodecylamine was prepared by the same 
method as was used for the corresponding secondary 
amine, except that a methanol solution of dimethylamine 
was used. The boiling point of the tertiary amine was 
87-88° at 0.9 mm. The hydrochloride and hydroacetate 
of this amine were prepared by the methods used for the 
corresponding primary salts, the hydrochloride melting 
at 170-171° and the hydroacetate at 38.8-39.0°.

The water used in these experiments was freshly distilled 
conductivity water. The ethanol was commercial “abso­
lute” (99.4% by weight) diluted to 95.0% by weight, ex-

(6) W estphal and Jerchel, Ber., 73B, 1002 (1940).
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cept where other dilutions are noted below. The ethanol 
concentration was determined by measurement of its 
density at each dilution with a 25-ml; pycnometer, and 
interpolation of these values with those from the "‘Inter­
national Critical Tables.”7 The benzene was Baker c. p . 
thiophene-free grade and was dried over sodium wire.

Apparatus and Procedure.—The experimental proce­
dures were essentially those used in the previous investiga* 
tions of this series. Visual observations were made by the 
synthetic method first proposed by Alexejew.8 The 
samples were prepared in small glass tubes and rotated in 
a water-bath with the apparatus and by the procedure de­
scribed elsewhere.1»5 Temperatures were measured with 
a calibrated thermometer which was graduated in 0.1° 
intervals. The temperatures of solution of the amine 
salts investigated were reproducible to ±0.1°, and are, in 
general, considered accurate within ±0.2°.

Transition temperatures of the system dodecylammo­
nium acetate-water below approximately 80° were deter­
mined by analysis of cooling curves. These were ob­
tained by carefully controlled cooling of 5-7 g. samples con­
tained in test-tubes (1.5 X 15 cm.) immersed in a bath 
(800 ml.) of light mineral oil (acetone was used as the bath 
for sub-zero temperatures). After preliminary heating to 
homogeneity, the acetate-water samples were 
allowed to cool slowly while being agitated 
with a small “Chromel” wire stirrer. The 
temperature of the bath was at no time more 
than 2° below that of the sample. Under­
cooling, in general, did not occur. Tempera­
tures of the samples were read with the cali­
brated thermometer. The transition tem­
peratures of this system are considered to be 
accurate to =*=0.5° above 80°, while below 
this temperature they are probably accurate 
within =*=0.2°.

The depression of the freezing points of 
water and of benzene by several of the salts 
was measured by means of a Beckmann ther­
mometer which had been calibrated by the 
National Bureau of Standards, and the tem­
peratures obtained were considered accurate 
to ±0.001°.

Various compositions of dodecylammo­
nium acetate in water were examined micro­
scopically with polarized light to confirm 
the preliminary gross visual observations of 
the nature of the phases which were present.

Results
The Acetate-Water Systems.—A preliminary 

study of the system dodecylammonium acetate- 
watei has been reported previously.2 In the light 
of recent investigation of the higher amine-water 
systems,9 this acetate-water system was studied 
further, and the complete temperature-concentra­
tion diagram is shown in Fig. L On this diagram,

(7) “ International Critical Tables,” 1929, Vol. I l l ,  p. 117.
(8) Alexejew, J. Prakt. Chem., 133, 518 (1882); Bull. soc. chim.,38 , 

145 (1882).
(9) Ralston, Hoerr and Hoffman, T his J ournal, 64, 1516 (1942).

A represents the freezing point of dodecylam­
monium acetate (69.3°) and K that of water. 
Area 1 is clear, isotropic solution. Two hydrates 
are found, a tetrahydrate (m. p. 129.0°) and an 
eicosahydrate (m. p. 86.0°).

The eutectic between dodecylammonium ace­
tate and its tetrahydrate is represented by B. 
Areas 2 and 3 are two phase mixtures. Area 5 is 
a region of microscopically homogeneous material 
in a mesomorphic state. This region is analogous 
to the solid solutions of metallic systems and is 
physically identical with the corresponding phases 
of the amine-water systems,9 with reference to 
which a sufficiently thorough discussion has been 
presented. Area 4 consists of a mixture of ace­
tate crystals and the solid solution phase of con­
centration on curve EN. A eutectoid between the 
acetate and water is represented by N. Area 6 
consists of a mixture of crystals of these com­
ponents. F represents a eutectic between the

tetrahydrate and the eicosahydrate. After pass­
ing through a narrow7 two phase region upon cool­
ing, samples containing mixtures of these two 
hydrates become physically identical with other 
samples in area 5. J represents a eutectic between 
the eicosahydrate and water.

The broken lines at the left of Fig. 1 represent 
the existence of a region of solid solution, which 
was indicated by observation, though not verified 
by direct measurement.

Other Solubilities in Water.— Dodecylam­
monium formate and ^-propionate and N-di- 
methyldodecylammonium acetate exhibit be-

Fig. 1.—The system dodecylammonium acetate-water.
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ammonium bromide and iodide, pri­
mary dodecylammonium phosphate, 
N-methyldodecylammonium chloride 
and N -dimethyldodecylammonium
chloride, together with the curve which 
has been reported for dodecylammo­
nium chloride.1 All of these salts pass 
through the same phase changes as 
does the chloride. In all cases, except 
that of N-dimethyldodecylammonium 
chloride, there is an abrupt change in 
the solution temperature at approxi­
mately 0.39%. In the case of the 
bromide, a metastable form precipi­
tates from solution upon cooling, as 

40 60 80 100 indicated by the broken line in Fig. 3.
Wt. % dodecylamine salts. This behavior recalls that of dodecyl-

Fig. 2.—Liquidus curves of dodecylamine salts in water: dodecyl- ammonium chloride.1 No metastable 
ammonium formate, A; acetate, B; propionate, C; N-dimethylam- 
monium acetate, D.

havior with water similar to that of the acetate. 
Since the latter system has been described suf­
ficiently, only the liquidus curves of these salts 
are shown graphically in Fig. 2. Due to thermal 
instability of the formate, this system 
was not investigated beyond approxi­
mately 60%.

Study of these .systems shows the 
presence of the following hydrates.
The formate forms at least one hy­
drate, an eicosahydrate (m. p. 99.6°).
The propionate, like the acetate, forms 
two hydrates, a tetrahydrate (m. p.
77.0°) and a triacontahydrate (m. p.
24.8°). N-Dimethyldodecylammo- 
nium acetate forms one hydrate, a do- 
decahydrate (m. p. 70.0°).

While it has not been thoroughly in­
vestigated, the butyrate-water system 
is qualitatively similar to the system 
octadecylammonium acetate-water.2 
Above 33°, the butyrate system exists 
as two conjugate solutions over prac­
tically the entire range of concentra­
tion, similar to the behavior of the 
octadecylamine salt. In the case of 
dodecylammonium butyrate, the re­

compound formation by the other salts 
was observed.

From the freezing point data, the osmotic co­
efficient g was calculated for dodecylammonium 
formate, acetate and propionate, and for the 
hydroacetate and hydrochloride of N-dimethyldo-

o

Oi
SH

Fig. 3.—Solution temperatures of dodecylamine salts in water: dodec­
ylammonium chloride, A; iodide, B; bromide, C; N-methylammonium 

gion of isotropic solution exists over chloride, D; N-dimethylammonium chloride, E; primary dodecylam­
monium phosphate, F. The broken lines refer to the corresponding 
metastable modifications.

a much smaller range of concentra­
tion than does the corresponding 
region of the octadecylamine salt system.

Figure 3 shows the solubilities of dodecyl-
decylamine. These values are plotted against the 
square root of the molality (\ /A Q  in Fig. 4.
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Fig. 4.—Osmotic coefficients of dodecylamine salts in 
water: <S> formate, O acetate, •  propionate, €  N-di- 
methylammonium chloride, G N-dimethylammonium 
acetate.

It can be seen from Fig. 4 that the values for 
the osmotic coefficients of all of the salts investi­
gated fall on the same curve, within experimental 
error. Up to approximately 0.013 molal these 
salts behave as simple, completely dissociated, 
uni-univalent salts, as shown by the 
fact that their osmotic coefficients are
1.0 in this range. At 0.013 molal, the 
values of g decrease abruptly, indicat­
ing the formation of micelles in these go 
solutions. This molality agrees with 
the value of the critical concentration 
for the formation of micelles which has do
been reported3’4 for the dodecylam- 
monium ion.10 The interesting fact to § 
be noted in this connection is that the  ̂
values of the osmotic coefficients of the 
N-dimethyldodecylamine salts fall on 2g 
the same curve as the primary dodecyl­
amine salts. Evidently, in the case of 
these salts at least, N-substitution by 
methyl groups has no apparent effect 0 
upon the concentration at which mi­
celles are formed.

Solubilities in Ethanol.—In Figs. 5 
and 6 are shown the solubilities of the 
dodecylammonium halides, the acetate 
series, the dodecylcarbamate, the pri­
mary phosphate and the acid sulfate 
ethanol.

In preliminary study of dodecylammonium 
acetate it was observed that the solubility of this 
salt was increased by the dilution of ethanol with 
water. To investigate this further, a number of 
samples containing 50.0% dodecylammonium

(10) While this value was reported in terms of molarity, the values 
of molality and molarity are, for all practical purposes, equal in these 
dilutions.

acetate were prepared in various dilutions of 
ethanol in small sealed glass tubes, and the tem­
peratures at which solution occurred were deter­
mined by visual observation. The results of this 
experiment are shown graphically in Fig. 7; 41% 
aqueous ethanol gave the lowest solution tempera­
ture observed for a 50.0% mixture of dodecylam­
monium acetate-solvent. Minimum solution 
temperatures of other concentrations of this salt 
occur at approximately 45 =*= 5% ethanol.

Solubilities in Benzene.—The solubilities of 
the dodecylammonium halides in anhydrous 
benzene are shown in Fig. 6, and Fig. 8 shows 
those of dodecylammonium formate, acetate, 
propionate, butyrate and dodecylcarbamate in the 
same solvent. The propionate and butyrate 
(and no doubt the other salts also) form simple 
eutectics with benzene. In the case of the buty­
rate, the eutectic is located at 3.6%, and that of 
the propionate occurs at 0.75%, while those of

Wt. % dodecylamine salts.
Fig. 5.—Solution temperatures of dodecylamine salts in 95.0% 

ethanol: primary dodecylammonium phosphate, A; dodecylammonium 
dodecylcarbamate, B; dodecylammonium acid sulfate, C; dodecyl­
ammonium formate, D; acetate, E; propionate, F; butyrate, G.

in 95.0% the acetate and formate occur at considerably 
greater dilutions.

The lowering of the freezing point of benzene 
by dodecylammonium butyrate was measured 
accurately up to the concentration of the eutectic 
(3.6%). The apparent molecular weight of the 
butyrate was calculated from the amount of the 
freezing point depression at each concentration 
measured. The results are shown graphically in
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Fig. 6.—Solution temperatures of dodecylamine hydro­
halides in 95.0% ethanol and in anhydrous benzene: 
dodecylammonium chloride in ethanol, A, and in benzene, 
B; bromide in ethanol, C, and in benzene, D; iodide in 
ethanol, E, and in benzene, F. The broken line refers to 
the metastable modification of the bromide in benzene.

Fig. 9 as the ratio of apparent to true molecular 
weight ( M/ Mq) against the square root of the 
molality (a/ N w). At approximately 
0.1 molal, M / M q approaches a value 
of 2.0. A few measurements of the 
effects of the propionate upon the 
freezing point of benzene showed that 
its M/M§  values fall on the curve for 
the butyrate.

The increase of the apparent mo­
lecular weight of dodecylammonium 
butyrate in benzene indicates that there 
is probably some degree of molecular 
association. Figure 9, however, can­
not be interpreted literally to demon­
strate that double molecules exist in 
solution, even though the M / M 0 values 
approach a value of 2.0 in higher con­
centrations, since, in the derivation of 
the equations involved, the solutions 
were assumed to be ideal, and certain 
pertinent factors have been omitted.
Moreover, it has been proved with 
reasonable certainty that the values 
obtained by this method are actually the mo­
lecular weight of the solute in the vapor

phase.11 However, it can be assumed safely that 
if associated molecules exist in the vapor, they

Wt. % ethanol.
Fig. 7.—Solution temperatures of 50.0% dodecylammo­

nium acetate in aqueous ethanol.

also occur in the solution which is in equilibrium 
with it, though the extent of the association in the

latter case is problematical. At any rate, molecu-
(11) Peterson  and  R odebush, J .  P h y s .  C h e m . ,  32, 709 (1928).

Fig. 8.—Solution temperatures of dodecylamine salts in anhydrous 
benzene: dodecylammonium acetate, A; formate, B; propionate, G; 
butyrate, D; dodecyl carbamate, E
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lar association of dodecylammonium butyrate to 
some extent in benzene is evidenced by the data 
presented.

Further evidence of molecular association is in­
dicated by the rather irregular displacement of the 
solubility curves of dodecylamine salts toward the 
ethanol and benzene axes. Similar behavior of 
the higher fatty acids in benzene has been at­
tributed12 to molecular association in solution.

Summary
1. The solubilities of dodecylammonium for­

mate, acetate, ^-propionate, ^-butyrate, chloride, 
bromide, iodide, dodecylcarbamate, primary and 
secondary phosphates and acid and normal sul­
fates, N-methyldodecylammonium chloride and 
N - dimethyId odecylammonium chloride and ace­
tate in water, ethanol and benzene have been 
determined.

2. The phase changes of the water systems of 
dodecylammonium formate, acetate, propionate 
and N-dimethyldodecylammonium acetate have 
been investigated, and the hydrates formed b)̂  
these salts are reported.

(12) Powney and Addison, T r a n s .  F a r a d a y  S o c . ,  34, 625 (1938).

Fig. 9.—Molecular weight of dodecylammonium butyrate 
in benzene solutions.

3. The colloidal nature of aqueous solutions 
of these salts has been demonstrated by a study 
of their osmotic coefficients.

4. Molecular association of dodecylammonium 
butyrate in benzene has been discussed.
C h ic a g o , I l l in o i s  R e c e iv e d  J u n e  24, 1942

[C o n t r i b u t io n  f r o m  t h e  F r ic k  C h e m ic a l  L a b o r a t o r y , P r i n c e t o n  U n i v e r s it y ]

Dipole Moment, Induction and Resonance in Nitroethane and Some Chloronitro­
paraffins

B y Everett C. H urdis and* Charles P. Smyth

Recent investigations1 have shown an increase 
of moment of 0.21-0.23 from nitromethane to 
a- and /3-nitropropane and 2-methyl-2-nitro- 
propane, presumably because of the effect of 
induction upon the a -  and /3-carbons, since 
branching of the carbon chain did not increase 
the moment appreciably above that of the 
straight-chain nitropropane. One would, there­
fore, expect the moment of nitroethane to be close 
to those of the nitropropanes and nitrobutanes. 
This appeared to be true in the earlier measure­
ments of Groves and Sugden,2 who found 3.58,
3.57 and 3.55 for nitroethane, a-nitropropane and 
a-nitrobutane, values barely distinguishable from 
their value 3.54 for nitromethane. As this discrep­
ancy between the two sets of investigations left 
a slight possibility of further increase of moment 
and, hence, of inductive effect, from nitroethane

(1) Wiswall and Sm yth, J .  C h e m .  P h y s . ,  9, 356 (1941).
(2) Groves and Stigdep, J .  C h $ m ,  S o c „ 158 (1937),

to the propanes, it seemed desirable to make a 
careful redetermination of the moment of nitro­
ethane. This has been done, together with meas­
urements upon three chloronitroparaffins, from 
which conclusions as to induction effects may be 
drawn. At the same time, measurements upon 
certain previously measured substances have been 
carried out as a check upon the absolute accuracy 
of the determinations.

Preparation and Purification of Materials
Carbon Dioxide.—The gas was taken from a cylinder of 

commercial material, passed through a tube containing 
eight-mesh calcium chloride and used without further 
purification.

Benzene.—The material used had been purified by Dr. 
P. F. Oesper for use in solution measurements and had 
been dried over sodium wire.

w-Octane.—This hydrocarbon was supplied as a part of 
the American Petroleum Institute Pure Hydrocarbon Pro­
gram. It was prepared and/or purified at the Pure Hydro­
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carbon Laboratory, Department of Chemistry, operating 
as project No. 31 of the Ohio State University Research 
Foundation. A full description of this product will be pub­
lished at a later date.

Water,.—Ordinary distilled water was used for this 
measurement.

Nitroethane, Sample I.—Material kindly furnished by 
the Commercial Solvents Corporation was dried over cal­
cium chloride and fractionally distilled under low pressure. 
The fraction used for measurements had a boiling point of 
65.6° (153 mm.), w20d 1.3917.

Nitroethane, Sample II.—Material prepared by the re­
action of silver nitrite with ethyl bromide3 was fractionally 
distilled under low pressure. The fraction used for meas­
urements had a boiling point of 81.5-82.0° (263 mm.), n20D 
1.3912.

Monochloronitromethane.—Material kindly furnished 
by Professor R. H. Ewell of Purdue University was frac­
tionally distilled under vacuum in an all glass trap system 
connected to the gas apparatus.

1-Chloro-l-nitroethane.—Material kindly furnished by 
Professor Ewell was fractionally distilled under low pressure 
in an all glass system. The fraction used for measurements 
had a boiling point of 55° (60 mm.), n20d 1.4224.

1-Chloro-l-nitroprppane.—Material kindly furnished by 
Professor Ewell was fractionally distilled under low pres­
sure in an all glass system. The fraction used for measure­
ments had a boiling point of 67° (56 mm.), n20d 1.4251.

Experimental Method
The dielectric constants of the vapors were measured 

with the apparatus and much the same technique as that 
previously described.4 A polarization value, jP, was 
usually obtained at an absolute temperature, T, by plotting 
the results over a wide range of pressure and thus eliminat­
ing the error caused by possible deviations from the ideal 
gas law. This method, which we have generally employed, 
will be referred to as the “extrapolation method.” How­
ever, in some cases, such as those of substances undergoing 
slight thermal decomposition with the passagè of time, 
better results could be obtained by making one measure­
ment at 10-30 millimeters pressure and another at a 
pressure, generally about 200 millimeters, for which experi­
ence showed the gas law deviation to be within the experi­
mental error. These pressures were about twice those 
for which Brockway and Coop5 calculated a possible error 
of 0.002 X 10“18 in dipole moment due to gas law devia­
tion. In general, successive measurements by the “two- 
point method” showed considerable variation, but, if the 
results of four to six such measurements were averaged at 
each temperature studied, the averages showed excellent 
agreement over a wide temperature range.

The oil-bath in which the dielectric constant cell was 
immersed was altered so that it could be kept constant to 
within 0.02° at any temperature from room temperature 
to 250°. A very sensitive mercury-bulb temperature 
regulator was made by bending ten feet of 1-cm. “Pyrex” 
tubing into a coil. The fixed contact was a tungsten rod 
sealed into the glass and the movable contact was steel

(3) Kissel, B er ., 15, 1574 (1882); G otting, A n n .,  243, 115 (1888).
(4) W iswall an d  S m yth , J . Chem. P h y s .,  9, 352 (1941).
(5) B rockw ay an d  Coop, T ran s. F a raday  Soc., 34, 1434 (1938).

piano wire, which was much more resistant than platinum 
to the mercury at the higher temperatures.

The calibration of the apparatus was carried out by an 
absolute method, for the use of which it was not necessary 
to rely on the purity of any compound. A system of 
parallel compensating and measuring condensers was so 
constructed that a small precision measuring condenser 
with a scale 2500 divisions and a variable capacity of only 
7 junf could be balanced against a large precision condenser, 
1000 units on the small condenser having to be successively 
added 128.09 times to cover 400 units on the large con­
denser. The large condenser was thus calibrated by com­
parison with the small condenser, which, in turn, was cali­
brated in the manner previously described4 by successive 
insertions of a small unit of about 0.05 w f  capacity equal 
to about 25 scale divisions on the small condenser. The 
capacity of the gas cell was measured on the large condenser 
and its lead capacity determined from that of a set of 
dummy leads. Subtraction of this fixed capacity from 
the total capacity of the cell gave the geometrical capacity 
used in calculating the dielectric constant. The total cell 
capacity of about 200 /jl/jl/  was measured frequently on the 
large condenser and converted into units of the small con­
denser by multiplying by the conversion factor 320.2. It 
was remeasured whenever the temperature of the oil-bath 
was changed more than about 10°. The cell showed a 
temperature coefficient of capacity of about 0.0015% per 
degree, superimposed on a slow continuous downward 
drift of capacity. As the cell had been taken apart, 
cleaned, and reassembled before the measurements were 
begun, this downward drift in capacity may have been due 
to the opportunity afforded by thermal expansion and con­
traction for the relief of strains. During twelve months 
of operation, the capacity of the cell decreased by 5%, 
showing the importance of frequent checking. Care was 
taken to carry out both calibration and measurements at 
a constant frequency of 780 =*= 3 kilocycles. Under these 
conditions, the effects introduced by lead and condenser 
inductances were constant and cancelled out in the meas­
urements.

The platinum resistance thermometer in the cell was cali­
brated by comparison with a Bureau of Standards cali­
brated platinum resistance thermometer. As the plati­
num wire was exposed to the vapor in the cell, it was 
occasionally necessary to bake out the cell at 250° for a 
few days to avoid adsorption effects which lowered the 
apparent temperature reading. Temperatures as meas­
ured are believed accurate to within 0.2°.

Three compounds were measured as calibration checks: 
carbon dioxide, benzene and water. Carbon dioxide was 
measured by the two-point method, the pressures used be­
ing about 35 and 950 millimeters. The effect of frequency 
drift was corrected for by repeating each measurement in 
the reverse direction and averaging the two figures ob­
tained. The observed pressures were corrected by the use 
of van der Waals constants. The average of six successive 
measurements on carbon dioxide was (é76o — 1) X 106 — 
988 =*= 2, reduced to 0°, in excellent agreement with the 
values of McAlpine and Smyth,6 989, and Stuart,7 987.

Benzene was measured at 140° by the extrapolation
(6) M cAlpine and Sm yth, T h is  J o u r n a l , 55, 453 (1933).
(7) Stuart, Z. Physik, 47, 457 (1928).
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method. The average of four measurements gave a Nitroethane (Sample II)
polarization of 27.1 cc. , in agreement with the previously 397.5 225.9 3.69
determined6 value of 27.0 cc. 413.6 218.4 3.70

The polarization of a sample of pure w-octane, kindly 418.1 215.0 3.69
given us by Dr. C. E. Boord, was also measured. This 421.1 214.7 3.70
served in a sense as a calibration check, as the expected
small increase in polarization over the liquid value was Monochloronitromethane
observed. The average of four measurements at 160° gave 411.5 144.2 2.93
a polarization of 40.1 cc. The polarization of the same 424.4 138.1 2.89
material in the liquid phase was 39.7 cc., as measured by 434.8 138.4 2.94
Dr. P. F. Oesper in this Laboratory. 447.6 131.1 2.89

The dipole moment of water vapor was measured, using 459.4 131.5 2.93
the two-point method, over the temperature range 111 to 466.7 128.2 2.91
250°, the average moment value obtained being 1.844 484.0 122.7 2.89
Debye units. This figure is in good agreement with those
reported by Sanger, Steiger and Gachter,81 1.852 ±  0.008, 1 - Chloro-1 -nitroethane
and by Groves and Sugden,9 1.850 =±= 0.01, values which T, °K . P P&v. m(X  1018)
have been recalculated with the currently accepted factor, 414.5 182.4 184.5 3.33
0.01281, in the Debye equation. 186.2

Experimental Results
185.1
184.0

The results of individual runs are given in 185.0

Table I for the dielectric constant e minus 1 for 432.3 176.9 177.6 3.32
178.1

T a b l e  I 177.1
P o l a r i z a t i o n s  a n d  D i p o l e  M o m e n t s 178.2

,----------- C arbon dioxide---- 442.7 175.3 175.0 3.34
(m easured a t  2 99°K ., reduced

to  0° and  760 m m .) Benzene w-Octane 174.5
(* -  1) X 10» P P  (4 1 3 .1 °K .) P  (4 3 3 .1 °K .) 178.0

985 7.36 27.6 40.7 172.8
984 7.35 26.9 40.1 176.6
995 7.43 27.0 40.2 173.1
990 7.40 27.0 39.6 467.5 169.3 166.5 3.33984 7.35 Av. 27.1 40,2 166.7
992 7.41. 166.1

Av. 988 7.38 163.9
Water

T t °K . P n  (X 10«) 1-Chloro--1-nitropropane
384.3 57.5 1.84 416.3 205 206.6 3.51

57.3 1.84 208
420.1 53.6 1.85 212

53.6 1.85 207
53.4 1.85 436.2 198.8 200.7 3.53

444.7 50.1 1.84 202.8
199.0484.1 46.9 1.85 202.646.7 1.85 199.2

522.0 43.4 1.84 451.9 189.9 193.4 3.5242.4 1.82 iQi n
43.4 1.84 i y ± . u

193.9
Nitroethane (Sample I) 198.0

415.6 217.3 3.70 194.0
442.0 205.3 3.70 472.9 190 187.5 3.54

206.8 3.71 186
206.4 3.71 185.4

484.3 186.4 3.68 188.0
188.6 3.70 493.1 180.7 178.9 3.51
188.1 3.69 178.1
188.9 3.70 175.0

(8) Sanger, S te iger an d  G ach ter, Helv. Phys. Acta, 5, 200 (1932). 179.5
(9) G roves an d  Sugden, J . Chem. Soc., 971 (1935). 181.0
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carbon dioxide, for the polarization P  for all 
the substances, and for the dipole moment p, for 
the polar substances except the last two. For 
these two, a tendency toward decomposition and 
the consequent use of the two-point method of 
measurement increased the error in individual P  
values and made desirable an increased number 
of runs and the use of an average of the results, 
JPav , to calculate the moment. The molar refrac­
tion for the sodium D  line, M R&, is listed in Table 
II for each nitro compound, together with the 
average of the moment values for the substance in 
Table I.

T a b l e  II
M o l a r  R e f r a c t i o n s  a n d  M o m e n t  V a l u e s

M R d M (X  101»)

Nitroethane 17.0“ 3.70
M onochlor onitromethane 17.46 2.91
1 - Chloro-1 -nitroethane 2 1 .9b 3.33
1 - Chloro-1-nitropropane 26.36 3.52

a Landolt-Börnstein (fifth edition). b Calculated from 
refractions in Landolt-Börnstein (fifth edition).

Discussion of Results
The results obtained for the substances meas­

ured as a test of the accuracy of the apparatus 
agree so well with previously published data as to 
indicate an absolute accuracy almost as great as 
the relative accuracy, about 0.01 X 10~ 18 in 
moment. The slight elevation of the polarization 
value found for n -octane vapor over that of the 
liquid at 25° parallels that previously observed 
for benzene6 and noted again in the present meas­
urements and similar behavior on the part of other 
non-polar substances previously discussed. 10 It 
is to be noted that Sample I of nitroethane, a ma­
terial prepared commercially by vapor phase ni­
tration of hydrocarbons, gives a moment value 
identical with that for Sample II, prepared by 
the reaction of silver nitrite with ethyl bromide, 
which, taken in conjunction with the accuracy 
established for the apparatus, seems to establish 
definitely the correctness of the value. The aver­
age moment, 3.70 X 10~18, may be compared with 
the value of Smyth and McAlpine11 for nitro­
methane, 3.50 (recalculated on the basis of MRj>) 
and with the value of Wiswall and Smyth1 for 1 - 
nitropropane, 3.72 X 10 ~18. From these results 
it appears that the inductive effect of the nitro 
group is barely, if at all, detectable by dipole 
moments beyond the first two carbons in the chain.

(10) Sm yth and M cAlpine, J . Chem. P hys., 2, 571 (1934).
(11) Sm yth and M cAlpine, This Journal, 56, 1697 (1934),

This conclusion is consistent with the indications 
of the previous measurements and the accuracy of 
the previously reported1 0 . 2  rise in moment caused 
by lengthening of the carbon chain is confirmed.

Monochloronitromethane was measured by the 
extrapolation method over a range of 73°. As 
there was some evidence of decomposition, how­
ever, it was thought best to use the two-point 
method for 1 -chloro-1 -nitroethane and 1 -chloro-
1-nitropropane. In this way low pressures (200 
mm.) could be used, and the vapor remained in 
the cell at this pressure for no longer than fifteen 
minutes for each determination of dielectric con­
stant. The possibility of appreciable decom­
position was further minimized by limiting the 
temperatures used to 2 2 0 ° or lower.

Calculation of the moment of monochloronitro­
methane by vector addition of the moments of 
methyl chloride (1.87 X 10 ~18) and nitromethane 
(3.50 X 10 ~18), assuming tetrahedral carbon, gives 
a resultant moment of 3.40 X 10~18. The ob­
served moment, 2.91, may, for the time being, be 
taken to indicate that the lowering due to mutual 
induction between the chloro and nitro groups is 
0.49. This is comparable in magnitude to the 
lowering observed in methylene chloride, where 
the moment calculated is 2.16 and the observed 
is 1.58,12 so that the apparent inductive lowering is 
0.58. Since the inductive lowering observed for 
the dichloro compound is slightly larger than that 
for the chloronitro compound, while the moment 
of nitromethane is nearly twice that of methyl 
chloride, it appears that the nitro group is con­
siderably less susceptible to inductive lowering 
of its moment than the chlorine atom. This con­
clusion is consistent with the previous interpre­
tation13 of the moment of nitroform in carbon 
tetrachloride solution, which is only 0.49 lower 
than the solution moment of nitromethane. This 
lowering may be compared with that for chloro­
form, which has a moment 0.85 lower than that of 
methyl chloride.

The moment of 1-chloro-1-nitroethane, calcu­
lated by vector addition of the moments of ethyl 
chloride and nitroethane is 3.60 X 10“18. The 
observed moment, 3.33, indicates that the ap­
parent inductive lowering is 0.27 as compared 
with 0.49 for monochloronitromethane. The 
moment rise expected between monochloronitro­
methane and 1-chloro-1-nitroethane is 3.60 —

(12) M aryott, Hobbs and Gross, ibid., 63, 659 (1941),
(13) Lewis and Snjyth, ibid,, 61, 3Q67 (1939),
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3.40 =  0.20, while the observed rise is 0.42. For 
the moment of 1 -chloro-1 -nitropropane we have: 
moment calculated—3.62, moment observed— 
3.52, apparent inductive lowering—0.10; expected 
rise from 1 -chloro-1 -nitroethane—0 .0 2 , observed 
rise from 1-chloro-1-nitroethane—0.19. Analo­
gous rises are found in the values for 1 ,1 -dichloro- 
ethane and 2 ,2 -dichloropropane12 and the solution 
value for 1 ,1 -dichloropropane, 14 the increases 
again being larger than estimated. A large ele­
vation of an apparent inductive rise was found 
in the difference between chloroform and methyl 
chloroform, which was found to be 0.77 higher. 1’ 12 

Maryott, Hobbs and Gross12 attribute this ele­
vation in methyl chloroform, and, analogously, 
in ethylidene chloride and 2 ,2 -dichloropropane, to 
“first, the transfer of charge that takes place from 
the methyl carbon to the other carbon atom, and 
second, the transfer of some of this new charge 
from the chloroform carbon to the chlorine atoms.” 
A more specific mechanism may be proposed to 
account for the effect by assigning ionic character 
to the hydrogen-carbon bonds and considering the 
possible resonating structures. The normal co­
valent structure of chloroform would be 

Cl
I

H—C—Cl
I

Cl
but three ionic structures of the type 

Cl

H+ :C Cl-
I

Cl
could make small contributions. Contributions 
from these three structures would increase the 
positive character of the hydrogen and probably 
account for its apparent ability to take part in 
hydrogen bonding and for its slightly tighter 
binding to the carbon as evidenced by Raman 
spectra. In methyl chloroform, instead of three 
such polar structures, nine can be written

H+ Cl H Cl“
I I

H—C—C Cl" H—C—C—Cl, etc.
I I I

H Cl H+ Cl
The result of small contributions from these nine 
structures would be an increase of moment con­
siderably in excess of what would be expected 
merely from the forces exerted on the methyl 
group electrons by the three C-Cl dipoles. Anal-

(14) Gross, P h y s i k .  Z ., 32, 587 (1930).

ogous structures would contribute to the moment 
of ethyl chloride, but the presence of only one, 
instead of three, chlorines would involve a smaller 
accumulation of negative charge and a correspond­
ingly smaller influence in increasing the moment. 
Similar considerations account for the smaller 
moment elevations of 1 ,1 -dichloroethane and 2 ,2 - 
dichloropropane.

In the discussion of the chloronitroparaffins the 
difference between observed and calculated values, 
which has been referred to as the apparent induc­
tive lowering of the moment, contains a rather 
large negative contribution from resonance effects 
similar to those just considered. The lowering of 
moment by mutual induction between the chlorine 
and the nitro group should be approximately the 
same in each of these three chloronitroparaffins, 
and the inductive effect of each of the two dipoles 
upon the carbon chain was taken care of approxi­
mately in calculating the moment of the chloro- 
nitro compound by using the moments of methyl 
chloride and nitromethane in calculating that of 
the disubstituted methane, of ethyl chloride and 
nitroethane for the disubstituted ethane, and of 
propyl chloride and 1 -nitropropane for the disub­
stituted propane. The moment observed for the 
methane was, as previously stated, 0.49 lower than 
the calculated, that for the ethane, 0.27 lower than 
the calculated, and that for the propane 0 . 1 0  lower 
than the calculated. In other words, the moment 
of the chloronitroethane is 0 . 2 2  higher, and that 
of the propane 0.39 higher than would be expected 
on the basis of the moment of chloronitromethane 
and those of the monosubstituted compounds. 
In addition to a normal structure for chloronitro­
methane such as

H
I + yf'O

H—C—NCI \o -

one may write two polar structures such as 
H+

H- -O
I

Cl

/O -

\o -

and two such as
H+

+
H—C—N<

X ) “
Cl-

which would, by their contributions, raise the 
moment as in the case of analogous structures for
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chloroform. In chloronitroethane, a further in­
crease in moment should result from contributions 
from structures such as

H+ H
I

H—C=C
I I

H Cl
and

• * \0 -

H+ H
I .

and H—C=C—N

H Cl“

j O

H+ H
I + / 0 “

H—C—C—N<
I I * x o-

H Cl

in addition to those from structures like those just 
written for the methane. For the substituted 
propane, analogous structures can be written, the 
number of possible polar structures being in­
creased by the presence of the additional methyl­
ene group. The smallness of the increase in mo­
ment from the monosubstituted ethane to the 
monosubstituted propane shows that the contri­
butions from these additional polar structures are 
extremely small in the monosubstituted com­
pounds, where the concentration of negative 
charge on a single group would lessen the stabili­
ties of the polar structures. In the disubstituted 
compounds, the distribution of negative charge 
between the chlorine and the nitro group would 
tend to stabilize the polar forms and thus increase 
the molecular moment. That this stabilizing ef­
fect extends, at least to a small extent, to the 
structures with maximum charge separation in 1 - 
chloro-1 -nitropropane is indicated by its consider­
able increase in moment over 1 -chloro-1 -nitro­
ethane. It is to be noted that the resonance 
which has been proposed for these molecules gives 
rise to hyperconjugation.

It may be pointed out that the previously ex­
amined11 moment of chloropicrin, 1 .8 8 , which 
must lie in the axis of symmetry of the C I 3 C N O 2  

molecule, the C - N  line, is very close to the differ­
ence between the moment of ( C H 8) 3C N 0 2 and that 
of C I 3 C C H 3 ,  3.71 — 1.77 =  1.94, as it should be, 
while if the moment of nitromethane, 3.50, is used 
in the calculation, the result is 0.15 lower than the 
observed instead of 0.06 higher. In view of the 
several effects involved, neither calculated value 
can be regarded as far from the observed.

Summary
The dielectric constants of the vapors of nitro­

ethane, chloronitromethane, 1 -chloro- 1 -nitroethane 
and 1  -chloro- 1  -nitropropane have been measured 
and used to calculate the dipole moments of the 
molecules. As a check on the absolute accuracy of 
the determination, measurements have been made 
upon carbon dioxide, benzene, ?z-octane and water 
vapor, the results obtained being in excellent 
agreement with those already in the literature.

The moment of nitroethane is 0.20 higher than 
that of nitromethane and very close to those of 
a- and /3-nitropropane and 2 -methyl-2 -nitropro- 
pane, confirming the indications of their values 
that the inductive effect is inappreciable beyond 
the first two carbon atoms of the molecular chain.

The considerable increases in moment from 
chloronitromethane to the ethane and from the 
ethane to the propane are attributed to increased 
stabilization of resonating polar forms by the dis­
tribution of the negative charge over two groups 
in the disubstituted compounds instead of its 
localization on one group as in the monosub­
stituted compounds.
P r i n c e t o n , N e w  J e r s e y  R e c e i v e d  S e p t e m b e r  15, 1942
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3,2'-Nicotyrine. Insecticidal Properties of Certain Azo Derivatives1
B y Robert L. Frank, Robert W. Holley and D onald M. Wikholm

3,2'-Nicotyrine (II) 2 can now be obtained read­
ily from nicotine (I) by catalytic dehydrogenation. 
Since both of these bases possess insecticidal prop­
erties, 3 it seemed possible that dyes derived from 
them might also have this property and be use­
ful as insect-proofing agents. In the present 
work a number of such dyes from 3,2'-nicotyrine 
have been prepared and tested.

The preparation of 3,2'-nicotyrine from nico­
tine has been accomplished by several methods. 
It was first carried out by Cahours and Êtard4 

by oxidation of natural nicotine with calcium 
ferricyanide in alkaline solution. Other methods 
which have been used since that time are oxi­
dation of nicotine by means of silver oxide, 5 

silver acetate6 and electrolysis, 7 but these are all 
unsatisfactory as preparative methods.

Wibaut and Overhoff7 have reported yields up 
to 92% by means of catalytic dehydrogenation 
of nicotine with platinum-on-asbestos catalyst 
at 320° in a heated tube. The catalytic dehydro­
genation of nicotine by means of palladium-on- 
asbestos is reported in the present communica­
tion and has been found to provide a convenient 
method for the preparation of 3,2'-nicotyrine. It 
can be carried out either in the vapor phase in an 
electrically heated reaction tube (Procedure 1) 
or more simply by refluxing nicotine containing 
a suspension of palladium-on-asbestos (Procedure 
2). These two procedures give approximately 
the same yields, but the latter is the more con­
venient.

C H 2 — C H 2  jj jj

0~ l\  J 332 0  T  +  2H,
NNT I Pd (230°) Njsr CHs

CHs
I II

The vapor phase dehydrogenation (Procedure 1)
(1) P resen ted  before th e  O rganic D ivision a t  th e  Buffalo m eeting 

of th e  Am erican Chem ical Society, Septem ber 7-11, 1942.
(2) T h is  is th e  nam e adop ted  b y  W ib au t and  Overhoff for N~ 

m ethy l-(3-pyridyl)-2-pyrro le .7 T h e  com pound is also referred to  
sim ply as nicotyrine , since i t  was th e  first of th e  N -m ethylpyridyl- 
pyrro les to  be described.6

(3) L aForge, T h is  J o u r n a l , 50, 2477  (1928); R ichardson  and  
Shepard, J . Agr. Research, 40, 1007 (1930).

(4) Cahours and  Ê ta rd , Bull. soc. chim ., 34, 449 (1880).
(5) B lau, Ber., 27, 2535 (1894).
(6) Tafel, ibid.., 26, 1619 (1892).
(7) W ibau t an d  Overhoff, Rec. trav. chim., 47, 935 (1928).

gives best yields, up to 41% of the nicotine 
which reacts, at 305-325°. Lowering the tem­
perature lowers the yields.

In Procedure 2, on the other hand, dehydrogen­
ation begins to take place at much lower tempera­
tures, as evidenced by the evolution of hydrogen. 
Best results were obtained when nicotine and 
palladium-on-asbestos were heated to about 230° 
and the temperature was then allowed to rise 
gradually to 270-280°. When the reaction was 
carried out in this way, the yields were 30-35% 
and were almost as high after thirty minutes as 
after three hours. Very little nicotine was re­
covered. Several experiments were also made 
by this method in which lower temperatures were 
maintained by the addition of varying amounts of 
xylene to the reaction mixture. The yields were 
somewhat lower at temperatures varying from 185 
to 230°, and the conversions were considerably 
lower. The yield was lowered sharply by carrying 
out Procedure 2 at temperatures higher than 250°.

The yields, ranging from 20 to 41% of the nico­
tine which reacted, are much lower than those re­
ported by Wibaut and Overhoff, but the method 
should nevertheless be of value because of the 
rapidity of the reaction, the simplicity of the ap­
paratus, the ready availability of nicotine, and 
the lower cost of palladium as compared to plati­
num.

In addition to 3,2'-nicotyrine and recovered 
nicotine, two other fractions were isolated, one 
boiling at 48-70° (1 mm.) and the other, ap­
proximately as large as the yield of 3,2'-nicoty­
rine, boiling at 210-230° (1 mm.). This is inter­
esting in view of the fact that Wibaut and Over­
hoff reported that there were no side products at 
all in the dehydrogenation with platinum. These 
fractions are being further investigated.

3,2'-Nicotyrine has been found to couple 
readily with diazonium salts and a number of the 
resulting azo dyes have been prepared (III, R 
equals £-QH4S03Na, ra-C6H4N02, £-CeH4N02, 
£-C6H4C02H, /3-CioHy). These compounds are 
crystalline solids ranging in color from orange 
to purple. They are stable in acid solution and 
dissolve in boiling concentrated hydrochloric acid 
with no apparent decomposition.
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The coupling reaction is believed to occur at 
the free alpha position of the 3,2'-nicotyrine 
rather than a t one of the beta positions since 
Fischer and Hepp8 and Plancher and Soncini9 
have found that substituted pyrroles undergo 
coupling in one of the alpha positions unless these 
are blocked.

One of these azo dyes was reduced to the cor­
responding aminonicotyrine, which, on the basis 
of the above evidence, probably has the struc­
ture IV. Sodium 5'-(3,2'-nicotyrine)-azo-£-ben- 
zenesulfonate (Ilia) was reduced to 5'-amino- 
3,2'-nicotyrine (IV) in 46% yield by means of 
stannous chloride and hydrochloric acid. The

IV

product, a crystalline solid melting a t 86-87°, 
could be purified only by distillation under re­
duced pressure. I t  is stable when kept out of con­
tact with air, but gradually becomes dark and 
sticky when exposed. When heated in water, 
alcohol, ether or chloroform, it decomposes and a 
dark tar separates. I t  was possible to form a 
white hydrochloride by treating the amine with 
gaseous hydrogen chloride in anhydrous ether, 
but this decomposed rapidly when isolated. The 
picrate was found to be a stable derivative, how­
ever, although it could not be recrystallized.

The instability of this amine parallels the find­
ings of Fischer and Rothweiler,10 who were un­
able to recrystallize 2,4,5-trimethy!-3-aminopyr- 
role.

Samples of wool cloth dyed with four of the 
compounds gave fast colors ranging from yellow 
to brown. These were subjected to the attack 
of the larvae of the black carpet beetle (A ttagen u s  
P ic e u s), and all were affected much less than a

sample of undyed wool. Details are included in 
the experimental part.11

Experimental
Purification of Nicotine.—The technical product “Nico- 

fume” of the Tobacco By-Products and Chemical Corpora­
tion of Louisville, Ky., containing 95% nicotine, was di­
luted with an equal volume of ethanol and refluxed over 
Raney nickel for three hours. The nickel was then re­
moved by filtration and the filtrate was fractionally dis­
tilled, yielding a nicotine fraction boiling at 118-121° (18 
mm.); n20d 1.5252.

Palladium-on-Asbestos Catalyst.—A catalyst contain­
ing 5 g. of palladium on 11 g. of asbestos wool was prepared 
from chloropalladic acid according to the directions of 
Linstead and Thomas.12

Dehydrogenation of Nicotine.—The dehydrogenation 
was carried out in two ways.

Procedure 1.—The vapor phase dehydrogenation was 
carried out by a procedure similar to that employed by Wi­
baut and Overhoff.7 The apparatus consisted of a vertical 
“ Pyrex’ * glass catalyst tube equipped with an electrically 
heated jacket. A thermometer was inserted in the jacket 
next to the tube and the open ends of the jacket were then 
packed with asbestos wadding. A cold-finger condenser 
was attached by means of a ground-glass joint to the top 
of the catalyst tube and a side-arm at the top of this was 
connected by means of glass tubing to a buret. Nicotine 
was allowed to drop from this buret at a rate of 0.5-0.8 cc. 
per hour.

The brown-colored product was collected in a filter flask 
attached to the bottom of the reaction tube.

It was found necessary in filling the reaction tube with 
catalyst to take precautions to prevent spontaneous igni­
tion of the catalyst. A slow stream of nitrogen was passed 
through the tube while it was being filled; it was then put 
into place immediately and the nitrogen was replaced by 
hydrogen, which was passed in from the top by means of 
a three-way stopcock between the condenser and the buret. 
Hydrogen was passed in slowly until the tube reached the 
desired temperature, after which the hydrogen was shut 
off and the nicotine passed in.

Procedure 2.—Nicotine and palladium-on-asbestos were 
heated over a hot-plate in a round-bottomed flask equipped 
with a glass-join ted condenser and a side arm through 
which a thermometer was inserted. Dehydrogenation 
began somewhat below 230°, but became vigorous at this 
temperature. The evolution of hydrogen and the boiling 
of the liquid served to agitate the contents of the flask.

The mixture became dark in color as soon as the reaction 
began, and the refluxing temperature rose gradually to 
270-280° (with the formation of higher-boiling products).

The reaction products were separated by slow fractional 
distillation in a modified Widmer column (those obtained 
by Procedure 2 were first filtered to remove the catalyst). 
A typical example using 28 g. of nicotine gave the following 
fractions: 2.2 g. boiling at 48-70° (1 mm.), 2.5 g. at 74- 
99° (1 mm.), 7.7 g. at 104-107° (1 mm.), and 7.6 g. at

(8) Fischer and  H epp, Ber., 19, 2251 (1886).
(9) P lancher and  Soncini, A tti Accad. L incei, 10, 299 (1901); 

Chem. Zentr., 72, I, 1323 (1901).
(10) Fischer and  R othw eiler, Ber., 56, 512 (1923).

(11) W e are  indeb ted  to  D r. C. W. K earns and  M r. Leroy P a rke r 
of th e  D ep artm en t of Entom ology of th is  U niversity  for te sting  th e  
insecticidal activ ity  of th e  dyed cloth.

(12) L instead  and  Thom as, J . Chem. Soc., 1127 (1940).
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210-220° (1 mm.). Considerable residue was left in the 
distilling flask.

The fraction boiling at 74-99° (1 mm.) was mainly nico­
tine and that boiling at 104-107° (1 mm.) was 3,2'-nicoty- 
rine, a colorless liquid, darkening somewhat on stand­
ing, very slightly soluble in water, soluble in alcohol and in 
acids, b. p. 150-152° (16 mm.); n™d 1.6057; d204 1.241. 
A picrate melted at 168.5-169° (Wibaut and Overhoff re­
ported 168-169°).

Sodium 5 '-(3,2 '-Nicotyrine )-azo-£-benzenesulfonate 
(Ilia).—-Eleven grams (0.058 mole) of sulfanilic acid and
2.5 g. of sodium carbonate were dissolved in 100 cc. of 
water. Three and five-tenths grams (0.051 mole) of 
sodium nitrite dissolved in 20 cc. of water was added to the 
solution. After cooling to 3 °, 7 cc. of concentrated hydro­
chloric acid was added with stirring. To the diazotized 
solution was added 7.8 g. (0.049 mole) of 3,2'-nicotyrine 
dissolved in 3 cc. of glacial acetic acid. After stirring for 
ten minutes, the solution was made alkaline by adding a 
solution of 7 g. of sodium hydroxide in 20 cc. of water. 
Some orange solid settled out, but the precipitation was 
made more nearly complete by the addition of 20 g. of 
sodium chloride. The orange-red solid was removed by 
filtration and allowed to dry. A yield of 15.0 g. (84%) was 
obtained.

The compound was crystallized from hot water, in which 
it was fairly soluble, and washed with alcohol and ether. 
It did not melt below 300°.

Anal. Calcd. for C16H130 3N4SNa: N, 15.38. Found: 
N, 15.35.

5'-(3,2'-Nicotyrine)-azo-£-nitrobenzene.—One and two- 
tenths grams (0.0087 mole) of p-nitroaniline was dissolved 
in 20 cc. of hot water and 3 cc. of concentrated hydro­
chloric acid. Twenty grams of ice was added and the 
solution cooled to 0°. To this was added 0.69 g. (0.01 
mole) of sodium nitrite dissolved in 20 cc. of water.

One and four-tenths grams (0.0089 mole) of 3,2'-nicoty­
rine was dissolved in 25 cc. of alcohol and 3.0 g. of sodium 
acetate in 20 cc. of water was added to the alcoholic solu­
tion. The combined solution was added slowly with 
stirring to that of the diazonium salt. A red solid precipi­
tated immediately. After standing thirty minutes, the 
solid was removed by filtration and recrystallized from hot 
alcohol. Two and four-tenths grams (90%) of beautiful 
purple-red needles was obtained. After two recrystalliza­
tions, these melted at 200-201 °.

Anal. Calcd. for Ci6Hi30 2N5: N, 22.80. Found: N, 
22.79.

Three other dyes were prepared in the same manner as 
5'-(3,2'-nicotyrine)-azo-p-nitrobenzene from the corre­
sponding aromatic amines. These are described as follows.

5'-(3,2'-Nicotyrine )-azo-w-nitrobenzene.—The same
amounts were used as in the preparation of 5'-(3,2'-nicoty­
rine)-azo-p-nitrobenzene. The yield was 2.1 g. of orange- 
red solid (79%), which melted at 156-157° after two 
recrystallizations from alcohol.

Anal. Calcd. for Ci6Hi30 2N5: N, 22.80. Found: N, 
22.95.

5'-(3,2/-Nicotyrine)-azo-p-benzoic Acid.—One and two- 
tenths grams (0.0088 mole) of p-aminobenzoic acid was 
used. The yield was 1.9 g. (71%) of orange needles.

After five recrystallizations from hot alcohol, these melted 
with decomposition at 245-246°.

Anal. Calcd. for C17H14O2N4: N, 18.29. Found: N, 
18.48.

/3-Naphthaleneazo-5'-(3,2 '-nicotyrine).—The amount of 
/3-naphthylamine used was 2.86 g. (0.020 mole). The 
product crystallized from alcohol as red plates and weighed
5.2 g. (83%). After two recrystallizations, the crystals 
melted sharply at 148°.

Anal. Calcd. for C20Hi6N4: N, 17.94. Found: N,
17.90.

5'-Amino-3,2'-nicotyrine (IV).—The reduction of so­
dium 5'-(3,2'-nicotyrine)-azo-p-benzenesulfonate was car­
ried out according to the method of Smith, Opie, Waw- 
zonek and Prichard.13 Twenty grams (0.055 mole) of the 
azo compound was dissolved in 200 cc. of 20% hydrochloric 
acid and warmed on a steam-cone. To this was added a 
solution of 24 g. (0.127 mole) of stannous chloride in 30 cc. 
of concentrated hydrochloric acid. The mixture was 
stirred and within one minute became light tan in color. 
After three minutes it was poured into a cooled solution of 
100 g. of sodium hydroxide in 100 cc. of water and this 
mixture was further cooled. The alkaline mixture was ex­
tracted with eight 50-cc. portions of ether and the extract 
dried with solid potassium hydroxide. The ether was then 
removed and the black oil remaining was distilled at 166- 
167° (3 mm.). The light yellow distillate (4.4 g.; 46.2%) 
crystallized in the receiver with the evolution of much heat 
of crystallization, m. p. 86-87°. It was a light yellow solid 
which darkened on exposure, and was soluble (with decom­
position when heated) in water, alcohol, chloroform and 
ether. It was insoluble in benzene.

Anal. Calcd. for Ci0HhN3: N, 24.28. Found: N.
24.30.

A golden-yellow picrate of 5'-nicotyrineamine was 
formed by the method of Shriner and Fuson,14 with the 
exception that the solutions were not heated. It melted 
with decomposition at 173-174°.

Anal. Calcd. for C22H17N9Oi4: C, 41.84; H, 2.71; N,
19.97. Found: C, 42.21; H, 2.85; N, 19.89.

Azonicotyrine Dyes as Insect-Proofing Agents.—Four of 
the azo dyes prepared from 3,2'-nicotyrine were used for 
testing and the procedure with each was the same. Five- 
tenths of a gram of the dye was dissolved in 10 cc. of acetic 
acid and 25 cc. of warm water. To this solution was added 
5 g. of sodium sulfate and 0.5 cc. of concentrated sulfuric 
acid and the combined solution was heated to 60°. A 1 X
3-inch strip of white wool cloth was then immersed in the 
dye solution and heated for one hour on a steam-bath. 
The cloth was then removed and rinsed with cold water.

The dyed strips were washed in boiling water and also in 
hot soapy water with no loss in color.

The wool strips, along with an undyed sample, were 
weighed and placed in separate cages, each containing ten 
larvae of the black beetle. After sixty-two days the 
samples were again weighed to determine the loss in weight

(13) Sm ith , Opie, W aw zonek and  P richard , J . Org. Chem., 4, 318 
(1939).

(14) Shriner an d  Fuson, “ T he System atic  Iden tifica tion  of O r­
ganic C om pounds,” John  W iley and Sons, Inc ., N ew  Y ork, N. Y ., 
second edition, 1940, p. 149,
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due to attack by the larvae, and the number of larvae still 
alive was also recorded, as shown in Table I.

Table I
Action of Black Carpet B eetle Larvae on D yed Wool

Samples

D ye
Color of 

clo th

M g. loss in 
w t. p e r 200 
mg. clo th

%
L arvae 

still alive

III, R = £-C6H4S03Na Light yellow 2 1 . 2 80
III, R = £-C6H4N 02 Brown 18.4 100
III, R = £-C6H4C02H Tan 14.2 60
III, R = /3-CioH7 Golden-yellow 1 2 .2 40
Untreated sample White 67.0 100

Summary
1. A convenient method, for the preparation 

of 3,2'-nicotyrine from nicotine by means of pal­
ladium-on-asbestos catalyst is described.

2. 3,2'-Nicotyrine couples readily with di­
azonium salts to form azo dyes which show ac­
tivity as insect-proofing agents.

3. Sodium 5 ( 3 ,2 '-nicotyrine)-azo~£-benzene- 
sulfonate has been reduced to 5'-amino-3,2'-nico­
tyrine.
Urbana, Illinois R eceived August 21, 1942

[Contribution from the Wood Conversion Laboratory of the University of Idaho]

The Constitution of Arabo-galactan. IV. The Structure of the Repeating Unit
B y E. V. W hite

In the previous papers of this seriesla,b,c it has 
been shown that the water-soluble gum extracted 
from western larch, L a rix  occidentalis, yields the 
glycosides of 2,4-dime thyl-d-galactose (3 parts),
2,3,4-trimethyl-d-galactose (1 part), 2,3,4,6-tetra- 
methyl-d-galactose ( 2  parts), and 2,3,5-tri- 
methyl-Z-arabinose ( 1  part) upon methanolysis of 
the methyl ether derivative13) . The furanopen- 
tose unit is joined by oxygen linkage through the 
reducing carbon to the 6 -position of an adjacent 
galactose residue as an arabofuranosido-galactan 
Ilc and this, together with the separation of 
two crystalline disaccharides, heptamethyl-6 -d-

H MeO
(1) (a) W h ite, T h is  J o u r n a l , 63, 2871 (1941); (b) 64, 302 (1942);

(c) 64, 1507 (1942).

galactosidogalactose II and octamethyl-6 -d-galac- 
tosidogalactose III from the partial methanolysis

CH2OMe

products of methylated arabogalactanlb estab­
lishes the position of linkage of the terminal 
units of the polysaccharide. It is also apparent, 
since two of the three 2,4-dimethyl-methyl- 
galactoside residues found in the complete metha­
nolysis products are united through position 6  

to terminal units in I and II, that these residues 
are joined by 1-3 linkage to dimethyl substituted 
units in the original methyl ether.

In the event that the third dimethylated resi­
due is joined in a similar manner the repeating unit 
structure IV would be suggested wherein each unit 
of the 1-3 linked main chain galactose anhydrides 
is substituted in position 6  by the radicals R, 
respectively, /-arabinose, d-galactose, and 6 -d- 
galactosidogalactose. However, if the above third 
residue is not part of the main chain but is located 
rather in a side-chain the radicals R become of 
polysaccharide character and the nature of the 
main chain linkage is open to question.

Preliminary experiments, reported in Part II, 
showed that some of the galactose residues oc-
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curring as 2,4-dimethyl-methyl-galactoside in the 
methanolysis products of arabo-galactan methyl 
ether were evidently united with each other 
through 1 - 3  linkage while others were joined 
apparently through the first and sixth positions. 
This evidence strongly suggested the more com-

R-—0 —CH2

plicated structure and an extension of the prob­
lem has substantiated previous indications.

The methyl ether derivative of arabo-galactan 
was prepared by the previously described methodlb 
and subjected to partial methanolysis using an­
hydrous methanolic hydrogen chloride. The hy­
drolyzing solution contained a slightly higher con­
centration of hydrochloric acid than was used 
formerly, and a similar partition of the hydroly­
zate was obtained as petroleum ether-soluble 
and -insoluble fractions. The latter product was 
separated into two components by extraction with 
ethyl ether. The ether-soluble portion represented 
approximately a methylated arabo-galactan freed 
from the arabinose component by hydrolysis. 
The ether-insoluble fraction was found to consist 
of dimethyl galactose anhydride residues to­
gether with a small portion of terminal tetra­
methyl galactose.

A theoretical analysis of the ether insoluble 
fraction, regardless of homogeneity, reveals that 
the dimethyl galactose residues can be united by 
oxygen linkage (a) at the 1 , 3 , and 6  positions, (b) 
at the 1  and 3 positions, a hydroxyl group occupy­
ing position 6 , (c) at the 1  and 6  positions with 
free hydroxyl at position 3, and (d) at the 1 posi­
tion only, both positions 3 and 6  being hydroxyl- 
ated. A differentiation among this variety of 
linkage was furnished upon complete methyla­
tion of the fraction followed by methanolysis and

HO

analytical separation of the monosaccharide com­
ponents. Thus, the remaining dimethyl galacto­
side component indicated that part of the original 
fraction linked 1, 3, and 6  (a). The trimethyl 
derivative described the portion of the original 
noted under (b) and (c), while the tetramethyl 
component, less that present in the original, 
allocated the proportion of dimethyl galactan 
hydroxylated at the 3 and 6  positions, respec­
tively (d). A separation of the trimethyl galac­
toside fraction into its 2,4,6- and 2,3,4-trimethyl 
components furnished the ratio of 1-3 linked di­
methyl galactose residues (b) to that of the 1 - 6  

linked variety (c). On a molecular basis the de­
crease in dimethyl galactose anhydride resulting 
from etherification and, correspondingly, the sum 
of the tri- and corrected tetramethyl units de­
scribed the over-all effect of methylation.

As a result of these experiments it was found 
that only a small proportion of the dimethyl 
galactose anhydride units present in the ether- 
insoluble products of partial methanolysis are 
united with each other through 1 - 3  oxygen link­
age. The 1-6 linked variety, on the other hand, 
is relatively common and far in excess of that 
possibly due to the unknown character of linkage 
of the small tetramethylgalactose component of the 
fraction. Thus, since two of the three dimethyl 
galactose residues are known to be joined by 
1-3 linkage to similar anhydrides, the conclusion 
is reached that the third dimethylated unit of the 
complete methanolysis products is joined in the 
original ether to other dimethyl substituted resi­
dues by 1-6 linkage. Apparently hydrolysis of 
arabo-galactan proceeds with removal of the labile 
furanopentose residue concomitant with galac­
tan fission wherein the 1-3 linkage is somewhat 
more readily hydrolyzed than the 1 - 6  variety.



2 8 4 0 E. V. White Vol. 6 4

The rates of hydrolysis of the 3- and 6 -galactosido- 
galactoses have not been evaluated for either the 
alpha- or beta-configurations, although the beta- 
methyl galactosides are known to hydrolyze more 
rapidly than the corresponding alpha-modifica­

tions. 2 During methanolysis 
of the methyl derivative there 
is progressively formed in the 
hydrolyzate 2,3,5-trimethyl- 
methylarabinoside, octa- 
methyl- and heptamethyl-6 - 
d-galactosidogalactose and ap­
parently a chain of 1 - 6  linked 
dimethyl galactose residues to­
gether with other intermediate 
products eventually leading to 
the previously described com­
ponents of complete hydroly- 
sis.la The process is not in 
any sense stepwise in character 
but is controlled rather by the 
relative rates of hydrolysis of 
the variety of linkage involved.

The repeating unit of arabo- 
galactan, which has been 
shown to comprise an associa­
tion of six galactose residues 
with one unit of arabinose3 

must provide for the inter­
mediate formation of the 
above products during meth­
anolysis and must furnish 
upon complete reaction the 
glycosides of 2 ,4-dimethyl-^- 
galactose, 2,3,4-trimethyl-<2- 
galactose, 2,3,4,6-tetramethyl- 
d-galactose and 2,3,5-tri- 
methyl-/-arabinose in 3: 1 :2 : 1  

molecular ratio. The difficul­
ties involved in the investiga­
tion and correct representa­
tion of the complex poly­
saccharides are well known 
although in the present in­
stance the evidence strongly 
supports a main chain struc­
ture of 1 - 6  linked galactose 
anhydride units as proposed 
by Hirst and co-workers. 4 

Each unit of the primary 
chain is apparently substi­
tuted in position 3 by a secon­

dary chain of three 1-3 linked galactose residues 
each in turn substituted at the 6  position by termi-

(2) Isbell and  F rush , J . Research N atl. Bur. Standards, 24, 125 
(1940).

(3) W ise and  Peterson , In d . Eng. Chem., 22, 362 (1930).
(4) H irst, Jones and  C am pbell, Nature, 147, 25 (1941).
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nal units. The latter are, respectively, d-galactose 
and the radicals R, d-galactose and /-arabinose, 
whose relative position is, of course, not known. 
The tentative structure proposed for the repeat­
ing unit is represented as the methyl ether deriva­
tive V and illustrates the highly branched struc­
ture of the polysaccharide. In all phases of the 
problem thus far investigated no evidence has been 
obtained relative to heterogeneity of the repeat­
ing unit. However, the number of such units 
comprising arabogalactan is not known and, in 
common with many natural polymers, the poly­
saccharide may prove to be polymolecular in this 
respect. On the basis of viscosity studies Huse- 
mann5 limits the chain length between 180 and 
280 monosaccharide units.

Experimental
Preparation of Methylated Arabo-galactan.—Larch saw­

dust was extracted with the minimum quantity of water 
and the extract purified, after filtering through norite and 
Super-Cel, by fractional precipitation using ethyl alcohol.la 
The precipitate was then dissolved in water, evaporated at 
50° under reduced pressure to remove residual alcohol, and 
methylated at 25° under nitrogen using dimethyl sulfate 
and 30% sodium hydroxide. After complete methylation 
the derivative was separated from the inorganic reaction 
products with chloroform. The chloroform extract, dried 
over magnesium sulfate and filtered, was evaporated to a 
sirup and extracted with petroleum ether. The residue, 
taken up in ethyl ether, filtered and evaporated to a sirup, 
was finally obtained as a light-yellow friable, glassy solid 
upon removal of residual solvent under reduced pressure; 
(Found: MeO, 44.4. Calcd. for (CeHioOsMCsHgCh)- 
(CHa ô: MeO, 44.8). This procedure has been refined so 
that a relatively large quantity of uniform product can be 
prepared without difficulty.

Partial Methanolysis of Arabo-galactan Methyl Ether.—
Ninety grams of methylated arabo-galactan was dissolved 
in anhydrous methyl alcohol and methanolic hydrogen 
chloride added together with fresh alcohol such that the 
total volume was 900 cc., 0.140 N  in hydrochloric acid. 
The reacting solution was heated under reflux on a water- 
bath for twelve hours and cooled to room temperature. 
Excess acidity (0.076 N ) was neutralized with silver car­
bonate and the solution treated with norite, filtered and 
evaporated to a sirup; yield, 93 g.

Separation and Analysis of the Products of Partial 
Methanolysis.—The sirup (93 g.) obtained upon partial 
methanolysis of methylated arabo-galactan was extracted 
thoroughly with hot ligroin. After removal of solvent by 
evaporation, the extract (26.0 g.) was distilled fractionally 
under high vacuum (0.2 mm.) yielding the portions given 
in Table I.

The products of Table I have been characterized previ­
ously and were not investigated further.

The residue remaining after removal of the ligroin- 
soluble components was extracted with ethyl ether. Upon

(£>) Husgmatm, J , prakt. C h e p i 155, 13 (1940),

T a b l e  I

F r a c t i o n a t io n  o f  L i g r o i n -S o l u b l e  E x t r a c t

F rac tion T em p., °C. Yield, g. M eO, %

1 70- 90 16.15 60.5
2 90-180 3.15 51.1
3 180-200 3.20 53.1
4 200-250 1.00 48.9

Residue 2.10 44.4

removal of solvent the extract gave a sirup (54.2 g.). A 
sample of the latter in chloroform solution was precipitated 
into petroleum ether, dried, and analyzed; (Found: MeO, 
42.0. Calcd. for methylated arabo-galactan arabinose- 
free MeO, 42.6). A second sample (17.0 g.) was subjected 
to complete methanolysis with methanolic hydrogen chlo­
ride. The product was isolated in the usual manner, dis­
tilled fractionally, and analyzed for monosaccharide com­
ponents. The results are given in Table II.

T a b l e  II
A n a l y s is  o f  M e t h a n o l y s i s  P r o d u c t s  f r o m  E t h e r -

S o l u b l e  E x t r a c t

F rac tion
T em p.,°c. Yield,

g- M eO “ T e tra ’ ’ “ T r i” “ D i”

1 80- 90 5.30 61.2 5.30
2 90-105 1.15 54.7 0.27 0.88
3 105-120 4.70 47.8 2.62 2.08
4 120-140 7.35 41.8 7.35

Total grams 5.57 3.50 9.43
Molar ratio found 1.70 1.12 3.20
Molar ratio calcd. 2.00 1.00 3.00

The ether-soluble component of the methanolysis sirup 
thus appears to be a methylated arabo-galactan freed from 
the arabinose component by hydrolysis and having simul­
taneously undergone a small amount of terminal galactose 
fission. The fraction is obviously non-homogeneous.

The final residue remaining after extraction of the 
methanolysis sirup with ligroin and ethyl ether was taken 
up in chloroform, filtered from a small amount of inorganic 
material, and washed thoroughly by dropping the solution 
into an excess of rapidly stirred ether. The residue, taken 
up in acetone, was obtained as a light-yellow, friable, glassy 
solid upon evaporation of excess solvent under reduced 
pressure; yield, 13 g. (Found: MeO, 34.7). A sample 
(3.2 g.) subjected to complete methanolysis in the usual 
manner gave a sirup; yield, 3.64 g. (Found: MeO, 45.0). 
Fractional distillation of the sirup gave only tetramethyl- 
methyl-galactoside, 13.9 molar per cent., and 2,4-dimethyl- 
methyl-galactoside, 86.1 molar per cent.

Methylation and Alcoholysis of the Ether-Insoluble Resi­
due.—The remainder of the ether-insoluble residue (9.0 g.) 
dissolved in 25 cc. of acetone was methylated at 30° under 
nitrogen using 50 cc. of methyl sulfate and 150 cc. of 30% 
sodium hydroxide for each methylation. The reagents 
were added dropwise and simultaneously over a period of 
three hours and the methylation was complete after three 
such treatments. The product was separated from the 
reaction mixture with chloroform, purified and isolated as 
a friable solid by the procedure described for the methyla­
tion of arabo-galactan; yield, 8.0 g. (Found: MeO, 44.8).

The methylated product was subjected to methanolysis 
in a sealed tube using 2% methanolic hydrogen chloride at
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105° for five hours. The reaction products were separated 
in the usual manner and distilled fractionally under high 
vacuum (0.2 mm.). The results are given in Table III.

T able III
Analysis of M ethanolysis Products from the Ether- 

Insoluble R esidue after M ethylation
T em p.,

F rac tio n  °C.
Yield,

g. M eO “ T e tra ” “ T r i” “ D i”

1 80- 90 3.50 61.5 3.50
2 90-105 1.25 52.9 0.05 1.20
3 105-115 1.60 46.5 0.94 0.56
4 115-130 1.85 41.9 1.85

Total grams 3.55 2.14 2.41
Molar per cent. 41.5 26.5 31.8

Analysis of Trimethyl-methyl-galactoside Sirup and 
Identification of the Components.—The combined inter­
mediate fractions (2.85 g.) from the above distillation were 
dissolved in 25 cc. of N  sulfuric acid and heated on a boiling 
water-bath for twelve hours. The hydrolysis product was 
separated in the usual manner, extracted with chloroform, 
and fractionally distilled under high vacuum. The tri­
methyl-galactose portion, 1.60 g. (Found: MeO, 41.8), was 
dissolved in 10 cc. of pyridine and treated with 2.1 g. of 
trityl chloride. After two days at room temperature a 
small quantity of water was added to dissolve pyridine 
hydrochloride and the reaction poured into rapidly stirred 
ice water. Following two days in the ice box and occa­
sional stirring, the floccuient precipitate was removed by 
filtration, washed with ice water, and dissolved in acetone. 
After drying and removal of solvent, a sirup was obtained 
from which triphenylcarbinol crystallized slowly in the 
presence of acetone. The non-crystallizable residue, Frac­
tion I, (2.09 g.) comprising triphenylcarbinol and the tri- 
tylated galactose derivative, upon treatment with aniline 
(0.75 g.) in the usual manner gave the anilide of 2,3,4- 
trimethyl-6-trityl galactose after removal of solvent; m. p. 
152°, recrystallized from ethyl alcohol. By calculation 
on the basis of yield and methoxyl content the 2,3,4-tri­
methyl-galactose equivalent of Fraction I was determined.

The filtrate from the tritylation reaction was neutralized 
with silver carbonate and filtered. Silver ion was removed 
as sulfide and the filtered solution, after treatment with 
norite, evaporated to dryness. The sirup was taken up in 
chloroform, filtered, and excess solvent evaporated yield­
ing Fraction II (0.45 g.). Upon treatment with aniline 
in the usual manner Fraction II gave the crystalline anilide 
of 2,4,6-trimethyl-galactose; m. p. 178°, recrystallized 
from ether-ethanol.

The results of the separation are given in Table IV.
T able IV

Analysis of Trimethyl-methyl-galactoside Sirup

F rac tion  Y ield

I 2.90
II 0.45

2,3 ,4 -T rim ethy l- 2 ,4 ,6-T rim ethyl- 
M eO  galactose, g. galactose, g.

15.6 1.08
41.8 0.45

Per cent. 70.6 29.4
Summary

1. Partial hydrolysis of arabo-galactan methyl 
ether yields a variety of fission fragments includ­
ing 2,3,5-trimethyl - methyl - 1 - arabinoside, octa- 
methyl-and heptamethyl-6 -d-galactosidogalactose, 
and a residue comprising mainly 2,4-dimethyl 
galactose anhydride units.

2. The individual dimethylated residues are 
shown to be united with each other through the 
first position, through the first and third positions, 
through the first and sixth positions, and through 
the first, third, and sixth positions, respectively.

3. The proportion of 2,4-dimethyl galactose 
anhydride linked through the first and sixth posi­
tions is considerably in excess of that joined at 
the first and third positions.

4. A tentative structure is presented to repre­
sent the repeating unit of arabo-galactan.
Moscow, Idaho R eceived August 3, 1942

[Contribution from the D epartment of Chemistry of the University of R ochester]

Attempted Asymmetric Syntheses Involving the Grignard Reagent in Optically Active
Solvents

By D. S. T arbell  and M ark  C. P aulson

In a recent article, it was reported1 that the 
Grignard reaction between methylmagnesium 
iodide and benzaldehyde in dimethylbornylamine 
as solvent gave optically active methylphenyl- 
carbinol. The same result was obtained using 
phenylmagnesium bromide and acetaldehyde. 
This reaction interested us as an example of a new 
type of asymmetric synthesis, 2 and it suggested

(1) B e tti and  Lucchi, B oll. sci.facoltb  chim. ind. Bologna, No. 1-2, 
2 (1940) (C. A .,  34, 2354 (1940)).

(2) C f. R itch ie, “ A sym m etric  Synthesis an d  A sym m etric In d u c ­
tio n ,” Oxford U niversity  Press, London, 1933.

the possibility of obtaining optically active second­
ary and tertiary alcohols by a synthetic method. 
We have been unable, however, to obtain optically 
active carbinols by this reaction under a variety 
of conditions, using dimethylbornylamine, d -  
methyl s-butyl ether, or methyl menthyl ether as 
solvent for the Grignard reagent.

Attempts to duplicate the preparation of 
methylmagnesium iodide using dimethylbornyl­
amine as a solvent, as reported by Betti and 
Lucchi, 1 failed. In all cases the quaternary am­
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monium salt precipitated almost immediately and 
the magnesium remained unattacked even after 
days of standing in the reaction mixture.3 When 
methylmagnesium iodide was prepared in ethyl 
ether, the displaceable ether removed by heating 
with benzene, and dimethylbornylamine and benz­
aldehyde added, a poor yield of inactive methyl- 
phenylcarbinol was produced. A similar run, 
(one-tenth mole) in which benzene was omitted 
and the ether was removed by a water pump, 
yielded 4 g. of inactive carbinol and 1.4 g. of a 
heavy straw-colored oil, b. p. 200-210° (20 mm.), 
m. p. 60-62° after solidification. The oil gave an 
observed reading of +0.75° at 25° in a polar­
imeter (0.44 g. diluted to 10 cc. with ethyl alco­
hol, 1-dm. tube). Later experiments revealed 
oxidation and reduction occurring in Grignard 
runs in the absence of ether and led to the identi­
fication of this substance as benzalacetophenone, 
which was doubtless formed by condensation of 
acetophenone (from the oxidation of methyl- 
phenylcarbinol) and benzaldehyde. The rotation 
of the benzalacetophenone is undoubtedly due to 
the by-product described in the following para­
graph.

In some runs, the methylphenylcarbinol ob­
tained showed a slight positive rotation. That 
this was due to an optically active by-product 
from the dimethylbornylamine was shown by 
blank runs carried out as before, except that the 
benzaldehyde was omitted; a neutral substance, 
an amorphous, soft, white solid with a marked 
terpene-like odor, m. p. ca. 110-120°, was isolated. 
The small quantity obtained from a one-tenth 
molar blank run produced a reading of +2.39° 
(diluted to 10 cc. with ether, 1-dm. tube). The 
amount isolated was so small that identification 
was not attempted.

Phenylmagnesium bromide was successfully 
prepared by heating a flask containing magnesium 
turnings, dimethylbornylamine and bromoben­
zene in an oil-bath at 130-140° for four hours, as 
described by Betti and Lucchi.1 This was treated 
with paraldehyde and heated to 110-120° for one 
hour; fair yields of methylphenylcarbinol (45- 
60%) were obtained. Optical activity was not 
consistently produced; in some runs a positive 
rotation (as high as +0.26°, 4 g. dil. to 10 cc. with 
50-50 alcohol-benzene, 1-dm. tube), in others, no 
rotation was observed. Since careful purification

(3) This agrees w ith  th e  observations of S tadnikoff and  W eizmann, 
J . Prakt. Chem., 112, 177 (1926), who a ttem p ted  to  prepare  Grignard 
reagents in  d im ethy lan iline  so lution.

of the product appeared to eliminate the activity, 
it is believed that the by-product above caused 
the rotation.

A much more straight-forward reaction was ob­
tained when ^-methyl s-butyl ether (which does 
not seem to have been reported in the active 
form previously) was used as the solvent for the 
Grignard reaction. Completely inactive methyl­
phenylcarbinol was obtained in 60-68% yield, 
using either methylmagnesium iodide or phenyl­
magnesium bromide with the proper aldehyde. 
The product in each case was checked by prepa­
ration of the 3,5-dinitrobenzoate, m. p. 90°, and 
mixed melting point of this derivative with that 
of an authentic sample.

It seemed desirable to try another optically 
active ether with a higher rotation than the s- 
butyl ether, and methyl menthyl ether, [ a ] 25D 

— 95.6°, was prepared and studied. In this con­
nection, it is interesting to note that Wegler and 
Ruber4 found that in the preferential esterification 
of d ,/-methylphenylcarbinol by acetic anhydride 
in the presence of optically active bases, the ac­
tivity of the ester mixture varied greatly with the 
base used.

Methyl menthyl ether proved to be an unsuit­
able solvent for the Grignard reaction. When 
magnesium was treated with methyl or ethyl 
iodide in this ether, the magnesium quickly be­
came coated with an insoluble white material 
which prevented further reaction. The coating 
formed by ethyl iodide gave a positive Gilman 
Grignard color test with Michler ketone. The 
Grignard reagents were better prepared in diethyl 
ether, which was then removed in  vacuo in a nitro­
gen atmosphere with a capillary to prevent bump­
ing. When most of the ether had been removed, 
methyl menthyl ether was added (75 to 100 cc. 
for tenth-molar runs) and the vacuum (water 
pump) again applied for several hours. Usually 
after the first half-hour, the entire contents of the 
flask solidified to a white solid. This was probably 
the Grignard etherate involving the optically ac­
tive ether. Methylmagnesium iodide prepared 
in this manner reacted with 77-butyraldehyde to 
produce, instead of the expected s-amyl alcohol, 
n-butyl alcohol and methyl 77-propyl ketone. The 
alcohol was identified by preparation of its 3,5- 
dinitrobenzoate and a mixed melting point with 
the corresponding derivative of an authentic 
sample; the ketone in like fashion through its

(4) W egler and  R uber, Ber., 68 , 1055 (1935).
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2,4-dinitrophenylliydrazone. The 77-butyralde- 
hyde is evidently reduced by the magnesium halide 
alkoxide of s-arnyl alcohol which is formed by 
primary addition of the Grignard.

The failure to get an asymmetric synthesis in 
the reaction with d-methyl s-butyl ether, at least, 
is rather surprising. A possible explanation is 
that the organomagnesium compound is co­
ordinated with two molecules of the ether in such 
a way that the complex has a plane of symmetry.5

Preparation of Materials
Bornylamine (a mixture of the diastereoisomers, bornyl- 

amine and neobornylamine, hereafter referred to as the 
former) was prepared from d-camphor in 83% yield (crude) 
using Ingersoll’s modification6 of the Leuckart method. 
The crude product was used in the preparation of dimethyl­
bornylamine, since the latter product is much easier to 
purify.

Dimethylbornylamine was prepared by adding dimethyl 
sulfate to a vigorously stirred mixture of the crude bornyl­
amine, aqueous sodium hydroxide and benzene. A 
Schotten-Baumann reaction employing benzoyl chloride 
effectively separated the mixture of secondary and ter­
tiary amines; the organic material was isolated in ether 
and the tertiary amine extracted from the benzamide by 
dilute hydrochloric acid; yield 44.5% (purified amine); 
b. p. 92° (13 mm.). Rotation, a  —1.01° (0.525 g. dil. to 
25 cc. with dry benzene, 1-dm. tube), [a :]24D —48.1°. No 
gas was evolved when this product was treated with methyl­
magnesium iodide.

Hydrolysis of the N-methyl-N-bornylbenzamide proved 
too difficult to make the recovery of the secondary amine 
practicable.

Optically Active Methyl 5-Butyl Ether.—5-Butyl alcohol 
was partially resolved by the method of Pickard and Ken­
yon,7 using the modification of Sprung and Wallis and of 
Viditz.8 The ether9 was prepared by the Williamson syn­

(5) C f. W hitm ore and  George, ab strac ts  of papers presented a t 
A tlan tic  C ity , vSeptember, 1941.

(6) Ingersoll, Browns, B eaucham p and  Jennings, This Journal, 
58, 1808 (1936); L eu ck art and  Bach, Ber., 20, 104 (1887).

(7) P ickard  and  K enyon, J . Chem. Soc., 99, 45 (1911); 103, 1923 
(1913).

(8) Sprung and  W allis, This Journal, 56, 1715 (1934); Viditz, 
Biochem. Z ., 259, 294 (1933).

(9) This com pound was prepared  in th e  inac tive  form  by B ennett,
J . Chem. Soc., 1930 (1928).

thesis, treating the alkoxide (prepared from 42 g. of 5-butyl 
alcohol and 8 g. of sodium) with 52 g. of methyl iodide; 
yield, 83%, b. p. 59-60°, alcohol of rotation a n +7.5° 
(^homogeneous, 1-dm. tube) produced an ether of a n  
+  12.19° (homogeneous, 1-dm. tube).

Methyl Menthyl Ether.—Sodium (24 g.) was added in 
approximately 1-g. portions to 172 g. of /-menthol dissolved 
in 175 cc. of dry toluene. The mixture was heated on a 
steam-bath for twenty-seven hours. At the end of this 
time, 4.1 g. of unreacted sodium was removed from the 
flask. The solution was cooled and 128 g. of methyl iodide 
was added dropwise. After the initial reaction had sub­
sided the flask was warmed in an oil-bath at 75° for four 
hours. Most of the toluene was then removed under 
diminished pressure; the residue of sodium iodide was 
filtered off and was washed with ether to remove any reac­
tion product. The product was fractionated twice under 
diminished pressure. Thirty-seven grams of menthol was 
recovered from the first fractionation. The second frac­
tionation was carried out in the presence of a few small 
pieces of sodium to aid in removal of traces of menthol; 
yield, 109.5 g. (74%); b. p. 83° (12 mm.); b. p. 197° 
(uncor. 736.5 mm.); n23d  1.4427; j a ] 25D —95.6°; d2525 
0.8584; homogeneous rotation, —82.06°, 1-dm. tube. 
Anal.10 Calcd. for C n H 2 20 : C, 77.56; H ,  13.03. Found: 
C, 77.56; H ,  12.91.

Summary

1. Methylphenylcarbinol prepared by the 
Grignard reaction in optically active methyl s- 
butyl ether is optically inactive. The carbinol 
prepared in dimethylbornylamine is also inactive, 
although a neutral optically active impurity is 
formed in the reaction.

2. Methyl menthyl ether is not a suitable sol­
vent for the Grignard reaction; 77-butyl alcohol 
and methyl 77-propyl ketone were obtained when 
methylmagnesium iodide was treated with 77- 
butyraldehyde.
R o c h e s t e r , N e w  Y o r k  R e c e i v e d  A u g u s t  10, 1942

(10) Analysis by  R . W . K ing. Tschugaeff, J . R uss. Phys.-Chem. 
Ges., 34, 606 (1902); Chem. Zentr., 73, I I ,  1238 (1902), reported  
dm4 0.8607 and [<*]d —95.67°, b u t gave no o ther constan ts .
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[C o n t r i b u t io n  N o . 273 f r o m  t h e  R e s e a r c h  L a b o r a t o r y  o f  O r g a n ic  C h e m i s t r y , M a s s a c h u s e t t s  I n s t i t u t e  o f
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Fluorenones and Diphenic Acids. IX.1 Establishment of Authentic 1-Bromo- and
4-Bromofluorenones

By Ernest H. Huntress, Karl Pfister, 3rd,2 a n d  K. H. T. Pfister

Of the four isomeric monobromofluorenones 
predicted by the structure theory, the 2-bromo- 
fluorenone3 and 3-bromofluorenone3b>4 have been 
well established. Data regarding the other two 
isomers, however, are inadequate for l-bromofluo- 
renone and contradictory for the 4-bromofluore- 
none. The present paper confirms and expands our 
knowledge of the first, and resolves the prior con­
tradictions for the second.

Previous to this work, 1-bromofluorenone had 
been reported only once.4a It had been obtained by 
dehydrobromination of 2,6-dibromobenzophenone 
under conditions so drastic (heating at its boiling 
point for several days) as to leave some doubt as to 
the ultimate location of the residual bromine atom, 
particularly in view of previously unsuccessful at­
tempts in this Laboratory to repeat this method of 
preparation and of the alleged existence of two
4-bromofluorenones discussed later in this paper.

We have, therefore, prepared authentic 1- 
bromofluorenone by an independent sequence of 
conventional reactions not involving drastic con­
ditions. This sequence is diagrammed as follows

i—COOH r-CO-Cl

The properties of the resultant 1-bromofluorenone 
are in excellent agreement with those described 
for the original method4a and this result pro­
vides for the first time not only convincing evi­
dence of the stability of the bromoketone toward 
heat but also a much improved method of prepa­
ration.

The structure of our product is supported not 
only by analysis, but also by conversion of its 
precursor (1-aminofluorenone) to 1-cyanofluore- 
none and thence to fluorenone-1-carboxylic acid 
whose structure has already been definitely estab­
lished.5

Two distinctly different compounds both 
claimed to be 4-bromofluorenones are recorded. 
The higher melting compound was reported45,0 as 
the product of three independent processes. The 
lower melting substance was independently ob­
tained6 by a fourth method. Despite the marked 
difference of their product from that originally 
described by Miller and Bachman4b,c these au­
thors made no reference in their paper to any of 
the preceding work.

We have prepared 4-bromofluorenone by a dif­
ferent series of reactions as follows

o
C—O c=o

COOH

I II III
-c o n h 2 r NH2 r -  Br HOOG HOOG

c = o

c=o c=o 0 = 0 VII VIII

_______IV__ V VI
(1 ) F o r A rticle V III  o f  th is  series see H untress a n d  Seikel, T h is  

J o u r n a l , 61, 1358-1364 (1939).
(2) T h is  p ap e r is in  p a r t  constructed  from  a  thesis subm itted  in 

M ay , 1940, b y  K . P fiste r to  th e  F a c u lty  of th e  M assachusetts  In ­
stitu te  of T echnology in  p a rtia l fulfillm ent of th e  requ irem ents for 
the  degree of B achelor of Science.

(3) (a) C o u rto t, A n n . chim ., [lO] 14, 59-62 (1930); (b) H eilbron, 
H ey an d  W ilkinson, J .  Chem. Soc., 113 (1938).

(4) (a) M o n tagne  and  van  C haran te , Rec. trav. chim., 32, 164—173 
(1913) ; (b ) M iller an d  G. B. B achm an, T h i s  J o u r n a l , 67, 2443- 
2446 (1935); (c) 67, 2447-2450 (1935).

O
II

Cl-G

c=o o
II

HaN-C,

0=0

IX X

(5) (a) M ayer an d  F re itag , Ber., 54, 347 (1921); (b) Sieglitz,
ibid., 57, 316 (1924); (c) von B raun  and A nton, ibid., 62, 145
(1929).

(6) France, H eilbron and  H ey, J . Chem. Soc., 1364 (1938).
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c=o

XII
By this sequence the position of the bromine in 
the ultimate ketone is unequivocally established 
since there can be no ambiguity regarding the 
structure of fluorenone-4-carboxylic acid (VIII). 
The melting point of our 4-bromofluorenone so 
prepared proved to be in accord with that ob­
served by France, Heilbron and Hey6 and con­
firms the identity of their product. Since the 
numerical magnitude of this melting point is not 
very different from that of 1-bromofluorenone we 
have also shown that the melting point of a mix­
ture of authentic 1-bromofluorenone with authen­
tic 4-bromofluorenone is substantially depressed.

The results described above left seriously in 
doubt the identity of the bromofluorenone origi­
nally reported by Miller and Bachman as the 4- 
bromo isomer. We have, therefore, attempted to 
repeat their three syntheses. We were unable, how­
ever, to duplicate their results by the method start­
ing with methyl ö-iodobenzoate and made several 
unsuccessful efforts to employ their oxidation40 of 
supposed 4-bromofluorene from the mercuration of 
fluorene. Extensive experimentation with their 
method from 3-bromophthalic anhydride, how­
ever, led to the discovery that it yielded to us 
1-bromofluorenone identical with our authentic 
material described above and definitely depressing 
the melting point of the true 4-bromofluorenone.

The error into which the American workers fell 
in this last case is attributable to their acceptance 
without further corroboration of the structure as­
signed by Stephens7 to an acid resulting from the 
interaction of 3-bromophthalic anhydride with 
benzene in the presence of aluminum chloride.

From its method of preparation Stephens’ acid 
could have had only one or the other of two struc­
tures (XIII or XIV).

Upon what now seems like extremely meager evi­
dence Stephens assigned to his product structure 
XIII. This evidence consisted of the observation 
that when his product was subjected to fusion 
with potassium hydroxide benzoic acid and o- 
bromobenzoic acid were isolated. Stephens ap­
pears not to have considered the possibility that 
both of these products might equally well have 
resulted from structure XIV by loss of carbon 
dioxide and fission of the resultant 0-bromobenzo- 
phenone in both possible senses.

We have prepared Stephens’ acid and carried it 
through the Miller and Bachman series of reac­
tions to the resultant bromofluorenone. Contrary

to the results of Miller and Bachman this turned 
out to be 1-bromofluorenone identical with the 
authentic product prepared by us by a series of re­
actions starting with fluoranthene. This work 
thus serves not only to correct the errors of Miller 
and Bachman, but also establishes the structure 
of Stephens’ acid and represents a third and inde­
pendent preparation of 1-bromofluorenone.

Experimental Work
The melting points reported below were taken with a 

360° rod form melting point thermometer by the Berl- 
Kullmann copper block method and are uncorrected.

Fluorenone-1-carboxylic Acid (II).—Pure fluoranthene 
(m. p. 109-110°) was oxidized to fluorenone-1-carboxylic 
acid substantially according to the directions of Fieser 
and Seligman8; yield 55%, m. p. 188.5-190.5°. Repeated 
recrystallization from dilute alcohol gave long orange-red 
needles, m. p. 191-192°.

Fluorenone-1-carboxylic Acid Amide (IV).—The acid 
was converted to the acid chloride by brief boiling with 
twice its weight of thionyl chloride. After cooling the 
clear light-red solution the precipitated yellow solid was fil­
tered off and washed with petroleum ether (b. p. 35-60°). 
The finely powdered acid chloride was then allowed to

(7) S tephens, T h is  J o u r n a l , 43, 1950-1956 (1921). (8) Fieser and  Seligm an, ibid., 57, 2175 (1935).
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stand overnight with excess concentrated ammonium 
hydroxide, the resultant amide filtered off, washed with 
water and dried; yield 95%, m. p. 222.5-225°. Re­
crystallization of the acid chloride from petrolum ether 
prior to ammonia treatment gave a crude amide of m. p.
224.5-227°. Recrystallization of the amide from 95% 
alcohol yielded long deep yellow needles, m. p. 226.5-227°.

Fluorenoneanil-1 -carboxylic Acid Anilide.—This prod­
uct was obtained from fluorenone-1-carboxylic acid chlo­
ride by warming for a few minutes with aniline. Evapo­
ration of excess amine left a brown residue which upon re­
crystallization from 95% alcohol gave long yellow needles, 
m. p. 184.7-185°.

Anal. Calcd. for the anil-anilide (C26H18ON2) : N,
7.50. Found: N, 7.62. (Calcd. for fluorenone-1-carbox­
ylic acid anilide ( C 2 0 H 1 3 O 2 N ) : N, 4.68.)

1-Aminofluorenone (V).—To fluorenone- 1-carboxylic 
acid amide (2.0 g. = 0.009 mole) finely powdered in water 
(3 ml.) was added in one batch the hypobromite solution 
prepared by adding bromine (1.4 g. = 0.009 mole) to 
water (15 ml.) and then adding dropwise an ice-cold solu­
tion of potassium hydroxide (3.0 g. = 0.054 mole) in water 
(25 ml.). The resultant mixture was warmed gently for 
a few minutes until a homogeneous brown gel had formed, 
then allowed to stand for two hours. Finally the mixture 
was heated for half an hour at 100°, a solution of potassium 
hydroxide (4.5 g. = 0.08 mole) in water (4.5 ml.) added 
and heating at 100° continued for forty-five more minutes. 
After cooling, the resultant yellow-brown solid was filtered 
off and extracted four successive times with 25-ml. por­
tions of boiling 6 N  hydrochloric acid, refluxing fifteen 
minutes with each portion before filtration. The amine 
hydrochloride which separated from these extracts on cool­
ing was collected, washed with 6 N  hydrochloric acid and 
converted to 1-aminofluorenone with concentrated am­
monium hydroxide. The resultant 1-aminofluorenone, 
m. p. 114.5-116.5°, was obtained in 56% yield. After 
vacuum sublimation (140-150° at 2 mm. bath tempera­
ture) and several recrystallizations from dilute alcohol the 
aminoketone formed beautiful long yellow needles, m. p. 
118-118.5° (only previously recorded9 m. p. 110°).

1-Acetylaminofluorenone.—1-Aminofluorenone boiled
for one minute with acetic anhydride and a trace of coned, 
sulfuric acid gave on cooling a solid, which after recrystal­
lization from 95% alcohol and from ligroin (b. p. 90-100°) 
separated as yellow needles (75% yield) m. p. 138-138.3°.

Anal. Calcd. for C 1 5 H 1 1 O 2 N :  N, 5.90. Found: N, 
6.13, 6.28.

1-Benzoylaminofluorenone.—1-Aminofluorenone dis­
solved in pyridine and shaken with equivalent benzoyl 
chloride, then diluted with water gave a yellow precipitate 
of benzoyl derivative. After washing with water, dilute 
aqueous sodium carbonate and recrystallization from 95% 
alcohol and from ligroin, it was obtained (75% yield) as 
long silky yellow needles, m. p. 149-149.8°.

Anal. Calcd. for C 2 0 H 1 3 O 2 N :  N ,  4 .68 . Found: N ,  

4.75.
1-Chlorofluorenone.—To 1-aminofluorenone (0.976 g. = 

0.005 mole) was added concentrated hydrochloric acid 
(2.92 ml. = 0.035 mole) and from the resultant solution

(9) G oldschm iedt, M onatsh . , 23, 893-895 (1902).

the free base was reprecipitated in finely divided form by 
addition of water (25 ml.) and cooling to 10-15°. The 
resulting suspension was diazotized by addition of sodium 
nitrite (0.35 g. = 0.005 mole) in water (10 ml.), stirring for 
ten minutes. After removing excess nitrous acid by addi­
tion of urea, the filtered solution was added in a fine stream 
to a boiling solution of cuprous chloride (0.6 g. = 0.006 
mole) in 6 A hydrochloric acid (30 ml.). Five minutes at 
100° served to coagulate the yellow precipitate which was 
filtered off after standing for several hours. This crude 
product was washed with 1 N  sodium hydroxide, then ex­
tracted with hot glacial acetic acid (15 ml.) and the crude 
1-chlorofluorenone precipitated from the filtrate by addi­
tion of water. Distillation under reduced pressure (2 mm. 
at 175-185° bath temperature) gave 40% yield, m. p.
134.0-135.5°; two recrystallizations from 95% alcohol 
raised the melting point of the yellow needles to 137-137.8°.

Anal. Calcd. for C13H7OCI: Cl, 16.52; Found: Cl,
16,5, 16.3.

1-Bromofluorenone (from 1 -Aminofluorenone).—To 1-
aminofluorenone (0.976 g. = 0.005 mole) was added 40% 
hydrobromic acid (5.13 ml. = 0.035 mole) and the diazo­
tization carried through as for the preceding case. The 
cold diazonium solution was added in a thin stream to a 
gently boiling solution of cuprous bromide (0.86 g. = 0.006 
mole) in 40% hydrobromic acid (50 ml.). After ten min­
utes digestion at 100° the reaction product was cooled, 
the solid filtered off and washed with 1 N  sodium hydrox­
ide, extracted with hot alcohol, and reprecipitated by dilu­
tion. After being dried and vacuum distilled (2 mm. at 
170-180° bath temperature) the yield of 1-bromofluore­
none was 42%. Two recrystallizations from 95% alcohol 
gave stubby yellow needles, m. p. 134-134.3°. (The only 
other recorded value is 135°.4a)

Anal. Calcd. for Ci3H7OBr: C, 60.26; H, 2.73; Br, 
30.84. Found: C, 60.1, 60.2; H, 2.85, 2.92; Br, 29.8, 
30.0.

1-Iodofluorenone.—1-Aminofluorenone hydrochloride
(1.16 g. = 0.005 mole) in a mixture of concentrated hydro­
chloric acid (2.5 ml. = 0.030 mole) with water (25 ml.) 
was diazotized as above. Particular care that every trace 
of excess nitrous acid should be removed by the urea treat­
ment was found essential. To the cold filtered diazonium 
solution was added potassium iodide (1.0 g. = 0.006 mole) 
in water (15 ml.) and after heating at 100° for five minutes, 
the resulting suspension stood several hours. After the 
usual alkali washing and vacuum distillation (2  mm. at 
180-190° bath temperature) the 1 -iodofluorenone was ob­
tained (48% yield) as yellow needles, m. p. 144-145°. 
Two recrystallizations from 95% alcohol raised the value 
to 146.5-147°.

Anal. Calcd. for C13H7OI: 1,41.46. Found: 1,41.4,
41.2.

1-Cyanofluorenone.—The diazotized solution prepared 
from 1-aminofluorenone exactly as for 1-chlorofluorenone 
(above) was added in a fine stream to the hot solution from 
copper sulfate crystals (1.25 g. = 0.005 mole) and potas­
sium cyanide (1.40 g. = 0.020 mole) in water (15 ml.). 
After standing several hours, the solid was filtered off, 
washed with alkali, dried and distilled (2  mm. at bath 
temperature of 220°). After recrystallization from alco-
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hoi, the resulting 1-cyanofluorenone (14% yield) melted 
at 174-175.5°.

This nitrile was also obtained from fluorenone-1 - 
carboxylic acid amide (0.25 g. = 0.0011 mole) by warming 
with phosphorus pentachloride (0.23 g. = 0.0011 mole). 
After the initial rapid reaction the mixture was heated at 
200° for one and one-half hours (48% yield). One recrys­
tallization from dilute acetic acid gave a product of m. p. 
172-173.2°. Since this material did not depress the melt­
ing point of the product from the Sandmeyer method, all 
the corresponding materials were combined and several 
times recrystallized from dilute acetic acid. The 1-cyano­
fluorenone was then obtained in short deep yellow rods, 
m. p. 177.2-177.8°.

Anal. Calcd. for C14H7ON: N, 6.83. Found: N, 6.74.
Further confirmation of the identity of this nitrile was 

obtained by its hydrolysis with hot 50% sulfuric acid to 
fluorenone-1-carboxylic acid. After crystallization from 
95% alcohol the small orange-red needles (80% yield) 
showed m. p. 190-192° and did not depress the melting 
point of an authentic sample (m. p. 191-192°) from the 
oxidation of fluoranthene.

Fluorenone-4-carboxylic Acid (VIII).—Diphenic acid 
(5  g. = 0.021 mole) was added to concentrated sulfuric 
acid (23 g. = 0.45 mole) during the two minutes required 
to bring the mixture to 140 =*= 5°. The red solution was 
held at this temperature with constant shaking for twelve 
minutes, then poured into water (150 ml.). The yellow 
precipitate was boiled gently for an hour, then filtered hot 
and washed with a large volume of hot water. The yield 
of crude keto acid was 82%; m. p. 216-218°. After 
recrystallization from 50% alcohol it was obtained in yel­
low needles, m. p. 220- 221°.

Fluorenone-4-carboxylic Acid Amide (X).—The keto 
acid (1.0 g.) was added slowly to thionyl chloride (5 ml.). 
After refluxing the clear but dark colored solution for a 
few minutes, the excess thionyl chloride was evaporated 
in a dry air blast and the crude dry keto acid chloride al­
lowed to stand for an hour in excess (5 ml.) concentrated 
ammonium hydroxide. The solid was then filtered, 
washed with water and recrystallized from 95% alcohol 
from which on cooling beautiful cream-colored needles, 
m. p. 223-224°, separated in 82% yield.

4-Aminofluorenone (XI).—Fluorenone-4-carboxylic acid 
amide (1 g. = 0.0045 mole) ground to a fine slurry with 
water (15 ml.) was added to an alkaline hypobromite solu­
tion prepared by adding to bromine (0.7 g. = 0.0045 mole) 
in water (5 ml.) at 0 ° a solution of potassium hydroxide 
(1.5 g. — 0.027 mole) in water (10 ml.). The amide dis­
solved almost immediately and the resultant orange solu­
tion was left at room temperature for two hours. After 
removing a dark colored high melting residue by suction 
filtration, the filtrate was heated at 100° for seventy-five 
minutes to cause precipitation of the aminoketone. After 
cooling the orange needles were filtered, washed with ice 
water and dried, yield 74%, m. p. 138-139°.

4-Bromofluorenone (XII).-—The above 4-aminofluore- 
none (1 g. = 0.005 mole) was diazotized in the usual way 
using 40% hydrobromic acid (5.25 ml. = 0.036 mole), 
sodium nitrite (0.36 g. = 0.005 mole) and a total of 35 ml. 
of water. The resultant filtered solution was poured in a 
fine stream into a boiling solution of cuprous bromide

(0.88 g. = 0.06 mole) in 40% hydrobromic acid (50 ml.). 
After heating at 100° for five to ten minutes the resultant 
light orange precipitate was filtered off, ground up with 
excess 1 N  sodium hydroxide solution, filtered and washed. 
The undissolved bromoketone was then distilled at re­
duced pressure (2 mm. at bath temperature of 105-115°) 
giving 45% yield, m. p. 124.5-125.5°. Recrystallization 
from dilute acetic acid and from 95% alcohol gave 4- 
bromofluorenone as small yellow needles, m. p. 125-126°.

Anal. Calcd. for C13H7OBr: Br, 30.84. Found: Br,
30.7, 30.8.

The melting point of a mixture of this 4-bromofluorenone 
with authentic 1-bromofluorenone was depressed more than 
25°.

2-Benzoyl-3-bromobenzoic Acid (XIV) (Stephens’ Acid).
—This compound was prepared from 3-bromophthalic 
anhydride, benzene and aluminum chloride precisely ac­
cording to Stephens’ directions; yield 83%, m. p. 226- 
227°. After recrystallization from 50% aqueous acetone 
our melting point was 227-228° (Stephens gave 231.5° 
but did not state whether this value was corrected or not).

Anal. Calcd. for C^HgOgBr: neut. eq., 305.1; C,
55.11; H, 2.97; Br, 26.19. Found: neut. eq., 304.0, 
304.7; C, 55.1, 54.9; H, 3.00, 3.12; Br, 26.0, 26.0.

Methyl 2-Benzoyl-3-bromobenzoate.—This ester (not 
previously recorded) was prepared via the diazomethane 
method. It formed colorless flat rectangular prisms, m. p.
136.7-137.5°.

Anal. Calcd. for CisHnCbBr: Br, 25.04. Found: Br, 
25.0, 24.9.

2-Benzoyl-3-bromobenzoyl Chloride (XV).—The above 
acid (Stephens’) was converted to the acid chloride with 
phosphorus pentachloride in benzene precisely according 
to Miller and Bachman,40 except that not until the 
amount of benzene had been reduced to one-half their 
quantity and petroleum ether substituted for their ligroin 
did we obtain their yield. They described their acid chlo­
ride as light brown prisms, m. p. 119-120°. Our product, 
however, was perfectly white and showed m. p. 121- 122°.

2-Benzoyl-3-bromobenzamide (XVI).—-Many attempts 
to follow the Miller and Bachman procedure for conversion 
of the acid chloride from Stephens’ acid to the correspond­
ing amide gave only mixtures of compounds which obsti­
nately resisted separation. By the following modification, 
however, we obtained the amide easily and in good yields.

A citrate of magnesia bottle was charged with two dozen 
small quartz pebbles and concentrated ammonium hy­
droxide (120 ml.) and chilled in an icebox overnight. To 
it was then added freshly prepared 2-benzoyl-3-bromo- 
benzoyl chloride (14.5 g. = 0.045 mole) and the mixture 
tumbled for six hours. The flask contents were then di­
luted with water, the pebbles screened out, the solid fil­
tered off with suction, washed thoroughly with dilute am­
monium hydroxide (1 volume coned. NH4OH: 2 water), 
and dried. The yield was 12.7 g. (93%). Recrystalliza­
tion from toluene gave m. p. 202-202.5° (somewhat higher 
melting points were, however, sometimes obtained).

Anal. Calcd. for Ci4Hio02NBr: N, 4.61; Br, 26.28. 
Found: N, 4.64, 4.66; Br, 26.2, 26.3.

In one experiment where the flask containing both crys­
tals and mother liquor was allowed to stand for several
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days the bulky needles were replaced by an entirely differ­
ent appearing mass of intensely glittering prisms. These, 
however, showed the same melting point as the usual 
needles, and reverted to the latter upon recrystallization.

2-Benzoyl-3-bromoaniline (XVII).—The above amide 
(7.5 g. = 0.025 mole) was added to an alkaline hypobro­
mite solution prepared from bromine (1.3 ml.) and potas­
sium hydroxide solution (12.5 ml. of 1:1 solution plus 20 
ml. water) and the mixture kept at 0° for half an hour with 
occasional stirring. The resulting white pulp was dis­
solved in water (60 ml.) and poured into a boiling mixture 
of water (400 ml.) and alcohol (50 ml.). After refluxing 
for an hour most of the alcohol was distilled off.

A heavy brown oil which had then separated was solidi­
fied by transferring it to a mortar, washing with a little 
5% potassium hydroxide solution and then triturating 
with 5% hydrochloric acid (50 ml.). The resultant brown 
powder was filtered off, washed, dried, dissolved in ether 
(50 ml.), the ether solution filtered and treated with 72% 
perchloric acid (2.5 ml.). The amine perchlorate precipi­
tated leaving the colored impurities behind in the mother 
liquor. After washing the perchlorate salt with ether it 
was decomposed with dilute ammonium hydroxide and the 
free amine washed and dried. The yield was 3.2 g. (46%). 
For further purification it was dissolved in ligroin (250 ml. 
of b. p. 60-90°), boiled with Norit, filtered and cooled. 
The amine separated as clusters of yellowish prisms, m. p.
84.5-85.5°.

A n al Calcd. for Ci3H10ONBr: N, 5.07; Br, 28.94. 
Found: N, 5.45, 5.51; Br, 28.9, 29.1.

The aqueous alkaline solution decanted from the above 
amine (original crude oil) gave upon acidification an ample 
white precipitate indicating considerable hydrolysis of the 
original amine back to its acid as is often the case in Hof­
mann reactions.

1-Bromofluorenone (VI) from 2-Benzoyl-3-bromoaniline 
(XVII).—Preliminary experiments showed that this very 
weakly basic aminoketone does not readily lend itself to 
ring closure by elimination of the amino group via decom­
position of the diazonium salt. The reaction tends to 
take a more complicated course leading largely to mixtures 
of resinous matter and amorphous dark-colored pigments. 
There is also formed a considerable amount of an alkali 
soluble product. However, a satisfactory result was fi­
nally obtained by the following procedure.

The aminoketone (3.5 g. — 0.0127 mole) dissolved in 
concentrated sulfuric acid (28 ml.) at 0° was treated at 
one time with finely powdered 97% sodium nitrite (0.014 
mole) with constant shaking. As soon as a clear solution 
resulted, it was mixed with anhydrous sodium sulfate 
(100 g.), transferred to a large porcelain dish resting on a 
boiling water-bath, and constantly stirred for twenty 
minutes. After treatment with alkali (80 ml. 40° Baumé 
sodium hydroxide plus 1000 ml. water) the undissolved 
residue was filtered, washed and dried: weight 1.5 g.

This greyish-brown solid was mixed with Norit (3 g.), 
then refluxed with ligroin (400 ml., b. p. 60-90°) for one 
hour. After cooling and filtering, evaporation of the sol­
vent yielded 0.4 g. of long lemon-yellow spears, m. p. 134.5- 
135 °. From the Norit a second lot (0.4 g.) of equally pure 
material was obtained. The total yield was approxi­
mately 25% of the theoretical.

A n a l Calcd. for C13H7OBr: C, 60.26; H, 2.73; Br, 
30.84. Found: C, 60.3, 60.0; H, 2.90, 3.15; Br, 30.8,
31.1.

This product (m. p. 134.5-135°) did not depress the melt­
ing point (134.0-134.3°) of 1-bromofluorenone prepared 
from fluorenone-1-carboxylic acid, but did depress that 
(125-126 °) of 4-bromofluorenone obtained from fluorenone-
4-carboxylic acid.

Summary
1. 1-Bromofluorenone has been prepared from 

fluorenone-1-carboxylic acid by a series of reac­
tions leaving no doubt as to its structure. Our 
results confirm the work of Montagne and van 
Charante, who prepared it by another method.

2. 4-BromofLuorenone has been prepared from 
fluorenone-4-carboxylic acid by a series of reac­
tions leaving no doubt as to its structure. Our 
product confirms the properties previously re­
ported by France, Heilbron and Hey.

3. The series of reactions by which Miller and 
Bachman reported to have obtained from 3- 
bromophthalic anhydride a product claimed to 
be 4-bromofluorenone yielded in our hands only 
authentic 1-bromofluorenone. This discovery re­
solves the serious contradictions in the previous 
literature of this compound.

4. As a result of the establishment of the true 
1-bromo- and 4-bromofluorenone it was found that 
the bromobenzoylbenzoic acid resulting from the 
reaction of 3-bromophthalic anhydride with ben­
zene in the presence of aluminum chloride is in 
fact 2-benzoyl-3-bromobenzoic acid and not the 
alternative 2-benzoyl-6-bromobenzoic acid errone­
ously inferred by previous workers.

5. The above discoveries bring in question the 
true nature of the Miller and Bachman supposed 
‘‘4-bromofluorenor’ and “4-bromofluorene,” the 
mercuration of fluorene in the 4-position, and 
their supposed ‘‘4-bromo-9-chlorofluorene” and 
‘‘4,9-dibromofluorene.” They also render very 
doubtful the structure proposed by Stephens for 
the diphenyl bromophthalide prepared from 3- 
bromophthalic anhydride.

6. During the course of the above work the
following previously unreported compounds were 
characterized: 1-chloro-, 1-iodo-, 1-cyano-, 1-
acetamino-, and 1-benzoylamino fluorenones; 2- 
benzoyl-3-bromobenzoic acid, methyl 2-benzoyl-
3-bromobenzoate, 2-benzoyl-3-bromobenzoyl chlo­
ride, 2-benzoyl-3-bromobenzamide, 2-benzoyl-3- 
bromoaniline, and fluorenone-anil-1-carboxylic 
acid anilide.
C a m b r id g e , M a s s a c h u s e t t s  R e c e i v e d  J u n e  12, 1942
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The Chemistry of Acrylonitrile. II. Reactions with Ketones
B y H erman A lexander B ruson and T homas W. R ien er

The powerful cyanoethylating action of acrylo­
nitrile in the presence of strong bases upon organic 
compounds possessing labile hydrogen atoms1 is 
strikingly evident with various types of ketones.

Aromatic methyl ketones of the type R—CO—  
CH3 as exemplified by acetophenone, ^-methyl- 
acetophenone, p -methoxyacetophenone, ^-chloro- 
acetophenone, p -bromoacetophenone, p - acetyldi- 
phenyl, and 2-acetylnaphthalene readily took up 
three molecular equivalents of acrylonitrile in 
the presence of strong alkali catalysts such as tri­
methylbenzylammonium hydroxide or potassium 
hydroxide to form crystalline /ri-cyanoethylation 
products (I).

.CH2CH2CN
R—CO—C — C H 2C H 2C N  (I) (R = Aryl nucleus) 

\ cH2CH2CN

These are listed in Table I together with their 
physical and analytical data. Upon hydrolysis 
with aqueous sodium hydroxide or potassium 
hydroxide these tri-(cyanoethyl)-methyl aryl ke­
tones yielded the corresponding aryl keto tricar­
boxylic acids R—CO—C(CH2CH2COOH)3. These 
are listed in Table II.

Even acetomesitylene which because of steric 
hindrance reacts sluggishly, gave a small yield 
(30%) of the tr i-cyanoethylation product (II).

CHs

C Hs — — C O — C ( C H 2C H 2C N ) 3 

CHs
(II)

Propiophenone and desoxybenzoin which pos­
sess only two active hydrogen atoms contiguous 
to the carbonyl group, each took up two molecular 
equivalents of acrylonitrile to form 7 -benzoyl-7 - 
methylpimelonitrile (III) and 7 -benzoyl-7 -phenyl- 
pimelonitrile (IV), respectively.

N C C H 2 C H 2 — C — C H 2 C H 2 C N  

CeH fr-Co/^CH a
(III)

N  C C H 2C H 2— C — C H 2 C H 2 C N  

C 6H 6—  C o / ' V e H *

(IV )

Upon hydrolysis with aqueous sodium hydrox-
(1) Bruson, This Journal, 64, 2457 (1942) ; U. S. P a te n t 2,287,- 

610.

ide, compounds III and IV yielded 7 -benzoyl-7 - 
methylpimelic acid and 7 -benzoyl-7 -phenylpi- 
melic acid, respectively.

In a similar manner acrylonitrile reacted with 
a-tetralone, 0-methylcyclohexanone and cyclopen- 
tanone to form compounds V, VI and VII, respec­
tively.

0/  C O  X 'C ( C H 2C H 2C N ) 2 

(V)

N C C H a C H .

N C C H 2C H 2-

^  . / C° \ C/ CHs>C'„ /  I
c h 2 

\ c h 2/

u
c h 2

c h 2c h 2c n

( V I )

N C C H jC H .^  / C O v  / C H 2C H 2C N  
y y  X C <

N C C H 2C H /  I I x C H 2C H 2C N
c h 2-------c h 2

(V II)

Cyclohexanone itself as well as ^-methylcyclo- 
hexanone, p - t - a m y l  cyclohexanone, p - ( a ,a f7 ,7 - 
tetramethylbutyl) -cyclohexanone and p - cyclo- 
hexylcyclohexanone each took up four moles of 
acrylonitrile to yield crystalline 2 ,2 ,6,6-tetra- 
cyanoethylation products of the general type 
(VIII) in 80-95% yields (Table III).
N CCH 2CH 2V / C O .  / C H 2 C H 2 C N  

r -/  I I x C H 2C H 2C N
c h 2 c h 2

\ c h /

NCCHzC^
(R = H, alkyl, or 

cycloalkyl)

R (V I II )

Upon alkaline hydrolysis compounds VI, VII, 
and VIII were converted into the corresponding 
ketonic polycarboxylic acids. The tetra-carbox- 
ylic acids derived from (VIII) are listed in Table 
IV.

When cyclohexanone reacted with only one or 
two molecular equivalents of acrylonitrile, it was 
possible to isolate a mono-cyanoethylation prod­
uct, 2- (^-cyanoethyl) -cyclohexanone, and a di- 
cyanoethylation product, very probably 2 ,2-di- 
(/3-cyanoethyl) -cyclohexanone, from the reaction 
mixture in addition to considerable tetra-cyano- 
ethylation product.
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T a b l e  I

T r ic y a n o e t h y l a t i o n  P r o d u c t s  R—CO—C(CH2CH2CN)3, R =  Aryl
«--------------------------------------- A nalyses, % —

V alue of R M . p ., "C . F orm ula
C alcd.

C H N C
Found

H N

Phenyl 128-129“ c17h 17n ,o 73.08 6.14 15.04 73.10 6.29 15.13
2-Naphthyl 122* C21H19N30 76.59 5.82 12.76 77.03 5.58 12.71
^-Phenylphenyl 178* C23H21N30 77.70 5.96 11.83 77.80 6.23 1 1 .8 6
^-Methoxyphenyl 133' C18H19N302 69.87 6.19 13.59 69.40 6.04 13.72
^-Methylphenyl 161-162* C18H19N30 73.68 6.53 14.33 73.12 6.42 14.63
2,4,6-Trimethylphenyl 126* C20H23N3O 74.72 7.22 13.08 75.20 7.10 13.49
p- Chlor ophenyl 141-142' Ci7Hi6N3OC1 Cl, 11.30 13.39 Cl, 10.87 13.12
^-Bromophenyl 151-152* C17H16N 3OBr Br, 22.32 11.73 Br, 21.98 11.67
a Recrystallized from “Cellosolve.” 6 From ethanol. c From methanol. d From dioxane.

T a b l e  I I

R~CO—C(CH2CH2COOH)3, R -  Aryl
---------------------------------- Analyses, % -------- ------------

C alcd. F ound
Value of R M . p., °C . Form ula c H C H

Phenyl 143-145 Ci7H20O7 60.69 6.00 60.50 6.39
2-Naphthyl 173-174 C2iH220 7 65.25 5.74 65.21 5.81
^-Phenylphenyl 236-238 C23H2407 66.95 5.87 67.01 5.77
^-Methoxyphenyl 219 Cl8H2208 58.99 6.06 58.70 5.94
^-Methylphenyl 226 CisH220 7 61.68 6 .33 61.80 6.25
p - Chlorophenyl 225-227 Ci7H i90 7C1 55.04 5.17 55.20 5.00
^-Bromophenyl 241-243 Ci7Hig07Br 49.15 4.61 49.19 4.63

In an analogous manner, the heterocyclic ke­
tone 2,2,5,5-tetramethyltetrahydrofuranone-3 re­
acted with acrylonitrile to yield the crystalline di- 
cyanoethylation product (IX).

CO—C(CH2CH2CN) 2
I I

(IX)(CH3)2C C(CHs)
N ) /

Upon alkaline hydrolysis it formed the correspond­
ing 4,4-di-(/3-carboxy-ethyl)-2,2,5,5-tetramethyl- 
tetrahydrofuranone-3.

An attempt was made to te/ra-cyanoethylate 
dibenzyl ketone but the only product that could 
be isolated after saponification, from the resinous 
mixture obtained, was a crystalline tricarboxylic 
acid (X).

C6H5— C(CH2CH2COOH)2 

CO
I

C6H6—CHCH2CH2COOH
(X)

instead of the expected tetra-carboxylic acid.
In a similar manner, an attempt to tetra-cyaxio- 

ethylate diethyl ketone gave a resinous product 
from which a crystalline /ri-cyanoethylation prod­
uct (XI) could be isolated by vacuum distillation.

CHs—C(CH2CH2CN)2

CO (XI)

CHs—CHCH2CH2CN

Upon alkaline saponification (XI) yielded the corre­
sponding 2,4,4-tri- (/? - c ar b oxy ethyl) -pentanone-3 .

In all of the above examples, the positions oc­
cupied by the entering cyanoethyl groups can 
hardly be other than those indicated since these 
are established by the only available active hydro­
gen atoms in the ketones employed.

However, in the case of the saturated aliphatic 
methyl ketones of the type CH3—CO—CH2— 
alkyl, such as methyl ethyl ketone, methyl propyl 
ketone, methyl iso-butyl ketone, methyl ^-amyl 
ketone, and methyl n -hexyl ketone, which could 
presumably react on either the —CH2— group, or 
the CH3—group, or both, it was of interest to 
determine the exact location of the entering cyano­
ethyl groups and also the maximum number that 
could be introduced.

Methyl ethyl ketone reacted with acrylonitrile 
to first take up two cyanoethyl radicals on the 
methylene group and give 4-acetyl-4-methylpi- 
melonitrile (XII) in yields up to 90%.

N CCH2CH2—C—CH2CH2CN
/ \

CH3—CO CHs (XII)

The structure of this compound was established 
by saponifying it to the corresponding 7 -acetyl- 
Y-methylpimelic acid, and subjecting the latter 
in alkaline hypochlorite solution to the haloform 
reaction, whereby chloroform was evolved and 
the new tricarboxylic acid XIII isolated.
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HOOCCH2CH2—C—CH2CH2COOH

HOOC^CHg (XIII)
Upon treating 4-acetyl-4-methylpimelonitrile 

with one molecular equivalent of acrylonitrile in 
an attempt to cyanoethylate one of the hydrogen 
atoms of the remaining active methyl group, a 
resin was obtained from which a crystalline tetra- 
cyanoethylation product (XIV) could be distilled 
under high vacuum.

NCCH2CH2—C—CH2CH2CN
/ \

(NCCH2CH2)2CH—CO CH3 (XIV)
Acrylonitrile also combined with methyl propyl 

ketone to give a crystalline di-cyanoethylation 
product, which by conversion to the corresponding 
dicarboxylic acid and subjection of the latter to 
the haloform reaction, was shown to have both 
cyanoethyl groups on the methylene group. It 
was also possible to isolate a crystalline tri-cyano­
ethylation product, namely, l,3,3-tri-(/?-cyano- 
ethyl)-pentanone- 2  from the original di-cyano­
ethylation reaction mixture.

In the same manner methyl isobutyl ketone, 
methyl ?z-aniyl ketone and methyl n -hexyl ketone 
gave crystalline y-acetyl-y-alkyl pimelonitriles
(XV) upon treatment in alkaline solution with two 
moles of acrylonitrile.

NCCH2CH2—C—CH2CH2CN
/ \

CH3—CO R (XV)
R = (Isopropyl, n-butyl, w-amyl)

The above y-acetyl-y-alkyl pimelonitriles were 
saponified to the corresponding y-acetyl-y-alkyl- 
pimelic acids, which were isolated in the pure 
form. The latter in turn were each oxidized by 
means of alkaline hypochlorite solution to chloro­
form and the y-alkyl-y-carboxypimelic acids
(XVI).

HOOCCH2CH2—C—CH2CH2COOH
/ \

R COOH 
(XVI)

The positions taken by the two entering cyano­
ethyl radicals in the homologs of methyl ethyl 
ketone having thus been established as being on 
the —CH2— group, it was of interest to study the 
cyanoethylation of acetone itself since this posses­
ses two active methyl groups of equal value and 
might perhaps distribute the cyanoethyl radicals 
between both of them.

Upon treating acetone with three moles of 
acrylonitrile in the presence of potassium hydrox­
ide as the catalyst, a crystalline /n-cyanoethyla-

tion product was obtained in 75-80% yield. 
This compound is 1,1,1-tri-(/^-cyanoethyl)-acetone
(XVII).

/ / c h 2c h 2c n
c h 3—CO—C—CH2CH2CN (XVII) 

\ c h 2ch2c n

Upon alkaline hydrolysis it yielded the corre­
sponding 1 ,1 , 1  -tri- (/2-carboxyethyl) -acetone which, 
upon oxidation with alkaline hypochlorite solu­
tion, gave chloroform and the tetra-carboxylic 
acid (XVIII).

CH2CH2COOH
I

HOOC—C—CH2CH2COOH (XVIII) 

CH2CH2COOH
The /ri-cyanoethylation of acetone therefore 

takes place first on one methyl group. Upon 
further cyanoethylation of the 1 ,1 ,1 -tri-(/^-cyano­
ethyl)-acetone, a crystalline tetra-cyano ethyl ace­
tone could be isolated from the resinous residue, 
and consequently must possess formula (XIX).

^/CH2CH2CN
NCCH2CH2CH2—CO—C—CH2CH2CN 

x CH2CH2CN
(XIX)

It is highly probable that the resinous residue 
contains a penta- or a A&m-cyanoethylation prod­
uct, but the purification offers considerable diffi­
culty.

In the case of phenylacetone, which also posses­
ses two possible points of reaction, di-cyanoethyla­
tion took place on the methylene group to give 
the crystalline y-acetyl-y-phenylpimelonitrile in 
8 6 % yield. Upon saponification it yielded y- 
acetyl-7 -phenylpimelic acid which upon oxidation 
with alkaline hypochlorite solution cleaved to give 
chloroform and 7 -carboxy-7 -phenylpimelic acid
(XX).

HOOC—CH2CH2—c—c h 2c h 2cooh
/ \

c6h 6 cooh
(XX)

Finally, acrylonitrile was condensed with aceto­
acetic esters. Both methyl acetoacetate and ethyl 
acetoacetate gave good yields of crystalline di- 
cyanoethylation products (XXI).

N C—CH2CH2—C—CH2CH2CN
/ \

CH3CO COOR (R -  c h 3, c2h 5)
(XXI)

From the foregoing it appears therefore that 
with aliphatic or arylaliphatic ketones possessing 
the reactive grouping —CH2—CO—CH3 cyano-
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ethylation first occurs on the — CH 2—  group and 
after this has been satisfied further cyanoethyla­
tion can occur on the remaining methyl radical.

In conclusion it may be said that certain methyl­
ene ketones were incapable of being cyanoethyl- 
ated by the method here described, namely, cam­
phor, iso-phorone, and di-isobutyl ketone. Fur­
thermore, attempts to utilize a-methyl acrylo­
nitrile or crotononitrile in place of acrylonitrile 
were unsuccessful.

Experimental
R—CO— C(CH2CH2CN)3 (R = Aryl).—The general 

method of condensing aryl alkyl ketones with acrylonitrile 
consisted in dissolving the ketone R—CO—CH3 (R = 
aryl) in dioxane or in tertiary butyl alcohol so as to form 
a 25-50% solution, adding a small quantity of aqueous 40% 
trimethylbenzylammonium hydroxide2 corresponding to 
about 5-10% on the weight of the ketone, and then adding 
dropwise three molecular equivalents of acrylonitrile to 
the stirred reaction mixture while maintaining the tem­
perature of the mixture between 25 and 40° by means of 
external water cooling and by regulating the rate of addi­
tion of the acrylonitrile. The mixture was then usually 
stirred for two to four hours longer at room temperature, 
and the tricyanoethylation product separated either by 
filtration or by neutralizing the alkali with dilute hydro­
chloric acid, evaporating off the solvent under reduced 
pressure on a steam-bath, and crystallizing the residue 
from a suitable solvent.

A typical procedure using acetophenone, for example, is 
as follows:

To a solution of 60 g. of acetophenone (0.50 mole) in 60 
g. of dioxane and containing 5 g. of “Triton B,” was added
79.5 g. of acrylonitrile (1.5 mole) dropwise during a period 
of two hours while the mixture was stirred and maintained 
between 30 and 40° by external water cooling. During 
the addition crystals separated. After all the acrylonitrile 
had been added, the mixture was stirred for one hour and 
then filtered by suction. The pinkish crystalline product 
weighed 79 g., corresponding to a 57% yield of 1,1,1-tri- 
(/3-cyanoethyl) -acetophenone. After recrystallization from 
glycol monoethyl ether (“Cellosolve”) it formed colorless 
crystals melting at 128-129°.

In Table I are given the physical and analytical data 
of the various homologs of acetophenone prepared in the 
above manner. All of the melting points given in this 
paper are uncorrected for stem exposure.

R—CO— C(CH2CH2COOH)3, R = Aryl.—The general 
method of hydrolyzing the cyanoethylated ketones con­
sisted in boiling the tricyanoethylation products given in 
Table I with an excess of sodium hydroxide or potassium 
hydroxide in aqueous solution for a period of from four to 
twelve hours until all the product had dissolved and evolu­
tion of ammonia had ceased. The solution was then clari­
fied with charcoal, filtered, and the filtrate acidified with 
concentrated hydrochloric acid. The tricarboxylic acids 
usually precipitated first as viscous oils or dough-like 
masses which gradually solidified to a crystalline product .

(2) Available com m ercially as “ T rito n  B ’’

After recrystallization from hot water, or from a mixture 
of water-dioxane (4:1), they were obtained in pure form 
as colorless crystals.

A typical procedure using 1,1, l-tri-( /5-cyanoethyl) - 
acetophenone is as follows:

A mixture consisting of 400 g. of water, 39 g. of potas­
sium hydroxide and 55.8 g. of l,l,l-tri-( jS-cyanoethyl)- 
acetophenone was stirred rapidly and boiled under reflux 
for six hours. The solution was clarified with charcoal, 
filtered, and the filtrate acidified with concentrated hydro­
chloric acid. The 1,1, l-tri-( /3-carboxyethyl) -acetophenone 
separated as a white, resinous mass which soon became 
crystalline. It was purified by recrystallization from hot 
water, yield 58 g. or 80%.

In Table II are given the physical and analytical data 
of the various 1,1, l-tri-( /5-carboxyethyl)-methyl aryl 
ketones prepared in the above manner. The yields of pure 
product were between 80 and 85%.

III. y-Benzoyl-y-methylpimelonitrile.—To a solution 
of 26.9 g. of propiophenone (0.2 mole), 50 g. of dioxane and 
2 g. of “Triton B” there was added dropwise 21.2 g. of 
acrylonitrile (0.4 mole) during the course of twenty min­
utes while the reaction mixture was stirred and maintained 
between 25 and 30° by external water cooling. The mix­
ture was stirred for five hours longer, then neutralized with 
dilute hydrochloric acid and poured into 300 cc. of water. 
The oil layer was separated, taken up in ethylene dichlo­
ride, washed thoroughly with water, and the ethylene di­
chloride layer evaporated under reduced pressure on a 
steam-bath. The residual oil (48 g.) was mixed with an 
equal weight of ethanol and chilled whereupon the prod­
uct crystallized. After recrystallization from ethanol the 
y-benzoyl-y-methylpimelonitrile formed colorless crystals 
m. p. 66°. Anal. Calcd. for Ci5Hi6N20: C, 74.96; H, 
6.72; N, 11.66. Found: C, 75.10; H, 6.65; N, 11.71.

y-Benzoyl-y-methylpimelic Acid.—A mixture of 150 g. of 
water, 10 g. of sodium hydroxide, and 16.5 g. of III was 
boiled under reflux for six and one-half hours, treated with 
charcoal and the clear filtrate acidified with concentrated 
hydrochloric acid. The precipitated product was crys­
tallized from hot water; m. p. 166-167°. Anal. Calcd. 
for Ci5H180 5: C, 64.73; H, 6.52. Found: C, 64.50; H, 
6.29.

IV. y - Benzoyl - y - phenylpimelonitrile.—Acrylonitrile 
(13.5 g.) was added dropwise to a stirred solution of 50 g. 
of dioxane, 25 g. of desoxybenzoin and 2 g. of “Triton B” 
while the reaction temperature was maintained at 30-35° 
by external cooling. After all the acrylonitrile had been 
added, the mixture was stirred for three hours at 45° to 
complete the reaction. It was then cooled, acidified with 
dilute hydrochloric acid, taken up in ethylene dichloride 
and washed with water. The ethylene dichloride layer 
was evaporated to dryness under reduced pressure on a 
steam-bath and the residual crystalline product (38 g.) 
washed with a little alcohol and purified by recrystalliza­
tion from ethanol. Tshe yield of pure product melting at
149-150°, was 31 g. A n a l Calcd. for C20Hi8N2O: N,
9.27. Found: N, 9.06.

y-Benzoyl-y-phenylpimelic Acid.—A mixture of 12 g. of 
IV, 150 g. of water and 6 g. of sodium hydroxide was boiled 
under reflux for twenty-one hours. The solution was 
treated with charcoal, filtered and the filtrate acidified with
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T a b l e  III
N CCH 2CH2V /COv /CH 2CH2CNx x  xc<(

1 x CH2CH2CNNCCH2CH2/?
CH2 c h 2 

\ c h /

V alue of R M . p., °C. Fo rm ula c
H 165 Ci8H22N 40 69.64
Methyl 138 C i9H24N40
/-Amyl 145 Q23IÏ32N 4 0

/-Octyl 155-156 C26H88N 4 0 73.88
Cyclohexyl 223-224 C24H32N 40

hydrochloric acid. The product precipitated as a white 
solid. Upon repeated recrystallization from water and 
drying in an oven at 70° for twenty-four hours the analyti­
cal sample melted at 172-173°. Anal. Calcd. for 
C 2 0 H 2 0 O 5 :  C, 70.55; H, 5.93. Found: C, 70.21; H, 5.85.

V. 2-Di-(/3-cyanoethyl)-tetralone-l.—Acrylonitrile
(21.2 g.) was added at room temperature to a mixture of
29.2 g. of a-tetralone, 50 g. of dioxane, and 4 g. of “Triton
B.” The mixture was stirred for twenty-four hours, then 
neutralized with dilute hydrochloric acid, washed well with 
water and distilled under reduced pressure at 1 mm. The 
fraction boiling at 250-260° (1 mm.) formed a pale yellow 
oil which gradually solidified to a waxy, crystalline mass. 
After recrystallization from ethanol, the product formed 
colorless crystals melting at 80°. Anal. Calcd. for 
Ci6H16N20: C, 76.15; H, 6.39; N, 11.10. Found: C, 
76.59; H, 6.05; N, 11.09.

VI. 2,2,6-Tri-(j3-cyanoethyl)-6-methyl-cyclohexa- 
none.—Acrylonitrile (63.5 g.) was added dropwise to a 
stirred solution of 44.8 g. of o-methylcyclohexanone, 200 
g. of benzene, and 5 g. of “Triton B” while maintaining the 
reaction temperature at 30-40°. The mixture was then 
stirred at room temperature for eighteen hours and, after 
neutralization with hydrochloric acid and thorough wash­
ing with water, was filtered to remove some polyacrylo­
nitrile which was present. The filtrate was evaporated to 
dryness under reduced pressure on a steam-bath and the 
residual oil (103 g.) distilled under high vacuum. The 
product (41 g.) came over at 270-285° (1-2 mm.) as a 
viscous, amber-colored sirup which gradually crystallized on 
long standing. Upon recrystallization from ice-cold meth­
anol it was obtained in the form of colorless crystals melt­
ing at 69-70°. Anal. Calcd. for Ci6H2iN30: C, 70.82; 
H, 7.79; N, 15.49. Found: C, 71.00; H, 7.49; N, 15.86.

VII. 2,2,5,5-Tetra-(/3-cyano ethyl)-cyclopentanone.—To 
a solution of 42 g. of cyclopentanone (0.5 mole) in 200 g. of 
benzene, there was added 5 g. of “Triton B.” The mix­
ture was stirred rapidly and cooled to 35-45° while 106 g. 
of acrylonitrile (2  moles) was added dropwise during two 
hours. Crystals began to separate within a few minutes 
after the addition was begun. As the reaction proceeded 
it was necessary to add 200 cc. of benzene to prevent clog­
ging the stirrer by the crystalline mass. The mixture was 
allowed to stand for eighteen hours before the crystals were 
filtered by suction. The yield was 144 g. or 97%. The 
product can be recrystallized from hot methyl ethyl ketone 
or glycol monoethyl ether, from which it separates in

■Analyses, %-
Calcd.

H N c
Found

H N

7.15 18.05 69.80 7.08 18.20
17.27 17.26
14.72 14.54

9.07 13.26 74.10 9.04 13.15
14.27 14.28

colorless crystals, m. p. 175°. Anal. Calcd. for C 1 7 H 2 0 N 4 O :  

N, 18.90. Found: N, 18.93.
VIII. 2,2,6,6,-Tetra-(/3-cyanoethyl)-cyclohexanone.—

To 935 g. of tertiary butyl alcohol there was added 15 g. 
of aqueous 40% potassium hydroxide solution and 294 g. 
of cyclohexanone (3 moles). The solution was stirred 
rapidly in a three-neck flask surrounded by running tap 
water, and 636 g. of acrylonitrile (12 moles) added drop- 
wise thereto during one and one-half hours, while the tem­
perature of the reaction mixture was maintained between 
35 and 45°. During the addition crystals separated. The 
mixture was stirred for an additional fifteen hours at room 
temperature and the crystalline product filtered off by suc­
tion, washed with water, and dried; yield 820 g. of faintly 
yellow crystals, or 88%. Upon recrystallization from ace­
tone it formed colorless fine needles, melting at 165°.

In Table III are given the physical and analytical data 
of the various 2 ,2 ,6,6-tetra-( /3-cyanoethyl) -cyclohexanones 
of type VIII prepared in the above manner. The p-t- 
octylcyclohexanone used was obtained from p -{a ,a ,y ,y -  
tetramethylbutyl)-phenol by catalytic hydrogenation with 
Raney nickel to £-( or, <2,7 , 7 -tetr amethylbutyl) -cyclohex­
anol and oxidation of the latter with potassium dichromate- 
sulfuric acid mixture.3

Tetra-( jff-carboxyethyl)-cycloalkanones.—The general
method of hydrolysis used consisted in boiling the tetra- 
cyanoethylated cycloalkanones given in Table III with an 
excess of potassium hydroxide or sodium hydroxide in 
aqueous solution for a period of from four to eight hours 
until ammonia ceased to be evolved, then treating the hot 
solution with Norite decolorizing charcoal, filtering, and 
acidifying the filtrate with concentrated hydrochloric acid. 
The crude tetra-carboxylic acids precipitated in crystalline 
form and were then recrystallized from appropriate sol­
vents.

The following procedures were typical:
2,2,5,5-Tetra-(0-carboxyethyl)~cyclopentanone.—A mix­

ture of 600 g. of water, 80 g. of sodium hydroxide and 95 g. 
of 2,2,5,5-tetra-( /3-cyanoethyl)-cyclopentanone (VII) was 
stirred and boiled under reflux for twenty-three hours. 
The clear, amber-colored solution was treated with char­
coal, filtered and acidified with concentrated hydrochloric 
acid. The clear solution obtained was cooled in an ice- 
bath to 10-15° whereupon it set to a white crystalline 
magma, which after filtration and drying at room tempera­
ture weighed 108 g.

(3) N iederl, In d . Eng. Chem., 30, 1270 (1938).
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Upon recrystallization from water the product formed 
colorless crystals melting at 173°, containing one mole of 
water of crystallization. Anal. Calcd. for C17H24O9H2O: 
C, 52.28; H, 6.72. Found: C, 52.20; H, 6.78.

2,2,6,6-Tetra-(j8-carboxyethyl)-cyclohexanone.—A mix­
ture consisting of 1900 g. of water, 196 g. of potassium hy­
droxide and 217 g. of 2,2,6,6-tetra-(/3-cyanoethyl)-cyclohex- 
anone was stirred and boiled under reflux for five hours. 
The clear solution was acidified with 350 g. of concentrated 
hydrochloric acid, and cooled to 15-20° whereupon the 
product crystallized. It was filtered off and washed with 
a little ice water; yield 199 g. of air-dried, white crystals. 
Upon recrystallization from water the compound formed 
colorless needles melting at 179-180°.

In Table IV are given the physical and analytical data 
of various tetra-( /3-carboxy-ethyl) -cyclohexanones pre­
pared in the above manner from the tetra-cyanoethylation 
products of cyclohexanone, ^>-methylcyclohexanone, p-t- 
amylcyclohexanone, p-{ <x,a,y, y-tetramethylbutyl) -cyclo­
hexanone, and />-cyclohexylcyclohexanone, respectively.

Table IV
HOOCCH2CH2v /COv /CH2CH2COOH>cx x c<
HOOCCH2CH2/  I I x CH2CH2COOH

c h 2 c h 2

\ c h /
I

V alue of R M0 'CP -

R

Form ula

/—--------Analyses, % -----------
Calcd. Found 

C H  C H
H 179-180 C 18H 26O 9 55.93 6.79 56.30 6.59
M ethyl 205-206 C 19H 28O 9 56 .96 7 .05 57.01 7 .10
/-am yl 205 C 23H 36O 9 60.49 7 .95 60.89 7 .94
/-Octyl 185-186 C 26H 42O 9 62 .60 8 .49 61.90 8.49

Cyclohexyl 205-206 C 24H 36O 9 61 .50 7.74 61.61 7 .40

2-(/3-Cyanoethyl)-cyclohexanone.—To a stirred mixture 
of 98 g. of cyclohexanone (1 mole) and 5 g. of “Triton B,” 
was added dropwise 53 g. of acrylonitrile (1 mole) at 30- 
35° during the course of eighty minutes. The mixture was 
stirred at 35-40° for one hour thereafter and finally for 
eighteen hours at room temperature. The partially crys­
talline mixture was acidified with dilute hydrochloric acid 
and the crystalline tetracyanoethylation product (30 g.) 
was filtered off by suction. The filtrate was washed with 
water and distilled in vacuum. About 31 g. of unchanged 
cyclohexanone was recovered.

The 2-( /3-cyanoethyl) -cyclohexanone distilled over at 
138-142° (10 mm.) as a colorless oil; yield 16.5 g. Anal. 
Calcd. for C9Hi8NO: N, 9.27. Found: N, 9.03.

The fraction boiling at 195-198° (1 mm.) was a viscous 
yellow oil; yield 12.5 g. On standing it gradually crystal­
lized. After recrystallization from benzene it formed color­
less crystals melting at 69°, the analysis of which corre­
sponds to a di-cyanoethylation product of cyclohexanone. 
Anal. Calcd. for Ci2Hi6N20: C, 70.54; H, 7.90; N, 13.71. 
Found: C, 70.90; H, 7.85; N, 13.78.

IX. 4,4-Di-(/8-cyanoethyl)-2,2,5,5-tetramethyltetrahy- 
drofuranone-3.—Acrylonitrile (24.4 g.) was added drop- 
wise to a stirred solution consisting of 50 g. of dioxane, 3 
g. of aqueous 40% Triton B, and 33 g. of 2,2,5,5-tetra- 
methyltetrahydrofuranone-3 while the reaction tempera­
ture was maintained at 35-40° by external cooling. The

mixture was then stirred three hours longer at 25°. Dur­
ing the addition crystals separated. The mixture was 
neutralized with dilute hydrochloric acid, the white 
crystalline product filtered off, and washed with a little 
ethanol; yield 41 g. After recrystallization from ethanol, 
the product formed colorless needles melting at 153°. 
Anal. Calcd. for C14H20N2O2: N, 11.28. Found: N,
11.16.

4.4- Di-( j8-carboxy-ethyl)-2,2,5, 5-t etramethyltetrahy dro- 
furanone-3 .—A mixture of 120 g. of water, 12 g. of sodium 
hydroxide and 27 g. of compound IX was boiled under 
reflux for eight hours. The solution was treated with char­
coal, filtered and the filtrate acidified with concentrated 
hydrochloric acid. The product crystallized on cooling; 
yield 18 g. Upon recrystallization from water it formed 
colorless crystals, m. p. 170-171°. Anal. Calcd. for 
C14H22O6: C, 58.70; H, 7.75. Found: C, 58.61; H, 7.57.

X. 1,3-Diphenyl-1, 1,3-tri-(/?-carboxyethyl)-propanone-
2.—Acrylonitrile (21.2 g.) was added dropwise during forty 
minutes to a stirred mixture of 21 g. of dibenzyl ketone, 50 
g. of dioxane and 2 g. of “Triton B” at 30-35°. The mix­
ture was allowed to stand eighteen hours at room tempera­
ture. It was then acidified with dilute hydrochloric acid 
and taken up in ethylene dichloride. The solution was 
washed thoroughly with water and evaporated to dryness 
in vacuo at 30 mm. on a steam-bath. The residue was a 
viscous, sticky sirup weighing 42 g. which could not be 
made to crystallize. It was therefore saponified directly 
by boiling 36 g. of it with a solution of 200 g. of water and 
18 g. of sodium hydroxide for eight and one-half hours 
under reflux. The product was treated with charcoal and 
filtered. Upon acidifying the clear filtrate with hydro­
chloric acid, the product separated as a dough-like material 
which solidified to a hard mass. Upon recrystallization 
from a mixture of dioxane-water (30:70), with Norite to 
remove the color, the product was obtained in colorless 
crystals, m. p. 205° after drying at 60° for twenty-four 
hours. Anal. Calcd. for C24H26O7: C, 67.57; H, 6.15. 
Found: C, 68.18; H, 6.15.

XI. 2,4,4-Tri-(/?-cyanoethyl)-pentanone-3.—To a
stirred solution of 34.4 g. diethyl ketone (0.4 mole), 35 g. of 
tertiary butyl alcohol, and 4 g. of “Triton B,” there was 
added dropwise 84.8 g. of acrylonitrile (1.6 mole) at 30-40° 
during the course of two hours. The reaction mixture was 
allowed to stand for twenty-four hours at room tempera­
ture. It was then acidified with dilute hydrochloric acid, 
taken up in ethylene dichloride, and washed thoroughly 
with water. The solvent was removed in vacuo on a 
steam-bath and the residual oil weighing 123 g. was dis­
tilled in high vacuum. The fraction boiling at 280-300° (2 
mm.) was a viscous sirup (45 g.) which crystallized from 
methanol in colorless crystals melting at 90-91°; yield 30 
g. pure product. Anal. Calcd. for Ci4Hi9N30: C, 68.55; 
H, 7.79; N, 17.14. Found: C, 68.80; H, 7.60; N, 17.38.

2.4.4- Tri”(/3-carboxyethyl)-pentanone-3.—A mixture of 
21 g. of compound XI, 150 g. of water and 32 g. of sodium 
hydroxide was boiled under reflux for fourteen and one- 
half hours, then treated with carbon black and filtered. 
Upon acidifying the clear filtrate with concentrated hydro­
chloric acid an oil separated on cooling. The water layer 
was poured off and the oil layer was dissolved in 60 cc. of 
warm water and allowed to crystallize in a refrigerator for
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about a week. The air-dried crystalline product weighed 
21 g. Upon recrystallization from nitromethane it formed 
colorless crystals melting at 116°. A nal. Calcd. for 
C 1 4 H 2 2 O 7 :  C, 55.59; H, 7.34. Found: C, 55.55; H, 7.35.

XII. 4-Acetyl-4-methylpimelonitrile.—A solution con­
sisting of 160 g. of acrylonitrile and 100 g. of tertiary butyl 
alcohol was added dropwise during the course of three 
hours, to a rapidly stirred, ice-cold solution of 144 g. of 
methyl ethyl ketone, 200 g. of tertiary butyl alcohol, and 
10 g. of methanolic potassium hydroxide (30% solution) 
care being taken that the reaction temperature did not 
exceed 5°. During the addition a crystalline solid sepa­
rated. After all the acrylonitrile had been added, the 
mixture was stirred for two hours longer at 5-10°, then 
filtered by suction while still cold. After air-drying for 
twenty-four hours the product was obtained as an almost 
white crystalline material; yield 239 g. or 89%. Upon 
recrystallization from benzene it forms colorless crystals, 
m. p. 67°. Anal. Calcd. for Ci0Hi4N2O: C, 67.37; H, 
7.92; N, 15.72. Found: C, 67.80; H, 7.82; N, 15.90.

7 -Acetyl-Y-methylpimelic Acid.—A mixture of 50 g. of 
compound XII, 400 g. of water, and 39.2 g. of potassium 
hydroxide was gradually heated to boiling under reflux 
(exothermal reaction). Boiling was continued for three 
hours. The product was then evaporated to expel the 
ammonia and acidified with hydrochloric acid. The mix­
ture was evaporated to dryness on a steam-bath and the 
powdered residue extracted with boiling ethylene dichlo­
ride. Upon chilling the extract, 38 g. of colorless crystals 
was obtained. After recrystallization from ethylene di­
chloride the product melted at 125°. Anal. Calcd. for 
CioHieOs: C, 55.52; H, 7.46. Found: C, 55.70; H, 7.46.

XIII. 7 -Carboxy-7 -methylpimelic Acid.—A solution of 
alkaline potassium hypochlorite was prepared by stirring 
at 50° a solution of 660 g. of water and 165 g. of calcium 
hypochlorite (“HTH” containing 70% available Cl) with 
a solution of 115 g. of anhydrous potassium carbonate, 33 
g. of potassium hydroxide and 330 g. of water for about ten 
minutes and filtering off the precipitate of calcium carbon­
ate. The clear filtrate was stirred and to it was added 
dropwise a solution of 71 g. of 7 -acetyl-7 -methylpimelic 
acid in 200 g. of 20% sodium hydroxide solution, while 
maintaining the reaction mixture between 60 and 70° by 
external cooling. Chloroform was evolved. After all had 
been added, the mixture was stirred for one hour longer at 
60-70° and any excess hypochlorite destroyed by adding a 
solution of sodium bisulfite. The product was then acidi­
fied with hydrochloric acid and the clear solution evapo­
rated to dryness on a steam-bath, under reduced pressure. 
The solid residue was extracted with hot acetone. Upon 
evaporation of the acetone from the extract, 64 g. of a vis­
cous sirup was obtained which gradually set to a solid mass. 
Upon recrystallization from nitromethane it separated in 
colorless crystals. The analytical sample was dried in a 
vacuum desiccator over phosphorus pentoxide for several, 
days. It melted at 111°. Anal. Calcd. for C9H14O6: 
C, 49.51; H, 6.47. Found: C, 49.21; H, 6.33.

XIV. l , l J3,3-‘Tetra-*(i8“Cyanoethyl)“butanone“2.—To a 
solution of 100 g. of dioxane, 53.4 g. of compound XII (0.3 
mole) and 3 g. of “Triton B,” there was added 15.9 g. (0.3 
mole) of acrylonitrile while stirring at 25-40°. The reac­
tion mixture was then allowed to stand for forty-eight hours

at room temperature. The product was acidified with 
dilute hydrochloric acid, taken up in ethylene dichloride, 
washed thoroughly and dried in vacuo at 90°. The re­
sidual oil weighing 62 g. was then distilled under high 
vacuum. About 40 g. of unchanged XII boiling at 180- 
200 0 (2 mm.) was recovered. The fraction boiling at 345- 
355° (2 mm.) distilled as a thick oil (11 g.) which crystal­
lized when stirred with ethanol. After several recrystal­
lizations from ethanol it was obtained as colorless crystals, 
m. p. 84-85°; yield 4 g. Anal. Calcd. for Ci6H2oN40: 
C, 67.57; H, 7.09; N, 19.70. Found: C, 67.40; H, 6.97; 
N, 19.79.

4-Acetyl-4-ethylpimelonitrile.—To a stirred solution of 
60 g. of methyl «-propyl ketone, 10 g. of tertiary butyl 
alcohol and 1 g. of “Triton B,” there was added dropwise 74 
g. of acrylonitrile during the course of one and one-half 
hours while maintaining the reaction temperature at 10-  
15° by means of an ice-bath. The mixture was stirred for 
one hour longer at 15° after all the acrylonitrile had been 
added. It was then made slightly acid with dilute hydro­
chloric acid, and the crystalline precipitate filtered off and 
washed with a little ethanol; yield 57 g. Upon recrystal­
lization from ethanol the compound formed colorless crys­
tals, m. p. 109°. Anal. Calcd. for CnHi6N20: C, 68.70; 
H, 8.39; N, 14.57. Found: C, 68.50; H, 8.15; N, 14.49.

1,3,3 - Tri-(/3-cyanoethyl)- pentanone- 2.—The filtrate 
from the above preparation was mixed with ethylene di­
chloride and washed thoroughly with water. The ethylene 
dichloride was evaporated off under reduced pressure on 
a steam-bath and the residual oil (67 g.) distilled in high 
vacuum. The fraction boiling at 200-270° (1 mm.) 
amounting to 10 g. was crystalline and consisted almost 
entirely of 4-acetyl-4-ethylpimelonitrile. The fraction 
boiling at 270-285° (1 mm.) amounted to 26 g. and con­
sisted almost entirely of 1,3,3-tri-(/3-cyanoethyl)-penta- 
none-2. Upon recrystallization from ethanol it melted at 
90-91°. Anal. Calcd. for C14H19N3O: C, 68.53; H,
7.81; N, 17.13. Found: C, 68.51; H, 7.61; N, 17.27.

7 -Acetyl-7 -ethylpimelic Acid.—A mixture of 400 g. of 
water, 88 g. of sodium hydroxide, and 192 g. of 4-acetyl-4- 
ethylpimelonitrile was boiled under reflux for five hours. 
The clear solution was treated with “Norite,” filtered, and 
acidified with 210 g. of concentrated hydrochloric acid 
while it was cooled and stirred. The product separated as 
a white crystalline mass (yield 170 g.) which, upon re­
crystallization from hot water, melted at 112-113°. 
Anal. Calcd. for CnH180 5: C, 57.36; H, 7.88. Found: 
C, 57.70; H, 7.83.

7-Carboxy-Y-ethylpimelic Acid.—To a stirred filtered 
solution of potassium hypochlorite made from 250 g. of 
calcium hypochlorite, 1500 g. of water, 175 g. of potassium 
carbonate and 50 g. of potassium hydroxide, there was 
added gradually at 60-70°, 115 g. of 7 -acetyl-7 -ethyl- 
pimelic acid in 300 g, of 20% sodium hydroxide solution. 
Chloroform was evolved. The product was worked up as 
described for compound XIII. Upon evaporation of the 
acetone, 105 g. of crystalline product was obtained. Upon 
recrystallization from water or nitromethane it melted at 
172°. Anal. Calcd. for CiöHi60 6: C, 51.69; H, 6.95. 
Found: C, 51.30; H, 6,51.

7 -Acetyl-7 -alkyl-pimelonitriles (Alkyl ** Isopropyl, fit- 
butyl, «-amyl).—In Table V are given the physical and
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Table V
N C—CH2CH2—C—CH2CH2—CN 

/ \
R CO—CHS

,——---------------------------------A nalyses, %-

Value of R
B.

°C.
p-,

M m . MoCP“ Form ula c Calcd.
II N c F o und

H N'

Iso-propyl 200-205 2 101 Ci2Hi8N20 13.58 13.50
w-Butyl 205-210 2 63 Ci3H2oN20 70.86 9.16 12.71 71.09 9.09 12.71
n-Amyl 195-200 1 47 Ci4H22N20 71.74 9.47 11.96 71.60 9.81 12.06

analytical data of various dicyanoethylated homologs of 
methyl propyl ketone, prepared, respectively, from methyl 
isobutyl ketone, methyl ^-amyl ketone, and methyl n- 
hexyl ketone. These dinitriles were prepared in the same 
manner as compound XIX, but since they did not separate 
as solids from the reaction mixture, they were isolated by 
vacuum distillation after neutralizing the alkaline catalyst 
with dilute hydrochloric acid. The distilled products were 
then crystallized from ethanol to constant melting point. 
The yields of dicyanoethylation product were 50 to 60% 
in the case of methyl n-amyl ketone and methyl w-hexyl 
ketone, but only about 20% in the case of methyl isobutyl 
ketone, which reacted very sluggishly.

7 -Acetyl-y-alkylpimelic Acids (Alkyl = Isopropyl, n- 
butyl, w-amyl).—These were obtained by saponification of 
the dinitriles of Table V, by boiling with an excess of aque­
ous sodium hydroxide solution, bleaching the resulting 
solution with charcoal, filtering, and acidifying the filtrate 
with concentrated hydrochloric acid, by the method de­
scribed in the preparation of 7 -acetyl-y-ethylpimelic acid. 
They are listed in Table VI.

T a b l e  VI
HOOC—CH2CH2—C—CH2CH2COOH 

/ \
R CO—CHS

Value of M . p., Calcd. , % Found, %
R °C. F o rm u la C H C H

Isopropyl® 148 C12H 20O6 58 .08 8 .26 59.10 8 .15
w-Butyl& 60-61 C 13H 22O5 60.42 8 .59 60.70 8 .39
w-Amyl& 73-74 C14H 24O0 61.72 8 .88 61.50 8 .95

a,b Recrystallized from a water; b benzene.

. 7 -Alkyl-7 -carboxypimelic Acids (Alkyl — Isopropyl, n- 
butyl, w-amyl).—These were prepared by treating the 
above 7 -acetyl-7 -alkylpimelic acids dissolved in aqueous 
sodium hydroxide solution with an excess of potassium 
hypochlorite solution containing free potassium hydroxide 
at 60-70°, destroying the excess hypochlorite after eight 
hours of reaction, by means of sodium bisulfite, acidifying 
the solution with hydrochloric acid and evaporating the 
mixture to dryness, by exactly the same procedure as de­
scribed above in the preparation of 7 -carboxy-7 -ethyl- 
pimelic acid. The dried residue was extracted with ace­
tone, and the acetone extract evaporated to dryness in

T a b l e  VII
HOOC—c h 2c h 2—c—c h 2c h 2cooh

/ vR COOH
Value of M . p., C alcd., % Found, %

R °C. F orm ula C H C H
Isopropyl® 160-161 CnHisOe 53.63 7 .37 53.50 7.23
w-Butylb 125 C12H 20O6 55.35 7 .75 55.01 7.65
n-A m yl& 114-115 C13H 22O6 56.90 8 .09 56.70 7 .90

a,b Recrystallized from a nitromethane; b water.

vacuum on a steam-bath. The resulting crude tri-car- 
boxylic acids were each recrystallized from water or nitro­
methane and dried over phosphorus pentoxide for analy­
sis. These are listed in Table VII.

XVII. 1,1,1-Tri-( /3-cyanoethyl)-acetone.—To a solu­
tion of 29 g. of acetone, 30 g. of tertiary butyl alcohol and
2.5 g. of ethanolic 30% potassium hydroxide solution, 
cooled to 0 0 there was added dropwise, with rapid mechani­
cal stirring, a solution consisting of 80 g. of acrylonitrile and 
37 g. of tertiary butyl alcohol during a period of one and 
one-half hours while the reaction mixture was maintained 
between 0 and 5° by an ice-salt cooling bath. The mix­
ture was stirred thereafter for two hours at 5° and the 
crystalline product filtered off by suction; yield 84 g. 
After recrystallization from hot water or from glycol mono­
ethyl ether it formed colorless crystals; m. p. 154°. Anal. 
Calcd. for Ci2HibN30: C, 66.32; H, 6.96; N, 19.34.
Found: C, 66.80; H, 6.91; N, 19.40.

1,1,1 -Tri-(/3-ca.tboxy ethyl)-acetone.—A mixture con­
sisting of 140 g. of potassium hydroxide, 800 cc. of water, 
and 120 g. of XVII was boiled under reflux for four hours. 
The solution was treated with “Norite,” cooled to 50° and 
filtered. The filtrate was acidified to congo red indicator 
with concentrated hydrochloric acid, and then evaporated 
to dryness under reduced pressure on a steam-bath. The 
residue was extracted with hot acetone. Upon cooling 
the hot filtered acetone extract, tri-(carboxyethyl)-acetone 
separated in colorless crystals; yield 80 g. More can be 
obtained from the mother liquor. The compound forms 
colorless needles from acetone melting at 149-150°. It is 
readily soluble in water or in ethanol. A nal. Calcd. for 
C12Hi80 7: C, 52.53; H, 6.62. Found: C, 52.30; H, 6 .68.

XVIII. Tri-(j8-carboxyethyl)-acetic Acid.—To a stirred 
filtered solution of potassium hypochlorite prepared from 
85 g. of calcium hypochlorite (“HTH” containing 70%  
available chlorine), 59.5 g. of anhydrous potassium car­
bonate, 17 g. of potassium hydroxide and 510 g. of water, 
there was added dropwise at 60-70° a solution of 136 g. 
of 20% sodium hydroxide solution and 46.5 g. of 1,1,1-tri- 
(/3-carboxy ethyl) -acetone. Chloroform was evolved. The 
mixture was stirred for two hours after reaction had ap­
parently ceased. The product was worked up as described 
for compound XIII. The acetone extract upon evapora­
tion yielded a white powdery residue which after several 
recrystallizations from water melted at 192° after soften­
ing at 182°. Anal. Calcd. for CuHieOg: C, 47.80; H, 
5.84. Found: C, 47.70; H, 5.67.

XIX. I,3,3,3-Tetra-(|8-cyanoethyl)-acetone.—A solu­
tion of 43.4 g. of 1,1,1 -tri-(£-cyanoethyl)-acetone in 150 g. 
of acetonitrile was prepared by warming at 50°. To this 
stirred solution, 5 g. of “Triton B” was added. Acrylo­
nitrile (31.6 g.) was then added dropwise during twenty
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minutes, while stirring and maintaining the temperature at 
40-42°. The mixture was stirred for two hours longer, 
then cooled, acidified with dilute hydrochloric acid, poured 
into water, and the oil taken up in ethylene dichloride. 
The ethylene dichloride solution was washed with water 
and dried in vacuum on a steam-bath. The residual oil 
weighed 53 g. Upon distillation in high vacuum, 27 g. of 
material distilled over up to 320° (1-3 mm.) This was 
mostly tri-(cyanoethyl)-acetone. The fraction which 
came over at 320-340° (1-3 mm.) weighed 7 g. Upon re­
crystallization from methanol it formed colorless needles, 
m. p. 121- 122°. Anal. Calcd. for C15Hi8N40: C, 66.63; 
H, 6.71; N, 20.73. Found: C, 66.04; H, 6.63; N, 20.39.

T-Acetyl-T-phenylpimelonitrile.—Acrylonitrile (53 g.) was 
added dropwise to a stirred solution of 100 g. of tertiary 
butyl alcohol, 67 g. of phenylacetone, and 5 g. of “Triton 
B” while the reaction mixture was stirred and maintained 
at 20-25° by cooling. After one hour of additional stirring 
the almost solid mixture of crystalline product was filtered 
off and washed with about 50 cc. of methanol; yield 104 g. 
of colorless crystals. Upon recrystallization from ethanol it 
melted at 109-110°. Anal. Calcd. for Ci5Hi6N20 : C, 74.95; 
H, 6.71; N, 11.66. Found: C, 74.70; H, 6.67; N, 11.63.

7 -Acetyl-7 -phenylpimelic acid.—A mixture of 40 g. of 
sodium hydroxide, 400 g. of water, and 87 g. of 7 -acetyl-
7 -phenylpimelonitrile was boiled under reflux for nine 
hours, treated with “Norite,” filtered, and acidified with 
concentrated hydrochloric acid. The product separated as 
a thick oil which rapidly solidified. After recrystallization 
from water, the analytical sample melted at 171-172°. 
Anal. Calcd. for CisHisOg: C, 64.72; H, 6.52. Found: 
C, 64.85; H, 6.64.

XX. 7 -Carboxy-7 -phenylpimelic Acid.—To a stirred 
filtered potassium hypochlorite solution made from 50 g. 
of calcium hypochlorite (“HTH” containing 70% available 
Cl), 35 g. of anhydrous potassium carbonate, 10 g. of 
potassium hydroxide and 300 g. of water, there was added 
dropwise at 60-70° a solution of 27.8 g. of 7 -acetyl-7 - 
phenylpimelic acid in 60 g. of aqueous 20% sodium hydrox­
ide, while stirring. Chloroform was evolved. The mix­
ture was stirred for one hour after reaction had ceased, and 
worked up as described for compound XIII. Upon evapo­
ration of the acetone, 19 g. of resin-like material was ob­
tained. Upon crystallization of the resin from nitro­
methane the product separated in the form of colorless 
crystals melting at 154°. Anal. Calcd. for CwHieOg: 
C, 59.97; H, 5.76. Found: C, 59.67; H, 5.85.

XXI. «,a-Di-(2-cyanoethyl)-acetoacetic Methyl Ester. 
—(a) To a solution of 58 g. of methyl acetoacetate, 100 g. 
of dioxane and 7 g. of “Triton B,” there was added 53 g. of 
acrylonitrile while the solution was stirred and cooled to

30-40°. After stirring for one hour the crystalline product 
was filtered off; yield 55 g. After recrystallization from 
acetone it formed colorless crystals melting at 154°. A 
further quantity can be obtained from the original filtrate 
on addition of water. Anal. Calcd. for C11H14N2O3: C, 
59.43; H, 6.35; N, 12.60. Found: C, 59.80; H, 6.29; N, 
12.59.

(b) The ethyl ester can be obtained in the same manner 
by using 65 g. of ethyl acetoacetate in the above procedure. 
The crude reaction product was poured into one liter of 
ice water whereupon the compound separated in crystal­
line form. After recrystallization from ethanol it melts 
at 82°. Anal. Calcd. for C12H16N2O3: C, 60.98; H,
6.83; N, 11.85. Found: C, 61.60; H, 6.88; N, 11.84.

Acknowledgment.—The analyses of the above 
products were performed by the semi-micro 
method by Mr. C. W. Nash of these laboratories.

Summary
1. Acrylonitrile condenses in the presence of 

aqueous trimethylbenzylammonium hydroxide or 
other strong alkali as a catalyst, with reactive 
ketones having a —CH—, —CH2—, or CH3— 
group adjacent to the carbonyl, so as to replace 
one or more of the reactive hydrogen atoms thereof 
by /5-cyanoethyl radicals. The reaction furnishes 
a simple method for preparing a wide variety of 
ketonic polynitriles and polycarboxylic acids.

2. Acetophenone and its aryl substituted de­
rivatives gave tri-cyanoethylation products R— 
CO—C(CH2CH2CN ) 3 ; cyclopentanone, cyclohex­
anone and para-substituted cyclohexanones gave 
tetra-cyanoethylation products; ö-methylcyclo- 
hexanone gave a tri-cyanoethylation product, and 
a-tetralone gave a dicyanoethylation product.

3. Acetone gave a crystalline tri-cyanoethyla­
tion product, CH3CO—C(CH2CH2CN)3 . Substi­
tuted acetones of the type R—CH2—CO—CH3 (R 
is alkyl or aryl) reacted first on the —CH2— group 
to give dicyanoethylation products. These prod­
ucts are cyanoethylated further on the residual 
CHs group.

4. Acetoacetic esters similarly gave crystalline 
dicyanoethylation products.
Philadelphia, Pa. Received August 17, 1942
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Phenethylamines. IV. Dimethoxy and Dihydroxyphenyl-jz-propylamines (j3-
M ethyl-ö-phene thylamine s)1

By E. H. Woodruff

It was desired to have available for the purpose 
of pharmacological study a series of compounds 
possessing the phenethylamine skeleton in which 
all possible mono and disubstituted isomers were 
represented. This communication reports the 
preparation of all possible nuclear dimethoxy and 
dihydroxy-/3-phenyl-^-propylamines. In conjunc­
tion with work already published2 the first such 
complete series of isomers is available for phar­
macological comparison, the results of which will 
appear elsewhere.

The general outline for the preparation of the 
amines described in the experimental section fol­
lows that previously used in this Laboratory.3»4 
The appropriately substituted cinnamic acid was 
reduced to the hydrocinnamic acid, the amide pre­
pared from the acid chloride and the amine then 
obtained from the amide by means of sodium 
hypobromite.

When possible it was found to be more conven­
ient to prepare the /3-methylcinnamic acids hav­
ing an ortho methoxyl group by the hydrolysis 
and methylation of a hydroxy-4-methylcoumarin. 
This method gave uniformly the trans or high 
melting form of the cinnamic acid in contrast to 
the mixture of isomers obtained by the dehydra­
tion and saponification of a hydroxy ester.4’5 No 
satisfactory method for the preparation of 8- 
hydroxy-4-methylcoumarin was found so the 2,3- 
dimethoxy-^-methylcinnamic acid as well as those 
not containing an ortho methoxyl were obtained 
through the Reformatsky reaction on the ap­
propriate ketone followed by dehydration and 
saponification.

The preparation of 2,6-dimethoxy-/3-methyl- 
cinnamic acid from the 5-hydroxy-4-methylcou- 
marin gave an 80% yield of the trans-form melt­
ing at 185°,6 None of the low melting (148-150°) 
form previously reported7 as being obtained from 
this coumarin was found. However, when the

(1) A p a rt of th is  m ateria l was p resen ted  a t  the  S t. Louis meeting 
of th e  Am erican Chem ical Society, A pril, 1941.

(2) W oodruff, Lam booy and  B u rt, T h is  J o u r n a l , 62, 922 (1940).
(3) W oodruff an d  Conger, ibid., 60, 465 (1938).
(4) W oodruff and  P ierson, ibid., 60, 1075 (1938).
(5) L indenbaum , Ber., 50, 1272 (1917).
(6) L im aye an d  K elkar, Rasayanam  [I], 27, 47 (1936), through 

C. A .,  31, 2213 (1937).
(7) Sethna, Shah and Shah, J. Chem. Soc., 231 (1938).

acid was prepared through the Reformatsky re­
action after repeated crystallizations an acid melt­
ing at 143-144° was obtained. These two acids 
on further treatment gave identical products.

In an early attempt to prepare 3,5-dihydroxy- 
acetophenone, the alkali fusion of the supposed 
acetophenone 3,5-disulfonyl chloride of Riesz and 
Frankfurter8 was tried. m-Hydroxybenzoic acid 
m. p. 201-202° and w-methoxybenzoic acid m. p. 
102-108° from the methylation of the hydroxy 
acid were obtained. This confirms the statement 
of Suter and Weston9 that only one sulfonyl group 
had entered the ring.

The 2,3- and 3,5-dimethoxyacetophenones were 
prepared from the corresponding benzoyl chlo­
rides and dimethylcadmium.10 This method is 
satisfactory for aromatic acid chlorides with di­
methylcadmium to give methyl ketones but the 
yields are lower when used to prepare higher 
members of a series.

The reduction of the cinnamic acids by sodium 
amalgam as previously used4 was replaced early 
in this investigation by electrolytic reduction us­
ing a lead anode and a mercury cathode.11 This 
method is as efficient as sodium amalgam in the 
reduction of cinnamic acids with the possible ex­
ception of the 2,6-dimethoxy derivative and is 
more convenient when large amounts of the 
amalgam must be prepared.

Experimental
Preparation of Coumarins.—7-Hydroxy-12’13, and 6- 

hydroxy14-4-methylcoumarins were prepared as described 
in the literature. For the preparation of 5-hydroxy-4- 
methylcoumarin the condensation of methyl /3-resorcylate 
with acetoacetic ester by means of anhydrous aluminum 
chloride in nitrobenzene was carried out according to 
Sethna, Shah and Shah.7 After the removal of the nitro­
benzene the product was boiled twice with 200-cc. portions 
of methyl alcohol, filtering hot and discarding the filtrate. 
The intermediate crude methyl 5-hydroxy-4-methyl- 
coumarin-6-carboxylate melting at 175-182° was obtained

(8) R iesz an d  F ra n k fu rte r , M onatsh., 50, 68 (1928).
(9) S u te r an d  W eston , This Journal, 61, 233 (1939).
(10) G ilm an an d  N elson, Rec. trav. chim ., 55, 528 (1936).
(11) Ingersoll, “ O rganic Syn theses,” Coll. Vol. I, 2 nd  ed ., 1941, 

p. 311.
(12) R ussell, F ry e  a n d  M au ld in , This J ournal, 62, 1443 (1940).
(13) R ussell an d  F rye, “ O rganic S yn theses,”  Vol. 21, 1941, p . 23.
(14) B orche, Ber., 40, 2731 (1907).
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T a b l e  I

I s o m e r ic  D i m e t h o x y  D e r i v a t i v e s  o f  /3 -M e t h y l c i n n a m ic  A c id  ( C 1 2 H 1 4 O 4 )

Isom er B. p ., °C.

E th y l este r 

M m .
Y ield,

% M . p., °C.
Yield,®

% Calcd.

---------------A nalyses,
C

Found

%..-
Calcd.

H
Found

2,3- 165-175 8 37 121 -122 84 64.83 64.74 6.35 6 . 2 2
2,6- 136-1386 0.03 16° 143 -144* 83 64.83 64.51 6.35 6.51
3,4- 200-203 11 70 138 -140e 67
3,5- 197-203 11 75 123.5-124.5 88 64.83 64.79 6.35 6.28

a From ester before crystallization. b Anal. Calcd. for ChHisOu C, 67.17; H, 7.20. Found: C, 67.11; H, 7.09. 
c Yield 48% allowing for recovered ketone. d From Reformatsky reaction. An 80% yield of acid melting at 185- 
185.5° was obtained by hydrolysis of 6-hydroxy-4-methylcoumarin. 6 M. p. 138-140°, ref. 34.

in 47% yield. The hydrolysis of the ester was accom­
plished by refluxing with 73% sulfuric acid instead of heat­
ing in a sealed vessel with a mixture of hydrochloric and 
acetic acids. The product so obtained was heated to 300° 
and after decarboxylation was distilled at 10 mm. The 
crude 5-hydroxy-4-methylcoumarin was obtained in 57.5% 
yield and melted when crystallized once from alcohol at 
260°.

Preparation of Ketones.—2,3-Dimethoxybenzoic acid16»16 
was prepared in 85% yield by the oxidation of 2,3-di- 
methoxybenzaldehyde17 with potassium permanganate.15 16 17 18 
Oxalic acid was used to remove the manganese dioxide 
prior to the precipitation of the acid. The acid was con­
verted to the chloride (94%)19 using a sixfold excess of 
thionyl chloride. Twice the calculated amount of thionyl 
chloride was consumed, the remainder being recovered.
3.5- Dimethoxybenzoic acid20 was obtained by methylating
3.5- dihydroxybenzoic acid.21 The acid was converted to 
the acid chloride (90%) using phosphorus pentachloride 
and carbon tetrachloride.22 23 24 The 2,3- (71%) and 3,5- 
(84%)-dimethoxyacetophenones23s24 were obtained from 
the acid chlorides by the procedure of Gilman and Nelson.10 
The ketone so prepared was always contaminated with 
ester. This was removed by refluxing the crude product 
with alcoholic alkali. The yields given deduct for the 
recovered acid. 3,4-Dimethoxyacetophenone25 was pre­
pared by the reaction of veratrole with acetyl chloride and 
anhydrous aluminum chloride below +10°, using twice the 
quantity of solvent used in the previous preparation. 
After filtration from the insoluble complex (20% loss) the 
solvent may be reused without purification. 2,6-Dimeth- 
oxyacetophenone26 was obtained by methylating 2,6- 
dihydroxyacetophenone.13

Preparation of Cinnamic Acids.—The cinnamic acids 
were prepared in two ways as previously mentioned. For 
a discussion of the Reformatsky reaction a recent review

(15) Perkin and Robinson, J . Chem . Soc., 2383 (1914).
(16) Perkin, Robinson and Stoyle, ib id . ,  197 (1925).
(17) Obtained through the courtesy of th e M onsanto Chemical 

Company.
(18) Shriner and Kleiderer, “ Organic S y n th eses/’ Vol. X , 1930, p. 

82.
(19) M authner, J .  prakt. C hem ., 112, 60 (1926).
(20) M authner, ib id .,  87, 405 (1913).
(21) W eston and Suter, “ Organic Syntheses,” Vol. 21, 1941, p. 27. 

B y the use of a countercurrent extraction colum n the yield of acid 
was 1983 g. from 6220 g. of barium salt or 82% .

(22) Fischer, Bergmann and Lipschutz, Ber., 51, 55 (1918).
(23) (a) v. Krannichfeld, ib id . ,  46, 4016 (1913); (b) B aker and

Sm ith, J . Chem. Soc., 347 (1936).
(24) M authner, J . prakt. Chem., 107, 106 (1924).
(25) K oepfli and  P erkin , J . Chem. Soc., 2995 (1928).
(26) Sugasaw a, ib id ., 1483 (1934).

by Shriner27 is recommended. In two instances the pres­
ence of tf-methoxy groups caused a considerable lowering of 
the yield. This was so great in the case of the 2,6-di- 
methoxyacetophenone as to render this method unsuitable 
for the preparation of suitable quantities of the acid. The 
dehydration of the hydroxy esters was accomplished with 
a minimum of side reactions by heating to 250-300° at 
atmospheric pressure. The hydrolysis and methylation 
of a hydroxycoumarin is illustrated by the following ex­
ample: 35.2 g. (0.2 mole) of 6-hydroxy-4-methylcoumarin 
was shaken with 25 cc. of dimethyl sulfate and 28 cc. of 
33% potassium hydroxide solution. After the reaction 
had subsided the solution was cooled and again shaken with 
alkali and methyl sulfate. While hot, 50 cc. of 33% 
potassium hydroxide was added and the reaction refluxed 
one hour. The methylation treatment was repeated and 
after the addition of excess alkali the solution was refluxed 
to hydrolyze any methyl ester formed. The solution was 
diluted to one liter and boiled with decolorizing charcoal 
and filtered. When cold, hydrochloric acid was added, 
the precipitated acid collector on a Büchner funnel, washed 
with water and dried. Crystallization is best from a 
benzene-skelly-solve B mixture although alcohol-water 
may be used. The 2,5-dimethoxy-j8-methylcinnamic acid 
(81%) so obtained melted at 119-120°.28 In a similar 
manner 2,4-dimethoxy-/3-methylcinnamic acid (76% yield) 
melting at 148° was obtained.29

Hydrocinnamic Acids.—The cinnamic acids were re­
duced electrolytically.11 2,6-Dimethoxy-/3-methylhydro- 
cinnamic acid was also prepared by the reduction of 5- 
hydroxy-4-methylcoumarin30 followed by the hydrolysis 
and methylation of the dihydrocoumarin.

Seventeen and six-tenths grams (Ó.1 mole) of 5-hy- 
droxy-4-methylcoumarin, 200 cc. of alcohol and 6 cc. 
of Raney nickel catalyst were reduced at 60° and 60 pounds 
hydrogen pressure in an Adams hydrogenator. After 
seven hours, the theoretical amount of hydrogen was ab­
sorbed. The catalyst was filtered and the solvent removed. 
The residue was crystallized from alcohol-water or ben- 
zene-skelly solve B.

Fourteen and six-tenths grams (82%) of 5-hydroxy-4- 
methyl-3,4-dihydrocoumarin b. p. 214° at 5 mm., m. p. 
160° was obtained. Anal. Calcd. for Ci0Hi0O8: C,

(27) “ O rganic R eac tio n s ,” R oger Adams, E ditor-in-Chief, John  
W iley and  Sons, Inc ., N ew  Y ork, N . Y ., 1942, C h ap ter 1.

(28) B altzly  an d  B uck, This Journal, 6 2 ,161 (1940), obtained  an  
acid m. p. 113° from  th e  R efo rm atsky  reaction.

(29) v. Pechm ann  and  Cohen, Ber., 17, 2132 (1884).
(30) de Benneville and  Connor, T h is  J o u r n a l , 62, 283 (1940), 

report th e  reduction  of coum arin  to  dihydrocoum arin  in e ther using 
R aney nickel a t  100°.
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T able I I
Isomeric D imethoxy-/3-methylhydrocinnamic A cids (C^HiaO^

---------------- -------------Analyses, %•
B. p. Yield, c H

Isomer M . p., °C. °c. Mm. % Calcd. Found Calcd. Found
2,3- 77 181-184 0.15 85 64.27 64.43 7.24 7.33
2,4- 104 -105 82 64.27 64.28 7.24 7.10
2,5- 78 -  79° 175-185 0.1 86
2,6- 78.5- 79 190-197 3.0 64.27 64.38 7.24 7.33
3,4- 84 -  85* 80
3,5- Liquid 184-188 0.05 85 64.27 64.05 7.24 7.09

• M. p. 79°; ref. 5. 6 M. p. 84-85°; ref. 34.

T able III
Isomeric D imethoxy-/3-methylhydrocinnamides C12H17ON

Isomer
M . p., 

°C.
Yield,"

% Calcd.
Carbon

Found

-------------Ad

Calcd.

talyses, %-----------------
Hydrogen

Found Calcd.
N itrogen

Found

2,3- 90 -  91 52 64.55 64.33 7.68 7.44 6.27 6.01
2,4- 133 -134 61 64.55 64.35 7.68 7.48
2,5- 122& 80
2,6- 153 -155 88 64.55 64.40 7.68 7.60 6.27 6.09
3,4- 131 90 64.55 64.56 7.68 7.94
3,5- 92.5- 93c 60 64.55 64.40 7.68 7.50 6.27 6.09

a Yield before crystallization. b M. p. 121°; ref. 5. c B. p. 210-235° at 0.15 mm. This amide is difficult to crystallize

Table IV
Isomeric D imethoxy-^-phenyl-w-propylamino H ydrochlorides (C11H 18O2NCI)

B. p. Yield, M. p., Carbon
------------------ Analyses, %--------------------

Hydrogen Nitrogen Chlorine
Isomer °C." Mm. % °c. Calcd. Found Calcd. Found Calcd. Found Calcd. Found

2,3- 150-154 11 37 133. 5-134 57.01 56.80 7.82 8.04 6.04 6.02 15.31 15.55
2,4- 158-160 14 15 146 -147 57.01 56.81 7.82 7.82
2,5- 164-166& 16 80 149 -150&
2,6- 155-158 5 36 143 -145 57.01 56.79 7.82 8.05 5.04 6.00 15.31 15.30
3,4- 163-166 15 62 205 -206 57.01 56.81 7.82 7.60
3,5- 179-184 14 57 105 -107 57.01 56.79 7.82 8.07 6.04 6.18 15.31 15.11

a The boiling point is for the free amine. b B. p. 114° at 1 mm., m. p. 149--150°; ref. 5.

Table V
Isomeric D ihydroxy-/3-phenyl-w-propylamine H ydrochlorides (C9H14O2NCI)

-Analyses, %~
Isomer M. p., °C.

Carbon
Calcd. Found

Hydrogen
Calcd. Found

Nitrogen
Calcd. Found

Chlorine
Calcd. Found

2,3- 191 -191.5 53.07 53.01 6.93 6.99 6.88 '6.90 17.41 17.65
2,4- 222 -223 53.07 53.11 6.93 7.08
2,5- 167.5-169.5 53.07 53.01 6.93 7.15 6.88 6.98 17.41 17.50
2,6- 93 -  95 53.07 52.99 6.93 7.14 6.88 6.72 17.41 17.26
3,4- 180 -181 53.07 52.92 6.93 7.17
3,5- 164 -166 53.07 52.99 6.93 7.20 6.88 6.98 17.41 17.14

67.40; H, 5.66. Found: C, 67.10; H, 5.85. The
hydrolysis to the hydrocinnamic acid was carried out 
as previously given. A yield of 91% was obtained. After 
two crystallizations from a dilute solution in skelly-solve B, 
crystals m. p. 78.5-79° were obtained identical with those 
obtained by the reduction of the cinnamic acid.

Dimethoxy-jS-methylhy drocinnamides.—The amides
were prepared as previously reported.3 They were crys­
tallized from alcohol-water or benzene-skelly solve B.

Dimethoxyphenyl-w-propylamines.—The amines were 
prepared by the action of sodium hypobromite on the finely 
divided (to pass a 40-mesh screen) amide.3 The ease of 
solution of the amide appears to vary with the ring sub­
stituents. The presence of a w-methoxy group confers in­
creased ease of solubility. The 2,4-dimet.hoxy amide was

the least soluble. The hydrochlorides were best prepared 
by adding a weighfed amount (10% over the molecular 
quantity) of dry hydrogen chloride to absolute ethyl alco­
hol. The alcoholic hydrogen chloride was added to the 
amine and the hot solution is diluted with anhydrous ether 
until a faint cloudiness just fails to persist. On cooling, the 
amine hydrochloride precipitates in a crystalline condition. 
The direct addition of dry hydrogen chloride to an anhy­
drous ether solution of the amine often gave a gummy pre­
cipitate which later solidified. This was more difficult 
to purify. Recrystallization was carried out from an abso­
lute alcohol-ether mixture.

Dihydroxyphenyl-w-propylamine Hydrochloride.—De­
methylation was accomplished by heating in a sealed tube 
with concentrated hydrochloric acid for two hours at
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160°.3-4 The dihydroxyamine hydrochlorides are more 
hygroscopic and difficult to crystallize than the methoxy 
amines. The crystalline condition of the hydrochloride 
has much to do with its deliquescence. When alcohol- 
ether cannot be used for crystallization, alcohol-benzene, 
alcohol-toluene, or ethyl-acetate-alcohol may be used. 
The usefulness of the solvent varies with the amine hydro­
chloride even in such a closely related group of isomers as 
reported here.

The author wishes to thank Dr. Earl Pierson, Dr. John 
P. Lambooy and Dr. William E. Burt for their assistance 
while holders of Kalamazoo College Fellowships and Mr. 
Harold Emerson and Mr. William A. Struck for the micro 
analyses.

Summary
All of the nuclear dimethoxy- and dihydroxy-/?- 

phenyl-w-propylamines and their hydrochlorides 
have been prepared. The properties are reported 
for the cinnamic acids, hydrocinnamic acids and 
hydrocinnamides used in the preparation of these 
amines as well as the syntheses of many of the 
intermediates used in their preparation. The 
hydrolysis and methylation of an hydroxy-4- 
methylcoumarin always gave the trans form of the 
resulting dimethoxy-/3-methylcinnamic acid. 
K a l a m a z o o , M ic h ig a n  R e c e iv e d  A u g u s t  1, 1942

[C o n t r i b u t io n  f r o m  t h e  S a n d e r s  L a b o r a t o r y  o f  C h e m i s t r y , V a s s a r  C o l l e g e ]

The Reaction of ^-Butylmagnesium Bromide with Some Aromatic Ketones1,2
B y  H. M a r jo r ie  C raw ford , M ary E lizabeth  Sa eg er3 and  F lo ren ce  E . W a r n ek e4

Since n-butyl bromide can be prepared by stu­
dents in good yield and reacts readily with magne­
sium to give a Grignard reagent, we had hoped to 
work out a series of student preparations by add­
ing this Grignard reagent to a ketone and dehy­
drating the resulting tertiary alcohol to the corre­
sponding unsaturated compound. This purpose 
was not achieved, but several new compounds 
were prepared in the course of the studies. Four 
ketones were selected for study: acetophenone, 
benzophenone, benzil and desoxybenzoin.

A. Acetophenone.—The reaction of aceto­
phenone and ^-butylmagnesium bromide gave 
good yields (72-80%) of the expected tertiary 
alcohol, 2-phenylhexanol-2 (I). This tertiary 
alcohol was very resistant to complete dehydra­
tion, but was finally transformed into the un­
saturated hydrocarbon, 2-phenylhexene-2 (II), 
by heating with Lucas reagent. The position of 
the double bond was established by oxidation to 
acetophenone and ^-butyric acid. The same re­
sults were obtained whether the oxidizing agent 
was potassium permanganate in sulfuric acid or 
chromium trioxide in acetic acid.

B. Benzophenone.—The reducing action of 
aliphatic Grignard reagents on benzophenone has

(1) Presented before the Organic Division of the American Chem­
ical Society, Buffalo, Septem ber 7, 1942.

(2) Abstracted from the theses subm itted by Mary Elizabeth 
Saeger and Florence E . Warneke in partial fulfillment of the require­
ments for the degree of M aster of Arts at Vassar College.

(3) Present address, American Cyanamid Company, Stamford, 
Conn.

(4) Present address, U. S» Departm ent of Agriculture, Chisago,
111.

been studied by several workers.5 Schlenk and 
Bergmann6 obtained impure diphenyl-#-butyl- 
carbinol by the reaction of phenylmagnesium 
bromide on ethyl w-valer ate. It was mixed with 
the dehydration product and was easily con­
verted into the unsaturated hydrocarbon. The 
two reactions which we carried out gave no ter­
tiary alcohol and no unsaturated hydrocarbon. 
Benzohydrol (17 and 30%) was obtained. The 
remaining oils were distilled under reduced pres­
sure and a yield of 5.6% of dibenzylhydryl ether 
separated from the residue (above 270°, 42 mm.). 
Analyses of this compound agreed closely with the 
calculated values. Dibenzhydryl ether had pre­
viously been reported by Kharasch and Wein- 
house5 as resulting from the reaction of allyl- 
magnesium bromide on benzophenone.

C. Benzil.—The reaction of ^-butylmag- 
nesium bromide on benzil gave small yields of 
solid products regardless of the variations in pro­
cedure. Both addition and reduction occurred. 
The reduction product, benzoin, was obtained 
in seven of the ten reactions in yields varying from 
0.5 to 13.0%. The mono-addition product
1,2-diphenylhexanol-2-one-l (II) was obtained 
in all ten reactions in yields varying from 0.5 to 
5.6%. A solid which was possibly the di-addi­
tion product (V) was obtained twice in very small 
yields. Benzoic acid was obtained after the oily

(5) Blicke and Powers, T his J o u r n a l , 51, 3378 (1929); Noller and 
Hilmer, ibid., 54, 2503 (1932); Kharasch and Weinhouse, / .  Org. 
Chem., 1, 209 (1936).

(6 ) Schlenk and Bergmann, Ann., 479, 42 (1930).
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mixtures were exposed to the light for some time. 
Under these conditions benzil decomposes to form 
benzoic acid.7 The only generalization which can 
be drawn from the results of the ten reactions is 
that the yield of mono-addition product (III) was 
smaller when a large excess of ^-butylmagnesium 
bromide was used. The highest yields were ob­
tained when 0.2 mole of benzil was added to 0.5 
mole of ^-butylmagnesium bromide.

Dehydration of the mono-addition product
(III) by refluxing with Lucas reagent gave a 
liquid unsaturated ketone (IV) whose structure 
was established by oxidation to benzil and n- 
butyric acid.

C6H6
!

c«h 5co—c—c h 2c h 2c h 2c h 3
I

OH

-h 2o

III
C6H6

C6H5CO—C==CHCH2CH2CH3 
IV

Attempts to prepare the di-addition product by 
the reaction of ^-butylmagnesium bromide on 
the mono-addition product were not successful.

D. Desoxybenzoin.—No addition products 
were obtained from the reaction of w-butyl- 
magnesium bromide on desoxybenzoin, but vari­
ous reduction products were isolated in very 
small yields. The product obtained in the largest 
amounts was stilbene, which would result from re­
duction of the desoxybenzoin followed by the loss 
of a molecule of water. It was obtained in three 
of the four reactions in yields of 2.5, 5.3 and 7.4%. 
Desoxybenzoin pinacol (m. p. 175°) was obtained 
in two reactions, but the total yield was only 0.3 g. 
It was identified by a mixed melting point with a 
known sample of the pinacol. A compound 
thought to be the pinacolone (VI) was obtained in 
two reactions, the total yield being 1%. All at­
tempts to rearrange the pinacol were unsuccessful 
and the amount of the compound VI available was 
too small to make structure proof possible. The 
formation of a pinacolone would be interesting, 
for, although the pinacol has been known since 
1870, no mention of the pinacolone could be found. 
Orechoff8 dehydrated the pinacol by boiling it with 
acetyl chloride, a treatment known toj rearrange 
many pinacols, and recorded the formation of
l,2,3,4-tetraphenylbutadiene-l,3 and1 other prod­
ucts.

(7) Klinger, Ber., 19, 1864 (1886).
(8 ) Orechoff, ibid., 47, 91 (1914).

Experimental
General Procedure.—Since the variations in length of 

time of heating the reaction mixtures, variations in the 
kind and amount of solvent used to dissolve the ketones 
and decomposition of the magnesium complex with dilute 
sulfuric acid or with ammonium chloride solution seemed 
to have no effect on the kind or amount of resulting prod­
ucts, the individual experiments will not be described.

«-Butylmagnesium bromide was prepared in the usual 
way from 0.5 mole of «-butyl bromide. Slightly less than 
the calculated amount of the ketone was dissolved in 
either benzene or ether and dropped slowly into the 
Grignard solution. After standing or being heated for 
varying lengths of time the magnesium complex was de­
composed, the organic material was extracted with ether, 
and most of the solvent was removed on the steam-bath. 
If solid separated on standing, it was filtered and recrys­
tallized from appropriate solvents. When no more solid 
formed, the oils were distilled under reduced pressure. 
Solid which formed in any of the fraction was then re­
moved and recrystallized. Many of the fractions have not 
solidified after standing for over a year.

2-Phenylhexanol-2, I.—One refractionation gave the 
pure alcohol, b. p. 123-124° (9 mm.); d25 0.954. I t  was 
colorless and decomposed partially when distilled at at­
mospheric pressure.

Anal. Calcd. for Ci2H isO: C, 80.85; H, 10.18; mol. 
wt., 178. Found: C, 80.67; H, 10.15; mol. wt., 178.

2-Phenylhexene-2, II.—Many attempts were made to 
dehydrate 2-phenylhexanol-2 and none of them were 
entirely successful. Distillation a t atmospheric pressure 
resulted in the partial decomposition of the alcohol. 
Samples of the alcohol (20-25 g.) were refluxed for two 
hours with 75 ml. of 20% sulfuric acid and with 20 g. of 
fused potassium bisulfate, for four hours with 10 g. of fused 
zinc chloride and with 50 g. of acetic anhydride, and for 
eight hours with a trace of iodine. The alcohol was 
dropped on anhydrous cupric sulfate at 230°. Analyses 
of the products from all of these reactions showed a per­
centage of carbon intermediate between the values calcu­
lated for the alcohol and for the unsaturated hydrocarbon. 
The best results were obtained by refluxing the alcohol with 
an equal weight of Lucas reagent for thirty minutes. 
After separation, washing with water and drying, the 
product boiled 210-230° with the main fraction at 223- 
226°. I t  decolorized bromine readily.

Anal. Calcd. for Ci2Hi«: C, 89.94; H, 10.06; mol. wt., 
160. Found: C, 87.13; H, 9.87; mol. wt., 161.

1.2- Diphenylhexanol-2-one-l, III.—This compound is a 
white solid melting at 124°. When crystallized from a 
benzene-petroleum ether mixture or from 50% alcohol it 
forms long fine needles. The dehydration is described 
below. The starting material was recovered unchanged 
after attempts to prepare the di-addition product by treat­
ing 0.004 mole of this mono-addition product with 0.04 mole 
of «-butylmagnesium bromide. The reaction was forced 
by refluxing the reactants in «-butyl ether for five hours.

Anal. Calcd. for CisH20O2: C, 80.56; H, 7.51; mol. 
wt., 268. Found: C, 80.13; H, 8.44; mol. wt., 273.

1.2- Diphenylhexene-2-one-1, IV.—This compound was 
prepared by the dehydration of 1,2-diphenylhexanol-2-
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one-1. Treatment of the alcohol with gaseous hydro­
chloric acid and refluxing it with a trace of iodine in glacial 
acetic acid failed to bring about the expected dehydration. 
After repeated trials had failed to produce any solid ma­
terial from the products of the reaction of the alcohol with 
Lucas reagent, the resulting liquid was distilled at atmos­
pheric pressure. In an actual preparation of the unsatu­
rated compound, 2 g. of the alcohol was boiled for six hours 
with 30 ml. of Lucas reagent. After washing with water 
and drying, the yield was almost 2 g. of a liquid boiling 
288-290°. I t  decolorized bromine readily.

Anal. Calcd. for CisHisO: C, 86.36; H, 7.25. Found: 
C, 86.28; H, 7.23.

5,6-Diphenyldecandiol-5,6, V.—A total of about 0.5 g. 
of solid thought to be this di-addition product was obtained 
in two of the ten reactions between «-butylmagnesium bro­
mide and benzil. I t  was only slightly soluble in benzene 
but after recrystallization from alcohol it melted at 184°.

Anal. Calcd. for C22H30O2: C, 80.93; H, 9.26; mol. 
wt., 326. Found: C, 81.87, 81.49; H, 6.24, 5.79; mol. 
wt., 339, 318.

Preparation of Desoxybenzoin Pinacol.—A very small 
yield (5%) of the pinacol was obtained by the reduction of 
benzoin by the method of Ballard and Dehn,9 and no 
pinacol was obtained by the method of Wislicenus and 
Blank.10 Desoxybenzoin pinacol was obtained in 97% 
yield by exposing a solution of 6 g. of desoxybenzoin in 50 
ml. of isopropyl alcohol to the sunlight for several days. 
This is an adaptation of the method described by Fieser11 
for the preparation of benzopinacol from benzophenone. 
The pinacol melted at 172° and was identical with the small 
amount of material obtained from the reaction of «-butyl- 
magnesium bromide on desoxybenzoin. Molecular weight 
determinations and analyses for carbon and hydrogen 
agreed well with the calculated values.

Attempts to Rearrange the Pinacol to the Pinacolone.— 
When 2 g. of the pinacol was refluxed for five minutes with 
a few crystals of iodine in 15 ml. of glacial acetic acid, only 
starting material was recovered. Increasing the time of 
heating to one and one-half hours caused no rearrange­
ment and the pinacol was recovered. When the time 
of heating was increased to eight hours, dark gummy ma­

(9) Ballard and Dehn, T h is  J o u r n a l , 54, 3970 (1932).
(10) Wislicenus and Blank, Ann., 248, 9 (1888).
(11) Fieser, “ Experiments in Organic Chemistry,” D. C. Heath 

and Company, Boston, M ass., 1935, p. 202.

terial was formed which would not crystallize. Refluxing 
for six hours with hydriodic acid in glacial acetic acid gave 
dark non-crystalline material. Two grams of the pinacol 
was added to 70 ml. of cold, coned, sulfuric acid and the 
resulting bright green solution was poured over ice after 
standing for two hours at room temperature. The pinacol 
was recovered. Refluxing for two hours with dilute sul­
furic acid caused no rearrangement and the pinacol was re­
covered. Finally, «-butylmagnesium bromide was pre­
pared from 5 g. of «-butyl bromide and 1 g. of the pinacol 
was added to the Grignard reagent. The ether was re­
fluxed for one hour, then the solvent was removed and the 
mixture was heated overnight on the steam-bath. After 
decomposition with ice and ammonium chloride solution, 
the pinacol was recovered.

Desoxybenzoin Pinacolone, VI.—The compound 
thought to be the pinacolone was obtained in one reaction 
from a fraction boiling 242-252° (53 mm.) and from the 
residue, above 226 0 (64 mm.), in another reaction. I t  was 
crystallized from alcohol and melted at 133 °. The amount 
available was too small to determine whether the phenyl or 
the benzyl group had migrated.

Anal. Calcd. for C26H24O: C, 89.32; H, 6.42; mol. wt., 
377. Found: C, 89.23, 89.21; H, 6.07, 6.19; mol. wt., 376.

Summary
1. The reaction of ^-butylmagnesium bro­

mide on acetophenone resulted in addition to 
form a new tertiary alcohol. This alcohol was 
dehydrated to form the corresponding new olefin.

2. Benzophenone was reduced by ^-butyl- 
magnesium bromide to form benzohydrol and di- 
benzhydryl ether.

3. The reaction of ^-butylmagnesium bromide 
on benzil resulted in reduction to benzoin and 
addition to form a new hydroxy ketone. The 
hydroxy ketone was dehydrated to form the cor­
responding unsaturated ketone.

4. Desoxybenzoin was reduced by w-butyl- 
magnesium bromide to form stilbene, desoxy­
benzoin pinacol and a compound thought to be 
desoxybenzoin pinacolone.
P o u g h k e e p s ie , N. Y. R e c e iv e d  A u g u s t  6, 1942
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[C o n t r i b u t io n  f r o m  t h b  C h e m ic a l  L a b o r a t o r ie s  o f  N o r t h w e s t e r n  U n i v e r s i t y ]

The Ionic Nature of the Grignard Reagent
B y W ard V. E vans and R a lph  P e a r so n 1

Work has been done in this Laboratory for the 
past nine years on various phases of the elec­
trolysis of organo-magnesium halides, in ethyl 
ether.2 The products of electrolysis are mag­
nesium metal at the cathode, various hydro­
carbons at the anode and magnesium halide 
formed in solution. Since the magnesium halide 
was believed to form at the anode,3 several equa­
tions were suggested to represent the electrode 
reactions4
(a) at the cathode: Mg+'+, +  2e~ — Mg

at the anode: R2MgX2“ — 2 e~ ---->- 2R- +  MgX2
(b) at the cathode: 2RMg+ +  2e“ ----> Mg +  R2Mg

at the anode: 2RMgX2~ — 2e~----> 2R* -j- 2MgX2
The symbol R- stands for an alkyl or aryl free 
radical that immediately underwent coupling, 
disproportionation or other reactions.

Because of the very great interest in the Gri­
gnard reagent in synthetic work and the need to 
understand its method of operation, it was thought 
desirable to do further work to prove or disprove 
the suggested electrode reactions and to investi­
gate more fully the ionic equilibria involved in 
ether solutions of the Grignard reagent. This 
was done by means of transference studies, con­
ductance data and chemical evidence. New light 
is also thrown upon the equilibrium

2RM gX----^  R2Mg +  MgX2
known to be present in solutions of the Grignard 
reagent.5

Transference Studies
Experimental.—An H-tube transference cell with large 

internal bore in order to reduce resistance was used. 
Three glass stopcocks were provided for draining out the 
anode, cathode and middle portions. Circular platinum 
electrodes mounted horizontally so that no potential drop 
existed along their length were used. Rubber stoppers 
freed from sulfur, one of which was fitted with a glass tube 
connected to two mercury traps to allow for expansion and 
contraction, supported the glass tubing holding the elec­
trodes. The whole cell was immersed almost completely 
in a large jar and surrounded by a mixture of ice and 
water. Voltages used were from 90 to 180, current was

(1) Universal Oil Products Fellow.
(2) See T h is  J o u r n a l , 63, 2574 (1941), for com plete references.
(3) (a) G a d d u m  a n d  F re n c h , ib id 49 ,1295  (1927); (b) Lee, P h .D . 

Thesis, N o r th w e s te rn  U n iv e rs ity , 1931.
(4) (a) E v a n s  a n d  L ee, T h is  J o u r n a l , §6, 654 (1934); (b) E v a n s  

a n d  F ie ld , ibid,, 58, 720 (1936).
(5) S ch len k  a n d  S ch len k , B e r , ,  § 4 ,T 0 6 5  (1921).

from 0.03 to 0.04 ampere filtered through a no. 80 Radio­
bron tube. A copper coulometer in series was used to 
measure the total number of coulombs. Runs were from 
eight to twelve hours. Sampling before and after electroly­
sis was by means of 25-cc, washout pipets in a hood of 
nitrogen to prevent decomposition by air and moisture. 
The anode, cathode and middle portions were weighed to 
the closest 0.01 g., cooled in an ice-bath, samples with­
drawn, and then reweighed to get weight of sample. In 
this way the loss of ether by evaporation was at a mini­
mum. Each sample was hydrolyzed with excess standard 
nitric acid and then back-titrated using sodium hydroxide 
and methyl orange indicator. This gave the equivalents 
of R present. Then eosin and dextrin were added to the 
neutral or slightly basic sample and the total halogen was 
titrated with standard silver nitrate. The equivalents of 
magnesium were then equal to the sum of R and X, where 
R is the alkyl group and X the halogen. In many cases 
this was confirmed by determining the magnesium sepa­
rately as the pyrophosphate.

Results.—The only Grignards tried were 
ethylmagnesium bromide, ^-butylmagnesium bro­
mide and phenylmagnesium bromide. The ethyl­
magnesium bromide was found to be unsuitable 
for transference study as the tabulated results of 
Table I show. There was a considerable transport

T a b l e  I
T r a n s f e r e n c e  S t u d y  o f  E t h y l m a g n e s iu m  B r o m id e  

T = 0°, v. = 90, I  = 0.03, R = 1.44 molar, X  -  1.63 
molar, total current = 17.4 milli-faradays. Changes in 

each portion expressed in milliequivalents.
Anode Cathode Middle

R +36.0 -2 2 .3 -3 2 .1
X +  5.0 +  1.3 -  5.6
Mg +41.0 -2 1 .0 -3 7 .7

This is one run out of a dozen that were made. I t is 
selected as representative of all of them.

of matter to the anode portion, indicating a large, 
mobile anion. Since the cathode portion did not 
gain by transport, it became more dilute and sol­
ute diffused from the middle portion into the 
cathode portion. Hence a true middle portion 
could not be obtained. This difficulty could have 
been avoided by using a vertical transference cell 
with the cathode on top and the anode on the bot­
tom so that diffusion to the cathode would be pre­
vented by gravity. However, instead of changing 
the cell, the Grignard reagent was changed, one 
being chosen that would possess a larger, heavier 
alkyl radical both to slow down the anion and to 
decrease its coordinating power by virtue of its
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T able II
Transference Studies of ^-Butylmagnesium Bromide
(a) T = 0°, v. = 90, 1 = 0.03, R = 1.57 molar, X »  1.78 

molar, total current = 11.6 milli-faradays.
Anode Cathode Middle

R + 4 .2 -1 5 .5 -0 .5
X - 0 .3 +  0.8 -  .4
Mg + 3 .9 -1 4 .7 -  .9
T =  0°, V. : 

2.69 molar,
= 180, I  =  0.035, R -  1.89 molar, X 
total current =  11.0 milli-faradays.
Anode Cathode Middle

R +  1.2 -1 4 .3 + 0 .7
X + 8 .0 -  8.2 +  .2
Mg + 9 .2 -2 2 .5 +  .9

r  =  0°, v. =  180, I  =  0.035, R  =  1.29 molar, X 
1.48 molar, total current =  12.6 milli-faradays.

Anode Cathode Middle
R + 4 .6 -1 6 .8 -0 .4
X -1 .1 +  1.6 -  .3
Mg + 2 .9 -1 5 .2 -  .7

These runs were taken as representative from about two 
dozen that were made.
bulk. ^-Butylmagnesium bromide was selected 
and as the data of Table II show, fairly good re­
sults were obtained. The total loss of R agreed 
with the number of faradays passed through the 
cell to within one or two milliequivalents, excellent 
agreement considering the great reactivity of the 
RMgX compounds and the volatility of the 
solvent. Other workers have previously shown 
that for the aliphatic Grignards one equivalent of 
magnesium is plated out per faraday of elec­
tricity.6 It was also known that the amount of 
gaseous hydrocarbons formed in the electrolysis 
of simple aliphatic Grignards corresponds closely 
to 100% current efficiency.7 All calculations 
were made on a weight basis making due allow­
ance for the weight of solution due to the solute.

Although the data of Table II are not suitable 
for quantitative calculations, a number of inter­
esting observations can be made from them:

1. All of the losses occur in the cathode por­
tion. The anode portion shows a gain in solute at 
all times even after losing an equivalent amount 
of R by electrolysis.

2. The relative amounts of R and X  gained by 
the anode portion are not constant but depend 
upon the ratio of R to X  in the original solution, 
that is, upon the concentration of MgX2 pres­
ent. When the MgX2 concentration is low, 
R2Mg or RMgX is transported to the anode so 
that the anode gains in R. When the MgX2 con­
centration is high, MgX2 is transported to the 
anode and the anode gains in X.

(6) Konduirev, J .  R uss . Phys .-Chem. Soe .t 60, 545 (1928).
(7) Braithwaite, Ph.D. Thesis, Northwestern University, 1940.

3. The net migration of magnesium to the 
anode shows that it is present in the anion as well 
as in the cation.

4. The cathode losses show that MgX2 is al­
ways gained since the loss of R is always greater 
than the loss of X. However, this gain is prob­
ably due to two factors, a real gain in MgX2 as 
a product of electrolysis and an apparent gain in 
MgX2 because of the loss of R2Mg from the cath­
ode portion by transference.

The behavior of phenylmagnesium bromide in 
a transference cell is unusual. After several hours 
of running all of the Grignard reagent settles out 
at the anode and the cathode, leaving a clear super­
natant liquid that has no RMgX in it and only a 
little MgX2. This appears to be an electropho­
retic effect. The colloidal nature of the aromatic 
Grignards is further shown by the dark color of 
their ether solutions and their pronounced Tyn­
dall effect. The aliphatic C2H6MgBr and n-C4H9- 
MgBr solutions were water white, optically clear 
liquids after settling and filtering through glass 
wool. The conclusion is that while the aliphatic 
Grignards form true solutions, the aromatic Gri­
gnards are in part colloidal. The difference may be 
due to the greater coordinating power of the ben­
zene ring. Benzene, for example, forms complexes 
with aluminum chloride.8 With ions for nuclei, 
large complexes could be formed in ether, so large 
as to be of colloidal dimensions. This colloidal 
nature does not affect the reactivity of the aro­
matic Grignards, which behave in general like 
the aliphatic Grignards in synthesis. Nor is the 
molecular weight as measured by boiling point 
rise any different from the aliphatics, both C6H5- 
MgBr and C2H5MgBr being approximately 
(RMgX)2 in half molar solution.9 Presumably 
because of the low ionic concentration only a 
small percentage of the Grignard molecules are 
involved in the colloidal complexes. In an elec­
trolysis, however, as the ions were continuously 
discharged leaving the rest of the particle neutral 
and free to settle out, more ions would form and 
new complexes build up until the solution was 
exhausted of ArMgX.

Conductance Data
The conductances of several Grignards in 

ethyl ether have been reported.10 The form of
(8) Gustavson, Chem. Z e n tr . ,  14, 344 (1883).
(9) Meisenheimer and Schlichenmaier, Ber.,  61, 720 (1928).
(10) (a) Evans and Lee, T h i s  J o u r n a l , 55, 1474 (1933); (b)

Konduirev and Ssusi, B e r . ,  62B, 1856 (1929); (c) Konduirev, J .  G en . 
Chem. U. S. S .  R .,  4, 203 (1934).
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1.0 1.5
Concentration.

Fig. 1.—Molar conductance of ethylmagnesium iodide 
plotted against molar concentration.

the conductance-concentration curves for ethyl 
magnesium iodide is shown in Fig. 1. The molar 
conductance increases rapidly with the concentra­
tion, a general phenomenon in solvents of low di­
electric constant. A maximum is reached at about
1.5 molar concentration, then the molar conduc­
tance falls off rapidly. This decrease in conduc­
tance is not surprising since the solvent is no 
longer ether but is 30% MgX2 and RMgX by 
weight. In addition to changes in the dielectric 
constant and nature of the medium, the viscosity 
has changed from that of a mobile liquid to a 
sirupy solution. The great decrease in conduc­
tance could be explained by the change in vis­
cosity alone. If the log of the molar conductance 
is plotted against the log of the concentration up 
to 1.5 molar, a curve is obtained (Fig. 2) that 
is not a straight line but falls off as log c increases. 
The slope of the straightest portion of the curve 
varies from 0.75 to 1.5. The interpretation of 
this according to the Kraus-Fuoss theory of 
multiple ions11 is that the over-all formula for 
the ionization involves not one molecule of 
RMgX but from three to five. Accordingly, the 
ions formed are not simple but complex. This is 
in accordance with the size of the ions as indi­
cated by the transference studies of ethylmag­
nesium bromide, where several times as many 
equivalents of R and X  are transported as fara- 
days of electricity are used.

Measurement of the gross conductance of 
RMgX does not give any information as to the 
contribution to the total of the conductances 
of R2Mg, MgX2, and RMgX. Consequently the 
conductances of several organometallic com-

(11) Fuoss and Kraus, T h i s  J o u r n a l , 65, 2387 (1933).

— 0.15 +0.15
Log C.

Fig. 2.—Log molar conductance of ethylmagnesium iodide 
plotted against log molar concentration.

pounds in ether have been measured and com­
pared with the conductance of ethylmagnesium 
bromide and magnesium bromide in ether. The 
results are included in Table III and for com­
parison the amounts of ionic character in the vari­
ous bonds as calculated from the electronega­
tivities of the elements according to the method of 
Pauling12 are also presented. There is good agree­
ment’ between the specific conductance and the 
amount of ionic character expected for each bond. 
The prediction of almost as much ionic character 
in the C-Mg bond as in the Mg-Br bond as pre­
dicted by Pauling’s table of electronegativities is 
confirmed by the fair conductance of magnesium 
diethyl, prepared by the method of Noller.13

Table III
Specific Conductance of H alf M olar Solutions in 

Ethyl Ether at 20°

MgBr2 2.0 X 10“ 8
Bond

%  Ionic 
character

CaHsMg B t 1.6 X 10-5 Mg-Br 47
(C2H6)2Mg 1.0 X IO-6 Mg-C 34
(C2H6)2Zn 5 X 10~6 Zn-C 24
(C2H5)2Hg 0 Hg-C 10

A specific conductance of zinc diethyl in ether 
was reported as 10~4 by Rodebush.14 The con­
ductance of a half molar solution is somewhat 
less than this. The conductance of magnesium 
bromide at half molar concentration was extra­
polated from lower concentrations since the 
limiting solubility of MgBr2 in ether alone is only 
0.15 molar.10a The presence of RMgX greatly 
increases the solubility of MgX2 in ether as was

(12) Pauling, “Nature of the Chemical Bond,” Cornell University 
Press, Ithaca, N. Y., 1940, p. 64.

(13) Noller* T h i s  J o u r n a l , 53, 635 (1931).
(14) Rodebush and Peterson, ib id . , 61, 638 (1929).
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shown by Doering and Noller.15 The actual con­
centration of MgX2 in the Grignard solution may 
easily be half molar or above depending on the 
total concentration of RMgX. The total con­
ductance of a Grignard is then due to the ioniza­
tion of R2Mg, MgX2, and RMgX, with the R2Mg 
contributing almost as much as the MgX2. The 
conductance of RMgX alone cannot be meas­
ured since disproportionation to R2Mg and 
MgX2 always occurs. However, it seems reason­
able to believe that the molar conductance of 
RMgX lies between those of R2Mg and MgX2 and 
that the ionic character of one bond does not 
greatly affect the ionic character of another bond 
in the same molecule.

Chemical Evidence
In the majority of its reactions the Grignard 

reagent behaves as an R" anion and a M gX+ 
cation. The anion with its unshared pair of elec­
trons goes on an atom with an open sextet and 
the cation adds on to an atom with an unshared 
pair of electrons. The reaction with a ketone 
may be taken as illustrative

c==o R - +  MgX+ 
O ------------------

R r
N c —O—MgX 

R ' /  |
R

Instead of an atom with an open sextet, an ioniz- 
able hydrogen may furnish the necessary orbital 
for the unshared pair of the anion which in this 
sense acts as a base. The hydrogen ion may come 
from OH, NH, SH, or activated CH. The be­
havior of the Grignard reagent in enolization and 
condensation is due to this reaction. The reduc­
ing effect of Grignard reagents is particularly no­
ticed in the case of highly branched R~ anions and 
branched chain carbonyl compounds.16 Here, 
due to steric factors, a hydride ion, H"~, adds to the 
carbonyl group, giving a reduction product and 
an olefin. In other cases, as in the reaction with 
allyl bromide, the R~ behaves like any other 
anion, pushing out the Br~ by the usual displace­
ment reaction. In all of these cases the reaction 
is carried to completion by the irreversibility of the 
formation of the carbon-carbon or carbon-hydro­
gen bond. Because of this only the R “ seems to 
react. Actually the X ”* must be undergoing the 
same reactions but to a lesser degree because of

(15) Doering and Noller, T h i s  J o u r n a l , 61, 3436 (1939).
(16) Kharasch and Weinhöuse, J. Org. C h em .t 1, 209 (1936)

the lower basicity of the halide ion as compared 
with an alkide ion

R/
"> 0 = 0  +  RMgX V - O M g R

R '/  R ' /X

But in such cases the reaction is readily reversible 
because of the lability of the carbon halogen bond 
alpha to an oxygen atom. Similarly, if HX 
were formed from an ionizable hydrogen, it 
would react further to give RH. In cases where 
the carbon-halogen bond is not easily broken, 
stable halogenated products can be formed from 
the Grignard reagents or simply magnesium hal­
ide in ether. For example, ethylene oxide reacts 
with RMgX to give both RCH2CH2OH and 
XCH2CH2OH.17

The nature and extent of the reaction 2RMgX 
—> R2Mg +  MgX2 has been the subject of numer­
ous papers.18 It has been .shown that the di­
oxane precipitation of the halogen compounds 
does not give true values for the position of 
equilibrium nor for the time necessary to reach 
equilibrium.19 Some speculation can be made on 
the subject with the aid of a study on a related 
reaction, the exchange between anhydrous zinc 
chloride and ethylmagnesium bromide in ether. 
When equal volumes of molar solutions of these 
two substances were mixed, white fumes of zinc 
oxide were given off immediately and a precipi­
tate of magnesium chloride and ethylmagnesium 
chloride was formed. The fuming is typical of 
organo-zinc compounds. The mixture was treated 
with dioxane at once to precipitate all the halogen 
and then centrifuged. The clear solution, free 
from halogen, was analyzed for zinc and mag­
nesium. It was found that 95% of the ethyl radi­
cal present was zinc diethyl and less than 5% 
was magnesium diethyl. Allowing the solution 
to stand overnight before precipitating with 
dioxane did not change the per cent, conversion 
from RMgX to R2Zn. The exchange was evi­
dently instantaneous. Reasoning by analogy, 
if MgX2 were added to a solution containing 
R2Mg the exchange would be instantaneous and 
equilibrium reached in a very short time. Such 
rapid reaction in a solution of as low dielectric 
constant as ether cannot proceed by a purely 
ionic mechanism since the concentration of ions is

(17) (a) Blaise, Compt . rend.,  134, 552 (1902); (b) Magrane and 
Cottle, This J o u r n a l , 64, 484 (1942).

(18) (a) Noller, i b i d ., 53 , 635 (1931); (b) Cope, 57, 2238 (1935);
(c) Gilman and Brown, 52, 4480 (1930); (d) Noller and Raney,
62, 1749 (1940).

(19) Noller and White, ib id ., 5», 1354 (1937),
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probably too small. The most likely method is a 
collision leading to an association of these highly 
polar molecules and a dissociation with the groups 
interchanged.

R2Mg +  MgX2 R—Mg—R

X— Mg—X

R—Mg- -R ---->  2RMgX

X — Mg—X

The ease with which the groups are lost by one 
atom and gained by another suggests strongly that 
primarily ionic linkages are involved and that the 
molecules can be considered to a first approxima­
tion as being simply ion pairs held together by cou- 
lombic forces. This is not strictly true, of course, 
since the physical properties, especially of R2Mg, 
suggest a considerable amount of covalent char­
acter in the bonds. There is, unfortunately, no 
direct evidence as to the position of equilibrium 
above, but if the undissociated molecules are 
considered as ion pairs, it seems likely that only 
statistical factors will determine the relative 
numbers of R2Mg, MgX2 and RMgX molecules. 
In such case the equilibrium constant K = [R2Mg] 
[MgX2] /  [RMgX]2 should be unity. Actually the 
constants calculated by the dioxane method are of 
this order of magnitude for most Grignards. The 
dioxane constants cannot be regarded as more ac­
curate than an order of magnitude since un­
doubtedly as the least soluble component, pre­
sumably MgX2, is precipitated first the reaction 
is dragged to the direction that causes the forma­
tion of more MgX2. The chloride always gives 
a greater percentage of R2Mg than the bromide, 
,and the bromide gives a greater percentage of 
R2Mg than the iodide.18b This is the same order 
as increasing solubility of the magnesium halides. 
The iodide should give the most nearly correct 
results, though even here the values are doubtful 
because the concentration of R2Mg changes with 
rate of addition of the dioxane and the time and 
intimacy of contact of the mother liquor with 
the precipitate.19 That the yields of R2Mg are 
increased by shaking the precipitate with the 
mother liquor indicates that R2Mg is coprecipi­
tated with the halogenated compounds to a con­
siderable extent. Since the Grignard reagents 
are undoubtedly associated, such coprecipitation 
is not surprising and invalidates the quantitative 
value of the dioxane precipitation as a means of 
comparing various Grignard reagents,

Discussion
Taking into account the foregoing evidence, a 

fairly lucid picture of the ionization and electrode 
reactions of the aliphatic Grignard reagents in 
ethyl ether can now be given. The specific prop­
erties of the four types of molecules present must 
be first taken into account. The ether molecule is 
strictly an electron donor molecule by virtue of the 
unshared pairs on the oxygen atom. The R2Mg, 
RMgX and MgX2 molecules are all acceptor mole­
cules because of the two stable unfilled orbitals of 
the magnesium atom. The RMgX and MgX2 
molecules are also donor molecules because of the 
unshared pairs of the halogen atoms, but the donor 
power of a halogen atom is much less than that of 
oxygen atoms. The following ionic ruptures un­
doubtedly all occur

RMgX R - +  MgX+ or X “ +  RMg+
R2Mg R ” +  RMg+
MgX2 X ” +  MgX+

The presence of Mg++ is unlikely in view of the 
low dielectric constant of the medium. As is true 
in any solution, ionization only occurs because the 
energy of solvation is great enough to overcome 
the coulombic attraction. The positively charged 
cation must be strongly solvated by the ether 
molecules. Since the cation MgX+ has at least 
three stable orbitals, more than one molecule of 
ether is coordinated with it. This is of importance 
in determining the mobility of the cation since it 
eliminates the possibility of its jumping from one 
ether molecule to the next and possessing a high 
mobility analogous to the proton in water solution.

The anion having an unshared pair of electrons 
is but weakly attracted to the ether molecules, or 
repelled, and is coordinated instead with an ac­
ceptor molecule containing a magnesium atom

[
[

R—Mg—X' 

R
R—M g -R - 

R

TR—Mg—X l “

L x J
“X—Mg—X ~ r 

_ X J
It is unlikely that the process stops at this point 
since the negative charge makes the anion a 
stronger base than the ether molecule. Con­
sequently the ether molecules are displaced from 
other magnesium atoms and an anion involving 
several molecules of RMgX or R2Mg or MgX2 
may be built up. This is in accordance with 
the conductance data in that several molecules 
of Grignard are necessary for the ionization re
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action  to occur. W e hav e  th en  a  sm all, highly 
so lvated  ca tion  w hich is n o t m obile because 
of its  a ttra c tio n  for th e  so lven t and  a large 
anion which is m obile because it  has little  a t ­
trac tion  for the  electron donating  solvent. This 
is in accordance w ith  th e  transference d a ta  where, 
especially w ith  ethylm agnesium  brom ide, there is 
a  large transference of m a tte r  to  th e  anode. 
E ven  w ith th e  bu ty lm agnesium  brom ide there are 
m ore equivalents of R  plus X  transferred  to  the 
anode th an  fa radays of e lec tric ity  used. M ore R  
is transferred  to  th e  anode th a n  X , probably  be­
cause R 9M g is a  b e tte r  electron acceptor than  
M g X 2 and  coordinates w ith  th e  anion m ore read ­
ily. If  the  M gX 2 concen tration  is high, however, 
m oie of i t  is carried  to  th e  anode in  place of R 2Mg, 
since th e  concen tration  of th e  la t te r  m u st be small 
and  th e  difference in concen tration  balances the 
difference in acceptor power.

The. cation upon reaching th e  electrode is dis­
charged to  give an  RMg* or M gX - free radical 
w hich reacts in pairs to  give m agnesium  plus 
M g X 2 or R 2M g

2RMg+ +  2e~----> Mg +  R2Mg
2MgX+ +  2e~----^  Mg +  MgX2

T he anion upon reaching  th e  electrode is dis­
charged  in such a w ay th a t  th e  R  or X  group 
having  th e  low est discharge p o ten tia l is liberated 
as a free atom  or radical. In  th e  case of the ali­
phatic  G rignards, and  th e  arom atic  G rignards a t  
low cu rren t density , the R  group is m ost easily 
d ischarged2

R2M g X -----^  R- +  RMgX +  e-
or R3Mg~ ---->• R* +  R2Mg +  e"
or RMgX2" ----R- +  MgX2 +  e~

H owever, under certa in  circum stances the halide 
ion m ay  be discharged

R2MgX~   >  X- +  R2Mg +  e“
or . MgX3-   > X- +  MgX2 +  e“
or RMgX2- ----^  X- +  RMgX +  e“

T h e  following series of reactions would then  occur 
2X---- > X2

X2 -f R M gX ---^  RX +  MgX2
RX +  M g ---^  RMgX

In  th e  electrolysis of phenylm agnesium  bromide, 
for example, i t  wTas shown th a t  brom obenzene 
form ed a t  th e  anode and, unless p revented  from 
diffusion, would m igrate  to  th e  ca thode and react 
w ith  th e  m agnesium  p la ted  o u t th e re .2 T h a t the 
halogen molecule is an  in te rm ed ia te  is shown by 
th e  electrolysis of phenethinylm agnesium  iodide, 
CeH gC^C— M gl . In  th is electrolysis th e  C*HB—

C===C~ ion is n o t discharged b u t  the  iodide ion is. 
Since iodine reacts  only slowly w ith  th is  p articu ­
la r G rignard, a  m ass of crystalline iodine collects 
upon the  anode and  can be read ily  identified.

T he discharge of halogen instead  of th e  alkyl 
or aryl radical is favored  b y  several factors: 
high elec tronegativ ity  of th e  radical, low electro­
nega tiv ity  of th e  halogen, an d  high voltages. 
Aryl radicals are m ore electronegative th a n  alkyl 
radicals and  th e  electrolysis of arom atic  G rignards 
gives cu rren t efficiencies, based upon th e  am ount 
of hydrocarbons formed, th a t  are very  m uch 
lower th an  for th e  aliphatic  G rignards.2 Among 
the several halogens th e  order of increasing cu r­
re n t efficiency is iodide, brom ide, and  chloride in 
accordance w ith  increasing decom position p o ten ­
tials for these ions.20 H igh voltages favor th e  re ­
lease of halogen and  lower th e  cu rren t efficiency 
because a sa tu ra tio n  cu rren t due to  anions con­
tain ing th e  alkyl or ary l group is reached. Anions 
such as M g X 3~ are th en  discharged because the 
source of m ore easily discharged ions is m om en­
tarily  exhausted.

T he necessity  for having  b o th  electron donors 
and  electron acceptors p resen t to  prom ote ioni­
zation  in solutions of low dielectric con stan t is 
shown b y  several o ther organo-m etallic com ­
pounds in solution. Zinc d iethy l and  m agnesium  
diethyl e th e ra te  are non-conductors in  benzene, 
while m agnesium  brom ide e th e ra te  and  ethy lm ag­
nesium  brom ide e th e ra te  in  benzene conduct fairly  
well.21 T he explanation  is in  th e  low electron 
donating  power of benzene com pared to  e ther 
which leaves the zinc and  m agnesium  d iethy l w ith 
no m eans of solvating  th e  cation. M agnesium  
brom ide and  ethylm agnesium  brom ide have  th ep 
halogen atom  to  serve as electron donor and  co­
ordinate th e  cation. Zinc d iethy l b y  itself is 
known to  be a non-conductor, b u t  in e th er i t  con­
ducts because th e  e ther solvates th e  R Z n + cation. 
Sodium  ethy l conducts in zinc d iethy l and  H ein 
showed th a t  th e  anion was Zn(C 2H 5)3 ~ w ith  the 
zinc atom  acting  as th e  acceptor m olecule.22 
There is no m olecule p resen t to  so lvate th e  so­
dium  ion, b u t  so lvation o ther th a n  th a t  furnished 
by  th e  negative end of th e  zinc-carbon  dipole is 
n o t necessary for th e  sodium  ion, w hich has a  low 
coordinating power a t  all tim es. T h e  organo- 
lith ium  com pounds, C2H 5Li, C 6H 5Li and  w-C4H 9Li 
in ethy l e th er so lution have  been te s ted  in  th is

(20) Evans and Field, T h is  J o u r n a l , 58, 2284 (1936).
(21) Unpublished work in this Laboratory.
(22) Hein, Z. Elektrochem., 28, 469 (1922).
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L aborato ry  an d  found to  be non-conductors.21 
This non-conductance is due in p a r t to  a  high 
am ount of cova len t ch a rac te r in the  lith iu m -car­
bon bond as show n b y  th e  m uch  lower conductance 
of lith ium  e th y l in  zinc d iethy l th an  th e  corre­
sponding sodium  an d  potassium  com pounds.22 
I t  is p robab ly  due m ore to  th e  inab ility  of the 
lith ium  a to m  to  serve as an  acceptor a tom  for the  
unshared p a ir of th e  alk ide ion in  com parison 
w ith th e  h igh coord inating  pow er of the  zinc and 
m agnesium  atom s.

Summary
T ransference stud ies of ^-butylm agnesium  b ro ­

m ide and  ethy lm agnesium  brom ide in  e ther are 
reported.

T he conductances of m agnesium  diethy l and 
zinc d iethyl in  e th e r hav e  been m easured.

T h e  exchange reaction  betw een zinc chloride 
an d  ethylm agnesium  brom ide in e th e r has been 
found to  be instan taneous.

F rom  a consideration of all availab le d a ta  a 
theo ry  is proposed for th e  ionization  of th e  ali­
p h a tic  G rignard  reagen ts an d  for th e  electrode 
reactions in  th e ir electrolysis.

B o th  th e  halogen and  th e  alkyl g roup can  ion­
ize. T h e  ca tion  is coord inated  w ith  e th e r and  is 
sm all and  slow. T h e  anion is coord ina ted  w ith  
R M gX , M gX 2 and  R 2M g an d  is large an d  mobile.

T h e  im portance of hav ing  b o th  m olecules w ith 
electron donor properties an d  m olecules w ith  elec­
tro n  acceptor p roperties to  prom ote ionization 
in  solvents of low dielectric s tren g th  is b rough t 
ou t.

E v a n s t o n , I l l in o i s  R e c e iv e d  A u g u s t  17, 1942

[C o n t r ib u t io n  f r o m  t h e  D i v is io n  o f  C h e m is t r y , N a t io n a l  I n s t i t u t e  o f  H e a l t h , U. S . P u b l ic  H e a l t h  S e r v ic e ,
a n d  f r o m  t h e  C o r n  P r o d u c t s  R e f i n i n g  C o m p a n y ]

The Stability of /5-Methylmaltoside toward Hot Alkali
By Thomas J ohn Schoch, E. Justin Wilson, Jr., and C. S. Hudson

In  connection w ith  studies on the decomposi­
tion of s ta rch  in  alkaline m edium , it  was desirable 
to  establish w hether th e  1,4-a-glucosidic linkage is 
susceptible to  d irec t hydro ly tic  scission by  ho t 
aqueous alkali. E vans and  B enoy1 have shown 
th a t  the  action  of h o t alkali upon m altose results 
prim arily  in  a  rap id  enediol splitting. If th is re­
action could be p reven ted  b y  blocking the  alde­
hyde group ag a inst enolization, as in /5-methyl- 
m altoside, th en  an y  acids developed during ho t 
alkali digestion could be a ttrib u ted  to  direct 
hydrolysis of th e  d isaccharide linkage, and sub­
sequent enolic sp litting  of the former glucosido 
portion of th e  m altoside molecule. /3-Methyl- 
glucoside is know n to  be  fully resistan t to ho t 
aqueous alkali.

/3-M ethylm altoside and  calcium m altobionate 
have been so tested , b y  dissolving 0.5 g. in 100 
ml. of 0.1 N  sodium  hydroxide, heating  a t  100° 
for one, tw o an d  five h ou r periods, and then  back- 
titra tin g  th e  unconsum ed alkali. Except for the 
use of longer h ea ting  periods, the technique is 
identical w ith  th a t  described by  Schoch and Jen ­
sen2 for alkali num ber evaluation  of starches; 
in their m ethod  th e  tim e of heating  is one hour.

(1) Evans and Benoy, T his J o u r n a l , 52, 294 (1930).
(2) Schoch and Jensen, Ind. Eng. Chem., Anal. Ed., 12, 531 (1940).

Production of acidity is similarly expressed, as 
the number of milliliters of 0.1 N  sodium hydrox­
ide consumed per gram of carbohydrate. Each 
value in Table I represents the average of three 
to five determinations; blank runs (without car­
bohydrate) showed negligible loss of alkali. As 
an additional check on the results obtained, 
beta-methylcellobioside was tested in the same 
manner.

Table I
Alkali Consumption at 100 °

D igestion /3-Methyl- /3-Methyl- Calcium Calcium
tim e, hr. maltoside cellobioside maltobionate gluconate

1« 0 .3 2  ±  0 .0 4  0 .1 0  ±  0 .0 5  0 .7 2  ±  0 .0 6  0 .7 6  ±  0 .0 3
2 .24  ±  .04 .13 ±  .05  .99 ±  .06  .93 ±  .08
5 .16 ±  .04  .08  ±  .05  1 .60  ±  .09 1 .78  ±  .11

a Starches give alkali numbers of about 4 (waxy maize), 
7 (potato) and 11 (corn).

Since the alkaline decomposition of 1 g. of an­
hydrous glucose consumes 85.2 ml. of 0.1 N  so­
dium hydroxide,2 it may be calculated that 0- 
methylmaltoside hydrate and calcium maltobi­
onate would consume 41.0 ml. and 40.7 ml., re­
spectively, if the disaccharide bond were com­
pletely hydrolyzed. The very slight consump­
tion by the two glycosides is barely detectable and 
is not progressive, which leads us to believe that 
it is caused by traces of impurities which recrys-
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tallization failed to remove. From the experi­
mental data we conclude that /3-methylmaltoside 
may be regarded as stable against hot alkali; 
a similar conclusion applies to /3-methylcellobio- 
side, containing the l,4-/+glucosido linkage. 
While calcium maltobionate undergoes a slight 
progressive decomposition, this is of the same 
order of magnitude as for calcium gluconate, and 
therefore cannot be attributed to glycosidic hy­
drolysis. In all probability this decomposition 
follows the mechanism previously given by Upson 
and co-workers3 as accounting for the action of 4 
N  barium hydroxide at 140° upon the aldonic 
acids. The results are in agreement with the 
theory of alkaline oxidation of carbohydrates, as 
developed by Evans and his co-workers.

We assume from the present data, in agreement 
with Evans' views, that alkali attacks starch 
only at a terminal aldehydo glucose, and this 
must undergo enolic splitting before the second 
glucose can in turn be attacked. Admittedly, 
this does not take into account the possibility of 
linkages other than 1,4-a-glucosidic bonds, which 
might be susceptible to direct alkaline hydrolysis 
since definite data to the contrary are not known.

It seems worthy of mention that what is com­
monly called the 1,4-a-glycosidic linkage that is 
present in maltose is not precisely the 1,4-linkage 
that is postulated as the main linkage in the 
starch structure or in the Schardinger dextrins. 
If the linkage in maltose be used as a definition 
of the true 1,4-a-linkage, the attachment of a 
substituent glucose molecule to carbon atom 4 
changes the type of this linkage in chains made up 
of glucose units. The change may have great 
effect upon the character of enzyme actions on 
starch, and an alteration of the speed of acid hy­
drolysis is a possibility.

Experimental Part
Calcium Maltobionate.—The calcium maltobionate here 

employed was prepared by the method of Glattfeld and 
Hanke,4 with subsequent purification through the basic 
lime compound.6 The product contained 7.53% calcium 
oxide; theory 7.43%.

/3-Methylcellobioside.—The heptaacetate of this sub­
stance was prepared according to the directions of Pacsu.6

(3) Upson, N oyce and Albert, T h is  J o u r n a l , 61, 779 (1939).
(4) Glattfeld and Hanke, ibid., 40, 989 (1918).
(5) Hudson and Isbell, Bur. Standards J. Research, 3, 57 (1929).
(6) P acsu , T h is  J o u r n a l , 52, 2571 (1930).

The /3-methylcellobioside was obtained by deacetylation, 
using the method of Zemplén and Pacsu7; the substance 
melted at 190-193° (cor.) and rotated [ a ] 20D  —19.7° in 
water (c = 3), in agreement with recorded values.8

Improved Preparation of /3-Methylmalfoside.—Previ­
ously, /3-methylmaltoside has been obtained in pure form 
only with considerable difficulty and in low yields.9 The 
following procedure has been found to give readily excellent 
yields of the pure crystalline substance. Thirty grams of 
/3-octaacetylmaltose (m. p. 157-159°) was converted to 
acetobromomaltose by the method of Brauns.10 The re­
sulting sirup was dissolved with gentle warming in 400 ml. 
of absolute methanol and the solution shaken with 20 g. 
of silver carbonate. I t  was then heated under reflux for 
one hour, filtered through Darco, and concentrated in 
vacuo. Fine needles separated on cooling; one recrystalli­
zation from absolute ethanol gave 20.6 g. of nearly pure 
heptaacetyl-jS-methylmaltoside, melting at 126-128.5° as 
compared with the recorded value of 128-129° for the 
pure substance.9 Deacetylation was effected by the 
procedure of Zemplén and Pacsu.7 Twenty grams of the 
heptaacetate was dissolved in 120 ml. of absolute methanol, 
and the solution was boiled for one hour with 5 ml. of 0.2 N  
sodium methylate. The slight yellow color was removed 
by filtration with Darco, and the filtrate evaporated to 
dryness in vacuo. The resulting sirup was taken up in hot 
95% ethanol, and the product crystallized as long needles 
on cooling. The yield was 10.8 g. (94%), melting at 111- 
113° (cor.), with [o:]20d  +84.6° in water (c = 1.7) as com­
pared with the recorded m. p. of 110-111° and [»]d of 
+83.9° in water (c = l) .9 Recrystallization gave no fur­
ther change in the constants. The product was isolated 
as the monohydrate.

One of the authors (E. J. W., Jr.) expresses his 
thanks to the Corn Industries Research Founda­
tion for a fellowship.

Summary
The 1,4-a-glucosidic linkages in /Tmethylmal- 

toside and calcium maltobionate do not undergo 
direct hydrolysis in hot alkali. The 1,4-0-glu- 
cosidic linkage in /3-methylcellobioside is likewise 
stable to alkali.

It appears probable that alkali can attack 
starch only at the terminal aldehydo glucose, 
which must undergo enolic splitting before the 
second glucose can in turn be attacked. The 
present results agree with Evans' views on the 
degradation of starch by alkali.
B e t h e s d a , M a r y l a n d
A r g o , I l l in o i s  R e c e iv e d  S e p t e m b e r  30, 1942

(7) Zemplén and Pacsu, Ber., 62, 1613 (1929).
(8 ) Helferich, Löwa, N ippe and Riedel, Z .  physiol. Chem., 128, 

141 (1923).
(9) Irvine and Black, J. Chem. Soc., 862 (1926).
(10) Brauns, T h is  J o u r n a l , 51, 1820 (1929).
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Some Allyl Nitrophenyl Thiosemicarbazides and their Analytical Properties
B y Alfred  W. Scott and  J. T . A n d r e w s1

Thiosemicarbazide and allyl groups have been 
present in a number of organic compounds which 
gave precipitates or color reactions with aqueous 
solutions of certain inorganic cations. While 
these groups together would appear to be the re­
active part of the compound, both the selectivity 
and sensitivity of the reagent would seem to be 
affected by the constitution of the remainder of 
the molecule.

The purpose of this investigation was to study 
the effect on the selectivity and sensitivity of a 
related series of reagents which contained both 
the thiosemicarbazide and allyl groups. For 
this purpose l-allyl-4-phenyl thiosemicarbazide2*3 
was selected as the reference compound and a 
nitro group was successively introduced into the 
phenyl group in the ortho, meta and para posi­
tions. In addition to the selectivity and sensi­
tivity possibilities mentioned above, the results of 
a study of this series of compounds might add to 
our information upon the effect of ortho, meta and 
para substitution in organic analytical reagents.

Distilled water solutions (0.1 N) of the metal­
lic nitrates of most of the cations usually en­
countered in elementary qualitative analysis were 
tested. Each of the four reagents gave tests with 
silver, mercurous, mercuric and copper ions. 
Therefore, the nitro group had no effect upon the 
selectivity of the reactive group. The sensitivity 
of the four reagents, however, varied widely. 
The para nitro compound was by far the most sen­
sitive in every instance, and the ortho nitro com­
pound was next, while the meta nitro compound 
and the reagent without any nitro group present, 
were found to be the least sensitive and about 
equally poor.

1 - Allyl-4- (^-nitrophenyl) thiosemicarbazide gave . 
a red precipitate upon standing with mercuric mer­
cury solutions of one part in a million and a slight 
color reaction with one part in ten million. Several 
attempts were made to use this reagent in a gravi­
metric quantitative determination of mercury, but 
the results obtained were unsatisfactory.

(1) Constructed from a thesis by J. T . Andrews, presented to the 
Graduate Faculty of the University of Georgia, in partial fulfillment 
of the requirements for the degree of M aster of Science in Chemis­
try.

(2) Dixon, J. Chem. Soc., 57, 263 (1890).
(3) Avernarius, Ber,, 24, 268 (1891).

Experimental
l-Allyl-4-phenyl thiosemicarbazide was prepared accord­

ing to Avernarius.2’3 It melted at 119° (uncor.) and 
agreed in all other respects to the compound described in 
the literature. An excess of the compound was added to 
water, heated to 90 °, agitated for some time, and allowed 
to cool to 25°. Ten ml. of this saturated solution was 
pipetted into a tared dish, evaporated and dried in an 
oven at 90° and weighed. The result in grams times ten 
was taken as the water solubility of the compound in 100 
ml. of water. Duplicate results gave the solubility as 0.118 
g. at 25°. An alcoholic solution of the compound added 
to aqueous solutions of the cations gave a white precipitate 
with silver, a gray precipitate with mercurous mercury, a 
yellow precipitate with mercuric mercury, and a blue color 
with copper.

l-Allyl-4-( o-nitrophenyl) thiosemicarbazide was pre­
pared according to Guha.4 The purified needles melted at 
166° (uncor.). There was 0.029 g. found to be soluble in 
100 ml. of water at 25°. An alcoholic solution of the com­
pound added to aqueous solutions of the cations gave 
orange precipitates with both mercurous and mercuric mer­
cury, a red precipitate with silver, and a green precipitate 
with copper.

l-Allyl-4-(ra-nitrophenyl) Thiosemicarbazide.—To an
alcohol solution of 10 g. of wmitrophenylhydrazine was 
added 7 g. of allyl isothiocyanate. This solution was 
heated for five minutes and allowed to cool. The thick 
oil which separated was dissolved in hot 50% alcohol and 
allowed to cool. The yellow crystals obtained were soluble 
in acetone, bases (turning orange red), and very slightly 
soluble in water. Their m. p. was 120° (uncor.). The 
yield was 90% of the theoretical.

Anal. Calcd. for C10H12N4O2S: N, 22.21; S, 12.71. 
Found: N, 22.14; S, 12.63.

The solubility in 100 ml. of water at 25° was 0.033 g. 
An alcoholic solution of the compound added to aqueous 
solutions of the cations gave a cream colored precipitate 
with silver, a grayish-black precipitate with both mer­
curous and mercuric mercury, and a blue color with copper. 
I t  was not very sensitive with any of these.

l-Allyl-4-(£-nitrophenyl) Thiosemicarbazide.—To a so­
lution of 8 g. of ^-nitrophenylhydrazine dissolved in 95% 
alcohol was added 4.6 g. of allyl isothiocyanate. This mix­
ture was heated for five minutes and allowed to cool. The 
yellow needles obtained were recrystallized from 95% 
alcohol until pure. They were very soluble in acetone, 
soluble in alcohol, slightly soluble in water and soluble in 
bases (turning a red color). At 25°, 3.273 g. of the com­
pound was soluble in 100 ml. of 95% alcohol. At 25°, 
0.031 g. of the compound was soluble in 100 ml. of water. 
The compound melted at 188° (uncor.), with some de­
composition. The yield was 76% of the theoretical.

(4) P. C. Guha and S. K . R ay, Quart. J. Indian Chem. Soc., 2, 83— 
94 (1925); P. C. Guha and T. N . Ghosh, ibid., 4, 561-72 (1927).
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Table I
men., 7 /I. (meg.) Reagent A Reagent B

Sensitivity for Cu++
Reagent C

1 x  107 Dark blue color Black-green ppt. Black ppt.
1 X 106 Blue color Black-green some ppt. Black-green ppt.
1 X 105 Blue color Dark green colored soln. Gray ppt.
1 X 104 Blue color Light green color Brown-red color, brown ppt. after standing
1 X 103 Slight blue color No reaction

vSensitivity for Ag+

Very slight color

1 X 107 Brown ppt. Orange ppt.
1 X 106 Brown-purple ppt. Orange-red ppt.
1 X 10B Purple ppt. Crimson ppt.
1 X 104 No color or ppt. Light red soln., ppt. after standing
1 X 103 No reaction

Sensitivity for Hg++

Slight color

1 x  107 Yellow ppt. Orange ppt.
1 X 10« Red ppt. Red ppt.
1 X 105 Purple red ppt. Red ppt.
1 x  104 Red color Red ppt.
IX 103 Slight color Some ppt. after standing
2.5 X 102 No reaction Red color that can be seen clearly
1 X 102 No reaction Slight change in color

Anal. Calcd. for C10H12N4O2S: N, 22.21; S, 12.71. 
Found: N, 22.26; S, 12.66.

An alcoholic solution of the compound when added to 
aqueous solutions of the cations gave an orange precipitate 
with both mercurous and mercuric mercury, a red precipi­
tate with silver, and a dark green precipitate with copper.

Sensitivities.—The tests for the sensitivities of the com­
pounds were made in the following way, A solution con­
taining 1 X 107 meg. per liter of the ion to be tested was 
prepared and diluted to other concentrations in volumetric 
flasks. A saturated alcohol solution of each reagent was 
used in the tests. When eight drops of this alcohol solu­
tion of the reagent were added to five ml. of water or to 
five ml. of dilute nitric acid, and allowed to stand over­
night, no precipitation resulted. When eight drops of the 
reagent were added to 5 ml. of concentrated nitric acid 
and allowed to stand overnight, a slight precipitation oc­
curred. The sensitivity of 1 -allyl-4- (m-nitrophenyl) thio­

semicarbazide was not determined since it affected the 
mercurous, mercuric, silver and copper ions in fairly con­
centrated solutions only. For the same reason, the sensi­
tivity of l-allyl-4-phenyl thiosemicarbazide (Reagent A) 
was only tested for copper. The sensitivities of l-allyl-4- 
(o-nitrophenyl) thiosemicarbazide (Reagent B) and 1- 
allyl-4- (^-nitrophenyl) thiosemicarbazide (Reagent C) are 
shown in the table.

Summary
1. Neither the presence of a nitro group, nor 

its position, affected the selectivity of the reac­
tive group, but did materially affect the sensitivity 
of the compounds.

2. 1-Allyl-4-(^-nitrophenyl) thiosemicarbazide
is a very sensitive reagent for mercuric mercury.
Athens, Ga . R eceived April 21, 1942
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Mechanism of the Reaction between Hindered Carbonyl Compounds and the Gri­
gnard Reagent, II1

B y  R ichard  T. A rnold  a nd  R . W in st o n  L ig g ett2

In the first paper of this series1 it was shown

that esters of the type R—o f  are cleaved
x O—R '

abnormally by the Grignard reagent if in R— 
there are substituents which sterically hinder addi­
tions to the carbonyl group of the ester, and if 
R'— is of such a nature that it has considerable 
thermodynamic stability as a cation (R'+). The 
general reaction between such an ester and the 
Grignard reagent can be expressed by the equa­
tion

R—G
O

O—R '
+  R"MgX -

„O
R—c /  +  R'R" (1)

x O—MgX
If on the other hand, R'— has little tendency to 

form a cation and the group —OR' readily forms 
an anion (i. e., Cl“, —OCeHs, or RiC02~) then an 
entirely different reaction takes place and ketones 
are produced3,4’5,6

R—C
vO—R '

+  R"MgX •

R—c /
V

.0

R"
R'O—MgX (2)

The present paper deals with a study of the cleav­
age reaction (Eq. 1). As indicated earlier,1 when 
the magnitude of the steric factors about the car­
bonyl group is small, then simple allyl esters of 
carboxylic acids react normally with the Grignard 
reagent to produce tertiary alcohols.7

If the steric factors in R— are sufficiently great 
to prevent or decidedly inhibit the addition of 
R"MgX to the carbonyl group, then allyl esters 
react entirely according to Equation (1). Ob­
viously there must be some point between these 
two extremes where the rates of the normal ester- 
Grignard reaction and the cleavage reaction are 
alike. This midpoint has now been roughly de-

(1) F o r paper I see T h is  J ournal , 63, 3444 (1941).
(2) DuPont Postdoctorate Fellow 1941-1942.
(3) Adams and Binder, T h is  J o u r n a l , 63, 2773 (1941).
(4) Whitmore, et al., ibid., 64, 1242, 1247, 1252 (1942).
(5) Fuson, Bottorff and Speck, ibid., 64, 1450 (1942).
(6 ) Fuson, Corse and Rabjohn, ibid., 63, 2852 (1941).
(7) The one general exception to this rule is the case in which 

group R ' has an extreme tendency to form a cation (i. e., triphenyl­
methyl acetate); here only cleavage occurs [Fieser and Heymana, 
T h is  J o u r n a l , @4, 876 (1942)].

termined by a systematic study in which the steric 
effects in group R— have been varied over a wide 
range of values.

R = I = triphenylmethyl
II = diphenylmethylcarbinyl
III = 2,3-dimethylnaphthyl
IV = benzylethylmethylcarbinyl
V = 3-heptyl
VI = 3-pentyl
VII — cyclohexyl
VIII = 1-ethylcyclohexyl

The element of steric hindrance is pronounced 
enough when R = I, II, III, or IV that the corre­
sponding allyl esters undergo complete cleavage 
with phenylmagnesium bromide. When R — 
V or VI, the cleavage and normal reactions pro­
ceed simultaneously and at comparable rates. 
The marked increase in steric properties observed 
when one passes from a methyl to an ethyl group 
is usually attributed to the large effective volume 
swept out by the freely rotating methyl compo­
nent of the ethyl group. We have found addi­
tional confirmation for this explanation in the 
fact that when R = VII or VIII only the normal 
reaction takes place between the allyl esters and 
phenylmagnesium bromide. In these two cases, 
free rotation is prevented by the rigidity of the 
ring structures.

A later report will discuss the effects of changes 
in the nature of groups R' and R" on the allyl 
ester-Grignard reaction.

Experimental
1 -Bromo-2,3-dimethylnaphthalene.—To a cooled solu­

tion of 200 g. of 2,3-dimethylnaphthalene in 500 cc. of 
chloroform in an ice-bath, 215 g. of bromine in 200 cc. of 
carbon tetrachloride was added over a two-hour interval 
with stirring. After three additional hours at room tem­
perature the solution was thoroughly washed with dilute 
alkali, the solvent distilled off and the residue crystallized 
from 400 cc. of hot ethanol; yield, 250 g.; m. p. 62-63°; 
after recrystallization, m. p. 63-64°.

Anal. Calcd. for C12HnBr: C, 61.3; H, 4.72. Found: 
C, 60.4; H, 4.72.

2,3-Dimethyl-1-naphthoic Acid.—Fifty-seven grams of 
1 -bromo-2,3 - dim et hy lnaph t halene in 150 cc. of ether was 
converted to the Grignard reagent with 11.8 g. of mag­
nesium and two drops of ethylmagnesium bromide solu­
tion. Carbonation was effected by dropping the Grignard 
solution slowly into dry ether through which passed a 
vigorous stream of anhydrous carbon dioxide. After
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decomposition there was obtained 36-40 g. of crude acid. 
Recrystallization from methanol-water mixtures gave a 
product melting at 167-168°.

Anal. Calcd. for C13H120 2: C, 78.0; H, 6.04. Found: 
C, 77.4; H, 6.13.

Allyl 2, 3-D imethy 1- 1 -naphthoat e.—-Fifty grams of 2,3- 
dimethyl-1-naphthoic acid was treated with a sodium 
ethoxide solution prepared from 6 g. of sodium and 100 cc. 
of ethanol. The alcohol was removed by vacuum dis­
tillation and to the residue was added 32 cc. of allyl bro­
mide in 200 cc. of xylene. The mixture was effectively 
stirred at the reflux temperature for eight hours. Extrac­
tion of the xylene solution with dilute alkali followed by 
drying and fractionation gave 37.5 g. of ester; b. p. 155- 
160° (2 mm.). The distillate was taken up in low boiling 
petroleum ether and cooled. The ester appeared as a white 
solid; m. p. 33-34°.

Anal. Calcd. for C16H160 2: C, 79.78; H, 6.70. Found: 
C, 79.79; H, 6.13.

Reaction of Allyl 2,3-Dimethyl- 1-naphthoate with 
Phenylmagnesium Bromide.—The Grignard solution was 
prepared from 13.0 cc. of bromobenzene and 3.2 g. of 
magnesium in 75 cc. of ether. To this in one portion was 
added 15.1 g. of the crystalline ester dissolved in 50 cc. of 
ether. Refluxing was continued for two hours and the 
solution stood at room temperature for an additional 
twenty-four hours. Alkali extraction of the ether layer 
after decomposition yielded 12.2 g. of 2,3-dimethyl-1-naph­
thoic acid (97%). Fractionation of the ether layer gave 
6 g. of allylbenzene (82.4%); b. p. 155-157°.

Allyl Triphenylacetate.—-The anhydrous salt from 6.4 g. 
of triphenylacetic acid was heated under reflux for ten 
hours with 20 cc. of allyl bromide and 50 cc. of toluene. 
After filtration, the toluene was removed by distillation 
and the oily residue taken up in ether and extracted with 
dilute alkali. Evaporation of the ether solution gave a 
solid ester which on recrystallization from alcohol melted 
at 85-85.5°.

Anal. Calcd. for C23H2o02: C, 84.14; H, 6.14. Found: 
C, 84.18; H, 6.16.

Cleavage of Allyl Triphenylacetate.—To a solution of 
phenylmagnesium bromide prepared from 2.6 g. of bromo­
benzene was added 3.8 g. of the ester dissolved in 50 cc. of 
ether. After standing overnight the solution was decom­
posed with dilute hydrochloric acid in the usual way. 
There was obtained 3.1 g. (93%) of triphenylacetic acid.

Ethyl Benzylmethylethylacetate.—The enolate of ethyl 
methylethylacetate was formed by the use of triphenyl- 
methylsodium according to the procedure of Hudson and 
Hauser.8 Because of the unexpected violent reaction 
which ensued during the benzylation with benzyl bromide, 
a slight accident occurred and only 44.5 g. of ethyl benzyl­
methylethylacetate was obtained from 61 g. of the start­
ing ester. The product boiled at 127-130° (9-10 mm.).

Anal. Calcd. for Ci4H2o02: C, 76.32; H, 9.15. Found: 
C, 76.47; H, 9.12.

Allyl Benzylmethylethylacetate.—The ethyl ester (28 g.) 
was saponified by refluxing for ten hours with 25 g. of 
potassium hydroxide in 50 cc. of absolute alcohol. After 
adding 250 cc. of water and extracting with ether, the

aqueous solution was neutralized to congo red with hydro­
chloric acid. The free acid was extracted with ether and 
purified by distillation; yield 24 g. From this acid the 
anhydrous sodium salt was prepared with sodium ethoxide 
and converted to the ester by heating with 20 cc. of allyl 
bromide and 150 cc. of xylene for ten hours. The allyl 
ester weighed 23 g. (80%) and distilled at 139-140° (8 
mm.).

Anal. Calcd. for Ci5H20O2: C, 77.55; H, 8.68. Found: 
C, 77.66; H, 8.51.

Cleavage of Allyl Benzylmethylethylacetate.—The ester 
(20 g.) was added in one portion to a Grignard solution 
prepared from 21 cc, of bromobenzene in the usual manner. 
After an induction period of a few minutes the reaction 
became quite violent and had to be cooled periodically. 
The reaction mixture was decomposed after standing two 
hours with dilute hydrochloric acid. There was obtained
14.5 g. (87%) of benzylmethylethylacetic acid and 7.0 g. 
(70%) of allylbenzene.

Allyl a,a-Diphenylpropionate.—Fifteen grams of ol,ol- 
diphenylpropionic acid9 was converted to its sodium salt 
by treatment with 1.7 g. of sodium in 50 cc. of absolute 
ethanol. The ethanol was removed by distillation under 
diminished pressure, and the residual salt refluxed with 
allyl bromide (10 cc.) in 100 cc. of dry xylene for thirty 
hours. The ester (b. p. 175-177° (8 mm.)) was isolated in 
the usual manner.

Anal. Calcd. for Ci8H180 2: C, 81.11; H, 6.82. Found: 
C, 81.19; H, 6.75.

Reaction of Phenylmagnesium Bromide with Allyl a,a- 
Diphenylpropionate.—To a Grignard solution prepared 
from 5.25 cc. of bromobenzene in 50 cc. of ether there 
was added 5.07 g. of the allyl ester in one portion. The 
solution was refluxed gently for four hours. After de­
composition of the reaction mixture there was obtained
3.8 g. (88%) of a',a'-diphenylpropiönic acid.

Allyl 2-Ethylcaproate.—One hundred grams of commer­
cial 2-ethylhexanal was placed in a large gas drying tower 
with a trace of manganese dioxide. Air was bubbled 
through vigorously for four hours at 90°. Basic extrac­
tion of the acid from the mixture and purification by dis­
tillation resulted in a yield of 58 g.; b. p. 118-120° (8-10 
mm.). The acid was converted to the pure acid chloride; 
yield 56 g. To a solution of 50 g. of pyridine and 25 g. of 
allyl alcohol in 100 cc. of chloroform, the acid chloride 
dissolved in 50 cc. of chloroform was added slowly. The 
mixture was cooled at all times to prevent the tempera­
ture from rising above 15°. After addition, the solution 
was kept at 4° overnight.10 The mixture was washed 
once with normal hydrochloric acid, twice with water, and 
then extracted with dilute sodium bicarbonate solution. 
The chloroform layer was dried and distilled. The allyl 
ester (45 g.) boiled at 79-79.5° (8 mm.).

Anal. Galcd. for CnH20O2: C, 71.67; H, 10.94.
Found: C, 71.44; H, 10.87.

Phenylmagnesium Bromide Reaction with Allyl 2- 
Ethylcaproate.—-Treatment of the allyl ester (31.5 g.) 
with a Grignard solution prepared from 36.6 g. of bromo­
benzene in 100 cc. of ether yielded after decomposition 2-

(8) H udson an d  Hauser,! T m m  J o u r n a l , 62, 2457 (1940);
(9) Batemann and M arvel, ibid., 49, 2917 (1927).
(10) Sehving and Sabetay, Bull, soc> chim., 43, 857 (1928).
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ethylcaproic acid (30%), allylbenzene (26%) and a mix­
ture recognized as carbinol (about 49%) containing the 
olefin as impurity.

Allyl Diethylacetate.—This ester was prepared from the 
dry sodium salt (from 160 g. of acid), allyl bromide and 
xylene as described above. The reflux time employed 
was forty-eight hours; yield 65 g.; b. p. 165-167°.

Anal. Calcd. for C9Hi60 2: C, 69.3; H, 10.3. Found: 
C, 69.9; H, 10.3.

Reaction of Allyl Diethylacetate with Phenylmagnesium 
Bromide.—The Grignard solution was prepared from 45 
cc. of bromobenzene in 200 cc. of ether. To this was 
added slowly 25.3 g. of allyl diethylacetate in 50 cc. of 
ether. A violent reaction ensued and the mixture was 
decomposed after thirty minutes. There were obtained
4.5 g. of diethylacetic acid, 9.0 g. of allylbenzene, and 10.3 
g. of carbinol boiling at 170-175° (8 mm.). The carbinol 
was identified by dehydration with formic acid to an olefin 
having the correct composition for l,l-diphenyl-2-ethyl- 
butene-1.

Anal. Calcd. for Ci8H20: C, 91.5; H, 8.5. Found: 
C, 91.3; H, 8.5.

Allyl Hexahydrobenzoate.—This ester was prepared 
from 50 g. of the acid chloride, 25 g. of allyl alcohol, 100 cc. 
of chloroform and 40 g. of pyridine by the method de­
scribed above; yield 44 g.; b, p. 103-104° (18 mm.).

Anal. Calcd. for Ci0H16O2: C, 71.35; H, 9.58. Found: 
C, 71.15; H, 9.48.

Diphenylcyclohexylidenemethane.—Treatment of allyl 
hexahydrobenzoate with two moles of phenylmagnesium 
bromide in the usual manner gave a carbinol as the sole 
product. Dehydration of the carbinol with formic acid 
(85%) gave the expected olefin; m. p. 82-83°.11

Ethyl 1-Ethyl-2-ketocyclohexanecarboxylate.—Dry so­
dium ethoxide was prepared in xylene solution from sodium 
(13.5 g.) and ethanol. The excess ethanol was removed 
by distillation. To this suspension was added 100 g. of 
ethyl 2-ketocyclohexanecarboxylate in 100 cc. of xylene. 
After stirring at reflux temperature for three hours, 110 g. 
of ethyl benzenesulfonate was added and the mixture was 
refluxed for fifteen hours. The precipitate was filtered 
and the filtrate was carefully fractionated. The desired 
alkylated /3-ketoester (86 g.) was obtained; b. p. 125-130°

(11) Schmidlin and Escher, Ber., 45, 893 (1912).

(15-18 mm.). Its semicarbazone melted at 156.5-157°.
Anal. Calcd. for Ci2H2i03N3: C, 56.44; H, 8.30.

Found: C, 56.69; H, 8.05.
Allyl 1-Ethylcyclohexanecarboxylate.—As preliminary 

tests at each stage .showed that purification of the interme­
diates was unnecessary and wasteful, the following series of 
reaction was carried out without purifying at each step. 
Forty-one grams of ethyl l-ethyl-2-ketocyclohexanecar- 
boxylate was reduced with Raney nickel at 175-200° and 
2000 lb. pressure of hydrogen. The product after re­
moving the catalyst was dissolved in dry benzene and 30 g. 
of phosphorus pentoxide was cautiously added. The solu­
tion was refluxed for two hours. The benzene solution was 
poured from the tarry residue and the solvent was removed; 
25 g. of oil remained. The oil was reduced with Raney 
nickel at 150° and 1800 pounds pressure of hydrogen. 
The reduced material (12 g.) distilled at 100-110° (10-15 
mm.). Saponification with methanolic potassium hy­
droxide yielded 7.5 g. of crude acid. This was converted 
through its acid chloride and allyl alcohol to the allyl ester; 
yield 4.7 g.; b. p. 97-98° (8 mm.).

Anal Calcd. for Ci2H2o02: C, 73.4; H, 10.3. Found: 
C, 73.4; H, 10.7.

Reaction of Allyl 1-Ethylcyclohexanecarboxylate with 
Phenylmagnesium Bromide.—A Grignard solution (30 cc.) 
prepared from 5 cc. of bromobenzene was treated with 3 g. 
of the allyl ester. A rather violent reaction ensued and 
after standing overnight the mixture was decomposed with 
dilute acid. No fatty acid or allylbenzene could be de­
tected. The highly viscous product was obviously the 
normally expected carbinol.

Summary
1. A number of allyl esters have been pre­

pared which have varying degrees of steric hin­
drance about the carbonyl group.

2. It has been shown that the magnitude of 
these steric factors determines very largely 
whether the allyl esters are cleaved by the Gri­
gnard reagent or undergo the well-known reaction 
to produce tertiary alcohols.
M in n e a p o l is , M in n e so t a  R e c e iv e d  J a n u a ry  26, 1942
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[Contribution from the D epartment of Chemistry, T he University of T exas]

Preparation of Mixed, Secondary Aliphatic Amines, RR'NH1-2
By Henry R. Henze and David D. Humphreys8

In connection with a program of synthesis of 
pharmaceutical products, a number of mixed, 
secondary amines were needed. Compounds of 
the type HNRR' in which one group is aryl and 
the other alkyl are obtainable fairly readily by 
standard methods of synthesis, but those posses­
sing two different alkyls are not so easily obtained. 
For production of this type three methods, per­
haps, are used more commonly.

(1) The Hinsberg4 method leads to the prepara­
tion of a pure mixed secondary amine but the pro­
cedure is somewhat involved, is not rapid and 
frequently the over-all yield is low.

(2) Stepwise alkylation of aniline with a sub­
sequent nitrosation and alkaline hydrolysis5 leads 
to the formation of a mixed, secondary amine in a 
state of purity dependent upon that of the mixed 
dialkyl aniline used.

(3) Interaction of a primary amine and a car­
bonyl compound with subsequent reduction of the 
imine.

(a) Reduction by means of sodium and alco­
hol6 requires a separation and purification of the 
imine with a consequent loss of time and product.

(b) As reported by Skita and Keil,7 reduction 
with colloidal platinum and hydrogen at room 
temperature and three atmospheres pressure for 
two to three hours produced, in satisfactory yield, 
several secondary amines of carbon content be­
tween C9 and Ci5.

(c) Mailhe8 stated that catalytic reduction of 
the imine derived from isovaleraldehyde and 
ethylamine, by passing its vapors over finely 
divided nickel in the presence of hydrogen at a 
temperature of 190-200°, yielded N-ethyl-iso- 
amylamine as the principal product together with 
some diethylamine and triethylamine.

In all probability the infrequency of reference 
in the chemical literature to the use of mixed, sec­
ondary aliphatic amines is highly indicative of the

(1) Presented before the D ivision of Organic Chemistry at the 
101st m eeting of the American Chemical Society at St. Louis, Mo., 
April 8-10, 1941.

(2) From the Ph. D . dissertation of D . D . Hum phreys, June, 1941.
(3) Present address, Sharpies Chemicals Inc., W yandotte, Mich.
(4) Hinsberg, Ann., 265, 178 (1891).
(5) Baeyer and Caro, Ber., 7, 963 (1874).
(6 ) Stormer and Leper, ibid., 29, 2110 (1896).
(7) Skita and K eil, ibid., 61, 1452, 1686 (1928).
(8) Mailhe, Bull, soc. chim., [4] 25, 321 (1919).

fact that these methods are neither very simple, 
rapid, nor productive of wholly satisfactory yields.

Because of the success in this Laboratory9 in ob­
taining mixed secondary amines by reduction in 
the presence of Raney nickel catalyst of the Schiff 
bases formed by the interaction of benzaldehyde, 
or a derivative, with a primary amine, it was de­
cided to study the analogous synthesis of mixed, 
secondary aliphatic amines in a similar manner*

It has been found that without preliminary iso­
lation or purification, the products formed from 
the interaction of primary amines and simple alde­
hydes, except formaldehyde, or ketones in a hy­
drocarbon solvent can be hydrogenated in the 
presence of Raney nickel catalyst to produce 
mixed, secondary aliphatic amines in satisfactory 
yield.

In the preparation of seven of the mixed amines 
obtained during this investigation, w-butylamine 
was allowed to react with the appropriate carbonyl 
compound. However, in the case of N-methyl-^- 
butylamine the reactants were methylamine and 
n-butyraldehyde and here a significant amount of 
N-methyl-di-^-butylamine was formed also. The 
other preparations yielded various amounts of 
high boiling basic mixtures of indefinite composi­
tion.

In order to characterize them further and at the 
same time obtain substances useful for other syn­
theses, the amines were condensed with bromo- 
acetone to form aminoacetones. The latter are 
colorless or faintly yellow, slightly viscous liquids 
having a characteristic odor and when impure they 
acquire a red color very rapidly. However, when 
pure they remain essentially colorless for long pe­
riods of time. They are quite soluble in the usual 
organic solvents, but are insoluble in water. The 
molecular refractions and parachors calculated 
from the densities, refractive indices, and surface 
tensions check quite closely with the sum of the 
atomic refractions10 and the atomic parachors.11 
All attempts to form picrates of the aminoace­
tones resulted in the formation of oils which could 
not be solidified. Treatment of anhydrous ether

(9) M agee with Henze, T h is  J o u r n a l , 62, 910 (1940).
(10) Landolt-Börnstein, ‘‘Physikalisch-chemische Tabellen,” 5 

Auflage, II, p. 985.
(11) Sugden, / .  C hem . S oc ., 125, 1180 (1924).
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T a ble  I
N -A lk y l-w-butylam inbs, R — NH—C4H9

Methyl0 
Ethyl6 
«-PropyT 
Isopropyl 
Isobutyl
5-Butyl 
«-Amyld 
Isoamyl*

Carbon, % Hydrogen, %

Methyl
Calcd. Found Calcd. Found

Ethyl 71.21 70.98 14.94 14.96
«-Propyl 72.97 72.90 14.88 15.04
Isopropyl 72.97 72.72 14.88 14.85
Isobutyl 74.34 73.90 14.82 14.79
5-Butyl 74.34 74.27 14.82 15.01
«-Amyl 75.44 75.29 14.78 14.74
Isoamyl 75.44 75.70 14.78 14.97

M ol. refract.
d2h n2f>D Calcd. Found yZO

0.7377 1.4011 28.89 28.71 22.46
.7398 1.4040 33.51 33.45 22.52
.7497 1.4127 38.13 38.30 23.30
.7408 1.4050 38.13 38.12 21.92
.7519 1.4120 42.75 42.74 22.85
.7568 1.4150 42.75 42.76 23.39
.7667 1.4230 47.36 47.59 24.50
.7658 1.4200 47.36 47.34 24.17

Nitrogen, % Parachor Free surface
Calcd. Found Calcd. Found energy

258.8 259.3 540.8
13.85 13.92 297.8 298.0 597.8
12.16 11.95 336.8 337.7 668.5
12.16 12.25 336.8 336.5 634.0
10.84 10.49 375.8 375.8 706.4
10.84 11.14 375.8 375.5 720.0
9.78 10.43 414.8 415.0 816.6
9.78 10.01 414.8 414.8 790.6

Yield,
%

B. p. 
°C. (cor.) mm.

26 89-91 750
31 111-112 747
31 138-139 745
52 124-125 748
56 150-151 738
51 149-149.5 751
51 180-182 743
41 175-177 745

° Francimont and v. Erp, ref. 12a, reported d16 0.7375; b. p. 90.5-91.5°; Löffler and Freytag, ref. 12b, recorded dlg4 
0.7367; b. p. 90-91°; picrate, m. p. 111-112°; we find picrate, m. p. 112.5-113.5° (cor.). 6 Brill, ref. 13, reported b. p.
108-109°. c v. Braun and Weismantel, ref. 14, reported b. p. 134-135°. d Ochiai and Tsuda, ref. 15, listed b. p. 94° 
(45 mm.); Lazier and Adkins, ref. 16, recorded preparation of this amine but noted no data for its physical properties. 
* Ochiai and Tsuda, ref. 15, recorded b. p. 89° (45 mm.) and 85° (40 mm.).

solutions of these ketoamines with dry hydrogen 
chloride yielded no solid hydrochloride.

Where high pressure hydrogenation apparatus 
is available it is our belief that the method to be 
described below represents a simpler and more 
rapid procedure for preparing mixed, secondary, 
aliphatic amines in satisfactory yields than the 
older methods.

Experimental
Aldimines.—Half-mole quantities of amine and alde­

hyde are separately dissolved in 25-cc. portions of Skelly- 
solve. The solutions are chilled in a salt-ice mixture (ex­
cept that of methylamine which is chilled to —15° with a 
bath of acetone chilled with solid carbon dioxide) and the 
solution of aldehyde is added slowly to that of the amine 
while shaking the mixture. Water begins to separate 
after approximately one-half of the aldehyde has been 
added. The reaction mixture is allowed to stand for one 
hour in the ice box and the water is separated. The hydro­
carbon solution is dried over anhydrous potassium car­
bonate or sodium sulfate before hydrogenation.

Ketimines.—Half-mole quantities of amine and ketone 
are mixed with 50 cc. of Skellysolve and the clear, homo­
geneous solution is hydrogenated without any attempt at 
dehydration.

Hydrogenation.—The Skellysolve solutions as prepared 
above are hydrogenated at 75° in the Adkins apparatus 
using 10 g. of Raney nickel catalyst, and an initial hydro­
gen pressure of 3000 lb./sq. in. Separation of water 
occurs during the hydrogenation of the ketone-amine 
solution. The hydrogenation of the aldimines is prac­
tically complete within three hours, but that of the ke­
tamine solutions requires three to four times that period.

Isolation of the Amines.—The hydrogenation solution is 
filtered from the catalyst and the amine is extracted with 
a slight excess of 6 A hydrochloric acid. After washing 
the acid solution with ether, it is made strongly alkaline 
with 40% sodium hydroxide and ether extracted. The 
ether solution of basic material is dried with anhydrous 
potassium carbonate, and after removal of the ether the 
crude amine is partially purified by distillation. The dis­
tillate is dried over sodium and fractionated to obtain the 
pure amine.

The N-alkyl-w-butylamines prepared by this procedure 
are the methyl, ethyl, «-propyl, isopropyl, isobutyl, sec- 
butyl, «-amyl and isoamyl compounds. In this series, 
synthesis of the methyl,12 ethyl,13 «-propyl,14 «-amyl15 16»1* 
and iso-amyl15 members has been reported previously, but 
their characterization is incomplete.

Preparation of Aminoacetones.—The conversion of the 
amines to aminoacetones is accomplished by one of the 
methods used by Magee,9 namely, the condensation of two- 
tenths mole of amine dissolved in 200 cc. of anhydrous 
ether with one-tenth mole of bromoacetone dissolved in 
25 cc. of ether. The amine precipitated as hydrobromide 
is recovered and treated with another portion of bromo­
acetone until three reaction mixtures have been obtained. 
The combined ether solutions are washed with water, then 
the basic material is extracted with a slight excess of 6 A  
hydrochloric acid solution. The acid solution is washed 
with ether, then made alkaline with a considerable excess

(12) (a) Franchiinont and v . Erp, Rec. trav. chim., 14, 317 (1894); 
(b) Löffler and Freytag, Ber., 42, 3429 (1909); (c) Graymore, J. 
Chem. Soc., 1353 (1932).

(13) Brill, T h is  J o u r n a l , 54, 2484 (1932).
(14) von Braun and W eism antel, Ber., 55, 3165 (1922).
(15) Ochiai and Tsuda, J. Phar. Soc. Japan, 56, 357 (1936); 

through C. A.t 30, 6363 (1936).
(16) Lazier and Adkins, T his J o u r n a l , 46, 741 (1924).
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T a b l e  II
N-A l k y l -w-b u t y l a m in o a c e t q n e s , R(«-C4H9)NCH2COCH3

— R
Yield,

%
B.

°C. (cor.)
p-

mm. w 20d 'y* 29
Mol.

Calcd.
refract.

Found
Methyl 68 76 19 0.8551 1.4720 27.96 43.10 43.01
Ethyl 41 87-88 17 .8537 1.4305 27.72 47.71 47.63
w-Propyl 74 90-91 12 .8512 1.4321 27.90 52.33 52.19
Isopropyl 55 92-94.5 13 .8576 1.4338 27.69 52.33 51.99
Isobutyl 55 106-107 14 .8476 1.4331 27.21 56.95 56.83
5-Butyl 57 105-106 12 .8610 1.4381 28.35 56.95 56.53
n- Amyl 65 110-111 6 .8508 1.4362 28.33 61.57 61.28
Isoamyl 62 80-82 3 .8441 1.4350 27.47 61.57 61.62

— R
Carbon, % 

Calcd. Found
Hydrogen, % 

Calcd. Found
Nitrogen, % 

Calcd. Found
Parachor

Calcd. Found
Free surface 

energy

Methyl 67.08 66.74 11.97 12.27 9.78 9.64 384.8 385.4 849.6
Ethyl 68.74 68.45 12.18 12.27 8.91 10.93 423.8 432.7 897.4
w-Propyl 70.12 70.17 12.36 12.88 8.19 8.32 462.8 462.4 958.1
Isopropyl 70.12 69.72 12.36 12.51 8.19 8.26 462.8 458.2 946.2
Isobutyl 71.29 71.34 12.51 12.84 7.56 7.71 501.8 499.3 987.5
5-Butyl 71.29 70.86 12.51 12.55 7.56 8.01 501.8 496.6 1012.2
n-Amyl 72.30 72.11 12.62 12.68 7.03 7.77 540.8 540.5 1077.5
Isoamyl 72.30 72.56 12.62 12.84 7.03 7.07 540.8 540.7 1025.4

T a b l e  III In Table I are included data for certain physical proper
S e m ic a r b a z o n e s o f  N - A l k y l -^ -b u t y l a m in o  a c e t o n e s  b e s ,, values derived from them by calculation, and the re

R( n- C4H9) NCH2( CH3) C=NNHCONH2
Yield, M. p. Nitrogen, %

— R % °C. (cor.) Calcd. Found

Methyl 69 104.0-104.5 27.78 27.76
Ethyl 62 126.5-127.5 26.15 25.95
w-Propyl 51 130.5-131.0 24.54 24.82
Isopropyl 151.0-152.0 24.54 25.43
Isobutyl 27 139.0-139.5 23.12 23.74
5-Butyl 72 172.0-172.5 23.12 23.41
n-Amyl 27 107.5-108.5 21.85 21.93
Isoamyl 32 116.0-117.0 21.85 21.63

of 40% sodium hydroxide solution. The basic material is 
extracted with ether and after drying over anhydrous po­
tassium carbonate or sodium sulfate the ether is removed 
leaving the crude aminoacetone to be purified by frac­
tional distillation. When the aminoacetones are not to be 
used for synthesis immediately they should be stored in a 
desiccator over potassium carbonate.

suits of analyses of the N-alkyl-w-butylamines.
Data for the new aminoacetones prepared in this inves­

tigation are tabulated in Table II, and for the semicarba­
zones of these ketones in Table III.

S um m ary

1. A simple, rapid method of preparing mixed, 
secondary aliphatic amines in satisfactory yield 
has been tested by synthesizing eight examples of 
N-alkyl-^-butylamines. The method involves 
high pressure hydrogenation of aldimines or ke- 
timines in the presence of Raney nickel.

2. These amines have been converted into 
eight new disubstituted aminoacetones of the 
type CHsCOCHsNRR'.
A u s t i n , T exas R e c e iv e d  S e p t e m b e r  11, 1942
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[C o n t r i b u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m i s t r y , T h e  U n i v e r s it y  o f  T e x a s ]

5,5-Dimethylhydantoins Containing a —NRR' Substituent. II
B y H enry  R. H en ze  and D avid  D. H u m ph rey s1,2

About four years ago there was reported3 from 
this Laboratory the synthesis of a series of 5,5- 
dimethylhydantoins containing a dialkylamino 
substituent in which the two alkyls were alike. 
More recently,4 was recorded the preparation of 
another series of 5,5-dimethylhydantoins, these, 
however, containing a —-NRR' substituent in 
which R represented a normal alkyl group or 
phenyl and R' phenyl or benzyl. Intermediate 
between these two series would be that containing 
a —NRR' substituent in which R and R' repre­
sent different alkyl groups.

As a result of another investigation5 there were 
available eight N-alkyl-w-butylaminoacetones. 
Each of these has been converted into the corre­
sponding hydantoin derivative by reaction with 
ammonium carbonate and potassium cyanide. 
Through the courtesy of Parke, Davis and Com­
pany, six of these hydantoins have received pre­
liminary testing on mice intraperitoneally for 
toxicity and possible hypnotic action. The 
N-methyl and N-ethyl members of the series

verted into substituted hydantoins by the Buch- 
erer6 procedure. In general, 0.1 mole of the N- 
alkyl-72-butylaminoacetone was dissolved in 75 
cc. of ethyl alcohol; then a solution of 0.11 mole 
of potassium cyanide dissolved in 60 cc. of water 
was added. Ammonium carbonate (0.3 mole) was 
crushed to a coarse powder and added to the 
ketone-cyanide mixture. Now, 60% alcohol 
solution was added until only one liquid phase 
existed in the reaction mixture at 55-60°; the 
ammonium carbonate was completely in solution 
after a few hours. The warming continued at 
55-60° under a reflux condenser for ten to twelve 
hours. The light yellow solution was chilled 
causing virtually complete separation of the 
hydantoin. The latter was recrystallized from 
diluted alcohol; in some instances addition of 
petroleum ether to a benzene solution of the hy­
dantoin proved to be an efficacious method for 
purification. Data concerning certain physical 
properties for and analyses of the eight hydan­
toins have been placed in Table I.

T a b l e  I
HN------CO

5- [N-Alkyl-w-butylaminomethyl ]-5-methylhydantqins

OC

HN----C—CH2n /
I N

R

kH 3
C4H9_„

M . p., °C. 
(cor.)

Yield, Carbon, % Hydrogen, % Nitrogen, %
— R % Calcd. Found Calcd. Found Calcd. Found

Methyl 137-138 63 56.30 56.04 8.98 9 .08 19.71 19.67
Ethyl 136-137 59 58.12 57.95 9.31 9.56 18.49 18.75
n-P ropyl 146-147 57 59.72 59.34 9.61 9.67 17.42 17.96
Isopropyl 160-162 56 59.72 59.97 9.61 9.89 17.42 17.22
Isobutyl 177.5-178 79 61.14 61.16 9.87 10.10 16.46 16.62
5-Butyl 188-189 43 61.14 61.15 9.87 9.99 16.46 16.31
n- Amyl 165-166 46 62.41 62.44 1 0 . 1 1 10.13 15.60 15.81
Isoamyl 181.5-182 49 62.41 62.04 1 0 . 1 1 10.13 15.60 15.90

produced slight analgesia in nearly fatal doses. 
None exhibited any appreciable hypnotic activity.

Experimental
The dialkylaminoacetones were readily con-

(1) From the Ph .D . Dissertation of D . D . Humphreys, June, 1941.
(2) Present address, Sharpies Chemicals Inc., Wyandotte, Mich.
(3) Magee with Henze, T h is  J o u r n a l , 60, 2148 (1938).
(4) Henze and M agee, ibid., 62, 912 (1940).
(6 ) Henze and Humphreys, ibid., 64, 2878 (1942).

Summary
Eight new 5-[N-alkyl-n-butylaminomethyl]-5- 

methylhydantoins have been prepared. These 
compounds appear to be devoid of hypnotic ac­
tivity but some are slightly analgesic in nearly 
fatal doses.
Austin, T e x a s  R e c e i v e d  S e p t e m b e r  11, 1942

((>) B ueherer and Liet), J. prakt. Chem., [*J] 1 41 . 5 (1934 ).
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Keto Ethers. X. 1-Methoxyethyl Alkyl Ketones
B y W inston  P aul W allace1 and H en r y  R . H en ze

In connection with two other problems being 
investigated in this Laboratory, namely, the ex­
tension of the Pfitzinger procedure to the synthesis 
of alkoxyalkylquinolines2,3 and to the preparation 
of hydantoin derivatives4 possessing therapeutic 
activity, a number of alkyl 1-methoxy ethyl ketones 
were needed. Methyl and ethyl members of this 
series had previously been prepared by Gauthier5 
who reported, however, no data other than boiling 
points for their physical properties. These two 
keto ethers, together with eight additional ex­
amples of this type, have now been prepared.

Experimental
1-Chloroethyl Methyl Ether.6—Henry’s7 method was 

utilized through condensation of methyl alcohol (10 moles) 
with an equivalent amount of paraldehyde by means 
of dry hydrogen chloride. A yield of 810 g. (95% of the 
theoretical) of crude material was obtained; by fractiona­
tion 485 g. was collected; b. p. 70-72° (746 mm.); d204 
0.9909; w20d 1.3969; MR calcd. 22.56; MR found 22.96.

O'-Methoxypropionitrile.8—In resynthesizing this com­
pound, because of unsatisfactory yields, various diluents 
were used; dry ether proved best, but with it only a 36% 
yield was obtained; b. p. 117-119° (740 mm.); d2 3\  
0.8928; w20d 1,3818; MR calcd. 22.13; MR found 22.17.

at such a rate that there was rapid refluxing of the solvent. 
Usually the reaction product stood for twelve to eighteen 
hours before being decomposed by addition of ice-cold di­
lute hydrochloric acid. The ether layer was separated and 
combined with the ether extract of the neutralized acidic 
layer. After washing with sodium bicarbonate solution 
and with water, the ether extract was dried over anhydrous 
calcium chloride and fractionally distilled; the first three 
members were fractionated at atmospheric pressure and the 
remainder under reduced pressure. The keto ethers are 
mobile liquids which frequently required repeated distilla­
tion in order to be obtained water white and of pleasant 
ester-like odor.

The data determined for physical properties of the keto 
ethers, together with results obtained from their analysis, 
are reported in Table I. Although excellent agreement be­
tween the calculated and found values for molecular re­
fraction was obtained, and despite the fact that in all cases 
save one combustion analyses yielded satisfactory values 
for hydrogen content, the values found for percentage of 
carbon were uniformly high. Only a poor yield of t- 
butyl ketone was obtained using ^-butylmagnesium chlo­
ride; no yield resulted from attempted use of the corre­
sponding bromide or iodide.

In order to further characterize the keto ethers, they 
were converted into semicarbazones which could be re­
crystallized from benzene to sharp melting points. The 
data for these derivatives are recorded in Table 1.

T a b l e  I
A l k y l  1 -M e t h o x y e t h y l  K e t o n e s , R— CO—CH(CHj)—O—CH*

-Ketones--------------------------------- ------------------------------ >• ------- Semicarbazones------ •

— R

B.
°C.

(cor.)
P-,

mm.
Yield,

% m20e>
Mol.

Calcd.
refract.

Found
Carbon, % 

Calcd. Found
Hydrogen, % 

Calcd. Found

M . p.,
°C.

(cor.)
Nitrogen, % 

Calcd. Found
Methyl® 115-116 739 37 0.9014 1.3936 26.94 27.08 141 26 .40 26 .55
E thyl6 135-136 750 2 2 .8965 1.4019 31.56 31.54 120.5 24 .26 24.11
w-Propyl 154-155 746 33 .8913 1.4091 36 .18 36.12 64.58 6 6 .3 10.84 10.50 169 22 .44 22 .35
Isopropyl 57-58 31 13 .8890 1.4092 36.18 36.22 64.58 6 5 .9 10.84 10.31 146 22 .42 22 .48
n-B utyl 81-82 36 63 .8862 1.4160 40.80 40.82 66.63 6 7 .5 11 .18 1 0 . 8 8 154 2 0 . 8 8 20 .75
Isobutyl 51-52 9 2 1 .8795 1.4128 40.80 40.85 66.63 6 7 .5 11 .18 10.83 145 2 0 . 8 8 20 .76
s-Butyl 76-77 36 43 .8872 1.4158 40.80 40 .75 66.63 67 .3 11 .18 10.95 127 2 0 . 8 8 20 .67
i-B utyl 54-64 34 14 .8895 1 .4130 40 .80 40.41 66.63 6 8 . 8 11 .18 9 .7 4 1 2 1 2 0 . 8 8 23 .59
w-Amyl 60-61 3 36 .8828 1.4207 45 .42 45 .40 68.31 6 8 .9 11.47 11 .17 144 19.52 19.50
Isoamyl 64-65 6 29 .8795 1.4191 45.42 45.41 68.31 6 8 . 2 11.47 11.16 154.5 19.52 19.65

° Gauthier, ref. 5, reported b. p. 114° (727 mm.); Diels and Pflaumer [Ber., 48, 230 (1915)] recorded b. p. 113° (759 
mm.). 0 Gauthier, ibid., reported b. p. 133° (729 mm.).

Alkyl 1-Methoxyethyl Ketones.—After preparing the 
necessary alkylmagnesium bromide in the usual way, the 
ether solution of «-methoxypropionitrile was added slowly

(1) From the M . A. thesis of W. P. Wallace.
(2) Lesesne w ith Henze, T h is  J o u r n a l , 64, 1897 (1942).
(3) A. F. Isbell, M. A. Thesis, August, 1941; E. J. Smith, unpub­

lished research.
(4) Rigler w ith Henze, T h is  J o u r n a l , 6 8 , 474 (1936); Speer and 

Henze, ibid., 61, 3376 (1939).
(5) Gauthier, Ann. chim. phys., [8 ] 16, 289 (1909).
(6 ) Henze and Murchison, T h is  J o u r n a l , 53, 4077 (1931).
(7) Henry, Bull. soc. chim., [2] 44, 458 (1885).
(8 ) Gauthier, ref. 5, reported b. p. 118° (729 m m .); 0.893;

» » d 1.382.

Summary
1. The series of alkyl 1-methoxy methyl ke­

tones has been extended, by the synthesis of eight 
additional members, to include branched as well as 
normal groupings. The methyl and ethyl mem­
bers have been resynthesized and characterized 
more fully.

2. Semicarbazones, useful in identification of 
these keto ethers, have been prepared for each 
member.
A u s t i n , T e x a s R e c e iv e d  S e p t e m b e r  15, 1942
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Quassin. IV. A Minor Constituent of Jamaica Quassia Wood*
By E. P. C lark  '
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In the preparation of crude quassins from 
Jamaica quassia wood,* 1 the mother liquors con­
sistently yielded a small quantity of a fairly 
soluble material which, in the crude state, melted 
at about 150°. It was readily purified to a con­
stant melting point of 166-167° by recrystalliza­
tion from 16% methanol and as such had the 
physical characteristics of a pure compound. 
Analyses of several specimens gave fairly con­
sistent values for carbon, hydrogen, methoxyl, 
and molecular weight, but they failed to harmo­
nize with any possible formula. These facts indi­
cated that if the material was an individual sub­
stance it was impure, but since its purification 
was complete as established by physical standards, 
the only conclusion tenable was that it was a com­
plex of two or more substances which separated 
as mixed crystals.

With this as a working hypothesis, resolution 
was attempted by methods other than fractional 
crystallization. Selective adsorption upon alu­
minum oxide was the most successful in that the 
material was roughly separated into neoquassin, 
unchanged material, and a fraction which would 
not crystallize. The first two fractions could be 
readily purified, but all attempts to isolate the 
material in the last fraction failed.

The facts here recorded are presented for record 
in order to describe an unreported constituent of 
quassia wood and to call attention to the unique 
properties of the substance. Further work upon 
the material is not contemplated, because the 
small yield (0.015% of the wood) precludes any 
possible importance of the substance as an insecti­
cide, the original object of the study.

Experimental
The aqueous-methanolic mother liquors from the crys­

tallization of crude quassins from 200 kg. of Jamaica quas­
sia wood were concentrated under reduced pressure until 
a resinous material began to separate. The liquid was 
then filtered through norit and set aside to crystallize. A 
product slowly separated as long, thin, slightly colored 
hexagonal plates, which melted unsharply at 150 °. Re­
working the mother liquors gave more material, the total 
quantity being 30 g. A solution of 5 g. of the crystals in 
15 cc. of hot methanol was diluted with 90 cc. of hot water.

* N ot copyrighted.
(1) E. P. Clark. T h is  J o u r n a l , 5», 927 (1987).

The liquid was immediately filtered through norit and al­
lowed to crystallize. The product was further purified 
by repeating the process three times. It then had a melt­
ing point of 166-167°, which further recrystallization failed 
to change. The crystals were long, colorless rods and 
hexagonal plates. In parallel polarized light (crossed 
nicols) the extinction was parallel and the elongation was 
negative. Many of the rods did not extinguish sharply 
and low polarization colors were characteristic. In con­
vergent polarized light (crossed nicols) biaxial interference 
figures were rarely observable, but when they were the 
acute bisectrix was nearly vertical. The apparent optic 
axial angle in air was very small. The indices of refrac­
tion were 77a, 1.557, usually lengthwise; yp, indeterminate; 
7iy, 1.559, usually crosswise; both =*=0.002.2

The substance contained only carbon, hydrogen, and 
oxygen, and analyses of three different preparations are as 
follows:

Anal. Found: C, 66.14, 65.11, 65.63; H, 7.83, 7.78, 
7.59; OCHs, 11.69, 11.79, 11.79; mol. wt., 410.

Chromatographic Separation of Neoquassin.—A solution 
of 1 g. of the purified material in 30 cc. of ethyl acetate was 
passed through a 12 X 200 mm. column of aluminum oxide, 
and the chromatogram was developed with the same sol­
vent. The eluate was collected to 50-cc. fractions, each 
evaporated under reduced pressure to dryness, and the resi­
dues were dissolved from the flask with small quantities of 
methanol. These liquids were evaporated to a small vol­
ume, diluted with 6 to 7 volumes of water, and allowed to 
crystallize. Five main fractions were obtained: I, m. p. 
195-205°; II, m. p. 185-190°; III, m. p. 165°; IV, m. p. 
155-160°, and V, m. p. 145-147°. The first two fractions 
contained most of the neoquassin, the third contained prac­
tically pure starting material, and the fourth and fifth 
fractions consisted of impure starting material. Fractions 
I and II were further purified by repeating the process with 
chloroform as a solvent. Impure neoquassin, m. p. about 
215 °, was obtained from the first fractions of this operation, 
and unchanged material in rather impure condition was ob­
tained in the last fractions. Two recrystallizations of the 
impure neoquassin (solvent 35% methanol) gave a pure 
product, m. p. 226°. I t  was identified by its characteristic 
crystal habit and its failure to depress the melting point 
of an authentic sample of neoquassin. The last fractions 
from both the ethyl acetate and chloroform extractions 
were recrystallized from 16% methanol, which gave a 
preparation that melted at 166-167° and did not depress 
the melting point of the starting material.

The columns, after having been exhausted with either 
chloroform or ethyl acetate, were eluted with methanol. 
An appreciable quantity of sirupy, water-soluble material 
was thus obtained, but all efforts to crystallize it failed. 
I t is impossible to state that this represents the material

(2) The crystallographic data here recorded were determined by  
George L. Keenan, of the Food and Drug Administration, Federal 
Security Agency, W ashington, D . C.
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associated with neoquassin in the original substance, for it 
may represent a decomposition product resulting from the 
operation involved, or it is possible the unknown compo­
nent was not eluted from the adsorbent. Both considera­
tions seem doubtful, for a methanolic solution of the 
original material was rapidly and quantitatively passed 
through a column of aluminum oxide without separation 
or apparent change. However, a solution of neoquassin 
added to a solution of the uncrystallizable material failed 
to effect a synthesis of the original substance.

Summary
A hitherto unrecorded constituent of Jamaica 

quassia wood is described. It has the physical 
properties of an individual compound, but in 
reality consists of a complex of neoquassin and one 
or more unknown materials, which apparently 
separate as mixed crystals.
B e l t s v il l e , Md. R e c e iv e d  O c t o b e r  7, 1942

[C o n t r i b u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m is t r y , U n i v e r s i t y  o f  R ic h m o n d ]

Local Anesthetics. II. Alkoxybenzoates of 2-Monoalkylamino-2-methyl-l-pro-
panols and 2-Monoalkylamino-l-butanols1,2

B y J . Stanton  P ie r c e , J . M . Salsbury , W alter  W . H aden  and  L. H . W illis

In a recent paper from this Laboratory,3 the 
preparation of /3-monoalkylaminoethanol esters 
of alkoxybenzoic acids was described. Goldberg, 
Ringk and Spoerri4 reported aminobenzoates of 
/3-monoalkylaminoethanols in which branching 
occurs on the alpha carbon of the amino alcohol.

We have mono-alkylated 2-amino-2-methyl-1 - 
propanol and 2-amino-1-butanol, which are now 
on the market, and have been engaged in the 
preparation of esters of these amino alcohols with 
alkoxybenzoic, alkoxycinnamic, alkoxynaphthoic, 
diphenylacetic, acetyltropic, acetylmandelic and 
p- and m-nitrobenzoic acids, with the expectation 
of reducing the latter to the aminobenzoate es­
ters. The recent report of Kremer and Wald- 
man5 on p-nitrobenzoic and ^-aminobenzoic esters 
of 2-monoalkylamino-2-methyl-l-propanols makes 
it desirable to report the results thus far obtained. 
This paper takes up the preparation of 2-mono- 
alkylamino-2-methyl-l-propanols, 2-monoalkyl- 
amino-1-butanols and the alkoxybenzoates of 
these amino alcohols.

Alkylation of 2 - amino -2 -methyl-1 -propanol and 
2-amino-l-butanol with the lower alkyl halides 
usually was carried out by heating equimolar 
quantities of the amino alcohol and alkyl bromide 
in a sealed tube or under reflux at 100° for two 
hours. For the introduction of the amyl, hexyl, 
heptyl, allyl and benzyl radicals, usually the mo-

(1) Acknowledgment is made to Dr. E. Em m et Reid, Research 
Adviser to the Chemistry Departm ent of the University of Rich­
mond, for his advice in this work.

(2) This research was made possible by a grant from Chas. C. 
Haskell and Co., Inc., Richmond, Va.

(3) J. Stanton Pierce, J. M. Salsbury and J. M. Frederickses, 
"Th is  J o u r n a l , 64, 16 9 1 -1 6 9 4  (1942).

(4) Goldberg, R ingk and Spoerri, ibid., 61, 3562-3564 (1939).
(5) Kremer and W aldm aa, ibid., 64, 1089-1090 (1942)

lar quantity of amino alcohol was doubled and in 
the introduction of the latter two groups, chlo­
rides were used instead of bromides. The reac­
tion product was dissolved in dilute hydrochloric 
acid, separated from unchanged alkyl halide, in 
case the reaction was not complete, and treated 
with excess concentrated sodium hydroxide. The 
alkylation product rose to the surface of the hot 
solution as an oil. The oil was vacuum distilled 
and the distillate redistilled at atmospheric pres­
sure. The 2-monoalkylamino-2-methyl-l-pro­
panols except the allyl, solidified on cooling. 
Several of the 2-monoalkyl amino-1-butanols 
showed a tendency to crystallize, reaching a maxi­
mum in the case of 2-monobenzylamino-l-bu- 
tanol. The crystals of this compound, on separa­
tion, reverted to a mixture of liquid and crystals.

In a previous paper from this Laboratory,3 the 
preparation and isolation of /3-monoalkylamino­
ethyl alkoxybenzoate hydrochlorides was de­
scribed. The same general procedure, with some 
modifications, was used to obtain hydrochlorides of 
alkoxybenzoates of 2-monoalkylamino-2-methyl-
1- propanols and 2-monoalkylamino-l-butanols.

Experimental
Examples are given of the preparation of 2-w-amylamino-

2- methyl-l-propanol and of the condensation of this amino 
alcohol with ^-ethoxybenzoyl chloride.

2-w-Amylamino-2-methyl-1 -propanol.—A mixture of 
113 g. (0.75 mole) of n- amyl bromide and 134 g. (1.5 
moles) of 2-amino-2-methyl-l-propanol was heated in two 
sealed tubes for two hours at 100°. The contents of the 
tubes were combined and dissolved in 500 ml. of water and 
80 ml. of concentrated hydrochloric acid. No oil remained 
undissolved. To the acid solution was added a solution 
of 100 g. of sodium hydroxide in 100 mb of water. The oil 
which rose to the surface was vacuum distilled, yielding
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108 g. of product, boiling 103-135° (30 mm.). On redis­
tillation, there was obtained 70 g. (58%) of 2-w-amyl- 
amino-2-methyl-l-propanol; b. p. 212-222°.

T a b l e  I
jS-MON O ALKYLAMINO ALKANOLS

B. p., M. p.,«
Empirical °C. °C. Nitrogen, %

R formula (cor.) (uncor.) Calcd. Found
(a) 2-M onoalkylam ino-2-m ethyl-l-propanols: R N H C (C H 3)2CH2OH
E thyl& CeHisON 167-170 72-73 11.95 11.91, 11.87
n-Propyl6 CvHnON 185-188 5 6 -57 .5 10.68 10.41, 10.43
«-B utylfo CsHigON 202-204 68-69 9 .64 9 .59 , 9 .61
77-Am ylb C9H 21ON 218-221 56-59 8 .80 8 .50 , 8 .55
«-Hexyl CioH 23ON 235-238 62 -6 2 .5 8 .08 7 .82 , 7 .81
«-Heptyl C11H 55ON 253-256 50-52 7 .4 8 7 .13 , 7 .14
Iso-butyl& CsHigON 184-187 48-49 9 .6 4 9 .52
Iso-amyl^ C9H 21ON 214-217 73-74 8 .80 8.48 , 8 .52
Allyl C7H 15ON 183-187 10.84 11.20
Benzyl C11H 17ON 277-280 53-57 7.81 7 .55 , 7 .55

(b) 2-M onoalkylam ino-l-butanols: R N H C H (C 2He)CH2OH
Ethyl CeHi&ON 177-179 11.95 11.95, 11.96
«-Propyl C7H 17ON 192-193 10.68 10 .4 4 ,1 0 .4 3
«-Butyl CsH 19ON 210-213 9.64 9 .40 , 9 .47
«-Amyl C9H 21ON 227-230 8 .80 8.52, 8 .53
«-Hexyl CioH23ON 247-252 8.08 7 .68
«-Heptyl CiiH 26ON 263-266 7 .4 8 7 .13 , 7 .15
Iso-butyl CsHigON 195-198 9.64 10.01, 10.04
Iso-amyl CgHaiON 221-224
Allyl C7H 15ON 194-197 10.84 10.91, 10.87
Benzyl CnHnON 283-285 7.81 7 .51 , 7 .50

a The melting points of the distilled amino alcohols were 
taken without recrystallization of the products, since it 
was found that recrystallization raised the melting point 
only slightly. b Also prepared by Kremer and Waldman.5

Hydrochloride of ^-Ethoxybenzoate of 2-Mono-w- 
amylamino-2-methyl-1 -propanol.—To 15.9 g. (0.1 mole) 
of 2-mono-w-amylamino-2-methyl-l-propanol was added
12.5 ml. (0.15 mole) of concentrated hydrochloric acid. 
The excess hydrochloric acid was removed by vacuum 
evaporation; To the solid hydrochloride of 2-mono-n- 
amylamino-1 -propanol was added 18.4 g. (0.1 mole) of p- 
ithoxybenzoyl chloride. The reaction mixture was heated, 
with occasional shaking, in an oil-bath at 100 ° for thirty 
minutes, at 130° for thirty minutes, and at 150° for fifteen 
minutes. The reaction mixture was dissolved in 60 ml. of 
95% ethanol, poured into 800 ml. of N  sodium hydroxide 
solution, and extracted with 125 ml. of isopropyl ether. 
The ether solution was extracted with 1500 ml. of 0.4 N  
hydrochloric acid. The acid solution was made basic 
with sodium hydroxide and the free base of the amino 
alcohol ester was extracted with 150 ml. of isopropyl ether. 
The isopropyl ether solution was saturated with dry hydro­
gen chloride, yielding 23 g. (67%) of an oily precipitate 
of the hydrochloride of /3-mono-w-amylamino-/?,0- (di­
methyl) ̂ -ethyl ^-ethoxybenzoate, which solidified within a 
few minutes. On two crystallizations from acetone, this 
product melted at 127-129°.

In this study, approximately sixty alkoxybenzoates of 
2-monoalkylamino-2-methyl-l-propanols and 2-monoalkyl-

amino-1-butanols were prepared, that their anesthetic 
activity might be tested. In some runs in which very 
insoluble ester hydrochlorides were formed, the products 
were isolated by precipitation with a large excess of hydro­
chloric acid and by filtration. Table II gives the melting 
points and chloride analyses of the hydrochlorides of the 
above alkoxybenzoates which were most readily crystal­
lized.

T a b l e  II
/3-M o n o a l k y l a m in o a l k y l  A l k o x y b e n z o a t e  

H y d r o c h l o r id e s

M. p., °C. Empirical Chlorine, %
R R ' (uncor.) formula Calcd. Found

(a) ,3-Monoalkylamino-/3,/3-(dimethyl)-ethyl alkoxybenzoate h y ­
drochlorides: ROC6H4COOCH2C (CH 3)2N H R ,-HCl

^-M ethyl «-B utyl 154-155 C16H26O3NCI 11.23 11.11
^-Ethyl «-Am yl 128-129 CisHsoOsNCl 10.31 10.15
i>-Ethyl «-H exyl 135-136 Ci9H320 3NCl 9 .9 1 9 .8 2
o-Ethyl «-B utyl 118-120 Ci7H280 3NCl 10.75 10.86
m-Ethyl «-B utyl 106-108 Ci7H280 3NC1 10.75 10.67
w-Ethyl «-Amyl 73-76 CisHsoOsNCl 10.31 9 .82
^-77-Propyl «-B utyl 98-100 Ci8H30O3NCl 10 .31 10 .38
^-«-Propyl «-Am yl 103-106 Ci9H 320 3NC1 9 .9 1 10.06
^-«-Propyl «-H exyl 118-120 C20H34O3NCl 9 .5 3 9 .3 4
^-«-Butyl Ethyl 136-138 Ci7H280 3NCl 10 .75 10.47
p-n~Buty\ «-Propyl 105-107 C18H30O3N C1 10.31 10.24
£-«-Butyl «-Butyl 125-127 C19H3203N C1 9 .91 9 .6 6
^-«-Butyl n-Hexyl 122-123 C2iH 360 3NC1 9 .1 9 9 .21
7̂-«-Butyl Benzyl 161-162 C22H 3o03N C l 9 .0 5 9 .0 2
o-«-Butyl 77-B utyl 91-94 Ci9H320 3NCl 9 .9 1 9 .9 6
^-«-Amyl 77-Propyl 112-113 Ci9H320 3N C l 9 .9 1 10 .00
P-n~ Amyl «-Butyl 125-126 CsoH^OsNCI. 9 .5 3 9 .6 4
p-n-Kmy\ «-Am yl 103-104 C2iH 360 3N C l‘ 9 .1 9 9 .01
p-n-Amyl Benzyl 139-140 c 23h 32o 3n c i 8 .7 4 8 .7 9
J>-«-Hexyl «-B utyl 125.5-127 C2iH 3603NC1 9 .1 9 9 .11
£-77-Heptyl 77-Propyl 108-110 CnHaeOaNCl 9 .1 9 9 .1 1
^-«-H eptyl w-Butyl 117-118 c 22h 38o 3n c i 8 .8 6 8 .8 0
^-«-Heptyl «-Am yl 105-106 C23H4o0 3NC1 8 .5 7 8 .5 6
jb-77-Heptyl «-H exyl 105-107 C24H420 3NC1 8 .2 8 8 .2 5

(b) /3-Monoalkylamino-/3-ethyl-ethyl alkoxybenzoate hydrochlo­
rides: ROC 6H 4COOCH2CH (C 2H 5)N H R , 'HCl

j^-Ethyl Ethyl 184-185 Ci6H2403N C l 11 .75 11.42
p-E thyl «-Butyl 134-135 Ci7H280 3NCl 10 .75 10.82
^-Ethyl «-H exyl 135-136 Ci9H82OaNCl 9 .9 1 9 .8 8
p-E thyl Benzyl 181-184 C2oH 260 3NC1 9 .7 4 9 .6 4
^-«-Propyl «-B utyl 129-131 Ci8H 3o0 3NC1 10.31 10 .25
^-«-Propyl «-H exyl 112-114 C2oH 340sNC1 9 .5 3 9 .3 3
j&-Iso-propyl «-B utyl 119-121 CisHsoOsNCl 10.31 10.29
^-«-Butyl «-B utyl 114-116 Ci9H 320 3NC1 9 .9 1 9 .8 5
^-«-Heptyl «-Propyl 108-109 CnHaeOaNCl 9 .1 9 8 .7 6

The j3-monoalkylaminoalkyl alkoxybenzoate hydro­
chlorides reported in this paper are being tested pharma­
cologically by Dr. C. C. Haskell. The results will be re­
ported elsewhere.

Summary
A series of hydrochlorides of alkoxybenzoates of 

2-monoalkylamino-2-methyl-l-propanols and of 
2-monoalkylamino-1 -butanols is described.
R ic h m o n d , Va. R e c e iv e d  S e p t e m b e r  1, 1942
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Vinyl Alcohols. IV.1
B y  R eynold  C. F u son , D . J. B yers,2

The vinyl alcohol, 1,2-dimesityl-1-propen-l-ol 
(I),4 was observed to undergo slow deterioration 
in contact with the air.5 In the absence of air, 
however, it has proved to be stable. Samples of 
this remarkable enol, kept in sealed tubes under 
nitrogen, show no change after eighteen months.

The oil produced by the action of oxygen on the 
enol was found to contain acetomesitylene and 
mesitoic acid, evidently produced by oxidative 
cleavage. Subsequent study of this cleavage has 
shown acetomesitylene to occur invariably as a 
principal product whereas mesitoic acid is gen­
erated only in small amounts or not at all. An­
other product, isolated in traces, proved to be

CHg OH CH2 OI I II II
M esC ==C M es MesC-----CMes

I II

mesityl a-mesitylvinyl ketone (II). Its forma­
tion is to bé ascribed to 1,4-dehydrogenation of 
the enol, a reaction that had been brought about 
earlier by the use of permanganate, chromic an­
hydride6 and chloranil.

It remained to discover the moiety sheared off 
in the production of acetomesitylene. By suitable 
modification of the procedure it was an easy mat­
ter to isolate in quantity a low-melting, volatile 
solid, which proved to be mesitol. The amount 
corresponded roughly to that of acetomesitylene. 
Attempts to write an equation, however, revealed 
that a carbon atom was yet to be accounted for. 
Tests for formaldehyde and carbon dioxide showed 
that neither was produced in appreciable amounts. 
Analysis of the exit gas, however, provided the 
answer; carbon monoxide was present and in 
amounts proportional to those of acetomesitylene 
and mesitol. The production of a mole of carbon 
monoxide for every mole of oxygen absorbed ex­
plains the observation that there was no change 
in pressure during the reaction. The oxidative 
degradation can accordingly be represented by 
the following equation

(1) For the preceding communication in th is series, see Fuson and 
Sperati, T h is  J o u r n a l , 63, 2643 (1941).

(2) Du Pont Post-doctorate Fellow, 1940-1941.
(3) Abbott Fellow, 1942-1943.
(4) M es and Dur denote mesityl and duryl, respectively.
(5) Fuson, Byers and Rabjohn, ibid., 63, 2639 (1941).
(6) Stodola, Science, 98, 452 (1941).

Oxidative Cleavage
A. I. R achlin  and  P. L. Southw ick3

c h 3 o h
I I

MesC==CMes +  0 2 ----^  MesCOCH3 -f MesOH +  CO

Two additional products were detected in 
small amounts. One of these was hydrogen, 
which was found in the exit gases from the oxida­
tion chamber. Its origin is not apparent. The 
other by-product was a phenolic compound melt­
ing at 169.5-171.5°. Its properties indicate that 
it may be made up of two mesitol residues but this 
surmise has not been verified.

It seems probable that a peroxide is formed 
which then breaks down to yield the three prod­
ucts shown in the equation. The peroxide could 
decompose in an alternative manner to yield mesi­
toic acid and acetomesitylene. The chief reac­
tion, however, is that leading to the production of 
mesitol, carbon monoxide and acetomesitylene. 
It is a new type of oxidative cleavage. There is a 
possibility that it is related to the well-known 
Dakin cleavage of certain types of aromatic alde­
hydes and ketones to the corresponding phenols.7

The new reaction has been used to degrade sev­
eral enols, structurally similar to I, and appears 
to be generally applicable to compounds of this 
type. For example, l-duryl-2-mesityl-l-propen- 
l-ol (III)1 yielded acetomesitylene, durenol, car­
bon monoxide and smaller amounts of 2,3,5,6- 
tétramethylbenzoic acid and duryl a-mesitylvinyl 
ketone. It is interesting that in this cleavage no

CH3 OH
i I

M esC = C D u r
III

high-melting phenol was detected. Results simi­
lar to the foregoing have been obtained in struc­
ture studies of other vinyl alcohols described else­
where.8

Experimental
Cleavage of 1,2-Dimesityl-1-propen-l-ol

The cleavage is readily accomplished by bubbling oxy­
gen through a solution of the enol in an organic solvent 
such as acetone, or a mixture of ether and petroleum ether. 
However, to facilitate collection of the gaseous products of 
the reaction it was found convenient to make use of a Parr

(7) Dakin, Am. Chem. J . ,  42, 477 (1909).
(8) Fuson, Lindsey and Welldon, T h is  J o u r n a l , 64, 2888 (1942); 

Fuson, Byers and Rachlin, ibid., 64, 2891 (194s2).
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low-pressure hydrogenation machine of the Adams type.9 
The reaction was carried out by shaking acetone solutions 
of the enol with oxygen in this apparatus. Various pro­
cedures for separating and identifying the products of 
the cleavage were tried. The following is the description 
of a run in which the most satisfactory procedure was used.

Treatment with Oxygen.—A solution of 8.4 g. (0.029 
mole) of the enol in 250 cc. of acetone was placed in the 
shaker bottle and treated with oxygen for three days at a 
gage pressure of 14.75 lb. per sq. in. The drop in pres­
sure during this time was negligible.

Analysis of Gases.—Gas samples were taken from the 
shaker bottle by means of an exit tube provided in the 
stopper, and from the tank through the outlet valve. The 
gases were passed through sulfuric acid to remove acetone 
vapors and samples were collected by displacement of 
water from sample tubes of 800 cc. capacity.

The presence of carbon monoxide was detected by the 
palladium chloride test.10 Quantitative analysis11 12 of the 
gas samples was carried out with an apparatus of the Orsat 
type. Carbon dioxide was determined by absorption in 
33% potassium hydroxide solution, and oxygen by absorp­
tion in a 10% solution of pyrogallol in 33% potassium hy­
droxide. After removal of carbon dioxide and oxygen, 
the gases were scrubbed with 90% sulfuric acid and then 
passed over cupric oxide at 250°. Hydrogen was then 
estimated from the decrease in the volume of the sample 
upon condensation of the water formed. Carbon mon­
oxide was determined by absorption of the resulting carbon 
dioxide in 33% potassium hydroxide solution.

The sample from the shaker bottle contained 56.1 mole 
per cent, of carbon monoxide, and the sample from the 
tank 4.8 mole per cent. An estimate based on the ca­
pacity of the bottle and of the tank indicated the forma­
tion of approximately 0.028 mole of carbon monoxide in 
the reaction. No carbon dioxide was found in the gases 
produced in this run, although minute quantities were 
found in another run by passing the entire gaseous mixture 
through a saturated barium carbonate solution. Hydro­
gen was found to the extent of 2.6 mole per cent, in the 
sample from the bottle, and 0.6 per cent, in the sample from 
the tank.

The solution was taken from the shaker bottle, and the 
acetone removed by distillation from a steam-cone. The 
acetone distillate was refluxed for four hours while a slow 
stream of carbon dioxide was bubbled through it, and the 
exit gases were passed through 150 cc. of water kept at 0°. 
At the end of that time no formaldehyde could be detected 
in the water by the fuchsin test. In another run a fuchsin 
test which could not be decolorized by sulfuric acid was ob­
tained from the acetone distillate, but the methone test 
was negative.

Acidic Components
The oil remaining after removal of the acetone was taken 

up in a very small amount of ether and extracted repeatedly 
with a 10% potassium hydroxide solution. Acidification

(9) Adams and Voor hees, “ Organic Syntheses,” Coll. Vol. I, 
John Wiley and Sons, Inc., New York, N . Y ., second edition, 1941, p. 
65.

(10) Fritz Bayer, “ Gasanalyse,” W. Böttger and F. Enke, S tu tt­
gart, 1938, p. 52.

(11) The gas analyses were carried out by Mr. Robert S. Hanmer.

of the alkaline extracts yielded 4.2 g. of a solid precipitate. 
This material was dissolved in ether, and the solution was 
extracted twice with a 10% solution of potassium bicar­
bonate. Acidification of the extracts precipitated 0.2 g. 
of a white solid melting at 151-153°. No depression of the 
melting point was observed when this compound was 
mixed with an authentic sample of mesitoic acid.

The ether solution of the acidic components, which now 
contained only the phenolic fraction, was evaporated, and 
the residual solids were subjected to steam distillation. 
Two and four-tenths grams of a white solid melting at 67- 
69° was obtained by cooling and filtering the distillate. 
Crystallization from low-boiling petroleum ether gave 
white needles melting at 71-72° which did not depress 
the melting point of a known sample of mesitol.

The solid remaining in the steam-distillation flask was 
collected on a filter and dissolved in 10% potassium hy­
droxide solution. The solution was filtered free of a small 
amount of insoluble solid material, and acidified with hy­
drochloric acid. Five-tenths of a gram of a tan solid was 
precipitated. After repeated crystallization from glacial 
acetic acid, white crystals melting at 169.5-171.5° were 
obtained.

Anal.1* Calcd. for Ci8H220 2: C, 79.95; H, 8.28. Found: 
C, 79.60; H, 8.13.

Approximately 0.2 g. of the high-melting phenol was 
heated for a few minutes with 5 cc. of acetic anhydride and 
one drop of concentrated sulfuric acid. Excess acetic an­
hydride was decomposed by heating with water, and the 
resulting solid product was crystallized four times from 
high-boiling petroleum ether. White needles melting at 
148-149° were obtained.

Anal. Calcd. for C22H2604: C, 74.53; H, 7.40. Found: 
C, 74.71; H, 7.75.

Neutral Components.—After extraction with 10% 
potassium hydroxide, the ether solution containing the 
neutral components was washed with water, and the ether 
was removed by distillation. Distillation of the residual 
oil yielded 3.2 g. of a liquid boiling at 85-90° at 3 mm. A 
0.5-g. portion of this oil was treated with 10 cc. of fuming 
nitric acid at 0°, and the nitration mixture was poured on 
ice. The precipitated white product melted at 135-137° 
after crystallization from ethanol, and did not depress the 
melting point of a known sample of dinitroacetomesitylene.

A small amount of methanol was added to the viscous red 
oil remaining in the distilling flask after removal of the 
acetomesitylene, and a crystalline precipitate formed im­
mediately. About 0.3 g. of this material was obtained by 
cooling and filtering the solution. After crystallization 
from ethanol, it melted a t 132-133° and was shown to be 
mesityl a-mesitylvinyl ketone by the mixed melting point 
test.

Cleavage of l-Duryl-2-mesityl-l-propen-l-ol
The cleavage was brought about by shaking a solution of

8.5 g. of the enol in 250 cc. of acetone with oxygen for three 
days at a gage pressure of 10 lb. per sq. in.

A gas sample from the bottle contained 39.4 mole per 
cent, of carbon monoxide, no appreciable carbon dioxide 
and 1.2 mole per cent, of hydrogen.

(12) M icroanalyses by M iss Theta Spoor.
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Acidic Components.—The procedure was very similar to 
that described above for 1,2-dimesityl- 1-propen-l-ol. 
Acidification of the bicarbonate extract yielded 0.5 g. of a 
white solid melting at 176.5-178.5° after crystallization 
from high-boiling petroleum ether. I t did not depress the 
melting point of an authentic sample of 2,3,5,6-tetra- 
methylbenzoic acid.

The remainder of the acidic fraction was dissolved in 
10% potassium hydroxide solution, filtered free of in­
soluble material, and precipitated by acidification. One 
and four-tenths gram of a product melting at about 110° 
was obtained. Crystallized twice from low-boiling pe­
troleum ether, it melted at 117-118° and did not depress the 
melting point of a known sample of durenol.

Neutral Components.—After extraction of the acidic 
components, the oil was washed with water and allowed to 
stand; a small amount of a crystalline product separated 
and was removed by filtration. Distillation of the filtrate 
yielded 1.5 g. of an oil boiling at 93-95° at 5 mm. Nitra­
tion of this oil as described above converted it to dinitro- 
acetomesitylene.

Methanol was added to the viscous residue in the dis­
tilling flask, and the yellow solid which separated was fil­
tered and crystallized from ethanol. I t  melted at 156.5- 
157.5° and did not depress the melting point of a sample of

duryl a-mesitylvinyl ketone. The solid mentioned above, 
which crystallized from the oily mixture, was crystallized 
from ethanol, and likewise proved to be duryl a:-mesityi- 
vinyl ketone. A total of 0.8 g. of this compound was 
isolated.

Summary
It has been found that treatment with oxygen 

causes the vinyl alcohol, 1,2-dimesityl-1-propen- 
l-ol, to undergo cleavage to acetomesitylene, 
mesitol and carbon monoxide according to the 
equation 

CH3 OH
I I

M esC = C M es +  0 2---->  MesCOCH3 +  MesOH +  CO

Small amounts of mesityl a-mesitylvinyl ke­
tone, mesitoic acid, hydrogen and an unidentified 
phenol were also detected among the reaction 
products.

Similar results were obtained with l-duryl-2- 
mesityl-1 -propen-1 -ol.
U r b a n a , I l l in o i s  R e c e iv e d  S e p t e m b e r  8, 1942

[C o n t r i b u t io n  f r o m  t h e  N o y e s  C h e m ic a l  L a b o r a t o r y , U n i v e r s i t y  o f  I l l i n o i s ]

Vinyl Alcohols. V.1 Isomeric Bromo-1,2-dimesityl-1 -propen-1 -ols
B y R eynold  C. F u son , R . V. L in d sey , J r ., and P . B u r k e  W elldon

In an effort to relate the remarkable stability 
of 1,2-dimesityl-1 -propen-l-ol2 (I) to structural 
features, a number of similar enols were prepared. 
The method in every case involved the correspond­
ing desoxybenzoin as a starting material. One of 
the most interesting of these syntheses was that of 
the bromo derivative (II) of the original enol. 
It was made from 3'-bromodesoxymesitoin (III),

c h s9Hs ° h CH,
CH3<T ^ > C = JxOcH,

CHa
I

CHa

C H a fl* YHCHa
CIl3< f ~ ^ ----

CHs CHTBr
II

CHs CHs^O

CH<L>H2MgCI + CH<3 Ĉ C1
N==CHs Br= CH3

CH3 °  CHa

CH< 3 CH* C < 3 CHa +  m SC12
N = CH3 CHTBr

III

Because the yields of the bromodesoxymesi­
toin (III) were low, an effort was made to find a 
better method of synthesis. The most promising 
alternative appeared to be the Friedel-Crafts 
reaction between mesitylacetyl chloride and 
bromomesitylene.

AlCls 
- — >

III +  HCl

which in turn was prepared by condensing 3-bro- 
momesitoyl chloride with a2-isodurylmagnesium 
chloride.

(1) For the preceding article in this series, see Fuson, Byers, 
Rachlin and Southwick, T h is  J o u r n a l , 64, 2886 (1942).

(2) (a) Fuson, Corse and M cKeever, ibid., 62, 3250 (1940); (b) 
Fuson, Byers and Rabjohn, ibid., 63, 2639 (1941).

The result was, however, very surprising. The 
condensation proceeded smoothly to yield a com­
pound of the expected composition and similar 
melting point. But a mixed melting point deter­
mination showed it to be different from the de­
sired 3'-bromodesoxymesitoin.
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That we were dealing with isomeric bromodes- 
oxymesitoins became clear when it was found 
that each compound, when condensed with formal­
dehyde, yielded an unsaturated ketone that 
could be converted by hydrogenation to a vinyl 
alcohoh Both vinyl ketones melted at 150°, 
but a mixed melting point determination showed 
a 20° lowering. The new vinyl alcohols were con­
siderably less permanent than the parent enol,
1,2-dimesityl-1-propen-l-ol (I); they were iso­
lated only as unstable solids. Enol II was con­
verted to the methyl ether.

Fortunately, the newly discovered oxidative 
cleavage1 of such enols offered a simple method 
of structure determination. The vinyl alcohol
(II) derived from 3'-bromodesoxymesitoin (III) 
yielded acetomesitylene (IV) and 3 -bromomesitol 
(V), as was expected.

CH3 CHs Br
II

CHs CHs Br
IV V

The enol from the new desoxy compound was 
oxidized to 3-bromoacetomesitylene (VI) and 
mesitol (VII).

Br CHs CHs
VI VII

It must, therefore, have the structure, VIII. As 
a consequence, the desoxy compound from the 
Friedel-Crafts synthesis can be assigned the 
structure of 3-bromodesoxymesitoin (IX). Its

HsC

formation involves the transfer of the bromine 
atom from one ring to the other. This remarkable 
migration must occur at some intermediate point 
in the condensation, for the 3'-bromodesoxymesi­
toin did not undergo isomerization when treated 
with aluminum chloride. Although halogen mi­

grations during the Friedel-Crafts reaction are 
well-known,3 this one seems noteworthy for the 
selectivity with which it proceeds. The yields 
ranged from 40 to 90%.

The structure of 3-bromodesoxymesitoin was 
confirmed by an independent synthesis. This 
compound was obtained in satisfactory yields by 
condensing 3-bromomesitylacetyl chloride with 
mesitylene.

Br CHs CHS IX +  HCl

Experimental
3-Bromomesitoic Acid.—Mesitoic acid was brominated 

by the method of Shildneck and Adams4; omission of the 
iron catalyst gave consistently higher yields. There was 
obtained 288 g. (74% yield) of 3-bromomesitoic acid, m. p. 
162-165°, from 260 g. of mesitoic acid.

The acid was converted to the acid chloride (b. p. 175- 
178° (28 mm.)) in 97% yield by the action of thionyl chlo­
ride at room temperature.

Condensation of 3-Bromomesitoyl Chloride with a 2- 
Isodurylmagnesium Chloride.—A solution of 8.4 g. of
a 2-chloroisodurene in 350 cc. of dry ether was added over 
one and one-half hours to 10 g. of magnesium in 150 cc. of 
dry ether at 0°. The temperature of the mixture was al­
lowed to rise to room temperature; stirring was continued 
for thirty minutes, after which a solution of 13 g. of 3- 
bromomesitoyl chloride in 25 cc. of dry ether was added 
dropwise. Stirring was continued for one hour; the reac­
tion mixture was then decomposed with cold, dilute hydro­
chloric acid. The ether layer was extracted with dilute 
alkali, washed with water and evaporated. The residue 
was crystallized from absolute alcohol; 8 g. (45% yield) of 
3'-bromodesoxymesitoin was obtained as white plates melt­
ing at 91-92°.

Anal. Calcd. for C20H23OBr: C, 66.85; H, 6.40.
Found; C, 67.00; H, 6.42.

Repetition of this preparation gave yields of less than 
19%; the product was contaminated with large amounts of
1,2-dimesitylethane (m. p. 115-116°) from the coupling of 
the Grignard reagent and could be obtained pure only by 
repeated fractional crystallization from low-boiling petro­
leum ether.

Condensation of Mesitylacetyl Chloride with Bromo- 
mesitylene.—A solution of mesitylacetyl chloride (20 g.) 
and bromomesitylene (25 g.) in carbon disulfide (30 cc.) 
was added over forty-five minutes to a stirred mixture of 
bromomesitylene (20 g.), aluminum chloride (30 g.) and 
carbon disulfide (80 cc.) at 0°. Stirring was continued at 
0 ° for three hours, and for an additional three hours at 0- 
17°. The reaction mixture was decomposed with ice 
and hydrochloric acid; the organic layer was diluted with 
200 cc. of ether and washed thoroughly with 10% sodium 
hydroxide solution and water. Exhaustive steam distilla­
tion removed the solvents and excess bromomesitylene; the

(3) Thomas, “Anhydrous Aluminum Chloride in Organic Chem  
istry ,” Reinhold Publishing Corp., N ew  York, N . Y ., 1941, p. 692.

(4) Shildneck and Adams, T h is  J o u r n a l , 53, 349 (1931).
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last portion of the distillate yielded 1 g. of a white solid 
mixture from which was isolated tribromomesitylene.5 
The viscous residue was crystallized from absolute alcohol; 
there was obtained 33.4 g. of white solid melting at 90-93°. 
A mixture of this solid and 3' bromodesoxymesitoin melted 
at 71-75°. Recrystallization first from petroleum ether 
and then from methanol yielded white crystals melting at 
98-99°. This compound was subsequently shown to be
3-bromodesoxymesitoin; yield, 90%.

Anal. Calcd. for C2oH230Br: C, 66.85; H, 6.40.
Found: C, 66.91; H, 6.31.

3-Bromomesityl a-Mesitylvinyl Ketone.—The procedure 
was that described for the preparation of a-mesitylvinyl 
mesityl ketone.2b From 8 g. of 3 '-bromodesoxymesitoin 
there was obtained 6.84 g. of the vinyl ketone, melting at
150-151°; yield, 83%.

Anal. Calcd. for C2iH23OBr: C, 67.92; H, 6.24.
Found: C, 68.06; H, 6.32.

Mesityl a-(3-Rromomesityl)-vinyl Ketone.—The same 
procedure213 was followed, except that the time of stirring 
was reduced to seventeen hours. Addition of a second 
portion of paraformaldehyde was unnecessary. From 12 
g. of 3-bromodesoxy-mesitoin there was obtained 12.2 g. 
of mesityl a-(3-bromomesityl)-vinyl ketone, melting at 
149-150°; yield, 98%.

Anal. Calcd. for C2iH23OBr: C, 67.92; H, 6.24.
Found: C, 67.82; H, 6.37.

A mixture of this compound and 3-bromomesityl a- 
mesitylvinyl ketone melted at 131-134°.

The Methyl Ether of l-(3-Bromomesityl)-2-mesityl-l- 
propen-l-ol.—3-Bromomesityl a-mesitylvinyl ketone (15 
g.) in glacial acetic acid (150 cc.) was subjected to one and 
one-half atmospheres pressure of hydrogen in the presence 
of platinum oxide catalyst. One mole of hydrogen was 
absorbed per mole of ketone. The solution was filtered 
into water; the enol was obtained as a white precipitate 
which became gummy after short exposure to air. I t was 
dissolved in benzene; the solution was washed with dilute 
potassium bicarbonate solution and water. The benzene 
solution was partially distilled to dry it, and then was 
stirred and heated with 2.3 g. of finely divided sodium for 
one and one-half hours. Excess methyl sulfate was added, 
and the treatment continued for two hours. The benzene 
solution was warmed with dilute alkali, washed with water, 
and evaporated to dryness. Crystallization of the residue 
from ethanol yielded 12.5 g. of the enol ether, melting at
117.5-119°; yield, 80%,

Anal. Calcd. for C22H270Br: C, 68.22; H, 6.98.
Found: C, 68.22; H, 6.99.

Oxidative Cleavage of l-(3-Bromomesityl)-2-mesityl-l- 
propen-l-ol.—3-Bromomesityl a-mesitylvinyl ketone (5.5 
g.) in ether (50 cc.) was reduced to the enol. The solution 
was filtered, diluted with acetone and treated with oxygen 
for three days by the procedure of Fuson, Byers, Rachlin 
and Southwick.1 Extraction of an ethereal solution, of the 
residue with alkali followed by acidification yielded 2.24 g. 
of a solid which was sublimed in vacuo to give white needles, 
m. p. 81-82°. A mixture of this compound and an 
authentic sample of 3-bromomesitol (prepared by the 
method of Jacobsen6) melted at 81-82°.

(5) F ittig  and Storer, Ann., 147, 8 (1868).
(6) Jacobsen, ibid., 195, 270 (1879).

Distillation of the neutral residue yielded 1.4 g. of aceto­
mesitylene, which was identified by conversion to the 
dinitro derivative as previously described.25

Oxidative Cleavage of l-Mesityl-2-(3~bromomesityl)-l- 
propen-l-ol.—When mesityl «-(3-bromomesityl)-vinyl ke­
tone was reduced in methanol by the usual procedure, the 
resulting enol was again a white solid which became gummy 
after short contact with air. Treatment of this unstable 
enol with cold potassium permanganate in acetone25 de­
hydrogenated it to regenerate the vinyl ketone.

A solution of the enol (formed by reduction of 5.6 g. of 
mesityl «-(3-bromomesityl)-vinyl ketone) in an ether- 
acetone mixture was treated with molecular oxygen1 for 
three days. The phenolic product obtained (1.4 g.) was 
shown to be mesitol by a mixed melting point determina­
tion. Distillation of the neutral residue gave 2.4 g. of 3- 
bromoacetomesitylene, b. p. 110-115°(3 mm.). The iden­
tity of this compound was established by use of the pro­
cedure of Adams and Miller.7 By treatment with phos­
phoric acid the ketone was cleaved to bromomesitylene, 
which was identified as the dinitro derivative.

Attempted Isomerization of 3'-Bromodesoxymesitoin.— 
Efforts to transform the 3'-bromo ketone to the isomeric 3- 
bromodesoxymesitoin by the influence of aluminum chlo­
ride were unsuccessful. Conditions of the original Friedel- 
Crafts reaction were duplicated. If excess bromomesity­
lene was added, the products were tribromomesitylene, 
starting material and some intractable oil.

3-Bromomesitylmethyl Chloride.—Gaseous hydrogen 
chloride was passed for eight hours into a violently agitated 
mixture of bromomesitylene (50 g.), paraformaldehyde (25 
g.), zinc chloride (2 g.) and concentrated hydrochloric acid 
(250 cc.) at 65-70°. The cooled mixture was extracted 
with benzene; the benzene solution was washed with alkali 
and water, dried (calcium chloride) and distilled. Seven 
grams of unchanged bromomesitylene was recovered; the 
chloromethyl compound was obtained as white needles; 
m. p. 44-45°; b. p. 126-129° (2 mm.); weight, 45 g. (84% 
yield).

Anal. Calcd. for Ci0H12BrCl: C, 48.51; H, 4.89.
Found: C, 48.72; H, 5.00.

3-Bromomesitylacetonitrile.—3-Bromomesitylmethyl 
chloride (24.75 g.) was added over five minutes to a mix­
ture of sodium cyanide (8.4 g.), alcohol (28 cc.) and water 
(20 cc.) at 55-60°; stirring and heating were continued for 
three hours. The cooled mixture was extracted with ben­
zene; the benzene solution was washed with water, dried 
(calcium chloride) and evaporated on the water-bath. 
The residue was crystallized from high-boiling petroleum 
ether, yielding white needles melting at 113-114°; weight,
19.6 g. (82% yield).

Anal. Calcd. for CnHi2NBr: C, 55.48; H, 5.08.
Found: C, 55.49; H, 4.94.

3-Bromomesitylacetic Acid.—3-Bromomesitylacetoni­
trile (11.9 g.) was hydrolyzed by refluxing and stirring with 
104 cc. of 55% sulfuric acid for ten hours. The acid was 
obtained as white, fluffy needles after crystallization from 
benzene-high-boiling petroleum ether; m. p. 168.5- 
169.5°; weight, 10.06 g. (78% yield).

Anal. Calcd. for CnHi302Br: C, 51.36; H 5.09.
Found: C, 51.43; H, 5.23.

(7) A dam s and  M iller, T h is  J o u r n a l , 62, 53 (1940).
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3-Bromomesitylacetamide (0.38 g.) was obtained as 
alkali-insoluble residue. After crystallization from ben- 
zene-high-boiling petroleum ether, it formed white, fluffy 
needles melting at 231-232°.

Anal. Calcd. for CnH14ONBr: C, 51.58; H, 5.51.
Found: C, 51.78; H, 5.49.

The acid was converted to the acid chloride (b. p. 146- 
148° (4 mm.)) in 85% yield by the action of thionyl chlo­
ride at room temperature.

3-Bromodesoxymesitoin.—A solution of 3-bromomesityl- 
acetyl chloride (3.25 g.) in mesitylene (5 cc.) was added 
over fifteen minutes to a stirred mixture of mesitylene (15 
cc.), aluminum chloride (2 g.), and carbon disulfide (40 cc.) 
at 0°. Over one hour, the mixture was gradually warmed 
to 50°, at which temperature it refluxed gently for fifteen 
minutes. I t  was decomposed with ice and hydrochloric 
acid; the organic layer was diluted with 100 cc. of ether 
and washed with dilute alkali and water. Steam distilla­

tion removed the solvents and excess mesitylene; the resi­
due was dried and crystallized from absolute alcohol. The 
white solid product melted at 97-99°; a mixture with the 
product of the Friedel-Crafts reaction between mesityl­
acetyl chloride and bromomesitylene melted at 97-99 °.

Summary
Isomeric bromo 1,2-dimesityl-1 -propen-1 -ols 

have been prepared; they are very unstable com­
pared to similar vinyl alcohols containing no 
halogen substituent.

The Friedel-Crafts reaction of mesitylacetyl 
chloride and bromomesitylene has been shown to 
yield 3-bromodesoxymesitoin instead of the ex­
pected 3'-bromo compound.
U r b a n a , I l l in o i s  R e c e iv e d  S e p t e m b e r  8, 1942

[C o n t r i b u t io n  f r o m  t h e  N o y e s  C h e m ic a l  L a b o r a t o r y , U n i v e r s i t y  o f  I l l in o i s ]

Enediols. XI.1 Vinylogs of Ethylene and Acetylene Glycols
B y  R eyno ld  C. F u so n , D. J. B y e r s2 and  A. 1. R ach lin

The production of a stable vinyl alcohol by the 
hydrogenation of mesityl or-mesitylvinyl ketone 
(I)3 suggested that the corresponding dienol (II) 
might be formed if the reduction could be caused 
to take place bimolecularly. Experiment has 
shown that this type of reduction can be accom­
plished readily and in high yield by use of the 
binary mixture, Mg-Mgl2.4

The structure of the dienol, 1,2,5,6-tetramesityl-
1,5-hexadien-1,6-diol (II), was established by use 
of the cleavage described recently for enols of this 
type.5 Treatment with oxygen converted it to 
mesitol and 1,2-dimesitoylethane (III).

The dienol exhibited chemical properties simi­
lar to those of the monoenol. It could be ke- 
tonized by long treatment with hot alcoholic hy­
drogen chloride to yield l,2,5,6-tetramesityl-l,6- 
hexanedione (IV). The dienol was regenerated by 
use of ethylmagnesium bromide. Oxidation with 
permanganate brought about cleavage, giving the 
parent vinyl ketone (I). This remarkable reac­
tion resembles the cleavage of 1,2-glycols by lead 
tetraacetate6; it was found that cleavage to the 
vinyl ketone could be effected with this reagent.

(1) For the tenth communication of this series see Fuson and 
Scott, T h is  J o u r n a l , 64, 2152 (1942).

(2) DuPont Post-doctorate Fellow, 1940-1941.
(3) Fuson, Corse and M cK eever, T h is  J o u r n a l , 62, 3250 (1940).
(4) Gomberg and Bachmann, ibid., 49, 236 (1927).
(5) Fuson, Byers, Rachlin and Southwick, ibid., 64, 2886 (1942).
(6) Criegee, Ber., 64B, 200 (1931).

MesCHCH2CH2CHMes7
I I
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M esC = 0  O—CMes 
VIII

This scission of a 1,6-glycol with lead tetraace­
tate is in accord with the vinylogous relationship 
between this glycol and ethylene glycol. It is par­
ticularly interesting from a theoretical point of 
view, since the formation of a cyclic intermediate 
seems unlikely.8

The principal product of the oxidation, however, 
was not the vinyl ketone but the doubly unsatu­
rated diketone, l,2,5,6-tetramesityl-2,4-hexadien-

(7) M es is used to  represent the mesityl radical.
(8) Criegee, Kraft and R ank, Ann., 507, 159 (1933).
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1,6-dione (V). This compound underwent 1,8 hy­
drogenation to yield what was perhaps the most 
remarkable compound of the entire series—the 
dienol, l,2,5,6-tetramesityl-l,3,5-hexatriene-l,6- 
diol (VI). It is a vinylog of the enediol, 1,2-di- 
mesitylacetylene glycol (VII). Like the acetylene 
glycol, it can be ketonized by treatment with al­
coholic hydrogen chloride. From the resulting 
diketone (VIII) the dienol can be regenerated by 
the use of ethylmagnesium bromide.

Experimental9
1.2.5.6- Tetramesityl-l,5-hexadiene-l,6-diol (II).—To a 

well-stirred mixture of 1.92 g. of magnesium, 40 cc. of dry 
ether and 80 cc. of dry benzene was added 9.8 g. of iodine. 
When the iodine color had disappeared, 11.68 g. of solid 
a-mesitylvinyl mesityl ketone was added within one min­
ute. The solution was stirred and heated at the refluxing 
temperature for three hours. The reaction mixture was 
cooled, decomposed with iced hydrochloric acid and washed 
once with water. The aqueous layer was extracted with 
ether, and the combined organic solution was dried over 
calcium chloride. I t  was then concentrated to a volume 
of 25 cc. and cooled in an ice-bath. The product which 
precipitated weighed 11 g. (94%) and melted at 203-205°. 
The pure compound, recrystallized from benzene, melted 
at 207-208°.

Anal. Calcd. for C42H50O2: C, 85.95; H, 8.60; mol. 
wt., 586. Found: C, 86.08; H, 8.69; mol. wt. (ebullio- 
scopic in chloroform), 605.

1.2.5.6- Tetramesityl-l,5-hexadiene-l,6-diol Diacetate.
—A solution of 2.0 g. of the diol (II) in 15 cc. of acetic 
anhydride was heated at the refluxing temperature for two 
hours. The reaction mixture was cooled and poured into 
water. The white diacetate, recrystallized from ben­
zene, weighed 1.95 g. and melted at 217.5-218.5°.

Anal. Calcd. for C46H54O4: C, 82.34; H, 8.11. Found: 
C, 82.72; H, 8.23.

Ketonization of l,2,5,6-Tetramesityl-l,5-hexadiene-l,6-
diol.—A solution of 2.0 g. of the diol in 200 cc. of absolute 
ethanol, which had previously been saturated with dry 
hydrogen chloride, was refluxed for twelve hours. The 
solid diketone started to separate from the hot solution. 
The mixture was cooled and filtered. The product 
weighed 1.5 g., and melted at 250-255°. A second crop of 
crystals weighing 0.4 g. was obtained. Recrystallized 
from benzene, the diketone (IV) melted at 259-261°.

Anal. Calcd. for C42H50O2: C, 85.95; H, 8.60. Found: 
C, 86.04; H, 8.83.

Enolization of l,2,5,6-Tetramesityl-l,6-hexanedione
(IV).—To a Grignard solution made from 11 g. of ethyl 
bromide, 2.4 g.of magnesium and 50 cc. of ether was added 
a solution of 1 g. of the diketone (IV) in 50 cc. of dry ben­
zene. The mixture was stirred and refluxed for twelve 
hours, cooled and decomposed with iced ammonium chlo­
ride solution. The aqueous layer was extracted with ben­
zene, and the benzene solution was dried over calcium

(9) M icroanalyses by M iss M ary S. Kreger, M iss Margaret M c­
Carthy, Miss Theta Spoor and Mr. L. G. Fauble.

chloride and concentrated to a volume of 10 cc. Cooling 
caused the separation of 0.8 g. of a solid, which, after re­
crystallization from benzene, melted at 207-208° alone or 
mixed with a sample of the diol obtained by the other 
method.

Reaction of l,2,5,6-Tetramesityl-l,5-hexadiene-l,6-diol 
with Oxygen.—Oxygen was bubbled through a solution of
4 g. of the diol in 300 cc. of acetone for seventy-two hours. 
The solvent was removed by distillation and the residue 
was dissolved in ether. The ether solution was extracted 
three times with 10% potassium bicarbonate solution. 
Acidification of the combined bicarbonate solutions failed 
to cause the precipitation of an insoluble acid. The ether 
solution was then extracted with several portions of 10% 
sodium hydroxide solution. Acidification of the com­
bined alkaline solutions caused the precipitation of 0.9 g. 
of mesitol. A sample, purified by sublimation, melted 
at 70° and did not depress the melting point of a known 
sample of mesitol.

The ether solution was washed with water and the resi­
due, after removal of the ether, weighed 2.2 g. The crude 
solid was recrystallized from methanol. The first crop of 
crystals weighed 1.2 g. and melted at 136-137° alone or 
when mixed with an authentic sample of 1,2-dimesitoyl- 
ethane.

Reaction of 1,2,5,6-Tetramesityl-1,5-hexadiene-1,6-diol 
(II) with Potassium Permanganate.—A solution of 1.9 g. 
of potassium permanganate in 250 cc. of acetone was added 
over a period of one-half hour to a well-stirred solution of
5 g. of the diol in 160 cc. of acetone. The manganese di­
oxide was gathered on a filter and extracted in a Soxhlet 
apparatus with acetone until the solvent was no longer 
yellow. The solutions were combined and concentrated 
to a volume of 150 cc. The excess permanganate was re­
moved by filtration as manganese dioxide and the clear 
yellow solution was concentrated to 25 cc. Cooling caused 
the separation of the canary yellow diketone (V) which 
weighed 2.2 g. and melted at 279-282°. After recrystal­
lization from benzene, it melted at 282-284°.

Anal. Calcd. for C42H46O2: C, 86.53; H, 7.97. Found: 
C, 86.73; H, 8.13.

The mother liquor was evaporated to dryness and sub­
jected to fractional crystallization from methanol. In this 
manner there was isolated 0.2 g. of the diketone and 1.1 g. 
of a white compound identified as a-mesitylvinyl mesityl 
ketone; m. p. 131-132°.

Reaction of 1,2,5,6-Tetramesityl-1,5-hexadiene-l,6-diol 
(II) with Lead Tetraacetate.—To a hot well-agitated solu­
tion of 5 g. of the diol in 100 cc. of benzene was added 10.5 
g. of lead tetraacetate. The mixture was stirred and re­
fluxed for fourteen hours. I t  was filtered and the clear 
solution was concentrated to a volume of 20 cc. Cooling 
caused the separation of 2.5 g. of the yellow diketone (V), 
m. p. 279-282°. Further investigation of the mother 
liquor resulted in the isolation of 0.3 g. of a-mesitylvinyl 
mesityl ketone, m. p. 129-131°. The residue was a dark 
tar.

When the reaction mixture was heated for five hours, 
there was produced 2.4 g. of the yellow diketone (V) and 
0.8 g. of a-mesitylvinyl mesityl ketone.

l,2,5,6-Tetramesityl-l,3,5-hexatriene-l,6-diol (VI).— 
A. A solution of 0.2 g. of the diketone (V) in 150 cc. of
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benzene (thiophene-free) was shaken with a platinum 
oxide catalyst and hydrogen at atmospheric pressure until 
the yellow color had disappeared. The catalyst was re­
moved by filtration and the solution was concentrated to a 
small volume and cooled. The resulting white diol melted 
to a yellow liquid at 252-253°.

Anal. Calcd. for C42H48O2: C, 86.24; H, 8.28. Found: 
C, 86.14; H, 8.22.

When it was exposed to the atmosphere, the pure diol 
gradually assumed a brownish color. After two days it 
was brownish-yellow and the melting point was 235-240°.

B. To a solution of 0.5 g. of the diketone in 75 cc. of 
hot glacial acetic acid was added 3 g. of zinc dust. The 
mixture was heated on a steam-bath for one hour, after 
which time the zinc was removed by filtration. Cooling 
caused the separation of 0.45 g. of a brownish crystalline 
solid which melted, after washing with water, at 235-240°. 
Recrystallized from ethanol, the diol was white and melted 
to a yellow liquid at 252-253° alone or mixed with a sample 
of the diol obtained by method A.

1,2,5,6-Tetramesityl-l ,3,5-hexatriene-l ,6-diol Diace­
tate.—A. A solution of 0.5 g. of the diol (VI) in 25 cc. of 
acetic anhydride was heated at the refluxing temperature 
for ninety minutes. Cooling caused the separation of 0.5 
g. of white needles, m. p. 271-273°. Recrystallized from 
glacial acetic acid, the diacetate melted at 273-274°.

Anal. Calcd. for C46H52O4: C, 82.59; H, 7.83. Found: 
C, 82.63; H, 8.03.

B, To a solution of 0.18 g. of the diketone (V) in acetic 
anhydride was added 0.3 g. of fused zinc chloride and 3 
drops of concentrated hydrochloric acid.10 The mixture 
was shaken for twenty minutes with 10 mg. of platinum 
oxide catalyst and hydrogen at atmospheric pressure. 
At the end of this time the solution was colorless and the 
product separated as white needles. It weighed 0.15 g. 
Recrystallized from glacial acetic acid, it melted at 273- 
274° alone or mixed with the diacetate obtained by method 
A.

Oxidation of l,2,5,6-Tetramesityl-l,3,5-hexatriene-l,6- 
diol with Hydrogen Peroxide.—A solution of 0.28 g. of 
the yellow diketone (V) in 60 cc. of benzene (thiophene- 
free) was shaken with hydrogen at atmospheric pressure 
over platinum until the color had disappeared. The 
catalyst was removed by filtration and the benzene solution 
was shaken for ten minutes with 5 cc. of 30% hydrogen 
peroxide and 25 cc. of water. The benzene solution turned 
yellow. After removal of the solvent the yellow residue 
weighed 0.19 g. Recrystallized from benzene, the product

melted at 282-284° alone or when mixed with another 
sample of the yellow diketone.

Ketonization of l,2,5,6-Tetramesityl-l,3,5-hexatriene-
1,6-diol.—Two grams of the yellow diketone (V) was re­
duced by the zinc and acetic acid method. The resulting 
trienediol (1.8 g.) was transferred to a flask containing 500 
cc. of absolute ethanol which had previously been saturated 
with dry hydrogen chloride. The solution was refluxed 
on a steam-bath for twelve hours. After cooling, this prod­
uct (1.25 g.) was separated by filtration; m. p. 170-185°. 
The pure diketone (VIII) obtained by fractional crystalli­
zation from methanol melted at 201 ° and weighed 0.8 g.

Anal. Calcd. for C42H48O2: C,86.24; H, 8.28. Found: 
C, 86.00; H, 8.38.

Enolization of 1,2,5,6-Tetramesityl-3-hexene-l,6-dione
(VIII).—To a Grignard solution made from 11 g. of ethyl 
bromide, 2.5 g. of magnesium and 25 cc. of ether was added 
a solution of 1.5 g. of the diketone (VIII) in 10 cc. of ether 
and 25 cc. of benzene. The mixture was stirred and re­
fluxed for five hours. It was cooled and poured into iced 
ammonium chloride solution. The aqueous layer was 
extracted with 50 cc. of ether. The ether solution was 
dried over calcium chloride and evaporated to dryness on a 
steam-bath. Treatment of the residue with cold ethanol 
caused the separation of 0.8 g. of the diol (VI), m. p. 235- 
240°. Recrystallized from ethanol, it melted to a yellow 
liquid at 252-253° alone or mixed with a sample of the 
compound obtained by another method.

Summary
Bimolecular reduction of mesityl a-mesityl- 

vinyl ketone yields l,2,5,6-tetramesityl-l,5-hexa- 
dien-l,6-diol, a vinylog of ethylene glycol. Oxida­
tion of the diol produces chain cleavage analogous 
to that of 1,2-glycols, regenerating the parent 
vinyl ketone.

A second product of oxidation is 1,2,5,6-tetra- 
mesityl-2,4-hexadien-1,6-dione. This ketone un­
dergoes 1,8 addition of hydrogen to yield 1,2,5,6- 
tetramesityl-1,3,5-hexadien-1,6-diol, a vinylog of 
acetylene glycol.

The new dienols can be ketonized by long treat­
ment with alcoholic hydrogen chloride. The di­
enols can be regained by treating the resulting 
diketones with the Grignard reagent.

CIO) Thompson, T h is  J o u r n a l , 61, 1281 (1939). Urbana, Illinois Received September 8, 1942
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[C o n t r i b u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r y  o f  H a r v a r d  U n i v e r s i t y ]

TJie Mechanism of Cyclization Reactions
By E rnst Berliner

Following the observation of E. Bergmann1 
that the acetal of o-benzylbenzaldehyde (I) 
yields a certain amount of anthracene when hy­
drolyzed with hydrochloric acid in acetone, Brad- 
sher2 worked out a convenient method of synthe­
sizing 9-substituted anthracenes and 1,2-benzan­
thracenes in excellent yield by refluxing ketones 
of the type II with 34% hydrobromic acid and 
acetic acid. The synthesis of naphthalene by 
the cyclization of /3-styrylaldehyde is considered 
by Bradsher3 the simplest cyclodehydration reac-

CO

I R = hydrogen
II R = alkyl or phenyl

n̂ / \ n h /
III R = alkyl or phenyl

tion of this type and similar to the formation of 
/3-phenylnaphthalene from two molecules of 
phenylacetaldehyde observed by Zincke.4

A reaction analogous to the above hydrocarbon 
synthesis has been known in the acridine series 
for a long time and a number of acridines have 
been prepared5 from the corresponding aldehydes 
or phenylketones (III) (in one case a methyl ke­
tone) . As far as the mechanism of the hydrocar­
bon synthesis is concerned, Bergmann suggested 
a similarity to the Elbs pyrolysis assuming enoli­
zation as the first step. Bradsher6 pointed out

R

^ cov

U V h/ V
IV

o o
(1) E . B ergm ann, J . Org. Chem., 4, 1 (1939).
(2) B radsher, This Journal, 62, 486, 1077 (1940).
(3) B radsher, ibid., 64, 1007 (1942).
(4) Z incke and  B reuer, A n n ., 226, 23 (1884); 240, 137 (1887); 

C a r te r  an d  van  Loon, This Journal, 60, 1077 (1938).
(5) U llm ann  and  E rn s t, Ber., 39, 298 (1906); U llm ann and  Broide, 

ib id ., 39 , 356 (1906); M ay er an d  S tein, ibid., 50, 1306 (1917); J en ­
sen  a n d  R ehw isch, This Journal, 50, 1144 (1928).

(6) R eferences 2 an d  3 an d  A bstracts  from  th e  103rd m eeting of 
T h e  A m erican  C hem ical Society, M em phis, T enn ., A pril, 1942.

that the reaction is more like a Friedel-Crafts con­
densation than an Elbs pyrolysis, and proposed 
enolization as the first step followed by cycliza­
tion and subsequent loss of water.

The following alternate explanation is based 
upon the behavior of carbonyl compounds in 
strongly acidic media and upon the concept of cy­
clodehydration as essentially an internal aromatic 
substitution. It is believed that the neutral enol 
(IV), even if it were formed by an acid-catalyzed 
enolization of the type proposed, would hardly 
undergo cyclization. It is now generally believed 
that ionic fragments play an important role as re­
action intermediates, even in cases where the in­
itial and final products are non-ionic in character 
and where the concentration of the ions is not 
great enough to be detected.7 Thus in most aro­
matic substitution reactions, a positive fragment 
attacks a position of high electron density in the 
benzene ring, which loses a proton to the acid 
residue (base), after the intermediate complex is 
formed.8 In order to satisfy these requirements, 
a mechanism is proposed on the basis of an addi­
tion of a proton to the carbonyl oxygen followed 
by an electrophilic substitution reaction. Addi­
tion compounds of the carbonyl group with acids 
and salts have long been known,9 but their nature 
was not clearly understood until the work of 
Hantzsch, and later Hammett10 showed that the 
solubility of carbonyl compounds in sulfuric acid 
depends on salt formation, as illustrated for the 
case of acetophenone

C—CH3

+ H2SO4

O—CH3

OH +  HSO4-

A proton is transferred from the acid to the 
carbonyl group and the conjugate acid of the ke­
tone is positively charged. The first step in the 
cyclization reaction thus may be the formation of 
the conjugate acid (V), which is a hybrid of the

(7) W hitm ore, T h is  Journal, 54, 3274 (1932); M eerw ein and  
van E m ster, Ber., 55, 2500 (1922); A rn d t and  E iste rt, ibid., 69, 2381 
(1936); H am m ett, T h is  J ournal, 59, 1063 (1937).

(8) F o r general references: Ingo ld , Chem. Rev., 15, 225 (1934); 
Price, ibid., 29, 37 (1941).

(9) H ouben, “ M ethoden  d e r organischen Chem ie,” Georg 
Thiem e, Leipzig, 1930, Vol. 3, page 470 ff.

(10) H am m ett, “ P hysical O rganic C hem istry ,” M cG raw -H ill 
Book Co., Inc ., N ew  Y ork , N . Y ., 1940, p . 54 ff.
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H H
two resonant forms x>c=5 | >̂C—O |> the posi­
tive charge being distributed between the oxygen 
and carbon atoms. The ring closure is an elec­
trophilic attack by the carbon atom on the oppo­
site ortho position forming the dihydroanthranol
(VI), which readily suffers dehydration.

This mechanism does not require enolization as 
the first step and no active hydrogen is necessary. 
This concept is substantiated by the present ob­
servation that a similar cyclization can be accom­
plished with a compound which has no hydrogen 
available for* enolization. When 2-phenylbenzo- 
phenone11 was treated according to the procedure 
of Bradsher a mixture was obtained from which
9-phenylfluorenol and its acetate were isolated. 
Furthermore, when the same ketone was treated 
with sulfuric acid and acetic anhydride, a sub­
stance was obtained identical with a polymer of 9- 
phenylfluorenol obtained by treating the car­
binol (VII) with the same reagents.12 A reaction

VII
very similar to the one considered was discovered 
by Bougault,13 who found that the ester of the 
keto acid (VIII) undergoes ring closure under the 

O

0
CCOOR

v /CHCOOR 
XC H /

VIII

COOR

influence of sulfuric acid to give the indene di­
carboxylic ester IX. The reaction was studied 
by Auwers and Moeller14 and has proved useful in 
synthesis.15 Auwers and Moeller regarded the

(11) Schlenk and  B ergm ann, A n n . ,  464, 34 (1928).
(12) K liegl, B e r . ,  38, 290 (1905); 43, 2490 (1910).
(13) B ougault, C o m p t. r e n d . ,  159, 745 (1915).
(14) Auwers and  M oeller, J .  p r a k t .  C h e m ., [2] 109, 124 (1925).
(15) Fieser an d  H ershberg , This J ournal, 57, 1851 (1935), 58, 

2314 (1936); R uzicka, H e lv . C h im . A c ta , 16, 833 (1933); Cook and 
co-workers, J .  C h e m . S o c . ,  667, 1319 (1935).

enol form of the ketone as reaction intermediate, 
but here again the neutral enol, although it cer­
tainly could be present in this case, is not likely to 
enter into the substitution reaction for reasons 
given above. The first step in the proposed mech­
anism is the same as in the mechanism for acid- 
catalyzed enolization.16 After the positively 
charged conjugate acid is formed, the ketone 
which is about to enolize, attacks the ring before 
the neutral enol is formed, and while it still car­
ries the positive charge.

The cyclization proceeds with greater ease in 
the acridine series. If the secondary amine (X) 
is dissolved in glacial acetic acid and a few drops 
of concentrated sulfuric acid are added the reac­
tion is completed after short heating, whereas 
much longer periods are necessary in the case of 
the hydrocarbons. The amino group (X) is 
much stronger ortho-directing than the methylene 
group, and an equivalent structure (XI) can be 
written with a true negative charge in the ortho 
position.17

The cyclization reaction has been utilized fur­
ther for the synthesis of three higher benzologs of
9-methylacridine, namely, the 1,2-benz-, 3,4- 
benz- and 1,2,3,4-dibenz- derivatives. Since di- 
benzacridines have been shown to possess car­
cinogenic properties it seemed of interest to test 
these meso-substituted derivatives for compari­
son with the potent isolog 9-methyl-1,2-benzan­
thracene.

Another cyclodehydration reaction, where ionic 
fragments appear to be the intermediates, is the 
formation of 9-phenylfluorenes from triarylcar- 
binols.18,19 The reaction proceeds with surpris­
ing ease and is accompanied by a remarkable 
color change. Thus when the carbinol (XII) is

(16) Pederson, J .  P h y s .  C h e m ., 37, 751 (1933); 38 , 581 (1934 );  
R eitz , Z. p h y s i k .  C h e m ., A 179, 119 (1937); Cohen and U rey, T his 
J o u r n a l , 60, 679 (1938).

(17) T h e  secondary  am ino group in  th is  m edium  ap p aren tly  is n o t 
basic enough to  form  th e  m eta-d irecting  am m onium  ion. If, how ­
ever, only sulfuric acid  is used, heating  to  a  higher te m p e ra tu re  and  
for a longer tim e  becom es necessary.

(18) K liegl, B e r . ,  38, 287 (1905); Ullm ann, ib id . ,  38, 2216 , 2219  
(1905); T sch itsch ibab in , J .  p r a k t .  C h e m ., 84, 760 (1911 ); 88, [2] 
514 (1913); 90 , [2] 168 (1914).

(19) B achm ann  and  K loetzel, J .  O rg . C h e m ., 2, 356 (1937); 
Schoepfle, T h is  J ournal, 44, 192 (1922).
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dissolved in acetic acid and heated to the boiling 
point, the solution is but slightly colored. If a 
few drops of hydrochloric acid are added at the 
boiling point a deep green color appears for a few 
seconds, water is given off as the green color dis­
appears, and a reddish-brown color results. The 
reaction is over and another drop of hydrochloric 
acid does not produce any further color change. 
The fluorene, XV, crystallizes from the cooled 
solution and the whole reaction resembles those 
with inorganic ions. The carbinol itself dissolves 
in sulfuric acid with the same green color. In all 
observed cases the transient color was identical 
with the color of the carbinol in sulfuric acid. It 
is generally accepted that the color which is ob­
tained when triarylcarbinols are dissolved in sul­
furic acid, or when they are treated with different 
inorganic salts, is due to the color of the positive 
carbonium ion. Therefore, it seems justifiable 
to assume that the first step in the cyclodehydra­
tion is the formation of the carbonium ion (X III).

The positive charge is distributed on the ortho and 
para postions, accounting for the stability of these 
ions. If the charge moves to the nearest ortho 
position, an equivalent structure (XIV) is ob­
tained which allows substitution on the opposite 
ring. This is followed by aromatization. If the 
initial step consists in the formation of the car­
bonium ion and not in the loss of water, any elec­
trophilic reagent other than strong mineral acids 
should bring about the cyclization. This was 
confirmed by dissolving the carbinol (XII) in an 
inert solvent and adding different salts which are 
known to effect ionization of the triarylcarbinols. 
In each case a complex precipitated immediately

which had the color of the carbinol in sulfuric acid, 
and the fluorene was obtained after decomposition 
with water. This explains why it is so difficult to 
prepare stable salts or the chlorides of the higher 
benzologs of triphenylcarbinol.18*19 Two fluo­
rene derivatives, 1,2,5,6- and l,2,7,8-dibenz-9~ 
phenylfluorene were synthesized by the above re­
action. The intermediate carbinols were pre­
pared by the Grignard action of a naphthyl halide 
and a naphthyl phenyl ketone. The possibility 
of reaction in the phenyl instead of the naphthyl 
group to form the 9-naphthyl-benzfluorene is less 
likely because of the relative inertness of the 
phenyl group. Furthermore, Schoepfle19 and Ull­
mann 18 prepared similar compounds by the dehy­
dration of the carbinols, as well as by the action 
of phenylmagnesium bromide on the correspond­
ing fiuorenones and obtained identical compounds. 
It can be assumed, therefore, that the above com­
pounds have the structure assigned to them.
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University, under whom I have the privilege to 
work and without whose generous help and kind 
interest this work would not have been accom­
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Experimental20
0-(a-Naphthyl)-aminoacetophenone.—A mixture of 2.4 

g. of o-aminoacetophenone,21 22 4 g. of a-bromonaphthalene, 
5 g. of potassium carbonate and 0.3 g. of copper powder 
was heated in refluxing nitrobenzene (50 cc.) in an all glass 
apparatus. The solution became dark and carbon dioxide 
was evolved. After three hours the reaction mixture was 
steam-distilled to remove the solvent and excess reagents, 
and the residue was taken up in ether-benzene, and dried 
with sodium sulfate. After evaporation, a brown oil re­
mained which could be used for cyclization without fur­
ther purification. The oil crystallized upon the addition 
of alcohol and 3.9 g. was obtained as small yellow prisms 
after several recrystallizations from alcohol and a little 
benzene, m. p. 96.4-97.2°.

Anal.™ Calcd. for Ci8Hi5NO: C, 82.73; H, 5.78.
Found: C, 83.00; H, 5.65.

9-Methyl-3,4-benzacridine.—Three grams of the above 
oil was dissolved in 25 cc. of glacial acetic acid, 3 cc. of 
concentrated sulfuric acid was added, and the flask was 
placed on the steam-bath. The yellow sulfate of the acri­
dine precipitated immediately and was filtered after ten 
minutes’ heating. It was suspended in water, and the 
base (2.5 g.) which precipitated on addition of concentrated 
ammonia, was filtered and dried. It formed yellow needles 
from alcohol, m. p. 1 11 .6- 112.2 °.

(20) AU m elting  po in ts  a re  corrected.
(21) C lar, Arch. Pharm ., 14, 240 (1902).
(22) M icroanalyses by  M iss E . W erble.
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Anal. Calcd. for Ci8Hi3N: C, 88.86; H, 5.38. Found: 
C, 88.91; H, 5.33.

The picrate (fine yellow needles) is sparingly soluble in 
the common solvents. Higher boiling solvents (toluene, 
dioxane) dissolve it, but with decomposition. The picrates 
of the other acridines show the same properties. It was 
crystallized from acetone; m. p. 251-255° (dec.).

Anal. Calcd. for C24H16N4O7: N, 11.86. Found: N, 
11.83.

0-(j3-Naphthyl)-aminoacetophenone (X) was prepared in 
the same way as the other isomer from 3.1 g. of 0-amino- 
acetophenone, 5.2 g. of j8-bromonaphthalene, 6 g. of potas­
sium carbonate and 0.3 g. of copper powder in 50 cc. of 
boiling nitrobenzene. The remaining oil was distilled at 
6 mm. and 195-196 °. In an attempt to prepare the pic­
rate, a precipitate was formed after short boiling with pic­
ric acid which proved to be the picrate of the cyclized 
product.

Anal. Calcd. for CisHibNO: N, 5.36. Found: N, 5.4.
9-Methyl-1,2-benzacridine.—Four grams of the oil was 

heated on the steam-bath in 25 cc. of glacial acetic acid 
and 4 cc. of concentrated sulfuric acid. After fifteen min­
utes it was poured on ice and filtered. The filtrate was 
treated with ammonia and the acridine which precipitated 
(3.7 g.) was dried and recrystallized repeatedly from ben­
zene-ligroin. It forms yellow, shining plates, m. p. 145- 
145.2°.

Anal. Calcd. for Ci8Hi3N : C, 88.86; H, 5.38. Found: 
C, 88.87; H, 5.1.

The picrate forms small yellow needles from acetone, 
m. p. 245-248° (dec.).

Anal. Calcd. for Ci7Hi6N40 7: N, 11.86. Found: N, 
11.56.

9-M ethyl-1,2,3,4-dibenzacridine.—A mixture of 0- 
aminoacetophenone (1.5 g.), 9-bromophenanthrene (3 g.), 
potassium carbonate (4 g.) and copper powder (0.3 g.) 
was heated in 40 cc. of nitrobenzene as described for the 
other isomers. The remaining oil was taken up in glacial 
acetic acid (20 cc.) and after the addition of 3 cc. of con­
centrated sulfuric acid heated for twenty-five minutes on 
the steam-bath. Part of the sulfate precipitated and was 
filtered off and treated with ammonia. This was combined 
with the precipitate obtained after adding ammonia to the 
filtrate, and crystallized from a little alcohol and benzene, 
as straw-like needles (3 g.), m. p. 121.4-122.4°.

Anal. Calcd. for C22H15N: C, 90.07; H, 5.1. Found: 
C, 90.05; H, 4.9.

The picrate forms yellow needles from acetone; m. p. 
206-208° (dec.).

Anal. Calcd. for C18H18N4O7: N, 10.72. Found: N, 
10.44.

/3-Benzoylnaphthalene.—A Grignard solution prepared 
from 18 g. of bromobenzene and 2.8 g. of magnesium turn­
ings was treated with 12 g. of /3-naphthonitrile in absolute 
ether; a crystalline precipitate separated after short boil­
ing. Refluxing and stirring was maintained for five hours, 
after which time the mixture was decomposed with am­
monium chloride solution. The ether layer was evapo­
rated and the remainder refluxed with 50 cc. of water, 16 
cc. of acetone, and 25 cc. of concentrated hydrochloric acid.

After three hours the cooled solution was extracted with 
ether and the ketimide hydrochloride, which was not hy­
drolyzed, was treated once more with acid to which 30 cc. 
of benzene was added. The combined organic layers were 
dried and the solvents evaporated. The remaining solid 
was crystallized from alcohol: (15 g., 82.5%), m. p. 81- 
82 °.23

a,jS-Dinaphthylphenylcarbinol (XII).—A Grignard solu­
tion was prepared from 8 g. of a-bromonaphthalene and 
0.94 g. of magnesium turnings in absolute ether. About 
0.5 cc. of oj-bromonaphthalene was added at the end of the 
reaction to take care of the unreacted magnesium. Eight 
grams of /3-benzoylnaphthalene was added over a period of 
twenty-five minutes, and stirring and refluxing was main­
tained for two hours after which the complex was decom­
posed with ice-cold 25% ammonium chloride solution. 
The organic layer was separated, dried over sodium sulfate 
and the oil remaining after evaporation crystallized readily 
upon the addition of ether-ligroin (9 g., 72%). The car­
binol crystallizes with benzene or alcohol when in contact 
with these solvents. The addition products are very stable 
and melt between 195-205° with loss of solvent. The 
carbinol was recrystallized from ether-ligroin as small 
white prisms; m. p. 168-169°. It dissolves in concen­
trated sulfuric acid with a dark green color and appears 
red in transmitted light.

Anal. Calcd. for C17H20O: C, 89.97; H, 5.59. Found: 
C, 90.09; H, 5.84.

l,2,5,6-Dibenz-9“phenylfluorene (XV).-—Four grams of 
the crude carbinol was dissolved in 15 cc. of glacial acetic 
acid, heated to the boiling point and a few drops of hydro­
chloric acid added. The solution turned green and then 
reddish. An oil separated which solidified on cooling. 
It was crystallized repeatedly from acetic acid and forms 
white needles, m. p. 219-219.5°. It is soluble in ether, 
warm benzene, hot acetic acid, sparingly soluble in alcohol 
and ligroin.

Anal. Calcd. for C27Hi8: C, 94.7; H, 5.3. Found: 
C, 94.67; H, 5.3.

The following experiments were carried out with 100 mg. 
of the carbinol. It was dissolved in benzene (5 cc.) and 
a spatula full of aluminum chloride, aluminum bromide, 
iodine, phosphorus pentachloride, or a few drops of stannic 
chloride was added. In each case the green complex sepa­
rated immediately. The mixture was heated for about 
five minutes on a steam-bath, and then decomposed with 
water until it had all dissolved. The fluorene was isolated 
from the benzene layer. No fluorene was obtained by 
heating the carbinol in refluxing xylene or acetonitrile.

/3,j8-Dinaphthylphenylcarbinol was prepared in the same 
way as the other isomer from 9 g. of /3-bromonaphthalene 
and 1.1 g. of magnesium to which 9 g. of /3-benzoylnaph- 
thalene was added in ether and benzene. The reaction 
mixture was worked up as usual and a quantity of small 
white needles (2 g.) separated from the ether-benzene 
solution after drying and concentrating. A further quan­
tity (3 g.) was obtained on concentrating the solution but 
about half of the carbinol remained in an oily condition 
and crystallized only very slowly in the ice chest. Re­
crystallized from benzene-ether (very little soluble in

(23) K olla’rits  and  M erz, Ber., 6, 543 (1873), give 82°.
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ether) it melts at 216.5-217.5°. A dilute solution of the 
compound in concentrated sulfuric acid looks green when 
viewed through a thin layer, but red in more concentrated 
solutions.

Anal. Calcd. for C27H20O: C, 89.97; H, 5.59. Found: 
C, 90.17; H, 5.52.

l,2,7,8-Dibenz-9-phenylfluorene.—The cyclization was 
carried out on the oil. Three grams in 30 cc. of glacial 
acetic acid and 3 cc. of hydrochloric acid were refluxed for 
twenty minutes. An oil and a solid separated, which were 
filtered off and extracted with boiling acetic acid without 
further drying. This removed an unidentified by-product 
which, when not removed, made the purification of the 
fluorene very difficult. The white compound which was 
obtained after cooling the solution was recrystallized sev­
eral times by suspending it in hot ligroin and adding just 
enough benzene to bring it into solution, small white 
needles arranged in rosets resulted; m. p. 148.5-149.5°.

Anal. Calcd. for C27Hi8: C, 94.7; H, 5.3. Found: 
C, 94.6; H, 5.15.

a,a:-Dinaphthylphenylcarbinol.—This compound was 
first made by Elbs24 from benzoic ester and a-bromo- 
naphthalene and later by Schoepfle who used toluene to 
improve the yield. We prepared it by the above general 
method using 11 g. of bromonaphthalene, 1.3 g. of mag­
nesium and 11 g. of «-benzoylnaphthalene25 (64% yield). 
In order to obtain crystals, the ether solution was concen­
trated to a small volume and ligroin was added until no 
more of the light oil separated. The supernatant layer 
which contained the by-products was disregarded. The 
carbinol crystallized in the desiccator after a few cc. of 
benzene was added, m. p. 169-170°.

3,4,5,6-Dibenz-9-phenylfluorene was prepared as above, 
the transient color is purple; m. p. 275° (as given by 
Schoepfle).

Cyclization of 2-Phenylbenzophenone, 1.—One gram of 
2-phenylbenzophenone was dissolved in 10 cc. of glacial 
acetic acid and 10 cc. of 34% hydrobromic acid was added 
at the boiling point. Five more cc. of acetic acid was 
added to keep all in solution. After twenty-four hours a 
yellow oil separated and boiling was continued for two 
more days. The oil solidified on cooling and crystallized 
on rubbing. The crude product softened between 105-

(24) E lbs, J .  p rakt. Chem., 35, 506 (1887).
(25) L. F . F ieser, “ E xperim en ts  in  O rganic C hem istry ,” D. C.

H ea th  and Co., B oston, M ass., second edition, 1941, p. 192.

107° and melted between 150-160°. It was extracted 
with hot ether and the ether soluble product recrystallized 
three times from acetic acid. Twenty mg. of white needles 
was obtained, m. p. 169-171°. Kliegl26 gives 169- 
169.5° for 9-phenylfluorenol acetate.

The compound apparently contained some of the poly­
merization product which is difficult to remove. The com­
bined mother liquors were boiled with sodium acetate in 
acetic acid to hydrolyze the acetate still present and a 
white compound, m. p. 106-107°, precipitated on pouring 
on ice26 (given for 9-phenylfluorenol 107-108°). This 
crude product was reduced with zinc, hydrochloric acid 
and acetic acid and the obtained hydrocarbon (about 
50 mg.) recrystallized once from alcohol in which it is sol­
uble with a distinct blue fluorescence, m. p. 142.8-144.6° 
(lit. 145-146 °27) ; mixed m. p. 142.4-144.4.

2. Five hundred mg. of the ketone was dissolved in 10 
cc. of acetic anhydride and heated on the steam-bath. 
One cc. of concentrated sulfuric acid was added. The 
yellow compound which separated melted over the wide 
range of 260-300° and had the properties of the polymer 
of 9-phenylfluorenol. It was dissolved in chloroform and 
reprecipitated with alcohol, as suggested by Kliegl.26 
It darkens at about 250° and melts* between 300-330°. 
The cyclization of the ketone with hydrobromic acid is of 
no preparative value for making the carbinol because the 
polymer is always formed along with it. This makes the 
yield low and the carbinol hard to purify.

Summary
9-Methyl-1,2-benzacridine, 9-methyl-3,4-benz- 

acridine, 9-methyl-1,2,3,4-dibenzacridine as well 
as 9-phenyl-l,2,5,6-dibenzfluorene and 9-phenyl
1,2,7,8-dibenzfLuorene were synthesized by cycliz- 
ing the corresponding methyl ketones or dinaph- 
thylphenylcarbinols, respectively. A mechanism 
for the cyclodehydration reaction is suggested 
which involves as the first step the formation of a 
positively charged fragment followed by an elec­
trophilic aromatic substitution reaction.
C o n v e r s e  M e m o r ia l  L a b o r a t o r y  
C a m b r id g e , M a s s a c h u s e t t s
______________  R e c e i v e d  S e p t e m b e r  14, 1942

(26) Kliegl, Ber., 38, 290 (1905).
(27) U llm ann and  W urstem burger, ibid., 37, 74 (1904).
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The Reaction of Formaldehyde with 1 (-)-Asparagine1
B y  D. C. Carpenter and F. E. Lovelace

The action of formaldehyde on various amino 
acids has been investigated by numerous workers. 
Much of the older work was concerned with the 
isolation and analysis of compounds.1*1 More 
recently the reactions have been followed by 
measurements of the unreacted amino groups 
and hydrogen-ion concentrations and various 
constants evaluated.2 Lately measurements of 
the optical rotation have been used in a study of 
the reaction between formaldehyde and !(-)- 
proline.3

In the present paper studies of the latter sort 
have been employed in indicating the progress 
of the reaction and the compounds formed. 
Under the experimental conditions we have used, 
methylene-1 (-) -asparagine is formed which re­
acts further with a second mole of formaldehyde. 
The latter compound has not been isolated be­
cause of its ease of decomposition. The existence 
of these compounds is a valuable clue in inter­
preting the reaction of formaldehyde with proteins 
in the manufacture of plastics, etc.

Preparation of Materials
! (-)-Asparagine.—A commercial sample of !(-)- 

asparagine was recrystallized twice from hot water as the 
monohydrate, m. p. 225° (cor.), and its moisture content 
determined by drying to constant weight in vacuo at 61° 
over phosphorus pentoxide (H20, 12.18; calcd., 11.99%). 
The amino nitrogen was determined by the Van Slyke 
method (amino N, 9.30; calcd., 9.33%).

Formaldehyde.—A very pure concentrated formalde­
hyde solution was brought to exactly pH  7.0 against the 
glass electrode by the addition of sodium hydroxide solu­
tion and the formaldehyde content of this stock solution 
determined by the sodium bisulfite method of Kleber.4

Experimental
Into each of a series of 50-ml. volumetric flasks exactly 

0.02 mole of l(-)-asparagine was weighed out (corrected 
for water content) and 0.02 mole of carefully standardized 
sodium hydroxide solution added and the mixture shaken 
until all the 1 (-)-asparagine was in solution. Various

(1) Published by permission of the Director, N ew  York State 
Experiment Station, as Journal Paper N o. 521, August 12, 1942.

(la ) H. Schiff, A n n .,  310, 25 (1899).
(2) M. Levy, J .  B i o l .  C h e m .,  99, 767 (1932); M . Levy and D. E. 

Silberman, i b i d . ,  118, 723 (1937); T . Tomiyama, i b i d . ,  I l l ,  51 (1935); 
A. Wadsworth and M. C. Pangborn, i b i d . ,  116, 423 (1936); E. W. 
Balson and A. Lawson, B io c h e m .  J . ,  30, 1257 (1936).

(3) E. H. Frieden, M. S. Dunn and C. D. Coryell, J .  P h y s .  C h e m .,  
46, 215 (1942).

(4) C. Kleber, P h a r m .  Rev., 22 , 94 (1904).

amounts of the stock formaldehyde solution were added 
from a micro-buret to each flask and the volume of each 
solution made up to the 50-ml. mark with water and well 
shaken. Part of each solution was transferred to a 2-dm. 
polarizing tube and the reserve solutions and those in the 
polarizing tubes were kept at 20 ° in a constant temperature 
bath and the rotation of the latter read periodically in the 
polariscope with the sodium arc as a light source. In solu­
tions containing small amounts of formaldehyde, equi­
librium was attained very slowly (thirty-four days for 
solution 5 containing 0.02 mole of formaldehyde per 0.02 
mole of 1-asparagine); however, equilibrium was reached 
in a much shorter period when higher aldehyde concentra­
tions were employed. The angular rotations at equi­
librium for a 2-dm. tube are recorded in Table I. When 
equilibrium was attained, the hydrogen-ion concentrations 
of the reserve solutions were measured with a standardized 
glass electrode against a saturated calomel half-cell.

T a b le  I
Optica l  R o ta tio n , D e n s it y  and  H ydrogen  I o n  C on­
cen tra tio n  o f  Sodium  1-Aspa ra gin a te  (0.02 m o le) and  

F orm aldehyde System s at 20 °

Soln.

T o ta l
moles

H C H O
presen t

R o ta ­
tion,®
levo

degrees D ensity CH R em arks
1 0.00000 0 .9 0 1.0308 1 .0  X 10~io
2 .00500 5.424 1.0320 1 .55
3 .01001 9 .3 3 1.0327 2 .1 0
4 .01501 13.19 1.0334 3 .5
5 .02002 15.41 1.0339 3 .1  X 10-9 H C H O  odor

6 .02503 14.61 1.0346 2 .0  X 10-8
very  fa in t 

H C H O  odor

7 .03004 13.06 1.0353 4 .2
fa in t

8 .04005 10.14 1.0378 7 .8  H C H O  odor very

9 .06008 6 .5 6 1.0408 1 .3  X IO-?
noticeable

10 .09012 5 .0 0 1.0460 1 .8
11 .12016 4 .5 5 1.0509 2 .6
12 .15020 4 .3 8 1.0556 3 .0
13 .18024 4 .2 8 1.0603 4 .0
14 .21028 4 .2 3 1.0649 4 .3
15 .23834 4 .2 0 1.0692 5 .5
16 .30040 4 .1 9 1.0785 7 .0

a In this column the angular rotation of solutions con-
taining 0.02 mole of 1-asparagine with equivalent of base 
(Na) and designated moles of formaldehyde are reported
for 2-dm. tube length after reaching equilibrium.

For estimating the uncombined formaldehyde in the solu­
tions, appropriate aliquots of the reserve solutions were 
taken and caused to react with dimethyldihydroresorcinol 
as described by Vorlander.5 The crystalline methylene 
derivative was filtered off after three hours of interaction at 
room temperature onto fritted glass crucibles, washed 
several times with water, dried at 110° and weighed.

The solubility of methylene- (bis) dimethyldihydro­
resorcinol in a saturated aqueous solution of dimethyl

(5) D. V orlander, Z . anal. Chem., 77, 241 (1929).
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T a ble  I I
E stimation of Combined F ormaldehyde in  Sodium 1-Asparaginate Series (0.02 mole)

Soln.

M oles H C H O  
orig inally  

p resen t
A liquot
fac to r

----------------Free aldehyde analysis----------

D im edon F ree  H C H O  
com pd., g. p resen t, g.

M oles free 
H C H O  p resen t

M oles H C H O  
com bined

2 0.00500 5 0.0000 0.00500
3 .01001 5 .0000 .01001
4 .01501 5 .0000 .01501
5 .02002 5 .0000 .02002
6 .02503 5 .2922 0.1504 0.00501 .02002
7 .03004 16.66 .1749 .2992 .00997 .02007
8 .04005 16.66 .3503 .600 .02003 .02002
9 .06008 16.66 .6980 1.195 .0398 .02028

10 .09012 25 .8200 2.102 .07005 .02007
11 .12016 100 .2922 3.004 .10012 .02004
12 .15020 100 .3810 3.91 .1302 .02000
13 .18024 100 .4703 4.840 .1603 .01994
14 .21028 166.6 .3342 5.71 .1903 .01998
15 .23834 166.6 .3842 6.55 .2183 .02000
16 .30040 166.6 .4905 8.406 .2802 .02020

dihydroresorcinol was found to be 0.0025 g. per liter and 
0.0050 g. per liter in water at 20°. The weights of methyl­
ene- (bis) dimethyldihydroresorcinol reported have been 
corrected for the above respective solubilities. One gram 
of methylene- (bis)dimethyldihydroresorcinol is equivalent 
to 0.1027 g. of formaldehyde.

0.1 0.2 0.3
Moles of formaldehyde.

Fig. 1.—Effect of added formaldehyde on angular rota­
tion (2 dm.) of 0.02 mole of sodium 1( — )-asparaginate in 50 
ml. of solution: B, sodium salt of methylene-1 (—)-aspara­
gine; C, same with additional mole of formaldehyde form­
ing unstable compound.

We have found it unnecessary to add acetic acid to effect 
the precipitation of the resorcinol derivative as was 
recommended by Wadsworth and Pangborn.2 The addi­
tion of acid produces decomposition of methylene-1- 
asparagine and consequent liberation of formaldehyde and 
is to be avoided. In our experience the methylene-1- 
asparagine compound with one additional mole of form­

aldehyde is so unstable that, in the presence of an excess of 
dimethyldihydroresorcinol as is used in the precipitation, 
it decomposes giving formaldehyde and methylene-1- 
asparagine. The aldehyde so liberated reacts with di­
methyldihydroresorcinol in addition to any free aldehyde 
remaining in the solution at equilibrium.

The results of the analyses for free formaldehyde are 
given in Table II. The optical rotation and hydrogen-ion 
concentrations are shown graphically in Figs. 1 and 2.

Discussion
It is clear from the results of the optical rota­

tion work (Fig. 1) that a definite compound
having a maximum levo 
rotation is formed when 
the mole ratios of as­
paragine and formalde­
hyde are 0.02 and 
0.02, respectively. The 
compound formed is 
methylene - 1 - aspara­
gine, inasmuch as we 
have obtained 6-oxy-5- 
bromopyrimidine 4-car- 
bonic acid (m. p. 206-7° 
(cor.) with decomposi­
tion) therefrom by the 
action of sodium hypo­
bromite, the same com­
pound previously de­
scribed by Cherbuliez 
and Starvitch.6 From 
Fig. 2 it is clear that 
the maximum rate of 
change of hydrogen-ior

6 8 10 
pH.

Fig. 2.—Effect of added 
formaldehyde on pH  of 0.02 
moles of sodium 1-aspara- 
ginate in 50 ml. of solution.

concentration produced
(6) E. Cherbuliez and K. N. Starvitch, Helv. Chim . A cta, 5, 267

(1922).
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Calculation of Equilibrium Constant

Completion 
of react.

Rotation, 
levo degrees Total

Formaldehyde concn. moles per liter 
Bound Free k 
(A F ) (F) (» -  1) A / A F log A / A F log F

0 .2 0 14 .83 0 .0 9 4 0 .0 8 0 0 .014 0 .056 4 .0 0 + 0 .6 0 2 — 1 .8 5 4
.30 1 3 .4 9 .171 .120 .051 .119 2 .3 3 .368 — 1.2 9 2
.40 1 2 .16 .259 .160 .099 .149 1 .5 0 .176 - 1 .0 0 4
.50 10 .8 2 .342 .200 .142 .142 1 .0 0 0 - 0 . 8 4 8
.60 9 .4 9 .455 .240 .215 .143 0 .6 7 - 0 .1 7 6 .667
.70 8 .1 6 .590 .280 .310 .133 .43 .368 .508
.80 6 .8 2 .761 .320 .441 .110 .25 .602 .355

by adding formaldehyde is achieved in the region 
where 0.02 mole of formaldehyde reacts with 0.02 
mole of asparagine. To this maximum we give 
the usual interpretation of compound formation in 
equimolecular proportions. That compound for­
mation has been with the a-amino group rather 
than the amide group is confirmed from Fig. 2 
by the rapid increase in acidic properties.

With regard to the further reaction of methylene- 
1-asparagine with additional formaldehyde (B-C 
section of Fig. 1), we have approached the problem 
from the basis of the equilibrium constant. If 
the concentrations of formaldehyde, methylene- 
1-asparagine and the reaction product be repre­
sented by CF, CA and CAFn, respectively, and 
n moles of formaldehyde take part in the reaction, 
then at equilibrium (CA X CF)/CAFn =  k, where 
k is the equilibrium constant. On the assump­
tion that the optical rotation of substances A and 
A F n are of different magnitude and each pro­
portional to its concentration and further that 
the presence of neither species has an influence on 
the rotation of the other, we may calculate k from 
the rotation data. From examination of the 
first few experimental points it is clear that n  can­
not be greater than unity. In evaluating k we 
have employed the extrapolated values —17.50 
and —4.15° for the maximum and minimum ends, 
respectively, of the curve. Points where the 
reaction is 0.20, 0.30, 0.40, etc., complete have 
been chosen and the respective formaldehyde 
concentrations read off from the curve. It is 
difficult to estimate the aldehyde concentrations 
near the beginning of the curve on account of its 
steepness and likewise near the end on account 
of its flatness, and partly for this reason only the 
central section has been employed in the calcula­
tions, which latter are carried out on a moles per 
liter basis. These data are given in Table III. 
In the column headed Total Formaldehyde, the 
0.40 mole of formaldehyde required to form 0.40 
mole of methyleneasparagine has been subtracted

from the total formaldehyde in the system as read 
from the graph. The equilibrium constant k 
shows a fair constancy in the region 0.14.

The equilibrium constant may also be evaluated 
from the logarithmic form of the equilibrium 
equation log (CA/CAF) +  log CF =  log k as em­
ployed by Frieden, Dunn and Coryell,3 in which 
a graph of log (A  / A  F) plotted against log F  should 
give a straight line. This relation is given in 
Fig. 3. A straight line can be drawn through 
several of the points, which gives a graphical 
solution for k of 0.142 in reasonable agreement 
with the foregoing treatment.

-1 .3  -0 .8  -0 .3
Log F.

Fig. 3.—Graph of log A /A F  against log F for unstable 
compound of methylene-1(-)-asparagine with formalde­
hyde.

While the data show that methylene-1-aspara­
gine binds an additional mole of formaldehyde 
to form an unstable compound, evaluation of the 
data depends on the validity of the assumptions 
mentioned earlier, of which the lack of constancy 
of rotation of the two species with respect to 
concentration seems to be the main disturbing 
feature for the compounds under consideration.

There can be little doubt that the first mole of 
formaldehyde reacts with the a-amino group of
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asparagine to give a methylene derivative. One 
might expect that the second mole of formalde­
hyde reacts with the amide group forming a 
methylol derivative. In support of this view it 
may be said that many methylol compounds of 
acid amides and formaldehyde have been reported 
in the literature, and in common with our second 
asparagine compound all are unstable and give off 
formaldehyde. Further work is in progress in 
this Laboratory to ascertain the formaldehyde 
binding of 1(+)-aspartic and 1(+)-glutamic 
acids, in an effort to elucidate the point of at­
tachment of the second mole of formaldehyde.

In 6.64% aqueous solution [a]20D is -—116.04° 
for the sodium salt of methylene-1(-)-asparagine 
and —23.06° for the sodium salt of the methylene- 
l(-)-asparagine compound with one additional 
mole of formaldehyde, the latter concentration 
being 9.04% and dissolved in 14.4% formalde­
hyde solution. For sodium 1 (-) -asparaginate 
[ a ] 20D is —7.28° for a 6.16% solution in water.

Clough7 records for the latter a value of —7.53° 
for a 14.51% solution at 25° and Becker8 a value 
of —7.42 for a 11.68% solution at 20°. Clough 
notes that the rotation becomes more negative as 
the temperature is raised and hence our value 
compares well with the older data.

Summary
1. The reaction between solutions of (1-)-as­

paragine containing an equivalent of sodium hy­
droxide and various amounts of formaldehyde was 
followed by polariscopic and hydrogenion meas­
urements, and estimation of unreacted aldehyde.

2. l(-)-Asparagine reacts with formaldehyde, 
mole per mole, to form methylene-1(-)-aspara­
gine. The latter reacts further with one addi­
tional mole of formaldehyde to form an unstable 
compound of unestablished constitution which 
readily loses aldehyde.

(7) G. W. C lough, J . Chem. Soc., 107, 1509 (1915).
(8) A. Becker, Ber., 14, 1028 (1881).

Geneva, N. Y. R eceived August 17, 1942

[Contribution from the Stamford R esearch Laboratories of the American Cyanamid Company]

Studies in Chemotherapy. VI. Sulfanilamido Heterocycles1
B y George W. Anderson , H. E ldridge F aith , H arry W. M arson, P h ilip  S. W in n er  and

R ichard O. R oblin, Jr.

On the basis of our present knowledge, N 1- 
heterocyclic substituted sulfanilamide deriva­
tives still appear to offer the greatest possibilities 
for therapeutically effective sulfanilamide type 
compounds. Continuing our investigations in 
this field,2 we have prepared a number of new de­
rivatives of this type. These compounds, to­
gether with pertinent data concerning them, are 
listed in Table I. Several of the amino hetero­
cycles required as intermediates have not been 
reported previously. The syntheses and proper­
ties of these substances are described in the Experi­
mental part.

Most of the sulfanilamide derivatives were pre­
pared by the standard procedure. In a few cases, 
such as the conversion of 2-aminooxazole to the 
corresponding sulfanilamido compound, it was 
necessary to use ^-nitrobenzenesulfonyl chloride. 
Even this method was hardly satisfactory, since

(1) P resented  in  p a r t  before th e  D ivision of M edicinal C hem istry, 
Buffalo m eeting of th e  A m erican Chem ical Society, S ep t. 9, 1942.

(2) R oblin , W illiam s, W innek an d  English, T h is  J o u r n a l , 62, 
2002 (1940).

in this particular case, the over-all yield, including 
the synthesis of the amino heterocycle, was only 
about 0.2%. Numerous attempts to prepare an 
unsubstituted sulfanilamido triazine from 2- 
amino-l,3,5-triazine were unsuccessful. Under 
all of the conditions employed, this intermediate 
appeared to be unstable in the presence of sul­
fonyl chlorides. Both sulfanilamide and sulfa­
guanidine were isolated as final products of the 
various reactions.

Some of the sulfanilamido derivatives are of 
interest because of their chemical relationship 
to well-known sulfonamides. For example, 2-sul- 
fanilamidoöxazole is the oxygen analog of sulfathi­
azole, and 3-sulfanilamidopyridazine is an isomer 
of sulfadiazine and sulfapyrazine. The imidazole 
derivative corresponds to sulfadiazine in the five- 
membered ring series. 4-Sulfanilamido-1,2,4-tri­
azole represents a somewhat different type of 
heterocyclic derivative, in that the sulfanilamido 
group is joined to the ring through one of the 
hetero-atoms rather than through a carbon atom.
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T a b l e  I

P r o p e r t i e s  o f  S u l f a n il a m id o  H e t e r o c y c l e s

Compound® o 
•

o- 
o p

W ater
soly.®

37°

Max.®
bloodd

level

C hem otherapeutic
activ ity

in vivo® in v i t r o /
R ef. to  

in te rm ed . F o rm u la

-------------- A nalyses,5 % ----------- —■*
Calcd. F o u n d  

C H  N  C H  N
2-S-imidazole^ 262 178 2 .2 Inac tive 4- j C9H 10O2N 4S 4 5 .4  4 .2 23 .5 4 5 .8  4 .6 2 3 .7
3-S-l ,2,4-triazole 195-96 60 11 .4 Inac tive k CsHgOaNeS 4 0 .2  3 .8 29 .3 4 0 .6  3 .8 2 9 .1
4-S -l ,2,4-triazole* 237 216 0 .9 Inac tive d= l C8H 9O2N 6S 4 0 .2  3 .8 29 .3 4 0 .1  3 .8 2 9 .4
2-S-oxazole 175-76 282 2 0 .6 Inac tive +  +  + m CgHgOaNsS 4 5 .2  3 .8 17.6 4 5 .0  3 .9 17 .6
5-S-3-methylisoxazole 169-70 104 7 .4 SI. active +  + n C10H 11O3N 3S 4 7 .4  4 .4 16 .6 4 7 .4  4 .2 1 6 .5
3-S-4-m ethylfurazan 148-50 180 8 .1 Inac tive +  + o C 9H 10O3N 4S 4 2 .5  3 .9 2 2 .0 4 2 .3  4 .4 2 2 .0
3-S-5-m ethyl-l,2 ,4-oxa-

diazole 211-13 113 5 .5 SI. active +  + m C9H 10O3N 4S 4 2 .5  3 .9 22 .0 4 2 .7  3 .8 2 2 .2
2-S-5-am ino-l,3 ,4-thia-

diazole 259 3 6 .3 2 .1 Inac tive +  + P C8H 902N 6S2 3 5 .4  3 .3 2 5 .8 3 5 .3  3 .5 2 5 .5
3-S-pyridazine 189-90 221 50 .9 Inac tive + ' +  + m C 10H 10O2N 4S 4 8 .0  4 .0 2 2 .4 4 7 .7  4 .0 2 2 .8
2-S-4-am inopyrim idine 271-72 186 0 .7 Inac tive + Q C 10HUO2N 5S 4 5 .3  4 .2 2 6 .4 4 5 .7  4 .6 2 6 .5
2-S-4-diethylam inopyri-

m idine > 300 4 .2 0 .4 Inac tive db m C 14H 1902N 5S 5 2 .3  5 .9 2 1 .8 5 2 .5  5 .8 2 1 .7
2-S-4,6-diam ino-l,3,5-

triazine 290-95 728 1 .7 Inactive + r C9H 11N 702S 3 8 .4  3 .9 3 4 .9 3 8 .9  4 .3 3 4 .7

a S — Sulfanilamido. b With decomposition in most cases. c Mg./100 cc. d White mice; dosage 0.5 g./kg. body 
weight. € Against experimental streptococcal or pneumococcal infections or both in white mice. f Approx, as follows: 

< sulfanilamide, +  = sulfanilamide, + +  = sulfapyridine, +  +  +  = sulfathiazole, against E. coli in a synthetic 
medium. 9 Microanalyses were carried out in these Laboratories by Mrs. Thelma Kirk and the Misses Helen Chubb, 
Margaret Oliver, Rebecca Teston and Lucy Vanderwort. h Ewins and Ashley, British Patent 521,821, reported m. p. 
259°. * N4-acetyl deriv. m. p. 237°; N, calcd. 29.3%; N, found 29.4%. 3 Fargher and Pyman, J. Chem. Soc., 115, 243
(1919). k Morgan and Reilly, ibid., 109, 159 (1916). 1 Ruhemann and Merriman, ibid., 87, 1772 (1905). m See experi­
mental. n Burns, J. prakt. Chem. (2), 47, 120 (1893). ° Ponzio and Ruggeri, Gazz. chim. ital., 52,1, 289 (1922); 53, 297 
(1923); Chem. Abst., 16,2676 (1922); 17, 3873 (1923). p Fromm, Ann., 433, 8 (1923). 3 Johnson and Johns, Am. Chem.
J., 34, 190 (1905). r American Cyanamid Company, New York, N. Y.

In  vitro bacteriostatic tests against E . coli are 
included in Table I for comparison with the results 
in experimental animals.3 None of the new sul­
fanilamido heterocycles showed much in  vivo 
activity. All of them, however, showed some 
degree of bacteriostasis, including two compounds 
(2-sulfanilamidoöxazole and 3-sulfanilamidopyri- 
dazine) which were as active as sulfathiazole. In 
spite of high blood levels, these two derivatives 
were without activity in experimental mouse 
infections. This phenomenon has been encoun­
tered previously.2*4 It was suggested that some 
of the discrepancies between in  vitro and in  vivo 
results, where lack of absorption could be ruled 
out, might be due to the formation of less active 
substances in the animal body.4c On the other 
hand, all cases of this type may not be explainable 
on the basis of a breakdown to less active prod­
ucts.

Davis5 has suggested that the in  vivo activity 
of sulfonamides may be influenced by the binding 
effect of serum proteins. Based on preliminary 
bacteriostatic experiments, he also suggested the 
possibility that the bound form might be inactive.

(3) T he  pharm acological and  bacteriological studies were carried 
o u t in  these L aborato ries  under th e  d irection  of D r. W. H. Feinstone.

(4) (a) R oblin  and  W innek, T h is  J o u r n a l , 62, 1999 (1940); (b) 
R oblin , W illiam s and  Anderson, ibid., 63, 1930 (1941); (c) Roblin, 
W innek, and  English, ibid., 64, 567 (1942).

(5) D avis, Science, 95, 77 (1942).

Since the degree of binding appeared to be a func­
tion of the particular sulfonamide, it is possible 
that such a phenomenon may explain some of the 
differences between in  vitro and in  vivo activity. 
In any event, it is evident from the data in Table 
I that factors other than bacteriostasis, absorption 
and generally recognized variables are important 
to the chemotherapeutic activity of sulfonamides 
against experimental animal infections. These 
observations emphasize again the number of 
variables, both known and unknown, which may 
complicate any attempts to correlate in  vivo ac­
tivity with chemical structure.

Experimental
Aminoheterocycles, in general, were prepared by meth­

ods which have been described in the literature (see refer­
ences in Table I). Several of these intermediates have not 
been described previously, and the data for these com­
pounds are recorded in Table II. The following is a de­
scription of the procedures employed for the synthesis of 
the new aminoheterocycles.

2-Aminooxazole was prepared by one of the standard 
methods for the synthesis of the analogous thiazole deriva­
tive,6 substituting urea for thiourea. In spite of the nu­
merous modifications tried, the yields were much poorer 
when urea was used. 379 g. (2.65 moles) of «,/3-dichloro- 
diethyl ether, 800 cc. of water and 318 g. (5.3 moles) of urea 
were refluxed gently, with stirring, for five and one-half 
hours. After standing overnight, the clear solution was

(6) v. T rau m an n , A n n .,  249, 36 (1888).
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T a b l e  II
A m i n o h e t e r o c y c l e s

Calcd.
----------.Analyses, % ----------

M . p. , °c. Yield,® --------- —s —Found—
Com pound (cor.) % c H N c H N

2-Aminooxazole 96- 98 4.4 42.9 4.8 33.3 43.0 4.9 33.1
3-Amino-5-methyl-1,2,4 -oxadiazole 117- 119 9.8 36.4 5.1 42.4 36.4 5.3 42.2
3-Aminopyridazine 168- 70 58 50.5 5.3 44.2 50.5 5.1 44.5
2-Amino-4-diethylaminopyrimidine 86- 88 59 57.8 8.5 33.7 58.2 8.7 33.3

a Yield of material suitable for conversion to the corresponding sulfanilamido derivative. In several cases samples 
were further purified before analysis; the melting point is that of the analyzed sample.

extracted with 200 cc. of ether, in two portions, to remove 
any chloroacetaldehyde. A solution of 240 g. (6 moles) of 
sodium hydroxide in 320 cc. of water was added with cool­
ing. The strongly basic solution was then extracted with
l. 3 liters of ethyl ether in five portions. After drying over 
flake sodium hydroxide and distilling to dryness, a residue 
of 2-aminoöxazole remained. Recrystallization from oc­
tanes gave 7.6 g. of the compound, m. p. 93-96°; 2.8 g. 
more was obtained by continuous extraction of the mother 
liquor (4.4% total yield, based on the <*,jÖ-dichlorodiethyl 
ether used). This product was suitable for the coupling 
reaction. A sample recrystallized from heptane had a
m. p. of 96°-98°. Variations in the proportions of urea 
used and the time of reflux did not improve the yield. The 
reaction of bromoacetaldehyde and urea in water7 gave 
similar yields.

3-Amino-5-methyl-l,2,4-oxadiazole was obtained by a 
procedure analogous to the preparation of 3-amino-5- 
phenyloxadiazole by Wieland and Bauer.8 To a solution 
of 50 g. (0.29 mole) of dioxyguanidine hydrobromide in 135 
cc. of glacial acetic acid was added 65 g. (0.65 mole) of 
acetic anhydride with cooling so that the temperature did 
not rise above 25°. Then 23.5 g. (0.29 mole) of sodium 
acetate was added and the mixture stirred overnight at 
room temperature. The insoluble salts were filtered off 
and washed with glacial acetic acid. Vacuum distillation 
of the filtrate left a viscous residue containing diacetoxy- 
guanidine. Addition of 40% sodium hydroxide with 
cooling caused an evolution of gas. The alkaline solution 
was heated to 70-80° for twenty minutes to cyclize the 
diacetyl derivative. After cooling, 2.4 g. of 3-amino-5- 
methyloxadiazole was obtained by repeated ether extrac­
tions. It was purified by recrystallization from toluene, 
using activated alumina.

For the preparation of 3-aminopyridazine, 10.7 g. (Ö.093 
mole) of 3-chloropyridazine9 dissolved in 30 cc. of absolute 
alcohol and 30 cc. of anhydrous ammonia were heated at 
175° in a steel autoclave for three hours, with shaking. 
The cooled reaction mixture was removed, heated to boil­
ing while nitrogen was bubbled through, and filtered. 
The filtrate was evaporated to dryness under a reduced 
pressure of nitrogen. 3-Aminopyridazine was extracted 
from the residue with hot ethyl acetate, from which it 
crystallized as a light yellow solid; yield 5.1 g. It was 
then recrystallized from ethyl acetate.

2-Amino-4-diethylaminopyrimidine was prepared by 
heating 9 g. (0.07 mole) of 2-amino-4-chloropyrimidine2 
with 35 g. (0.49 mole) of diethylamine in a bomb-tube at

(7) C f. L eitch  and  B rickm an, U . S. P a te n t 2,230,962.
(8) W ieland and  B auer, Ber., 40, 1689 (1907).
(9) G abriel, ibid., 42, 655 (1909).

110°-120° for three hours. The product was dissolved in 
water, made alkaline with sodium hydroxide and extracted 
with ether. The ether was distilled off and the residue 
extracted with hot hexane. Cooling gave a crystalline 
precipitate of 9.8 g. of 2-amino-4-diethylaminopyrimidine. 
This was recrystallized from hexane.

Sulfanilamidoheterocycles (Table I) were prepared, in 
general, by the reaction of the aminoheterocycle with 
acetylsulfanilyl chloride in dry pyridine followed by 
hydrolysis.4a Dioxane was used as a reaction solvent for 
the preparation of 2-(N4-acetylsulfanilyl)-4-aminopyrimi- 
dine and -̂butanol for 2-(N4-acetylsulfanilyl)-4-diethyl- 
aminopyrimidine. No rigid proof of structure for the 
former compound was attempted. The position of the 
sulfanilamido group on the pyrimidine ring was inferred 
from the instability of 4-(N4-acetylsulfanilamido)-pyrimi- 
dine to hydrolysis.2’4c If the acetylsulfanilyl chloride 
reacted with the 4-amino group, it was assumed that the
4-(N4-acetylsulfanilyl)-2-aminopyrimidine would have 
been decomposed in the subsequent hydrolysis.

2- (/>-Nitrobenzenesulfonamido)-oxazole was prepared by 
refluxing 42.8 g. (0.19 mole) of ^-nitrobenzenesulfonyl 
chloride with 16.2 g. (0.19 mole) of 2-aminoöxazole and
23.7 cc. (0.3 mole) of dry pyridine in 200 cc. of dry acetone 
for thirty minutes. The acetone was distilled off, and the 
gummy residue extracted with dilute ammonium hydrox­
ide. Careful neutralization of the extracts with hydro­
chloric acid gave a first precipitate which was a sticky gum. 
This was removed and the desired compound was precipi­
tated as a solid by further addition of acid. After re­
crystallization from water, 4.7 g. (9.0% of the theoretical) 
of ^-nitrobenzenesulfonamidoöxazole was obtained. The 
m. p. of a further recrystallized sample was 175-177°.

Reduction by ferrous sulfate and ammonium hydroxide10 
gave 2-sulfanilamidoöxazole. Recrystallization from water 
did not improve the melting point. By dissolving in dilute 
hydrochloric acid, stirring with decolorizing carbon, filter­
ing and precipitating by neutralization with ammonium 
hydroxide, colorless crystals of pure 2-sulfanilamidoöxazole 
were obtained. The yield of pure compound in the reduc­
tion step was 45% of the theoretical.

3- Sulfanilamido-1,2,4-triazole and 2-sulfanilamido-4,6- 
diamino-l,3,5-triazine were prepared by treating p-nitro- 
benzenesulfonyl chloride with the appropriate amine and 
then reducing with iron dust in dilute acetic acid.

Summary
The preparation and properties of a number of 

new sulfanilamido heterocycles are described.
(10) Jacobs and  H eidelberger, T h is  J o u r n a l , 39, 1435 (1917).
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Several of these compounds are closely related 
chemically to well-known sulfanilamido deriva­
tives of the same type.

All of the sulfonamides showed some degree of 
bacteriostatic activity, but very little effect on 
experimental animal infections. Two compounds,

in particular, were highly active in  vitro and well 
absorbed. Possible explanations for these dis­
crepancies and their bearing on the relation of 
molecular structure to chemotherapeutic activity, 
are discussed.
S t a m f o r d , C o n n . R e c e i v e d  J u l y  31, 1942

[C o n t r i b u t io n  f r o m  t h e  S t a m f o r d  R e s e a r c h  L a b o r a t o r i e s  o f  t h e  A m e r i c a n  C y a n a m id  C o m p a n y ]

Studies in Chemotherapy. VII. A Theory of the Relation of Structure to Activity of
Sulfanilamide Type Compounds1

B y Paul H. B ell and R ichard O. R oblin , J r .

For the past three years we have been trying to 
find some relationship between the molecular 
structure and the chemotherapeutic activity of 
sulfanilamide type compounds. In spite of the 
many hundreds of derivatives which have been 
prepared and tested, no adequate explanation for 
the profound changes in therapeutic effect result­
ing from variations in structure has been pro­
posed. Our approach to this problem has been 
through an attempt to utilize a fundamental 
physical property related to both structure and ac­
tivity.2 The present theory is based on the ex­
perimental observation that acid dissociation con­
stants, which can be correlated with the structure 
of sulfanilamide derivatives, are also related to 
their bacteriostatic activity. The following is a 
description of this theory and a discussion of its 
implications.

I. Chemotherapeutic Activity and Mode of 
Action.—Before attempting to correlate the 
structure of sulfonamides with their chemothera­
peutic activity, a reasonably accurate method 
for the determination of relative effectiveness is 
essential. Experimental animal tests for activity 
are frequently misleading because of the many 
factors, such as lack of absorption, rapid excretion, 
effect of diet and possible chemical changes in the 
compounds, as well as other less obvious vari­
ables,3 which may affect the results. To a lesser 
degree, in  vitro tests carried out in complex media 
are also somewhat confusing. In this investiga­
tion the term activity is used to indicate bacterio­
static activity against E . coli when the organisms 
are grown in a synthetic medium. This method

(1) P resen ted  in  p a r t  before th e  D ivisions of M edicinal and  P hys­
ical C hem istry , Buffalo M eeting  of th e  A m erican Chem ical Society, 
Septem ber 9 an d  10, 1942.

(2) R oblin  an d  Bell, Science, 90, 328 (1939).
(3) See, for exam ple, D avis, ibid., 95, 78 (1942).

of testing provides a more consistent and repro­
ducible basis for the determination of relative ac­
tivities by reducing the number of variables to a 
minimum. The relation of in  vitro to in  vivo re­
sults,4 and the lack of any great degree of speci­
ficity among sulfanilamide derivatives,5 appear 
to warrant this method of evaluation.

Another important prerequisite to this type of 
work is at least a partial understanding of the 
mechanism by which the compounds exert their 
bacteriostatic effects. None of the hypotheses 
advanced in recent years appeared to offer a very 
useful or convincing explanation, until Woods6 
demonstrated that p -aminobenzoic acid prevents 
the bacteriostatic action of sulfanilamide and sul­
fapyridine. This observation has since been ex­
tended by other investigators7 to include sulfanil­
amide type compounds in general. Woods and 
Fildes8 postulated that ^-aminobenzoic acid is an 
essential metabolite associated with one or more 
of the enzymatic processes involved in bacterial 
growth. They pointed out the close structural 
relationship between the sulfonamides and this 
acid, and suggested that the former may act by 
blocking the enzyme system or systems with 
which ^-aminobenzoic acid is involved and on 
which many bacteria depend for normal growth 
and development. Subsequent investigations 
have confirmed the essential nature of p -amino­
benzoic acid,9 and have shown experimentally

(4) W hite , B ra tto n , L itchfield  a n d  M arshall, J . Pharmacol., 72, 
120 (1941).

(5) W yss, G ru b au g h  an d  Schm elkes, Proc. Soc. E xp tl. Biol. M ed., 
49, 618 (1942).

(6) W oods, B rit. J .  E xp tl. P a th ., 21, 74 (1940).
(7) L an d y  and  W yeno, Proc. Soc. E xp tl. Biol. M ed., 46, 59 (1941); 

S trauss, Lowell an d  F in lan d , J . C lin. Investigation, 20, 189 (1941).
(8) F ildes, Lancet, 238, I, 955 (1940).
(9) R u b b o  an d  G illespie, N ature, 146, 838 (1940); L am pen  and  

P e terson , T h is  J o u r n a l , 63, 2283 (1941); P a rk  and  W ood, Bull. 
Johns H opkins H osp., 70, 19 (1942).
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T a b l e  I

D i s s o c ia t i o n  C o n s t a n t s  a n d  B a c t e r io s t a t ic  A c t iv it y  o f  S u l f a n il a m i d e  T y p e  C o m p o u n d s

Acid constan ts Kb X 1012
In  vitro 

tests, Cr ,No. Com pound* p K a K a 1st 2nd M olar X 10» Ref.
1 />-Aminobenzoic acid 4.68 2.1 X 10“5* 2.6*
2 Sulfanilamide 10.43 3.7 X 10~11C 2.3C 20.0
3 N^Methylsulfanilamide 10.77 1.7 X 10-11 1.6 30.0 d
4 N1,N1-Dimethylsulfanilamide 1.3 30.0 d
5 N ̂ Hydroxy ethylsulf anilamide 10.92 1.2 X 10-11 2.0 50.0 d
6 Sulfanilylglycine 3.52 3.0 X 10-46 / >90.0 d
7 N 1-Phenylsulf anilamide 9.60 2.5 X 10-10' 1.4 3.0 d
8 N^ö-Tolylsulf anilamide 9.96 1.1 X 10-10' 1.1 10.0 d
9 N1-w-Tolylsulf anilamide 9.74 1.8 X lO-io' 1.3 5.0 d

10 N^-Tolylsulf anilamide 9.82 1.5 X lO-io' 1.4 5.0 d
11 N 3-Sulf anilylmetanilamide 8.23 5.9 X IO-9' 1.6 2.0 d
12 N4-Sulfanilylsulfanilamide 7.85 1.4 X 10-* 0.8 0.5 d
13 N1-^>-Aminophenylsulf anilamide 10.22 0.6 X lO-io* > 1 0 -9 0.7 5.0 d
14 N1-Furfurylsulf anilamide 10.88 1.3 X ïo-ii' 1.8 20.0 d
15 Sulfapyridine 8.43 3.7 X 10-9* 3.8 .1 0.6 d
16 3 -Sulf anilamidopyridine 7.89 1.3 X 10-8' 10 .4 .2 d
17 2-S-5-bromopyridine 7.15 7.1 X 10-8' 0.8 .5 h
18 5-S-2-bromopyridine 7.12 7.6 X 10-8' 1.0 .2 h
19 2-S-5-aminopyridine 8.47 0.34 X 10-8 10 .3 .6 h
20 5-S-2-aminopyridine 8.82 .15 X 10-8 160* .8 2.0 h
21 2-Sulfanilamidoimidazole 9.72 1.9 X 10-10 k 40.0 j
22 3-Sulfanilamidopyridazine 7.06 0.87 X 10~7 3.0 .2 0.08 3
23 Sulfadiazine 6.48 3.3 X IO"7 1.0 .08 l
24 2-S-4-methylpyrimidine 7.06 0.87 X 10-7 1.2 .2 l
25 2-S-4,6-dimethylpyrimidine 7.37 .43 X 10-7 2.3 .3 m
26 2-S-4-aminopyrimidine 9.44 3.6 X 10-10 13.5* 20.0 3
27 4-S-pyrimidine 6.17 6.7 X 10-7 22* .2 0.1 l
28 5-S-pyrimidine 6.62 2.4 X 10-7 0.8 .2 m
29 5-S-2-chloropyrimidine 5.80 1.6 X 10-0 k .1 m
30 2-Sulfanilamidopyrazine 6.04 0.91 X 10-6' 0.6 .08 n
31 4-S-1,2,4-triazole 4.66 2.2 X IO"5 . 7 >80.0 3
32 2-Sulfanilamidoöxazole 6.5 3.2 X 10~7 k 0.08 3
33 5-S-3 -methylisoxazole 4.2 6.3 X 10-0 k .6 3
34 Sulfathiazole 7.12 7.6 X 10-8° 2.3 .08 d
35 2-S-4-methylthiazole 7.79 1.6 X 10-8 2.3 .2 d
36 3-S-4-methylfurazan 4.10 7.9 X 10-5 0.8 1.0 3
37 3-S-5-methyloxadiazole 4.40 4.0 X IO-5' .5 2.0 j
38 2-S-l,3,4-thiadiazole 4.77 1.7 X 10-* 1.4 0.6 l
39 2-S-5-methylthiadiazole 5.45 3.5 X 10-6 1.6 .2 P
40 Sulfanilylcyanamide 2.92 1.2 X 10-3 ƒ 100 2
41 Sulfanilylurea 5.42 3.8 X 10-6 0.6 10.0 2
42 Sulfanilylguanidine 5.6 .03 10.0 h
43 Sulfanilylaminoguanidine 3.0 .2 0.9 2
44 N 1-Acetylsulfanilamide 5.38 4.2 X 10-6 0.6 .7 d
45 N1- Chloroacetylsulf anilamide 3.79 1.6 X 10~4 .4 10.0 r
46 N1-Benzoylsulfanilamide 4.57 2.7 X 10-6 .6 0.3 d
47 N 1-^-Aminobenzoylsulf anilamide 5.20 6.3 X 10-6 2.7 .3 .5 d
48 N 1-Ethylsulf onylsulf anilamide 3.10 7.9 X 10-4 0.3 1000 d
49 N 1-Sulfanilylsulf anilamide 2.89 1.3 X 10-® ƒ 60.0 d
50 4,4 '-Diaminodiphenylsulf one 3.1 .2 2.0 s

a S — Sulfanilamido; nomenclature according to Crossley, Northey and Hultquist, T h i s  J o u r n a l , 60, 2217 (1938). 
* Bjerrum, Z. p h ysik . Chem., 104, 164 (1923), reported p K a = 4.8; Kb, ref. 12. c Albert and Goldacre, Nature, 149, 245 
(1942), gave K a = 6.3 X 10“ 11; Kb = 1.6 X 10“12. d See ref. 11. e First Ka represents carboxyl; second very weak. 

f  Insol. glacial HAc. 3 Nielson and Wolffbrandt, D ansk. Tids. Farm., 14, 113 (1940); J . A m . P harm . Assoc. (Pharm. 
A bst.), 31, 29 (1942), reported p K a = 8.7. h Roblin and Winnek, T h i s  J o u r n a l , 6 2 ,1999 (1940). * In water. * Ander­
son, Faith, Marson, Winnek and Roblin, ibid., 64, 2902 (1942). fc No measurements made. 1 Roblin, Williams, 
Winnek and English, ibid., 62, 2002 (1940). w Roblin, Winnek and English, ibid., 64, 567 (1942). w Ellingson,
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ibid., 63,2524 (1941). ° Ref. (g) gave p K a = 7.6. 9 Ganapathi, Proc. Indian Acad. Sci., 13A, 386 (1941); Chem. Abs.,
3 6 ,1022 (1942). q Winnek, Anderson, Marson, Faith and Roblin, T h i s  J o u r n a l , 6 4 ,1682 (1942). r Ref. 23. s Fromm 
and Wittmann, Ber., 41, 2264 (1908). * Values in water calculated from measurements carried out in alcoholic solution 
(see Experimental).

that the type of inhibition produced by sulfanil­
amide derivatives is competitive with respect to 
^-aminobenzoic acid.10

If the bacteriostatic action of the sulfanilamide 
type compounds is due to a competition with the 
required ^-aminobenzoic acid for an essential en­
zyme system, then the more closely the competitor 
compound resembles this acid, the greater should 
be its blocking or bacteriostatic effect. The 
characterizing groups in p -aminobenzoic acid are 
the carboxyl group and the aromatic amino group 
para to it. Aside from geometric configuration, 
probably the most important property of a group 
is its positive or negative character. This is re­
flected in an amino group by its basic, and in a 
carboxyl group by its acidic, properties. Since 
many of the sulfanilamide derivatives contain 
both an acidic sulfonamide, and a basic para 
amino group, this work was undertaken to com­
pare their physical properties with the correspond­
ing groups in p -aminobenzoic acid. Dissociation 
constants were selected because they provide a 
readily measurable property which furnishes a 
direct indication of the positive or negative char­
acter of the groups.

II. Acid and Base Dissociation Constants 
(Qualitative Discussion).—During this investi­
gation, the acid and base constants of over one 
hundred sulfonamides and related compounds 
were determined. A number of the values ob­
tained are recorded in Table I. To conserve 
space, only a fraction of the total number of com­
pounds studied is listed in this table. The re­
sults on the derivatives which are not recorded 
confirmed the conclusions drawn from the re­
ported data. Methods employed for the deter­
mination of acid and base constants are described 
under Experimental. For convenience, the com­
pounds are listed according to the classification 
of Northey.11 The term CR in Table I represents 
the minimum molar concentration necessary to 
cause bacteriostasis of E . coli in a buffered (pH  7) 
synthetic medium under standardized condition; 
thus, the smaller the number, the greater the ac­
tivity. It is difficult to obtain a high precision in 
such tests, and small differences in bacteriostatic

(10) W yss, Proc. Soc. E xp tl. B iol. M ed., 48, 122 (1941); W ood, 
J . E xptl. M ed., 75, 369 (1942).

(11) N orthey , Chem. Revs., 27, 85 (1940).

activity (factor of 2) are within experimental 
error.

Only brief consideration need be given to the 
base constants. The range of basic strength of 
the aromatic para amino group of practically all 
the sulfonamides studied was small [(0.5-2.3) X
10-12] . However, in order to establish this small 
range, it was necessary to make base constant 
determinations on nearly all the compounds 
studied. Several of the first base dissociation 
constants listed in Table I are greater than 2.3 X 
10~12. In these cases it is possible to show, by 
comparing the basic strength of the corresponding 
acetyl and benzene sulfonamide derivatives, that 
the first base constant probably does not repre­
sent the aromatic para amino group. Neither is 
the second base constant for these compounds a 
true measure of the basic strength of the aromatic 
amino group, because of the presence of the ion 
resulting from the determination of the first base 
constant (see Experimental).

The ionization constant for the basic amino 
group in £ -aminobenzoic acid is approximately
2.6 X 10“12.12 To the extent that all the active 
sulfanilamide derivatives have identical unsub­
stituted para amino groups with constants which 
are close to this value, the base constants may be 
an important factor in bacteriostatic activity. 
But due to the very small variations in basic 
strength, no relation between these constants and 
bacteriostatic activity could be found.

Acid dissociation constants, which vary over a 
wide range (<  10~n-10“3), present an entirely 
different picture. The relationship between the 
in  vitro  activity of N-substituted sulfanilamide 
derivatives and their acid strength is shown in 
Fig. 1 (data from Table I). For convenience in 
plotting the curve, log 1/CR is used rather than 
CR. An examination of this figure indicates that 
as the p K a of the sulfonamides increases, the 
bacteriostatic activity passes through a maximum 
and then decreases. In order to account for this 
phenomenon, several factors must be considered.

^-Aminobenzoic acid has been shown to be in 
the “non-zwitter ion” form in solution.13 Never-

(12) W inkelb lech , Z . p h ysik . Chem., 36, 546 (1901), rep o rted  
2.3 X  1 0 “ !2.

(13) H a rris , Proc. R oy. Soc. (L ondon), 97B, 364 (1925); 104B, 412 
(1929); Biochem. J . ,  24, 1080 (1930).



2 9 0 8 P aul H. Bell and R ichard O. R oblin, J r . Vol. 64

2 4 6 8 10 12
p K a.

Fig. 1.—Relation of in  vitro activity to acidity. Limits of 
error in log 1/Cr = =*=0.3.

theless, it is a sufficiently strong acid so that in 
dilute solution in a medium buffered at p H  7, the 
carboxyl group is better than 99% ionized. The 
neutral solution is particularly important, since 
the form in which the compounds exist in bac­
terial culture media or in body fluids is of primary 
interest. Under these conditions, ^-aminobenzoic 
acid consists of a benzene ring containing an NH2 
group, para to which is an ionic group having two 
very negative oxygens. Geometrically, these two 
oxygens are about 2.3 A. apart,14 while sulfones 
and sulfonamides both have a group similar to 
the C 02 ion, namely, an S 02 group, containing two 
negative oxygens15 with an oxygen-oxygen dis­
tance of approximately 2.4 A.16 In general, the 
p -aminobenzene sulfonyl groups of the sulfones 
and sulfonamides are geometrically very similar 
in dimensions to the ^-aminobenzoic ion as il­
lustrated in Fig. 2.

Nearly all the amino groups of (a), (b) and (c), 
Fig. 2, have been shown to have base constants of 
the same order of magnitude. Consequently, the 
differences in the SO2 groups of the various sul­
fonamides, compared with the C 02 ion, must now 
be considered as a possible determining factor in 
the relative bacteriostatic activity of these com­
pounds. Dipole moment studies have shown the 
S 02 to be a relatively negative group.15 How­
ever, the CO2 should be more negative than the 
3 O2 , because the ion actually carries an electronic 
charge. It seems logical then, that the more 
negative the SO2 group, the more closely it will 
resemble the CO2 ion. On the basis of this reason-

(14) Z achariasen , P h ys . Rev., 53, 917 (193S).
(15) B ergm ann , Ber., 65, 457 (1932); K u m le r an d  H a lverstad t, 

T h is  J ournal, 63, 2182 (1941).
(16) P au ling , “ T h e  N a tu re  of th e  C hem ical B o n d ,” Cornell U ni­

v e rs ity  Press, I th a c a , N . Y ., 2nd ed ., 1940.

ing, the theory which we shall attempt to develop 
may be stated as follows: the more negative the 
S 0 2 group o f a  su lfan ilam ide type com pound, the 
greater the bacteriostatic activ ity  of the com pound .

(a) (b) (c)

The problem now becomes one of evaluating 
the relative negative character of the SO2 group 
of the various sulfonamides in terms of their acid 
constants, to determine to what extent this prop­
erty is related to bacteriostatic activity. Since 
the R group (Fig. 2) is the only variable involved 
in the N ̂ substituted derivatives, it must be the 
factor controlling the acid constants of these com­
pounds. For R to be acid strengthening, it must 
bean electronegative (electronattracting) group.17 
Under these conditions, R attracts electrons 
from the adjacent amide nitrogen so that the hy­
drogen can escape as a proton in solution, leaving 
the anion represented by form (c). The acid 
constants furnish an excellent indirect measure 
of the relative electronegative character of R, be­
cause any change in the acid strength of the sul­
fonamides should be proportional to the change 
in the electronegativity of the R group.

Since we are concerned with the form of the 
sulfanilamide type compounds in a medium buf­
fered at p H  7, the effect of acid strength (as regu­
lated by the properties of the R group) on the 
quantities of the molecular and ionic forms ((b) 
and (c), Fig. 2) existing at this p H  must be con­
sidered. The fraction ionized, x, for any acid is 
given by the equation

* = Ka +  °[H+] °r Et Pn  7 * = K a +  KT7 (1)

Using this equation, a plot of p K a versus the 
fraction ionized may be made (Fig. 3). At p H  7, 
compounds which are strong acids { p K a up to

(17) T he te rm  e lectronegative  refers  th ro u g h o u t to  th e  e lectron  
a ttra c tin g  pow er of a  g ro u p .16 N egative  is used to  ind ica te  th e  re la ­
tiv e  electron density  o r negative  charge a round  a group.
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5-6) are practically completely ionized, weaker 
acids {p K a =  6-12) are partly ionized, and the 
very weak acids ( p K a > 1 2 )  are almost entirely 
in the un-ionized form.

With the amounts of the molecular and ionic 
forms of any given sulfonamide known, the rela­
tive activities of the two species must be consid­
ered on the basis of the assumption that the bac­
teriostatic activity is proportional to the nega­
tive character of the SO2 group. The ionic form 
has an electronic charge on the amide nitrogen, as 
shown in (c) (Fig. 2). This electronic (negative) 
charge increases greatly the negative character of 
the adjacent SO2 , since the SO2 group is also elec­
tron attracting and acquires part of the ionic 
charge from the amide nitrogen. Consequently, 
the SO 2 group o f an y  sulfanilam ide derivative in  
the ionized fo rm  (c) is  much more negative than the 
SO 2 of the same com pound in  the un-ionized form
(5). Therefore, the ion ic fo rm  of any sulfonamide 
should be much m ore active than the molecular fo rm .18

The effect of the R group (Fig. 2) on ionization, 
and the relative activity of the ionic and molecu­
lar forms, have been discussed. Remaining to be 
considered is the effect of different R groups on 
the negative character of the S02 group. Con­
sider first the ionic form (c). As the electron at­
tracting power of R increases, the SO2 group 
should become less negative because, under these 
conditions, a greater part of the ionic charge of 
the amide nitrogen will be taken by the R group 
which will be competing more strongly with the 
SO2 for the ionic charge. The arrows in Fig. 2 
illustrate the competition between the attracting 
forces of these two groups for the ionic charge on 
the adjacent amide nitrogen. As the S02 becomes 
less negative, its ion should be less active than an 
ion whose R is a weaker electron attracting group. 
Applying the same reasoning to the molecular 
form (b), we arrive at similar conclusions con-

(18) D uring  th e  p rep a ra tio n  of th is  m anuscrip t, tw o papers a p ­
peared  in  which experim ental evidence supporting  th is  conclusion is 
reported . See F ox an d  R ose, Proc. Soc. Exptl. Biol. M ed., 50, 142 
(1942); Schm elkes, W yss, M arks, L udw ig and  Sandskov, ibid., 50, 
145 (1942). H ow ever, th e  p resen t th eo ry  is n o t in  accord w ith  th e  
conclusions of these  au th o rs  th a t  th e  ionic form  of sulfanilam ide 
derivatives is th e  only ac tiv e  form . F o r exam ple, such a conclusion 
fails to  account for th e  ac tiv ity  of sulfones, sulfaguanidine and  N 1- 
d isu b stitu ted  su lfanilam ide deriva tives, none of which exist as ions 
in solution, a lthough  th e y  are  also inh ib ited  by  ^-am inobenzoic 
acid. F u rth erm o re , we do  n o t agree w ith  Fox and  Rose th a t  th e  
ions of d ifferent de riva tives  a re  equally  active. A ctually , th e  ex­
perim enta l d a ta  in  b o th  of these  papers ap p ea r to  support th e  view 
th a t  th e  ions of th e  s tronger acids a re  less active. M oreover, the  
idea of equal a c tiv ity  fo r all ions obviously is n o t in agreem ent with 
th e  experim ental d a ta  fo r s trong  acids as shown in Fig. 1. This 
phase of th e  problem  is considered in  th e  subsequent discussion.

Fig. 3.—Acid ionization in buffers (nos. from Table 1): 
S. sulfanilamide (2); sulfapyridine (15); ST, sulfathiazole 
(34); SD, sulfadiazine (23); STD, sulfathiadiazole (38).

cerning the relative negativity of the SO2 groups. 
Since the electron attracting power of R is propor­
tional to the acid strength, it follows that, the 
more acid ic  the su lfonam ide , the less negative the 
SO 2 group of the ion ic and molecular fo rm s and the 

* less the bacteriostatic activity  o f either fo rm . It 
should be recalled here that up to a certain point 
this decrease in activity with increasing acid 
strength is more than compensated for by the 
increasing proportion of highly active ions. Be­
cause the ions are much more active than the cor­
responding molecules, the over-all effect of in­
creasing acid strength produces an increase in 
activity up to the point where the sulfonamides 
are largely ionized. Further increases in acid 
strength are not accompanied by a proportionate 
increase in the number of ions. The predominant 
effect beyond this point should be the decreasing 
negative character of the SO2 group, accompanied 
by decreasing activity. Consequently, a maxi­
mum would be expected in the curve relating p K a 
to bacteriostatic activity (compare Fig. 1).

It is also possible for the electron attracting 
power of R to change until it is actually an elec­
tron donor group. Under these conditions, R 
should repulse electrons toward the S 02 group. 
As a result, the S02 group would become more 
negative. The acid strength also reflects the elec­
tron donor power of R. However, these com­
pounds can become such weak acids that the ef­
fect of the highly active ions is negligible, and as a 
result the bacteriostatic effect should be of a lower 
order of magnitude. Even so, as pointed out 
above, the activity of the un-ionized forms should 
show a continuous increase as the acid strength
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decreases. Thus, when the ionic form can be 
neglected, the curve relating p K a to bacterio­
static activity should pass through a minimum 
and then increase as the acid strength decreases. 
Because compounds in which R is an electron 
donor group are extremely weak acids, it is not 
possible to determine their dissociation constants 
in aqueous solution. Evidence such as the rela­
tively high bacteriostatic activity of sulfaguani­
dine, too weak an acid to be measured in aqueous 
solution, strongly suggests that a minimum may 
also be found in the experimental curve. Possibly 
studies in a basic solvent such as liquid ammonia 
would furnish quantitative data with which to 
fit these sulfonamides into this general picture.

III. Acid Constants (Quantitative Discus­
sion) .—In order to obtain optimum activity 
among acidic sulfanilamide derivatives, the 
problem is apparently one of obtaining a proper 
balance between the acid strengthening effect of 
the R group (Fig. 2) and the formal ionic charge 
on the sulfonamide nitrogen to give the maximum 
over-all negative character to the SO2 group. • 
Branch and Calvin19 have shown that the disso­
ciation constant of an organic acid can be pre­
dicted quantitatively by an equation of the type

log K  = log K a +  SIro:* (2)

where K a is the acid constant of the parent acid, 
IR the inductive constants for each atom or group 
other than hydrogen, a the fraction that reduces the 
inductive effect for the transmission across each 
bond, and i  the number of bonds through which 
the effect must be transmitted. IR multiplied

2 4 6 8 10 12 14
pKot.

Fig. 4.—Theoretical activity versus p K a: dotted line
represents experimental activity from Fig. 1.

(19) B ranch  an d  C alv in , " T h e  T h eo ry  of O rganic  C hem istry,”
P ren tice -H a ll, In c ., N ew  Y ork , N . Y ., 1941.

by 2.3 R T  then becomes a potential and has the 
units of free energy.

Assuming that bacteriostatic activity is pro­
portional to the potential of the SO2 group, then, 
when the total activity is due almost entirely to 
the highly active ions (p K a 2-11)
2.303 R T  log (k/xCjt) =

2.303 R T  [«(12.3 -  I r«) -  I E«*] (3)
where CR =  minimum molar concentration of a 
sulfonamide required to exhibit a given bacterio­
static activity, attributing all activity to the ions, 
x = fraction of the total concentration of the 
compound in ionic form, k =  proportionality con­
stant (determined experimentally), to adjust the 
potential energy of the S 02 to experimental condi­
tions, JR, a, as defined for equation (2), (12.3 — 
/ Ra) =  inductive effect of the ionic charge re­
duced by the effect of JR on it, IRa2 =  inductive 
effect of R on S02 directly.

As a first approximation, resonance and polari­
zation effects were neglected, and a  was taken as 
V2 .8 (the value of Branch and Calvin for a covalent 
bond); then

log = 4.04 -  0.255 I r (4)

Using Branch and Calvin's inductive constants 
for various radicals, it was found that IR was a 
linear function of the p K a values of the correspond­
ing sulfanilamides.

From Fig. 4
I r = -1 .33 p K a +  13.88 (5)

also, for any acid at p H  7 (where the in  vitro tests 
were made)

p K a »  7 -  log x /  (1 -  x) (6)
Substituting (5) and (6) in equation (4), we have
log 1/Cr +  log k = 3.23 +  0.661 log x +

0.339 log (1 -  x) (7)
at conditions of maximum activity (log 1/CR =  
max.)

d log 1/C r _  0.661 0.339
d x  U X 1 -  x

x = 0.661 at maximum activity
This corresponds to a sulfanilamide derivative 
with a p K a of 6.7 as calculated by equation (6), 
and agrees very well with the experimentally 
observed maxitnum (Fig. 1). This p K a value of 
maximum activity is independent of the in  vitro 
tests and depends only on the inductive effects of 
the R groups.

Using the experimental maximum activity, log 
1/CR =  6.1 =±= 0.3, k may be evaluated by substi-
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tuting log 1 /CR =  6.1 and x  =  0.661 in equation
(7), and solving for k.

The final ion activity equation is then
log 0.001/Cr = 3.23 +  0.661 log x +  0.339 log (1 -  x)

(8)

A similar equation may be derived for the ac­
tivity of the un-ionized form

from which it can be shown that its contribution 
toward activity will be small except for very large 
p K a values.

Combining equations (9) and (4) we may show 
that

log (1 -  *) ,  4 85 (10)
x Cr (ionized)

which means that any ion is approximately 104-85 
times more active than the corresponding mole­
cule. Now, if CR (un-ionized) = CR (ionized) 

log (1 — x)/x — 4.85
and p K a must be 11.85 to fulfil this condition. 
At this p K a, log 2.0 should be added to log 1/CR 
from equation (7). In this way the ion activity 
curve was corrected for the molecular activity at 
p K a’$ greater than 10, and the total activity 
curve drawn as shown in Fig. 4.

The theoretical curves of Fig. 4 at p H  5 and 9 
show how the p K a of maximum activity may 
shift if the p H  of the medium changes. At p H  7 
the experimental and theoretical curves are in 
very good agreement from p K a 10-5, but at 
lower p K a values the compounds are less active 
than predicted. Probably the most important 
factor contributing to this deviation is the limi­
tations in the development of the theory. As 
pointed out by Branch and Calvin, an exact equa­
tion of the type of equation (2) should contain 
summation terms for the polarization and reso­
nance, as well as the inductive effect. While po­
larization is probably a function of p K ai the re­
lationship cannot be readily established experi­
mentally. On the other hand, resonance is 
probably dependent on the specific character of 
the R group, and no general relationship between 
resonance and inductive effect can be established. 
In equation (3) polarization and resonance have 
been neglected, and therefore a  is not equal to 
1/2.8 (the simple covalent bond value) unless 
these effects are small. Where R is not too elec­
tronegative (weaker acids) the value for a  prob­
ably is a good approximation; however, as R be­

comes strongly electronegative, the SO2-N -R  
bonds should become more ionic, and a  should be 
greater than 1/2.8. Such an increase in a  would 
give better agreement between the theoretical and 
experimental curves in the low p K a range.

This treatment also takes no account of the in­
ductive effects on the £-amino group. The very 
acid compounds, in general, have less basic p -  
amino groups. In the extreme cases there ap­
pears to be considerable “zwitterion” formation, 
as indicated in the case of sulfanilylcyanamide by 
titrations in formaldehyde solution. Any large 
variation in the character of the £-amino group 
compared with the corresponding group in p -  
aminobenzoic acid may be expected to result in a 
decrease in activity.

IV. Relation of Structure to Activity.—The
preceding discussion has been concerned pri­
marily with an attempt to show how both struc­
ture and activity can be related to a common de­
nominator, namely, the negative character of the 
SO2 group, and how acid dissociation constants can 
be used to evaluate the relative negativity of the 
SO2 group. Of necessity, this discussion has 
been limited largely to N ̂ monosubstituted sul­
fanilamide derivatives, since they are the only 
active compounds on which measurements of the 
acid strength of the sulfonamide group can be 
made. Nevertheless, we believe that the prin­
ciples outlined above apply to any substance
of the type NH2<̂  ^>XQ2R, provided its bac­
teriostatic activity is inhibited by p -aminobenzoic 
acid. If the properties of the NH2 are constant, 
the activity should depend on the relative nega­
tive character of the XO2 group. In addition to 
sulfonamides and sulfones, the type formula 
should include compounds in which X  is phos­
phorus, arsenic, selenium, or other elements.

The term “sulfanilamide type compounds,” 
as used throughout this paper, is limited to de­
rivatives of the type shown above. This limi­
tation, of course, excludes N^substituted com­
pounds ; orthanilamide, metanilamide and their 
derivatives; nuclear substituted compounds; and 
substances in which the NH2 or XO2 groups are 
separated from the benzene ring by an alkyl, aryl 
or other radical. N 4-Substituted compounds 
have not been considered because it now appears 
to be generally accepted that these derivatives are 
active chemotherapeutic agents only after the 
N 4-substituent has been removed by some bio­
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chemical process. First demonstrated by the 
Trefouërs and their co-workers20 for the original 
“Prontosil,” this process has since been confirmed 
many times for a number of different N 4-substitu- 
ents.

The mode of action of sulfanilamide type com­
pounds proposed by Woods5 and Fildes8 should 
exclude all the types of compounds listed above 
on the basis of steric effects. The high degree of 
specificity of enzyme systems is well recognized. 
If the action of sulfonamides is based on the com­
petitive inhibition of an enzyme system normally 
requiring ^-aminobenzoic acid, then in order to be 
effective, a compound should have a spacial con­
figuration as closely resembling that of the nor­
mally required substance as possible. Obviously, 
a substituted amino group no longer resembles a 
free NH2 from this standpoint.21 Similarly, or­
thanilamide and metanilamide derivatives, nu­
clear substituted compounds, and substances in 
which the groups are separated from the benzene 
ring, are much less closely related sterically to p- 
aminobenzoic acid than the compounds formu­
lated above. Perhaps the most convincing ar­
gument in favor of this hypothesis is the experi­
mental evidence that up to the present, so far as 
we are aware, no compounds of the types excluded 
have been reported to show bacteriostatic ac­
tivity per se. In general, compounds not in­
hibited by ^-aminobenzoic acid are considered to 
be outside the scope of the present theory.22

It should now be possible to generalize on the 
effects of various types of N ̂ substituents on bac­
teriostatic activity, using sulfanilamide as the 
basis for comparison. Among these compounds 
all degrees of potency may be found, although 
none of them appears to be completely inactive. 
In the following discussion groups are referred to 
hydrogen which is considered as neutral. An 
electronegative substituent is one which tends to 
acquire electrons at the expense of the group to 
which it is attached. Such a group makes the re­
sulting sulfanilamide derivative a stronger acid. 
By the same criterion, an electropositive substitu­
ent tends to donate electrons and form less acidic 
sulfonamides.

(20) Tréfouël, T réfouël, N itt i  an d  B ovet, Compt. rend. soc. biol., 
120, 756 (1935).

(21) T h is  effect is in  c o n tra s t to  an  N ^ s u b s titu e n t which in m ost 
cases p robab ly  has very  little  influence on th e  spacial configuration of 
th e  SO 2 group.

(22) F o r  exam ple, p ,p  '-d iam inodiphenvl sulfide has bacteriosta tic  
a c tiv ity , b u t its  m ode of action  ev iden tly  is qu ite  d ifferent since i t  is 
n o t inh ib ited  by  ^-am inobenzoic acid (W . H . Feinstone, personal 
com m unication ).

Alkyl groups are slightly electropositive and 
acid weakening. Hence, their effect in the re­
gion of weak acids should be to reduce the activity 
slightly (see Table I, nos. 3 and 5). Chain length 
should not alter the effect appreciably, as evi­
denced by the nearly constant acidities of the 
fatty acids. From a practical standpoint, of 
course, long chains may reduce solubility to a 
point where the bacteriostatic power can no 
longer be demonstrated. Introducing a strong 
electron attracting radical on the a-carbon atom 
of an aliphatic acid makes the group more elec­
tronegative, while further along the chain such a 
substituent lias a much smaller effect.19 Thus, 
an electronegative group (e. g., halogen) in the ap­
position of an N 1-alkylsulfanilamide derivative 
should increase activity, but the effect in any 
other position should be relatively weak.

A second N 1-alkyl group should not exert much 
influence, since the monosubstituted compounds 
are too weakly acidic to ionize appreciably (cf. 
nos. 3 and 4). The effect of an alkyl group on 
another substituent such as a heterocyclic ring 
is also slightly acid weakening (cf. nos. 23, 24 and 
25). For the purposes of this discussion, satu­
rated rings (carbocyclic or heterocyclic) would be 
classified as alkyl substituents. Similarly, from 
the standpoint of their slightly electropositive 
character, aromatic or heterocyclic groups sepa­
rated from the N ̂ nitrogen by one or more methyl­
ene radicals should be considered as substituted 
alkyl groups (e. g., no. 14).

Aromatic rings are slightly electronegative. 
Consequently, the activity of these derivatives, 
in general, should be somewhat greater than that 
of sulfanilamide, because they are relatively 
stronger acids. Moreover, since the electron at­
tracting power of the ring may be increased or 
decreased considerably by substituents, the N 1- 
aromatic substituted compounds show rather large 
variations in bacteriostatic po;wer. As might be 
anticipated, substituents in the ortho and para 
positions exert a more pronounced influence than 
in the meta position. For example, the electro­
negative sulfonamide group in N 4-sulfanilylsul- 
fanilamide (no. 12) increases the activity over 
that of the unsubstituted phenyl, while in the 
meta position (no. 11) the effect is smaller. On 
the other hand, the electropositive amino group 
in the para position (no. 13) reduces activity.

Heterocyclic substituents show by far the great­
est variation in electronegativity. As a result,
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the potency of the N ̂ heterocyclic sulfanilamide 
derivative varies widely. The bacteriostatic ac­
tivity of this class of compounds increases to a 
maximum and then falls off as the acidity of the 
compounds increases (see Fig. 1). As demon­
strated in Part II above, the effect of increasing 
ionization appears to be more than counter­
balanced by a decrease in the negative character 
of the SO2 group, when the sulfonamides become 
too strongly acidic. Consequently, compounds 
such as nos. 36 and 38 are stronger acids, but less 
potent than derivatives containing two hetero­
atoms (nos. 32 and 34). Conversely, derivatives 
with only one hetero-atom are too weakly acidic, 
and again show less activity. In most cases, two 
hetero-atoms in the ring appear to promote op­
timum bacteriostatic power. Introducing sub­
stituents in the heterocyclic nucleus affects the 
activity differently, depending on the acidity of 
the unsubstituted derivative. If the compounds 
are too weakly acidic, an electronegative group 
(e. g .f halogen, as in the bromopyridines, nos. 17 
and 18) increases their potency. But, an electro­
positive amino group in the pyridine ring reduces 
activity (nos. 19 and 20). On the other hand, 
when the unsubstituted N ̂ heterocyclic deriva­
tives are too strongly acidic, the presence of an 
electron donor group increases bacteriostasis (no. 
39), while an electronegative group should cause 
the activity to decrease.

The carbonic acid derivatives such as sulfanilyl­
urea (no. 41) and sulfaguanidine (no. 42) present 
interesting differences. The urea derivative is 
quite acidic, whereas sulfaguanidine is too weak 
an acid to be measured in aqueous solution. Sul­
fanilylurea is considered in the discussion of ex­
ceptions below. At first, the guanidines may also 
appear to be out of line with the theory. But, 
guanidine should be an electron donor group, 
since it is a very strong base. Consequently, this 
compound and others of the same type should fit 
somewhere beyond the minimum point on the high 
p K a side of the total activity curve of Fig. 4.

Acyl and sulfonyl groups are strongly electro­
negative. Practically all of the sulfanilamide 
derivatives of this class are too acidic to show 
maximum bacteriostatic power. An electron 
attracting group in the a-position further reduces 
the activity (cf. nos. 44 and 45). The sulfonyl 
group, being more strongly electronegative than 
the acyl group, has an even greater tendency to 
reduce the bacteriostatic effect (cf. nos. 47 and 49).

A second N ̂ substituent of any type, on a sul­
fanilamide derivative which is capable of appre­
ciable ionization, should cause a pronounced de­
crease in the activity. Introducing such a group 
completely blocks the formation of the more po­
tent ionic form, which in turn should result in a 
considerable reduction in the total activity. The 
in  vitro data available in the literature appear to 
support this conclusion.4»11

A certain number of exceptions to any theory 
relating to biological phenomena which involve 
unknown variables are to be expected. So little 
is known about the mechanism of the inhibition 
of enzyme systems, that all the factors cannot be 
evaluated with our present knowledge. Consid­
ering the large group of compounds studied, the 
exceptions are not sufficiently numerous to de­
tract from the general trend. Moreover, while 
positive exceptions (i. e .y compounds more active 
than predicted) would invalidate the preceding 
discussion, negative exceptions are less discon­
certing. In Fig. 1 there is one point (a) which 
falls outside the possible limits of experimental 
error for the bacteriostatic tests. The compound 
sulfanilylurea (no. 41) is considerably more active 
during the first part of the test period than at the 
standard end-point. A plausible explanation 
for the low activity of the urea derivative is that 
it may be slowly broken down by the bacteria to 
sulfanilamide or some other less active substance. 
The fact that there is a biological mechanism for 
the breakdown of urea supports this supposition.

There are two other compounds listed in Table 
I (nos. 6 and 31) which, although definite values 
for bacteriostatic activity were not obtained, ap­
pear to be negative exceptions to the theory. In 
the case of sulfanilylglycine (no. 6), the first acid 
constant undoubtedly represents the carboxyl 
group. The second constant, which should corre­
spond to the sulfonamide group, is too weak to be 
measured in aqueous solution. In general, it is 
possible that compounds with amino and carboxyl 
substituents may be less active than predicted. 
These substituents, in particular, may cause an 
improper orientation of the molecule in an enzyme 
system, due to their identity with the groups 
in ^-aminobenzoic acid. No adequate explana­
tion for the low activity of 4-sulfanilamido-1,2,4- 
triazole (no. 31) can be given at present. Un­
doubtedly there are other exceptions in addition 
to the ones encountered in this investigation, but 
it seems possible that practically all negative ex­
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ceptions might find simple explanations if one 
could account for all the factors involved.

V. Implications of the Proposed Theory.— 
An example illustrates to what extent the pro­
posed theory enables one to make predictions. 
When the curve in Fig. 1 was first plotted, there 
were no compounds available with a p K a of ap­
proximately 4. Since there were fewer points on 
this side of the curve, it seemed desirable to 
strengthen the evidence by the preparation of a 
sulfonamide of this type. From the well-known 
electronegative character of the chloroacetyl 
group, it was possible to predict, before the com­
pound had been synthesized, that N 1-chloroacetyl- 
sulfanilamide23 would have a p K a of about 4, 
and consequently a bacteriostatic activity of ap­
proximately 10 X 10~5 {cf. Table I).

In general, we believe that sufficient data are 
now available so that, without the aid of physical 
measurements, the relative electronegativity of 
any substituent group can be approximated from 
its molecular structure. Thus, for the first time, 
a relationship between structure and activity is 
established which enables one to predict the bac­
teriostatic effect of any new N ̂ substituted sul­
fanilamide derivative. Furthermore, it is pos­
sible that the approach used in this study may 
find application to similar investigations among 
other types of chemotherapeutic agents, par­
ticularly those depending on enzyme inhibitions 
for their activity as proposed by Fildes.8

From the biological standpoint, a number of in­
teresting implications are evident. It should be 
possible, for instance, to show a reversal in the 
order of activity of a selected series of compounds 
with changes in p H . This effect would be pre­
dicted on the basis of the relative change in the 
proportion of ions to molecules. In going from 
a lower to a higher p H  this ratio does not change 
appreciably for a strong acid, while a weaker acid 
shows an appreciable increase in the ratio of ions 
to molecules. Conversely, passing to a lower p H  
has the opposite effect on this ratio. If organ­
isms such as E . coli can be grown from p H  5-9 on 
a synthetic medium, it is possible to design an 
experiment to test this prediction. The relative 
activity of the three compounds, sulfathiadia- 
zole (no. 38, p K a =  4.77), sulfathiazole (no. 34, 
p K a =  7.12) and sulfapyridine (no. 15, p K a =  
8.44), at p H  7 is in the order sulfathiazole >  SUlfa-

^ S )  English, C happell, Bell and  R oblin , This J ournal, 64, 2516 
(1942).

thiadiazole =  sulfapyridine (Table I). But at 
p H  5 the relative activities should change so that 
sulfathiadiazole >  sulfathiazole >  sulfapyridine, 
and at p H  9 the order should be sulfapyridine >  
sulfathiazole >  sulfathiadiazole (Fig. 4). Smaller 
p H  ranges probably would not be sufficient to 
overcome the rather large limits of error inherent 
in the bacteriostatic tests.24

Perhaps the most important implication based 
on both experimental and theoretical considera­
tions is that the optimum in bacteriostatic ac­
tivity of N ̂ substituted sulfanilamide derivatives 
appears to have been reached. The maximum 
in the experimental curve, and the limitations on 
the negative character of the SO2 group imposed 
by the conflicting effects of increasing acidity, both 
point to such a conclusion. This, of course, does 
not mean that better chemotherapeutic agents of 
this type, from the standpoint of lower toxicity or 
differences in absorption and excretion and other 
factors of practical importance, are not possible, 
but it does suggest that inherently more active sul­
fanilamide derivatives are not likely to be found.

Experimental
Materials.—All inorganic and common organic chemicals 

were of “Analytical Reagent” grade. Aniline was freshly 
distilled from zinc dust (water white, b. p. 94-95° (25- 
30 mm.)). Hydrogen gas (electrolytic, from pressure 
tanks) was further purified by passing it through an alka­
line pyrogallol solution, dilute potassium permanganate 
and concentrated sulfuric acid. Chloranil, m. p. 298-300 °; 
ra-nitroaniline, m. p. 112-113°; ^-nitroaniline, m. p. 146- 
147°; tetrachlorohydroquinone, m. p. 234-236°; p- 
toluidine, m. p. 44-45°; and triethylamine, b. p. 88-90°, 
were all obtained from Eastman Kodak Co., and further 
purified when necessary. The compounds listed in Table I 
were prepared in these Laboratories or obtained from the 
Calco Chemical Division, American Cyanamid Co.

Apparatus.—Electromotive force (e. m. f.) measure­
ments were made with a Leeds and Northrup no. 7660 
vacuum-tube meter. Acid constants in 50% ethyl alcohol 
were measured with a Beckman (Model G) pH  meter, 
employing a glass electrode and a saturated potassium 
chloride-calomel electrode. Hydrogen and calomel elec­
trodes were of standard type. Measurements in acetic 
acid were made using a chloranil electrode25 and a calomel 
reference electrode. The two electrodes were connected 
by a salt bridge, fitted with ground glass joints, and con­
taining acetic acid saturated with lithium chloride.26 
Two smooth platinum inert electrodes were used for the 
chloranil part of the cell. These electrodes were flamed 
before each immersion and all readings discarded in which 
the two electrodes failed to give the same e. m. f.

(24) W ork is now  in  progress in  these  L aborato ries  to  de te rm ine  
w hether or n o t such  a n  experim ent can  be carried  ou t.

(25) H all and  W erner, This Journal, 50, 2367 (1928).
(26) H all and  C onan t, ibid., 49, 3047 (1927).
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The conductance bridge was made by using a Kohl- 
rausch bridge, a Leeds and Northrup no. 4750 resistance 
box, and a Freas type conductance cell. This bridge was 
balanced by amplifying the signal with a General Radio 
no. 814-A amplifier and obtaining the null point from the 
minimum observed on a General Radio no. 726-A vacuum- 
tube voltmeter.

Acid Constant Determination.—The N1-substituted 
sulfanilamide derivatives are amphoteric, since they con­
tain a basic amino, as well as the acid sulfonamido, group. 
Formaldehyde titrations indicated that all the sulfanil- 
amides used in this study, except the very acidic ones, were 
in the “non-zwitterion’J form. Hence, the usual weak 
acid and weak base theories could be applied without con­
sidering the other group. The acid constants were deter­
mined from the p K a values obtained from 0.05 N  NaOH 
electrometric titration curves (hydrogen electrode). 
Experimentally, it was impossible to measure all the com­
pounds by this method, since some were extremely insolu­
ble in water, and, because of their high molecular weights, 
the pKa values were not significant.

For the very insoluble sulfanilamides it was possible to 
use 50% ethanol as the solvent. It has been shown that 
in methanol-water and ethanol-water mixtures, acid con­
stants, within each class of acids, exhibit roughly equal 
changes in any given solvent mixture.27’28 It was found 
that compounds in the sulfanilamide series, which were 
measurable in water, when measured in 50% ethanol gave 
a smooth curve of pKa(h20) versus p K a^ %  E tO H ) as shown 
in Fig. 5. From this curve, it was possible to determine 
the acid constants, for compounds in the same series, 
from pKa(50%  E tO H ) measurements. The alcohol values 
in Table I have all been corrected, by means of Fig. 5, so 
that they may be compared directly with the values ob­
tained in water.

2 4 6 8 10 12
p K a( H20).

Fig. 5.—Standardization curve for 50% ethanol titra­
tions (nos. from Table I): S, sulfanilamide (2); SP,
sulfapyridine (15); ST, sulfathiazole (34); SD, sulfadi­
azine (23); STD, sulfathiadiazole (38); SCy, sulfanilyl­
cyanamide (40).

Using these methods, it was possible to determine the
(27) M ichaelis and  M izu tan i, Z . -physik. Chem., 116, 135-159 

(1925).
(28) M izu tan i, ibid., 118, 318—326 (1925).

acid constants for sulfanilamides more acid than approxi­
mately K a == 2 X 10“u. Titration of acids weaker than 
this did not give curves sufficiently different from a blank 
titration to be reliable.

Base Constant Determination.—The basic groups of the 
sulfanilamides were all weak (pKb = 11-13) and the re­
sults of 0.05 N  HCl titrations were not significant unless 
the compounds were quite water soluble. Sulfanilamide, 
metanilamide and ^-aminobenzoic acid were carefully 
studied by this method, using a hydrogen electrode. The 
base constants of sulfanilamide and ^-aminobenzoic acid 
were also determined from conductance measurements on 
their hydrochlorides.29 These results agreed very well 
with the water titration values. It was not possible to 
obtain the base constants of other sulfanilamides by this 
method, because of the low solubility of the free bases in 
water.

Using an acidic solvent such as 100% acetic acid, it was 
possible to increase the basic properties of these very weak 
bases and titrate them with a very strong acid. The 
chloranil electrode, which is reversible in 100% acetic 
acid,26 was used to follow a titration of the base with 0.0835 
N  perchloric acid. Because of the low dielectric constant 
of the solvent, it was necessary to maintain a constant ionic 
strength. All the solvent had enough neutral triethyl­
ammonium perchlorate added to give an ionic strength of 
0.2.30 Employing the method of Hall31 a standardization 
curve of pKb(h20) versus e. m. f. of chloranil electrode, at 
the £A&(hAc) point in the titration, was made as shown at 
Fig. 6.

Fig. 6.—Standardization curve for acetic acid titra­
tions (nos. from Table I): e. m. f. is that of a chloranil
electrode vs. satd. calomel at p K b (HAc) point of the titra­
tion: PT, ^-toluidine; A, aniline; M, metanilamide;
SG, sulfaguanidine (42); PA, ^-aminobenzoic acid (1); 
MNA, m-nitroaniline; S, sulfanilamide (2); PNA-£- 
nitroaniline; U, urea; T, theory.

The pKj}(h2o) values for the compounds used to 
establish the points of the curve in Fig. 6 are all

(29) M aclnnes, “ T h e  Princip les of E lec tro -chem istry ,’* R einho ld  
Publish ing  Corp., N ew  Y ork , N . Y ., 1939.

(30) C onan t an d  W erner, T h is  J o u r n a l , 52, 4436-4450 (1930).
(31) H all, ibid., 52, 5115-5128 (1930).
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from the literature82»33 except sulfanilamide, 
metanilamide and sulfaguanidine which were 
soluble enough to be measured in water, as out­
lined above. By means of the curve in Fig. 6, 
the K b values in Tables I and II were obtained: 
the first K b from the e. m. f . given when one-half 
equivalent of perchloric acid had been added and 
the second K b when one and one-half equiva­
lents had been added.

It should be pointed out that the second K b ob­
tained in this manner is not a measure of the 
group’s basic character as it normally exists in a 
neutral solution, unless the stronger basic group 
is strong enough to be ionized at p H  7. The ef­
fect of ionic charge, depending on its sign, may 
either increase or decrease the apparent basic 
properties of the group being measured. A posi­
tive ion should decrease the negative character 
and the basic strength of the group, while a nega­
tive ion should have the reverse effect.

As pointed out above, the carboxyl group of p - 
aminobenzoic acid is better than 99% ionized at 
p H  7. The presence of the carboxyl ion may in­
crease the basicity of the p-am m o  group some­
what over the value given in Table I, since this 
result was obtained in an acid medium where the 
carboxyl was not ionized. It is possible to show a 
relationship between the basic strength of sub­
stituted anilines and the acid constants of the 
N ̂ sulfanilamides derived from them. From 
this relationship and the second K a of N 1-̂ >-car- 
boxyphenylsulfanilamide (2nd p K a =  8.24, for 
the sulfonamido group para to the completely 
ionized carboxyl) it may be possible to estimate 
the basic strength of the amino para to the car­
boxyl ion. Such indirect evidence suggests that 
the carboxyl ion of p -aminobenzoic acid increases 
the para amino basicity approximately threefold 
over the value obtained when the carboxyl group 
was un-ionized. If this is true, it is evident that 
the influence of a carboxyl ion on the base constant 
of £>-aminobenzoic acid is relatively small.

The para amino groups of the sulfanilamide de­
rivatives are the basic groups of primary interest. 
However, a number of the sulfanilamides contain 
two or more basic groups. The first K b of Table 
I is only a true measure of the p -amino base con­
stant when that group is the strongest in the 
molecule. When there was any question as to

(32) U rea, m -nitroan iline , aniline, and  j&-toluidine: L a n d o lt-  
B örnstein , “ T ab e llen ,” 5 th  ed., 1936.

(33) ^ -N itroan iline: F a rm er an d  W arth , J . Chem. Soc., 85, 1726 
(1904).

whether or not the paraamino was the strongest 
basic group in the polybasic compounds, it was 
checked by blocking the para amino group or re­
moving it. In a large number of cases the ben- 
zenesulfonamido and N 4-acetyl derivatives (see 
Table II) were so much weaker bases than the 
corresponding ^-amino compounds, that there 
was little doubt but that the para amino was the 
strongest basic group.

T a b l e  II
B a s e  C o n s t a n t s  o f  S u l f o n a m i d e  C o m p o u n d s

Compounds® K b X lOi* Ref.
(T able  I)

2-B-pyridine 5.0 r
2-A-pyridine 11.0 d
2-B-pyrimidine 0.14 r
2-B -4-methylpyrimidine 0.4 r
2-A-4-methylpyrimidine 0 . 8 l
4-A-l ,2,4-triazole 3.2 j
2-B-tliiazole 0.04 r
2-B-thiadiazole very weak r
Acetylsulfanilylguanidine& 26.0
® B = benzenesulf onamido; A = acetylsulf anilamido. 

b Marshall, Bratton, White and Litchfield, Bull. Johns 
Hopkins Hosp., 67, 163 (1940).

In each of these cases the p -amino was a weaker 
basic group than the p -a m m o  of sulfanilamide. 
This is consistent with the corresponding acid 
constants, since any N ̂ substituent which is more 
electronegative than hydrogen should be acid 
strengthening and base weakening. Because 
of these facts it did not seem likely that the first 
K b of Table I was the base constant of the de­
sired p -amino group for compounds nos. 13, 15, 
16, 19, 20, 22, 26, 27, 42, 43 and 47 (nos. from 
Table I).

Acknowledgment.—We are greatly indebted 
to Dr. W. Harry Feinstone, Dr. Herbert Flore- 
stano and Mr. Roger D. Williams for the bac­
teriostatic results reported in this paper.

Summary
Based on the experimental observation that the 

acid dissociation constants of N-substituted sul­
fanilamide derivatives are related to their chemo­
therapeutic activity, a theory of the relation of 
structure to activity of these compounds is pro­
posed.

The acid and base constants of a large number 
of sulfanilamide type compounds have been de­
termined. A plot of acid constants versus bac­
teriostatic activity, gives a smooth curve which 
passes through a maximum as the acid strength
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increases. This correlation between acidic dis­
sociation and activity is shown to be directly asso­
ciated with the negative character of the SO2 

group. In brief, the theory may be stated as 
follows: the more negative the SO2 group of an 
N ̂ -substituted sulfanilamide derivative, the 
greater is its bacteriostatic power.

The inductive constants of the various N^sub­
stituents have been evaluated. Based on this 
method, a quantitative treatment of the theory 
has been developed. The calculated value of the 
acid constant for optimum activity agreed very 
well with the experimental results. The relative 
activity of the ionic and molecular forms of the sul­

fonamides has also been predicted by this treat­
ment.

Since acid constants are related to both the 
structure of the N ̂ substituent and the activity 
of the derivative, an indirect correlation between 
structure and chemotherapeutic activity is estab­
lished. Knowing something about the relative 
electron attracting power of the N ̂ substituent, 
it is possible for the first time to predict the bac­
teriostatic power of any new sulfanilamide de­
rivative of this type. A discussion of the rela­
tion of structure to activity, and a description of 
the proposed theory and its implications are given. 
S t a m f o r d , C o n n . R e c e i v e d  J u l y  31, 1942

[C o n t r i b u t i o n  f r o m  t h e  D e p a r t m e n t  o f  C h e m i s t r y  o f  t h e  J o h n s  H o p k i n s  U n i v e r s i t y ]

Mixed Heteropoly Acid Catalysts for the Vapor Phase Air Oxidation of Naphthalene1
B y H enry  T rueheart Brown2 and J. C. W. F razer

Catalysts prepared from heteropoly acids were 
first used for the partial oxidation of naphthalene 
in the vapor phase by Marisic.3 The chief prod­
ucts from this reaction were phthalic and maleic 
anhydrides together with traces of naphthoqui­
none and benzoic acid. The reader is referred to 
Marisic’s paper for a discussion of other catalysts 
used in this reaction and of the reasons for inves­
tigating heteropoly acid catalysts.

The present investigation arose from a consid­
eration of the catalyst prepared from ammonium 
phospho-vanado-tungstate,3 which gave consid­
erably higher conversions of naphthalene to 
phthalic anhydride than either vanadium pent­
oxide or tungsten oxide alone.

In view of the fact that (1) heteropoly acid ions 
have a cage-like structure4 into which only 
groups of the right size can fit, i . e., octahedrally 
coordinated molybdenum, tungsten, and vana­
dium oxide complexes, and that (2) mixed com­
pounds of the phospho-vanado-tungstate type 
exist, it seemed desirable to attempt the prepara­
tion of mixed heteropoly acids which should vary 
in composition from 12-molybdosilicic acid to 12- 
tungstosilicic acid wherein the mixed anions 
should contain both tungsten and molybdenum.

(1) Condensed from  a d isserta tion  su b m itted  by  H. T . Brown to  
th e  faculty  of T he  Johns  H opkins U niversity  in pa rtia l fulfillm ent of 
th e  requirem ents for th e  degree of D octor of Philosophy.

(2) P resent address: S tan d a rd  Oil C om pany (Ind iana), W hiting,
Indiana.

(3) M arisic, T h is  Journal, 62, 2312 (1940).
(4) Keggin, Proc. Roy. Soc. (L ondon), A144, 75 (1934).

It was expected that a series of catalysts prepared 
from such acids should exhibit ooactivation similar 
to that in ammonium phospho-vanado-tungstate.

Experimental
Preparation of the Catalysts.—The general method em­

ployed in preparing the * "mixed heteropoly acids” was a 
stepwise acidification of a solution containing tungstate, 
molybdate and silicate ions in the desired proportions and 
then an ether extraction of the product. This method was 
adapted from North’s5 preparations of 12-molybdosilicic 
acid with careful attention to all of the precautions which 
he mentions.

Catalysts were prepared from carefully purified acid 
crystals of 8-14 mesh size. These crystals were slowly 
heated in a stream of air to 400° and maintained at that 
temperature for one hour.

Preparations of the Heteropoly Acids.—Because of the 
importance of this step in the work, detailed directions will 
be given for preparing a typical ""mixed acid” while direc­
tions for the others, together with their analyses, are sum­
marized in Table I.

6-Molybdo-6-tungsto-silicic acid was prepared by dis­
solving 12.5 g. sodium molybdate and 17.1 g. sodium tung­
state in 100 ml. of water heated to 65 °. Then 5 ml. of con­
centrated hydrochloric acid was added dropwise with 
mechanical stirring, followed by 2.8 g. of sodium silicate 
solution (d. 1.375) diluted with a little water. Seventeen 
ml. of concentrated hydrochloric acid was added dropwise 
with vigorous stirring and the hot solution was filtered 
through asbestos to remove a slight precipitate of silica. 
After cooling, 22 ml. of concentrated hydrochloric acid was 
added and the clear solution was extracted with ether and 
the ether layer was purified as directed by North.5 The

(5) N o rth , in  B ooth  “ Inorgan ic  S yn theses," M cG raw -H ill Book 
Co., Inc ., N ew  Y ork, N . Y ., 1939, Vol. T, pp. 127-129.
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T a b l e  I
-P reparation-

Acid

N a2M o04 
-2 H 2O 
in  g.

N a 2W 0 4 
-2HaO 
in  g.

W ater- 
glass 

d . 1.375 
in  g.

Vol. of 
w ater 

ml.
Tem p.,

°C.

H4SiMoi204o 30 3.0 120 60
H4SiMo9W3O40 21 9.6 2.9 100 60
H4SiMoeW604o 12.5 17.1 2 .8 100 65
H4SiMo3W9O40 5.6 23.0 2.7 75 70
H4SiWi204o 30.0 2.5 60 100

Coned. ,--------------- -------------------A nalyses, % -------------------------
H C l, M 0 O3 W O 8 S i0 2
ml. Calcd. F o u n d Calcd. Found Calcd. F ound

48
44 63.1 68.5 34.0 28.8 2.9 2.7
39 37.3 36.2 60.1 61.6 2 .6 2 .2 ,
35 17.0 20.4 80.6 77.0 2.4 2 .7
32

resulting crystals were dried in a vacuum desiccator before 
use.

Analysis of the Catalysts.—A dried sample of each cata­
lyst was ignited below 400° in a porcelain boat and then 
heated to 270 ° in a stream of dry hydrogen chloride. This 
procedure removed molybdic oxide quantitatively6 as an 
oxychloride and weighing gave molybdic oxide by differ­
ence. Similarly tungstic oxide was removed at about 500 ° 
leaving a white residue of silica. The results are given in 
Table I.

Apparatus and Experimental Procedure.—The apparatus 
employed was that described by Marisic3 except that only 
one condenser loosely filled with glass wool was used to 
catch the condensable products, and the exit gases were 
analyzed. These gases were dried with phosphorus 
pentoxide, carbon dioxide was absorbed in soda lime, and 
“Hopcalite” catalyzed the oxidation of carbon monoxide 
which was then absorbed in soda lime. The two soda 
lime towers were weighed to 1 mg. before and after each

Temperature, °C.
Fig. 1.—Catalyst from H4SiMoi2O40 at space velocity: 

O, 6,850; CD, 13,700; ©, 24,000;.®, 26,200; *, 29,200; 
O, 32,000.

(6) T readw ell an d  H all, 14A naly tical C h em istry ,”  Vol. I I ,  7 th  ed.,
Jo h n  W iley an d  Sons, Inc ., N ew  Y ork , N . Y ., 1928, pp . 274 and  277.

run. Because of a better air regulator reproducible results 
were obtained with half-hour runs but otherwise the experi­
mental procedure and analysis of the products were identi­
cal with Marisic’s.

Experimental Data
Results for the air oxidation of naphthalene 

are given in Figs. 1-4.

Temperature °C.
Fig. 2.—Catalyst from H4SiMo9W8O40 at space velocity: 
0 , 13,700; Q, 24,000; • ,  29,200; O, 42,000; O, 51,000.

Carbon Monoxide from the Catalytic Oxidation 
of Naphthalene.—It was observed in preliminary 
runs on the 12-molybdosilicic acid catalyst that 
carbon monoxide makes up a considerable propor­
tion of the exit gases. In a series of runs at 476° 
the molar ratio of carbon dioxide to carbon mon­
oxide was found to be a function of the space 
velocity and fell from 2.89 at s. v. 3420 to 1.87 at 
8570, remaining constant at 1.87 up to a space 
velocity of 29,200.

This would seem to indicate that carbon mon­
oxide is produced in large amounts at some stage
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420 460 500 540
Temperature °C.

Fig. 3.—Catalyst from ILSiMoeWeC ô at space velocity: 
O, 8,900; O, 13,700; ©, 17,800; ®, 24,000; ©, 31,100; 
®, 37,800.

of the oxidation and that part of the carbon di­
oxide detected comes from the oxidation of carbon 
monoxide. Later expts. showed that these cata­
lysts are slightly active for the oxidation of carbon 
monoxide.

Effect of Carbon Dioxide.—It was found that 
the addition of carbon dioxide to the air-naphtha­
lene mixture suppressed the formation of maleic 
anhydride and increased the amount of phthalic 
anhydride. Using the catalyst from 12-molybdo­
silicic acid at 496°, space velocity 24,000 and an 
air/carbon dioxide ratio of 6/1, 53.8% of the 
naphthalene was converted to phthalic and 14.1% 
to maleic anhydride. This represents an increased 
phthalic yield of 13% over a run under the same 
conditions with pure air.

Oxidation of Phthalic Anhydride.—Weighed 
samples of phthalic anhydride were vaporized 
into the air stream and passed over the catalyst 
from 9-molybdo-3-tungsto-silicic acid under con-

T a b l e  II

Tem p.,
°C.

Space
velocity

,-----------P h tha lic  anhydride
P h th a lic  N o t C onverted 

anhydride , oxidized, to  maleic, 
g. % %

Burned,
%

485 24,000 0.2608 56 17.6 26.4
490 36,000 .2525 68 10.0 22.0
492 51,000 .3110 73 8.1 18.9

400 450 500
Temperature °C.

Fig. 4.—Catalyst from FkSiMoaWgCho at space velocity: 
O, 24,000; * , 29,200.

ditions comparable to those in the oxidation of 
naphthalene. The results of these experiments 
are presented in Table II (vol. of catalyst was 2 cc.).

Oxidation of Naphthoquinone-1,4.—Because it 
was suspected that naphthoquinone-1,4 might be 
an intermediate product in the formation of 
phthalic anhydride, small weighed samples were 
vaporized and oxidized over the 9-molybdo-3- 
tungsto-silicic acid catalyst as above. The 
amount of complete combustion at 500° and s. v.
24,000 was three times as much as naphthalene 
gave under the same conditions and the yield of 
phthalic anhydride was much smaller. These 
experiments seem to indicate that naphthoqui­
none-1,4 is not an important intermediate between 
naphthalene and phthalic anhydride.

Discussion of Results
The experimental results from this work seem 

to throw little new light on the mechanism of the 
catalytic oxidation of naphthalene. It seems 
likely that only a small part of the naphthalene is 
oxidized to phthalic anhydride via naphthoqui­
none-1,4. Possibly the other naphthoquinones,
1,2 and 2,6, may be intermediates, but the first 
decomposes at the melting point and the second 
was not readily obtainable, so neither could be
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T a b l e

C ata ly s t T em p., °C. Space velocity
12 Mo 523 29,000
9 Mo-3 W 495 42,000
6 Mo-6 W 438 37,800
3 Mo-9 W 375 24,000

12 W 410 Any or all

tested. It may also be concluded that perhaps 
all of the maleic anhydride results from the oxida­
tion of phthalic anhydride and that with a given 
catalyst the amount of maleic is a function of the 
space velocity. If the oxidation data for H4Si- 
M 0 9 W3O40 at 495° are plotted against space ve­
locity it can be seen that decreasing the time of 
contact increases the yield of phthalic at the ex­
pense of the maleic anhydride. At the same time 
the amount of complete combustion is essentially 
unchanged. This last fact together with the re­
sults from oxidizing phthalic anhydride seems to 
indicate that phthalic and maleic anhydrides 
are burned at approximately the same rate and 
that the reaction is not just a series of steps lead­
ing finally to complete oxidation.

The effect of catalyst composition is summa­
rized in Table III, giving conditions for optimum 
yields.

It may be seen that the effect of increasing the 
ratio of tungsten to molybdenum in these cata­
lysts is to lower the temperature for optimum 
yields of phthalic anhydride. The catalyst 9 
Mo-3 W gives a maximum yield of 61.6% phthalic 
anhydride, which is considerably better than the

III
P h th a lic

—:-------%  Converse
M aleic

ion to ----------------------------- -
C om plete com bustion

54.0 7.2 15.2
61.6 11.7
50.5 14.9 27.7
15.3 8.4 Very high

Practically complete combustion

54% for 12 Mo, at a temperature which is 28° 
lower. These two effects can hardly be explained 
by assuming a mixture of crystals of 12 Mo and 
1 2  W and constitute the strongest indication that 
the catalysts were prepared from mixed acid ions. 7

Summary
1 . A series of catalysts has been prepared from 

heteropoly acid crystals containing tungsten and 
molybdenum.

2. The activities of these catalysts have been 
studied for the partial oxidation of naphthalene.

3. The catalyst from KUSiMogWsCho gave con­
siderably higher conversion to phthalic anhydride 
than either of the parent acids, B^SiMo^Cho or 
H4SiWi204o.

4. The addition of carbon dioxide to this air 
oxidation reaction improved the yield of phthalic 
and decreased the yield of maleic anhydride.

6 . The catalyst from EUSiMogWaCho was em­
ployed in the oxidation of phthalic anhydride, 
naphthoquinone-1,4 and carbon monoxide.

(7) An unsuccessful a t te m p t  was m ade to  ob ta in  m ore d irec t evi­
dence for th e  existence of m ixed acid  ions by  m eans of th e ir  u ltra ­
v iolet absorp tion  spec tra .

B a l t i m o r e , M a r y l a n d  R e c e i v e d  M a y  11, 1942

[C o n t r i b u t i o n  f r o m  t h e  D i v i s i o n  o f  C h e m i s t r y , C o l l e g e  o f  A g r i c u l t u r e , U n i v e r s i t y  o f  C a l i f o r n i a ]

The Catalytic Interchange of Groups in Aliphatic Amines. I
B y K enzie N ozaki

A number of reactions are known in which the 
groups attached to a given kind of atom are ex­
changed between molecules under the influence 
of certain metal halide catalysts. Two thor­
oughly studied examples are the migration of 
alkyl groups in benzene derivatives, 1 and the re­
distribution of organo-metallic substances, re­
cently investigated by Calingaert and co-work­
ers. 2 The reactions so far observed have been

(1) (a) Jacobsen , Ber., 18, 338 (1885); (b) B uddeley and  K enner, 
J .  Chem. Soc., 303 (1935); (c) M oyle an d  S m ith , T h is  J o u r n a l , 59, 
1417 (1937).

(2) C alingaert and  co-w orkers, ibid., 61, 2748 (1939); 68, 947 
(1941).

confined almost exclusively to the exchange of 
groups attached to either carbon or metals. In 
this paper we wish to report a case where groups 
attached to nitrogen are exchanged.

It was found from preliminary experiments that 
when aliphatic amines are heated in the presence 
of metal halide catalysts, the alkyl groups and the 
hydrogen atoms attached to the nitrogen atom 
may be redistributed. In this redistribution proc­
ess, all the possible combinations of the alkyl 
groups and the hydrogen atoms with the nitrogen 
atom occur. Calingaert and co-workers found 
similar results with the metal alkyls. Since the
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interconversion of amines is of practical as well as 
of theoretical importance, it seemed worth while to 
study the reaction. In this paper some of the 
work which has so far been carried out is reported.

Experimental Results
Much of the work reported in this paper in­

volves the use of di-^-butylamine, which was 
chosen for study because it is relatively inexpen­
sive, has a moderately high boiling point, and can 
readily be separated from w-butylamine and tri- 
^-butylamine by fractional distillation.

Characteristics of the Reaction.—The reac­
tion described in this paper is apparently free of 
side reactions below 200°. Above this tempera­
ture a slow reaction occurs which produces a high 
boiling product. However, in all runs reported 
in this paper, the amount of this reaction was 
negligible. This side reaction, which is being 
studied further, is believed to be an alkylation of 
the alkyl groups of the tertiary amine.

During redistribution, the alkyl groups do not 
undergo the structural rearrangements which 
are often observed in Friedel-Crafts reactions.3 
Thus, careful observation of boiling points and the 
preparation of picrate derivatives has indicated 
that whenever a ^-butylamine was taken initially, 
the reaction products were ^-butylamines and 
ammonia. The absence of rearrangement within 
the alkyl groups during the redistribution of or­
gan ometallics has been reported.4

Experiments in Open Vessels.—Experiments 
were first carried out in which di-^-butylamine 
was heated with a catalyst at atmospheric pres­
sure. Under these conditions the ammonia which 
was formed in the reaction escaped and was lost. 
Thus equilibrium was never reached. However, 
the amount of tri-^-butylamine found at the end 
of any period of heating gave an indication of the 
amount of redistribution which had occurred.

In Table I are listed the results obtained when 
di-n-butylamine was refluxed with four different 
substances. It is observed that sulfuric acid 
has no catalytic effect and that the order of the 
catalytic activity of the metal halides, A1C13 >  
FeCl3 >  ZnCl2, is the same as has been found for 
the Friedel-Crafts and allied reactions. Since 
aluminum chloride was the best catalyst, it was 
used in all subsequent work. It should be men­
tioned that di-w-butylamine heated alone in a

(3) (a) Ipatieff, P ines and  Schm erling, J .  Org. Chem.., 5, 253 
(1940); (b) G ilm an and  Callow ay, This Journal, 55, 4197 (1933).

(4) C alingaert, B ea tty  and  Soroos, ibid., 62, 1099 (1940).

sealed tube at 300° for several hours showed no 
evidence of redistribution or decomposition.

T a b l e  I
T h e  A c t io n  o f  D i f f e r e n t  C a t a l y s t s  o n  D i - » - b u t y l -

AMINE
M oles of Com position of reac tio n  p ro d u c ts ,

C ataly s t

catalyst 
per mole 
of amine

Reflux
time,
min.

n h 2-
(C4h 9)

mole per cent. 
NH - 

(C4H9)2
N -

(C4H9)3

AlCla 0 .1 2 6 240 9 .7 7 4 .2 16 .1
FeCls .129 240 4 .6 8 9 .6 5 .8
ZnCl2 .124 240 2.1 9 5 .7 2.2
HsSO. .422 1500 0.0 100.0 0.0

In order to obtain some information concerning 
the nature of the reaction, experiments were car­
ried out in which the dependence of the rate of 
redistribution on the catalyst concentration was 
determined. It was found that when the quan­
tity of aluminum chloride added to a given 
amount of di-^-butylamine was doubled, the time 
necessary for a certain fraction to be converted 
into tri-^-butylamine was decreased to one fourth. 
For example, the periods of heating required at 
164° to produce 0.0072 mole of tri-^-butylamine 
in mixtures in which 0.0075, 0.015 and 0.030 mole 
of aluminum chloride had been added initially to 
0.119 mole of di-^-butylamine were one hundred 
and twenty, thirty and eight minutes, respec­
tively. These results seem to indicate that the 
reaction is of second order with respect to alumi­
num chloride concentration.

Experiments were next conducted to determine 
the effect of time of heating upon the amount of 
redistribution. In Table II are summarized the 
results of several runs in which 0.252 mole of 
aluminum chloride was added per mole of d\-n- 
butylamine and the mixture refluxed for theperiod 
given. It is observed that, although the rates of 
formation of w-butylamine and tri-w-butylamine 
were probably the same at the start of the reac­
tion, the rate of formation of w-butylamine fell 
off much more rapidly with time than that of 
tri-^-butylamine, and eventually the concentra­
tion of ^-butylamine started to decrease. Sub­
stitution of the data into integrated rate expres­
sions indicated that the rate of tri-w-butylamine 
formation fell off much more rapidly with time 
than it should have if the reaction were of first 
order with respect to di-^-butylamine concentra­
tion. The results of run 7 indicate that a nearly 
complete conversion of di-w-butylamine to tri-n- 
butylamine may be obtained when the heating 
is continued for a considerable period.
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T a b l e  II
T h e  A c t io n  o f  A l u m i n u m  C h l o r i d e  o n  D i -w-b u t y l -

AMINE AT THE BOILING PO IN T

0.252 mole of aluminum chloride added initially per
mole o f  amine.

Reflux
period,

R u n  m in.

Com position of reaction  products, 
m ole p e r cen t.

N H 2(C4H 9) N H (C 4H 9)2 N (C 4H 9)s

1 8 4.7 89.4 5.9
2 30 8.5 79.7 11.8
3 60 10.8 73.3 15.9
4 120 16.4 61.1 22.5
5 255 15.8 49.3 34.9
6 360 12.2 45.7 42.1
7 1440 0.5 15.9 83.6

Although the temperature coefficient of the re­
action was not determined, it was found that no 
redistribution occurred at room temperature. 
Only the starting materials could be isolated from 
mixtures of aluminum chloride and di-w-butyl- 
amine which had stood for ten days.

Experiments in Sealed Tubes.—In order to 
study the reaction further, experiments were 
conducted in sealed tubes. In this manner the 
presence of ammonia among the reaction products 
was shown. For example, upon heating a mix­
ture containing 0.045 mole of aluminum chloride 
and 0.18 mole of di-w-butylamine at 250° for 
1800 minutes, the products were found to consist 
of 20.4, 6.2, 26.8, and 46.6 mole per cent, of am­
monia, w-butylamine, di-w-butylamine and tri-n- 
butylamine, respectively. It was also shown that 
the same four products could be obtained by heat­
ing a mixture of ammonia and tri-^-butylamine 
with aluminum chloride. Thus a mixture made 
up of 0.040 mole of aluminum chloride, 0.014 mole 
of ammonia and 0.16 mole of tri-^-butylamine was 
found to consist of 5.6, 1.4, 5.0 and 88.0 mole per 
cent, of ammonia, %-butylamine, di-n-butylamine 
and tri-w-butylamine, respectively, after being 
heated at 250° for 1800 minutes.

In order to obtain a comparison of the reac­
tivity of the fz-butylamines and the ethylamines, 
di-^-butylamine and diethylamine were mixed 
separately with aluminum chloride in a mole ratio 
of 4 to 1 and the mixtures were sealed in tubes. 
After being heated at 190° for 1440 minutes, the 
tube to which di-^-butylamine had been added 
was found to contain 29 mole per cent, of tri-n- 
butylamine, while the tube to which diethylamine 
had been added was found to contain only about 
1 mole per cent, of triethylamine. Thus, there is 
a very large difference in reactivity between the 
two amines.

Discussion
The mechanism of the reaction reported in this 

paper probably involves the initial formation of 
complexes between the amine and the catalyst, 
in which the metallic atom of the catalyst shares 
the free pair of electrons of the nitrogen atom. 
The attachment of the catalyst undoubtedly 
weakens the other bonds of the nitrogen, giv­
ing polarized addition products of the type, 

R
R+— ”N : A1C13. This view is strongly supported 

R
by the work of Meerwein and co-workers5 on 
complexes between boron trifluoride and alcohols.

H
These complexes of the structure, R : Ö : BF3, were 
not only strong acids, but also good alkylating 
agents. It should be added that Dougherty6 had 
suggested some time ago that polarized or ionized

intermediates of the type, R— C1:A1C13, were in­
volved in the Friedel-Crafts reaction. It is not 
considered likely that actual ionization of an alkyl 
group as a cation occurs in our proposed complexes 
since there was no indication of rearrangement 
within a primary alkyl group such as w-butyl. 
According to the views of Whitmore,7 a rearrange­
ment to the secondary or tertiary form would be 
expected if an alkyl cation were formed.

Our work has indicated that the reaction is of 
second order with respect to aluminum chloride 
concentration. This suggests that two complexes, 
such as we have discussed above, are involved 
in the step during which exchange occurs. In this 
step a larger complex may be formed which is 
held together by the ability of each aluminum 
atom to attain a coordination number of five8 by 
sharing a pair of electrons of a chlorine atom at­
tached to the other aluminum atom. Evidence 
for the existence of large complexes made up of 
two molecules of aluminum halide and two or­
ganic molecules has been supplied by Kohler9 and 
more recently by Norris and co-workers.10 As­
suming that such complexes are involved, the role 
of the catalyst is not only to polarize the amine 
molecules, but also to hold them close enough to­
gether so that exchange may occur.

(5) (a) M eerw ein, Ber., 66B, 411 (1933); (b) M eerwein and  P ann- 
witz, J .  prakt. Chem., 141, 123 (1934).

(6) D ougherty , T his Journal, 51, 576 (1929).
(7) W hitm ore, ibid., 54, 3274 (1932).
(8) Pau ling , “ N a tu re  of th e  Chem ical B ond,” Cornell U niversity  

Press, I th aca , N . Y ., 1939, p. 362.
(9) K ohler, A m . Chem. J .,  24, 385 (1900).
(10) (a) N orris and  In g rah am , T his Journal, 62, 1298 (1940); 

(b) N orris and  W ood, ibid., 62, 1428 (1940).
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Experimental
Materials.-—The amines were all Eastman Kodak Co. 

products, and they were carefully fractionated before use. 
The aluminum chloride, ferric chloride, zinc chloride and 
sulfuric acid were anhydrous c. p . products and were used 
without further purification.

Experiments in Open Vessels.—The catalyst and amine 
were mixed, with considerable evolution of heat, and the 
resulting mixture was heated under reflux. In almost 
every case a two-phase system was obtained. In experi­
ments for which a constant temperature was desired, a 
large electrically heated oil-bath was used and the solution 
was frequently shaken. At the end of a definite period 
the mixture was cooled in an ice-bath and a considerable 
excess of aqueous sodium hydroxide was added. The 
amine layer was separated, washed with water, dried over 
potassium carbonate and finally fractionated.

For large quantities a fractionating column, 40 cm. long, 
13 mm. i. d., electrically heated, and packed with glass 
helices was used. However, many runs were made using 
only about 30 cc. of solution, and in such cases a Vigreux 
column, 25 cm. long, and of 8 mm. i. d., was used. The 
column was very efficient, and, in general, a reflux ratio of 
30 to 1 was maintained.

Experiments in Sealed Vessels.—-Pyrex bomb tubes 
were used in this work. Ammonia, if required, was added 
to mixtures by condensing the gas in the tubes, using a dry 
ice-alcohol bath. Sealed tubes containing the reactants 
were heated in an electric furnace. After heating, the 
tubes were cooled in a dry ice-alcohol bath and then 
opened. The contents of the tubes were poured into an 
excess of cold aqueous sodium hydroxide, and the amine 
layer was separated. The aqueous layer was extracted 
twice with ether, the ether extracts being added to the

amine layer. The aqueous layer was then distilled into a 
standard hydrochloric acid solution and the ammonia con­
centration was determined from the amount neutralized. 
The amine-ether fraction was dried over potassium car­
bonate and fractionated, using one of the columns described 
above.

Preparation of Picrates.—Although the boiling points of 
the amine fractions indicated that no rearrangements 
within the alkyl groups had occurred during redistribution, 
a check was desirable. This was done by preparing the 
picrates of amine fractions obtained by redistribution. 
Mixed melting point determinations with picrates prepared 
from amines obtained from the Eastman Kodak Co. indi­
cated that no changes had taken place within the alkyl 
groups. The picrates were prepared by mixing 1 g. each 
of picric acid and the amine and heating until a brown 
solution was obtained. Six cc. of ethanol was then added 
and the mixture cooled. The fine yellow crystals which 
formed were filtered, washed and finally recrystallized 
from ethanol. The picrates of w-butylamine, di-ra- 
butylamine and tri-w-butylamine melted at 151, 59 and 
105°, respectively.

Summary
It has been found that when aliphatic amines 

are heated with metal halide catalysts, the groups 
attached to the nitrogen are redistributed. This 
redistribution reaction has been studied with 
respect to the catalytic activity of several sub­
stances and the order of the reaction with respect 
to catalyst concentration. The mechanism of the 
reaction has been discussed.
D a v i s , C a l i f o r n i a  R e c e i v e d  F e b r u a r y  24, 1942

[C o m m u n ic a t io n  N o . 827 f r o m  t h e  K o d a k  R e s e a r c h  L a b o r a t o r i e s ]

Some Effects of Solvents upon the Absorption Spectra of Dyes. I. Chiefly Poly­
methine Dyes

B y  S .  E. S h e p p a r d , P. T. N e w s o m e  a n d  H. R. B r i g h a m

Introduction
To examine the effect of solvents upon the ab­

sorption spectrum of a substance, it is desirable that 
the spectrum should be measured originally for the 
substances present as a gas at low pressures and at 
temperatures comparable with those of the solu­
tions. This is far from easy with dyes, which pos­
sess rather large and complicated polyatomic mole­
cules . Low pressures and rather high temperatures 
are required to volatilize them. Also, they are very 
liable to decomposition (pyrolysis) with formation 
of colored (yellow to brown) reaction products.

Experimental
The dyes in which we are primarily interested

are photographically active sensitizing and de­
sensitizing dyes such as cyanines (polymethine 
dyes), and xanthene arid phenazine derivatives. 
Most of these are salts, and, while it was found 
possible to volatilize (sublime) a number of them, 
there was generally too much decomposition for 
satisfactory spectral measurement. Certain non­
saline m erocyanines first prepared by Brooker1 
could be volatilized at low pressures without con­
tamination. Because of the low pressures neces­
sary, a quite long optical path was used, viz., 
a 15-ft. tube, operated as an electrical resistance 
heater furnace by wrapping it with nichrome wire 
and asbestos (cf. Fig. 1).

(1) L. G . S. B rooker, U. S. P a te n ts  2,177,401-2-3.
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Fig. 1.—Diagram of vapor absorption apparatus: 1, spectrograph; 2, absorption tube with heating coils and insulation; 
3, Hyvac pump; 4, condensation pump; 5, trap; 6, McLeod gage; 7, lens; 8, diaphragm; 9, light source; 10, end 
guards.

The total pressure was about 0.1 /x; the partial 
pressure of the dye was not measured. Conse­
quently, we were unable to measure actual extinc­
tion coefficients, defined as

where c =  molar concentration, and d  =  thick­
ness in cm.

However, the envelope of the band spectrum 
could be measured spectrophotometrically in 
terms of optical density; after analysis, the rela­
tive extinctions of the band maxima were obtained.

XXIII

Beside the m erocyanines, XX III and XXXI (see 
above), measurements in the gas phase were made 

of 1 ,4-diam ino anthraquinone, of p-  
h 2^ O tolu idine azo-p-naphthol,

H3C- -N==N- and
/OH

H2N of in d igo . It is to be noticed 
further that, while absorption 

measurements were made at low pressures, the 
tem peratures were much higher than those in 
the solutions. This is more or less inevitable, 
since rough calculation shows that to obtain an

optical density of 1.0 at 25°, lengths of tube of 
the order of 107 to 1016 would be necessary.

Previous measurements on some vaporized dyes 
(indigo, alizarin, dianilidoanthraquinone) have 
been made by Koenigsberger and Küpferer.2

Representation and Analysis of Extinction 
Curves

A common graphic representation is a plot of 
eK ~  D x against X (wave length in m/x or A.). 
Curves of this type are shown for gaseous mero- 
cyanine (dye XXIII) and 1 ,4-diam inoanthra- 
quinone at different temperatures (cf. Fig. 2). 
Similar curves for m erocyanine (dye XXIII) dis­
solved in various solvents are shown in Fig. 3. 
However, for comparison and analysis of the ef­
fects of structural and environmental changes, 
there are many advantages in taking reciprocal 
values of the wave length as abscissas, as wave 
numbers 1/X in cm.”1. The use of log e as ordi­
nate is frequently useful, either to obtain compact­
ness, or to enhance the apparent strength of minor 
bands3; ex is a quantity having no dimensions, 
and representing the probability  of the event oc­
curring at the value X.

The curves shown in Figs. 2 and 3 are only the 
envelopes of a definite group of related bands; 
in some cases, one or more of the subsidiary peaks 
are clearly defined; in others, they may be present 
only as a hump or shoulder, or merely as a strongly 
marked asymmetry of the extinction curve. 
Changes of environment may affect the relative 
sharpness and strength of the individual bands.

Such band complexes may be analyzed by semi- 
empirical methods, assuming that the e ( ~  prob-

(2) J . K oenigsberger and  K . K üpferer, A n n . P hysik, [4] 37, 601 
(1912).

(3) G. N . Lewis an d  M . C alvin, Chem. Revs., 25, 310 (1939).
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Fig. 2.—I, Merocyanine gas at 1, 228°; 2, 250°. II, 
1,4-diaminoanthraquinone gas at 1, 135°; 2, 154°; 3, 
168°; 4, 183°; 5, 195°.

400 450 500 550 600
Wave length in millimicrons.

Fig. 3.—Merocyanine in 1, methyl alcohol; 2, w-hexane; 
3, carbon tetrachloride; 4, quinoline; 5, methylene iodide.

ability of absorption) values are distributed about 
a maximum, usually according to a Gaussian func­
tion. We have used the method originally in­
troduced by Henri,4 and by Henri and Bielecki.5 
Their function

GV =  ke~~ [(^o — y)2] /2 a 2 o r  y  — k e — x 2/2a?

where k  is the ordinate, e„0, at the center of the 
distribution curve, i . e., when x =  vi — v =  0 and 
2a  is the breadth at a value 0.606 k y and ev =  the 
molar extinction coefficient.

It was observed that in the organic solvents em­
ployed, Beer’s law is generally followed by these 
dyes.

In Figs. 4 and 5 are presented comparative ex­
tinction curves for the m erocyanine dye—and d i-

(4) V. H enri, P h ys ik . Z ., 14, 516 (1913).
(5) J . Bielecki and  V. H enri, Comp, rend., 158, 1114 (1914).

am inoanthraquinone—in which the analyzed com­
ponents of the envelope are indicated.

Fig. 4.—Analysis of merocyanine absorption.

525 625 725
Frequency X 10“ 12.

Fig. 5.—Analysis of 1,4-diaminoanthraquinone absorption 
(gaseous).

The data indicate that the band group persists 
as a whole in different media, and is displaced as a 
whole, not only with the merocyanine XXIII, a 
polymethine dye, but with diaminoanthraquinone, 
representing a quite different class. This con­
clusion is supported by graphic representation of 
the intensity ratios in the spectrum shown else­
where.6

The persistence of this group of bands, adjacent 
to the band of maximum intensity, in the gaseous 
state, and in organic solutions, wherein Beer’s 
law is followed, is of considerable importance. 
In aqueous solutions the ratio of intensities of 
the bands may change with the concentration. 
The auxiliary bands have been attributed to poly­
mers of the single dye molecules.7 But it is evi­
dent that this is incorrect, since these bands are

(6) S. E . S heppard , R . H . L a m b e rt an d  R . D . W alker, J .  Chem. 
Phys., 9, 96 (1941).
‘ (7) G. Scheibe, K o l l o i d - Z 82, 1-14 (1938).
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definitely present both in the gaseous state and in 
organic solutions following Beer's law. They 
correspond, therefore, to electronic transitions 
proper to the individual molecule, and all that can 
be said is that aggregation or polymerization may 
change the relative probabilities of these transi­
tions.

The wave-number differences between succes­
sive bands in the polymethine dyes range from 
900 cm.-1 to 1700 cm."1; these are of the same 
order as such differences in the polyenes and linear 
benzenes.

Effect of Temperature on Solutions
A considerable range of temperature is open to 

study with solutions of dyes in organic solvents. 
A mixture of ethyl alcohol and ether is a good sol­
vent for many cyanine (polymethine) dyes. The 
most evident effect is to sharpen the band compo­
nents as the temperature is lowered, or conversely, 
increased diffusion as it is raised. This can be ex­
pressed to some extent quantitatively as the 
change of emax with temperature. Here it is most 
useful to plot log emax against l/T , where T  is the 
absolute temperature, and characteristic curves 
are shown for several cyanine (polymethine) dyes 
(Fig. 6). The increased sharpening at lower tem­
perature is due to reduction of rotational and vi­
brational energies, which cause the diffusion of the 
individual band. As very low temperatures are 
approached, this elimination becomes less, and 
the sharpening—shown by increase of €max and

T, °C. T, °C.
©$ cq

t>» t—I t—I rH  I >  rH  rH iH§ I i I I g I I ! I

Fig. 6.—A = Dye XVIIIa; B = Dye XVIa; C = Dye 
XlXa; D = Dye Va; E = Dye XXa; F -  Dye XVIIa.

reduction of the half-width of the band—asymp­
totically approaches a limit, or a maximum. This 
latter phenomenon is very possibly due to separa­
tion of the dye from solution, but further study is 
required.

There is liable to be a specific effect in aqueous 
solution, namely, a redistribution of intensities 
in the band complex. In consequence of this, the 
extinction coefficient €max of the long wave band 
tends to increase with rising temperature.

Comparison of Solvent Effects
There are at least two parameters for which 

solvent effects on absorption could be evaluated, 
viz., in respect of band strength J*edv and band 
position—vmax or Xmax. In.regard to the former, 
Chako8 made a comparison of expressions for band 
strength for a large variety of organic substances, 
but not including dyes, in various solvents. The 
principal expression, derived from classical theory, 
evaluates the influence of neighboring molecules 
due to the Lorentz-Lorenz force, i .  e., the force 
coming from the polarization of the surrounding 
molecules. According to this, if Fs is the transi­
tion probability in solution, and Fg, that in the gas 
state, then

-  " - ( s m s - - )
where n0 is the refractive index of the solvent. 
Chako concluded from his review that 4‘it is im­
possible to account for the influence of the sol­
vent through the Lorentz-Lorenz force."

If the width of the absorption band in the dif­
ferent solvents is constant, we can substitute 
emax for J 'e d v , and should have 

9
€max 7 n j ov9 ““ COIlStcltlt(wo2 +  2 )2

This has been computed for the merocyanine in 
various solvents having values of no ranging from 
1.327 to 1.576. The calculated values of egas 
varied from 3 X 104 to 6 X 104. Some improve­
ment occurs by evaluating the band strength Fs, 
but far from sufficient to account for 100% varia­
tion of egas.

Displacement of Bands
In 1878 Kundt9 concluded that with increasing 

(partial) dispersion of the solvent the absorption 
maximum of a dye is shifted toward longer 
wave lengths. Usually, the refractive index wD is

(8) N . Q. C hako, J .  C h e m . P h ys ., 2, 644 (1934); cf. also, R . S. 
M ulliken an d  C. A. R ieke, “ R ep o rts  on Progress in  P hysics,” Vol. 
V III , 1941, pp . 234-236.

(9) A . K u n d t, A n n . der P h y s ik  un d C hem ie, 4, 3 4 -5 4  (1878).
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T a b l e  I
D i s p l a c e m e n t  A v i n  c m . " 1 C a l c u l a t e d  f r o m  A v =  a  (1 — l / K )

V apor -----------------------------------------------------------------Solvent----------------------------
. ’’max 
m  cm. obs.

C eH u-------- ,
calcd.

,----- —CeHl2----- —
obs. calcd. obs.

■ecu----- ,
calcd.

,-------- CfiHe
obs. calcd. obs.

-CS2-----------
calcd.

39540 278 320 278 350 440 380 365 400

27933 2566 2760 3166 3450 4033 3710

25000 3261 3100 3724 3660 3495 3880 4167 4170

21276 1668 1920 1859 2110 2228 2260 2408 2400 2928 2570
(18692) 1240 1260 1240 1350 1539 1450

S o lu te

Benzene 
Diphenyl-octa- 

tetraene 
p-T  oluidine-azo 

naphthol 
Merocyanine 

XXIII 
Cyanine IVb

considered instead of the dispersion. Numerous 
exceptions were observed, but chiefly for the ultra­
violet absorption bands of substances other than 
dyes.

However, we found that if we definitely sepa­
rate non-polar from polar solvents, Kundt’s rule 
holds quite well, not only for dyes but for certain 
hydrocarbon prototypes, such as the polyenes, 
polyphenyls, and lin -benzenes. In many cases, 
the relation of y mSLX to n D is approximately linear 
—including the gaseous state with =  1.00 (cf. 
Fig. 7). A relation between Amax and the d i­
electric constant K  was examined also for the mero- 
cyanines in non-polar media.

Simple electrostatic considerations10 suggest 
that the change of energy required to displace an 
electron in a medium of dielectric constant K  
compared with that in a vacuum would be given 
by the relation

Hence, for the displacement of an absorption band 
in a solvent of dielectric constant K ,  we should 
have Av =  a (  1 — (l/K )), for constant r. Keep­
ing to non-polar solvents, values are given in Table 
I for near ultraviolet bands for aromatic hydro­
carbons, and a diphenyl polyene, and for visible 
bands of certain dyes.

It is thought that somewhat better agreement 
might be obtained if variation of a, the molecular 
radius parameter, could be allowed for. One or 
two calculations for benzene, using the volume 
change on mixing, indicate this.

Effect of Polar Moment
An over-all survey of our data for the merocy­

anine seemed to indicate that no direct and simple 
relation between the band displacement and the 
polar moment could be observed. However, on 
analyzing the results in terms of families of homol-

(10) A. F . Joffe, “ T he  Physics of C rysta ls,” M cG raw -H ill Book 
Co., Inc ., New Y ork, N . Y ., 1928, p. 140.

ogous compounds, in general, of increasing chemi­
cal complexity, certain regularities became ap-

Fig. 7.—1, Merocyanine (gas) in  vacuo; 2, in w-hexane; 3, 
in CC14; 4, in C6H6; 5, in CS2 (non-polar solvents).

parent, as exhibited in Tables II, III, IV, and
V. The displacement changes but slightly in 
this series and accords with the change of dielec­
tric constant.

T a b l e  II
A l ip h a t ic  H ydrocarbons

S ubstance
Xmax

in  m/x in  c m .-1 « D K
«-P en tane 510 1668 1.358 1 .80 0

«-H exane 510 1668 1.375 1 .8 7 0

«-O ctane 514 1821 1 .394 1 .96 0

«-D ecane 515 1859 1.409 1 .95 0

«-D odecane 515 1859 1.423 0

«-T etradecane 517 1934 1.430 0

Cyclohexane 515 1859 2 .0 5 0

C arbon te trach lo ride 524 2192 1 .458 2 .2 0 0

C arbon disulfide 545 2928 1.629 2 .6 5 0

T a b l e  III
A l k y l  E t h e r s

E th er m̂ax
Av

in cm. “ 1 n D K  (A x 101s
Diethyl 520 2045 1.351 4.33 1.12
Dibutyl 520 2045 1.398

T a b l e  IV
A c e t a t e s

A cetate m̂ax
Av 

in cm. 1 wD K  n X 1018
Methyl 530 2408 1.361 7.30 1.74
Ethyl 530 2408 1.374 6.40 1.81
«-Propyl 530 2408 1.384 6.30 1.78
«-Butyl 530 2408 1.394 5.0 1.84
«-Amyl 530 2408 1.405 5.1 1.91
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Table V 
Alkyl K etones

AvKetone in cm. "J «1. K ft X 1018
Acetone 535 2584 1.356 21 .4 2.74
Diethyl 535 2584 1.393 17.3 2.74
Di-«-propyl 535 2584 1.407 12.6 2.73
Methyl-«~hexyl 535 2584 1.416 10.7 2.70

To these series the alcohols (Table VI) form an 
exception in the sense that they give a larger 
displacement while having a lower polar moment 
than the acetates, ethers and ketones.

T able VII
A liphatic A rom atic 8( A/;)

v m  cm. ft v in cm. 1 ft c m ._l
Hydrocarbon 19600 0 18868 0 to 0.4 732
Ether 19231 1.12 18519 1.05 712
Ketone 18692 2.73 18348 2.74 344
Alcohol 18018 1.70 17689 1.69 329

A fairly regular progression of the displacement 
with the polar moment was observed with the 
amines (including certain heterocyclic bases— 
piperidine, pyridine).

Table VIII
T able VI D ye XXIII in Amines and N itrogenous Bases

Solvent

Substance m̂ax
Av

in cm.-1 njy K ft X 101*
(Nitrogen)®
Triethylamine

Methanol 558 3355 1.327 33.1 1.68 Diethylamine
Ethanol 555 3258 1.360 26.5 1.70 Piperidine
«-Propanol 555 3258 1.383 26.0 1.66 ( «-Amylamine
«-Butanol 555 3258 1.397 17.8 1.65 i «-Butylamine
Iso-amyl alcohol 555 3258 1.408 15.3 1.70  ̂«-Propylamine
«-Heptanol 555 3258 1.425 6.7 1.71 gthylamine

It is interesting to compare the values for ali­
phatic with aromatic groups of the same character.

0

Fig. 8,-

1 2  3 4
m X 1018.

Merocyanine in polar solvents: 1, aliphatic series; 
2., aromatic series; 3, amino bodies,

ft X i/x Al/X
0 20876 400
0.8 517 19342 1934
1.0 to 0.90 527 18976 2300
1.17 532 18797 2479
1.30 532 18797 2479
1.30 532 18797 2479
1.30 532 18797 2479
1.30 535 18692 2548
1.50 548 18248 3028
1.54 560 17857 3419
1.77 565 17699 3577
1.72 542 18450 2826
2.16 553 18083 3193
2.11 550 18182 3094

Ammonia
Aniline
tf-Chloroaniline 

( a-Picoline 
\ Quinoline 
l Pyridine
° Values for N2 (nitrogen) by extrapolation.

A plot of the results so far is shown in thé fol­
lowing graph (Fig. 8 ). This exhibits the follow­
ing features: (i) progressive increase of the dis­
placement A with K } (dielectric constant) for 
non-polar liquids (/x =  0); (ii) progressive in­
crease of A with /x for the aliphatic series Hydro­
carbon —» Ethers —» Alkyl acetates —> Ketones —>
Nitro-CWH2 n +  1* The alcohols form an out­
standing exception. There is a distinct tendency 
for the sequence to give either two lines of differ­
ent slope or perhaps to approach a ‘‘saturation” 
value, (iii) Starting with benzene (/x =  0), the 
same types of compounds give, in part, a linear 
array of the same slope, but with a constant dif­
ference. Again, there is a well-marked trend or 
branch, of lower slope; the convergence of this 
with the “aliphatic” series, at the nitro-anisole 
“value” may be coincidental. It seems possible, 
however, that with the higher bond moments, 
e. g.y —C (—N02), this becomes of preponderant
effect, and that a “saturation” limit is approached.

/R i
(iv) The series of amines, N^-R2 (including NH 3

XR3
and HN =  C5H10 (piperidine), gives a linear se­
ries; the line extrapolated back to n =  0  gives a



Dec., 1942 E f f e c t  o f  S o l v e n t s  o n  t h e  A b s o r p t io n  S p e c t r a  o f  P o l y m e t h in e  D y e s 2929

displacement corresponding approximately with 
that to be expected for liquid nitrogen (K  =  
1.47). While these results indicate definite regu­
larities, it must be noticed that very definite 
exceptions occur. Thus, the alcohols give values 
quite out of proportion to their mean (molecular) 
moments: Aliphatic/x =  ~  1.70 A =  3260cm."1, 
aromatic i± =  ~1 .70  A =  3240 cm."1. (Roughly 
as though the aliphatic alcohols had three times 
the monomeric moments, the aromatic, twice the 
measured moment.) Another group of related 
compounds which appears at first to defy reduc­
tion to order is that of the alkyl halides. The 
measurements so far obtained are given in Table 
IX.

T able IX
H alides of M ethane and Ethane

ACI ABr AI
c h 3x 992 2757
c h 2x 2 2757 3094 3419
CHX3 2928 2479cx4 2228
CH3CH3 ..
c h 3c h2x 2408 2300 2689
c h 3c h x 2 2584 2757
CH3CHX3 2408
c h 2x c h 2x 2757 2757
c h 2x c h x 2 2826 2995
CH2XCHs
CHX2CXs 2654
CX3CXS .. .. ..

When these are plotted as functions of the aver­
age moments (best available values at 25°), it 
will be seen that something like a peculiar “shot­
gun pattern” is obtained. (The oblique line is the 
principal aliphatic line repeated from Fig. 9.) It

1 2  3
ix X  1 0 18.

Fig. 9.—Merocyanine in alkyl halides: A, principal ali­
phatic curve.

would appear evident that very specific—even 
individual—combinations of the molecular forces 
are required to account for these results.

Basicity and Acidity of Solvents
The avidity of a molecule for a proton (H+ 

ion) is termed its basicity,11 and, conversely, its 
facility in donating one to another molecule, its 
acidity. As is well known, quantitative measures 
of these values depend upon the solvent. For ex­
ample, in water there is possible a p H  range from 
0 to 14; superacid solutions can be made in acetic 
acid plus acetic anhydride, but the relating of these 
to the water scale values is a matter of consider­
able uncertainty.

The relations of proton addition to the con­
stitution and color of dyes is per se outside our 
subject.12 However, two aspects of it affect the 
question of solvent influence, in particular with 
certain dyes which we have used.

Evidently a comparison of the basicities or acidi­
ties of our “solvents” obtained with these as 
“solutes” in a common, solvent medium, e. g., 
water, or acetic acid will only give their relative 
order in the common medium. It will not give 
much, if any, information as to the absolute 
basicities or acidities of these solvent molecules 
in the presence only of their own congeners. It is 
none the less interesting to note that with two 
merocyanines (XXIII and XXXI) the displace­
ment parameter varies in a very similar fashion 
with the (aquo) basicity figure.13 The behavior 
of merocyanine XX III with definitely acidic solu­
tions and solvents may throw some light on the 
problem. First, in the series of media

Water Water: h 2so4---->  H2S04
dilute cone.

ƒ h 2so 4\so3
the curves in Fig. 10 show a certain swing be­
tween two systems. Thus, in water the absorp-

400 450 500 550 600
Wave length in m/x.

Fig. 10.—Absorption curves of merocyanine XXIII: 1, 
in water; 2, H20  and H2S04; 3, H2S04; 4, H2S04 and S03.

(11) J. N . B rönsted , Z .  angew . C h em .t 43, 229 (1930).
(12) G . Schw arzenbach, Z .  Elektra chem., 4?, 40-52 (1941).
(13) N. F . H a ll, T h is  J o u r n a l , 62, 5115 (1930).
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tion curve is much the same as in alcohol or other 
hydroxylated solvent. And this is also the case 
in itia lly  in concentrated sulfuric acid, which is

perhaps behaving as 02S-: / ° H
X)H

However, on

standing, the absorption system in the visible re­
gion disappears, to be replaced by a powerful sys­
tem on the violet edge of the visible region and in 
the ultraviolet with its longest wave band at 
4150 A. By neutralization, the absorption in the 
visible region is restored, but to that in dilute sul­
furic acid rather than to that in water alone. The 
absorption in dilu te  sulfuric acid is remarkable as 
giving a maximum at ca . 4600 A. (see Fig. 10) 
which appears identical with that given by the 
dye in fo rm ic  acid—but not in the other fatty 
acids.

On considering the formula for merocyanine 
XXIII, it seems possible 
that the initial addition 
of a proton can give the 
alternative structures (a) 
and (b).

Owing to the instability of the = O H + grouping, 
the left-hand configuration would have consider­
ably higher energy, and the passage from the mero­
cyanine would involve “reversed halochromy”— 
hence the band at shorter wave length, 4600 A. 
The behavior of the lower homologous fatty acids 
is interesting; the absorption curves are shown in 
Fig. 11. In order to remove traces of water, a 
small amount of acetic anhydride was added. It 
will be seen that the spectrum in formic acid is 
quite distinct from that in the higher homologs, 
while that in acetic acid shows a tendency to an 
intermediate type, with enhancement of a band 
at about 4800 A. The position of the longest wave 
band, as shown in the table (Table X) is prac­
tically the same as that in the alcohols (588-555 
m/x) so that these “associating” acids show the 
same tendency to behave as if having a much 
higher moment than that of the monomeric mole-

(a) (b)

And there might be actually resonance (mesom- 
erism) between these structures, by which is 
developed the band at 4600 A. in dilute sulfuric 
and in formic acid. M. L. Huggins has suggested 
the alternative possibility of the 8-ring shown 
below

Table X
M erocyanine XXIII in  F atty Acids

Acid \ m in  mu A v

Formic 460 . . (1.2)
Acetic 480 557 3350 1.4
Propionic 555 3258 1.74
w-Butyric 555 3258 1.4
w-Valeric 560 3419 (0.9)

cule. Usually it appears that the moments of 
the polymers in associated liquids are reduced or 
entirely internally compensated. It is interesting 
that abnormal “displacements” of the same order 

are produced by ethyl acetoacetate, acetyl- 
acetone, and acetonyl acetone—all liquids 
in which the existence of similar con­
figurations, potentially mesomeric, is 
highly probable. This general simi­
larity is brought out in Table XI.

The “odd” behavior of formic acid 
is perhaps to be attributed to much 
higher “acidity” in the dimeric state, 
with ionization of the —CH and forma-

with the same type of mesomerism over a wider 
circuit. This requires a slightly greater strain 
on the bond angles involved, to about 129°. 
Another configurational treatment is suggested 
in the following resonance scheme.

tion of dicarbeniate ions H+
. • \ d—H-~0^

C H+

also, ethyl acetoacetate, if accounted as acetate es­
ter, has a high moment—2.93 compared to 1.8.
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Substance

Water

Alcohols

Fatty acids

Ethyl acetoacetate

Acetylacetone

Acetonylacetone

R

T a b l e  XI
“ H i g h ”  D is p l a c e m e n t s

T au tom er o r P olym er D ipole m om en t fi

/H
-R 1.84

'H
(or chain)

—o / H^>o—I

A O bserved A calcd. from  /*

3419 2200

Rv / E  /R
N o /  ' ' o /  

h< N h 
/O C

r /  \ h X XR 
(or chain)

/yO H Ck
R— >C—R 

x O—H—O*

CHS—C=CH—C—O Et
I II

0  ------------H—O
CHs—C=CH—C—CHs 

Ó-----H—I)
CHs—C=CH—CH=C—CHs

1 I
O-

1.70

1.4 to 1.70

(2.93)

3.00

2.8

3258

3258

2757

3193

2757

2300

2300

2400

2750

2680
-H- ~0—H

Its “displacement” is about normal 
for it£ moment, but abnormal as an 
ester. Acetylacetone, so near in 
structure, has a slightly high mo­
ment as a ketone, but a “displace­
ment” which is high both for the 
keto structure and for its moment

Some Observations with Merocyanine Dye XXXI
We come now to some observations on a dye, 

representative of a class first prepared by Brooker, 
Sprague, Smyth and Lewis14 which, while spe­
cifically a merocyanine, is especially interesting 
as being at the same time an ansolvo-base of an 
actual cyanine; Dye XXXI is

Although having a very similar configuration to 
merocyanine XXIII, with the same length of con­
jugate chain between the key atoms in each case, 
the maximum absorption is very definitely dis-

Brooker and his collaborators have shown that 
this base gives rise to “reversed halochromy,” in 
that, on salt formation, by combination either 
with alkyl halide, or with acid (thus forming a 
cyanine), the main absorption shifts not to longer 
but to shorter wave lengths than for the base itself.
To the base can be attributed two principal limit 
structures

(14) L. G. S. B rooker, R . H . Sprague, C. P. S m yth  and G. L. Fig. 11 .—Merocyanine XXIII in fatty acids: 1, formic; 
Lewis, T h is  J o u r n a l , 62, 1116 (1940). 2, acetic; 3, propionic; 4, w-butyric; 5, «-valeric.
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placed to higher frequencies than that for XXIII, a 
fact which may be attributed to the lower sta­
bility of the negatively charged N atom in (b) 
compared with the negatively charged O atom of 
XXIII. While XX XI can be volatilized at low 
pressures, so far we have not succeeded in ob­
taining a satisfactory value for the absorption 
curve in  vacuo because of too considerable de­
composition. At present actual “displacement” 
values cannot be given for the solvent influence, 
but instead the absolute values of l / \ m may be 
compared; and, owing to the complexity of the 
absorption spectrum, it is not always easy to be 
sure that the comparison is  being made for the 
same member of the band complex.15 The largest 
complicating factor is the “acidity” of the solvent, 
whether derived from extrinsic hydrogen ions 
(acid) or the intrinsic “acidity” of the liquid sol­
vent molecules. It is a complicating factor be­
cause, by salt formation and development of one 
full charge, a true cyanine is developed, which, 
however, (reversed halochromy) has its absorp­
tion at higher frequencies than the base. The 
addition of another proton, giving two full 
charges, results in discharge of visible color, by 
blocking the resonance. Where possible, to assure 
the presence of the dye as free base, we may add a 
small amount, comparable with that of the dye, 
of a base such as diethylamine, following the pro­
cedure of Brooker, et a l ., for methyl alcohol. The 
following table (XII) shows that in non-polar sol­
vents the absorption band is displaced steadily 
toward the red with increase of dielectric constant 
(and refractive index) of the solvent.

The values with “+  d. e.” indicate controls 
with the addition of diethylamine to ensure re­
moval of the “acid” form. In order to control 
the origin of such values, some of the free base

/* X 1018.
Fig. 12.—Merocyanine XXXI in polar solvents: 1, ali­

phatic series; 2, aromatic series.
(15) C om pare th e  band system  of m erocyanine X X III .

Table XII
D ye XXXI in  N on-Polar Solvents

Solven t K fi X 1018 Xm> « xm, 0
«-Hexane +  d. e. 1.87 0 480 450
«-Decane -J- d. e. 1.95 0 482 455
Cyclohexane +  d. e. 2.05 0 480 455

480 455
Decalin 2.15 0 460
Carbon tetrachloride 2.20 0 490 465
Benzene +  d. e. 2.38 0 495 470

495 470
Carbon disulfide 2.65 0 510 478

was converted to the methiodide, as described by 
Brooker, Sprague, Smyth and Lewis. As they 
observed, the absorption of the “salt” is gener­
ally identical with that of the alkyl halide, but in 
certain solvents the methiodide gave a maximum 
at a somewhat longer wave length than the simple 
salt. It may be noted in advance that both the 
H-salt and the methiodide behaved like other 
full cyanine dyes in showing very little effect of 
polarity of solvent on the position of the absorp­
tion maximum.

In the following table (XIII) are summarized 
positions of the a -band maximum in a series of 
aliphatic solvents used with Dye XXIII.

T able XIII
D ye XXXI in  Aliphatic Solvents

Solvent fi X 1018 Xm Xm
Base Acid

Hexane 0 20833
Ethyl ether 1.12 20408 490 475
Alkyl Acetate 1.74 to 1.90 20202 495
Alkyl ketone 2.7 20202 497 478
Propionitrile 3.4 to 3.66 20000 500
Nitromethane 3.8 [20000] ?

In the next table (XIV) a comparable series of 
aromatic solvents is presented.

T able XIV
D ye XXXI in  Aromatic Solvents

l Xm
Solvent fi X 1018 Xm Base

Benzene 0 20202 495
Diphenyl ether 1.05 19800 -<—  505
Phenyl acetate 1.50 19608
Bènzophenone 2.95 19724 507
Nitrobenzene 2.90 [20202]

The “aliphatic” and “aromatic” series plotted 
in Fig. 12 show a general similarity with the cor­
responding series for merocyanine XXII; some 
deviations may be due to incomplete suppression 
of the salt form of XXXI. For example, in n itro ­
methane the dye is definitely present for the most 
part in that condition. The addition of a drop of
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diethylamine produces a quite transient deepen­
ing (reddening) of color. In nitrobenzene this deep­
ening is more persistent and allows a value for 
XXXI (base) in this solvent. We have assembled 
also the results with Dye XXXI in associated and 
tautomeric solvents (Table XV).

T a b l e  X V

Solvent n  X 1018
l

Xm

T race

Base Acid

Water 1.90 19800 505
Alcohol 1.68 19800 505 482
Benzyl alcohol 1.69 194Ï7 515
Ethyl acetoacetate 
Acetyl acetone

2.93
3.00 490

As in the case of merocyanine XXIII, the fre­
quency is much lower than would correspond with 
the moment, except for benzyl alcohol.

It seems reasonable to regard the initial red 
displacement (bathochromy) as the same effect 
of the solvent as that upon merocyanine XXIII. 
This is supported by the fact that the slopes 8v/dju 
are the same in both cases, viz., 350 cm.-yiju. 
But in the case of merocyanine XXXI, the sol­
vents with the higher moments tend to stabilize 
the acid, or rather salt, form of the dye.

Ionized Cyanine Dyes
Dye XX II—the methiodide of XXXI—and 

the H-salt behave as cyanine dyes with a one 
full positive charge in respect of solvent action. 
Features of this behavior are low solubility in non­
polar solvents (but increasing somewhat with 
increase of dielectric constant) and relative inde­
pendence of the spectrum of the moment of polar 
solvents (see Tables XVI and XVII).

T a b l e  XVI
D y e  XXXII i n  S o l v e n t s

Solvent K fl X 1018 1/Xm (cm. “ !

Carbon disulfide 2.65 0 20000
Benzene 2.38 0 20202
Ether 1.12 Insoluble
Alkyl acetate 1.74 20620
Ketone 2.74 20747
Propionitrile 3.50 20830
Nitromethane 3.80 20620

Comparing a symmetrical with an unsymmetri­
cal dye, the independence of the band position in 
polar solvents was confirmed.

T a b l e  XVII
D ye 1/X (A liphatic) 1/X (A rom atic)

(Sym.) Ia  17270 ( ±  100) cm. ~i 10960 ( ±260) cm. ~i
(U nsym .) X V b 20000 ( ±  90) cm. ~i 19600 ( ±  94) cm. - i

The possibility that the solvent effect (of polar

moment) might vary with the length of the con­
jugated chain between the nuclei was tested with 
three thiacyanine homologs. No difference was 
observed.

Alkyl Halides
In this group of solvents the behavior of the 

cyanine (ionized) dyes is more analogous to that 
of the merocyanines. The displacement is very 
variable, and seems to bear no direct relation to 
the dipole moment of the solvent nor to the di­
electric constant. Using the (symmetrical) dye

Ia, there appears to be a rather significant ad­
vance in the magnitude of the “displacement” on 
passing from chloride —> bromide —» iodide, as 
shown in Table XVIII.

T a b l e  XVIII 
H a l i d e s  o f  M e t h a n e

ACI ABr AI in cm . "

c h 3x 610 1182
c h 2x 2 550 844 1400
CHXa 990 1400
CX4 1130

H a l i d e s o f  E t h a n e

CHsCHaX 550 786 844
CH2XCH2X 550 1030
c h 2x c h x 2 610 844
c h x 2c h h 2 640 1130

Discussion
The effect of solvents in displacing an absorp­

tion band may be attributed to van der Waals 
forces of three principal types: (i) dipole induc­
tion; (ii) orientation of permanent dipoles; (iii) 
mutual induction of electron clouds (dispersion 
forces). Of these, the first should be effective with 
dye molecules capable of a dipolar structure. The 
distance law is F  oc 1/r6, and the electric forces 
operative between solute and solvent are not very 
powerful. The temperature coefficient is slight. 
The behavior of merocyanines in “non-polar” sol­
vents may derive largely from this, but in part 
from “dispersion” forces, and to some extent from 
partial moments of the solvent molecule made 
effective by specific orientation.

The orientation of permanent dipoles permits 
more powerful intermolecular electric forces, the
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distance law being F  oc 1 ,/rz. The temperature 
coefficient would be large; rise of temperature 
would disrupt orientation, and lower the “displace­
ment” produced. This effect might be expected 
to diminish, the higher the polar moment of the 
solvent, and the nearer to saturation. How far 
“dispersion” forces can be expected to produce a 
displacement is uncertain. They have been in­
voked as favoring dimerization of dye cations, 
and thereby (in dimerization) coupling of vibra­
tions with electronic transitions. The character­
istic difference between aromatic and aliphatic sol­
vents of the same chemical type certainly seems to 
indicate a specific “displacement” effect, which 
indeed persists with ionized cyanine dyes.

The merocyanines XXIII and XX XI are dyes 
of the type termed by Dilthey and Wizinger16 
“intramolecular ionoid,” that is, they can be 
ascribed in ordinary valence symbols two struc­
tures; one a hybrid ion and the other neutral.

Et Et

In general, in such molecules the two structures 
represent considerably different energy levels; 
depending upon the characters of the terminal 
nuclei A and B, one or the other may principally 
constitute the ground level, the other a rela­
tively high excitation level, or the two configura­
tions may be sufficiently near in energy for quan­
tum mechanical resonance to occur.

Upper ■ ---------

Ground

a b o d e  
Fig. 13.—Energy levels of an intramolecular ionoid dye, 

with polar character increasing from a t o d : --------propor­
tion of polar;----- , proportion of non-polar contribution to
the ground and excited states.

(16) R . W izinger, “ O rganische F a rb s to f ïe /’ F . D um m lers Verlag,
Berlin. 1933, p . 44.

The various possibilities have been discussed by 
Th. Forster17 {cf. Fig. 13). In the case repre­
sented by (a) the polar form has a much higher 
energy than the non-polar form, and represents 
an excited state which would only be produced 
by absorption of relatively short wave radiation or 
by an equivalent activation energy. As the ener­
gies of the two configurations are brought closer, 
the energy difference between the ground state 
and the lowest excited state is reduced, and ab­
sorption occurs at longer wave lengths. This is 
expressed in the diagram by a more equal “weight­
ing” of the two limit structures in the ground and 
excited states, corresponding to increasing reso­
nance. Such a progressive change could be 
brought about by change in the character of the 
auxochrome A and anti-auxochrome B (in the 
language of Dilthey and Wizinger), or more 
analytically, as pointed out by L. G. S. Brooker, 
et al., 14 by change in the basicities of the terminal 

groups. Forster suggests that 
this progression might be car­
ried over to an inverse state, 
in which the non-polar con­
figuration became increasingly 
the less stable, or of higher 
energy than the dipolar form. 
This is indicated in the dia­
gram for d  and e, with rever­
sion to shorter wave absorp­
tion. The tendency to reduc­

tion of the electrostatic energy of the dipole, with 
consequent relaxation to the non-polar form seems 
to make this little likely. Instead of the progres­
sion toward greater resonance a  ■—» b —» c being 
effected by internal change in the molecule, it 
could be brought about by change in the immedi­
ate environment, e . g., of solvent.

Assuming that the action of induced and per­
manent solvent dipoles upon such “intramolec­
ular ionoids” is to approach the energy states of 
the dipolar and non-polar configurations, the 
actual effect should be less, the nearer these two 
energies are in the isolated dye molecule. But a 
solvent effect still remains with dyes whose con­
stitution guarantees equality of the energies of the 
limiting structures, and which, moreover, are not 
susceptible of dipole exaltation. Such for exam­
ple are the ionized cyanine dyes.

With dyes carrying a full ionic charge, little or 
no effect of induced or permanent dipoles of the

(17) C f .  T h. F o rste r, Z .  Elektrochem., 45, 548 (1939).
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solvent molecules is to be expected, but, in terms 
of van der B. Houckgeest’s theory,18 there is a 
large effect upon solubility. However, there can 
be notable changes in the absorption with change 
of solvent for such dyes.19 It seems unlikely to 
be due to dipole induction, and is at present most 
conveniently plotted as a function of refractivity 
(cf. Fig. 14). This effect—with ionized dyes— 
may be caused by the dispersion forces, as a reso­
nance effect between the mobile electron cloud of 
the solvent and that of the dissolved dye. The in­
creased “displacement” for a cyanine dye in 
alkyl halides in passing from the chloride to the 
bromide to the iodide  is consistent with this view.

1.0 1.2 1.4 1.6 1.8
nj).

Fig. 14.—Dye Ia in polar O, aliphatic liquids; □, aromatic 
liquids. Line refers to non-polar liquids.

The “dispersion” contribution is also manifest 
in the difference between aliphatic and aromatic 
solvents of the same polar moment. Polar sol­
vents of the same refractive index show, in gen­
eral, a lower displacement than the non-polar ones. 
This is brought out in Fig. 14, which shows a refer­
ence line for non-polar solvents, and the generally 
lower group of polar ones. The effect of polar 
character is to reduce the displacement effect cor­
responding to a given refractive index, but is not 
expressible 'by a simple subtractive quantity. 
It appears indeed to be pronouncedly individual. 
Empirically, the nearest approximation is found 
in the expression

kN?
Xs = / =

V l  +  M
where p  is an integer. Since N 2 has some theoreti­
cal basis we illustrate the correlation in that case 
(Fig. 15).

Structure of Bands
The origin of the auxiliary bands of dye absorp­

tion in the optical region is not too clear at pres-
(18) J . P . W . A. van  B. H ouckgeest, Rec. trav. chim., 59, nos. 7 /8 , 

560 (1940).
(19) S. E . Sheppard , J . Chem. Soc., 95, 15 (1909).

0.5 1.0 1.5 2.0 2.5
Ad2/  V l +

Fig. 15.—Dye Ia in polar O, aliphatic liquids; □, aromatic 
liquids.

ent. The principal band, i . e., generally the long 
wave band of maximum extinction, is assigned to 
an electronic transition or charge transfer deter­
mined by the resonance structure of the dye.20 
A dye can be regarded as derived from an aro­
matic hydrocarbon or chain of conjugated ethyl­
ene bonds as a prototype (or a hybrid of these two 
types) by the introduction of auxochromes and 
anti-auxochromes.16 The principal ultraviolet 
spectrum of anthracene—as a homolog of ben­
zene—was first derived on quantum mechanical 
grounds by Sklar19 and Forster,16 with the im­
portant corollary of the displacement of the ab­
sorption to longer wave lengths with the number 
of linearly conjugated benzene nuclei. Similar 
considerations obtain for the polyenes. Develop­
ment of the theory for the introduction of auxo­
chromes has been carried out by Forster17 with 
particular application to the triphenylmethane 
cation on substitution of —NH2 groups. The 
conditions are not unlike the substitution of 
—NH2 groups into anthraquinone
(Anthracene)---->  Anthraquinone---->■

1-amino______ __  ƒ 1,4-diamino­
anthraquinone \  anthraquinone

In Fig. 16 are given very approximate term-dia­
grams for the evolution of the spectrum of anthra­
quinone with increase of auxochromic groups.

With the introduction of the auxochromes there 
appear not only new electronic transition bands, 
but increasing diffusion of the structure of the 
pre-existing shorter wave bands, owing to the in­
crease in the number of vibrational levels and to 
the increased change of coupling of 7r-electrons 
(concerned in transitions) with others of anti­
parallel spin. The influence of solvents upon the 
structure of the absorption bands of dyes requires 
further investigation.

(20) A. L. Sklar, J . Chem.. P hys., 5, 669 (1937).
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Fig. 16.—a, Anthraquinone; b, 1-aminoanthraquinone; 
c, 1,4-diaminoanthraquinone.

Associating Solvents
A systematic divergence in the effect of polar 

moment upon the merocyanine absorption spec­
trum was shown by ‘‘associating” solvents. This 
behavior is not shown by ionized cyanine dyes. 
It seems to be connected with the potential di­
polar character of the merocyanines, and may 
indicate either an effectively higher dipole moment 
of these solvents in the liquid state, an effectively 
higher dielectric constant (than for individual 
molecules of the gas), or a marked effect of disper­
sion forces. Investigation of the temperature co­
efficient should help to decide.

Behavior of Alkyl Halides
A rather considerable degree of variation of the 

polar moment with temperature has been noted 
with these compounds, also a number of deviations 
from the theoretical values.21 These derivations, 
however, are inadequate to explain the large 
variations of “red displacement” observed in these 
solvents. We believe that a rather definite ap­
proach to explanation of the facts is indicated in 
two articles by J. P. W. A. van B. Houckgeest17 
on the “Solvent and Dissociating Power of Chlori­
nated Hydrocarbons”—as exhibited in respect of 
quaternary ammonium salts. The “red displace­
ment” with a merocyanine may be regarded as 
due to an “intramolecular ionization” or predis­
sociation of a compound which is a potential or

(21) C. P. S m yth , “ D ielectric C o n stan t an d  M olecular S tru c tu re ,”
A. C, S. M onographs, Chem. C atalog  C om pany, 1931.

inner salt of a quaternary ammonium base. The 
arguments by which Houckgeest is able to place 
the alkyl halides in relative order as to their sol­
vent powers are applicable to their displacement of 
the merocyanine spectrum, and we find that our 
results are concordant therewith. We have not
space to detail the argument.22 It deals in each

+ —
case with orientation in the molecule of C—Cl 
dipoles, of which the positive end is regarded 
as more active than the negative. The purely 
qualitative order was derived from stereochemical 
and energetic considerations alone. In the second 
paper the author derives a quantitative theory in 
terms of the thermodynamic potentials. This is 
perhaps less relevant to the displacement effect 
at one temperature, since then considerations 
as to change of number of molecular species are 
not involved. It may have definite application to 
the effects of temperature change upon the “dis­
placement” in these solvents. In any case, the 
“solvation energies” calculated from the more 
complete theory fall in much the same order as our 
“displacements” of the merocyanine spectrum 
(cf. Table XIX). From the very specific be-

T a b l e  XIX
S o l v e n t  P o w e r  o f  C h l o r i n a t e d  E t h a n e s

A ccording to

Solvent
v an  B. 
Cl

Houckgeest® 
B r I

Av obs. 
c m ._1 n X 101* K

C H 3C H 2CI 100 92 82 2408 2 .0 2 ~ 1 1 . 0
C H 3CH CI2 104 96 85 2584 10 .8

C H 2CICH 2CI 122 114 102 2757 f 2 .0  
\  1 .2

10 .4

C H 3CCI3 78 72 65 2408 1.60 7 .2
C H 2C1CHC12 126 112 99 2826 1.15 7 .1
C H 2CICCI3 75 70 63 0 .8
CHCI2CHCI2 127 117 104 3028 1.60 8 .2
CHCI2CCI3 66 61 55 2654 1.00 3 .6

a The halide ions above refer to respective salts of 
quaternary ammonium bases.

havior of the alkyl halides we suggest that with 
polar solvents and the merocyanine type of dye, 
there is formed an addition or molecular com­
pound. This may be subject to a general “field” 
of the solvent molecules, but if there is only dis­
placement, without radical transformation of the 
spectrum, it is probable that no quantum mech­
anical resonance occurs between the components.

Acknowledgments.—The cyanine and mero­
cyanine dyes employed were prepared by Dr.
L. G. S. Brooker and his staff, who synthesized 
them and determined their constitution. Our 
thanks are also due Dr. L. A. Jones and Mr. E. E.

(22) If  n o t availab le, copy m ay possibly be obtainable  through
th e  A m erican D o cum en tation  In s titu te .
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Richardson for certain absorption measurements 
in the ultraviolet region.

Summary
1. The absorption spectrum of a merocyanine 

dye has been determined for the gaseous state (in  
vacuo) .

2. The displacement of the absorption band 
(or bands) in various solvents is referred to that 
in  vacuo.

3. It is shown that, with certain families of 
compounds, there is a definite correlation of the 
displacement (to longer waves) with: (a) the re­

fractive index and dielectric constant for non­
polar solvents; (b) the polar moment for polar
solvents.

4. With ionized (cyanine) dyes, it is shown 
that no displacement is effected by change of 
polar moment, but definite changes occur in non­
polar solvents of increasing refraction and dielec­
tric strength.

5. Theoretical considerations of the solvent 
effects are given in relation to the structures of 
the dyes. The exceptional behavior of the alkyl 
halides is discussed.
R ochester, N ew Y ork R eceived M arch 25, 1942

[C o m m u n ic a t io n  N o . 869 f r o m  t h e  K o d a k  R e s e a r c h  L a b o r a t o r i e s ]

The Effect of Solvents on the Absorption Spectra of Dyes. II. Some Dyes Other
than Cyanines

B y S. E. Sheppard and P. T. N ewsome

We have made some investigation of dyes other 
than the cyanines, and of which two can be vapor­
ized and the absorption determined in  vacuo 
(•i . e., as gas at low pressure) for comparison with 
solutions. These are indigo  and diam inoanthra- 
quinone, and they are of particular interest in 
comparison with the m erocyanines since they are 
both non-ionic.

Indigo .—The formula usually assigned is

O

Evidence for a cis-ioun. is mostly based on the 
production of cyclized derivatives of the cfs-form, 
such as oxalyl in d igo1 and N yN -styrolin-indigo .2

For the solid, crystalline form, the evidence favors 
the presence of the tran s-io rm .2 Apart from the

(1) C f. R . P um m erer, H . F iesselm ann and  O. M üller, A n n ., 544, 
206 (1940).

(2) A. Reis and  W, Schneider, Z. K rist., 68, 543 (1928).

steric variation, which in the case of the stilbenes3 
appears to affect the intensity of the absorption 
more than the location of the absorption bands, the 
nature of the “limit configurations” corresponding 
to the resonance and the color is not completely 
decided. For a review of the subject, papers by 
J. van Alphen4 may be consulted. This author 
has suggested that indigo is a resonance hybrid 
having the following principal “limit structures”

(3) A. Sm akula  and  A. W asserm ann, Z . p h ysik . C hem ., 155A, 353 
(1931). T here  is some hypsochrom ic d isp lacem en t in  th e  cis-de riv a - 
tive  re la tiv e  to  th e  trans-form .

(4) J . van  A lphen, Rec. trav. chim ., 60, 138—152 (1931).
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A similar view was expressed by F. Arndt5 and 
expanded by B. Eistert.6 The latter considered
the resonance A <----> D of principal importance,
and form D, allowing “free” rotation about
> C ------C< according with the actual existence
of only one form (trans) but with the possibility of 
^-derivatives.

We have measured a number of absorption spec­
tra of indigo in various solvents with the spectro­
photometer; to conserve space the extinction 
curves are not given here but, as in Part I, only 
the absorption maxima and the corresponding 
“displacements.” Compared with the mero­
cyanines, the behavior of indigo in non-polar sol-

T a b l e  I

I n d i g o  i n  N o n -p o l a r  S o l v e n t s

S o lv en t K «D
1/

fi X 1018 in  c m ._1 A l/X

Vacuum 1.0 1.0 0 18315 0

Hexane 1.87 1.375 insufficiently soluble
Carbon tetra­

chloride 2.20 1.458 0 16667 1648
Benzene 2.38 1.498 0 16800 1 5 1 5

^-Xylene 1.496 0 16800 1 5 1 5

0-Xylene 1.503 0.5 16800 1 5 1 5

w-Xylene 1.496 0.4 16800 1 5 1 5

Carbon
disulfide 2.65 1.629 0 16610 1704

T a b l e  II
I n d ig o  i n  A l i p h a t i c  P o l a r  S o l v e n t s

S o lv en t n  X 1018 1/Xm in  c m ._1 Al/X

Hexane 0 insufficiently soluble
Diethyl ether 1.12 16892 1423
Methyl acetate 1.74 16800 1515
Isoamyl acetate® 1.70 16450 1865
Acetone 2.74 16751 1564
Nitromethane 3.80 16751 1564
Methyl alcohol 1.68 16529 1786
Isoamyl alcohol® 1.70 16450 1865
Formic acid 1.77 15949 2366
Acetic acid 1.63 16260 2055
^-Valeric acid 16260 2055
Diethylamine 0.9 16340 1975
#-Butylamine 1.3 16393 1922
^-Propylamine 1.4 16393 1922

® The marked effect of the isoamyl group is noteworthy.
(5) F . A rn d t, B er., 72, 860 (1939).
(6) B . E is te r t ,  “ T au tom erie  un d  M esom erie,” F . E nke, S tu ttg a r t, 

1938, p . 189; also Ber., 72, 860 (1939).

T a b l e  III
I n d ig o  i n  A r o m a t ic  S o l v e n t s

Solvent m x  low 1/XOT in cm. ~l A l/X
Benzene 0 16800 1515
^-Xylene 0 16800 1515
Diphenyl ether 1.05 16610 1704
Phenyl methyl ether 1.20 16667 1648
Phenyl acetate 1.52 16667 1648
Acetophenone 2.94 16529 1786
Benzophenone 2.95 16584 1731
Nitrobenzene 3.90 16529 1786
Aniline 1.52 16129 2186
o-Chloroaniline 1.77 16129 2186

T a b l e  IV
I n d i g o  i n  H e t e r o c y c l i c  S o l v e n t s

Solvent M X 101» 1 /X m in c m .-1 A l/X
Pyridine 2.11 16340 1975
Quinoline 2.16 16260 2055
Piperidine 1.17 16340 1975

vents is anomalous, in giving a smaller displace­
ment in benzene and xylene than in carbon tetra­
chloride, although their dielectric constants are 
higher as are also the refractive indices. The 
solubility of indigo in this group of solvents is too 
low to permit extensive measurements.

On comparing these results with the data for 
the m erocyanines XX III and XXXI (Part I), the 
following conclusions were reached: (i) the be­
havior in non-polar solvents seems less simple, 
but owing to restricted solubilities the data are 
very scant; (ii) in the typical aliphatic and aro­
matic series of polar solvents, there appears to be 
no definite displacement of \ m with change of 
polar moment as was found with the merocyanines 
(Part I); (iii) no regularity was apparent with 
amines of different polar moments, but both ali­
phatic and aromatic amines, as well as hetero­
cyclic nitrogenous bases, show considerably greater 
displacements than other solvents of the same 
polar moment. Scheibe, Dörfling and Assmann7 
concluded that aniline is outstanding as a solvent 
for indigo and derivatives, in respect of “red dis­
placement” of the spectrum. Our observations 
(cf. Tables I to IV) show others of equal potency, 

form ic acid  giving the greatest displacement. The 
behavior of indigo in the associated  solvents, the 
alcohols and fatty acids, and in the tautomeric 
acetoacetate, is similar to that of merocyanine.

Scheibe and his co-workers concluded, particu­
larly from the behavior of indigo in mixtures of 
non-polar and polar solvents, that no grounds exist 
for assuming specifically different structures in

(7) G. Scheibe, H . D örfling an d  J .  A ssm ann, A n n .,  544, 240 
(1940).



Dec., 1942 S o l v e n t s  o n  t h e  A b s o r p t io n  o f S o m e  D y e s  Ot h e r  t h a n  C y a n in e s 2939

equilibrium as responsible for the color differences concerned in it. On the resonance theory this is 
(tautomerism) nor for assuming molecular aggre- quite consistent with the solvent shifting, so to 
gation as a principal factor. As positive conclu- • say, the center of gravity of the resonance system 
sions, they consider that the color changes are ex- of the molecule.
plainable “by displacement of the electron clouds In discussion with Dr. M. L. Huggins, he has 
within the molecules under the action of different suggested as alternatives or modifications of the 
solvents/' and also that solvent molecules “whose formulations and /3' the structures 7  and 7 1  

dipoles are most strongly active 
outwardly (alcohols) displace 
the absorption most to the long 
waves."

The slight to inappreciable ef­
fect which a change of polar 
moment per se of a solvent has 
on the absorption spectrum indi­
cates that the hybrid ion or bi­
polar (and quadrupolar) struc­
tures suggested by Eistert6 and 
by van Alphen4 are probably 
contributing little to the reso­
nance system responsible for the 
first electronic transition band of indigo. thus indicating a certain ionic strength of the

It seems possible that the resonance system in hydrogen bridge. The structures 7  and 7 1  ap- 
question is that indicated in the structural for- proach the structure D favored by Eistert (see 
mulas above) but with diminished ionic strength (polar-

13 and f3f are similarly hydrogen-bonded structures 
which are suggested as the two identical most 
stable structures, i . e., energetically lowest.

The normal structure a  conventionally assigned 
to indigo would then represent an intermediate 
(mesomeric) state of higher energy.

It may be supposed that in associating solvents 
the structures /3 and 13' would be less stable, pro­
ducing a reduction in the energy difference from 
the splitting of levels, and hence displacement of 
the absorption band to longer waves.

The figures in Table V show the considerably 
lower sensitivity to solvent influence exhibited by 
indigo as compared with the merocyanine.

It may be pointed out here that any effect of 
solvent upon the absorption of light must involve 
a “solvation" preceding the act of light absorp­
tion, in accordance with the Franck-Condon prin­
ciple that no movements of atomic nuclei can be

ity) suggested; the structures indicated for excited 
states produced by absorption of light from 7  and 
7 i similarly approach the structure C of van Al­
phen (as above).

T a b l e  V
XXIII Indigo

A l/X , cm .-1 A l/X , cm .~1
Benzene 2408 1520
Alcohol 3300 1786
Formic acid 3258 2366

The hydrogen bonding possibilities of a solvent 
are undoubtedly very important for the spectrum 
of such molecules as indigo. The capability of 
such dye molecules to effect H-bridging in te r  se in 
condensed states might be expected therefore to 
be indicated in the spectrum of the solid  state (<cf. 
later, Fig. 7).

1,4-Diaminoanthraquinone.—Spectrophotomet­
ric absorption measurements were made in a
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1/ x .

Fig. 1.—1,4-Diaminoanthraquinone vapor at various tem­
peratures.

14,000 16,000 18,000 20,000 22,000
1/X.

Fig. 2.—1,4-Diaminoanthraquinone in: 1, methyl alcohol; 
2, benzene; 3, carbon tetrachloride.

number of non-polar and polar solvents. The ab­
sorption shows three fairly pronounced maxima, 
which have been termed a, fi and y, the a -band 
being of longest wave length (cf. Figs. 1 and 2).

T a b l e  VI
1 ,4 -DiAMINOANTHRAQUINONE IN  NON-POLAR M ED IA

(X--Band 0-B and 7-•Band
M edium wD K X Al/X X A l/> . X Al/X

V apor 1 .000 1 .00 525 0 492 0 470 0
w-Hexane 1.375 1.87 575 1657 535 1628 500 1276
w-Decane 1.409 1.95 575 1657 535 1628 500 1276
C arbon

te trach lo ride 1 .458 2 .24 576 1846 540 1801 508 1591
Benzene 1.498 2 .2 8 580 1807 545 1972 510 1668
C arbon  disulfide 1.629 2 .65 587 2012 550 2138 515 1859

Table VII
1,4-D iaminoanthraquinone in  Aliphatic Solvents

«-B and 0-B and 7 -Band
Solven t n  X low X Al/X X A l/X X Al/X

V apor 525 0 492 0 470 0
w-Hexane 0 575 1657 535 1628 500 1276
D ie th y l ether 1.12 582 1868 542 1870 510 1668
M ethy l ace ta te 1.74 580 1807 545 1972 510 1668
A cetone 2 .74 585 1954 547 2039 510 1668
N itrom ethane 3 .80 550 2138
D iethylam ine 0 .90 595 2248 552 2204 510 1668
T rie thy lam ine .90 590 2099 555 2302 510 1668
ft-Butylam ine 1 .3 595 2248 555 2302 517 1934
A cetic acid 1.63 590 2099 550 2138 510 1668
Propionic  acid 1.68 590 2099 550 2138 510 1668
M eth y l aleohol 1 .68 590 2099 550 2138 515 1859
W ater 1:90 582 1866 545 1972 505 1474

The values for the maxima in non-polar media 
have been plotted as a function of the refractive 
index (Fig. 3). While they fall on fairly smooth 
curves, they do not give a linear relation, as in 
the case of the merocyanine, though there is ap­
proach to this with increasing index.

1.0 1.2 1.4 1.6
nn.

Fig. 3.—1,4-Diaminoanthraquinone in non-polar media.

In polar solvents, both aliphatic and aromatic, 
there is a very definite tendency for the displace­
ment to increase with increase of polar moment of 
the solvent {cf. Figs. 4 and 5). The displacement,

n  X 1018.
Fig. 4.—«-Band of 1,4-diaminoanthraquinone in polar 
media: A, aliphatic solvents; O, aromatic solvents.

1 2  3
ix X 1018.

Fig. 5.—(8-Band of 1,4-diaminoanthraquinone in polar 
media: A, aliphatic solvents; O, aromatic solvents.
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in general, is greater in aromatic solvents than in 
aliphatic solvents of the same moment (cf. Table 
VIII and Figs. 4 and 5). The behavior is more 
like that of the merocyanines than is that of in­
digo.

T a b l e  VIII
1,4-D iam inoanthraquinone in  Aromatic S o l v e n t s

OL-B and 3-B and Y-:Band
Solvent n X low  X Al/X X Al/X X A l/X

Benzene 0 580 1807 545 1972 510 1668
D iphenyl e ther 1 .05 585 1954 545 1972 510 1668
Anisole 1 .20 582 1866 545 1972 510 1668
Phenyl a ce ta te 1.52 585 1954 547 2039 510 1668
Acetophenone 2 .9 4 590 2099 550 2138 515 1859
B enzophenone 2 .9 5 587 2012 552 2204 515 1859
N itrobenzene 3 .9 0 590 2099 550 2138 510 1668
Aniline 1 .52 590 2099 552 2204 515 1859
o- Chlor oaniline 1 .77 590 2099 552 2204 515 1859
Quinoline 2 .1 6 598 2326 560 2463 520 2045

The normal constitution assigned to 1,4-di­
am inoanthraquinone readily admits hydrogen- 
bonded structures, such as were previously cited 
for the dioxyanthraquinone.8 In recent papers on 
the constitution of certain (acid) anthraquinone 
dyes,9 C. F. H. Allen, C. V. Wilson and G. F. 
Frame have given an interpretation of certain 
characteristics of their spectra based on hydrogen 
bonding in 1,4- and 1,5-diaminoanthraquinone 
derivatives. One feature in particular is thus ex­
plained “when there are in the 1- and 4-positions 
two groups which are able to furnish electrons by 
a mesomeric shift, the main band of absorption 
will have a double head. If but one group of this 
type is present, only a single head will be ob­
served/’ This appears to be in agreement with 
the secondary characteristic of the evolution of 
the spectrum of 1,4-diaminoanthraquinone, via 
1-aminoanthraquinone illustrated in Part I; the 
second amino group in the 4-position produces 
not only a considerable displacement of the long­
est wave band toward the red, but a splitting of 
the band. Actually, however, there are present 
in most absorption spectra of 1,4-diaminoanthra­
quinone three fairly well-marked sub-bands. The 
question as to whether these are independent 
electronic transitions or are due to superpositions 
of vibrational quanta on a main electronic transi­
tion is perhaps not yet clear.

It is evident from the normal valence formula 
that a large number of structures could be written, 
not all of equal probability, but there are at 
present insufficient data to estimate more than

(8) L. Pauling, ‘'N a tu re  of th e  Chem ical B ond,” Cornell U niver­
sity  Press, I th aca , N . Y ., 1940, p. 329.

(9) C. F . H . Allen, C. V. W ilson and  G. F. Fram e, J . Org. Chem., 
7, 169 (1942).

roughly the energy differences implied. As in the 
case of indigo, we suppose hydrogen-bonded struc­
tures to be chiefly contributing to a lower state 
and normal and quadrupolar structures to higher 
levels. The structures of lower energy may be 
represented as follows

/ H \ / h / h\ / h / h\ / h
-O N+ -O N+ O N

These represent three possible structures contrib­
uting to the resonance of the two parallel hydro­
gen bonds. As chiefly contributing to the first 
excited state, we may suggest such structures as

H \/H  
O N

6
-Ó  N +

and the alternate: also, but chiefly contributing 
to a higher excited state, the structure shown.

We have again to thank Dr.
Huggins for very helpful sugges­
tions in regard to the formulation 
of the hydrogen-bonded structures.
The interpretation proposed is quite 
tentative and purely qualitative.
In Part I, in the discussion of the 
behavior of the merocyanines, there 
was reproduced a diagram from a paper of Th. 
Forster10 indicating the participation of polar and 
non-polar structures of a dye in the principal lower 
and upper states corresponding to the main elec­
tronic transition, or absorption band. Forster in­
dicated that a p r io r i there would be a possibility 
of molecules in which (di) polar structures made 
the larger contribution to the ground state, these 
being more stable. We regarded this as improb­
able, in fact, because of the large coulombic en­
ergy in the separation of charges. However, it is 
possible that we were too hasty in this conclusion.

(10) Thu Forster, Z . Elektrochem., 45, 548 (1939).

o  h 2
II N

O N 
H2
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Hydrogen bonding can effect a relative stabilizing 
of (di) polar structures, which may lead to in­
creased contribution of such structures to the 
ground state, though it may not allow the com­
plete inversion suggested in Forster’s discussion.

From the solvent data recorded in Part I for 
merocyanine (dye XXIII) and in this paper for 
indigo  and 1,4-diaminoanthraquinone, as well as 
from the resonance systems indicated, we suggest 
the following approximate scheme for the polar, 
non-polar balance in the molecules of these dyes in 
the gas state {in  vacuo). The diagram is based on 
that of Forster (Fig. 6) and expresses approxi­
mately the findings that the effects of increasing 
dielectric constant of non-polar liquids and of polar 
moment of polar liquids (normal or non-associ- 
ated) are greatest with m erocyanine , considerable 
with diam ino anthraquinone, and least (approach­
ing zero) with in d igo . From these considerations,

Upper

Ground

Hva

hvc

Fig. 6.—Polar non-polar characters of dyes in gaseous 
state:

M erocyanine (X X III)  1 ,4 -D iam inoan thraqu inone Indigo
hi/a =  2.63 ev. h^b =  2.51 ev. h^c= 2 .26  ev.

Xm in m/z = 470 492 544
1/X in cm."1 = 21,276 20,320 18,315

it appears probable that the “associated” liquids 
(alcohols, aliphatic acids, acetoacetate, etc.) which 
give “high” displacements with merocyanine (dye 
XXIII) do so because, having “high” dielectric 
constants in the liquid state or because develop­
ing effective polar moments two to three times 
that of the gaseous molecule. The relatively lower 
effect of these solvent liquids with 1,4-diamino­
anthraquinone and with indigo may be explained 
perhaps by the following considerations, (a) 
Their dipole moment will have some positive 
weight for the anthraquinone dye, practically 
none for the indigo, (b) Their tendency to form 
hydrogen bonds may reduce the stability of in­
ternal structures of this type in a dissolved dye 
molecule. This could lessen the energy difference 
between the upper and lower levels and, hence, 
displace the absorption to longer wave lengths. 
The relative tendencies to intermolecular combina­
tion in these three dyes are indicated to some ex­
tent by comparison of the vapor spectra of the 
dyes with the spectra of solid films sublimed on

m /z .

Fig. 7.—I, Merocyanine XXIII; II, 1,4-diaminoanthra­
quinone; III, indigo (1, vapor; 2, solid).

glass {cf. Fig. 7). The positions of the maxima in 
the solid films, also the wave number differences 
between \ m (solid) and \ m (gas) are given below:

T a b l e  IX
M erocyanine 1,4-D iam ino-

(X X III)  an th raq u in o n e  Indigo

X (solid) 520 m/z 540 m/z 650 m/z (670 m/z)a
Al/X 2036 cm."1 1820 cm."1 3015 cm .'1
a From J. Königsberger and K. Küpferer {Ann. Physik, 

37, 601 (1912)).

There is a considerable change in each case, 
but largest for indigo. In view of the complica­
tions in the spectra of crystalline dyes11 it appears 
premature to draw any very definite conclusions 
from these observations.

Azobenzene Derivatives
Molecules of the type

< 0 -n-n-<Z>
where X  and Y are relatively basic and acidic 
(electropositive and electronegative) groups (Dil­
they and Wizinger’s auxochrome and antauxo-

(11) Cf. E . E . Jelley, In d . E ng. Chem. {Anal. E d .) , 13, 196 (1941).
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chrome) give well-marked absorption bands in the 
near ultraviolet or the visible spectrum; the posi­
tion varies with the potential drop between X  and 
Y, being displaced farther to the long waves the 
greater the drop.

We have examined the influence of solvent (and 
of pH ) on the following: (a) benzeneazodiphenyl- 
amine; (b) p -dimethylaminoazobenzene; (c) p- 
hydroxy-^'-nitroazobenzene; (d) £-amino-/>'-ni-
troazobenzene; (e) />-dimethylamino-/> '-nitroazo- 
benzene.

The general character of the absorption spectra 
remains much the same with change of auxo- 
chrome groups. The long wave band is broad 
and considerably diffused, and this makes the 

‘ assignment of values of Amax. (or vmax)  rather 
uncertain. Moreover, the addition of a proton 
(H+) makes a large change in the resonance sys­
tem, and consequently a large displacement of 
the absorption band. Since both bases and cations 
are “colored,” overlap when conversion is in­
complete can complicate the picture further. We 
shall give data only for p-dim ethylam ino-p '-nitro- 
azdbenzene, which are fairly representative of the 
group behavior.

The character of the absorption band and the 
shift with proton addition can be seen in Fig. 8. 
There can be discerned two major overlapping 
bands, a  at longer, fi at shorter wave lengths.

In Table X  are given for Xa and X̂ , the cor­
responding wave numbers for non-polar solvents, 
normal aliphatic and aromatic solvents of in­
creasing polar moment.

T a b l e  X
f i-  D i m e t h y l  am in o  - fi  '- n i t r o  az o b e n z e n e

Solvent Wd f l  X  1018
«-B and

1/X
Ö-Band

1/X
Non-polar Solvents

«-Hexane 1.375 0 (21400) 22720
Carbon tetrachloride 1.458 0 (21400) 22200
Benzene 1.498 0 20800 21740
Carbon disulfide 1.629 0 20400 21700

Aliphatic Solvents
Diethyl ether 1.351 1.13 21400 22500
Methyl acetate 1.361 1.74 20600 21500
Acetone 1.356 2.74 20200 21300
Nitromethane 1.381 3.80 18900 19800

Aromatic Solvents
Diphenyl ether 1.576 1.05 19600 20840
Phenyl acetate 1.500 1.52 20000 20840
Acetophenone 1.534 2.94 19600 20400
Nitrobenzene 1.553 3.90 19600 20300

Further, in Table X I are given the values for:

16,000 18,000 20,000 22,000 24,000
1/X.

Fig. 8.—£-Dimethylamino-£'-nitroazobenzene in: 1,
formic acid; 2, acetic acid +  dilute H2S04; 3, propionic 
acid; 4, coned. H2S04; 5, dilute H2S04; 6, diethylamine.

(i) normal aliphatic monocarboxylic acids; (ii) 
sulfuric acid and fatty acid with sulfuric; (iii) 
alcohol and acetone with sulfuric acid and with di­
ethylamine, respectively; (iv) phenol, aceto­
phenone, diethylamine.

T a b l e  XI
f i - D im e t h y l a m i n o - ^ ' - n i t r o a z o b e n z e n e  i n  A c id s , A l c o ­

h o l s  a n d  A m i n e s
«-B and /8-Band

S olven t fx X IO1» 1/X i/x
f Form ic acid 1.77 19160 19800

. J A cetic acid 1.63 20400 21740
1 Propionic acid 1.68 20400 21740

[ « -B u ty ric  acid 1 .9 20400 21700
f Coned. H2S04 >23260

.. I D ilu te  H 2SO4 (1 :1 ) 19200 20000
] Acetic acid +  drop  of dil. H 2SO4 19000 19700
[ B u ty ric  acid +  drop  of dil. H2S04 18800 19600

M eth y l alcohol 1.68 20200 21300
M eth y l alcohol +  d rop  of dil. H2S04 18600 19600
M eth y l alcohol ■+ drop  of diethylam ine 20400 21300111 ‘ A cetone +  d rop of form ic acid 20200 21300
A cetone +  drop of dil. H 2SO4 18860 19800
A cetone +  drop of die thylam ine 20400 21740
Phenol 1 .70 18200 19100
Phenol +• d rop  of dil. H 2SO4 18200 19200

iv  - A cetophenone +  d rop of dil. H 2SO4 18300 19100
A cetophenone +  d rop  of diethylam ine 19300 20400
D iethylam ine 0 .9 20900 22000

The base, />-dimethylamino-/>'-nitroazobenzene 
obeys Beer's law, e. g., in benzene and in acetone, 
but in accord with the breadth and diffuseness of 
the absorption, the extinction coefficients are rela­
tively low: benzene ismax =  2.40 X 104; ace­
tone E max =  2.56 X 104 The base in normal 
aliphatic and aromatic solvents shows “red dis­
placement” with increasing polar moment of the 
solvent (Figs. 9 and 10), but the magnitude of the 
displacement is not large, and, as in the case of
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merocyanine XXII (Part I), the behavior is com­
plicated by the incidence of halochromy.

22.000

20,000

18,000

-------

D....-— 4 -■
D

-P %X I
0&

41 2  3
n X 1018.

Fig. 9.—/>-Dimethylamino-/>'-nitroazobenzene (base) in 
aliphatic solvents.

1 2  3 4
;U X 1018.

Fig. 10.—£~Dimethylamino-^>'-nitroazobenzene (base) in 
aromatic solvents.

Addition of Proton
The weak acids, acetic, propionic and ^-butyric, 

do not show the effect observed with merocyanine, 
with indigo, and 1,4-diaminoanthraquinone, of 
associating hydroxylated solvents. In fact, they 
behave as normal aliphatic solvents for the base. 
Formic acid, however, as found previously, be­
haves as a 4 ‘strong’’ acid able to add a proton to 
the base.

The effect of this addition is quite strongly 
bathochromic, as may be seen from Fig. 8  and 
from the tables.

The two structures principally concerned in the 
resonance system of the base are very feasibly12

Ct

(3

0~

O
0 “

0 “

The upper structure a  would be stabilized by the 
Kekulé resonance forms in the benzene rings, and

h /O'­er/perhaps, slightly by resonance in the —N:
v >

group. Perhaps the transition which arises from
(12) C f. G. N. Lewis and M. Calvin, Chem. Revs., 25, 305 (1939),

for the similar system of £-nitro-aniline.

the splitting of the energy of these structures might 
give rise to an absorption of somewhat longer wave 
length than that of benzene, or rather of nitro­
benzene itself, but it seems doubtful if we can 
assign even the shorter wave region of the main 
band of the base to this alone. The lower struc­
ture p  is one of considerably lower stability, or of 
higher energy, than a , and as in the case of the 
merocyanines, may be considered as principally 
contributing to the first excited state. The effect 
of polarity of solvent on the “red displacement” 
is in accord with this interpretation. On adding 
a proton to the base we have two very similar but 
not identical alternates

7 i and 7 2  are tautomeric, and each structure is 
stabilized, as in a, by the Kekulé resonance, etc. 
To these there similarly correspond structures of 
higher energy

All these will have a single net positive charge, and 
consequently, as observed with the ionic cyanines, 
little effect of polar moment of the solvent is to 
be expected. The addition of still another pro­
ton would block the resonance, and this possibly 
accounts for the decolorization produced in con­
centrated sulfuric acid (cf. Fig. 8 ).

Hydrocarbons
The dye molecules may be considered as derived 

from certain hydrocarbon protomorphs, which 
are, however, already resonance systems, by sub­
stitutions of reactive atoms and/or groups (cf. 
Part I). It has appeared well, therefore, to include 
for comparison some data: (a) on the behavior of 
a visible colored polyene—diphenyl-octatetraene— 
which has a constitution with some affinity to 
that of the polymethine dyes. It is usually for- 
mutated as ■( )-(C H = C H ).,X  )>. (b) On
the behavior of the aromatic hydrocarbons, ben­
zene, naphthalene and anthracene.

Diphenyl-octatetraene
The absorption data are compiled from the
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paper of Hausser, Kuhn and Kuhn,13 (cf. Tables probably somewhat similar to that of the azo- 
XII and XIII). benzenes

T a b l e  XII
D i p h e n y l -o c t a t e t r a e n e  ( B a n d  I) i n  N o n -p o l a r  M e d ia

M edium K D  K l / x Al/X

Vacuum
Hexane

1.000 1.00 
1.375 1.87

27933
25380 2553

Decalin 1.483 24938 2995
Benzene 1.498 2.28 24752 3181
Carbon disulfide 1.629 2.65 23923 4010

T a b l e  XIII
D i p h e n y l -o c t a t e t r a e n e  (B a n d  I) 

S o lven t m X 101» 1/X Al/X

Hexane
Aliphatic

0 25380 2553
Ethyl ether 1 .1 2 25252 2681
Acetic acid 1.63 25252 2681
Methyl alcohol 1 .6 8 25445 2488
Ethyl alcohol 1.70 25252 2681
Formic acid 1.77 25189 2744
Acetone 2.74 25189 2744

Benzene
Aromatic

0 24752 3181
Xylene 0.4 24752 3181
Pyridine 2 . 1 1 24510 3423
Nitrobenzene 3.9 24332 3601

In non-polar solvents, the displacement increases 
continuously with increasing dielectric constant 
and refractive index (Fig. 11).

The upper structure a  is stabilized by the Kekulé 
resonance of the terminal phenyl groups, and 
would contribute mostly to the ground level. 
The lower structures (3 are dipoles of considerably 
higher energy and would be expected to contribute 
mostly to the (first) excited level. Such effect as 
there is of polar moment would be in accord with 
this.

fi X 1018.
Fig. 12.—Diphenyl-octatetraene in polar media (Band I ) : 

A, aliphatic solvents; O, aromatic solvents.

Data on the solutions of benzene in different

1.0 1.2 1.4 1.6
UT>.

Fig. 11.—Diphenyl-octatetraene in non-polar media.

Data for the behavior in aliphatic and aromatic 
solvents of increasing polar moment are rather 
scant, and hardly permit definite conclusions. 
Certainly, it may be said that the displacement is 
greater in aromatic than in aliphatic solvents of 
comparable polar moment, but, while there are 
some indications of an influence of polar moment 
(cf. Fig. 12), they are not conclusive. Chloroform 
gives an apparently unduly large, methyl alcohol 
an unduly small displacement. The sensitivity 
to polar moment appears in any case to be small. 
The resonance system for the diphenyl polyene is

(13) K. W. H ausser, IL. K uhn and K. K uhn, Z. physik. Chem., 29B, 
417 (1985).

solvents are given by Lauer and Oda14 for the ab­
sorption bands in the near ultraviolet. The first 
and second bands (the first band being of longest 
wave length and. so on) show small negative dis­
placements (i. e., to shorter wave lengths) in solu­
tions as compared with the vapor. These dis­
placements—of the order of 300 cm.-1—are much 
the same for the solvents tested, with the excep­
tion of water, in which it is smaller. The higher 
frequency bands show small positive displacements 
of the same order of magnitude, and again prac­
tically independent of the solvent, except that the 
shift in water is again smaller. The behavior of 
liquid benzene indicates an effect of the congener 
molecules little, if at all, different from that of the 
other solvents.

The insensitivity to solvents is in accord with 
the resonance system attributed to benzene,15 and 
to the quantum mechanical theory developed 
by Sklar16 and Forster.10

Similar in some respect to the aromatic fused- 
ring hydrocarbons are the phthalocyanine dyes

(14) K . L atter and  R . O da, Ber., 69, 851 (1930).
(15) Cf. L. Pauling, op. cit., p , 128.
(16) A. L. Sklar, J . Chem. P hys., 6, 669 (1937).
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650
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Fig. 13.—Zinc phthalocyanine in polar media.

(and thereby the porphine macrocyclic compounds 
in general).

Our spectrophotometric measurements on the 
phthalocyanines, exemplified by zinc phthalocya­

n ine  show no definite effect 
of polar moment of solvent 
on the absorption (Fig. 13). 
This indifference may be 
taken to mean that no ion­
ized (dipolar) structures are 
represented in the first ex­
cited state; the resonance 
system is presumably by 
way of the two alternately 
covalently and coördinately 

linked pairs of the four interior N-atoms,17 through
(17) T he  conjugation  extends, of course, th rough  th e  external 

—N =  links.

CD O
o o ° °

O oc

o o  ° ° ° p

° 
iJ

<9 o
___

o 1

1 2 31 4
U X 1018.

the central atom, making the system resemble ben­
zene with its basic Kekulé resonance. A notable 
difference from benzene, however, is the great in­
tensity (extinction) of the longest wave absorption 
band.

Acknowledgment.—We desire to express our 
thanks for helpful suggestions and criticisms to 
Dr. M. L. Huggins, and to Mr. H. R. Brigham 
for the preparation and spectrophotometry of 
sublimed solid films of certain dyes.

Conclusion

The results presented in this paper extend the 
tentative conclusions expressed in Part I. So far 
as these orienting investigations go, they indicate 
that the sensitivity of the absorption spectra of 
dyes to solvent influence is rather closely related to 
the resonance system of the dye, and may throw 
some light upon this. Correlatively, it appears 
possible that, with increased investigation, the 
effect of given solvents on the absorption spec­
trum of selected dyes may improve our under­
standing of the molecular structure of liquids. 
The rather notable behavior of halogenated alkyls 
suggests a promising field for further investiga­
tion as also the observations on hydroxylated 
solvents.
R o c h e s t e r , N. Y. R e c e i v e d  J u l y  29, 1942

[C o n t r i b u t i o n  f r o m  t h e  S c h o o l  o f  C h e m i s t r y , R u t g e r s  U n i v e r s i t y ]

The Solubility of Calcium Oxalate Monohydrate in Pure Water and Various Neutral
Salt Solutions at 25°

B y W ilbur  H. M cComas, Jr .,1 and W m. R ieman III

Because of the importance of calcium oxalate in 
analytical work, accurate data on its solubility 
are very desirable. A survey of the literature re­
veals, however, very discordant figures for the 
solubility in pure water and very few reliable 
data on the effect of neutral salts.2 Table I sum­
marizes the previous work on the solubility in 
pure water. Since the equilibrium between cal­
cium oxalate and its saturated solution is estab­
lished rather quickly, the major source of error in

(1) T h is  paper is ta k e n  from  p a r t  of a  thesis  su b m itted  b y  W ilbur 
H . M cC om as, J r .,  in  p a rtia l fu lfillm ent of th e  requ irem ents for the  
degree of D octor of Philosophy.

(2) H am m ersten , Compt. rend. trav. lab. Carlsberg, 17, 11 (1929), 
has s tu d ied  th e  effect of several sa lts  a t  37 d, m ostly  a t  ionic s treng ths 
below 0.2.

the solubility determinations probably lies in the 
failure to obtain pure calcium oxalate.

Solubility in Pure Water
Experimental.—Calcium oxalate monohydrate, product 

A, was prepared as follows :2a fifty mmol, of ammonium 
oxalate contained in 400 ml. was added slowly (twenty- 
five minutes) with vigorous stirring to 60 mmol, of cal­
cium chloride contained in 1600 ml. at room temperature. 
Then 200 ml. of 0.1 N  hydrochloric acid was added with 
vigorous stirring. The precipitate was digested for one 
day at 95-100 °. After cooling, the precipitate was washed 
by centrifugation until a negative test for chloride ion was 
obtained in the wash water. It was stored under water 
until used.

(2a) K olthoff an d  Sandell, J .  Phys. Chem., 37, 459 (1933).
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T a b l e  I
S o l u b il it y  o f  C a l c iu m  Ox a l a t e  i n  P u r e  W a t e r  a t  2 5  °

Solubility,
Investigator molarity X 103 4 5

Richards, McCaffrey and Bisbee3 5 .3 1
Herz and Muhs4 2 3 .3
Kohlrausch5 4.84
Henderson and Taylor6 7.13
Scholder, Gadenne and Niemann7 5 .2 3 “
Hammarsten2 4.66“
Medes8 4.46“
Kolthoff and Sandell9 6.70
Pedersen10 4.84
Shehyn and Pall11 6.00“
° Solubility at 25° calculated from Kohlrausch’s value of 

d log solubility/d( 1 /  P).

Product B was prepared by an identical method except 
that the precipitation was performed in the presence of 
excess oxalate ions. Fifty mmol, of calcium chloride in 
400 ml. were added to 60 mmol, of ammonium oxalate in 
1600 ml., etc.

The solubility of each product was determined by agitat­
ing about a gram of precipitate with two liters of pure 
water for an hour at 25.0 =*= 0.2°. Longer periods of 
saturation did not alter the result. The solution was 
separated from the precipitate by means of a porcelain 
micro filter stick. The first portions of the filtrate were 
rejected. Then 200-ml. portions were titrated with 0.02 
N  ceric sulfate by the method of Willard and Young.12 
Appropriate blank titrations were performed. The mean 
of six determinations for the solubility of product A was 
(4.46 =*= 0.04) X 10"5 molar. The mean of seven deter­
minations for product B was (4.63 =*= 0.03) X 10"5 molar.

Discussion.—The close agreement between 
these two results is evidence for the purity of 
the products. The mean, 4.55 X 10~5 M , is in 
good agreement with the results of Kohlrausch, 
Hammarsten, Medes and Pedersen.

Solubility in Salt Solutions
Experimental.—About 1 g, of the pure calcium oxalate 

monohydrate in aqueous suspension was centrifuged and
(3) R ichards, M cC affrey  an d  Bisbee, Z . anorg. Chem., 28, 71 

(1901).
(4) H erz an d  M uhs, Ber., 36, 3717 (1903).
(5) K ohlrausch , Z . physik. Chem., 64, 129 (1908).
(6) H enderson an d  T ay lo r, J .  P hys. Chem., 20, 663 (1916).
(7) Scholder, G adenne an d  N iem ann , Ber., 60, 1510 (1927).
(8) M edes, Proc. Soc. E xp . Biol. M ed., 30, 281 (1932).
(9) K olthoff an d  Sandell, T h is  J o u r n a l , 55, 2170 (1933).
(10) Pedersen, ibid., 61, 334 (1939).
(11) Shehyn an d  P a ll, J .  P hys. Chem., 44, 166 (1940).
(12) W illard an d  Y oung, T h is  J o u r n a l , 55, 3260 (1933).

washed three times with portions of the standard salt solu­
tion. This precipitate was then added to about 2 liters 
of the standard salt solution, and the solubility was deter­
mined as in pure water.

Results.—The results are given in Table II. 
Each value in Column 4 is the mean of six deter­
minations.

T a b l e  II
S o l u b il it y  o f  Ca l c iu m  Ox a l a t e  i n  S a l t  S o l u t io n s

Salt

Mo­
larity 
of salt

Ionic
strength

Solubility, 
molarity 

X 105
PS'

Calcu- 
Found lated

None 0 .0 0 0 0 .0 0 0 1 8 4 .5 5 8 .6 8 4 8 .6 7 0
NaCl .1 0 0 .1 0 0 1 1 .7 9 7 .8 5 6 7 .8 1 5

.2 0 0 .2 0 1 5 .4 7 7 .6 2 1 7 .6 2 3

.3 0 0 .3 0 1 7 .6 4 7 .5 0 7 7 .5 0 5

.4 0 0 .4 0 1 9 .5 0 7 .4 2 0 7 .4 1 5

.5 0 0 .5 0 2 1 .1 0 7 .3 5 0 7 .3 5 3

.6 0 0 .6 0 2 2 .5 8 7 .2 9 2 7 .3 0 0

.7 0 0 .7 0 2 3 .7 9 7 .2 4 7 7 .2 5 5

.8 0 0 .8 0 2 4 .8 2 7 .2 1 0 7 .2 1 6

.9 0 0 .9 0 2 6 .1 0 7 .1 6 6 7 .1 8 2
1 .0 0 0 1 .0 0 2 7 .0 8 7 .1 3 5 7 .1 5 1

KC1 0 .6 4 0 .6 4 2 2 .9 9 7 .2 7 7 7 .2 8 1
HCOONH4 .3 6 .3 6 2 2 .3 4 7 .3 0 2 7 .4 5 0
Na2S04 .2 1 3 .6 4 3 4 .9 4 6 .9 1 3 7 .2 8 2

Since none of the solutions listed in Table II 
were sufficiently acid to change significant quan­
tities of secondary oxalate ion to the primary an­
ion, the classical solubility product, S ', is simply 
the square of the molar solubility. Extrapolation 
of the experimental values of p S '  to /z =  0, gives 
8.730 for the thermodynamic solubility exponent, 
p S . This figure was then used in conjunction 
with the equation of Gronwall, LaMer and Sand- 
ved13 to calculate theoretical values of p S '.  
When a  is 4.85 A., the figures of Column 6 are ob­
tained. These values are in good agreement with 
the experimental data for sodium and potassium 
chlorides to surprisingly high ionic strengths.

Summary
The solubility of pure calcium oxalate in water 

and in solutions of sodium chloride, potassium 
chloride, ammonium formate and sodium sulfate 
at 25° has been determined.
N e w  B r u n s w ic k , N e w  J e r s e y
______________ R e c e iv e d  A u g u s t  13, 1942

(13) Gronw all, L aM er and  Sandved, P hysik . Z .,  29, 358 (1928).
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[C o n t r i b u t io n  f r o m  t h e  S c h o o l  o f  C h e m is t r y  o f  R u t g e r s  U n i v e r s i t y ]

The Effect of pH on the Solubility of Calcium Oxalate
By W ilb u r  H. M cComas, J r .,1 and W m . R iem a n  III

The literature contains no accurate data on the 
effect of p H  on the solubility of calcium oxalate. 
The purpose of our work was to supply such data 
and also to compare the observed effect of p H  with 
theoretical predictions.

Theory
The solubility of calcium oxalate in any solu­

tion should follow the equation

[Ca++]r = S' (H+)z t  K%' (1)

where brackets denote the concentration of the 
enclosed species; parentheses denote activity; 
T  is the total concentration of oxalate, i. e., the 
sum of [C2 0 4 ==] and [HC2 0 4 ~ ]; S ' is the classical 
solubility product of calcium oxalate; and K 2 is 
the semiclassical second ionization constant of 
oxalic acid, defined by the equation

_  (H+)[C2Or] 
2 [HC2Ou ] (2)

In the absence of excess calcium or oxalate
L  *  [Ca++] -  T  (3)

where L  is the solubility of calcium oxalate in 
moles per liter. Combination of these three 
equations yields

L  - vo, (H + ) +  K-2 
0 K 2' (4)

This equation can be used to predict the solubility 
of calcium oxalate in any given solution provided 
that values of S ', (H+), and K 2' are known. Data 
for S ' are given in the previous paper. (H+) may 
be calculated from p H  measurements by the 
equation

pH  -  - lo g  (H+.) (5)
The non-thermodynamic assumptions implied in 
this equation do not introduce serious errors for 
our purpose.

Second Ionization Constant of Oxalic Acid

measured at 25 ° with a Beckman p H  meter (pre­
viously standardized against 0.0500 molal potas­
sium acid phthalate), and the p K 2 values were 
calculated with equation (2). No corrections 
were applied to the concentrations of primary or 
secondary oxalate ions for the progress of the re­
action

HC2O4-  — >  H+ +  C20 4~
because these corrections would be smaller than 
the limit of error in measuring the pH , =*=0.08 
unit.

T a b l e  I

D a t a  f o r  p K 2 o f  O x a l ic  A c id  
All concentrations are expressed as molarities.

N a2C204 N a H C 20 4 N aC l P B PK*'

0.01875 0.0125 0.0000 0.0688 4.14 3.96
.0375 .0250 .0000 .1375 4.06 3.88
.01875 .0125 .150 .2188 3.96 3.78
.01875 .0125 .250 .3188 3.90 3.72
.01875 .0125 .350 .4188 3.83 3.65
.01875 .0125 .450 .5188 3.82 3.64
.01875 .0125 .550 .6188 3.76 3.58
.01875 .0125 .650 .7188 3.73 3.55
.01875 .0125 .750 .8188 3.70 3.52
.01875 .0125 .850 .9188 3.68 3.50
.01875 .0125 .950

N H 4CI

1.0188 3.64 3.46

.025 .025 .000 0 .1 0 3.93 3.93

.025 .025 .100 .20 3.81 3.81

.025 .025 .200 .30 3.73 3.73

.025 .025 .300 .40 3.68 3.68

.025 .025 .400 .50 3.64 3.64

.025 .025 .500 .60 3.59 3.59

.025 .025 .540 .64 3.58 3.58

.025 .025 .600 .70 3.56 3.56

.025 .025 .700 .80 3.53 3.53

.025 .025 .800 .90 3.51 3.51

.025 .025 .900 1.0 0 3.49 3.49

.025 .025 1.80 1.90 3.36 3.36
KC1

.01875 .0125 0.050 0.1188 4.07 3.89

.01875 .0125 .350 .4188 3.91 3.73

.01875 .0125 .540 .6088 3.87 3.69

.01875 .0125 .850 .9188 3.82 3.64

Solutions of the composition listed in Table I 
were prepared. Sodium hydrogen oxalate was 
not added as such, but sodium oxalate and oxalic 
acid were mixed to yield the indicated concentra­
tions. The p H  values of these solutions were

(1) T h is  paper is ta k en  from  p a r t  of a thesis su b m itted  by W ilbur
H . M cC om as, J r .,  in  p a rtia l fulfillm ent of th e  requ irem ents for th e
degree of D octor of Philosophy.

By combining the data of Harned and Fallon2 
for the e. m. f. of the cell
H21 NaHC204(xwi), Na2C204(^w2), NaCl(xw3) | AgCl +  Ag 
with the data of Maclnnes3 for the single activity 
coefficient of the chloride ion, values of the semi-

(2) H arned  and  Fa llon , T h is  J o u r n a l , 61, 3111 (1939).
(3) M aclnnes, ibid., 41, 1086 (1919).
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classical second ionization constant of oxalic acid 
can also be computed. These values agree with 
ours within =±=0.03 p K  unit throughout the range 
of Harned and Fallon’s measurements (ju =  0.03 
to 0.17).

From a large-scale graph of the foregoing p K 2 
values against the square root of ionic strength, 
it can be seen that the effect of sodium and am­
monium chlorides is the same, but that the graph 
for potassium chloride lies above the other, the 
divergence beginning at about *s/JL =  0.4.
Solubility of Calcium Oxalate in Formate Buffers

Buffers of formic acid and ammonium formate 
were prepared. Each buffer was 0.36 M  with 
ammonium formate, and therefore had an ionic 
strength of 0.36. The concentration of formic 
acid in the buffers was varied. The solubility of 
calcium oxalate monohydrate at 25° was deter­
mined in each of these buffers as described in the 
previous paper. The p H  of each filtrate was also 
determined with the Beckman p H  meter. The 
results are presented in Table II.

The values in the last column were calculated 
by equation (4) with S ' =  4.97 X 10~8 and K 2 =  
1.97 X 10~4. Good agreement is obtained be­
tween the observed and theoretical solubilities 
up to 0.5 M  formic acid. Greater concentrations 
of formic acid not only increase the hydrogen-ion

T a b l e  II
S o l u b i l i t y  o f  C a l c iu m  O x a l a t e  i n  F o r m a t e  B u f f e r s

M o larity  
of H C O O H pH

S olubility  of C aC 2C>4, m o la rity  
X 104

O bserved C alcu la ted

0.0000 5.96 2.23 (2.23)
.0246 4.75 2.26 2.32
.0437 4.53 2.47 2.39
.0778 4.25 2.66 2.53
.138 4.02 2.86 2.73
.246 3.75 3.18 3.09
.437 3.50 3.48 3.60
.778 3.23 4.03 4.47

1.38 2.93 4.84 5.88
2.46 2.60 5.89 8.30

activity but also alter the solvent properties of 
the medium. Since equation (4) does not take the 
latter effect into account, it is not accurate in 
high concentrations of formic acid.

Summary
The semiclassical second ionization constant 

of oxalic acid has been determined at ionic 
strengths from 0 to 1 in the presence of sodium, 
potassium, and ammonium chlorides. The solu­
bility of calcium oxalate monohydrate in formate 
buffers of constant ionic strength has been studied. 
Good agreement between observed and theoreti­
cal solubilities has been found.
N e w  B r u n s w i c k , N e w  J e r s e y

R e c e i v e d  A u g u s t  13, 1942

[C o n t r i b u t io n  f r o m  t h e  W e s t e r n  R e g io n  B u r e a u  o f  M i n e s , U n i t e d  S t a t e s  D e p a r t m e n t  o f  t h e  I n t e r i o r ]

The Specific Heats at Low Temperatures of Anhydrous Sulfates of Iron, Magnesium,
Manganese, and Potassium.1

B y G. E. M oore2 and K. K. K elley3

The Pacific Experiment Station of the Bureau 
of Mines for the past year has been engaged pri­
marily in determining thermodynamic values of 
substances important in the metallurgy of stra­
tegic materials, particularly manganese and chro­
mium. It is desirable to have these data not only 
for compounds of these metals themselves but 
also for the compounds of the metals associated 
with them in the ores and from which they must 
be separated. This paper deals with low-tem­
perature specific heat measurements of anhydrous 
sulfates of iron, magnesium, manganese and po­
tassium.

(1) Published by  perm ission of th e  D irector, B ureau of M ines, 
U. S. D epartm en t of th e  In te rio r. N o t copyrighted.

(2) Associate Chem ist, W estern  Region, B ureau of M ines.
(3) Senior Chem ist, W estern  Region, B ureau of Mines.

Materials.—Reagent quality ferrous sulfate heptahy- 
drate was heated slowly for several days to 125°, while 
evacuating with an oil-pump. It was then transferred to 
a high-vacuum line (mercury diffusion pump) and the heat­
ing continued. It was found necessary to heat to 235° to 
remove the last of the water, and some decomposition was 
unavoidable at this temperature. Analysis gave 37.30% 
Fe and 63.1% SO4 compared with the theoretical figures 
36.77 and 63.23%. Ferric iron corresponding to 1.6% 
Fe203 also was determined. Upon the basis of the iron 
analyses, which are the more significant, the purity of the 
sample is 98.4%. Higher purity would be desirable, but 
tests conducted at various stages in the dehydration process 
indicated that it is not possible to dry completely without 
decomposition. A 124.02-g. sample of this material was 
used in the measurements.

Reagent quality magnesium sulfate heptahydrate was 
dehydrated by heating in air in large nickel crucibles, the 
final temperature (400°) being maintained for two hours.
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This procedure is essentially that recommended by Archi­
bald.4 Analysis gave 33.60% MgO; theoretical 33.49%. 
No calcium was found by the procedure given by Hille- 
brand and Lundell5 for detecting small amounts of calcium 
in the presence of large amounts of magnesium. A small 
amount of magnesium oxide as such was found in the 
sample and directly determined by titration as 0.10 to 
0.15%. The specific-heat measurements were made on a 
142.95-g. sample.

Manganous sulfate tetrahydrate, reagent quality, was de­
hydrated by heating in air up to 400°, and this temperature 
was maintained overnight. After crushing and screening 
the heating was repeated, 400° being held for several hours.6 
The manganese content of the product was determined by 
precipitation as sulfide, washing and converting to anhy- 
droussulfate. Thisresultedin36.33% (theoretical36.38%). 
Sulfate analyses gave 63.77% (theoretical 63.62%), A
152.03-g. sample was used in the measurements.

Reagent quality anhydrous potassium sulfate was heated 
to 140° and used without further purification. Analysis 
for sulfate showed the material to be at least 99.7% pure. 
The sample used in the measurements contained 169.05 g.

Specific Heats.—The methods and apparatus 
used in the present work are the same as pre­
viously employed.7 The results of the specific 
heat measurements, expressed in defined calories 
(1 calorie =  4.1833 int. joules), are given in Table 
I and shown graphically in Fig. 1. The formula 
masses employed and given in Table I are in ac­
cord with the 1941 International Atomic Weights.

0 100 200 300
T, °K.

Fig. 1.—Specific heats of anhydrous sulfates.
(4) A rchibald, “ P rep a ra tio n  of P u re  Inorgan ic  Substances,” John 

W iley an d  Sons, New Y ork , N . Y ., 1932, p . 92.
(5) H illebrand and  L undell, "A pplied  Inorgan ic  Analysis,” John 

W iley and  Sons, N ew  Y ork, N . Y ., 1929, p. 488.
(6) T he  au tho rs  are  indeb ted  to  D r. G. W . M arks, B ureau of 

M ines, for d ehydra ting  th is  m aterial.
(7) Kelley, T h is  J o u r n a l , 63, 1137 (1941).

T a b l e  I
S p e c i f i c  H e a t  o f  FeS04 (151.91 g .)

T, °K .
Cp c a l ./  

deg. mole T , °K .
Cp c a l ./  

deg. mole r ,  °k .
Cp c a l ./  

deg. mole

53.0 4.528 115.1 12.09 216.0 19.80
56.4 4.963 124.7 13.02 225.8 20.42
60.2 5.503 135.5 14.01 236.6 21.06
64.8 6.194 145.5 14.84 246.3 21.63
69.5 6.863 155.4 15.64 256.1 22.19
73.7 7.419 165.7 16.47 266.2 22.73
80.5 8.277 175.5 17.16 276.2 23.30
85.1 8.827 185.9 17.89 285.9 23.68
94.8 9.971 196.0 18.60 294.9 23.94

104.5 11.01 206.2 19.22

Specific Heat of MgS04 (120.38 g.)
53.3 2.988 114.1 10.19 215.3 18.50
57.2 3.449 124.6 11.28 225.4 19.16
61.0 3.923 135.3 12.32 235.5 19.73
65.1 4.483 145.3 13.23 245.8 20.36
69.8 5.079 154.9 14.06 255.6 20.89
74.4 5.674 165.3 14.93 265.8 21.45
80.7 6.438 175.0 15.67 276.2 22.03
85.3 6.991 185.4 16.47 286.1 22.50
94.7 8.086 195.2 17.22 295.4 22.91

104.4 9.161 205.5 17.87

Specific Heat of MnS04 (150.99 g.)
53.1 5.173 115.2 12.75 216.3 20.02
56.6 5.664 125.2 13.71 226.1 20.59
60.6 6.250 135.1 14.58 236.1 21.11
65.0 6.919 145.1 15.35 246.5 21.67
69.5 7.571 155.6 16.16 256.3 22.14
74.0 8.182 165.4 16.87 266.2 22.55
80.5 9.007 175.8 17.55 276.1 23.13
85.4 9.604 185.6 18.21 285.8 23.52
94.4 10.63 196.3 18.90 294.7 23.83

104.2 11.68 206.0 19.43

Specific Heat of K2S04 (174.25 g.)
52.7 10.73 114.0 20.26 215.1 27.13
56.1 11.52 124.2 21.15 225.5 27.74
60.3 12.51 134.2 22.03 235.2 28.17
64.8 13.54 144.6 22.82 244.8 28.71
69.2 14.45 154.7 23.51 255.1 29.23
74.2 15.36 164.6 24.21 265.2 29.72
80.2 16.29 175.0 24.83 276.0 30.26
84.2 16.87 184.8 25.42 286.1 30.60
94.5 18.22 195.4 26.11 295.4 30.99

104.7 19.34 205.3 26.61

Figure 1 shows that all four substances exhibited 
normal behavior throughout the temperature 
range studied. Consequently, no discussion of the 
character of the specific heat curves appears neces­
sary, and there are no previous data with which to 
compare. It should be mentioned that a small 
correction, ranging from 0.05 to 0.10%, depend­
ing on the temperature, has been applied to the 
magnesium sulfate results to compensate for the 
small quantity of oxide detected in the analysis.
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No corrections for impurities were applied in the 
other instances.

It is desirable to record here that the heat ca­
pacity curve of the empty calorimeter was rede­
termined completely at the conclusion of the 
measurements reported in this paper. In the in­
terim between these calibration measurements 
and the preceding set some 20 substances had been 
studied, a few minor repairs had been made, and a 
new White potentiometer had been installed. The 
new calibrations agree so well with the old that no 
error, in the specific heats of the substances 
studied in the interim, greater than 0.05% may 
be attributed to the combined sources of lack of 
constancy in the heat capacity of the empty calori­
meter and difference in measuring instruments.

Entropies.—The entropies at 298.16°K. were 
obtained in the usual manner; the measured por­
tions between 50.12° and 298.16°K. were com­
puted graphically from Cp vs. log T  curves, and 
the portions below 50.12°K. were extrapolated. 
For the latter purpose, the specific heat curves 
were fitted with the function sums listed below, 
and the temperature range represented is given 
in parentheses.

FeS04: '!>(— )  +  2E Q t )  +  2 £ ( t ^ )’
(51 to 200 °K.)

MgS04: * ( « ? )  +  2b ( ™ )  +  2* ( ™ )  +  E ( ^ \

(51 to 298°K.)

MnS04: +  2 £ ( ^ f )  +  2 £ ( ^ r ) -
(51 to 220 °K.)

K2S04: d (j y )  +  3 £ ( l ^ )  +  2 £ ( ^ P ) ’
(51 to 225°K.)

The results are shown in Table II. Some cor­
rection of the ferrous and manganous sulfate 
values may be necessary to compensate for un­
extracted magnetic entropy when the pertinent 
data become available. The assigned errors apply

T a b l e  II
E n t r o p i e s  a t  298.16°K. c a l . / d e g . m o l e

F e S 0 4 M gSO i MnSO* K 2SO4

50.12°K.
(extrap.) 2 .1 0  1 .10  2 .7 2  4 .82

50.12-298.16°K .
(graph.) 23 .60  2 0 .7 8  24 .07  37.21

5298.16 2 5 .7 ^ 0 .3  2 1 .9  ± 0 .2  26.8=>«=0.3 4 2 .0 ± 0 .6

only to the measurements and normal extrapola­
tions made and do not allow for this contingency.

Previous entropy values have been reported 
for magnesium and potassium sulfates only8; 
20 =*= 2 and 44.8, respectively, have been estimated 
from decomposition data. The present values, of 
course, are preferable.

Related Thermal Data.—Free-energy-of-for- 
mation values from the elements, calculated 
from the third law of thermodynamics, are shown 
in column 4 of Table III. These values are based 
upon the present entropy results, the entropies of 
the elements,8 and heat-of-formation data a- 
dopted by Bichowsky and Rossini,9 except in the 
instance of manganous sulfate, for which the re­
cent value of Southard and Shomate10 is employed. 
Values computed from other considerations by 
Kelley,11 in his survey of thermal properties of 
sulfur-containing compounds, are shown in column
5.

T a b l e  III
F r e e  E n e r g i e s  o f  F o r m a t io n  a t  298.16°K. c a l . / m o l e

Substance AU298.16 A5298-16
AF°298.16
(T .L .)

AF°298.16
(m isc.)

F e S 0 4 — 221,300 - 8 6 . 5 -1 9 5 ,5 0 0
M g S 0 4 -3 0 4 ,9 5 0 - 9 1 . 6 -2 7 7 ,6 4 0 -2 8 5 ,1 8 0
MnSCh -2 5 4 ,1 8 0 - 8 6 . 5 -2 2 8 ,3 8 0 -2 2 8 ,0 2 0
K 2SO4 -3 4 2 ,6 6 0 - 9 4 . 1 -3 1 4 ,6 0 0 -3 1 4 ,5 8 0

Except for magnesium sulfate, the values are in 
good agreement. In this instance there exists a 
rather gross discrepancy between the third law 
and decomposition pressure results. At present 
the authors prefer the third-law value for this sub­
stance.

Summary
Specific heat measurements of anhydrous sul­

fates of iron, magnesium, manganese and potas­
sium are reported in the temperature range 51 to 
298°K.

The entropies at 298.16 °K. were computed to 
be 25.7 ±  0.3 for FeS04, 21.9 =fe 0.2 for M gS04, 
26.8 =*= 0.3 for MnS04, and 42.0 =*= 0.6 for K2S04.

Free-energy-of-formation values based upon 
the third law of thermodynamics are computed 
and compared with results from other data. 
Berkeley, California R eceived A ugust 7, 1942

(8) K elley, B ureau  of M ines B ulle tin , 434, 1941, 115 pp .
(9) B ichowsky an d  R ossini, “ T herm ochem istry  of C hem ical S u b ­

stances,” R einhold  P ublish ing  Co., N ew  Y ork , N . Y ., 1936.
(10) S o u th a rd  and  Shom ate, T h is  J o u r n a l , 64, 1770 (1942).
(11) K elley, B ureau  of M ines B ulle tin  406, 1937, 154 pp .
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The Molecular Structure of Methyl Isocyanide
B y W alter Gordy1 and L inus  P auling

It is known from its Raman spectrumla and an 
earlier electron diffraction investigation2 that the 
structure CH3—N e==C: makes a larger contribu­
tion to the normal state of the methyl isocyanide 
molecule than the structure CHs—N = C I f  the 
latter structure were of much importance the 
C—N—C bond angle might differ somewhat 
from 180°. The infrared spectrum of the sub­
stance has been studied by Badger and Bauer, 3 

who pointed out that the absence of splitting of 
certain lines indicates that the molecule is linear. 
We have made an electron diffraction investiga­
tion of the substance with the improved technique

R, A - k ■
1 2  3

Fig. 1.—(Above) Radial distribution integral for
methyl isocyanide, with lines indicating interatomic dis­
tances for the accepted structure. (Below) A curve 
representing the visual appearance of the photographs, and 
calculated simplified intensity curves for four models.

(1) N a tio n a l R esearch  Fellow in  Physics; p resen t address, R ad i­
a tio n  L abora to ry , M assachuse tts  In s titu te  of Technology, Cam ­
bridge, M assachusetts

( la )  A. D adieu, Ber., 64B, 358 (1931).
(2) L. O. B rockw ay, T h is  J o u r n a l , 58, 2516 (1936).
(3) R . M . B adger an d  S. H . B auer, ibid., 59, 303 (1937).

now available, and have verified that the molecule 
is linear or very nearly linear.

The samples used were prepared by Mr. David
H. Brown from silver cyanide by the methods of 
Hartley and Gautier, and electron diffraction 
photographs were made and measured in the 
usual way. The photographs were much better 
than those obtained by Brockway, with seven 
measurable rings instead of three. The visual ap­
pearance of the photographs is represented by the 
sketched curve marked “Observed” in Fig. 1. 
The radial distribution integral calculated from • 
this curve, also shown in Fig. 1, is seen to have 
principal peaks at 1.17, 1.43 and 2.59 A. The 
first of these represents the shorter C—N bond dis­
tance with the C—H bond distance (1.09 A.) un­
resolved. The effect of the latter on the position 
of the maximum should be small; we estimate it 
to be 0.01 A., leading to 1.18 A. for the shorter C—
N bond distance. The peak at 1.43 A. corre­
sponds to the longer C—N bond distance and 
that at 2.59 A. to the C—C distance.

The fact that the third distance is equal (to 
within 0.02 A.) to the sum of the other two indi­
cates that the C—N—C bond angle is close to 
180°; for 160° the value 2.57 A. would be ex­
pected, and for 150° the value 2.52 A. Assuming 
that the probable errors of the radial distribution 
values are about 1 %, we see that it is not likely 
that the angle is less than 160°.

Simplified intensity curves calculated for vari­
ous models are shown in the figure4; the C—H 
distance was taken as 1.09 A. and the methyl car­
bon bond angles as tetrahedral throughout. Tem­
perature factors for the C—H terms were intro­
duced as described by Stevenson, Burnham and 
Schomaker. 5 The other parameters of the models 
are the following

M odel H 3C— N , A. N — c, A. Angle C— N — C
A 1.44 1.18 180°
B 1.44 1.18 163°
C 1.44 1.18 156°
D 1.48 1.17 180°

(4) T he carves were calculated  by  an equation  differing som ew hat 
from  th a t  which we have used heretofore; th is  equation  and  a  brief 
discussion of th e  rad ia l d is trib u tio n  in tegral are given by R . A. S p u rr 
and V. Schom aker, T h is  J o u r n a l , 64, 2693 (1942).

(5) D. P. Stevenson, H . D. B urnham  and V. Schom aker, T h is  
J o u r n a l , 61, 2922 (1939).
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Curves C and D (Brockway’s model) are un­
satisfactory; C does not show the shelves for the 
5th and 6 th rings, and D makes the 4th ring much 
less pronounced than observed. A and B are 
about equally satisfactory. We conclude from 
this, as from the radial distribution integral, that 
the deviation from linearity is not greater than 
about 2 0 °.

The observed frequency of the normal mode of 
oscillation corresponding mainly to bending of the 
CNC chain is 290 cm.”1, and the corresponding 
force constant6 has the value 0.205 X 10” 11 erg 
radian*-2. The zero-point energy hv for this de­
generate oscillation corresponds to a root-mean- 
square deviation of 9.6° of the C—N—C angle 
from 180°, and the equipartition energy 2  k T  at 
room temperature corresponds to the somewhat 
larger value 11.4°. The model indicated by the 
spectroscopic data would hence give a calculated 
intensity curve lying between A and B, and some­
what closer to B than to A. The electron diffrac­
tion photographs are accordingly compatible with 
this model.

The quantitative comparison of model A with 
the measured ring diameters leads to the C—-N in­
teratomic distances H3C—N =  1.44 and N—C =
1.18 A., in essential agreement with the radial

T a b l e  I
M ax. M in. <Zobs. QA QA/<Zobs.

1 12.7 13.0 (1.02)
1 19.2 19.3 1.005

2 28.1 28.1 1.000
2 32.5 32.6 1.003

3 36.4 35.8 0.983
3 40.2 40.6 1.010

4 44.4
4 47.5

5 51.4 50.9 0.991
5 56.5 56.7 1.003

6 65.6 65.9 1.004
6 71.8 71.9 1.002

7 80.9 81.2 1.003
7 87.5 87.0 0.994

Average 1.000
(6) J . W . L in n ett, J . Chem . P hys., 8, 91 (1940).

distribution values. From these the average 
C—C distance is calculated, with consideration 
of the bending oscillation, to be 2.59 A.

The H3C—N value 1.44 A. (which is 0.04 A. 
smaller than that reported by Brockway) differs 
from the single-bond radius sum by only 0.03 A., 
whereas the observed H3C—C distance in methyl 
cyanide is 0.05 A. smaller than the radius sum . 7 * 

This indicates that hyperconjugation of the methyl 
group and the triple bond is smaller for the iso­
cyanide than for the cyanide, which is reasonable 
in view of the fact that the corresponding struc­
ture h +CH2—N = = C for the isocyanide has an 
unstable distribution of charge.

An explanation in terms of resonance can be 
given of the fact that the observed bending fre­
quency of methyl isocyanide, 290 cm.”1, is much 
smaller than that, 376 cm.”1, for methyl cyanide, 
and that the bending force constants computed 
from the oscillational frequencies, 0.205 X IO” 11  

and 0.320 X 10” 11 erg radian”2, respectively, are 
similarly related. The force constant for the cy­
anide represents essentially the resistance to bend­
ing of a single bond and triple bond. In the case
of the isocyanide the structure \ n =C:> for 
which the bent configuration is the stable one, 
makes an increasing contribution to the normal 
electronic state as the molecule deviates by in­
creasing amount from linearity, and the resultant 
increase in resonance energy lowers the wings of 
the electronic-energy curve, leading to a smaller 
force constant and oscillational frequency.

We thank Dr. V. Schomaker for his assistance 
and advice during this work.

Summary
The electron diffraction study of methyl iso­

cyanide shows the molecule to be linear, with in­
teratomic distances H3C—N =  1.44 =«= 0.02 A. 
and N—C =  1.18 =*= 0.02 A.
P a s a d e n a , C a l i f o r n i a  R e c e i v e d  J u l y  20, 1942

(7) L . Pauling, H . D . Springall and K . J .  Palmer, T h is  J o u r n a l ,
61, 927 (1939).
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Non-carbohydrate Substances in the Cereal Starches
B y T homas John Schoch

In a preliminary communication,1 the author 
has reported the removal of fatty acids from the 
cereal starches by extraction with certain hydro­
philic fat solvents. Recently, Evans and Briggs2 
have investigated the solvent extraction of corn 
starch, particularly as regards the identity of the 
fatty acids so liberated, and their development 
during ripening of the corn kernel. The present 
paper offers further data to indicate that the lipids 
of the common cereal starches are merely ad­
sorbed on the starch. This is in contrast with 
the earlier views of Taylor and his co-workers,3 4 
who maintained that the fatty acids of the cereal 
starches were esterified with the alpha-amylose, 
contributing to the insolubility of that fraction.

The extent of removal of fatty material from corn 
starch depends on the nature of the solvent. Hy­
drocarbons or chlorinated hydrocarbons have little

T a b l e  I

effect, while hydroxylated fat solvents remove 
much of the lipid material. This is illustrated by 
a series of Soxhlet extractions of corn starch with 
various solvents (Table I). While anhydrous di­
oxane gives inferior extraction, it will be noted 
that the constant boiling mixture of 80% dioxane 
with 20% water is among the most effective sol­
vents.

Soxhlet extraction technique is limited to small 
quantities of material and to the use of pure sol­
vents or constant boiling mixtures. Hence, ex­
tractions were likewise run by suspending one 
part of corn starch in three parts of the specified 
solvent, refluxing for one hour on the steam-bath 
with mechanical stirring, then filtering and di­
gesting twice further in similar fashion with fresh 
solvent (Table II). Both dioxane and methanol 
were found to function more effectively when di­
luted with a small amount of water.

S o x h l e t  E x t r a c t i o n  o f  C o r n  S t a r c h T a b l e  II
H ours

T o ta l
m ateria l

F a t content 
of ex tracted E x t r a c t io n  o f  F a t t y  M a t e r ia l  f r o m  C o r n  S t a r c h

Solvent ex trac ted rem oved0 starch?» F a t  con ten t of
Mixed petroleum and Solven t ex tracted  starch®

ethyl ethers 18 0.04% Dioxane (anhydrous) 0.70%
Carbon tetrachloride 18 .04 Dioxane (80%) .12
Ethyl acetate 18 .07 0.84% Dioxane (60%) .34
Dioxane (anhydrous) 18 .15 .78 Methanol (anhydrous) .30
Isopropyl alcohol 18 .40 .72 Methanol (85%) .18
Isoamyl alcohol 18 .42 Methanol (75%) .38
Methanol 18 .90 .10 Methanol (65%) .38
Dioxane (80%) 18 .95 .06 a By acid hydrolysis method. Original raw com starch
Dioxane (80%) 3 .91 .26 analyzed 0.84% fat.
Methyl cellosolve 3 .99 .18

a Determined by drying the extract to constant weight. 
Coloring matter and a portion of the protein are extracted 
from the starch by some of these solvents, and are included 
with fatty material under this heading. 6 The original 
raw starch analyzed 0.80% fat. All analyses for fat in 
starch reported in this paper were run in duplicate by the 
acid hydrolysis procedure,4 and are corrected to dry starch 
basis. The precision of results by this method of analysis 
is of the order of =«=0.02%. However, values tend to 
run slightly high, due to carry-over of dextrins by the mixed 
ethers used for extraction.

(1) Schoch, T his J o u r n a l , 60, 2824 (1938).
(2) E vans  an d  Briggs, Cereal Chemistry, 18, 443, 465 (1941); 

E vans, ibid., 18, 468 (1941).
(3) T ay lo r an d  N elson, T h is  J o u r n a l , 42, 1726 (1920); T aylor 

an d  Iddles, In d . Eng. Chem., 18, 713 (1926); T ay lo r and W erntz, 
T h is  J o u r n a l , 49, 1584 (1927); T ay lo r an d  W alton , ibid., 51, 3431 
(1929); T ay lo r an d  Sherm an, ibid., 55, 258 (1933).

(4) Assoc. Official Agr. Chem., Official an d  T en ta tiv e  M ethods of 
A nalysis, 4 th  ed., p . 208, 1935.

The fat content of corn starch can be reduced 
by cold percolation with solvents, though this pro­
cedure is much less effective than hot extraction 
methods. Leaching with a large volume of cold 
85% methanol decreased the fat content from 
0.84 to 0.41%, or to 0.44% using 80% dioxane. 
Coloring matter is removed readily by this method.

The lipids extracted from corn starch prove to 
be free fatty acids, various samples ranging in acid 
number from 134 to 153. Exhaustive extraction 
with hot 85% methanol decreased the phosphorus 
content only slightly, from 0.017 to 0.015%. 
Most of this phosphorus must be esterified with 
the carbohydrate, since prolonged electrodialysis 
of an autoclaved paste of defatted corn starch at 
1300 volts direct current potential merely reduced
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the phosphorus content to 0.013%, indicating the 
absence of any considerable amount of inorganic 
phosphate.

As estimated by Kjeldahl determinations, only 
a portion of the total protein is extracted from 
corn starch by 80% dioxane or by 85% methanol 
(Table III). It is assumed that the remainder of 
the protein either is of a different type, or is heat- 
denatured during extraction.

T a b l e  III
E x t r a c t io n  o f  P r o t e i n  f r o m  C o r n  S t a r c h

T rea tm en t P ro tein

A, Raw corn starch 0.34
B, After four digestions with 85% methanol .24
C, Product B, after twenty-four hours of Soxhlet

extraction with 80% dioxane .21
D, Raw corn starch, after forty-eight hours Soxh­

let extraction with 80% dioxane .26

The fatty material of rice starch can be simi­
larly removed, but as the soap rather than the 
free fatty acid. It is presumed that the sample 
here employed was manufactured under alkaline 
steeping conditions.
Fat content of raw rice starch 0.59%
After seven successive digestions with 85% meth­

anol .03%
After forty-eight hours of Soxhlet extraction with

80 % dioxane . 07 %

In the case of wheat starch, the phosphorus ap­
pears to be present as a phospholipid, since both 
phosphorus and fat are removed concurrently 
(Table IV). After purification by solution in

T a b l e  IV
E x t r a c t io n  o f  F a t t y  M a t e r ia l  a n d  P h o s p h o r u s  f r o m  

W h e a t  S t a r c h

T rea tm en t %  F a ta % po
Raw wheat starch, Sample A
Sample A, Soxhlet extracted forty-eight

0.50 0.054

hours with 80% dioxane 
Sample A, after seven digestions with 85%

.08 .008

methanol .04
Raw wheat starch, Sample B
Sample B, Soxhlet extracted forty-eight

.64 .059

hours with 80% dioxane 
Sample B, after seven digestions with 85%

.16 .022

methanol
Extracted fatty material from Sample B

.03
2.25

° By acid hydrolysis. 6 Phosphorus was determined 
alkalimetrically, on the various starch samples after the 
dry-ashing procedure of Howk and De Turk,5 6 and on the 
fatty extract by the A. O. A. C. method.6 All analyses in 
duplicate.

(5) H ow k and  D e T urk , In d . Eng. Chem., A na l. Ed., 4, 111 (1932).
(6) Assoc. Official Agr. Chem., Official and  T en ta tiv e  M ethods of 

Analysis, 4 th  ed., p . 455, 1935.

carbon tetrachloride, the extracted lipid analyzes 
high in phosphorus.

These results are of particular interest since 
Stamberg and Bailey7 have characterized the 
amylopectin fraction of wheat starch on the basis 
of its phosphorus content. From the above re­
sults, it appears that the phosphorus is present 
merely as an adsorbed phospholipid, and hence 
cannot be considered as truly characterizing either 
fraction. In contrast, prolonged Soxhlet extrac­
tion of potato starch with 80% dioxane does not 
materially reduce its phosphorus content.
Raw potato starch 0.095% P
After forty-eight hours of extraction with

80% dioxane .087% P
After one hundred and twenty hours extrac­

tion with 80% dioxane .084% P

Just as lipids can be removed by certain hydro­
philic solvents, so it is also possible to impregnate 
starch with fatty acid by use of those same sol­
vents. While this added fat cannot be removed 
by hydrocarbon solvents, it is readily extracted 
by hydrophilic solvents. Under similar condi­
tions, carbon tetrachloride is inferior as a medium 
for impregnating starch with fatty acid:
A, 50 g. raw corn starch was suspended in 100 ml. of meth­

anol containing 25 g. of oleic acid and evaporated to 
dryness on the steam-bath. The pasty mass was 
washed with hot xylene, then Soxhlet-extracted for 
twenty-four hours with carbon tetrachloride, dried and 
analyzed. Initial fat content of raw corn starch = 
0.84%; final fat content = 2.26%.

B, Similar procedure, using defatted corn starch. Initial 
fat content = 0.17%; final fat content = 1.27%.

C, Similar procedure, but impregnating defatted corn 
starch with a 25% solution of oleic acid in carbon tetra­
chloride, instead of methanol. Initial fat content = 
0.17%; final fat content = 0.26%.

D, Same procedure as in A, but using potato starch. 
Initial fat content of potato starch = negligible; final 
fat content = 0.77%. A portion of this fatted potato 
starch was Soxhlet-extracted for an additional twenty- 
four hours with carbon tetrachloride, thereafter analyz­
ing 0.81% fat. A second portion was similarly ex­
tracted, but with 80% dioxane, which reduced the fat 
content to 0.04%.
The concept of a carbohydrate fatty ester is 

considered untenable. The selective removal of 
lipids by certain solvents cannot be attributed to 
ester exchange, since the free fatty acid or the soap 
is isolated. Also, no such mechanism could be 
formulated for dioxane. To ascertain whether a 
simple sugar fatty ester might decompose under 
the conditions of starch extraction, glucose penta-

(7) S tam berg  an d  Bailey, Cereal Chemistry, 16, 309, 319 (1939).
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palmitate was refluxed for forty-eight hours with 
methanol and with 80% dioxane. In each case, 
the sugar ester was recovered quantitatively and 
unchanged. To clarify further the specific ac­
tion of hydrophilic solvents in removing fatty 
material, oven-dried samples of corn starch were 
confined in closed containers over various solvents 
until constant weight was attained. The in­
crease in weight of the starch due to solvent-vapor 
adsorption is directly related to the hydrophilic 
nature of the solvent, and hence is interpreted as a 
measure of solvent adsorption into the granule 
(Table V).

Table V
A d s o r p t io n  o f  V a r i o u s  S o l v e n t  V a p o r s  b y  D r i e d  C o r n

S t a r c h

Solvent

Benzene
Xylene
Carbon tetrachloride 
Ethyl acetate 
Dioxane (anhydrous) 
Acetone *
Methanol 
Methyl cellosolve 
Water

G ain in  weight, %  

0 .6  
0 .9  
1.1 
1.6
3 .3
6 .4

19.6
20.6  
25 .8

The lipids of the cereal starches appear to be 
distributed through the granule, loosely bound 
to the carbohydrate by polar adsorption, as sug­
gested by Lehrman.8 These lipids can only be 
displaced by fat solvents which can penetrate into 
the granule and adsorb preferentially on the 
starch by virtue of their hydrophilic loading. 
With dioxane and methanol, the hydrophilic 
qualities are markedly enhanced by the addition 
of a small amount of water.

The defatted cereal starches give clearer pastes 
possessing more pronounced gelling qualities than 
the original raw starches. The alkali lability is 
not increased by removal of lipid material. With 
corn starch, the apparent alkali number9 drops 
slightly (e. g .y from 12.1 to 10.7), due to removal 
of fatty acid and protein, which consume a small

(8) L ehrm an , T h is  J o u r n a l , 61, 212 (1939); L ehrm an has re ­
cen tly  shown [ibid., 64, 2144 (1942)] th a t  th e  adsorption  of palm itic 
acid  from  m ethano l so lu tion  b y  p o ta to  s tarch  or de fa tted  corn starch  
follows a  F reundlich  iso therm , an d  th a t  th is  adsorbed fa tty  acid is n o t 
rem oved  by  ex trac tion  w ith  carbon  te trach loride .

(9) Schoch and Jensen, Ind- Eng. Chem., Anal. Ed,, 12, 531 (1940),

amount of alkali in this test. Extraction of fatty 
acid raises the p H  of corn starch to 6.0, within 
the range of minimum hydrolysis at elevated tem­
peratures.9 While raw corn starch pastes undergo 
slight hydrolysis during autoclaving, due to the 
acidity imparted by the presence of free fatty acid, 
no such effect is noted with pastes of defatted 
corn starch. At concentrations of 1-3%, de­
fatted corn starch pastes may be dispersed by 
autoclaving for two hours at 19 pounds pressure, 
without any rise in the alkali number. The pres­
ence of lipid material appears to promote retrogra- 
dation of the cereal starches, and for this reason 
may interfere with enzymatic conversions. To 
avoid these effects, and for purposes of purifica­
tion, it is the general practice in this Laboratory 
to defat all cereal starches intended for fundamen­
tal investigations. Recommended procedure is 
as follows: one part of starch is suspended in three 
parts of 85% (by volume) methanol, refluxed 
for several hours on the steam-bath with adequate 
stirring, filtered hot, then resuspended in fresh 
85% methanol and extracted four times further 
in similar fashion. Five such extractions are 
sufficient to reduce the fat content of corn, wheat 
and rice starches to the vanishing point.

Summary
The fatty acids of corn starch are removed 

without hydrolytic degradation by extraction 
with suitable hydrophilic fat solvents. Similarly, 
the fatty material can be removed from rice starch 
as the soap and from wheat starch as a phospho­
lipid, together with substantially all the phos­
phorus of the original raw wheat starch. Conse­
quently, these lipids cannot characterize any 
amylose fraction, but must be considered as nat­
ural impurities adsorbed on the starch. By the 
use of such hydrophilic fat solvents, corn starch or 
potato starch can be impregnated with fatty acid, 
and this added fat can only be removed by the 
same type of solvent used to introduce it.

Prior to use for any fundamental studies, it is 
recommended that the common cereal starches be 
purified of such lipid material by successive ex­
tractions with hot 85% methanol.
A r g o , Illinois R e c e i v e d  A u g u s t  12, 1942
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Fractionation of Starch by Selective Precipitation with Butanol
B y T homas

Introduction
The existence of several component amyloses 

in the common cereal and tuber starches has long 
been presumed. However, the literature records 
little agreement on the methods for isolating these 
components, or on their individual chemical and 
physical characteristics and relative proportion 
in the native starch. Most of this confusion can 
be traced to four principal sources of error: 1, 
incomplete dispersion of the starch prior to sepa­
ration studies, thus including swollen and par­
tially fragmented granules in the insoluble frac­
tion; 2, slow separation methods, as by pro­
longed leaching or electrophoresis, permitting the 
starch to “retrograde” to less soluble form; 3, 
hydrolytic changes suffered either preliminary to 
or during the fractionation, as the use of starch 
solubilized by ball-milling or by alcoholic acid 
treatment, or the application of doubtful enzy­
matic methods to effect a separation; 4, inter­
ference by non-carbohydrate impurities, espe­
cially by fatty acid in the case of com starch.

Based on the selective precipitant action of 
normal butyl alcohol toward starch sols,1 a new 
technique of fractionation has been developed 
which avoids the above difficulties and which 
yields products2 of markedly different physical 
and chemical characteristics. It has not as yet 
been established whether this mode of separation 
isolates two* specific amyloses existing in the 
starch, or whether it fractionates a graded series 
of starch components. However, it is hoped that 
the methods here presented will help to clarify 
the problem of starch structure, by affording two 
chemically different fractions which may be stud­
ied individually and by comparison with one 
another. The fractionation involves four sepa­
rate steps: (1) dispersion of the starch without 
attendant hydrolysis by autoclaving within care­
fully controlled p H  limits, (2) selective precipi­
tation of one fraction under conditions which

(1) Schoch, Cereal Chem., 18, 121 (1941).
(2) T he  a u th o r prefers n o t to  iden tify  these fractions as alpha and 

be ta  am yloses, nor as am ylose and  am ylopectin , since these term s 
have been so confused by  indiscrim inate usage. U ntil a  m ore exact 
nom enclature can  be devised, based on th e  identification of specific 
configurational differences betw een these  fractions, th ey  will be 
designated  m erely as th e  “ bu tano l prec ip ita ted  fraction” and  the  
“ bu tano l non -precip ita ted  frac tion ,”

J ohn Schoch

prevent retrogradation, presumably through com­
plex formation with the precipitating agent, (3) 
separation of this product by supercentrifuging, 
and (4) a system of purification of this fraction 
by washing or by reprecipitation. The specific 
application of these methods to corn starch, 
potato starch and waxy maize will be considered 
in turn.

Corn Starch
Removal of Fatty Material.—In a previous publica­

tion,3 the use of defatted corn starch has been advised for 
all investigations of a fundamental character, and a 
method of purification has been outlined, consisting of five 
successive extractions with hot 85%  methanol. This de­
fatted starch is preferred as starting material for fraction­
ation studies, since its pH  is stabilized at 5.9-6.0 permit­
ting autoclaving without glucosidic hydrolysis. While 
raw starch can be used, the lower pH  (5.0-5.3) prohibits 
autoclaving and the presence of fatty acid interferes with 
the fractionation.

Dispersion of the Starch.—Regardless of whether the 
several fractions of starch are uniformly distributed 
throughout the granule, or whether one fraction consti­
tutes an outer envelope, it is imperative to effect optimum 
dispersion of the granule structure preliminary to any frac­
tionation study. In the opinion of the author, autoclaving 
affords the nearest approach to ideal dispersion, provided 
that hydrolytic breakdown is prevented by rigid mainte­
nance of the pH  between 5.9-6.3.4 If a raw corn starch paste 
is adjusted within these limits by means of sodium hydrox­
ide, the pH  will drift badly during autoclaving. If sufficient 
buffer salts are added to maintain a stable pH , the presence 
of this electrolyte interferes with subsequent flocculation 
of the butanol precipitated fraction. Fortunately, the 
pH  of defatted corn starch stabilizes at 5.9-6.0 during the 
entire separation. Presence of butanol during the auto­
claving aids the breakdown of granule structure, by 
markedly lowering the gelatinization temperature of the 
starch, possibly a surface tension effect. A mixture of 
14 liters of water and 2 liters of butanol in a 5-gallon Pyrex 
stock bottle is heated to boiling on the steam-bath, and a 
suspension of 150-450 g. (preferably 300 g.) of defatted 
corn starch in 1 1. of water is slowly added with vigorous 
mechanical stirring (Flow Sheet). This amount of butanol 
is considerably in excess of the 8% required to saturate the 
aqueous phase, to provide for loss during autoclaving. 
Also, it is desirable to have a supernatant layer of excess 
butanol present during the entire separation, to prevent 
the formation of insoluble “skins” by surface evaporation. 
The 1-3% paste is then autoclaved for two to three hours 
at 18-20 lb. pressure. Tests have shown that the vis­
cosity drops to a minimum (indicative of granule disinte-

(3) Schoch, This Journal, 64, 2954 (1942).
(4) Schoch and  Jensen , In d . Eng. Chem., A nal. E d ., 12, 531 (1940),
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F l o w  S h e e t .— F r a c t i o n a t io n  o f  C o r n  S t a r c h : 150-450 g. of defatted corn 
starch pasted in a mixture of 15 1. of water -+ 2 1. of butanol, autoclaved two 

hours, then centrifuged hot

Hot sol 0.4% residue, 
discarded

Cooled over twenty-four to thirty-six 
hours, then centrifuged

Precipitated 
fraction

Dissolved in mixture 
of 10 1. boiling wa­
ter +  11. butanol, 
slowly cooled, then 
centrifuged

Solution

Suspended in mixture of 3 1. 
cold water +  500 ml. 
butanol, stirred over­
night, then centri­
fuged

Solubles
discarded

Refrigerated 
overnight, then 
centrifuged

Precipitate
discarded

Non-precipitated
fraction

I
Flocculated 
with excess 
methanol

Precipitated 
fraction

I
Dehydrated with Note®
butanol or methanol.
Stored in damp state

Dotted lines indicate alternative procedures.
a Soluble and precipitated residues are usually slight in amount and may be 

discarded. Where total recovery is desired, they may be combined at this 
point, dissolved by autoclaving, then reprecipitated and separated.

gration) in one to one and one-half hours under these con­
ditions. If maximum purity of product is desired, the 
hot starch sol may be passed through the continuous super­
centrifuge at this point, removing impurities and incom­
pletely dispersed starch, totalling approximately 0.4% 
of the original starch. This insoluble residue is dark in 
color and may analyze as high as 10% ash. It appears to 
represent an irreducible minimum of undispersed material.

As an alternative but somewhat less effective method of 
dispersion, the butanol-water-starch paste may be boiled

Fig. 1.—-Butanol precipitate from corn starch.

under reflux for five to six hours with 
vigorous mechanical agitation. This 
digestion time exceeds that required to 
reduce the viscosity to a minimum. 
The hot sol is then passed through the 
supercentrifuge, removing 1-3% of un­
dispersed material. While this method 
is not recommended, it yields products 
similar in properties and amount to 
those obtained from autoclaved pastes, 
thus justifying use of the more efficient 
autoclave methods for dispersing the 
starch.

Flocculation and Separation.—The
hot starch sol, by whichever method 
prepared, is cooled slowly and without 
agitation to room temperature over a 
period of twenty-four to thirty-six 
hours. This can be accomplished by 
insulating the container with a thick 
wrapping of cloth. A “crystalline” floe 
forms in the neighborhood of 50°, 
usually as more or less perfect six- 
segmented spherulites, 15-50 microns 
in diameter (Fig. 1). Separation is 
preferably effected by means of a 
Sharpies continuous supercentrifuge, 
fitted with a clarifier bowl, operating at
50,000 r. p. m., and capable of passing 
20 1. of liquid per hour. The precipi­
tated fraction is deposited in the rotor 

of the centrifuge as a stiff white cream. When operating 
satisfactorily, the centrifugate should be optically void 
under the polarizing microscope.

The Precipitated Fraction.—These spherocrystalline 
formations are birefringent under polarized light, giving an 
interference pattern somewhat similar to the familiar 
“Maltese Cross” of native starches. If lightly stained 
with a solution of iodine in butanol, they become dichroic 
under crossed nicols. The crystalline form is not dis­
turbed by treatment with cold water saturated with 
butanol. However, if treated with cold water alone, th,e 
spherulites instantly fracture and swell. The product as 
removed from the bowl of the centrifuge may be de­
hydrated with methanol or butanol without altering its 
character, provided that the alcohol is not permitted to 
dry off. If the butanol precipitated fraction from corn 
starch is thoroughly dried, the spherulites lose all birefrin­
gence, though retaining their outward form. While this 
product swells in hot or cold water, it does not dissolve. 
The damp product as removed from the centrifuge, or after 
dehydration with methanol or butanol, is readily soluble in 
boiling water, either in the presence or absence of butanol. 
Relatively clear solutions can be prepared at concentra­
tions as high as 10-15% solids. These are highly unstable, 
showing exaggerated retrogradation tendencies and form­
ing insoluble skins with great facility. Even at dry solids 
concentrations as low as 1.5%, solutions of the precipitated 
fraction will set to hard irreversible gels on cooling to room 
temperature. At concentrations below 0.5%, solutions are 
reasonably stable at room temperature, though they even­
tually retrograde on standing. From its mode of prepara-
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T a b l e  I

B u t a n o l  F r a c t io n a t io n  o f  C o r n  S t a r c h

%  Y ield of A lkali no . of fractions
p rec ip ita ted Precip i­ N on-p re­

B atch M ethod frac tion ta te d cip ita ted

CA Single precipitation from autoclaved 1.5% defatted corn starch paste 25
CB Similar 29
CC Similar 27
CD Similar, but at 3% concentration 28
CE Precipitated from 1.5% autoclaved defatted starch paste, then dissolved

and reprecipitated 21 31.3 8.3
CF Similar to Batch CE 23 29.5 6 . 1

CG Similar to Batch CE, but butanol precipitate was dissolved and re-auto­
claved before second precipitation 21

CJ Precipitated from 1.5% boiled paste of defatted corn starch, then dis­
solved and reprecipitated 23 21.9

CM Single precipitation from 1.5% boiled paste of defatted corn starch 22.8
CP Precipitated from 1.5% boiled paste of raw corn starch, then dissolved

and reprecipitated 16 23.6 5.5
CQ Similar to Batch CP 13 22.7 5.3
CS Similar to Batch CE 22.4 24.4 4.7
c u Precipitated from 1.5% boiled paste of defatted corn starch, then washed

with butanol-water mixture 20.3 23.2 5.1
c v Precipitated from 1.5% autoclaved defatted starch paste, then washed

with butanol-water mixture 23.6
c w Similar to Batch CV, but at 2% concentration 22.2 5.7
c x Similar to Batch CV, but at 3% concentration 22.8 5.9
CY Similar to Batch CV, but at 1% concentration 23.3 5.8

tion and solubility behavior, it is suggested that the 
spherulites may represent a crystalline addition com­
pound between butanol and a specific starch fraction. 
This product is stable in the presence of excess butanol, 
but reverts to insoluble form on removal of the latter, 
whether by treatment with cold water or by drying.

The reason for the selective precipitating action of nor­
mal butyl and isoamyl alcohols is obscure, possibly de­
pending on some undefined optimum of molecular volume 
or “hydrophil balance.” No satisfactory separation could 
be effected with lower alcohols, while octyl alcohol or 
cyclohexanol precipitated all the starch substance indis­
criminately.

After removal of the butanol precipitated fraction, the 
centrifugate gives no further precipitate, either on long 
standing, or on refrigeration, or after a second autoclaving. 
The non-precipitated fraction can be obtained readily by 
the usual practice of flocculating with excess methanol and 
triturating with fresh portions of methanol until dehy­
drated.

Purification.—Either of two methods may be used for 
purifying the butanol precipitated fraction. The product 
may be merely suspended in water previously saturated 
with butanol, thoroughly stirred, then centrifuged. In 
most cases, this simple washing procedure is adequate. 
For more thorough purification, the precipitated fraction 
may be “recrystallized.” The moist product as removed 
from the centrifuge (representing 30-100 g. of dry sub­
stance) is slowly added with vigorous agitation to a boiling 
mixture of 10 1. of water and 1 1. of butanol. On slow 
cooling, the butanol precipitated fraction flocculates out 
in minute particles, possibly 1-2 microns in diameter. 
Efforts to increase the size of these crystals by various cool­
ing procedures have not been successful. However, the

product is readily centrifuged, and recovery is 90-95%. 
This reprecipitated product is dehydrated by suspending 
in butanol, then filtered on a Büchner and bottled as a 
damp product, containing 40-50% dry solids. The yields 
of butanol precipitated fraction from corn starch have 
averaged 22% (on dry starch basis), under various condi­
tions of preparation, isolation and purification (Table I).

Properties of the Corn Starch Fractions.—After thor­
ough drying, the non-precipitated fraction from corn 
starch is soluble in cold water to the extent of 4-5%, and 
in hot water to 10-12%. When hot 10% solutions are 
cooled down, they give pasty gels which are readily liquefied 
by heating. Solutions show no tendency to retrograde on 
long standing, even at refrigerator temperatures. This be­
havior suggests that the non-precipitated fraction con­
stitutes the more stable and colloidally soluble portion of 
the starch. In contrast, the butanol precipitated frac­
tion might be considered as responsible for the gelation and 
retrogradation tendencies of corn starch.

An outstanding chemical difference between the bu­
tanol separated fractions lies in their respective alkali 
labilities. Various samples of the precipitated fraction 
average an alkali number4 of 25, much higher than the 
original defatted corn starch. The non-precipitated frac­
tion is correspondingly lower, averaging 5.6. Calculating 
the composite alkali number of the original defatted starch 
from these average values and from the proportion of each 
fraction in the starch, an estimated value of 10.0 is ob­
tained, in good agreement with the observed alkali num­
ber of 11.0. This is taken as evidence that fractions of 
high and low alkali lability exist as such in the original 
starch, and are not produced by some obscure hydrolytic 
change during the process of fractionation.

It is believed that the alkali number is an index of ter-
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minal aldehyde content. However, in view of the pos­
sible presence of branched chain configurations in starch, 
no direct relationship can be deduced between alkali num­
ber and molecular weight. In this connection, Bear5 
has recently reported that the butanol precipitated frac­
tion gives a V-type X-ray pattern, while that of the non- 
precipitated fraction is relatively diffuse and amorphous. 
On the basis of the degree of orientation during flow, 
Rundle and Baldwin6 suggest that the precipitated frac­
tion consists of the unbranched component of the starch, 
while the non-precipitated fraction is composed of branched 
material.

The Ostwald viscosity of the two fractions can be com­
pared by dissolving the dried products in cold 0.4 N  sodium 
hydroxide solution. In this medium, the non-precipitated 
fraction has been slightly but consistently more viscous 
than the butanol precipitated material.

Behavior toward butanol must be considered as a specific 
difference between the fractions. For example, after 
alkali number determinations on the individual fractions 
(involving extensive degradation in hot aqueous alkali), 
if butanol is added to the cooled and neutralized solutions, 
the butanol precipitated fraction gives an immediate crys­
talline floe. The non-precipitated fraction remains clear, 
even on refrigeration.

Pacsu and Mullen7 have recently reported an exceedingly 
interesting method of starch fractionation by selective 
adsorption on cotton. The butanol precipitated fraction 
possesses a strong affinity for cellulose, while the non- 
precipitated fraction is not adsorbed. While not neces­
sarily identical, the two methods of starch separation ap­
pear to be very similar, not only in the nature of the frac­
tions produced, but likewise in the adsorption mechanisms 
involved. A comparative study of the two methods is now 
in progress.

Periodic acid does not distinguish between the butanol

Fig. 2.—Butanol precipitate from potato starch, stained 
with iodine.

(5) Bear, This Journal, 64, 1388 (1942).
(6) R undle  and  Baldwin, ibid., to  be published.
(7) Pacsu and  M ullen, ibid., 63, 1168 (1941).

separated fractions, since both oxidize at the same rate 
and with the same total consumption of oxidizing agent.

Phosphorus does not appear to have any very significant 
function in characterizing the corn starch fractions. The 
non-precipitated portion can be separated into sub­
fractions of high and low phosphorus content by electro­
migration of a 1.5% solution at 1300 volts direct current 
potential. These sub-fractions do not differ materially in 
solubility behavior or in alkali number (Table II).

T a b l e  II
D is t r ib u t i o n  o f  P h o s p h o r u s  i n  th e  C o r n  S t a r c h

F r a c t io n s

Alkali %
Sam ple no. Phosphorus*

Defatted corn starch 1 1 .0 0.0153
Dried butanol precipitated fraction, 

extracted with hot water 23.2 .0088
Non-precipitated fraction 5 .1 .0107
Migrated sub-fraction (77% recovery 

from non-precipitated fraction) 5.2 .0116
Non-migrating sub-fraction (20% re­

covery from non-precipitated frac­
tion) 5.0 .0029
a Phosphorus determined by the method of Howk and 

De Turk, Ind. Eng. Chem., Anal. E d ., 4, 111 (1932).

Potato Starch
Fractionation of potato starch is accomplished in much 

the same manner as described for corn starch. Obviously, 
defatting is unnecessary. Samples of potato starch em­
ployed in this investigation tested 6.0 p K  and no adjust­
ment was required. The concentration of the autoclaved 
paste should not exceed 2%. Centrifugal clarification of 
the hot autoclaved sol may be omitted, since undispersed 
material runs less than 0.1%.

The yields of butanol precipitated fraction from potato 
starch averaged 22%, identical in amount with that from 
corn starch. However, several pronounced differences 
have been noted between the butanol precipitated frac­
tions from corn starch and from potato starch. The latter 
separates either as large, well-formed, six-petalled rosets, 
50-80 microns in diameter (Fig. 2), or as clumps of hair­
like needles. After thorough drying, the precipitated frac­
tion from potato starch remains relatively water-soluble, 
with little tendency to gel or retrograde. Its alkali num­
ber averages 11.

T a b l e  III
B u t a n o l  F r a c t io n a t io n  o f  P o ta t o  S t a r c h

B atch M ethod

%  Y ield 
of p re ­

cip ita ted  
fraction

Alkali no. of fractions 
Precipi- N on-pre- 

ta te d  c ip ita ted
PA Slow prec ip ita tion  from  

1.5% boiled starch  
paste, w ashed w ith 
b u tan o l-w a te r 21 .3 10.6 5 .9

PB Slow p rec ip ita tion  from  
3%  autoclaved  paste, 
th en  washed w ith  b u ­
tan o l-w a te r 2 4 .6 10.1 5 .0

PC Slow p rec ip ita tion  from  
1.5% a u t o c l a v e d  
paste, th en  dissolved 
and reprec ip ita ted 21 .0 11.5 6 .6
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The phosphorus content of potato starch is located prin­
cipally in the non-precipitated fraction. Unlike corn 
starch, this fraction migrates completely in an electro­
phoretic cell, retaining substantially all its phosphorus.

T a b l e  IV
D i s t r i b u t i o n  o p  P h o s p h o r u s  i n  t h e  P o t a t o  S t a r c h  

F r a c t i o n s

Original potato starch

Alkali
no.

7.5

%
Phosphorus

0.072
Butanol precipitated fraction 11.5 .0103
Non-precipitated fraction 6 . 6 .079
Non-precipitated fraction, electromi- 

grated (98.6% recovery) 6.4 .072

These results correct earlier observations by Taylor and 
Schoch.8 In the latter investigation, no fractionation of 
potato starch could be obtained by electrophoresis, and it 
was assumed that the phosphorus was randomly distrib­
uted, without characterizing any specific fraction. With 
the more sensitive butanol precipitation technique, the 
presence of fractions is definitely established, and phos­
phorus is shown to be preferentially attached to the non- 
precipitated portion.

The butanol precipitated fraction from potato starch 
gives a pure blue coloration with iodine, while the non- 
precipitated portion tends toward the purple.

Waxy Maize Starch
Waxy maize starch has recently occasioned considerable 

interest, by reason of its red coloration with iodine and its 
reputed lack of retrogradation tendencies.9 Since these 
qualities are suggestive of the non-precipitated fraction, 
an investigation of its behavior toward butanol was under­
taken,

Waxy maize starch was defatted in the prescribed man­
ner, reducing the total fat content from 0.11 to 0.04%. 
This defatted starch analyzed an alkali number of 4.1, 
much lower than any of the common cereal or tuber 
starches. Butanol treatment of autoclaved pastes gave

(8) T aylor and  Schoch, This Journal, 55, 4248 (1933).
(9) Hixon and  Sprague, Ind .  Eng. Chem.,  34, 959 (1942).

no trace of crystalline flocculate. A small amount of 
slime and impurities (less than 3%) was separated by the 
supercentrifuge, but most of this material could be dis­
persed by further autoclaving and did not subsequently 
precipitate with butanol.

Summary
By means of selective precipitation with bu­

tanol, a method of starch fractionation has been 
developed which avoids retrogradation and hy­
drolytic degradation. The precipitated fraction 
(constituting 22% of either corn or potato starch) 
is isolated in unique spherocrystalline form, prob­
ably as an addition compound with the butanol. 
The butanol precipitated fractions from corn and 
potato starches are more alkali labile than the 
respective raw starches, while the non-precipi­
tated fractions are correspondingly more alkali 
stable, indicative of definite chemical differences.

The butanol precipitated fraction from corn 
starch tends to revert to insoluble form and ap­
pears to be the component of the starch respon­
sible for gelation and retrogradation. The non- 
precipitated fraction from corn starch constitutes 
the more soluble and stable component.

With potato starch, the physical differences 
between the fractions are less pronounced, since 
the butanol precipitated portion is more soluble 
and less subject to retrogradation than the corre­
sponding fraction from corn starch. The phos­
phorus in potato starch is principally associated 
with the non-precipitated fraction.

Waxy maize starch is peculiar in possessing an 
unusually low alkali lability and in giving no 
precipitate with butanol.
A r g o , I l l i n o i s  R e c e i v e d  S e p t e m b e r  8, 1942
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Synthesis of Derivatives of Diphenylethane Related to Materials Occurring 
Naturally. IV. Stilbene-2-acetic Acid

By Samuel N atelson and Sidney P. Gottfried1

In an earlier communication1*1 the authors in­
dicated the relationship between benzalphthalide 
and benzylisoquinoline. In order to continue the 
study of this series, it was necessary to convert the 
previously synthesized stilbene-2-aldehyde to 
stilbene-2-acetic acid (C6H5CH=CHC6H5CH2C- 
OOH).

At first this was accomplished by the condensa­
tion of the aldehyde with hippuric acid, and the 
hydrolysis and oxidation of the resulting azlac- 
tone.

While studying the method for the hydrolysis 
of the azlactone, it was observed that the inter­
mediate, tf-styryl-a-benzamido cinnamic acid 
could be obtained in excellent yield with dilute 
barium hydroxide. This compound could be 
hydrolyzed and oxidized to stilbene-2-acetic acid 
by boiling with sodium hydroxide solution and 
then treating the resultant solution with hydrogen 
peroxide.

The yields of stilbene-2-acetic acid from the 
aldehyde through the azlactone were unsatisfac­
tory. It was decided, therefore, to devise an alter­
nate method of synthesis. The aldehyde was con­
verted to the alcohol, then to the corresponding 
chloride and the latter to the cyanide. The 
cyanide yielded, on hydrolysis, stilbene-2-acetic

O

acid and some stilbene-2-acetamide. Although 
this process is lengthier, the over-all yield is better. 
Stilbene-2-acetamide hydrolyzes to stilbene-2- 
acetic acid and the amount of this material ob­
tained depends upon the length of time of the 
hydrolysis.

In anticipation of the application of this method 
to the preparation of papaverine, itself, w-hemi- 
pinic anhydride was condensed with homoveratric 
acid to yield tetramethoxybenzalphthalide (I). 
Reduction of (I), hydrolysis and dehydration 
yielded tetramethoxystilbene-2-carboxylic acid.

Hydrolysis then dehydration

OMe

Preliminary attempts to convert stilbene-2- 
acetic acid to the lactone and then to the imide 
were unsuccessful. This imide, if obtained, could 
be converted to benzylisoquinoline by reduction 
and dehydration. Attempts in this direction are 
being maintained.

CH30 — N\ v Homoveratric acid
> 0  ---------------------------- >

CH3O— N ' / x  /  Sodium acetate (230°)

l

x \ ) M e  
x OMe

(1) N ow  in the armed forces of the U. S. A.
( la )  N atelson  and  G o ttfried , T h is  Journal, 63, 487 (1941).

Experimental
Stilbene-2-aldehyde.—This compound is prepared, es­

sentially by the procedure described previously11* with this 
improvement. 2-Stilbene-carboxylic hydrazide is pre­
pared in about 60% yield by refluxing stilbene-2-carboxylic 
ester with 85% hydrazine hydrate (10% excess) with me­
chanical stirring for twenty hours. Any unreacted ester is 
recovered by extracting the reaction mixture with benzene. 
The residue is the hydrazide. On evaporating the ben­
zene, the ester is recovered.

Before the 2-stilbene-carboxylic hydrazide is condensed 
with toluenesulfonyl chloride, it is made anhydrous by 
drying with benzene using a distillation trap of the type 
employed in determining moisture content of materials.

Stilbene-2-methyl Alcohol.—0.2 mole (41.6 g.) of stil- 
bene-2-aldehyde is added to 1 liter of molar aluminum iso­
propylate in anhydrous isopropyl alcohol. The mixture 
is refluxed for one-half hour and slowly distilled until the 
distillate shows no test for acetone with 2,4-dinitrophenyl- 
hydrazine. The residue is poured into 1000 cc. of 10%



D e c . ,  1 9 4 2 S t i l b e n e -2 -a c e t ic  A c id 2 9 6 3

sulfuric acid. Die alcohol, which crystallizes in pearly 
plates, is filtered off, and recrystallized from dilute alcohol; 
yield 40 g.; m. p. 92-93°.

Anal. Calcd. for CisHuO: C, 85.71; H, 6.67. Found: 
C, 85.32- H, 6.72.

Stilbene-2-methyl Chloride.—Forty grams of stilbene-2- 
methyl alcohol is dissolved in 80 cc. of ether and 160 cc. of 
thionyl chloride (large excess) is added slowly with stirring 
and cooling. The mixture is refluxed for one-half hour; 
the ether and thionyl chloride are removed under vacuum. 
The residue is picked up in ether and washed well with 
water and dilute sodium bicarbonate. The mixture is 
dried over anhydrous sodium sulfate and vacuum distilled; 
yield 32 g., b. p. 170-185° (15 mm.).

Anal. Calcd. for CisHwCl: Cl, 15.51. Found: Cl,
15.10, 15.30.

Stilbene-2-acetonitrile.—Seventeen grams of stilbene-2- 
methyl chloride, 4.5 g. of sodium cyanide dissolved in a 
minimum quantity of water, and 25 cc. of ethyl alcohol are 
refluxed for eight hours. The mixture is thrown into 200 
cc. of water and extracted with ether. The ether is washed 
with water, dried over anhydrous sodium sulfate, and 
vacuum distilled, collecting from 200- 210° (fifteen min­
utes). The distillate crystallizes; yield 10 g., m. p. 81-82°.

Anal. Calcd. for C16Hi3N: N, 6.39. Found: N, 
6.38, 6.27.

Stilbene-2-acetic Acid. Method 1.-—Ten grams of stil- 
bene-2-acetonitrile is refluxed with 100 cc. of glacial acetic 
acid, containing 40 cc. of concentrated hydrochloric acid, 
for four hours. The mixture is poured into water and 
extracted with ether. The ether is extracted with sodium 
bicarbonate solution. The bicarbonate solution is then 
acidified. The precipitated acid is recrystallized from 
ligroin. White needles are obtained; yield 7 g., m. p. 
105-106°.

Anal. Calcd. for C16H14O2: C, 80.67; H, 5.93; neut. 
equiv., 238. Found: C, 80.24; H, 6.04; neut. equiv., 245.

Stilbene-2-acetamide.—The ether extract of the sodium 
bicarbonate solution was evaporated to dryness, and the 
residue treated with hot 10% sodium hydroxide to remove 
traces of the acid. The alkali insoluble portion was re­
crystallized from alcohol to yield white leaflets (!2 g.), m. p. 
152-153°. Hydrolysis of this product with glacial acetic 
acid and concentrated hydrochloric acid, as described for 
the nitrile, yielded stilbene-2-acetic acid.

Anal. Calcd. for C16H15ON: N, 5.90. Found: N,
5.83, 5.79.

Stilbene-2-acetic Acid. Method 2.—Twenty grams of 
sodium hydroxide in 200 cc. of water is added to 10 g. of 
stilbene-2-(benzamido)-acrylic acid. The solution is re­
fluxed for eight hours, and treated at 0° with 10 cc. of 30% 
hydrogen peroxide (excess). The mixture is allowed to 
stand overnight in the refrigerator. It is then acidified 
and the mixture of stilbene-2-acetic acid and benzoic acid 
is recrystallized from dilute alcohol to remove the benzoic 
acid. The residue of stilbene-2-acetic acid is further re­
crystallized from benzene or ligroin; yield 2 g.; m. p. 105- 
106° (mixed m. p. with the product from method 1 showed 
no depression).

Anal. Calcd. for Ci6Hi40 2: C, 80.67; H, 5.93; neut. 
equiv., 238. Found: C, 80.48; H, 6.01; neut. equiv., 
242.

tf-Styryl-a-benzamidocinnamic Acid.—2-Phenyl-4-<?- 
styrylbenzylidene-5(4)-oxazolone (20 g.) from hippuric acid 
and stilbene-2-aldehyde (1), is mixed with 1000 cc. of water 
and 250 g. of hydrated barium hydroxide and heated at 
85° with stirring for eight hours. The white barium salt 
is filtered off and washed several times with warm water. 
The free acid is obtained by boiling the barium salt with 
100 cc. of alcohol and 20 cc. of concentrated hydrochloric 
acid mixture. The mixture is cooled, filtered, and the 
precipitate washed well with water. The acid is recrystal­
lized from alcohol to yield a pale yellow crystalline powder; 
yield 13.6 g.; m. p. 199-202°.

Anal. Calcd. for C24Hi90 3N: C, 78.03; H, 5.14; N, 
3.79; neut. equiv., 369. Found: C, 78.41; H, 5.47; N,
3.90, 4.01; neut. equiv., 370, 376.

Tetramethoxybenzalphthalide.—Ten grams of m-hemi- 
pinic anhydride and 10 g. of homoveratric acid were mixed 
with 0.5 g. of anhydrous sodium acetate. The mixture 
was heated at 230° for two hours in an open flask. The 
mixture was cooled, broken up, dissolved in hot alcohol 
and filtered. The alcohol was allowed to cool, yield 10 g. 
of yellow crystals, m. p. 179-180°; soluble in glacial acetic, 
slightly soluble in hot alcohol, almost insoluble in cold 
alcohol.

Anal. Calcd. for Ci9Hi80 6: C, 66.67; H, 5.26. Found: 
C, 67.01; H, 5.39.

Tetramethoxybenzylphthalide.—Ten grams of the tetra­
methoxybenzalphthalide was dissolved in 100 cc. of hot 
20% sodium hydroxide and then diluted to a liter with 
water. The solution was cooled to room temperature, 2 
g. of sodium, dissolved in 60 g. of mercury was added and 
the mixture was vigorously stirred for four hours. The 
solution was acidified and the separated tetramethoxy­
benzylphthalide was recrystallized from alcohol; yield 9.5 
g., m. p. 146-148°.

Anal. Calcd. for Ci9H20O6: C, 66.28; H, 5.81. Found: 
C, 66.01; H, 6.00.

Tetramethoxystilbene-2-carbonic Acid.—Ten grams of 
tetramethoxybenzylphthalide was dissolved in 200 cc. of 
ethyl alcohol containing 3 g. of potassium hydroxide. The 
mixture was slowly evaporated to dryness on a hot-plate. 
The temperature was raised to 180° and kept there for one 
hour. The residue was dissolved in water, filtered and 
acidified. The tetramethoxystilbenecarbonic acid ob­
tained was recrystallized from alcohol, m. p. 209-211°; 
yield, 7 g.

Anal. Calcd. for C19H20O6: C, 66.28; H, 5.81. Found: 
C, 66.47; H, 5.97.

Summary
Stilbene-2-aeetic acid and tetramethoxystil­

benecarbonic acid, proposed intermediates for the 
preparation of benzylisoquinoline and papaverine, 
respectively, have been prepared.
B r o o k l y n , N e w  Y o r k  R e c e iv e d  A u g u s t  10, 1942
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Grignard Reactions. XVI1
B y F rank  C. W hitmore and C. E. L e w is 2

The effect of an accumulation of substituents 
adjacent to the functional group of a carbonyl 
compound on its reaction with a Grignard reagent 
was first shown by Conant and Blatt.3 4

The present study is a continuation of the work 
started in this Laboratory on the enolization of 
aliphatic hindered carbonyl compounds by Gri­
gnard reagents.1,4 Many of the compounds stud­
ied exhibit sufficient steric hindrance to prevent 
the addition reaction entirely. The results of the 
enolization studies are given in Table I.

The Grignard machine used in this work is es­
sentially the same as the one originally designed 
by Kohler5 and has been in use in this Labora­
tory.1 The usual procedure was followed except 
for a few modifications. The reaction flask was 
always heated to ensure optimum reaction condi­
tions. Aniline was used instead of water for de­
composition of the excess Grignard reagent in 
order to eliminate the variation due to the vapor 
pressure of water. This allowed the elimination 
of a drying tower from the system. All calcula­
tions were based on the assumption that the

T a b l e  I

Compound
Enolization,

%
Addition,

%
Et3CCOCH8 94 0
Et2MeCCOCH3 84 0
EtMe2CCOCH5 14 74
MesCCOCHa" 5 86
Me3CCH2COCH3 0 100
Et8eCOCH2CHMe2 85 0
Et3CCOCH=CH2 0 58
Et3CC02Et 0 0
Et3CC02Me 0 0
Et2MeCC02Et 25b 45
Et2MeCC02Bu 22b 60
EtMe2CC02Et 0 100
EtaCCOCHaCHaOH 58c 27
(EtsCCO)2CH2 91/2 55/2
(Et3CCO)2CHCH3 . 79/2 19/2
Ref. 1. 1 The apparent enolization of these com

pounds is due to that of the ketones formed from the 
methylmagnesium bromide and the esters. c Corrected 
for the CH4 liberated by the alcohol group.

(1) XV, Whitmore and Block, This Journal, 64, 1619 (1942).
(2) Present address; Calco Chem. D iv., American Cyanamid 

Co., Bound Brook, N ew  Jersey.
(3) Conant and B latt, T h is  Journal, 51, 1227 (1929).
(4) Whitmore and George, ibid., 64, 1239 (1942).
(5) Kohler, Stone and Fuson, ibid., 49, 3181 (1927).

amount of condensation of these carbonyl com­
pounds is negligible.

The reactions in the series, methyl triethylcar­
binyl ketone, methyl methyldiethylcarbinyl ke­
tone, methyl dimethylethylcarbinyl ketone and 
pinacolone, illustrate the effect of an accumula­
tion of substituents on the carbon adjacent to the 
carbonyl, the percentage enolization being 94, 84, 
14 and 5, respectively. The difference in the 
amount of steric hindrance exerted by the methyl 
and ethyl groups is again clearly demonstrated. 
That substituents on the beta carbon have less 
effect on the carbonyl reaction than those on the 
adjacent carbon is shown by the fact that methyl 
neopentyl ketone gave 100% addition and no enoli­
zation while pinacolone gave 5% enolization. 
The effect of ethyl groups on the addition reac­
tion is also shown in the action of the Grignard 
reagent with the esters of triethylacetic, methyl- 
diethylacetic and dimethylethylacetic acids. 
These esters gave per cent, additions of 0, 45 and 
100, respectively.

Vinyl triethylcarbinyl ketone gave only the 
addition reaction. This is to be expected since 
enolization would necessitate the formation of an 
allene system. The effect of introducing a sub­
stituent into the active methylene of beta-dike­
tones is shown by the action of the Grignard re­
agent with bis-triethylacetylmethane and with
1,1 -bis-triethylacetylethane. This introduction 
of a methyl group decreased both the enolization 
and addition reactions. The greater effect is 
shown on the addition reaction.

None of the monoketones investigated gave a 
positive test for the enol form by the usual ferric 
chloride and peroxide tests. Thus the * ‘enoliza­
tion reaction” between the carbonyl compound 
and the Grignard reagent starts with the carbonyl 
group. It is a competitive reaction, the extent of 
which is determined by the nature of the groups 
adjacent to the carbonyl.

We thank R. S. George of this Laboratory for 
his help.

Preparations

The Grignard reagents used in this work were prepared 
in the usual way. All fractionations were done with the
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usual type of column6 having 12-18 theoretical plates. 
The procedure used in making the enolization measure­
ments was the same as that described by Whitmore and 
Block.1 Methylmagnesium bromide in dibutyl ether was 
used. For the monoketones the reaction mixture was 
heated for two to five minutes at reflux temperature. 
Comparable results were obtained for several different 
periods of heating. Methyl msthyldiethylcarbinyl ketone 
gave the same results when heated at reflux temperature 
for two minutes as when it was heated at 90 ° for one hour. 
In no case did prolonged heating have a noticeable effect. 
The diketones required longer heating at the reflux tem­
perature, maximum reaction being obtained in ten min­
utes. The esters were heated by immersing the reaction 
flask in a water-bath at 75-80° upon addition of the 
methylmagnesium bromide, heating to 95-100° in ten 
minutes and holding at that temperature for thirty min­
utes. In all cases refluxing provided the necessary agita­
tion.

The preparations of triethylacetyl chloride, methyl tri­
ethylcarbinyl ketone, bis-triethylacetylmethane and 3- 
keto-4,4-diethylhexan-l-ol have been described.7 The 
methyldiethylacetyl chloride was prepared by standard 
reactions as follows

EtMgBr HCl Mg
MeCOEt-----------MeEt2COH---------^  MeEt2CCl —

c o 2 SOCl2
MeEt2CMgCl----^ MeEt2C02H -------MeEt2COCl.

The acid chloride had b. p. 157° at 734 mm.
Vinyl Triethylcarbinyl Ketone.—Dehydration of 3-keto-

4,4-diethylhexan-l-ol7 by refluxing over anhydrous cupric 
sulfate gave vinyl triethylcarbinyl ketone, b. p. 97° at 
36 mm., n 20D 1.4495-8. The ketone polymerized to a 
transparent resin on standing.

Isobutyl Triethylcarbinyl Ketone.—To one mole of iso­
butylmagnesium bromide was added 49 g., 0.3 mole, of 
triethylacetyl chloride. Decomposition and fractionation 
gave 16 g., 0.12 mole, or 40% of 2,2-diethylbutan-l-ol, 
b. p. 96-100° at 40 mm., ^20d 1.4392-1.4412, a-naphthyl- 
urethan m. p. 131-132° and 24.4 g., 0.13 mole, or 43% of 
isobutyl triethylcarbinyl ketone, b. p. 86-87° at 12 mm., 
w20d 1.4381-2. No derivative of the ketone could be made.

Methyl Methyldiethylcarbinyl Ketone.—To an excess 
of methylmagnesium bromide was added 37.1 g., 0.25 mole, 
of methyldiethylacetyl chloride. Decomposition and 
fractionation as usual gave 15.3 g., 0.12 mole, or 48% of 
methyl methyldiethylcarbinyl ketone, b. p. 77-79° at 20 
mm., n 20D 1.4489-98, 2,4-dinitrophenylhydrazone, m. p. 
73-74°.

Methyl Dimethylethylcarbinyl Ketone.—Methyl-/-amyl- 
carbinol was prepared by the action of /-amylmagnesium 
chloride with acetaldehyde. A solution of 33 g. of chromic 
oxide in 60 cc. of 65% aqueous acetic acid was added slowly 
to 56 g. of the carbinol in 25 cc. of glacial acetic acid. The 
reaction mixture was kept below 30°. About 150 cc. of 
water was then added, the oil layer was steam distilled 
and dried. Fractionation gave about 20 g. of methyl 
dimethylethylcarbinyl ketone, b. p. 130° at 733 mm., 
w20d 1.4100, 2,4-dinitrophenylhydrazone m. p. and mixed 
m. p. 112°.

(6) W hitmore and Lux, T h is  J o u r n a l , 54, 3451 (1932).
(7) Whitmore and Lewis, i b i d . ,  64, 1618 (1942).

Preparation of the Ethyl Esters.—The ethyl esters were 
all prepared according to the same procedure. The addi­
tion of triethylacetyl chloride to sodium ethylate illustrates 
the procedure used.

To 50 cc. of absolute ethanol was added 6 g. of metallic 
sodium. After the reaction was completed, 24 g., 0.15 
mole, of triethylacetyl chloride was added slowly. The 
excess sodium ethylate was decomposed by pouring on ice. 
The oil layer was separated, dried and fractionated.

Ester
„ B *P- 
°C . Mm. n 2°d ■

Yield,
%

E th y l triethylacetate 85-7 30 1.4 2 18 -9 57
E th y l m ethyldiethylacetate 73 35 1.4 12 9 -3 2 64
E th y l dim ethylethylacetate 140-141 744 1.4025 63

Methyl Triethylacetate.—-The procedure described 
above was used except that absolute methanol was sub­
stituted for ethanol, and the oil layer was distilled from a 
Claisen flask. The ester had b. p. 164-5° at 734 mm.. 
n20D 1.4240-1.

w-Butyl Methyldiethylacetate.—To 250 cc. of w-butyl 
alcohol was added 12 g. of metallic sodium. When the 
reaction was completed, 26 g., 0.17 mole of ethyl methyl­
diethylacetate was added. The reaction mixture was 
heated for twelve hours at 125° under a reflux condenser 
held at 100°. The ethyl alcohol was thus removed as it 
was formed. The solution was acidified with 20% hydro­
chloric acid with cooling in an ice-bath. The alcoholic 
solution of ester was separated and dried. Fractionation 
gave 14.6 g., 0.08 mole, or 46% of n-butyl methyldiethyl­
acetate, b. p. 104-5° at 38 mm., n20D 1.4212-8.

Alkylation of Bis-triethylacetylmethane.—Metallic so­
dium, 1.5 g., and 25 cc. of anhydrous ether were added to
17.2 g., 0.064 mole, of bis-triethylacetylmethane.7 The 
reaction mixture was refluxed on a steam-bath for forty- 
eight hours. The ether was removed by evaporation, and 
25 cc. of dioxane and 21 g., 0.15 mole, of methyl iodide 
were added. This reaction mixture was heated on a steam- 
bath for twenty-four hours. The dioxane and the excess 
methyl iodide were distilled off. The residue was cooled, 
and just enough water to dissolve the sodium iodide was 
added. The oil layer was separated and dried. Frac­
tionation gave 7.4 g., 0.026 mole, or 41% of 1,1-bis-triethyl- 
acetylethane, b. p. 164° at 6 mm., n20D 1.4718-22. The 
beta-diketone did not give a positive test with ferric 
chloride or a derivative with ammoniacal cupric acetate.

Methyl Neopentyl Ketone.—This ketone was prepared 
by the dichromate oxidation of diisobutylene. It had 
b. p. 125.5° at 727 mm., n20d 1.4038.

Summary

1. The study of sterically hindered aliphatic 
carbonyl compounds, especially in relation to 
their enolization, has been continued.

2. Fifteen such compounds have been ana­
lyzed in the Grignard machine with methylmag­
nesium bromide.

3. The degree of enolization of the carbonyl 
compounds was shown to be dependent upon the 
character of the substituents on the carbon ad­
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jacent to the carbonyl. Substitution on the 
beta carbon had no noticeable effect on the reac­
tions of the carbonyl.

4. Vinyl triethylcarbinyl ketone gave only 
the addition reaction.

5. Substitution in the active methylene of a 
beta-diketone decreased the extent of both enoli­
zation and addition.

State College, Pennsylvania
R eceived January 13, 1942

[Contribution from the School of Chemistry and Physics of T he Pennsylvania State College]

Grignard Reactions. XVII.1 The Reactions of Esters and Acid Chlorides with
Grignard Reagents

B y F rank  C. Whitmore and W. S. F orster2

In the course of the preparation of large amounts 
of diethyl-/-butylcarbinol, it was found that while 
ethylmagnesium bromide reacted with trimethyl- 
acetyl chloride to give 26% of this tertiary alcohol 
and 60% of the secondary alcohol, ethyl-/-butyl- 
carbinol, the same reagent reacted with methyl 
trimethylacetate to give 78.5% of the tertiary 
alcohol and only 8.6% of the secondary alcohol.

T able I
T rimethylacetyl Chloride-M ethyl Trimethyl-

A CETATE

Grignard Acid
reagent Products® chloride Ester

E th y l Ethyl-/-butylcarbinol 60 8.6
Diethyl-^-butylcarbinol 2 6 .1 76.5

n -Propyl Neopentyl alcohol 203 04
w-Propyl-/-butylcarbinol 763 484
Di-w-propyl-i-butylcarbinol 03 404

Isopropyl Neopentyl alcohol 233 0
Isopropyl-Lbutylcarbinol 533 44.8

n -  B u tyl Neopentyl alcohol 283 0
w-Butyl-#-butylcarbinol 713 404
Di-w-butyl-£-butylcarbinol 03 505

Isobutyl Neopentyl alcohol 613 0
Isobutyl-Lbutylcarbinol 26» 2 5 .7
Isobutyl-/-b u tyl ketone 0 29.4

/ -B u t y l a c e t y l  C h l o r i d e - M e t h y l  £-B u t y l a c e t a t e

E th yl Diethylneopentylcarbinol 5 7 .65 68.5
E th y l neopentyl ketone 06 5

w-Propyl w-Propylneopentylcarbinol 24.46 20.4
Di-w-propylneopentylcarbinol 576 61.8
w-Propyl neopentyl ketone 7

Isopropyl Isopropylneopentylcarbinol 2 6 .7 1 6 .1
Isopropyl neopentyl ketone 3 2 .7 55.3

w-Butyl ra-B utylneop enty 1 carbinol 20.5 0
Di-w-butylneopentylcarbinol 9.9 7 1 .4
w-Butyl neopentyl ketone trace

Isobutyl Isobutylneopentylcarbinol 48.9 9.2
Diisobutylneopentylcarbinol 13 .8 34.2
Isobutyl neopentyl ketone 20.1 32

° The percentage yields of products given by the acid 
chloride and the ester are listed under the respective head­
ings.

(1) X V I, Whitmore and Lewis, T h is  J o u r n a l , 64, 2964 (1942).
(2) Present address: Calco Chemical D iv., American Cyanamid

Co., Bound Brook, N ew  Jersey.
(3) Whitmore and co-workers, T h is  J o u r n a l , 60, 2788 (1938).
(4) Leroide, A n n .  c h im . ,  16, 354-410 (1921).
(5) Whitmore and co-workers, T h is  J o u r n a l , 60, 2462 (1938).

These results made desirable a comparison of the 
reactions of Grignard reagents with esters and 
with the chlorides of the corresponding acids. 
The results in Table I include those of this 
investigation as well as some from other work 
which completes the comparison.

Although use of the ester in place of the acid 
chloride decreased the amount of reduction prod­
uct, it will be seen that structure is also a factor. 
When a normal Grignard reagent was used, the 
yield of tertiary alcohol from the ester was greater 
than from the acid chloride. However, methyl 
Grignard reagent with the methyl ester of methyl- 
£-butylneopentylacetic acid, beta-Butlerow’s 
acid,6 gave no reaction at 34° in diethyl ether or at 
142° in di-w-butyl ether. This is in contrast to 
the reaction of the corresponding acid chloride 
which has been shown by Whitmore and Randall7 
to give a 90% yield of methyl methyl-/-butylneo- 
pentylcarbinyl ketone when treated with the 
methyl Grignard reagent. With trimethylacetyl 
chloride only methyl and ethyl Grignard reagents 
gave tertiary alcohols. With £-butylacetyl chlo­
ride only the primary reagents gave tertiary alco­
hols. Reduction to the primary alcohol fails with 
the primary /-butylacetyl chloride as compared 
with the tertiary trimethylacetyl chloride. It is 
significant that in no case was any primary alcohol 
found from the reaction of an ester with a Gri­
gnard reagent. This would indicate that aldehydes 
are not intermediates in the formation of second­
ary alcohols from esters.8 This is in sharp con­
trast to the fact that trimethylacetyl chloride is 
reduced to neopentyl alcohol even by primary 
Grignard reagents in yields as high as 60%.3 
/-Butylacetyl chloride, however, gave no primary 
alcohol with the Grignard reagent.5

(6) Whitmore and Laughlin, i b i d . ,  56, 1128 (1934).
(7) Whitmore and Randall, i b i d . ,  64, 1242 (1942).
(8) Compare Whitmore and co-workers, i b i d . ,  63, 643 (1941).
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Dimethylethylacetyl chloride reacts with iso- 
propylmagnesium bromide to give products corre­
sponding in structure and yields to those given by 
trimethylacetyl chloride.3 This lack of effect of a 
single ethyl group corresponds to the observations 
on the related methyl ketones.1

We thank Dr. W. A. Mosher of the Hercules 
Powder Company and R. S. George of this Labora­
tory for their help.

Experimental
All Grignard reagents were prepared from the corre­

sponding alkyl bromides in the usual manner.9 The 
addition of the ester or acid chloride, unless specified, was 
carried out at room temperature; the rate of addition was 
about 1 mole per hour. The products were worked up by 
shaking with cracked ice, separating the ether and steam 
distilling the residues. The steam distillates were com­
bined with the respective ether extracts. This method 
minimized any dehydration of the tertiary alcohols. After 
stripping off the ether, the products were fractionated 
through columns of 12-15 theoretical plates.

Preparation of Materials.—Trimethylacetic acid was 
obtained from the oxidation of triisobutylene with sodium 
dichromate and sulfuric acid.10 The crude acids from the 
oxidation were dried and fractionated through a 12-plate 
column to give material of b. p. 93° (45 mm.). The pure 
acid was converted to the chloride by treatment with 
thionyl chloride at steam-bath temperature. The excess 
thionyl chloride was distilled off, and the crude chloride 
was fractionated through a 14-plate column to give an 80% 
yield of material with b. p. 57.6° (150 mm.) and n 20D 
1.4121-2. The methyl ester was prepared from the acid 
chloride, either crude or fractionated, by the addition of 
methanol and subsequent distillation to give the ester, 
b. p. 99.5° (731 mm.), n 20d 1.3891-1.3900; the yield of 
ester was about 50% from the acid.

/-Butylacetyl chloride, b. p. 79.5° (165 mm.), n 20d 
1.4210-6, was prepared from the acid in 84% yield by 
treatment with thionyl chloride. The crude acid chloride 
was refluxed with methanol; the product was washed with 
water and sodium bicarbonate solution and fractionated to 
give a 94% yield of ester, b. p. 128° (735 mm.), ^20d 
1.3995-9.

Dimethylethylacetic acid was prepared by carbonating 
t-amyl Grignard reagent. The acid chloride, b. p. 129.8° 
(727 mm.), w20d 1.4242-8, was obtained in 50% yield by 
refluxing with thionyl chloride.

Reaction of Methyl Trimethylacetate with Ethyl­
magnesium Bromide.—The reaction of 1.87 moles of 
methyl trimethylacetate with 4.5 moles of ethylmagnesium 
bromide gave 18.4 g. or 8.6% of ethyD-butylcarbinol,3 
b, p. 67° (55 mm.), w20d 1.4223-32, and 196.2 g. or 76.5% 
pf diethyl-^butylearbinol, b. p. 84° (40 mm.), n20d 1.4410- 
26, No neopentyl alcohol was found.

Reaction of Methyl Trimethylacetate with Isopropyl- 
magnesium Bromide.—The reaction of 1.5 moles of ester

(9) Greenwood, Whitmore and Crooks, T h is  Jo ur n a l , 60, 2028  
(1938).

(10) Unpublished work by C. S. Miner, Jr., in this Laboratory.

with 4.5 moles of the Grignard reagent gave 34.2% of un­
reacted ester and 87.4 g. or 44.8% of isopropyl-^-butyl- 
carbinol; b. p. 75.5° (53 mm.); n20d 1.4268-92; phenyl- 
urethan m. p. and mixed m. p. 88-90°. No neopentyl 
alcohol could be detected.

Reaction of Methyl Trimethylacetate with Isobutyl­
magnesium Bromide.—The reaction of 0.5 mole of ester 
with 1.7 moles of the Grignard reagent gave 27.2% of 
unchanged ketone, 29.4% of isobutyl-/-butyl ketone, b. p. 
70° (38 mm.), w20d 1.4128-72, 2,4-dinitrophenylhydrazone 
m. p. and mixed m. p. 94-95°, and 25.7% of isobutyD- 
butylcarbinol, b. p. 74° (23 mm.), phenylurethan m. p. 
and mixed m. p. 114-115.5°. Isobutyl-/-butylcarbinol 
was oxidized to the corresponding ketone, 2,4-dinitro­
phenylhydrazone m. p. and mixed m. p. 94-95°, by treat­
ment with sodium dichromate and sulfuric acid. No neo­
pentyl alcohol was found.

Reaction of Methyl 2-Butylacetate with Ethylmagnesium 
Bromide.—Addition of 1 mole of ester to 4 moles of the 
Grignard reagent gave 108.4 g. or 68.5% of diethylneo- 
pentylcarbinol, b. p. 54° (5 mm.), n20D 1.4394-1.4403, 
d2o 0.845, mol. ref. calcd, 49.6, found, 49.4; and 7.6 g. 
or 5% of ethyl neopentyl ketone, b. p. 75-80° (63 mm.), 
n20d 1.4158-63, 2,4-dinitrophenylhydrazone m. p. and 
mixed m. p. 135-7°.

Reaction of Methyl J-Butylacetate with ^Propyl- 
magnesium Bromide.—The reaction of 1 mole of ester with 
4 moles of the Grignard reagent gave 10.6 g. or 7% of 
w-propyl neopentyl ketone, b. p. 42° (5 mm.), n20d 1,4161- 
70, semicarbazone m. p. and mixed m. p. 93-5°, 29.3 g. or 
20.4% of w-propylneopentylcarbinol, b. p. 47.59 (5 mm.), 
n20d 1.4261-78, phenylurethan m. p. and mixed m. p.
81.5-82°, and 115 g. or 61.8% of di-^-propylneopentyl- 
carbinol, b. p. 67° (3 mm.), n20D 1.4423-8, d2o 0.8386, 
mol. ref. calcd., 58.8; found, 58.9. There was no evi­
dence of neopentylcarbinol.

Reaction of Methyl J-Butylacetate with Isopropyl- 
magnesium Bromide.—The ester, 1 mole, was added to 4 
moles of the Grignard reagent to give 78.6 g. or 55.3% of 
isopropyl neopentyl ketone, b. p. 107.2° (180 mm.), n20d 
1.4114-29, 2,4-dinitrophenylhydrazone m. p. 128-129°, 
semicarbazone m. p. and mixed m. p. 168-169° and 23.3 
g. or 16.1% of isopropylneopentylcarbinol, b. p. 74.8° 
(25 mm.), nnd 1.4286-95, d2o 0.825, mol. ref. calcd., 45.0; 
found, 45.2, a-naphthylurethan m. p. 88-90°.

Anal. Calcd. for C20H27O2N: N, 4.47. Found: N, 4.49.
Reaction of Methyl /-Butylacetate with w-Butylmag- 

nesium Bromide.—The addition of 0.9 mole of ester to 3.6 
moles of Grignard reagent gave 137.4 g. or 71.4% of di- 
w-butylneopentylcarbinol, b. p. 83° (3 mm.), w20p 1.4462-9, 
d2Q 0.8403, mol. ref., calcd., 67,96; found, 67.8; a small 
amount of material believed to be n-butyl neopentyl 
ketone was obtained, semicarbazone m. p. 79-80°, but 
identification was not conclusive. No w-butylneopentyl- 
carbinol was found.

Reaction of Dimethylethylacetyl Chloride and Isopropyl- 
magnesium Bromide.—To 4.16 moles of Grignard reagent 
was added 1 mole of the acid chloride. The products were 
/-amylcarbinol, 30 g., 29.4%, b. p. 34.5° (7 mm.), »20d 
1.4208-12, phenylurethan m. p. and mixed m. p. 65-68°; 
isopropyl-/-amylcarbinol, 76 g., 49.3%, b. p. 52-3° (6.5 
mm.), n20d 1.4395-1.4400, d20 0.8489, mol. ref. calcd.,
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44.9; found, 45.0, phenylurethan ni. p. 58-59°, a-naphthyl­
urethan m. p. 76.5-77.5°.

Anal. Calcd. for C2oH270 2N: N, 4.47. Found: N,
4.52.

Reaction of Trimethylacetyl Chloride with Ethylmag­
nesium Bromide.—The reaction of 2.54 moles of acid 
chloride with 6.1 moles of the Grignard reagent gave 
26.1% of diethyl-^butylcarbinol,3 b. p. 59.2° (35 mm.), 
n20r> 1.4230 and 60% of ethyl-^-butylcarbinol,3 b. p. 73° 
(24 mm.), n20d 1.4424-6. No neopentyl alcohol was found.

Reaction of 2-Butylacetyl Chloride with Isopropylmag- 
nesium Bromide.—The reaction of 1 mole of acid chloride 
with 4 moles of Grignard reagent gave 32.7% of isopropyl 
neopentyl ketone, b. p. 61° (26 mm.), n20d 1.4120-9, 2,4- 
dinitrophenylhydrazone m. p. 128-129°, semicarbazone 
in. p. and mixed m. p. 168-9° and 26.7% of isopropyl- 
neopentylcarbinol, b. p. 76.7° (32 mm.), n29D 1.4283- 
1.4302, d2o 0.825, mol. ref. calcd., 45.0; found, 45.2; a- 
naphthylurethan m. p. 88-90°.

Anal. Calcd. for C20H27O2N: N, 4.47. Found: N, 
4.49.

Attempted Reaction of the Methyl Ester of Methyl-4- 
butylneopentylacetic Acid with Methylmagnesium Bro­
mide.—The ester was made from methanol and the acid 
chloride6 in 88% yield; b. p. 97-8° (13 mm.), w20d 
1.4450-2. The treatment of the ester with the Grignard 
reagent was carried out in diethyl ether at 34° and in di- 
n-butyl ether at 142°. The lower temperature gave al­
most quantitative recovery of unreacted ester. At 142° 
there were obtained a 70.3% recovery of unchanged ester 
and a 13% yield of methyl-/-butylneopentylacetic acid 
formed by the splitting of the ester.

Reaction of 2-Butylacetyl Chloride with Isobutylmag­
nesium Bromide.—The reaction of 0.5 mole of the acid 
chloride with 1.45 moles of the Grignard reagent gave iso­
butyl neopentyl ketone, 15.7 g., 0.102 mole, 20.1%, b. p. 
65.5° (15 mm.), n2Qd 1.4127-91; isobutylneopentylcar- 
binol, 38.6 g., 0.244 mole, 48.9%, b. p. 75° (15 mm.), n2Qi> 
1.4237-79, a-naphthylurethan m. p. and mixed m. p.

100-100.5°; diisobutylneopentylcarbinol, 14.7 g., 0.069 
mole, 13.8%, b. p. 68.5° (3 mm.), n20D 1.4395-1.4410, d20 
0.8317, mol. ref. calcd., 67.96; found, 68.0.

Reaction of Methyl /-Butylacetate with Isobutylmag­
nesium Bromide.—To isobutylmagnesium bromide pre­
pared from 1.7 gram atoms of magnesium and 1.83 moles 
of isobutyl bromide was added 65 g., 0.5 mole, of the ester. 
Fractionation gave isobutyl neopentyl ketone, 32.1 g., 
0.16 mole, 32%, b. p. 66.4° (15 mm.), n20n 1.4120-98; 
isobutylneopentylcarbinol, 15.2 g., 0.046 mole, 9.2%, 
b. p. 43-44° (3 mm.), n 20D 1.4232-82, a - n a p h th y lu r e th a n  
m. p. and mixed m. p. 99-101°; diisobutylneopentyl­
carbinol, 27.0 g., 0.17 mole, 34.2%, b. p. 69.5° (2 mm.), 
n20D 1.4375-1.4411, d20 0.8313, mol. ref. calcd., 67.96; 
found, 68.0.

Anal. Calcd. for C2iH290 2N: N, 4.26. Found: N, 
4.25.

Summary
1. A  comparison of the reactions of trimethyl­

acetyl chloride and methyl trimethylacetate and 
of /-butylacetyl chloride and methyl /-butylace- 
tate with ethyl, ^-propyl, isopropyl, n-butyl and 
isobutyl Grignard reagents has been made. The 
esters were found to give distinctly less reduction 
products than the corresponding acid chlorides.

2. The fact that no primary alcohol was found 
in the reaction of the esters with Grignard re­
agents indicates that aldehydes are not inter­
mediates in this reaction.

3. The methyl ester of methyl-/-butylneo- 
pentylacetic acid did not react with methyl Gri­
gnard reagent at 34° or at 142°.

4. Isopropylneopentylcarbinol and isopropyl- 
/-amylcarbinol have been prepared.
S t a t e  C o l l e g e , P e n n s y l v a n i a

R eceived January 21, 1942

[ C o n t r i b u t i o n  f r o m  t h e  S c h o o l  o f  C h e m i s t r y  a n d  P h y s i c s  o f  T h e  P e n n s y l v a n i a  S t a t e  C o l l e g e ]

Grignard Reactions. XVIII.1 Reactions of Benzylmagnesium Chloride
By  Frank  C. Whitmore and T. K. Sloat2

The type of rearrangement given by the benzyl 
Grignard reagent is well known. The first case 
reported was the reaction of formaldehyde with 
benzylmagnesium chloride to give u-tolylcarbinol 
instead of the expected benzylcarbinol.3 The 
action of a variety of substances with benzylmag­
nesium chloride has been reported. Not all reac­
tants give rearranged products with this Grignard 
reagent. The products of rearrangement are

(1) X V II, Whitmore and  Forster, T h is  J o u r n a l , 64, 2966 (1942).
(2) Present address: Research Division, Westinghouse Electric 

and M anufacturing Co., E ast Pittsburgh, Pa.
(3) Tiffeneau and Delange. C o m p t .  r e n d . ,  137, 578 (1903).

usually 0 -tolyl derivatives. In some cases the 
^-tolyl derivative has been reported.4 Excellent 
investigations and reviews of the reactions of 
benzylmagnesium chloride have been made by 
Gilman and Kirby5 and by Austin and Johnson.6 
More recently Coleman and Forrester7 have in­
vestigated the action of benzylmagnesium chlo­
ride with monochloramine. No rearranged prod­
ucts were found in this case.

(4) Gilman and K irby, T h is  J o u r n a l , 51, 3475 (1929).
(5) Gilman and K irby, ib id ., 54, 345 (1932).
(6) Austin and Johnson, ib id ., 54, 647 (1932).
(7) Coleman and Forrester, ib id ., 58, 27 (1936).



Dec., 1942 R e a c t io n s  of B e n z y l m a g n e siu m  C h l o r id e 2969

The present study was undertaken with the 
hope that repetition of some of the reactions of 
benzylmagnesium chloride, on a larger scale and 
with the fractionating equipment now available, 
might give some rearranged products with reac­
tants which previously had shown no rearrange­
ment. The results o f previous investigators were 
confirmed without exception . Our experiments with 
benzylmagnesium chloride gave only the normal 
products with acetonitrile, acetamide, acetalde­
hyde, carbon dioxide, oxygen, ethyl acetate, benzyl 
chloride and water. The reaction of the benzyl 
Grignard reagent with acetyl chloride gave the re­
arranged product, methyl o-tolyl ketone. Tem­
perature was shown to have little effect on the yield 
of ketone, this being 18% at 0° and 16.5% at 25°.

In our experiments the benzylmagnesium chlo­
ride was added to an excess of the reactant unless 
otherwise specified. The order of addition of the 
Grignard reagent had a decided effect on the yield 
of rearranged product. In the reaction of acetyl 
chloride with benzylmagnesium chloride, the 
yield of methyl n-tolyl ketone was 18% when the 
Grignard reagent was added to the acid chloride 
while addition of the acetyl chloride to the Gri­
gnard reagent gave only 3% of this ketone. This 
is in agreement with the work of Schmidlin and 
Garcia-Banüs8 who reported similar results with 
aromatic aldehydes.

Several mechanisms have been proposed for the 
ö-tolyl rearrangement.5’6’9 In an attempt to 
investigate further the mechanism of this rear­
rangement, acetyl chloride, toluene and anhy­
drous magnesium chloride were mixed in diethyl 
ether and refluxed for several hours. No reaction 
took place. This type of process is similar to that 
investigated by Tzukervanik and Sidorova.10 
Furthermore, dry toluene was added to ethyl­
magnesium chloride and then a large excess of 
acetyl chloride was added. As in the first of these 
test reactions, no methyl benzyl ketone or methyl 
tf-tolyl ketone could be found.

We thank R. S. George of this Laboratory for 
his help.

Experimental
The benzylmagnesium chloride used in this work was 

prepared in the usual manner.11 Titration showed the
(8) Schm idlin and G arcia-Banüs, Ber., 45, 3193 (1912).
(9) Johnson, T h is  J o u r n a l , §5, 3029 (1933).
(10) T zukervan ik  and S idorova, J . Gen. Chem. Russ., 8, 1512 

(1938); ibid., 8, 1899 (1938).
(11) G reenwood, W hitm ore and  Crooks, T h is J o u rn al , 60, 2028

(1938).

yields to be over 90%. All fractionations were done 
with the usual type of column12 having 12-18 theoretical 
plates. The reactions of benzylmagnesium chloride with 
the compounds investigated were all run according to con­
ventional procedures. In many cases only the fractions 
in the boiling point ranges of the possible rearranged prod­
ucts were thoroughly investigated. The reaction of 
acetamide with the benzyl Grignard reagent illustrates the 
procedure used.

To 59 g., 1 mole, of acetamide was added 3 moles of 
benzylmagnesium chloride. The reaction products were 
worked up in the usual way. Fractionation gave 55.3 g. 
or 41.3% of ketone fraction; b. p. 122-125° (50 mm.). 
The ketone was characterized by its 2,4-dinitrophenyl- 
hydrazone; m. p. 152-153°; a mixed m. p. with deriva­
tive of authentic methyl benzyl ketone gave no depression.

The experimental part of the study can best be sum­
marized in table form.

C om pound

%
N or nial 

primary® 
add ition

T a b l e  I 
%

Primary®
re a r­

ranged
p roduct

O rder of ad d itio n .& 
D irect— reag en t added  to  
soln. of benzylm agnesium  

chloride
Acetam ide 4 1 .3 N one Reverse, excess G rignard

A cetaldehyde 65 .6 N one
reagent

Reverse, excess a ce ta ld e ­

A cetonitrile 1 5 .8C N one
hyde

Reverse
C arbon dioxide 62 .7 N one D irect
Oxygen 6 9 .4 N one D irect
W ater 95 .3 N one D irect
Benzyl chloride 67 .6 N one Reverse
E th y l a ce ta te 2 .7 d N one Reverse
A cetyl chloride Trace 18 Reverse, excess acid chlo­

Trace 16 .5
3

ride
Reverse, d it to e
D irect, excess acid chloride

a These figures represent only the products given by the 
first step of the Grignard reaction. The high boiling 
tertiary alcohol fractions were not investigated. b Un­
less specified the Grignard reagent and the reactant were 
present in equal molecular proportions, and the reaction 
was run at 0°. c About 70% of toluene was also obtained. 
4 Yield of high boiling alcohol was about 90%. e The 
reaction temperature was 25°.

Acetyl Chloride, Toluene and Magnesium Chloride.—
A mixture of 0.75 mole of toluene and 0.75 mole of mag­
nesium chloride in anhydrous ether was stirred for six­
teen hours. To this was added 1.5 moles of acetyl chloride, 
and the mixture was then refluxed for four days. Frac­
tionation gave no methyl o-tolyl ketone or methyl benzyl 
ketone.

Ethylmagnesium Chloride, Toluene and Acetyl Chlo­
ride.—To 1 mole of ethylmagnesium chloride in ether and 
1 mole of toluene was added 3 moles of acetyl chloride, 
and the mixture was refluxed for two days. Fractionation 
gave no methyl o-tolyl ketone or methyl benzyl ketone.

Summary
1. Acetaldehyde, acetonitrile, acetamide and 

water have been shown to give only normal prod­
ucts with benzylmagnesium chloride.

2. Repetition of the reactions of carbon di-
(12) W hitm ore an d  Lux, ibid., 54, 3451 (1932).
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oxide, oxygen, benzyl chloride, ethyl acetate and 
acetyl chloride with benzylmagnesium chloride 
on a larger scale has confirmed the results of pre­
vious investigators. Only acetyl chloride gave 
rearrangement.

3. The yield of rearranged product from the

addition of benzylmagnesium chloride to acetyl 
chloride was found to be much higher than that 
obtained from the addition of acetyl chloride to 
the Grignard reagent.
S t a t e  C o l l e g e , P e n n s y l v a n ia

R e c e i v e d  J a n u a r y  22. 1942

[C o n t r i b u t io n  f r o m  t h e  S c h o o l  o f  C h e m is t r y  a n d  P h y s ic s  o f  t h e  P e n n s y l v a n ia  S t a t e  C o l l e g e ]

The Dehydration of Alcohols. XIX.1"4 /-Amyl Alcohol and the Related Dimethyl-
neopentylcarbinol

B y F rank C. W hitmore, C. S. R owland,5 S. N. W r enn  and G. W. K ilmer

Despite the amount of work done on the de­
hydration of alcohols since the discovery of ethyl­
ene by the four Dutch chemists in 1795, prac­
tically no generalizations of any value have been 
presented. This is largely because few, if any, 
cases have been studied with proper control of the 
variables involved. Moreover, the dehydration 
mixtures obtained from any but the simplest 
alcohols are likely to be so complex as to be un­
manageable with ordinary equipment and tech­
niques.1 Even with a simple alcohol like /-amyl 
alcohol (I) the results in the literature are highly 
conflicting.6 In all this work the only consistent 
fact is that trimethylethylene (IV) is the chief 
product. The different proportions of olefins ob­
tained by different investigators indicated that 
equilibrium conditions had not been obtained for 
the olefin mixture. The unasked question as to 
whether the olefin mixture obtained by dehydra­
tion of an alcohol is identical with the equilibrium 
mixture of the olefins has long existed. For 
strongly acid catalysts this question was answered 
in the affirmative in this Laboratory when essen­
tially identical mixtures of olefins were obtained 
by passing the following over phosphoric acid on 
silica gel: (a) methyl-/-butylcarbinol, (b) /-
butylethylene, (c) 1,1 -methylisopropylethylene
and (d) tetramethylethylene.7 Recently Cramer

(1) W hitm ore an d  K arn a tz , D ie thy lcarb incarb ino l (2-ethyl-l- 
b u ta n o l), T h is  J o u r n a l , 54, 3461 (1932).

(2) W hitm ore and  co-workers, ibid., 54, 3717, 4011, 4392 (1932); 
55, 406, 812, 1106, 1119, 1528, 3428, 3721, 3732, 3809, 4153 (1933).

(3) W hitm ore an d  co-workers, ibid., (a) H om eyer, 55, 4195 (1933); 
(b) Church, 56, 176 (1934); (c) R ohrm ann , 63, 2033 (1941).

(4) W hitm ore and  M osher, 3 ,5 ,5-T rim ethyl-3-heptanol, ibid., 63, 
1121 (1941).

(5) Subm itted  in  p a rtia l fulfillm ent fo r th e  M .S. degree.
(6) K ondakow , J .  prakt. Chem., [2] 54, 454 (1896); Ipatiew , Ber., 

36, 2002 (1903); M ichael and  Zeidler, T h is  J o u r n a l , 36, 1002 
(1914); H ibbert, ibid., 37, 1748 (1915); C hurch, et al., ibid., 56, 
176 (1934); Bourquel and  Piaux, Bull. soc. chim., 51, 1051 (1932).

(7) (a) W hitm ore and  P . L. M eunier, T h is  J o u r n a l , 55, 372
(1933). (b) Laughlin, N ash  and  W hitm ore, ibid., 56, 1395 (1934).

and Glasebrook8 published their results with a 
less acidic catalyst, namely, activated alumina, 
in which they obtained high yields of /-butylethyl- 
ene from methyl-Z-butylcarbinol instead of the
3-5% of that olefin characteristic of the equilib­
rium mixture.7b These results have been re­
peatedly checked in this Laboratory.9 The 
method of Cramer and Glasebrook8 is now recom­
mended for the preparation of large quantities of 
/-butylethylene as more convenient than the py­
rolysis of pinacolyl acetate.10

It may be mentioned in passing that making the 
catalyst even slightly alkaline prevents dehydra­
tion at anything below cracking temperatures.11

Since 1930 there have been repeated indica­
tions in this Laboratory that the two alcohols 
/-amyl alcohol (I) and dimethylneopentylcarbinol 
(II) behave differently on dehydration. This is 
in spite of remarkable similarities in structure. 
Both are tertiary alcohols containing two methyl 
groups and a methylene group and both are de­
hydrated readily without rearrangement. In each, 
the proton for dehydration must come from one of 
the two methyl groups or from the methylene 
group. The only difference is that in one the 
methylene group is attached to methyl while in 
the other it is attached to /-butyl. Evidently this 
difference has a profound effect on the otherwise 
identical methylene groups.

OH
CH3—CH2—C—CH3 — >

CH3
(I)

c h 3—c h 2—c= c h2 -h ch3—ch= c—c h 3 
c h 3 c h 3

__________  (III) (IV)
(8) C ram er an d  G lasebrook, ibid., 61, 230 (1939).
(9) U npublished re su lts  of R . K . Sm ith  a n d  N . C. Cook and  o thers.
(10) W hitm ore an d  R othrock , T h is  J o u r n a l , 55, 1107 (1933); 

unpublished results of V. C. M eunier and  N . C. Cook.
(11) U npublished resu lts  of M . R . F enske and co-workers.
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OH
(c h 3)3c—c h 2—c —c h 3 —

CHa
(II)

(CH3)3C—c h 2—C=CH2 +  (CH3)3C—c h= c—CHa 
CHS CHs

(V) (VI)
This pair of alcohols was chosen for study be­

cause of the facts given above. Moreover, they 
are both dehydrated by refluxing with an excess 
of 15% sulfuric acid. This allows dehydration 
under almost identical conditions and avoids 
the vigorous treatment required to dehydrate pri­
mary or secondary alcohols. The olefins III and 
IV are readily separable in a 60-plate column.12 
This Laboratory had long been familiar with 
olefins V and VI, the well-known diisobutylenes.13

Repeated dehydrations of the alcohols, I and 
II, with 15% sulfuric acid and careful study of the 
resulting olefin mixtures indicate that /-amyl alco­
hol (I) gives 1,1-methylethylethylene (III) and 
trimethylethylene (IV) in the ratio 1:7 while di­
methylneopentylcarbinol (II) gives 1,1-methyl- 
neopentylethylene (V) and 1,1 -dimethyl-2-/-butyl- 
ethylene (VI) in the ratio 4.5:1. Thus, a methyl­
ene group attached to methyl loses a proton about 
30 times as readily as a methylene attached to 
/-butyl. In other words, an ethyl group loses a 
proton much more readily than does a neopentyl 
group. This greater activity of the ethyl group 
has been observed repeatedly in this Laboratory .3b 
The sluggishness of the neopentyl group in this 
respect is well illustrated by the dehydration of 
diethylneopentylcarbinol, which takes place 90% 
from the ethyl group to yield 2,2-dimethyl-4- 
ethyl-4-hexene.3c The dehydration of 3,5,5-tri- 
methyl-3-heptanol indicates an even more slug­
gish behavior for the neohexyl group (/-amylcar- 
binyl).4

A good example of the difficulty of drawing 
generalizations regarding the dehydration of 
alcohols is given by a comparison of dimethyl­
neopentylcarbinol and methylneopentylcarbinol.3a 
As stated above, the former gives dehydration 
from the two methyl groups and the one neopentyl 
group in the ratio of 4.5:1. It might thus be 
argued that one methyl group would give up a 
proton about twice as readily as one neopentyl 
group. This is contrary to the fact3a that methyl- 
neopentylcarbinol undergoes dehydration from 
the one methyl group and the one neopentyl group

(12) Rose, In d . Eng. Chem., 33, 594 (1941); Fenske, Tongberg, 
Quiggle and  C ryder, ibid., 28, 644-5 (1936).

(13) W hitm ore and  co-w orkers, T h is  J o ur n a l , 53, 3 life  (1931),
54, 3706,3710 (1932). \

in the ratio of about 1:4:5. The fallacy here lies 
in comparing a tertiary alcohol with a secondary 
alcohol, the one being dehydrated with excess 
15% sulfuric acid at about 100° and the other 
with a small amount of 100% sulfuric acid at 
perhaps 135°.

In connection with the present work it should 
be noted that the ratio 4.5:1 for the olefins V and 
VI checks with the equilibrium present in the 
diisobutylenes.13 The equilibrium between III 
and IV is being studied. It has been found that 
15% sulfuric acid does not isomerize either III or
IV.

The dehydration of alcohols and the study of 
equilibrium relations of the resulting olefin mix­
tures is being continued.

We thank Dr. W. A. Mosher of the Hercules 
Powder Co. for help in the preparation of this 
paper.

Experimental
Materials.—Commercial /-amyl alcohol, Sharpies, was 

fractionated through a 15-plate column to give material 
of b. p. 101° (742 mm.), n20d 1.4049. Dimethylneopentyl­
carbinol was prepared by the action of methylmagnesium 
bromide on methyl neopentyl ketone, n20d 1.4038. The 
product, after decomposition in the usual manner, was 
fractionated through a 10-plate column to give material 
of b. p. 70.5° (43 mm.), w20d 1.4286.

Dehydration of /-Amyl Alcohol.—/-Amyl alcohol, 319 
g., was dissolved in 395 ml. of 15% sulfuric acid and re­
fluxed under a column of 60 theoretical plates while the 
olefins formed distilled out. The yield of olefin was 97.8% 
allowing for 16.7 g. of recovered alcohol. The olefin mix­
ture, 227 g., was dried over potassium carbonate and 
fractionated through a 60-plate column with 0.5 g. of 
potassium carbonate in the still pot to prevent isomeriza­
tion. Ice-water was circulated through the condenser 
and receiver system while dry-ice traps protected all out­
lets. The loss on distillation was 2%.

Two olefins were found on fractionation: 2-methyl-l- 
butene, 27 g., 33-35° (740 mm.), 1.3788, 11.9%; and 2- 
methyl-2-butene, 195 g., 39.5° (740 mm.), 1.3870, 85.9%. 
The structures were confirmed by ozonolysis.

Dehydration of Dimethylneopentylcarbinol.—The alco­
hol, 150 g., was dehydrated by refluxing with an equal 
weight of 15% sulfuric acid under a 10-plate column and 
distilling off the olefins as formed. Taking 33 g. of re­
covered carbinol into account, the yield of olefin was 96%. 
Distillation of the olefin through a 60-plate column gave
2,4,4-trimethyl-1 -pentene, 77.2 g., 78%, 103° (742 mm.), 
1.4086-8; and 2,4,4-trimethyl-2-pentene, 17.7 g., 17%,
106.5 (740 mm.), 1.4152-5. The identity of these olefins 
has been repeatedly checked by ozonolysis in this Labora­
tory.

Summary
1. The difficulty in drawing generalizations on 

the dehydration of alcohols is emphasized.
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2. The relation of acidity of the dehydrating 
catalyst to the equilibrium in the resulting olefin 
mixture is considered.

3. Two closely related tertiary alcohols have 
been dehydrated under mild but definitely acidic

conditions. In /-amyl alcohol and dimethylneo­
pentylcarbinol, under similar conditions, the 
ethyl group yields a proton in dehydration about 
thirty times as readily as does the neopentyl group. 
State College, P en nsy lva n ia  R eceived July 23 ,1942

[Contribution from the George Herbert Jones Laboratory of the University of Chicago]

Factors Determining the Course and Mechanism of Grignard Reactions. V. The 
Effect of Metallic Halides on the Reaction of Grignard Reagents with Benzalaceto­

phenone and with Benzophenone
B y M. S. K harasch  a nd  D. C. S ayles

It has been shown that small amounts of 
some metallic halides exert a profound effect on the 
reactions of Grignard reagents with many com­
pounds.1 The present paper describes the re­
sults obtained when methyl- and ethylmagne­
sium bromides react with benzalacetophenone 
(chalcone) and benzophenone in the presence of 
ferric chloride, cuprous chloride, manganous chlo­
ride or cobaltous chloride.

The structures of the products formed by the 
addition of Grignard reagents to some a, 13-un­
saturated aldehydes and ketones have been de­
termined by Kohler and his co-workers.2 They 
report that, with chalcone, phenyl- and ethylmag­
nesium bromides give, respectively, 94 and 99% of 
the 1,4-addition product.20 The reaction be­
tween methylmagnesium bromide and chalcone 
has not been investigated, but Kohler reports 
that methylmagnesium bromide reacts with 
benzalethyl methyl ketone to give 70% of the
1,4-addition product. Smith and Hanson,3 on the 
other hand, record only the 1,2-addition product 
of benzalpropiophenone and methylmagnesium 
iodide.

It is desirable to elucidate the conditions under 
which an optimum yield of /3-phenylbutyro- 
phenone (the 1,4-addition product) is obtained 
by condensation of methylmagnesium bromide 
with chalcone. Kohler and Peterson2d state ex­
plicitly that an excess of Grignard reagent is 
necessary to prevent the formation of “second­
ary” products, but they do not mention the exact

(1) (a) K harasch , K leiger, M artin  and  M ayo, T h is  J o urn al , 63,
2305 (1941); (b) K harasch  and  L am bert, ibid., 63, 2315 (1941); (c) 
K harasch  and  T aw ney, ibid., 63, 2308 (1941); (d) K harasch and
Fields, ibid., 63, 2316 (1941).

(2) (a) K ohler, A m . Chem. J .,  31, 6 4 2  (1 9 0 4 );  (b) ibid., 37, 3 6 9
(1 9 0 7 );  (c) ibid., 38, 511  (1 9 0 7 );  (d) K ohler a n d  Peterson, T h is
J o u r n a l , 55 , 1 0 7 3  (1 9 3 3 ).

(3) Sm ith and H anson, ibid., 57, 1376 (1935).

proportion of the reagents employed. In the ex­
periments here reported in detail, a 40% excess 
of Grignard reagents was used, and (Table I) large 
quantities of l,3,5-triphenyl-4-benzoylhexadiene-
1,3 (m. p. 176°) (III) were produced, probably ac­
cording to the equation
C6H5CH(CH3)CH2COC6H5 +

I
CH3MgBr

C6H5CH==CHCOC6H5------------ >
II

C6H5CH(CH3)C(COC6H5)=C(C6H;)CH=CHC6H5
III

The structure of III was confirmed by independ­
ent syntheses from I and II where pyridine, tri­
methylamine or sodium ethylate was used as 
condensing agent. Other experiments showed 
that in order to avoid completely the formation of 
III, a very large excess of the Grignard reagent 
(200%) was required.

Although (Table I) no one of the metallic hal­
ides (2 to 5 mole per cent.) has any effect on the 
ratio of the 1,2 and 1,4 addition of methylmag­
nesium bromide to chalcone, yet they profoundly 
influence the nature of the products formed in 
the reaction. This effect is most marked with 
cobaltous chloride. In the presence of this metal­
lic halide the Grignard reagent does not add to 
the chalcone, but acts as a reducing agent leading 
to the formation of two products which melt at 
197 and 276°, respectively.

CoCl2
C6N6CH=CHC6H5 4- 2CH3MgBr-------->

[(C6H5COCH2CHC6H5) h

(IV, m. p. 197° and V, m. p. 276°)

These two substances (IV and V) were shown by 
analyses, molecular weight determinations and 
the melting points of mixtures to be identical
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T a b l e  I
E f f e c t  o f  M e t a l l i c  H a l id e s  o n  t h e  A d d it io n  o f  

M e t h y l m a g n e s iu m  B r o m i d e ® t o  C h a l c o n e

P roduct
Con­
tro l

Yield, %b
1 mole % of m etallic halide 

FeCls Cu2Cl M nC l2 CoCl2c

/S-Phenylbutyrophenone 
1,3,5-Tripheny 1-4-ben -

59 66 69 73

zoyl-hexadiene-1,3, 
m. p . 176° (III) 41 9 24 27

Dibenzyldiacetophe- 
none, m. p. 197° (IV) 

Stereoisomer of (II),
21 7 82

m. p . 276° (V) 4 18
a A 40% excess of Grignard reagent was used in all ex­

periments. 6 Total yield of products was between 93 and 
95% of the amount calculated on the basis of chalcone used. 
c One mole per cent, was added at the beginning of the 
reaction, and another mole per cent, midway in the addition 
of the chalcone.

with products previously obtained by reducing 
chalcone with zinc dust and glacial acetic acid,4 or 
with vanadous sulfate.5 Substance IV is con­
sidered to be 1,4-dibenzoyl-2,3-diphenylbutane 
because it readily undergoes intramolecular con­
densation to form a cyclopentene derivative.4 
Substance V is regarded as a stereoisomer of IV, 
since distillation partly converts it into that sub­
stance.

Compounds IV and V have not hitherto been 
observed as products in the reaction of any Gri­
gnard reagent on chalcone. They are, however, 
formed whenever chalcone is treated with a pow­
erful reducing agent or with methylmagnesium 
chloride in the presence of small amounts of cobal­
tous chloride. The latter reaction is readily ex­
plained by the chain mechanism proposed by 
Kharasch and Fieldsld to account for the catalytic 
effects of cobaltous, nickelous and ferrous chlo­
rides on certain Grignard reactions.

CHsMgBr +  CoCl2 - 
CHgCoCl-

CHsCoCl +  MgBrCl 
CHs +  (CoCl)

MgBrCl
(C1C1) +  C6H5CH=CHCOC6H5 -----------^

C6H5CHCH=CC6H5 +  CoCl2
IOMgBr

2 C«HSCH CH=C C6H5
dimerization

and hydrolysis
OMgBr

CeHöCQCHaCHCöHsCHCsHsCThCOCeHs 
IV and V

In all such catalytic reactions the rate of the 
reaction and the stability of the compound

(4) H arries and H übner, A n n ., 296, 326 (1897).
(5) C onan t and  C utler, T h is  J o u r n a l , 48, 1016 (1926),

RCoCl at the temperature used are highly im­
portant. Their influence is illustrated in the re­
action of ethylmagnesium bromide and benzo­
phenone. At ordinary temperatures (20-25°) 
ethylmagnesium bromide adds to benzophenone 
either in the presence or in the absence of cobal­
tous chloride to give diphenylethylcarbinol; no 
reduction to benzopinacol or benzohydrol occurs.6 
However, at —12°, a 50% yield of benzopinacol is 
readily obtained even though only 2 mole per cent, 
of cobaltous chloride is used. This large tempera­
ture effect is explained by the fact that at higher 
temperatures C2H5CoC1 decomposes almost in­
stantaneously with the liberation of metallic co­
balt. Thus no chain reaction of the kind indi­
cated is initiated.

Phenylmagnesium bromide, when added to 
chalcone, yields by 1,4 addition a saturated ke­
tone, the product isolated by Kohler. The pres­
ence of small amounts of metallic halides has little 
effect on the course of this reaction; it is, how­
ever, significant that in the presence of ferric or 
cobaltous chloride (2-5 mole per cent.) even this 
Grignard reagent yields 2-5% of V.

The results here reported for the addition of 
ethylmagnesium bromide to chalcone differ con­
siderably from the 94% of 1,4 addition reported 
by Kohler. In a number of experiments a 60% 
yield of the saturated ketone (/3-phenyl valero- 
phenone VI) was obtained. The remaining 40% 
was an oil which could not be crystallized. This 
oil readily absorbed bromine and decolorized po­
tassium permanganate solution; it gave no ke- 
tonic reactions, and could not be acetylated by 
acetic anhydride in pyridine. It decomposed 
when distilled in  vacuo. The only feasible method 
for purifying this oil was first to free it of ketonic 
materials by shaking it with a water solution of 
acethydrazide pyridinium chloride,7 and then to 
decolorize an ethyl alcohol solution of the water 
insoluble residue with norite. Evaporation of the 
alcohol again yielded an oil. Analysis of this oil 
indicated that it is probably styrylphenylethyl- 
carbinol (VII). The additions of ethyl- and 
methylmagnesium bromide to chalcone thus differ 
significantly in the proportion of 1,2- and 1,4-ad­
dition products formed.

The discrepancy between the results here re­
ported and those obtained by Kohler is not to be 
explained by the order in which the reagents are

(6) Blicke a n d  Pow ers, ibid., 54, 2503 (1932); K h arasch  an d  W ein- 
house, J .  Org. Chem., 1, 210 (1936).

(7) Girard and  Sandulesco, Org. Syntheses, 18, 10 (1938),
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1,4 Addition
----------- ----->  CgH5CH(C2H5)CH2COC6H5 (VI), 60%

C«H5CH===CHCOCeH5 +  C2H5MgBr —
1,2 Addition 

-— ------”> C6H5CH=CHC(OH)(C2H5)C6H5 (VII), 40%

added to the reaction mixture. For the present 
no explanation can be offered.

The effect of temperature on the direction of ad­
dition of ethylmagnesium bromide to chalcone 
is slight. The amount of 1,2 addition is about 
20-30% less at low temperatures ( — 25°) than 
at 25°.

Experimental Part
The organic compounds used were first purified by distil­

lation or crystallization. Methyl bromide was obtained 
from the Dow Chemical Company. Benzalacetophenone 
was prepared according to “Organic Syntheses/ ’8 The 
cuprous chloride was the commercial anhydrous reagent; 
anhydrous manganous chloride was prepared by heating 
the hydrated chloride in an oven for eight hours at 120°; 
anhydrous ferric chloride was prepared from analytical 
grade iron wire and chlorine; anhydrous cobalt chloride 
was prepared by heating the hydrated dihalide at 150° in 
a stream of hydrogen chloride.

Preparation of Grignard Reagent.—Each Grignard re­
agent (prepared from sublimed magnesium) was siphoned 
from the reaction vessel through a glass tube filled with a 
glass wool plug into a dark storage bottle. Two milliliter 
aliquots were removed for standardization by the acid 
titration method.

General Procedure.—Aliquot parts of the Grignard re­
agent were transferred to three-necked flasks, each fitted 
with reflux condenser, mercury seal stirrer, dropping fun­
nel and calcium chloride tubes. One flask was used as a 
control. Weighed quantities of anhydrous metal halides 
were added to the other flasks. The Grignard solution 
upon the addition of the metal salts changed color. Cobalt 
chloride produced a black solution; cuprous chloride, a 
blue-green solution; manganous chloride, a yellow solu­
tion.

Reaction of Methylmagnesium Bromide and Chalcone.—
Benzalacetophenone (0.19 mole) dissolved in anhydrous 
ether was added drop by drop to an excess of Grignard re­
agent (0.26 mole). During the addition, the temperature 
of the reaction mixture was maintained at 0-5°. After 
addition was complete, the reaction mixture was stirred for 
an additional thirty minutes; then the temperature was al­
lowed to rise; finally, the mixture was refluxed for one 
hour and allowed to stand.

The reaction mixture was decomposed by pouring it onto 
200 g. of cracked ice mixed with excess glacial acetic acid 
(25 cc.). The solution was filtered. The ethereal layer 
was separated, and the aqueous layer was extracted with 
ether. The combined ethereal layers after being washed 
with aqueous bicarbonate and water, were dried over an­
hydrous sodium sulfate. The ether was finally evaporated. 
The ethyl alcoholic extract of the residue (when methyl­
magnesium bromide was used) yielded a substance melting

at 72°. The material insoluble in alcohol after crystalliza­
tion from an ethanol-dioxane mixture yielded a compound 
melting at 176°.

Anal. Calcd. for C3iH260 : C, 89.83; H, 6.28; mol. wt., 
414. Found: C, 89.20; H, 6.90; mol. wt., 400.

The structure of this latter compound was proved by its 
synthesis. To an anhydrous ether solution of 0.5 g. of 
chalcone and 0.5 g. of /3-phenylbutyrophenone was added 
a condensing agent (either pyridine or methylmagnesium 
bromide), the whole mixture was refluxed for one hour. 
The solvent was evaporated, and the residue crystallized 
from a mixture of ethanol and dioxane. A quantitative 
yield of a solid melting at 176° was obtained. This melt­
ing point was not lowered by addition of the compound 
(m. p. 176°) obtained from the reaction of methylmagne­
sium bromide with chalcone.

Dibenzyldiacetophenone.-—In the experiments in which 
ferric, cuprous or cobalt chloride was used as a catalyst, a 
solid separated at the ether-water interface, when the 
reaction mixture was decomposed. This solid, when 
crystallized from an ethanol-dioxane mixture, melted at 
197-198°. The material insoluble in the ethanol-dioxane, 
after crystallization from pyridine, melted at 276°.

Determination of j8-Phenylvalerophenone (VI).—In the 
reactions between ethylmagnesium bromide and chalcone, 
the dried ethereal solution obtained as described above was 
transferred to a 100-cc. volumetric flask and made up to 
volume. A 5-cc. aliquot was removed to a weighed 50-cc. 
Erlenmeyer flask, the solvent evaporated and the flask 
reweighed. The total weight of product was thus ob­
tained.

The ketonic material in this oil was determined by pre­
cipitation with 2,4-dinitrophenylhydrazine.9 The validity 
of this method of analysis was checked by control precipita­
tions on chalcone and j(3-phenylvalerophenone.

Separation of the /3-Phenylvalerophenone from Styryl- 
phenylethylcarbinol (VII).—An aliquot of the ethereal solu­
tion was taken, and the solvent evaporated. The residue 
was dissolved in absolute alcohol containing 10% acetic 
acid and acethydrazide pyridinium chloride.8 The reaction 
mixture was then refluxed for an hour, and finally decom­
posed by being poured into ice-water containing sodium 
carbonate. The aqueous solution was extracted several 
times with ether, and the combined ethereal extracts were 
washed with water. When the solvent was evaporated, 
the unsaturated alcohol, styrylphenylethylcarbinol, was 
obtained.

Anal. Calcd. for C17H18O: C, 85.71; H, 7.56, mol. wt., 
238. Found: C, 84.68; H, 7.84; mol. wt., 269.

Estimation of Styrylphenylethylcarbinol (VII) by Oxida­
tion.—The solvent was evaporated from an aliquot of the 
ethereal solution, and the residue was dissolved in purified 
acetone. Finely powdered potassium permanganate was 
added to the solution, and the whole was vigorously stirred. 
The temperature was kept below 20°. The unused potas­

(8) “ Org. S yn .” Coll. Vol. I, p. 71. (9) Cooper, P h .D . Thesis, U niversity  of Chicago.



Dec., 1942 Introduction  of the  —COC1 Group into  A licyclic A cid Ch lo rid es 2975

sium permanganate was finally titrated. The accuracy of 
this oxidation method was checked by oxidation of chal­
cone.2

An unusual compound was isolated in one determination 
where manganous chloride was used as a catalyst. The 
ethereal solution was evaporated, and the residue crystal­
lized from alcohol. A solid which melted at 136° was ob­
tained.

Anal. Calcd. for C32H32O2: C, 85.71; H, 7.14; mol. 
wt., 448. Found: C, 85.82; H, 7.14; mol. wt., 470.

This compound could possibly be formed by the con­
densation of /3-phenylvalerophenone and chalcone in a 
manner similar to the substance obtained from /3-phenyl- 
butyrophenone and chalcone. This compound yielded a
2,4-dinitrophenylhydrazone.

Anal. Calcd. for C38H36O5N4: N, 8.92. Found: N,
9.11.

The compound could not be synthesized by condensing 
/?-phenylvalerophenone with chalcone when either pyridine 
or ethylmagnesium bromide was used as a condensing 
agent.

Addition of Benzophenone to Ethylmagnesium Bromide.
—Benzophenone (0.5 mole) in 40 cc. of anhydrous benzene 
was added slowly to a 100% excess of ethylmagnesium 
bromide containing 6 mole per cent, of cobaltous chloride. 
The temperature of the reaction was kept below 20°. A 
mixture of diphenylethylcarbinol and diphenylpropylene 
was obtained. The reaction product was dehydrated to 
diphenylpropylene by distillation with a trace of iodine. 
The yield was quantitative.

Benzophenone, 0.05 mole, in 40 cc. of anhydrous benzene 
containing 6 mole per cent, of cobaltous chloride was slowly 
added to 100% excess of ethylmagnesium bromide; the

reaction temperature was kept at —12°. The reaction 
mixture was then stirred for two hours at —12°, and al­
lowed to stand overnight at room temperature. By the 
usual methods of isolation, benzopinacol (45%) and di­
phenylethylcarbinol (55%) were obtained from this mix­
ture.

Summary
1. The effect of some metallic chlorides on the 

reaction of Grignard reagents with benzalaceto­
phenone has been studied.

2. It has been shown that manganous chlo­
ride has little catalytic effect on the reaction be­
tween methylmagnesium bromide or iodide and 
chalcone. Cobalt chloride is a powerful catalyst 
for the formation of reduction dimers. Cuprous 
and ferric chlorides are intermediate in their 
catalytic effect.

3. Metallic halides do not markedly affect the 
reaction between ethylmagnesium bromide and 
chalcone; they slightly favor 1,2 addition. Vari­
ations in temperature and in the order of addition 
of the reagents also produce only a slight effect.

4. Benzophenone at 25° reacts with ethylmag­
nesium bromide containing cobalt chloride to give 
only the addition product. Benzophenone at 
— 12° reacts with ethylmagnesium bromide con­
taining cobalt chloride to give both benzopinacol 
and diphenylethylcarbinol.
C h ic a g o , I l l i n o i s  R e c e i v e d  A p r i l  27, 1942

[C o n t r i b u t io n  f r o m  t h e  G e o r g e  H e r b e r t  J o n e s  L a b o r a t o r y , t h e  U n i v e r s i t y  o f  C h i c a g o ]

Carboxylation. IV. Direct Introduction of the Chloroformyl (—COC1) Group into
Alicyclic and Aliphatic Acid Chlorides

B y M. S. K harasch, K en n eth  E berly  and M orton K leim an

In the course of work on the introduction of the 
chloroformyl (—COC1) group1 into cyclohexane 
by the use of trichloromethyl chloroformate, 
there was obtained under optimum conditions 
(six hours of heating at 225°) a 3% yield of a di- 
substitution product, identified as 1,1-dichloro- 
formylcyclohexane by hydrolysis to cyclohexane- 
1,1-dicarboxylic acid. Dëspite careful search, no 
hexahydrobenzoyl chloride could be detected.

This rather striking result suggested that di­
phosgene reacts more readily with hexahydro­
benzoyl chloride than with cyclohexane. Upon 
further investigation, it was found that ten hours

(1) F o r previous references, see K harasch , K ane and  Brown, 
This Journal, 64, 1621 (1942).

of heating of hexahydrobenzoyl chloride with 
diphosgene in a sealed tube at 225°, subsequent 
hydrolysis of the reaction product, and crystalli­
zation of the hydrolyzate from an ether-ligroin 
mixture, gave an 81% yield of cyclohexane-1,1- 
dicarboxylic acid.

In a like manner, diphosgene reacts with iso­
butyryl chloride to give a 70% yield of dimethyl- 
malonyl chloride; with a-ethylbutyryl chloride to 
give a 90% yield of diethylmalonyl chloride; and 
with a-ethylhexoyl chloride to give a 30% (or 
possibly higher) yield of ethylbutylmalonyl chlo­
ride. In many experiments with propionyl chlo­
ride and diphosgene, however, the maximum 
yield of methylmalonic acid was only 15%. No
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malonic acid was obtained from acetyl chloride. 
With phenylacetyl chloride, the best yield of 
phenylmalonic acid so far obtained is only 2%.

From these findings, it appears that a chloro­
formyl group derived from diphosgene readily 
replaces a tertiary hydrogen atom on the a  carbon 
atom of an acid chloride. The same reagent re­
places secondary hydrogen atoms with consider­
able difficulty (if low yield be regarded as a cri­
terion). Replacement of a primary hydrogen 
atom by this method seems to be impossible.

Experimental
Reaction of Cyclohexane with Diphosgene.—A mixture 

of 7 g. of cyclohexane and 8.3 g. of diphosgene was sealed 
in a bomb-tube and heated for ten hours at 225°. The 
tube was then allowed to come to room temperature, cooled 
by immersion in liquid nitrogen, and opened. After allow­
ing the volatile products to boil away, the content of the 
tube was poured into water, allowed to stand for a few 
hours at room temperature, and finally evaporated to dry­
ness on a steam-bath. A solid material (0.2 g.) which 
melted at 172 ° (dec.) was thus obtained. This substance, 
after crystallization from a mixture of ether and ligroin, 
melted at 178° (dec.) and did not depress the melting point 
of a known sample of cyclohexane-1,1-dicarboxylic acid.2

Anal. Calcd. for C8Hi20 4: 0,55.78; H, 7.03. Found: 
C, 55.59; H, 6.96.

The cyclohexane-1,1-dicarboxylic acid was further 
identified by decarboxylation (at 200°) to the hexahydro- 
benzoic acid and conversion of the latter substance (with 
the aid of thionyl chloride and ammonia) to the known 
hexahydrobenzamide (m. p. 186°).

Anal. Calcd. for C7Hi3ON: N, 11.02. Found: N,
11.01.

The volatile components were distilled from the mixture 
obtained by the interaction of cyclohexane and diphosgene. 
In order to prepare the diamide of cyclohexane-1,1-di­
carboxylic acid, the residue was poured into a large excess 
of aqueous ammonia. The dark sludge which separated 
was taken up in hot dilute alcohol, treated with bone black, 
and filtered. The filtrate was reduced to a small volume 
and allowed to stand. Small, colorless crystals melting at 
261 ° were obtained. The melting point of this material 
was not altered by further crystallization from dilute alco­
hol. Anal. Calcd. for C8H14O2N2: N, 16.47. Found: 
N, 16.21. The melting point of this diamide recorded by 
Dox and Yoder2 is 237 °. The reason for this discrepancy is 
unknown.

Preparation of Cyclohexane-1,1-dicarboxylic Acid from 
Hexahydrobenzoyl Chloride.—A mixture of 4 g. of hexa­
hydrobenzoyl chloride and 5.4 g. of diphosgene was heated 
for ten hours in a sealed tube at 225°. The bomb-tube, 
after being cooled in the usual manner, was opened, and 
the volatile products were allowed to boil away. The resi­
due was then hydrolyzed with water. When the water 
solution was evaporated to dryness, 3.8 g. of crude cyclo­

(2) Dox and Yoder, T h is  J o u r n a l , 43, 1366 (1921); Vogel, J .
Chem. Soc., 123, 1487 (1929), report a  melting point of 179,5° (dec.).

hexane-1,1-dicarboxylic acid (m. p. 170°) was obtained. 
This yield is 81% of that calculated on the basis of the 
amount of hexahydrobenzoyl chloride used. Recrystal­
lization (with bone black) of the crude product from an 
ether-ligroin mixture gave colorless crystals of the acid 
melting at 176° (dec.).

Synthesis of Dimethylmalonyl Chloride by Interaction 
of Isobutyryl Chloride with Diphosgene.—A mixture of 3 g. 
of isobutyryl chloride and 2 g. of diphosgene was sealed 
in vacuo in a heavy glass bomb-tube and heated for ten 
hours at 225 °. The bomb-tube was cooled to — 80 ° before 
opening. The combined products of eleven such bomb re­
actions, when fractionated, yielded unreacted isobutyryl 
chloride (5.2 g.) and dimethylmalonyl chloride (31 g.), 
b. p. 153-159° (749 mm.). The dimethylmalonyl chloride 
was further identified by hydrolyzing it to the correspond­
ing dimethylmalonic acid, m. p. 187°. The yield of di­
methylmalonyl chloride, based upon the amount of iso­
butyryl chloride consumed in the reaction, was 70%.

Synthesis of Diethylmalonyl Chloride by the Interac­
tion of «-Ethylbutyryl Chloride with Diphosgene.—A mix­
ture of 4 g. each of «-ethylbutyryl chloride and diphosgene 
was sealed in vacuo in a heavy glass bomb-tube and heated 
at 225 0 for ten hours. The combined products of ten such 
bomb-tube reactions, when fractionated, yielded 9 g. of 
unreacted ethylbutyryl chloride and 39.4 g. of diethyl­
malonyl chloride (b. p. 190-194°). This yield is 90% of 
that calculated from the amount of ethylbutyryl chloride 
consumed in the reaction. The diethylmalonyl chloride 
was further identified by preparing the known diamide, 
m. p. 224-226° (cor.).

Synthesis of Ethylbutylmalonyl Chloride by the Inter­
action of «-Ethylhexoyl Chloride with Diphosgene.—
Many attempts were made to carry out this reaction in 
glass bomb-tubes; however, except when extremely small 
amounts of reactants were used, the bomb-tubes exploded. 
A steel bomb proved more satisfactory. But, unfortu­
nately, despite all efforts to make this bomb gas-tight, it 
leaked slightly at the high pressure produced during the 
reaction. In this steel bomb, a mixture of 25 g. of ethyl- 
hexoyl chloride and 35 g. of diphosgene was heated ten 
hours at 225°. The reaction mixture when fractionated 
yielded 3.5 g. of unreacted ethylhexoyl chloride, and 9 g. 
of crude ethylbutylmalonyl chloride, b. p. 190-220°; 
the latter was identified by hydrolyzing it to the known 
ethylbutylmalonic acid, m. p. 116-117°. Since the yield 
of ethylbutylmalonyl chloride (based upon the amount of 
the ethylhexoyl chloride consumed in the reaction) was 
30%, it seems likely that, with satisfactory apparatus, a 
higher yield of this acid chloride may be obtained.

Reaction of Propionyl Chloride with Diphosgene.— 
A mixture of 3.5 g. of propionyl chloride and 7.5 g. of 
diphosgene was heated in a bomb-tube for ten hours at 
225°. After cooling and opening the tube in the usual 
manner, the content was hydrolyzed with water and the 
solution evaporated to dryness on a water-bath. A 15% 
yield (0.65 g.) of crude methylmalonic acid was thus ob­
tained. Crystallization (with bone black) of this product 
from an ether-ligroin mixture gave colorless crystals of 
methylmalonic acid [m. p. 132-133° (dec.)].

Reaction of Phenylacetyl Chloride with Diphosgene.— 
A mixture of 4 g. of phenylacetyl chloride with 5.1 g. of
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diphosgene was heated in a bomb-tube for ten hours at 
150-175 °. After cooling and opening the tube in the usual 
manner, the reaction mixture was hydrolyzed with water 
(over a period of twelve hours at room temperature), and 
evaporated to dryness on a water-bath. Since phenyl- 
malonic acid is readily decarboxylated, the last traces of 
water were removed by drying the product over phosphorus 
pentoxide in vacuo. The mixture of phenylacetic acid 
and phenylmalonic acid thus obtained (3.8 g.) was de­
carboxylated at 220°. The carbon dioxide evolved was 
collected quantitatively. From the amount of carbon 
dioxide formed, it is estimated that the phenylmalonic acid 
present in the reaction mixture amounted to a 1.4% yield.

Summary
1. It has been demonstrated that the chloro­

formyl (—COC1) group can be directly intro­
duced (at the a  carbon atom) into aliphatic and

aryl-substituted-aliphatic acid chlorides by the 
use of trichlormethylchloroformate (diphosgene) 
as the “carboxylating” agent.

2. The experimental conditions requisite for 
carrying out this type of carboxylation have been 
determined.

3. The syntheses with good yields of several 
di-substituted malonyl chlorides have been de­
scribed.

4. The chloroformyl group (derived from di- 
phosgene) replaces hydrogen atoms attached to 
the a  carbon atoms of acid chlorides most easily 
when these a  carbon atoms are tertiary and least 
easily when they are primary.
C h ic a g o , I l l i n o i s  R e c e i v e d  A u g u s t  13, 1942

[C o n t r i b u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r y  o f  I n d i a n a  U n i v e r s i t y ]

Alkylation of Amines. I1
B y John H. B illman, A.

The esters of sulfuric,2 sulfurous,3 and p -tolu- 
enesulfonic acids4 have been used frequently for 
the alkylation of amines. Now that the methyl, 
ethyl and n -butyl esters of orthophosphoric acid 
have become readily available within recent 
years,5 it was of interest to investigate the possi­
bility of using these esters as alkylating agents for 
amines since Noller6 has shown that they may be 
used to alkylate phenols.

All of the esters investigated appeared to be 
non-toxic under normal conditions and were quite 
stable toward hydrolysis. Three-quarters of an 
hour was required to saponify triethyl phosphate 
completely when boiled with the calculated 
amount of sodium hydroxide.

It was found that all three groups in the ester 
could be utilized in the alkylation. The reaction 
may be represented by the equation

R
3ArNH2 +  2(RO)3PO----^ 3Ar—N—R +  2H3P04
Several attempts to alkylate ^-nitroaniline by 

this method resulted in failure. The conditions 
necessary to effect alkylation resulted in decom­
position.

(1) Original m anuscrip t received A pril 13, 1942.
(2) Claesson and  L und wall, Ber.., 13, 1700 (1880); U llm ann and 

W enner, 33, 2476 (1900); C ade, Chem. M et. Eng., 2®, 319 (1923).
(3) Voss and  B lanke, A n n ., 485, 258 (1931).
(4) M arvel and  Sekera, This J ournal, 55, 345 (1933).
(5) Com m ercial Solvents C orporation , T erre  H aute, Indiana.
(6) N oller and  D u tto n , This Journal, 55, 424 (1933).

R adike  and B . W . M undy

When branched chain alkyl orthophosphates 
such as isopropyl phosphate were used, practically 
pure isopropylaniline was obtained.

The authors wish to thank the Commercial 
Solvents Corporation for some of the phosphate 
esters used in this work.

Experimental
Preparation of Orthophosphate Esters.—The w-propyl 

and the isopropyl esters of orthophosphoric acid were pre­
pared from phosphorus oxychloride and the proper alcohol 
similar to the method described in “Organic Syntheses.”7 
The yield of w-propyl phosphate was 54%, while that of the 
isopropyl phosphate was 65%.

Procedure for Alkylation of Amines.—A mixture of 0.3 
mole of the amine and 0.2 mole of trialkyl phosphate in a 
500-cc. flask provided with a condenser and boiling chips 
was refluxed at a moderate rate for two hours. In most 
cases, during the early stages of heating, the reaction be­
came vigorous and the temperature rose sharply. As soon 
as rapid boiling ceased the stream of water in the condenser 
jacket was replaced by one of air. The mixture was then 
cooled to 50 °, 25 g. of sodium hydroxide in 100 ml. of water 
added and the whole refluxed one hour, and then poured 
into a 400-cc. beaker where it was allowed to cool to room 
temperature. The oily layer of amine, which formed on 
top, was poured off from the solid sodium phosphate. The 
latter was extracted with ether and the combined extracts 
and oil dried over anhydrous sodium sulfate. The ether 
was then removed, the residue treated with an equal vol­
ume of acetic anhydride and allowed to stand overnight.

(7) Organic Syntheses, 16, 10 (1936).
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E ste r P rim ary  amine T e rtia ry  am ine Yield, %

Methyl phosphate Aniline D imethylaniline 67.9
Methyl phosphate /3-N aphthylamine Dimethyl-/3-naphthylamine 64.4
Ethyl phosphate Aniline Diethylaniline 99.0
Ethyl phosphate a-Naphthylamine Diethyl-a-naphthylamine 60.0
w-Propyl phosphate Aniline Di-w-propylaniline 78.1
Butyl phosphate Aniline Di-w-butylaniline 78.5

The mixture was treated with 20 ml. of coned, hydrochloric 
acid dissolved in 30 ml. of water and shaken until the base 
dissolved. The solution was extracted with two 30-ml. 
portions of ether and the water layer treated with a 25% 
sodium hydroxide solution to free the base. The oil which 
formed was collected by extracting the mixture with ether. 
The ether was dried over anhydrous sodium sulfate and 
distilled to recover the tertiary amine.

The yield of isopropylaniline from isopropyl phosphate 
and aniline was 80.5%.

The boiling points of the amines and the melting points

of their solid derivatives corresponded to those found in 
the literature.

Summary
A method has been developed for the prepara­

tion of tertiary amines by treating an aromatic 
amine with alkyl esters of orthophosphoric acid. 
Six tertiary amines have been prepared in 60 to 
99% yield by this procedure.
B l o o m in g t o n , I n d i a n a  R e c e i v e d  O c t o b e r  16, 1942

[C o n t r i b u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m is t r y  o f  t h e  U n i v e r s it y  o f  F l o r i d a ]

Physical Properties of Terpenes. I. The System a- and £-Pinenela
B y R obert  E . F u g u it t , W. D avid  Stallcup10 a n d  J. E r sk in e  H aw k in s

A knowledge of the physical properties of bi­
nary mixtures of a- and /3-pinene is necessary for 
some phases of study of American gum turpentine 
which is composed largely of these two sub­
stances.10

Data in the literature show a wide variation in 
the values for the physical constants for a- and /S- 
pinene. Since it was desired to make a study of 
binary mixtures of these compounds, it was neces­
sary first to establish constants for the pure sub­
stances.

With efficient fractionating columns it is pos­
sible to obtain a- and /3-pinenes which, the authors 
believe, are of a higher degree of purity than has 
been reported heretofore. In a previous publica­
tion* 2 the authors have shown that the spiral 
screen type of column developed by Lecky and 
Ewell3 is well suited for the purification of a - and 
/3-pinene,

Preparation of a-Pinene and /3-Pinene
a-Pinene was prepared by the careful fractionation of 

four liters of commercial a-pinene,4 from gum turpentine,
( la )  O riginal m anuscrip t received A pril 11, 1942.
( lb )  P resen t address, Am erican C ynam id  Co., Stam ford, Conn.
( lc ) Palk in  and  co-workers, U. S. D . A. Technical B ulletin No. 

276, Jan u a ry , 1932.
(2) S tallcup, F u g u itt  and  H aw kins, In d . Eng. Chem ., Anal. Ed., 

14, 503 (1942).
(3) Lecky and Ewell, ibid., 12, 544 (1940).
(4) F urn ished  th ro u g h  th e  courtesy  of S ou thern  Pine Chemical 

C om pany, Jacksonville, F lorida.

through a spiral screen column2 at 20-mm. pressure and a 
reflux ratio of 40 to 1. This column exerted 75 plates upon 
a mixture of w-hep t ane-met hy Icy cloliexane at total reflux 
and atmospheric pressure. Fractions were collected at 75- 
cc. intervals. All fractions with a refractive index in the 
range 1.4631-1.4633 at 25.0° were combined and refrac­
tionated through the same column. Fractions were then 
collected at 50-cc. intervals and their refractive indices and 
optical rotations were measured at 25.0°. The fractions 
which had constant values of refractive index and optical 
rotation were combined and were considered to be pure 
a-pinene. In verification, a 100-cc. portion of the latter 
was fractionated through a column which had 60 plates de­
termined as above. No change in these two physical con­
stants was noted at any point during collection of the dis­
tillate.

For comparison, a-pinene from wood turpentine was de­
sired. The preparation of this pure component from wood 
turpentine involved its separation from a small amount of 
camphene which boils about 3 ° higher. The intermediate 
fractions having constant refractive indices and optical 
rotations at 25.0° were then combined and refractionated. 
The material thus obtained had constant physical proper­
ties and was of the same purity as the a-pinene from gum 
turpentine.

The /3-pinene used was prepared in an analogous manner 
from commercial /3-pinene4 obtained from gum turpentine.

These purified pinenes had the following constants

a- (gum) 
a-(wood) 
jj-(gum)

B. p., °C . 
(20.0 m m .)

52.2
52.2
59.7

w25.0d
1.4631
1.4631 
1.4768

0.8542
.8542
.8666

[«] 26 0d
-  3.83 
+34.07 
-21.49

These constants are in close agreement with unpublished
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data of J. P. Bain,5 with much of the data of S. Palkin and 
co-workers,1’6 with data of Waterman, Van’t Spijker and 
Van Westen7 and some of the data of Dupont.8

Experimental
Density Measurements.—These were made with a 25- 

ml. density bottle. In all cases values were obtained at least 
in duplicate which checked to the fourth decimal place. 
The thermostat was controlled by means of an Aminco 
Metastatic Thermoregulator connected to a vacuum tube 
relay circuit developed by Hershberg and Huntress.9 The 
thermoregulator controlled the temperature within a limit 
of ±0.02°.

Mixtures of a- and /3-pinene were made up to known con­
centrations by weight. Measurements of the variation of 
density with concentration were made using a-pinene from 
both gum and wood turpentine. The densities of the mix­
tures were independent of the source of the a-pinene used. 
The average deviation of the density determinations was 
0.00004. These data may be expressed at 25.0° by the 
equation

d2h = 0.8542 +  0.0129AT -  0.0005X2 (1)
in which X  is the mole fraction of /3-pinene.

Refractive Index Measurements.—These were obtained 
with the pure substances and their mixtures by means of 
an Abbé refractometer calibrated against a known glass. 
Constant temperature was maintained by circulating 
water through the refractometer from the thermostat de­
scribed above. The average deviation of the determina­
tions was 0.00006.

Refractive index measurements of the two pure 
substances for the temperature range 15-35° show 
that both a- and /3-pinene have a coefficient of 
0.00045 unit per degree. Observations were made 
every two degrees, but since the relation is linear 
only the limiting points are given: a-pinene, w15*°D 
1.4676, w35*°d 1.4586; /3-pinene, n u -°D 1.4813, 
w35-°d 1.4723.

The variation of the refractive index with con­
centration for mixtures of /3-pinene and either gum 
or wood a-pinene at 25.0° may be expressed by the 
equation

t*25-°d = 1.4631 +  0.0144X -  0.0007X2 (2)
where X  is the mole fraction of /3-pinene.

The molar refractions of the pure components 
were calculated using the standard atomic refrac­
tion values of Auwers and Eisenlohr and also a 
value of 0.48 for the cyclobutane ring. In this 
manner the value of 43.99 was obtained for both 
a- and /3-pinene. From the observed data the 
values of 43.93 and 44.40 were calculated for a-

(5) P riv a te  com m unication .
(6) U. S. D . A. Technical B ulletin  N o. 596, D ecem ber, 1937.
(7) W aterm an , V an’t  Spijker an d  V an W esten, Rec. trav. chim., 

48, 1191 (1929).
(8) D upont, B eilstein  Suppl., Vol. V, pp . 77-79 (1930 ed.).
(9) H ershberg  and  H untress, Ind . Eng. Chem., Anal. Ed., 5, 344-6 

(1933).

and /3-pinene, respectively, by use of the Lorenz- 
Lorentz equation. The exaltation of 0.41 for /3- 
pinene is probably due to the presence of the exo- 
cyclic double bond. Auwers10 has proposed that 
values of from 0.32 to 0.52 be added to correct for 
the exocyclic double bond.

Polarimetric Measurements.—Since a-pinene has a rota-. 
tion that varies with its source, sample, and time of year 
collected from the tree, the value of this constant has no 
diagnostic significance.11 It has been pointed out by Dar- 
mois12 that /3-pinene has a constant specific rotation regard­
less of its source, and that this value is —22.44° for the j- 
line of mercury. Dupont8 reported a value of —22.48°.

All rotations were observed at 25.0° in a jacketed two- 
decimeter tube. A Duboscq polarimeter, reading by ver­
nier to 0.01° of arc and equipped with suitable filters, 
depending on the wave length of light, was used. Read­
ings on the same tube could be made with an average devia­
tion of 0.02 ° using the sodium light and 0.03 ° using a less 
intense mercury arc.

Listed in Table I are rotations of a- and /3- 
pinene and their mixtures for the NaD (589 mm)> 
Hgj (578 mm) and Hgv (546 mm) lines. Also given 
are the observed rotatory dispersions. Biot's law 
for the linearity of specific rotations of mixtures 
does not hold exactly. The maximum deviation 
is about 0.3° at a mole fraction of 0.5. The data 
could be expressed by a second degree equation. 
However, this relation would change with the 
variation in the value of the rotation of the pure 
a-pinene used.

Also, listed in column 3, Table I, are the mole 
fractions of /3-pinene calculated by Biot's law from 
the observed data using the NaD line. The de­
viations for the Hgj and Hgv lines are about the 
same.

Biot's law may be applied, to express rotatory 
dispersion for a given mixture, in the form

M v  _  np- [off- ]v +  (1 — np-)[aa-]v 
M d np-[ap-]d -j- (1 — np-)[aa-]d

in which np. is the mole fraction of /3-pinene in the 
mixture, [a^J v and [ap_]D are the specific rota­
tions of /3-pinene with the v-line and D-line, re­
spectively, and [ota.]v and [ota_] D are the specific 
rotations of a-pinene with the v-line and D-line, 
respectively. When the values of dispersion are 
calculated on this basis only slight variations 
from the observed dispersions are noted. This 
deviation is illustrated for the [a]v/[a ]D disper­
sion by the data in column 7, Table I.

Dupont12 observed that for high a-pinene con­
do) Auwers, A n n .,  387, 240 (1912).
(11) B lack and  T hronson, In d . Eng. Chem., 26, 66 (1934).
(12) G. D upon t, “ Les Essences de  T ereben th ine ,” G au th ier Vil- 

lars and  Co., Paris, 1926.
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T able I
Specific R otations and D ispersions o f  M ixtures of a - and  /3-Pin e n e

M ole fraction  
/3-pinene [tt]25-0D

M ole fraction  
/3-pinene B iot [« ]25,°j [«]25 Oy [tt]v/[«]D D ev. X 10* [a]v/[a]j

0 .0 0 0 -  3.83 . . . -  4.03 -  4.57 1.193 1.134
.1 1 0 -  5.69 0.105 -  5.96 -  6.59 1.158 - 9 1.106
.205 -  7.32 .198 -  7.61 -  8.29 1.132 - 4 1.091
.290 -  8.71 .276 -  9.02 -  9.77 1.121 - 4 1.084
.394 -10 .53 .379 -10 .85 -11 .67 1.107 0 1.076
.495 -12 .26 .477 -12.61 -13.53 1.103 - 2 1.074
.581 -13 .84 .567 -14 .19 -15.17 1.097 - 1 1.070
.680 -15 .67 .671 -16 .05 -17.13 1.093 - 1 1.067
.806 -17 .90 .796 -18 .32 -19.50 1.089 - 1 1.064
.887 -19 .44 .884 -19 .86 -21.09 1.085 0 1.062

1.000 -21 .49 -21 .98 -23 .28 1.083 1.059

tent (approximately 70 mole per cent, or greater) 
the dispersion is a good indication of the a-pinene 
content. Ordinarily the [a]v/[a]j ratio is used, 
probably because the two lines are obtained from 
the same source. However, the data show that 
[a] v/  [a] D gives a wider dispersion range and there­
fore should be a more satisfactory indication of 
a-pinene content.

Vapor Pressure Measurements.—These were deter­
mined in the pressure range from 15 to 80 mm. by use of a 
distillation column in which the vapors were allowed to 
come to equilibrium with the liquid. The column tem­
perature was adjusted to within 1.5° of the temperature 
recorded by the condensing vapors in the head. The tem­
peratures of the vapors were measured by the use of a cali­
brated mercury thermometer that could be read to =*=0.05°. 
The bulb of the thermometer was wrapped with a single 
layer of cotton gauze.

The pressure was regulated by a manostat of the Hersh- 
berg-Huntress type.9 The action of the vacuum pump oil 
the manostat was partially checked by placing a stopcock 
between the pump and the manostat, The pressure fluc­
tuations were minimized by including a five-gallon bottle 
in the system between the manostat and the column.

The manometer was connected to the head of the column 
so that the pressure of the condensing vapors would be re­
corded. The vapor pressures were measured with a Ger­
mann barometer,13 using a cathetometer which could be 
read to 0.01 mm. The observed pressure readings were 
corrected to 0° for the difference in the expansion of the 
mercury and the brass scale at different temperatures14 
and were corrected to 45° latitude and sea level.18 At 
each recorded temperature about 2 cc. of liquid was col­
lected at a reflux ratio of 20 to 1.

Equations were obtained by applying the 
method of averages to the corrected data. It was 
found that the equation

log p  = 8.1020 -  2213/2" (3)
represents the data for a-pinene for the stated

(13) G erm ann, This Journal, 36, 2456 (1914); b u ilt b y  G. T. 
A rm strong of th is  L abora to ry .

(14) Lange, “ H andbook  of C hem istry ,” H andbook Publishers Co., 
Sandusky, O., 4 th  E d ., 1941, p. 1430.

(15) Lange, ibid., pp . 1445-1446.

pressure range. The experimentally determined 
values agree with the values calculated by the em­
pirical equation with an average deviation of 0.08 
mm. and a maximum deviation of 0.2 mm. Simi­
larly, the equation

log p  = 8.1504 -  22 8 0 / T  (4)

represents the data of /3-pinene for the same pres­
sure range. The experimentally determined 
values agree with the values calculated by the 
empirical equation with an average deviation of 
0.11 mm. and a maximum deviation of 0.4 mm. 
From the slopes of the plots the latent heat of 
vaporization for the stated pressure range may 
be shown to be .10,130 cal./mole or 74.35 cal./g. 
for a-pinene and 10,430 cal./mole or 76.60 cal./g. 
for /3-pinene.

The isobaric vapor-liquid compositions at
20.0 mm. were determined using a modified 
Sameshima apparatus.16 About 100 cc. of mix­
ture was placed in the flask and then brought to 
equilibrium, which was generally attained within 
two hours but four hours were allowed before a 
final measurement was made. Samples were 
then withdrawn from the flask and from the vapor 
receiver. The rate of flow, which averaged 1.5 
ce./min., was regulated by the voltage applied to 
the internal heater. The thermostat temperature 
was kept about 2-4° above the estimated boiling 
temperature of the liquid. Cold brine solution 
was circulated through the two condensers, each 
of which contained a condensing coil made from 
a four-foot length of glass tubing. Experiments 
showed that there was no detectable vapor loss 
four hours after reaching equilibrium between 
liquid and vapor. The pressure control system 
was the same one described for the measurements 
of vapor pressures of the pure compounds. 
Samples were withdrawn by means of capillary

(16) Sam eshim a, This Journal, 40, 1489 (1918).
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T able  II
LIquid- V apor Composition at 20 mm.

^25-0d
liquid

M ole frac tion  
a -p inene  in  

liqu id vapor

M ole fraction 
a-pinene in 

vapor

1.4759 0 .0 7 0 1.4757 0 .085
1.4758 .075 1.4756 .090
1.4754 .1 0 5 - 1.4751 .130
1,4751 .130 1.4747 .160
1.4747 .160 1.4742 .195
1.4745 .175 1.4740 .215
1.4731 .280 1.4722 .345
1.4727 .310 1.4718 .375
1.4722 .345 1.4712 .420
1.4718 .375 1 .4708 .450
1.4713 .415 1.4702 .495
1.4710 .435 1.4699 .515
1.4706 .465 1 .4694 .555
1.4698 .525 1.4686 .610
1.4691 .575 1.4680 .655
1.4689 .590 1.4678 .670
1.4680 .655 1.4671 .720
1.4676 .680 1.4667 .745
1.4668 .740 1.4661 .790
1.4662 .780 1.4656 .825
1.4653 .845 1.4649 .875
1.4650 .865 1.4647 .890
1.4648 .880 1.4645 .905
1.4647 .890 1.4644 .910
1.4641 .930 1.4639 .945
1.4637 .955 1.4636 .965

Table III. Then for each temperature was cal­
culated a liquid mixture composition at 20.0 mm. 
by applying Raoult’s law in the form 

20.0 =  X a-pa - +  (1  — X a-)pp-  

where xa_ is the mole fraction of a-pinene in the 
liquid phase. The corresponding vapor compo­
sition was calculated from the relation

where y a. is the mole fraction of a-pinene in the 
vapor phase. The observed mole fraction of a- 
pinene in the vapor, corresponding to liquid com­
position in column 4, Table III, was obtained 
from a plot of the vapor-liquid relations at 20.0 
mm., using the data in Table II. The difference 
between the observed and calculated vapor com­
position is a measure of the deviation from ideality 
of the mixtures. These deviations are listed in 
the last column of Table III.

From the plot of the data in Table II it can be 
seen that a minimum of 24 theoretical plates at 
total reflux are required to go from a mixture of 
95 mole per cent, to 5 mole per cent, a-pinene. 
The same diagram shows a minimum of 50 plates 
between pure a- and pure /3-pinene under total re­
flux conditions.

T able III
D eviation  of V apor Concentration as Calculated by  R aoult’s L aw

t, °C. Pot-, calcd. £0-, calcd.

Xet-
M ole fraction  
a-p inene in 
liquid  calcd.

ya -
M ole frac tion  
a -p inene  in  
vap o r calcd.

yot-
M ole frac tion  
a -p in en e  in  
v ap o r obs.

V apor
dev iation

52 .6 2 0 .3 9 14.20 0 .9 3 7 0 .9 5 5 0 .9 5 0 0 .0 0 5
53 .0 2 0 .7 9 14.48 .875 .909 .900 .009
54 .0 2 1 .8 0 15.21 .727 .792 .780 .012
5 5 .0 2 2 .8 7 15.98 .583 .667 .662 .005
5 5 .5 2 3 .4 1 16 .37 .516 .603 .601 .002
5 6 .0 2 3 .9 7 16.77 .449 .538 .533 .005
57 .0 2 5 .1 2 17.60 .319 .401 .388 .013
5 8 .0 2 6 .3 2 18.47 .195 .256 .238 .018
5 9 .0 2 7 .5 6 19.37 .077 .106 .095 .0 1 1
5 9 .4 2 8 .1 4 19.74 .031 .044 .039 .005

pipets. Data were observed by starting with Summary
mixtures rich in a-pinene and going to mixtures 
rich in /3-pinene and also by starting with mix­
tures rich in /3-pinene and going to mixtures rich 
in a-pinene. The compositions were determined 
by means of refractive index measurements and 
application of equation (2). The data obtained 
by this method are recorded in Table II.

In order to compare the observed values with 
those of an ideal system, pressures, p a_ and p ^ t 
of the pure components were calculated by equa­
tions (3) and (4) for the temperatures listed in

The densities, refractive indices and optical 
rotations for a- and /3-pinene and their mixtures 
have been determined.

The vapor pressure-temperature relations of a- 
and /3-pinene were measured in the range of 15 to 
80 mm.

The vapor-liquid equilibrium composition data 
for mixtures of a- and /3-pinene at 20 mm. pres­
sure have been determined.
Gainesville , F l a . R eceived  O c t o b e r  10 , 1942
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[A C o m m u n ic a t io n  f r o m  t h e  C e n t r a l  R e s e a r c h  D e p a r t m e n t , M o n s a n t o  C h e m ic a l  C o .]

An Improved Method of Preparation of èis-Arylphosphonic Acids
B y Gennady M. K osolapoff

The usual method of preparation of phosphonic 
acids, RPO(OH) 2  and R2POH, involves the prepa­
ration of the corresponding halophosphines by the 
Friedel-Crafts reaction of the corresponding hy­
drocarbon with phosphorus trichloride, followed by 
oxidation and hydrolysis. Generally, the prepa­
ration of the halophosphines is quite unsatisfac­
tory because of meager yields. At the same time, 
the odor and the vapor toxicity of the halophos­
phines frequently make them rather inconvenient 
to handle. Particularly unsatisfactory are the 
methods of preparation of the foVarylphosphonic 
acids. The necessary halophosphines form only 
as by-products in the usual Friedel-Crafts reac­
tion of the hydrocarbons with phosphorus tri­
chloride, with the consequently very low yields. 
Some improvement in this respect was intro­
duced by Pletz1 who obtained fair yields of R2PC1 
by the thermal decomposition of /ra-arylphos- 
phine dichlorides. However, this method of 
preparation of the phosphonic acids involves at 
least four steps, with the consequently lowered 
over-all yields and necessitates operations with 
the objectionable halophosphines.

It is felt that a direct, preferably one-step, 
method of preparation of &w-arylphosphonic acids 
was needed as a stimulus for investigations of this 
relatively little studied class of organic com­
pounds of phosphorus. The elimination of the 
actual operations with the halophosphines was 
also highly desirable.

The most convenient method of attack appeared 
to be the Grignard reaction, which has been used 
with success in the preparation in good yields of 
tertiary phosphine oxides by the addition of phos­
phorus oxychloride into an excess of the desired 
Grignard reagent.2 The reaction probably oc­
curs in three stages, i. e.

POCI3 +  RMgX — > RPOCh +  MgXCl 
RPOCh +  RMgX — ^  R2POCI +  MgXCl 
R2POCI +  RM gX---->  R3PO +  MgXCl

the high order of reactivity of the intermediate 
halophosphines making the over-all reaction very 
rapid.

It was felt that it should be possible to separate
(1) V. M . P letz , "S econdary  C hlorophosphines,” D issertation, 

K azan  (1938).
(2) G rignard  and  S avard , Cor»Pt. rend., 192. 592 (1931)

the component reactions and to obtain the inter­
mediate products by the proper choice of condi­
tions. In the usual procedure for the prepara­
tion of R3PO, the reaction is run with the phos­
phorus oxychloride always in position to react 
with an excess of the Grignard reagent. By re­
versing the addition order, it was thought to be 
possible to arrest the reaction at the desired stage 
of having the Grignard reagent always in position 
to react with an excess of the phosphorus oxychlo­
ride. The utilization of as dilute a solution as 
practicable and the employment of low tempera­
tures were the remaining factors.

In preliminary experiments, solutions of Gri­
gnard reagents were added slowly to ether solutions 
of phosphorus oxychloride with vigorous stirring, 
with or without cooling. The drops of the Gri­
gnard reagent produced an immediate turbidity of 
the solution and as the reaction proceeded there 
was a gradual deposition of a white, or pale-yellow, 
solid on the flask walls. On working up the ether 
solutions they were found to be essentially free of 
magnesium compounds and to contain only the 
normal amounts of R-R and R-X, with very 
small amounts of the tertiary phosphine oxides. 
The solid precipitate, on hydrolysis, gave satis­
factory yields (usually over 50%) of foVaryl- 
phosphonic acids. No appreciable amounts of 
the mono-arylphosphonic acids were detected in 
the temperature range studied: 0° to the reflux 
temperature of the ether solution. A slight im­
provement of the yield of the phosphonic acid was 
found at the higher temperature, while dilution of 
the reagents also had a beneficial effect for dilu­
tions up to approximately one liter total volume 
for 0.2-mole runs, which was regarded as a prac­
tical limit for dilution. The maximum molar 
ratio of phosphorus oxychloride to RMgX used 
was 1:1.

The above results indicate that the halophos­
phines, as formed, combine with MgXCl forming 
an ether-insoluble addition complex, probably of 
the type R2POCl-MgXCl. Generally, this is a 
crystalline solid, although in some cases gummy 
solids are formed.

The procedure probably can be extended to the 
aliphatic series.
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Experimental
Diphenylphosphonic Acid.—Phenylmagnesium bromide 

(from 31.4 g. of bromobenzene and 4.86 g. of magnesium in 
200 cc. of absolute ether) solution was diluted to 500 cc. by 
absolute ether, filtered with exclusion of air and added 
slowly (three and one-half hours) to a gently refluxing 
stirred solution of 30.6 g. of phosphorus oxychloride in 500 
cc. of absolute ether; after standing overnight the ether 
solution was decanted from the solid precipitate and the 
latter treated with 200-300 g. of ice-water. The white 
solid which was insoluble in water was washed with water 
and triturated with 1  1 . of warm dilute sodium hydroxide 
solution, filtered and filtrate acidified with dilute hydro­
chloric acid. The precipitated diphenylphosphonic acid 
was filtered, dried and recrystallized from dilute alcohol; 
m. p. 190-192°; yield 12 g., 55%. The sodium hydroxide- 
insoluble solid on repeated recrystallization yielded 4 g. 
of triphenylphosphine oxide, m. p. 152-153° (from dilute 
alcohol).

&w-/>-Chlorophenylphosphonic Acid.—The Grignard re­
agent from 3 9  g. of ^-chlorobromobenzene was diluted to 
400 cc. with absolute ether and added in the course of one 
and one-half hours to a gently refluxing stirred solution of
30.6 g. of phosphorus oxychloride in 500 cc. of absolute 
ether. After standing overnight, the reaction mixture was 
worked up as above, yielding 15 g. (51%) of bis-p-ohloro- 
phenylphosphonic acid, m. p. 133-135° (from dilute alco­
hol) and 4.5 g. of £m-£-chlorophenylphosphine oxide, m. p. 
171-2.5° (from dil. alcohol).

A nal. Calcd. for C12H9O2PCI2 : eq. wt., 287; Cl, 24.7. 
Found: eq. wt., 283; Cl, 24.58.

Summary
An improved method for the preparation of bis- 

arylphosphonic acids has been devised in which 
phosphorus oxychloride is treated with Grignard 
reagents in dilute solution.
D a y t o n , O h i o  R e c e i v e d  A u g u s t  13, 1942

[C o n t r i b u t io n  f r o m  t h e  S c h o o l  o f  C h e m is t r y  o f  t h e  U n i v e r s i t y  o f  M i n n e s o t a ]

Studies in the Veratrole and Methylenedioxybenzene Series
B y R ichard T . Arnold and Frederick B ordwell1

Interest in the veratrole (0 -dimethoxybenzene) 
and methylenedioxybenzene (1,3-benzodioxole) 
compounds has been aroused largely for two rea­
sons First, these nuclei frequently make up 
important component parts of well known natu­
rally occurring substances (opium alkaloids, apio- 
les, etc.); and, second, the parent substances have 
exceedingly reactive benzenoid rings which orient 
incoming substituents in a unique and (ac­
cording to the classical orientation rules) unpre­
dictable manner. Two typical examples may be 
cited to illustrate the latter point.2*3
CHS— ° \ / K  /C O 2H

CH*—O'
CHs—O

-f HONO2----

•NO* CHs—O.

+
A /

CO2H

c h 2

CHs— A  CHs— ^  xN 02

n o 2
H +  HONOs---->■ CH3

/0\ / w °

x> x>
OCHs OCHs

The remarkable susceptibility of these aromatic
(1) A bstracted  from  a P h .D . thesis su b m itted  to  the  G raduate  

School in  Ju ly , 1941.
(2) T iem aim  and  M atsum oto , Ber., 9, 937 (1876).
(3) Salw ay, J .  Chem. Soc., 98, 1155 (1909).

rings to attack by electrophilic reagents at the 
positions para to the oxygen atoms can be ac­
counted for by resonance contributing structures 
of the type A and B.

R—a
V \

r _  o / \ A — 
A

R—O

R—O+ B

In spite of the easily recognizable similarities, 
it is well established that the benzenoid ring of 
methylenedioxybenzene is more reactive than that 
of veratrole.4

To enable us to make a comparative study of 
the aromatic bond types in these two series we 
have prepared a number of substituted phenols 
(I-IX below) and have measured their p K  values 
under identical circumstances. These values 
were determined by measuring the pH. of half-

CH3— / O —H

6\■> -H

I c h 2

CHs—( A ^ X
p K

\ > A A X
p K

I, X = —CHO 9.12 v,x  = —CHO 8.90
II, X -  —CN 8.69 VI, X - —CN 8.41

III, X «  -~N02 8.33 VII, X - —N 02 8.17
IV, X -  —C02H 4.60 VIII, X - —CO2H 4.58

(4) H udson and  R obinson, J . Chem. Soe., 715 (1941).
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(CH8)iO

O—H

Nsroj
IX , p K  = 8.68 

(8.28 calcd. for 50% ethanol)
CHa—O /C 02H

CH3—( y ^
X , PK  = 6.21

/COzH

x O
XJ, p K  = 6.19

neutralized solutions of the phenols in ethanol 
solutions (50% by volume). The value for com­
pound IX was measured in 67% ethanol because 
of its relative insolubility.

It will be noticed that the pairs of related com­
pounds X  and XI, as well as IV and VIII, have the 
same acidity. The high acidity of o-hydroxy 
acids has been adequately explained by Branch 
and Yabroff.5

A comparison of I, II and III with V, VI and 
VII reveals that the methylenedioxy derivatives 
are more acidic than those of the veratrole series 
by 0,2-0.3 p K  units. Such slight differences 
may be due to a combination of factors: a slight 
increased double bond character in the methylene­
dioxybenzene ring between the carbon atoms at­
tached to groups OH and X ,6 dipolar effects and 
resonance effects.7

Nevertheless, the above discussed differences 
are so small that one must conclude that the ben­
zenoid rings in the two series under consideration 
are very much alike. As Sutton and Pauling8 
have pointed out, however, “a small influence 
exerted on the benzene ring can produce impor­
tant changes in reaction velocity.”

Failures to prepare a number of the compounds 
described here have been reported.9'16 In several 
other cases worthwhile modifications of reported 
syntheses are described.

Experimental
Methyl Veratrate.—Veratraldehyde was oxidized by a 

procedure similar to that used for the oxidation of piper­
onal10; the yield of veratric acid was 88%. This material 
was dissolved in ten times its weight of methanol and satu­
rated with hydrogen chloride. After standing overnight 
the solution was distilled and yielded 73% of the ester; b. p. 
165° (15 mm.); m. p. 58-59°.

(5) B ranch  and  Yabroff, T h is  J o u r n a l , 56, 2568 (1934).
(6) A rnold and  Sprung, ibid., 61, 2475 (1939).
(7) Kossiakoff an d  Springall, ibid., 63, 2223 (1941).
(8) S u tto n  and  Pauling, Trans. Faraday Soc., 31, 939 (1935).
(9) B ogert and  E lder, T h is  J o u r n a l , 61, 534 (1929).
(10) Shriner a nd  K leiderer, "O rgan ic  S yn theses,"  Vol. 10, J. Wiley

and  Sons, N ew  Y ork. N . Y ., 1930, p. 82.

Methyl 5-Nitroveratrate.—Since the method of Zincke 
and Francke11 gave poor results in our hands, the following 
procedure was employed. Twenty-one grams of methyl 
veratrate was dissolved in 50 cc. of glacial acetic acid and 
while this solution was being stirred and cooled in an ice- 
bath, 100 cc. of nitric acid (d. 1.59) dissolved in 50 cc. of 
acetic acid was added during the course of one hour. Stir­
ring was continued for two hours and the solution was then 
poured into ice water. The nitro ester was recrystallized 
from 600 cc. of methanol; yield 23.2 g.; m. p. 144-145°.

Methyl 5-Aminoveratrate.—The corresponding nitro 
compound dissolved in five times its weight of methanol 
was reduced at 110° with Raney nickel and hydrogen at 
1000 pounds pressure; yield 80%; m. p. 128-129°. 
Zincke and Francke,11 using stannous chloride, report a 
melting point of 133 °.

Methyl 5-Hydroxyveratrate.—This substance has been 
obtained by direct esterification of the hydroxy acid12 and 
from the amino ester.11 Zincke and Francke11 claimed poor 
yields and did not describe their procedure.

The amino ester (11.9 g.) was powdered and added to 
a warm solution of 13 cc. of sulfuric acid in 60 cc. of water. 
Cooling gave a thick paste of the amine salt which was 
diazotized with 4.0 g. of sodium nitrite in 15 cc. of water. 
The hydroxy ester was obtained pure by adding the diazo­
nium solution dropwise to boiling copper sulfate solution. 
The yield of ester which steam distilled was 8.7 g.; m. p. 
95-96 ° after one recrystallization from methanol.

5-Hydroxyveratric Acid.—The acid was obtained from 
the ester by refluxing the latter with sodium hydroxide 
(5%) until solution was effected. Acidification gave a white 
solid; m. p. 204-205° (dec.). Clark13 reports 201-202°.

5- Hydroxyveratraldehyde.—Six grams of aminovera- 
traldehyde14 was added to 400 cc. of water and treated with
6.0 g. of sulfuric acid in 100 cc. of water to form a suspen­
sion. Two grams of sodium nitrite in a saturated solution 
was added to the cold, well-stirred suspension. After one 
and one-half hours the solution was filtered and decom­
posed in boiling copper sulfate solution. The steam distil­
late was extracted with ether and there was obtained 2.8 g. 
of hydroxy aldehyde. Recrystallization from ethanol gave 
a product melting at 106-107°. Robertson15 reports 107 °.

Methyl 6-Aminopiperonylate.—The method described 
below is a modification of Bogert and Elder’s9 procedure 
which gave a much more pure product.

The amino ester (9.3 g.) was suspended in a mixture of 
10 cc. of sulfuric acid and 50 cc. of water. Diazotization 
was accomplished with 3.4 g. of sodium nitrite dissolved in 
20 cc. of water. The diazonium solution was diluted with 
four times its volume of water and added dropwise to a 
boiling solution of copper sulfate (50%). The steam dis­
tilled ester was perfectly white and weighed 6.9 g. after 
recrystallization from aqueous methanol solutions; 100- 
101 °. The over-all yield to this point is 36% as compared 
to 18% reported earlier.9

6- Hydroxypiperonal.—The diazotization of amino- 
piperonal proved difficult and the use of dilute solutions was 
found to be distinctly advantageous.

(11) Z incke and  F rancke, A n n ., 293, 190 (1896).
(12) H em m elm ayr, M onatsh., 35, 6 (1914).
(13) C lark , T h is  J o u r n a l , 53, 3434 (1931).
(14) R illiet, Relv. C him . Acta, 5, 547 (1922).
(15) R obertson  and  H ead, J . Chem. Soc., 2434 (1930).
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The aminoaldehyde (10.6 g.) was powdered and sus­
pended in 300 cc. of water. To this mechanically stirred 
suspension was added 10 cc. of sulfuric acid in 80 cc. of 
water. To the cool well-stirred suspension 4.5 g. of so­
dium nitrite in 50 cc. of water was added dropwise. After 
standing for thirty minutes the solution was filtered and 
slowly decomposed with copper sulfate solution as de­
scribed above. Six to eight liters of distillate was col­
lected; yield 5.2 g.; m. p. 125-126°.

Anal. Calcd. for C8H60 4: C, 57.82; H, 3.64. Found: 
C, 57.68; H, 3.69.

6-Hydroxypiperonal Oxime.—The oxime was obtained 
quantitatively by treating 1.0 g. of the aldehyde in 7 cc. of 
ethanol with 0.8 g. of hydroxylamine hydrochloride and 
0.6 g. of sodium carbonate in a few cubic centimeters of 
water. The mixture was warmed on a steam-bath for 
thirty minutes and then poured into water. After re­
crystallization from benzene the compound melted at
142.5-143.5°.

Anal. Calcd. for C8H70 4N: C, 53.02; H, 3.90. Found: 
C, 53.17; H, 3.86.

6-Hydroxypiperononitrile.—6-Hydroxypiperonal oxime 
(3.1 g.) was refluxed for twenty minutes with 15 cc. of 
acetic anhydride and the solution was poured into 50 cc. 
of cold water. In one hour the solution was filtered and 
the solid product was gently refluxed with 15 cc. of so­
dium hydroxide (10%). About 15 cc. of water was added 
to keep the sodium salt in solution. After ten minutes the 
solution was neutralized with hydrochloric acid. The pre­
cipitate tenaciously held water and was dried overnight in 
a vacuum desiccator. Several recrystallizations from alco­
hol and a final one from benzene gave a substance (2.0 g.) 
melting at 220-225° (dec.).

Anal. Calcd. for C8H60 3N: C, 58.87; H, 3.09. Found: 
C, 59.02; H, 3.00.

5-Hydroxyveratraldehyde Oxime.—This oxime was pre­
pared as described above for the corresponding piperonal 
derivative; yield 90%; m. p. 146-147°.

Anal. Calcd. for C8H50 3N: C, 54.82; H, 5.58. Found: 
C, 55.01; H, 5.79.

5- Hydroxyveratronitrile.—This compound was obtained 
in a 90% yield as described above for 6-hydroxypiperono- 
nitrile. The nitrile sinters at 120° and melts with de­
composition at 142-145°.

Anal. Calcd. for C9H9O3N : C, 60.33; H, 5.02. Found: 
C, 60.18; H, 4.99.

6- Acetoxypiperonal.—Following the directions given by 
Robertson and Head15 in their preparation of 5-acetoxy- 
veratraldehyde. 1.0 g. of hydroxypiperonal was dissolved 
in 4 cc. of pyridine and the solution was cooled until the 
whole solidified. To this was added 12 cc. of acetic an­
hydride and the mixture was kept at 35-40° for twenty 
hours before pouring into 125 cc. of water. The precipi­
tate was recrystallized from aqueous alcohol and appeared 
as beautiful needles; yield 4.4 g.; m. p. 126-127°. A 
mixed melting point determination with the original alde­
hyde gave a value of 100 ° with considerable range.

Anal. Calcd. for CioHsOö: C, 57.69; H, 3.85. Found: 
C, 57.36; H, 3.92.

6-Acetoxypiperonylic Acid.—While the phenolic hydroxyl 
group of the hydroxy acid could be acetylated readily

in the presence of sulfuric acid and acetic anhydride, a pure 
product could be obtained only after numerous recrystal­
lizations. The difficulties encountered by Bogert and 
Elder9 are readily understandable. The oxidation of the 
corresponding aldehyde proved most satisfactory.

One gram of the acetoxyaldehyde was dissolved in 25 cc. 
of acetone and to this was added 1.3 g. of potassium per­
manganate in 30 cc. of water. After warming on a water- 
bath for fifteen minutes the mixture was treated with sul­
fur dioxide. The acetone was evaporated and the acetoxy 
acid was filtered immediately. The product was thor­
oughly dried in a vacuum desiccator and recrystallized 
from benzene; yield 0.67 g.; m. p. 149-150° (dec.).

Anal. Calcd. for CioH80«: C, 53.55; H, 3.60. Found: 
C, 53.78; H, 3.78.

5-Hydroxy-6-nitro-1,3-benzodioxole.—One gram of the 
nitroamine was added to a mixture of 25 cc. of water and 
5 cc. of concentrated sulfuric acid. The cold solution was 
diazotized with a slight excess of sodium nitrite and the 
resulting diazonium salt was decomposed by boiling copper 
sulfate solution. The yellow nitrophenol steam distilled 
as it was formed; yield 0.4 g.; m. p. 82.5-84°.

Balaban16 has reported an unsuccessful attempt to pre­
pare this substance.

Anal. Calcd. for C7H5O5N: C, 45.90; H, 2.73. Found: 
C, 46.24; H, 2.65.

4- Hydroxy-5-nitroveratrole.—This phenol is best pre­
pared from 4-acetamido-5-nitroveratrole.17

The acetanilide (2.6 g.) was refluxed with 10 cc. of sul­
furic acid in 24 cc. of water for fifteen minutes. The deep 
red solution was cooled and diazotized with 0.8 g. of so­
dium nitrite dissolved in a few cubic centimeters of water. 
Decomposition by the copper sulfate method followed by 
steam distillation gave 1.4 g. of the nitrophenol; m. p. 
142-143°.

Anal. Calcd. for C8H90 5N: C, 48.24; H,4.55. Found: 
C, 48.58; H, 4.68.

5- Acetamido-2,2-dimethyl-1,3-benzodioxole.—From 5- 
nitro-2,2-dimethyl-l,3-benzodioxole18 dissolved in two 
volumes of ethanol there was obtained an 85% yield of 
amine by reduction with hydrogen and Raney nickel. 
Acetylation in the usual way with acetic anhydride and a 
trace of sodium acetate gave a 95% yield of the acetanilide 
derivative; m. p. 108.5-109.5°.

Anal. Calcd. for CnHi30 3N: C, 63.77; H, 6.47.
Found: C, 63.68; H, 6.40.

5-Hydroxy-6-nitro-2,2-dimethyl-l,3-benzodioxole.— 
Four grams of the above described nitroacetanilide was 
hydrolyzed by warming for twenty minutes with 35 cc. of 
methanol containing 2.0 g. of potassium hydroxide. The 
nitroamine weighed 3.0 g.; m. p. 127-128°. Sloof18 re­
ports 127°.

Diazotization of the amine was exceedingly slow. Ap­
proximately 0.8 g. of amine was suspended in a mixture 
containing 6 cc. of sulfuric acid (d. 1.84) and 50 cc. of 
water. The cooled suspension was diazotized with 0.33 g. 
of sodium nitrite in a few cubic centimeters of water, and 
after standing for one hour the solution was decomposed

(16) B a lab a n ,.J . Chem- Soc., 1088 (1929).
(17) Jones an d  Robinson, ibid., I l l ,  903 (1918).
(18) Sloof, Rec. trav. chim., 54, 995 (1935).
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with boiling copper sulfate; yield 0.1 g.; m. p. 148-149°. 
All attempts to raise this yield by a variation of conditions 
failed.

Anal. Calcd. for C9H9O5N: C, 51.18; H, 4.26. Found: 
C, 51.24; H, 4.00.

Summary
1. Nine negatively substituted phenols in the

veratrole and methylenedioxybenzene series have 
been prepared.

2. A measure of the relative acidities of these 
compounds strongly indicates that the benzenoid 
rings in the two series are very comparable in 
structure.
M i n n e a p o l i s , M i n n . R e c e i v e d  S e p t e m b e r  21, 1942

[C o n t r i b u t io n  f r o m  t h e  S c h o o l  o f  C h e m is t r y  o f  t h e  U n i v e r s i t y  o f  M i n n e s o t a ]

Studies in the Coumaran Series
B y R ichard T. Arnold and John M oran

In an attempt to ascertain whether or not the 
coumaran heterocyclic ring is partially cleaved 
to an opened chain intermediate in the presence 
of reagents which split ordinary ethers, we have 
prepared 2-methyl-4-methoxy-7-carboxy couma­
ran IV and subjected this molecule to treatment 
with concentrated solutions of hydrobromic acid.

2-steps --------^

OH

C 02H

Unfortunately no successful conditions were 
found for effecting this transformation directly. 
All experiments dealing with the cleavage of IV 
gave unidentifiable red polymers.1»2 We wish to 
describe, however, a number of syntheses carried 
out during the course of this investigation. These 
can be summarized as follows

co2h  
I
\ —o —ch2—ch= c h 2

OCHs

co2c h 8
CHs

OH” ( S r - O B ,—u—CH2—C H —Br dry

OCHs  
III

CHs

HBr | | ^ —OH

\ J —CHr-CH=CHa

red polymers

OCHs
II

HBrj—HOAc 
C O üH

CHS
V

If during the cleavage of the methoxyl group the 
cyclic ether does form an opened chain derivative, 
it is to be expected that recyclization would in­
volve the hydroxyl group para to the carboxyl 
group rather than that in the ortho position since 
the latter is rather firmly held in a chelate ring 
structure*

Substitution studies have repeatedly shown that 
the resorcinol nucleus is preferentially attacked 
at that position ortho to one hydroxyl group and 
para to the other. The thermal rearrangement of 
monoallylresorcinol3 leads to the 1,2,4 configura-

(1) Schales, Ber., 70, 116 (1937).
(2) N iederl an d  S torch , T h is  J o u r n a l , 55, 4549 (1933).
(8) H u rd , G reengard  an d  P ilgrim , ibid., 52, 1700 1930)*
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tion. In this respect it is of interest that com­
pound VI rearranges completely with decarboxy­
lation to give 2-hydroxy-4-methoxyallylbenzene.4 5 6 
It may well be that decarboxylation precedes the 
rearrangement. The fact must not be overlooked, 
however, that below 160° the acid VI appears to 
be perfectly stable and above this temperature 
the carboxyl group may be eliminated through 
substitution by the allyl fragment.

When treated with hydrobromic acid, com­
pound II did not cyclize easily but first underwent 
an ether cleavage followed then by ring clo­
sure to give a coumaran ö-hydroxy acid (V). 
The relative position of the hydroxyl and car­
boxyl groups in V was established by the fact that 
the phenolic hydroxyl group was not attacked by 
diazomethane in twenty-four hours.5,6»7

Compound II reacted readily with anhydrous 
hydrogen bromide in the presence of catalytic 
amounts of ferric chloride to give a solid addi­
tion product (III) which in turn was converted 
to a methoxycoumaran acid IV when treated with 
alkali.8

Experimental
Methyl 2-Hydroxy-4-methoxybenzoate.—Seventy grams 

of 2-hydroxy-4-methoxybenzoic acid was dissolved in 140 
cc. of methanol and to this was added a cooled solution of 
16 cc. of sulfuric acid in 16 cc. of methanol. The mixture 
was refluxed for forty-eight hours. Crystals of ester sepa­
rated when the solution was cooled but were not filtered. 
An excess of cold water was added and the whole was ex­
tracted with ether. Bicarbonate extraction of the ether 
layer yielded 2 g. of the starting acid. Removal of the 
ether and crystallization from ether-petroleum ether gave 
62 g. of the ester; m. p. 49-51°.9

Methyl 2-Allyloxy-4-methoxybenzoate (I).—Sixty grams 
of methyl 2-hydroxy-4-methoxybenzoate was dissolved in 
500 cc. of anhydrous acetone and treated with 46 g. of 
potassium carbonate, 50.5 g. of allyl chloride, and 25 g. of 
sodium iodide. The solution was refluxed while being ef­
ficiently stirred for fifty-two hours. The cooled solution 
was filtered and the bulk of the acetone was separated from 
the filtrate by distillation on a steam cone. The residue 
was taken up in ether and successively extracted with 
water, sodium hydroxide solution (5%), and a solution of 
sodium thiosulfate. The resulting ether layer was dried 
with sodium sulfate and warmed on a water-bath to remove 
the ether. Recrystallization of the residue from petroleum 
ether gave 49 g. of the expected product which gave no 
color reaction with ferric chloride; m. p. 49-50°.

Anal. Calcd. for C12H14O4: C, 64.85; H, 6.35. Found: 
C, 64.90; H, 6.20.

(4) Tarbell, Chem. Rev., 27, 529 (1940).
(5) H erzig and  T ichatschel, Ber., 39, 1558 (1906).
(6) S path  and  Jeschki, ibid., 57, 471 (1924).
(7) H om eyer and  W allingford, This Journal, 64, 798 (1942).
(8) S toerm er, Ber., 34, 1810 (1901).
(9) Hersig and  W enzel, M onatsh., 24, 887 (1903).

Methyl 2-Hydroxy-3-allyl-4-methoxybenzoate (II).—
Fifty grams of I was dissolved in 130 cc. of redistilled N,N- 
dimethylaniline and placed in a 200-cc. flask to which an 
air condenser was attached. The solution was refluxed 
in a nitrogen atmosphere for six hours. During this time 
the solution darkened but little. The dimethylaniline was 
largely removed by vacuum distillation. The residue was 
dissolved in ether and extracted with dilute hydrochloric 
acid. The dried ether solution was evaporated on a steam 
cone, and when cooled in a salt-ice bath the residue crystal­
lized. Recrystallization from methanol solutions gave 34 
g. of product melting at 57-59°. This substance gave a 
red-violet color with alcoholic ferric chloride.

Anal. Calcd. for C12H14O4: C, 64.85; H, 6.35. Found: 
C, 64.70; H, 6.59.

Hydrobromic Acid Treatment of Compound II.—Ten
and one-half grams of methyl 2-hydroxy-3-allyl-4-methoxy- 
benzoate was dissolved in 40 cc. of glacial acetic acid and 
treated with 13 cc. of hydrobromic acid (40%). The mix­
ture was warmed on a steam-bath for twelve hours then 
poured into cold water. The residue was completely 
saponified by refluxing with 50 cc. of sodium hydroxide 
solution (10%). The hot solution was partially decolor­
ized with charcoal, filtered, cooled, and acidified. A crude 
mixture of acids melting at 150-190° was obtained and 
separated by fractional crystallization into two pure com­
ponents m. p. 155-156° and m. p. 203-205°. The lower 
melting compound was assigned formula V. It gave a 
positive (red) color test with ferric chloride. In the pres­
ence of a four-fold excess of diazomethane a methyl ester 
was obtained which liberated the hydroxy acid on basic 
hydrolysis.

Anal. Calcd. for C10H10O4: C, 61.83; H, 5.19. Found:
C, 61.63; H, 5.06.

The high melting compound (203-205°) was assigned 
formula IV and was obtained in a more pure condition as 
described below.

Methyl 2-Hydroxy-3-(/8-bromo-w-propyl)-4-methoxy- 
benzoate.—Eight grams of compound II was dissolved in 
20 cc. of anhydrous chloroform, cooled to 0 ° and treated 
with a few milligrams of black anhydrous ferric chloride. 
Dry hydrogen bromide was passed through the solution for 
thirty minutes and the solution was allowed to stand at 
room temperature for twenty-seven hours. The solvent 
was removed under diminished pressure and the residue 
immediately crystallized. When treated with ether, one 
gram of the residue remained undissolved and was filtered. 
After recrystallization from benzene-ethanol, it melted at 
207-208° and proved to be a pure sample of the compound 
(IV) reported above as melting at 203-204 °.

Anal. Calcd. for CuH120 4: C, 63.40; H, 5.81. Found: 
C, 63.13; H, 5.96.

The ether solution was evaporated and 5 g. of a bromo 
derivative (III) was obtained after recrystallization from 
petroleum ether; in. p. 73-74°.

Anal. Calcd. for CiaHuC^Br: C, 47.54; H, 4.99.
Found: C, 47.82; H, 5.50.

2-M ethyl-4-methoxy-7-carboxycoumaran.—Five grams 
of the bromo compound (III) was shaken with 20 cc. of 
sodium hydroxide for fifteen minutes and was refluxed for 
an additional fifteen minute interval. The resultant solu­
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tion was cooled, filtered, and carefully acidified. The pre­
cipitate was recrystallized from benzene-ethanol and 
melted at 207-208 °. Mixed melting point determinations 
showed this substance to be identical with samples ob­
tained in earlier experiments as described above.

2-Hydroxy-4-methoxyallylbenzene.—One and three- 
tenths grams of 2-allyloxy-4-methoxybenzoic acid dissolved 
in 12 cc. of N,N-dimethylaniline was refluxed for six hours, 
cooled, and poured into ether. The amine was removed 
from the ether layer by extraction with hydrochloric acid. 
Evaporation of the ether gave an oil which was soluble in

sodium hydroxide and completely insoluble in sodium bi­
carbonate. A positive ferric chloride test was obtained. 
The structure of this oil was established by methylation, 
isomerization with alkali, and oxidation to 2,4-dimethoxy- 
benzoic acid; ni. p. and mixed m. p. 108°.

Summary
A number of reactions leading to the formation 

of substituted coumarans have been described. 
M i n n e a p o l i s , M i n n . R e c e i v e d  S e p t e m b e r  21, 1942

[C o n t r i b u t i o n  f r o m  t h e  C o l l e g e  o f  P h a r m a c y  o f  t h e  U n i v e r s i t y  o f  C a l i f o r n i a ]

Solvent Polarization Error and its Elimination in Calculating Dipole Moments
By I. F. H alverstadt1»2 and W. D. K um ler

An old idea in dipole moment literature is that 
P 12- N 2 (or Pyt-oh) curves would be straight lines 
in the absence of intermolecular action3 or molecu­
lar association. This idea is implicit in the usual 
methods of calculating the degree of molecu-

Fig. 1.—Theoretical polarization-concentration curves 
calculated by use of the Debye-Clausius-Mosotti equation 
for solutions in which €12 is taken as linear with co2 (absence 
of association). /3 is taken in all cases as —0.2 and a has 
been varied from 5 to 40.

(1) A braham  R osenberg  Fellow  in Pharm aceutical Chem istry, 
1941-1942.

(2) P resent address: A m erican C yanam id Com pany, Stam ford,
Conn.

(3) Sm yth , “ D ielectric C o n stan t and  M olecular S tructu re ,”
C hem ical C atalog  Co., New Y ork, N . Y ., 1931, p. 176.

lar association from polarization concentration 
curves, and in the calculation of dipole moments 
by a linear extrapolation of P 2- N 2 curves, a method 
still used by a number of authors.

Considerable evidence has accumulated which 
indicates that the dielectric constant ei2 is a 
linear function of the weight fraction of solute 
C0 2 4 ’5 ’ 6’7 in dilute solutions.

We have examined over fifty compounds of 
widely different nature and have found e12 to be 
linear with co2 in every case as long as co2 is less 
than 0.01. Now it can be shown from the na­
ture of the relation

. _  612 -  1 1 
12 €12 4- 2 d12

that if €12 is linear with respect to a>2, pn  is not 
linear with co2. The extent of this deviation is 
shown in Fig. 1. The corresponding P2 -0 0 2  curves 
are given in Fig. 2 and it is to be observed that the 
latter curves are neither horizontal nor straight. 
It is thus obvious that a linear extrapolation of 
p 2—co2 or P 2- N 2 curves introduces an error which 
is small in case of compounds with a low dipole 
moment and comparatively larger with com­
pounds of high dipole moment.

This error is eliminated by the method of 
extrapolation proposed by Hedestrand.8 How­
ever, serious errors may result even with the use 
of Hedestrand’s method if it is not realized that 
the dielectric constant of the solvent in the solu­
tion sometimes differs considerably from the 
measured dielectric constant of the pure solvent.

(4) M uller, P hysik. Z ., 35, 346 (1934).
(5) R odebush and  E ddy , J . Chem. P hys., 8 , 424 (1940).
(6) M cCusker an d  C urran, T h is  J o u r n a l , 64, 614 (1942).
(7) W ym an, ibid., 58, 1482 (1936).
(8) H edestrand , Z . physik. Chem., B2, 428 (1929),
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Solvent Polarization Error
Two considerations are involved here. First, 

with the usual methods of handling, the solutions 
are exposed longer to air than is the pure solvent 
and consequently the solutions may absorb moré 
water vapor than the solvent. Second, even if 
rigid methods are used to exclude moisture each 
Ae value for the different solutions depends on a 
single solvent measurement of €1 and conse­
quently the latter is much more heavily weighted 
than any single solution measurement of ei2. 
Now since the e12-o>2 curves are straight lines both 
of the factors giving rise to solvent polarization 
error can be essentially eliminated if the dielectric 
constant of the pure solvent is obtained by extra­
polating the €12- co2 curves for the solution to 
co2 = 0. By comparing the extrapolated value of 
€i with the measured value one can also tell if there 
has been appreciable contamination of the solvent 
in handling the solutions. The method used to 
calculate p2(i making use of the extrapolated value 
of €i is as follows:

A Method of Calculating p2*
In calculating p2ü we use the equation 

3««h I . o\ (€ 1 — 1)
** s r + z r * +  (Bi +  w + T )

which is derived from the expressions
_  (ei2 — 1)

Plï ~  (61, +  2) Vl 
€12 = 61 +  aU 2
Z/12 =  Vl +  /3C02

The corresponding equation in N2 is

JP20 ~ Sa'vi 
(61 +  2) 2 Mi +  (M2vi +  M ip) (6i -  1) 

(61 +  2)

(1)

(2)
(3)
(4)

(5)

This is essentially the same as the equation pro­
posed by Hedestrand.8

The €i2-co2 and Vi2-u2 curves are plotted. If one 
point is considerably off the curve and all other 
points on, it suggests an experimental error and 
that point is rechecked. If the plots show curva­
ture, they suggest some abnormal behavior and 
this method is not used, or the method is applied 
to the points in dilute solutions where they are 
linear. A straight line equation is fitted to the

(9) The symbols used are: subscripts 1, 2, and 12 refer to solvent, 
solute and solution, respectively; e, dielectric constant; d, density; 
v, specific volume, Vd; V, molecular volume; M, molecular weight; 
p, specific polarization; p20, specific solute polarization at infinite 
dilution; P, molar polarization; P20> solute molar polarization at 
infinite dilution; P e 2, solute molar electronic polarization; w, weight 
fraction; W, weight; ni, moles; N, mole fraction; a. — dei2/da>2 ; 
/3 =  dvn/dm) a' = den/dNr, /S' =  dvn/dNr, dipole moment in 
Debye units; T, absolute temperature.

Fig. 2.—The theoretical p2~co2 curves corresponding to the 
Pi2~u2 curves in Fig. 1.

data by the method of least squares using the 
points for the solutions and omitting those for 
the pure solvent.10 The constants of these 
equations give the values of ei, vh a and /3 which 
are substituted in equation (1).

This calculation can be done graphically by 
plotting the €i2-co2 and î2-w2 curves. These are 
straight lines and can easily be extrapolated to 
£o2 =  0. The intercept of the €i2-£o2 line gives €i 
and its slope is a. The intercept of the Vi2-a)2 
line gives Vi and its slope is /3.

The advantages of this method of calculation 
are: first, it eliminates errors due to a difference 
in the dielectric constant of the solvent in the 
solution and the measured dielectric constant of 
the pure solvent. Second, it is objective and does

(10) The usual statistical method of least squares was used; for 
example, to  fit the straight line «12 =  «1 +  « 0 1 2  to the dielectric con­
stant data, the equations

2ei2 = Ne 1 +  aXojz 

S (002612) = €iSco2 -f“ aS(co2)2
in which N represents the number of observations, were set up and 
solved for ei and a. In this method if the data are accurate to  five 
places, the summations need to be carried only to five places, but all 
numbers derived from these during the solutions of the equations 
should be taken to eight or nine places if anomalous solutions are to  
be avoided. This is necessary because ei and a are obtained as the 
ratios of small differences between relatively large numbers and if 
these large numbers are given only to five places the differences w ill 
very often be given only to three places, which, of course, will lead to  
incorrect results. The calculation of the dipole mom ent of a com ­
pound by this method requires less than an hour if an electric calcu­
lating machine is used.
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not involve the judgment of the calculator. 
Third, all extrapolations are carried out with 
straight line functions. Fourth, if the solutions 
are absorbing water this is easily detected because 
the extrapolated and measured dielectric constants 
for the solvent will be different.

If a contaminant such as water gets into the 
solutions it will cause the p% values to be too high 
and the magnitude of the error thus introduced 
will be greater the higher the dilution.

An examination of the literature reveals a 
number of cases of an abnormal rise in p2 or P2 
values at high dilution. The effect is usually 
either ignored, attributed to experimental error, 
or to that convenient explanation of anomalous 
behavior—molecular association. Application of 
our method of calculation to some of these cases 
reveals a solvent polarization error and the ab­
normality in the moment disappears when our 
method is applied. For example, a case of a very 
marked upward trend at high dilution is found in 
the paper of Svirbely, Ablard and Warner.11 
They obtain the following values: d-pinene 2.67, 
d-limonene 1.56, methyl benzoate 2.52, ethyl 
benzoate 2.43. The first two values are much 
too high (1 to 2 units) for hydrocarbons with one 
and two double bonds. The last two values are 
about half a unit high for esters. We have re­
calculated their data using our method and ob­
tained the following values which are consistent 
with those obtained by other authors12 for the 
same compounds. The recalculated values are 
as follows: d-pinene 0.80, d-limonene 0.61, methyl 
benzoate 1.86, ethyl benzoate 1.94. No correc­
tion has been made for atomic polarization which 
will have an appreciable effect on the moments of 
the first two compounds. These are still prob­
ably high by about 0.2 of a unit.

The high values obtained by the above authors 
in very dilute solutions we believe are without 
significance and result most probably from solvent 
polarization errors.

Lewis, Oesper and Smyth13 have measured 
trimethyl- and triethyllead chloride at high 
dilutions and obtain a higher value, 4.47, for the 
trimethyl compound than for the triethyl com­
pound, 4.39. This is contrary to expectation 
because the ethyl groups are more polarizable 
than methyl groups and the large lead-chlorine

(11) Svirbely, Ablard and Warner, T h is  J o u r n a l , 57, 652 (1935).
(12) Estermann, Z. physik. Chem., B l ,  422 (1928); Bergmann and 

Weizmann, T h is  J o u r n a l , 57, 1755 (1935).
(13) Lewis, Oesper and Smytlt, Tans Jo u r n a l , 62, 3243 (1940).

moment should have a large polarizing effect. 
The trimethyl compound was measured in solu­
tions about ten-fold more dilute than the triethyl 
compound so the effect of a small solvent polari­
zation error on P 2 would be much greater for the 
trimethyl compound. A recalculation by our 
method gives values of the expected order, 3.81 
for trimethyllead chloride and 4.27 for triethyl­
lead chloride.

That solvent polarization errors can have an 
enormous effect on the observed moment of a 
compound as determined in very dilute solution 
is illustrated in the cases of urea and thiourea. 
The moments of these compounds as given in the 
literature were 8.6 and 7.6, respectively.14 A 
redetermination of these moments under condi­
tions in which solvent contamination was re­
duced and solvent polarization errors essentially 
eliminated by using our method of calculation 
gave values of 4.56 for urea and 4.89 for thiourea.15

Theoretically the dielectric constant of the 
solvent should be increased slightly16 by the 
presence of a polar solute and the possibility 
exists that this effect is responsible for the ab­
normal increase of P 2 at high dilutions. There 
are, however, some serious objections to such an 
interpretation. First, the effect of the solute in 
increasing the dielectric constant of the solvent 
would be greater the higher the concentration of 
the solute. The observed effect is just the re­
verse, the P 2 values become more abnormal as the 
solutions become more dilute. Second, many 
investigators including ourselves do not always 
obtain the same measured value for the dielectric 
constant of the pure solvent and these variations 
are most noticeable with the very hygroscopic 
solvent dioxane and least noticeable with hexane. 
Third, where special precautions are taken to 
eliminate water17 this sharp rise in P 2 curves at 
high dilutions is not present. The evidence 
thus points very strongly to absorption of water as 
the cause of the abnormally high P 2 values in 
dilute solutions.

A Test of Our Method of Calculation
A wide variation of dipole moment values in 

the literature is difficult to reconcile with the 
accuracy of the dielectric constant and density

(14) Bergmann and Weizmann, Trans. Faraday Soc., 34, 783 
(1938).

(15) Kumler and Fohlen, T h is  J o u r n a l , 64,1944 (1942).
(16) Onsager, ibid., 58, 1486 (1936).
(17) Linton, T h is  Jo u r n a l , 62, 1945 (1940); M aryott, ibid.,

3079 (1941).
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Table I
Dielectric constants and specific volumes in Table I were plotted against N 2 the mole fraction of the solute, and total 

polarizations were calculated according to equation (5). All of these compounds were measured in benzene.
ei €1calcu­ V \ P20 P20

Compound measured lated calculated a' P' old new Pb 2 old new
d-Pinene® 2.2830 2.2872 1.14504 0.660 0.0377 192 57.4 44 .0 2 .67 0 .80
d-Limonene® 2.2750 2.2767 1.15199 .233 .1160 95 53.0 45.3 1.56 .61
Methyl benzoate® 2.2830 2.2876 1.14509 4.945 .3880 170 109.9 37 .8 2 .52 1.86
Ethyl benzoate® 2.2830 2.2866 1.14505 5.518 .3626 166 123.7 45 .5 2 .43 1.94
Trimethyllead chloride0 2.276 2.2777 1.14521 20.78 2.618 455 343.0 41 4 .47 3 .81
Triethyllead chloride0 2.276 2.2776 1.14491 26.13 2.667 455 434.0 55 4 .39 4 .27
Nitrobenzene0 2.2825 2.2818 1.13879 23.11 0.483 366 367.0 32.7 3 .97 3 .98
Nitrobenzene^ 2.2826 2.2873 1.13916 23.20 .510 382 367.0 32.7 4 .0 8 3 .9 8
Nitrobenzene6 2.280 2.2752 1.14094 23.09 .488 348 368.2 32.7 3 .93 4 .00
Nitrobenzene-^ 2.2727 2.2704 1.14385 22.87 .476 354 367.0 32.6 3 .94 4 .01

0 Data from Svirbely, Ablard and Warner, T h is  J o u r n a l , 5 7 , 652 (1935). b Data from Lewis, Oesper and Smyth, 
ibid., 6 2 , 3243 (1940). c Data from Tiganik, Z. physik. Chem., B13, 440 (1931). d Data from Bergmann, Engel and 
Sandor, ibid., BIO, 397 (1930). 6 Data from Plotz, ibid., B20, 351 (1933). f  Data from Jenkins, J. Chem. Soc., 480 
(1934).

measurements. Differences of 0.1-0.2 which 
represent errors of several per cent, are quite 
common. Most dielectric constant and density 
measurements are accurate to at least 0.5% 
when the total polarization is several times the 
electronic polarization, and measurements are 
made in solutions that are not too dilute. This 
discrepancy is evidently due to an error in the 
solvent polarization plus errors in extrapolation. 
If this is the case an application of our method to 
the data should reveal and correct such errors.

Nitrobenzene was chosen to test this point 
because it has been measured a number of times 
in benzene. Four sets of data were found in the 
literature in which the solutions were sufficiently 
dilute so that the dielectric constant values were 
linear with concentration. As seen in Table I 
the dipole moment values vary by 0.15 from 3.93 
to 4.08. A recalculation by our method reduces 
the variation to 0.03. Part of this difference may 
be due to the decrease in the dielectric constant 
of the solvent with increase of temperature.

T a b l e  II
M e a s u r e m e n t s  i n  D i o x a n e  a t  2 5 °

Compound
«1

measured
extra­
polated

V l

extrapolated Ot 0
P20
old

P20
new

a
old t tnew

Tetronic acid 2.2023 2.2015 0.97379 28.98 0.2909 485 499.5 22.1 4 .72 4 .8 0
a- Chlorotetronic acid 2.2104 2.2086 .97364 32.09 .4244 700 733.1 26 .0 5 .69 5.83
a-Bromo tetronic acid 2.2023 2.2029 .97393 26.01 .5162 777 793.6 28 .5 6 .00 6 .07
Methyl a-bromo- 
tetronate 2.2023 2.2037 .97406 25.06 .4230 830 830.3 32 .4 6 .19 6 .19

a-Iodotetronic acid 2.2023 2.2043 .97366 17.41 .4850 689 681.9 36 .9 5 .59 5 .57
Methyl a-iodotetronate 2.2163 2.2188 .97363 19.71 .5069 820 834.4 39 .7 6 .12 6 .22
/-Ascorbic acid 2.2137 2.2110 .97360 12.20 .4122 360 382.3 38.2 3 .93 4 .07
Aniline 2.2095 2.2120 .97383 4.412 .0129 106 93.4 31 1.90 1.73
Xenylamine 2.2099 2.2117 .97387 3.615 .0853 148 144.0 59 2 .07 2 .0 2
Xenylamine (in benzene) 2.2760 2.2746 1.14618 2.556 .2702 122 125.6 59 1.74 1 .79
Benzenesulfonamide 2.2095 2.2074 0.97386 21.68 .2720 577 594.1 39 5.09 5 .17
^-Phenylbenzenesulfon-

amide 2.2099 2.2089 .97394 15.41 .2395 630 642.2 68 5 .20 5 .25
Sulfanilamide (operator

i) 2.2067 2.2065 .97367 32.75 .3059 960 964.1 45 6 .63 6 .6 5
Sulfanilamide (operator 

2) 2.2104 2.2071 .97391 32.73 .3306 929 962.1 45 6 .52 6 .6 4
Metanilamide 2.2104 2.2097 .97375 24.48 .3070 705 728.0 45 5.63 5 .73
p- (^-Aminophenyl) -ben­

zenesulfonamide 2.2099 2.2076 .97378 24.78 .2552 1012 1066 75 6.71 6 .90
Desoxycholic acid 2.2067 2.2053 .97385 3.493 .1015 314 324.7 108.8 3 .15 3 .2 2
Data from: Kumler, T h i s  J o u r n a l , 6 2 , 3292 (1940); Kumkr and Halverstadt, ibid., 6 3 , 2182 (1941); Kumler and 

Halverstadt, ibid., 64,1941 (1942).
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Rau and N arayanaswamy18 found experimen­
tally that the apparent moment of nitrobenzene 
in benzene increases about 0.01 for an increase of 
5°. Since the temperatures of the measurements 
we used range from 20 to 25° this would reduce 
the variation to 0.02 which is about the magnitude 
expected. Taking an average of the values 
corrected to 25° the dipole moment of nitroben­
zene in benzene appears to be 4.00 =±= 0.01, no 
correction being made for the atomic polarization.

In Table II the dipole moment values from two 
previous papers have been recalculated by the new 
method. There appear to have been no serious 
solvent polarization errors with the exception of 
aniline where the old moment value is high by 
0.17. In thirteen of the seventeen cases the old 
values are lower by 0.02-0.19 than the new values. 
This we attribute to the linear extrapolation of 
the P2- concentration curves which we have pre­
viously shown are concave upward, and to solvent 
polarization errors. The conclusions that were 
originally drawn from the old data hold for the 
new more accurate values.

To show further how the new method of calcu­
lation avoids exaggeration of experimental error 
we have included in Table II two measurements on 
sulfanilamide carried out by different operators 
using different samples of solute and solvent. 
The moment values calculated by the old method 
are 6.63 and 6.52, a difference of 0.11, while the 
new method gives 6.65 and 6.64, a difference of 
0.01.

Summary
The available data indicate that the dielectric 

constant-weight fraction, ei2-<o2 curves for polar
(18) R au and Narayanaswam y, Proc. Indian Acad. Sci., IA, 489 

(1935). These authors obtained a value of 3.99 for the moment of 
nitrobenzene at 30° using Hedestrand’s method of calculation. We 
did not recalculate their data because they measured only three solu­
tions and one of these wa? at too high a concentration.

solutes in non-polar solvents are straight lines in 
dilute solutions. If this is the case it follows that 
the polarization pvt as defined by the Debye- 
Clausius-Mosotti (D-C-M) equation cannot be a 
linear function of the concentration. The £2-co2 
curves are neither horizontal nor straight and 
their curvature increases as co2 decreases. As a 
result, dipole moments calculated by a linear 
extrapolation of p% or P 2 to zero concentration are 
in error although the error is small for compounds 
with small moments. Per cent, association cal­
culated by the assumption that p\2~o>2 or £2-co2 
curves are linear in the absence of association is 
likewise in error.

A new method of calculating polarizations at 
infinite dilutions has been devised which, first, 
eliminates solvent polarization error, second, is 
objective and does not involve the judgment of 
the calculator, third, all extrapolations are made 
either statistically or graphically with straight 
line functions.

Evidence is presented to show that solvent 
polarization errors are responsible for some erro­
neous dipole moment values in the literature.

Our method of calculation has been applied to 
some of the anomalous cases and values are ob­
tained which are more consistent with other 
determinations on the compounds or with the 
moment expected theoretically.

A test of this method of calculation has been 
applied to four sets of accurate data in the litera­
ture on nitrobenzene in benzene. The dipole mo­
ment values given by the authors have a varia­
tion of 0.15; our method gives a variation of 0.02. 
Another test was made on sulfanilamide measured 
by two operators and calculated by both methods. 
The linear P 2 extrapolation gave a variation of 
0.11; our method, a variation of 0.01.
S a n  F r a n c is c o , C a l i f o r n ia  R e c e iv e d  J a n u a r y  5 , 1 9 4 2
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[Contribution from the College of Pharmacy of the U niversity of California]

The Dipole M oment of ms-Tetraphenylporphine

B y  W . D . K um ler

The configuration of the porphine ring system 
is of much interest because of its presence in chlo­
rophyll and hemoglobin. A dipole moment study 
of a compound such as ws-tetraphenylporphine 
appeared to offer a way to tell whether the com­
pound and, hence, the ring system was symmetri­
cal or unsymmetrical.

The ws-tetraphenylporphine used in these 
studies was the more abundant isomer with a hy­
drochloric acid number of 13.5.1 The compound 
is highly colored and absorbs appreciably in the 
yellow, hence, the usual method of determining 
the electronic polarization by measuring the re­
fractive index with the D sodium line could not be 
used. However, it appeared if light were used of 
a wave length that was not absorbed by the com­
pound the refractive index might be measured de­
spite the fact that the compound is highly colored. 
The orange 6143 line in a neon tube was found to 
be a suitable source. Abnormalities in the re­
fractive index, which might have been expected 
had the wave length of light used been too near an 
absorption band, were not observed.

Results
The results are given in Table I.

T able I
M easurements in  Benzene at 25°

£02 €12 v u

0.002010 2.2777 1.1454
.004458 2.2807 1.1447
.005595 2.2816 1.1442
.006762 2.2834 1.1436
.007916 2.2851 1.1435

€1 V l a - 0 P20

2.2742 1.1460 1.355 0.311 310

The P2o value was calculated by using the equa­
tions

. Safli . ,
p20 = O T  +  (Pl
-P20 “ P20M2

P) fa -  1) 
fa +  2)

where the symbols have the same significance as 
in the previous paper.2

The values of a , j9, vh and were determined 
graphically. A combination of three factors, 
namely, the large size of the molecule, its low solu­
bility, and the fact that its moment is small or

(1) Rothemund and M enotti, T h is  J o u r n a l , 63, 267 (1941).
(2) Halverstadt and Kumler, ibid., 64, 2988 (1942).

zero, result in a very small difference in the dielec­
tric constant of the various solutions. As a re­
sult the experimental error in both P 2o and 
probably about 7 cc.

The value of 310 for P 2o and 293 for P El5o indi­
cates that the compound has a small or zero mo­
ment. The experimental error is of such magni­
tude that a moment of a few tenths cannot be dis­
tinguished from a moment of zero. It is probable 
that this large highly resonating molecule has a 
comparatively large atomic polarization of the 
order of the difference between P 2o and P Ev

The polarization of the compound was also de­
termined at 5° intervals between 25° and 45° but 
no decrease in polarization with increasing tem­
perature was observed which likewise indicates 
the compound has zero moment.

With zero moment the molecule must be ar­
ranged in some symmetrical fashion. A sym­
metrical structure might exist with the giant ring 
either puckered or flat. The giant ring is, how­
ever, a highly resonating system and the atoms 
must get into such a position that the alternate 
single and double bonds can shift their position 
without involving an appreciable movement of the 
atoms. This demands a flat structure with the 
giant ring, the pyrrole rings and the 1 and 4 car­
bon atoms of each benzene ring all in one plane. 
The two hydrogen atoms in the center can con­
ceivably be arranged symmetrically in a number of 
ways. First, on opposite nitrogen atoms with 
one hydrogen above and one below the plane of the 
main ring. Second, as above but forming hydro­
gen bonds to one of the adjacent nitrogen atoms. 
Third, in the plane of the main ring and forming 
a bifurcated hydrogen bond with both adjacent 
nitrogen atoms (as in
the figure). Fourth, the \ \  f— » fa l
same as in the second \  J S
case except the cova- Jj int 
lence to each hydrogen /  ll
shifts (resonates), being " f r '  ̂  \  J
attached first to one and L
then to the other nitro-
gen atom, Fifth, the X j  7 Y \
same as in the third case ^  x J
except the covalence to ws-Tetraphenylporphine.
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each hydrogen shifts among three nitrogen atoms. 
Case one is unlikely because it appears highly prob­
able that hydrogen bonds are present.3’4»5 If the 
actual situation is that of case four or five, which 
does not appear at all unlikely, there would be no 
isomerism due to the position of the hydrogen 
atoms.

It appears from a study of the Fisher models 
that a flat giant ring of this type can be con­
structed without undue strain. However, there 
is much interference between the pyrrole rings 
and the benzene rings if an attempt is made to 
place the latter in the same plane as the rest of the 
molecule. This suggests that the benzene rings 
do not have free rotation and are probably oscillat­
ing about a position perpendicular to the plane 
of the main ring. The general shape of the mole­
cule would then be that of a flat disc with the four 
benzene rings cutting it at about right angles. 
If the benzene rings do not have free rotation 
then derivatives of ms-tetraphenylporphine hav­
ing ortho or meta substituents should exist in a 
number of stereoisometric forms depending on 
whether the substituents are above or below the 
plane of the giant ring.

Experimental
The dielectric constant measurements were 

carried out with the same apparatus and in the 
same manner as described previously.6 The re­
fractive indices were measured with a Pulfrich

(3) Corwin and Quattlebaum, T h is  J o u r n a l , 58, 1081 (1936).
(4) Vestling and Downing, ibid., 61, 3511 (1939).
(5) Aronoff and W east, J. Org. Chem., 6, 550 (1941).
(6) Kumler, T h is  J o u r n a l , 62, 3292 (1940).

refractometer using a neon Geissler tube as a light 
source.

The ms-tetraphenylporphine was recrystallized 
twice from benzene.

Acknowledgment.—-We are indebted to Dr. 
O. L. Inman and Dr. Paul Rothemund of the 
C, F. Kettering Foundation at Antioch College 
for the sample of ms-tetraphenylporphine.

Summary
The more abundant isomer of ms-tetraphenyl- 

porphine was found to have a polarization of 310 
and an electronic polarization of 297. Measure­
ment of polarizations at different temperatures 
gave no evidence of a decrease of polarizations 
with increasing temperatures. Both methods 
indicate the compound has zero moment although 
the data do not enable one to distinguish between 
a moment of a few tenths and a zero moment.

The electronic polarization of the compound 
was obtained by measuring the refractive index of 
the solutions although they were highly colored. 
This was accomplished by using the orange line 
of a neon tube. This light had a wave length 
that was not absorbed by the solution.

The zero moment indicates the compound is 
symmetrical. The resonance demands that the 
giant ring and the pyrrole rings be in one plane. 
A study of the Fisher models suggests the benzene 
rings do not have free rotation and are perpen­
dicular to this plane. With ortho or meta sub­
stituents on the benzene rings this hindered rota­
tion will give rise to a number of stereoisomers. 
San Francisco, Calif. Received September 24, 1942

[Contribution from the Gates and Crellin Laboratories of Chemistry, California Institute of Technology,
No. 885]

The Serological Properties of Simple Substances. I. Precipitation Reactions be­
tween Antibodies and Substances Containing Two or More Haptenic Groups

B y L in u s  P a u lin g , D avid P ressm an , D an H.

The study of serological precipitation reactions 
is complicated by the fact that ordinarily these 
reactions involve two proteins, the antigen and 
the antibody. The understanding of these re­
actions was greatly advanced by the introduction 
into their study of precise microanalytical methods 
and a further simplification involving the use of a 
nitrogen-free multivalent hapten of pneumococcus 
polysaccharide.1 A few years ago it was reported

(1) M . H eidelberger an d  F . E . K endall, J . Exptl. Med., 60, 809
(1929): 61, 559, 563 (1935).

Cam pbell, C arol I k eda , and  M iyoshi I kawa

by Landsteiner and van der Scheer2a that the 
precipitin reaction and anaphylaxis could be pro­
duced by simple substances formed by coupling 
two haptenic groups with resorcinol or tyrosine, 
in place of the azoprotein (containing the same 
haptenic group) which has been used as the 
antibody-producing antigen. Landsteiner2b sug­
gested that “the ready precipitability of these

(2) (a) K. Landsteiner and J. van der Scheer, Proc. Soc. Exptl. Biol. 
Med., 29, 747 (1932); J. Exptl. Med., 56, 399 (1932); 57, 633 (1933) ; 
67, 79 (1938). (b) K . Landsteiner, “The Specificity of Serological
Reactions,” Charles C Thomas, Baltimore, Md., 1936, p. 120.
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dyes is dependent upon peculiarities in constitu­
tion which, like those of fatty groups, diminish 
solubility in water and favor the formation of 
colloidal solutions.” However, it seemed proba­
ble to us, on the basis of a theory of the struc­
ture of antibodies and the nature of the precipitin 
reaction,3 that simple substances containing two 
or more haptenic groups would react with anti­
bodies in essentially the same way as the homolo­
gous protein antigens containing the same 
haptenic groups; we accordingly prepared a 
half-dozen simple substances of this sort, each 
with two or more phenylarsonic acid groups per 
molecule, and observed each to precipitate anti­
sera homologous to phenylarsonic acid azopro­
tein,4 thus obtaining evidence for the generality 
of the phenomenon discovered by Landsteiner 
and van der Scheer.

The problem of obtaining from precipitation 
experiments evidence about the structure of 
antibodies and the nature of serological reactions 
is obviously greatly simplified by the replacement 
of protein antigens by simple substances of known 
structure. For this reason we began and are 
carrying on an extensive program of investigation 
of the reactions of simple substances with anti­
sera. In this paper we report the quantitative 
study of the precipitin reaction for twenty simple 
substances containing two or more haptenic 
groups, and the results of tests of seven substances 
containing one group. It is found that the ob­
servations support the framework theory of 
serological precipitates.5

Discussion of Experimental Methods
Simple Antigens.—The simple antigens and haptens 

used in the investigation are listed in Table I; methods of 
preparations of these substances and the intermediates 
used are described in the following section.

Protein Antigens.—The immunizing antigens used for 
inoculations were made from diazotized arsanilic acid and 
sheep serum by the method described by Landsteiner and 
van der Scheer.6 The ratio of arsenic to protein in these 
antigens ranged from 2 to 3%.

Test antigens were similarly made from purified oval­
bumin by treatment with diazotized arsanilic acid, diazo-

(3) L. Pauling, T h is  J o u r n a l , 62, 2643 (1940). J. R. Marrack 
and F. C. Smith, B r i t .  J. E x p t l .  Path., 13, 394 (1932), had made the 
tentative suggestion that precipitation by azohaptens depends upon 
the presence in the molecule of two or more haptenic groups.

(4) L. Pauling, Dan H. Campbell and D. Pressman, P r o c .  N a t .  
A c a d . S c i . ,  27, 125 (1941).

(5) R. J. Marrack, “The Chemistry of Antigens and Antibodies,” 
His M ajesty’s Stationery Office, London, 1938; M. Heidelberger, 
Chem. Rev., 24, 323 (1939); B a c k  Rev., 3, 49 (1939); L. Pauling, ref. 3.

(6) K. Landsteiner and J. van der S ch eer ,/. E x p t l .  M e d . ,  65, 781
(1932).

tized p~ (^-aminophenylazo) -phenylarsonic acid, or diazo­
tized />-aminobenzanilide-£'-arsonic acid. The azo-oval­
bumins contained, respectively, 0.16, 4.0, and 2.0% arsenic.

Arsanilic acid was diazotized in hydrochloric acid solu­
tion by the addition of sodium nitrite solution at 0° to 
the starch-iodide end-point. The diazotizations of p-(p-  
aminophenylazo)-phenylarsonic acid and of ^-arnino- 
benzanilide-^'-arsonic acid were similarly carried out at 10 ° 
with end-point the disappearance of the slightly soluble 
amine hydrochlorides.

Preparation of Antisera.—Twenty-five rabbits were in­
jected intraperitoneally or intravenously with 1- or 2-ml. 
portions of the atoxylazo-sheep-serum antigen described 
above, containing 0.5% protein. Several weekly courses 
of 3 to 5 injections were given, with intervening rest periods 
of a week or more. The rabbits were bled from the ear on 
the eighth, ninth, and tenth days after the last injection, 
40 ml. of blood being taken from each rabbit each day. 
The blood was permitted to clot, and the antisera were 
pooled according to titer. The courses of injections and 
subsequent bleedings were repeated to obtain more pools 
of serum.

A measure of the total amount of antibody homologous 
to the atoxyl hapten (the phenylarsonic acid group) was 
made by determining the maximum amounts of antibody 
precipitated by the azo-ovalbumin test antigens. The most 
effective test antigen, that made from p-(p-aminophenyl- 
azo)-phenylarsonic acid, precipitated 2 mg. of antibody per 
ml. of antiserum A, 4 mg. per ml. of B, 1.5 mg. per ml. of 
C, and 4 mg. per ml. of D.

The Reaction of Antigen and Antiserum.—The precipi­
tation tests were carried out by mixing portions of un­
diluted antiserum, usually 2 ml., with equal volumes of 
saline solution containing dye; usually four to six dye 
concentrations were tested, differing by powers of 2. The 
tubes were allowed to stand for one hour at room tempera­
ture and then overnight in the refrigerator. The precipi­
tates were then centrifuged down, washed with three or 
four 10-ml. portions of normal saline, and analyzed for 
nitrogen. In some experiments colorimetric determina­
tions were made of the amount of dye in the redissolved 
precipitates. In the tests with serum A the customary 
visual estimates of cloudiness were made one-half hour 
after the solutions were mixed.

Methods of Analysis.—Analyses for nitrogen were made 
by the semimicro Kjeldahl method, using the apparatus 
described by Redemann.7 Sulfuric acid, copper sulfate, 
and potassium sulfate were used in the digestion mixture; 
hydrogen peroxide was found not to be needed.

The arsenic determinations were carried out by the 
method of Haurowitz and Breinl.8 Carbon and hydrogen 
analyses were made with the usual semimicro technique. 
Colorimetric determinations of dye and azoprotein were 
made with a Klett photoelectric colorimeter after dissolv­
ing the precipitates in a few drops of 2 N  sodium carbonate 
solution.

The reported values of antibody in precipitates are the 
values of antibody nitrogen multiplied by the factor 6.25, 
the antibody nitrogen being the difference between total 
nitrogen in the precipitate and antigen nitrogen calculated

(7) C. E. Redemann, Ind. Eng. Chem., Anal. Ed., 11, 635 (1939).
(8) F. Haurowitz and F. Breinl, Z. physiol. Chem., 205, 259 (1932).
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T a b l e  I

S u b s t a n c e s  U s e d  i n  P r e c ip it a t io n  T e s t s  

R = ^-azophenylarsonic acid, —NN^  ^ ASQ3H2

R ' = p-(£-azophenylazo) -phenylarsonic acid, —NN<^ ~^>NN<^  y >AsQ3H2

R" = phenylcarbamyl-£-arsonic acid, —CONH<(  ̂ ^ AsQ3H2
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from the amount of antigen as determined colorimetrically 
(for simple antigens this correction is very small).

The Preparation of Compounds
XXI, Phenylarsonic acid was prepared by Mr. David 

Brown by the Bart reaction.9
XXII, Arsanilic acid was prepared by the method of 

Bechamp.10
XXV, £-(£-Aminophenylazo)-phenylarsonic acid was

made (a) by the hydrolysis in 2 N  sodium hydroxide of 
the acetyl derivative made by condensing ^-nitrosophenyl- 
arsonic acid with ^-aminoacetanilide (20% excess) in 
glacial acetic acid by refluxing for three hours, and (b) 
by the hydrolysis for twenty minutes in boiling 1 N  so­
dium hydroxide of the w-methylsulfonate formed by reac-

(9) H . Gilman, “ Organic Syntheses,” Jöhn W iley and Sons, New  
York, N . Y ., 1935, Vol. X V , p. 59.

(10) Ibid., 1932, Coll. Vol, I, p. 68.

tion in 0.3 N  sodium carbonate of diazotized arsanilic 
acid and aniline-w-methylsulfonate (20% excess).11 The 
two products, purified as the sodium salts, appeared to be 
identical.

Anal. Calcd. for Ci2Hn03N3AsNa: C, 42.04; H, 3.12. 
Found: (a) C, 41.98; H, 3.23; (b) C, 42.12; H, 3.40.

Nitrosophenylarsonic acid was made by the method of 
Karrer12 from arsanilic acid and Caro’s acid.

I, Azobenzene-£,£ '-diarsonic acid was prepared by the 
method of Karrer12 from ^-nitrosophenylarsonic acid and 
arsanilic acid and was purified by repeated precipitation 
with acid from alkaline solution.

Anal. Calcd. for C12Hi20 6N2As2: C, 33.50; H, 2.79 
Found: C, 33.50, 33.56; H, 2.83, 2.97.

(11) F. G. Pope and W. I. W illett, J. Chem. Soc., 1259 (1913); 
H. Bucherer and A. Schwalbe, Ber., 39, 2798 (1906).

(12) S. Karrer, ibid., 45, 2066, 2376 (1912).
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T a b l e  II
Excess
of diazo Analyses, % Color Color

Com­ com­ Calcd. Found in in
pound R eactant pound Formula C H C H alkali H 2SO*

III
IV

o-Cresol
l-Am ino-8-naphthol-4-sulfonic acid

50%
100%

C19H 1 gO 7N  4 AS2 

C22H 19O11N&AS2S
40 .07 3 .09 40 .17 3 .2 0 Orange

Purple
Purple
Green

V ^?,^>-Dihydroxybiplienyl 150 C24H 20O8N 4AS2 44 .85 2 .7 4 45 .43
45 .47

2 .9 3
2 .8 3

L ight
yellow

L ight
yellow

VI Resorcinol 33 C24H 21O11N  6 AS3 36 .27 2 .6 7 36 .52
36 .67

2 .6 2
2 .6 2

Orange P ink

VII Phloroglueinol 33 C24H 21O12N  6 AS3 35 .55 2 .61 35 .58
35 .65

2 .91
2 .9 1

Y ellow P ink

VIII 2,4,4 '-Trihydroxyazobenzene 30 CaeHsoOnN 10AS4 37.85 2 .6 4 38 .62
38 .80

2 .9 8
3 .1 8

Brow n P ink

IX 4,4'-Bis-(azo-2,4-dihydroxy)-biphenyl 25 C48H 3 sOieN i2 As4 43 .07 2 .8 6 4 3 .17 3 .4 0 B row n Purple
X o-Cresol 50 C31H 26O7N  gAS2 48.21 3 .3 7 48 .4 2

48 .27
3 .6 4
3 .6 4

V iolet-
red

Purple

X I Phloroglueinol 33 C42H 33O12N 12AS3 44 .92 2 .9 6 44 .71 2 .9 6 V iolet B lue
X II 4 ,4 '-Bis- (azo-2,4-dihydroxy) -biphenyl 10 C 72H 54O16N  30 As4 49 .27 3 .1 0 49 .85 3 .6 6 Brow n V iolet
X X III Phenol 20® Ci2Hn04N  2 A s 44 .60 3 .4 2 4 4 .6 8 3 .42 Y ellow Y ellow
X X IV Resorcinol 100® C12H 11O&N2AS 42.59 3 .2 8 42 .65 3 .26 Orange Y ellow
XXVI* Phenol 20® Ci 8Hi40 4N 4 A s- 48 .20 3 .1 6 4 8 .20 3 .4 2 R ed- B lue-

N a orange v io le t

a Excess of phenol (per cent.). 6 Sodium salt.

II, £-Di-(£-azophenylarsonic acid)-benzene was simi­
larly made from ^-nitrosophenylarsonic acid and p- 
phenylenediamine and similarly purified.

Anal. Calcd. for Ci8Hie06N4As2: C, 40.46; H, 2.94. 
Found: C, 38.85, 38.81; H, 3.12, 3.19.

III, 2-Methyl-4,6-di-(A-azophenylarsonic acid)-phenol;
IV, 1-Amino-2,7-di-(£-azophenylarsonic acid)-4-sulfo-8- 
naphthol; V, 3,3'-Di-(£-azophenylar sonic acid)-4,4'-dihy- 
droxybiphenyl; VI, l,3-Dihydroxy-2,4,6-tri-(£-azophenyl- 
arsonic acid)-benzene; VII, 1,3,5-Trihydroxy-2,4,6-tri- 
(^-azophenylarsonic acid)-benzene; VIII, 2,4,4'-Trihy­
droxy-3,5,3 ',5 '-tetra-( ̂ -azopheny lar sonic acid)-azoben-
zene; IX, 4,4'-Bis-(azo-2,4-dihydroxy)-3,5-di-(^-azophenyl- 
arsonic acid)-biphenyl; X, 2-M ethyl-4,6-di(£-(£-azophen- 
ylazo)-phenylarsonic acid)-phenol; XI, 1,3,5-Trihydroxy-
2,4,6-tri-(£-(£-azophenylazo)-phenylarsonic acid)-ben- 
zene; XII, 4,4'-Bis-(azo-2,4-dihydroxy)-3,5-di-(£-(£- 
azophenylazo)-phenylarsonic acid)-biphenyl; XXIII, 
£-(£-Azophenylarsonic acid)-phenol; XXIV, 1,3-Dihy- 
droxy-4-( ̂ -azophenylarsonic acidj-benzene; XXVI, p- 
(A-(A-azophenylazo)-phenylarsonic acid)-phenol.—Com­
pounds III to XII, X X III, XXIV, and XXVI were made 
by coupling diazotized arsanilic acid or diazotized p-(p- 
aminophenylazo)-phenylarsonic acid with the appropriate 
phenolic nucleus in dilute sodium carbonate solution or 
(for XXVI) in sodium acetate-acetic acid solution. For 
III, X, and XI pyridine was added13 in amount about 10% 
of the volume of the reaction mixture. The reaction mix­
tures were allowed to stand for a few days (1 to 4) and the 
products were then precipitated with hydrochloric acid 
and purified by repeated solution in dilute sodium hydrox­
ide and reprecipitation with acid. Compounds X, XI, 
and XII were in addition purified by dialysis through Visk­
ing sausage casing against dilute borax solution with pH 
10; this membrane permits passage of molecules contain­
ing only one haptenic group R ' but not those containing 
two or more of these groups. The compounds were washed 
free of sodium chloride and dried in vacuo. Experimental

(18) K . H. Saunders, “ The Aromatic Diazo-Compounds,’' Edward 
Arnold and Company, London, 1936, p. 115.

details, analytical results, and colors of solutions in alkali 
and in concentrated sulfuric acid are given in Table II.

A chromatographic method of analysis of the purity of 
these compounds was developed and applied by Mr. A. 
Pardee. The column packing used was a mixture of 30% 
Celite and 70% Neutrol Filtrol. A dilute solution of the 
dye was poured into the packed column and the chroma­
togram was developed with phosphate buffer of pH  vary­
ing from 8 to 12 in different cases. The rate of passage of 
the dyes was greater the higher the pH. Compounds VI, 
VII, X, XI, XXIII, XXIV, and XXVI appeared to be quite 
pure, having at most only a slight trace of a second band. 
On the other hand, compounds I, II, III, V, VIII, IX, and 
XII contain appreciable colored impurity, as shown by the 
appearance of more than one band on the column. Com­
pounds V, VIII, IX, and X II might be expected to be 
impure from the large number of steps in their preparation. 
The impurity in compound II was identified as XXV from 
a mixed chromatogram.

2,4,4'-Trihydroxyazobenzene was prepared by coupling 
diazotized ^-aminophenol with resorcinol (100% excess) 
in the presence of sodium hydroxide. The product was 
purified by dissolving it in sodium hydroxide and repre­
cipitating with acid and finally by two crystallizations 
from 70% alcohol.

Anal. Calcd. for CuHwOaNa; C, 62.60; H, 4.38. 
Found: C, 62.39; H, 4.46.

4,4'-Bis-(azo-2,4-dihydroxy)-biphenyl was prepared by 
adding bisdiazotized benzidine to resorcinol (100% excess) 
in a sodium acetate buffered solution. The mixture 
finally was made alkaline with sodium hydroxide. The 
product was purified by washing.

Anal. Calcd. for C24Hi80 4N4; C, 67.60; H, 4.25. 
Found: C, 66.37; H, 4.62.

XXVII, £-Aminobenzanilide-^ '-arsonic acid was pre­
pared by the method of King and Murch14 by the hydroly­
sis of the carbethoxyamino compound obtained by coup­
ling ^-arsanilic acid with ^-carbethoxyaminobenzoyl chlo­
ride.

(14) H. King and W. O. March, J. Chem. Soc., 2595 (1924).
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T a b l e  I I I

Compound Reactant

X III Phosgene
XIV Oxalyl chloride
XV Succinic anhydride
XVI Adipyl chloride
XVII Sebacyl chloride
XVIII o-Phthalyl chloride
X IX Isophthalyl chloride
XX Terephthalyl chloride

Calcd.
Formula C

C13ÏÏ14O7N2AS2 33.93
C14HJ408N2AS2 34.45
C16H18O8N2AS2 37.23
C18ÏÏ22O8N2AS2 39.72
C22ÏÏ30O8N2AS2 44.01
C20H18O8N2AS2 42.57
C2oH180 8N2As2 42.57
C2oH1808N2As2 42.57

Analyses, %
Found

H C H

3,07 33.83 3.09
2.89 34.30 3.05
3.52 37.15 3.70
4.08 39.69 4.24
5.04 43.97 5.03
3.22 42.55 3.53
3.22 42.42 3.28
3.22 42.76 3.43

Anal. Calcd. for Ci3Hi30 4N2As; C, 46.44; H, 3.90. 
Found: C, 46.91, 46.74; H, 4.08, 3.97.

XIII, Carbanilide-£,£'-diarsonic Acid; XIV, Oxanilide- 
'-diarsonic Acid; XV, Succinanilide-^,^ '-diarsonic 

Acid; XVI, Adipanilide-£,£'-diarsonic Acid; XVII, 
Sebacanilide-£,£'-diarsonic Acid; XVIII, Phthalanilide- 
pyp '-diarsonic Acid; XIX, Isophthalanilide-^,^'-diarsonic 
Acid; XX, Ter ephthalanilide-£,£'-diarsonic Acid.—These 
dianilide compounds were prepared by essentially the 
methods of King and Murch14 and Morgan and Walton,16 
involving the reaction of arsanilic acid with the required 
acid chloride or anhydride in a basic or buffered aqueous 
solution. The compounds were purified by repeated solu­
tion in sodium hydroxide and precipitation with hydro­
chloric acid followed by a thorough washing with hot 
water. The reactants used and the results of analyses are 
given in Table III.

Results of the Precipitation Experiments
The Precipitation Reactions between Multi­

valent Compounds and Antisera.—Precipitation 
tests were carried out between the antisera A, B, 
C, and D homologous to atoxylazoprotein and the 
twenty compounds I to XX, each of which con­
tains in its molecule two or more haptenic groups 
R, R', or R". In every case precipitation occurred. 
The amount of precipitate was found to vary with 
concentration of the antigen in the same way as 
for ordinary antigens. There is an optimum 
antigen concentration (or amount while the 
volume of antigen solution is held constant) at 
which the amount of precipitate reaches a maxi­
mum.

The amounts of precipitated antibody found 
by analysis are given in Tables IV, V, VI, VII, and 
VIII and are represented graphically in Figs. 
1, 2, 3, 4, and 5.

Errors in the determination of the amounts of 
precipitated antibody may arise in the separation 
and washing of the precipitate or in the nitrogen 
analysis. Examination of the reported results of 
duplicate determinations indicates a probable 
error of about 5% for individual determinations.

(15) G. T. M organ and  E. W alton, J .  C h e m .  S oc . ,  615 (1931); 91
(1933). 902 (1936).

T a b l e  I V

A m o u n ts  of A n t ib o d y  P r e c ipit a t e d  from  A n t ise r u m  
A  b y  A n t ig e n s  I to XII

Amounts of solutions used: 2 ml. antiserum, 3 ml. sa­
line-antigen. The pH of the supernatant solutions was 
between 8.3 and 8.5. In Tables IV to VIII, inclusive, 
the amount of antigen used, in micrograms per ml. of anti­
serum, is given at the top of each column. The numbers 
in the columns are the amounts of precipitated antibody, 
in micrograms per ml. of antiserum. The meaning of the 
other symbols is given in the text.
Amount

ofantigen 3.13 6.25 1 2 . 5 25 50

I - + -  + - +  + -  + - -
II - + + -8 4 +  +  134 +  119 -5 3
III —47 ±103 +  +  150 +100 -2 2
IV -6 9 +  138 +  +225 +  +213 ±75
V ±106 +222 +  +322 +213 -6 3
VI ±100 +  188 +  +222 +135 -  i
VII -4 8 +  116 + + 128 +94
VIII +  141 +  +  185 +  +  +338 +  +250 ±110
IX ±106 +  141 +  +291 +  +  +347 -6 9
X ±66 +  144 +  +  188 +  +  +397 |  660
XI +  +232 |  425 j 920 j 1560 |  1690
XII +  128 +  197 +  +  +456 1 890 j 1210

T a b l e  V
A m ounts of A n t ib o d y  P r e c ipit a t e d  from  A n t ise r u m  

B b y  A n t ig e n s  II to IX
Amounts of solutions used: 2 ml. antiserum, 3 ml. saline- 

antigen. The pH of the supernate was in each test 8.3.
Amount ofantigen 6.25 12.5 25 50 100

II 270 520 660 470 300
250 490 670 460 280

III 120 290 470 120 0
110 350 490 140 9

IV 100 440 950 330 80
200 490 850 330 100

V 330 760 1330 520 80
270 840 1120 460

VI 330 920 /1600V 230 60
310 \1490/ 180 20

VII 180 350 770 300 100
180 370 710 190 50

VIII 330 840 1590 340 20
310 860 1400 280 10

IX 110 160 650 920 260
110 130 690 670 260

0 There is strong evidence that these values are in error.
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T a b l e  VI
A m o u n t s  o p  A n t i b o d y  P r e c ip it a t e d  f r o m  A n t i s e r u m  

C b y  A n t i g e n s  VI, IX, X, XI, a n d  XII 
Amounts of solutions used: 2 ml. antiserum, 2 ml. saline- 

antigen for VI and IX; 1 ml. antiserum, 1 ml. saline- 
antigen for X, XI, and XII. The pH of the supernate was
8.4 for VI and IX, 8.5 for X, XI, and XII.
Amount of

antigen 6.25 12.5 25 50 100 200

VI 290 460 270 160
290 380 270 150

IX 220 440 400 230
180 430 390 220

X 110 220 380 540 640 600
110 220 350 530 650 710

XI 310 710 1360 1330 1000 660
320 610 1350 1360 1190 750

XII 310 440 900 910 640 350
320 440 840 990 680 360

T a b l e  VII
A m o u n t s  o f  A n t ib o d y  P r e c ip it a t e d  f r o m  A n t is e r u m  

B b y  A n t i g e n s  X III t o  XX 
Amounts of solutions used: 3 ml. antiserum, 3 ml. 

saline-antigen. The pH of the supernate was 8.2 for each 
antigen.

Amount of 
antigen 6.25 12.5 25 50 100

XIII 50 75 10
25 75 50

XIV 180 385 440 340 265
165 355 475 340 270

XV 130 345 315 200 150
150 255 325 225 140

XVI 15 35 55 35 15
35 50 35

XVII 35 35 50 45 30
35 50 50 40 40

XVIII 10 10 60 85 50
0 0 55 65 55

XIX 65 305 465 200 75
65 300 215

XX 120 505 695 440 195
120 435 735 500 175

Test of the Customary Visual Estimation
Method.—For the series reported in Table IV 
we took advantage of the opportunity of testing 
the customary visual-estimation method of study­
ing antigen-antibody precipitation reactions. The 
tubes were inspected one-half hour after the solu­
tions were mixed, and a record made of their 
appearance; this is given by the symbols in the 
table, which have the following meanings: —, no 
apparent cloudiness; =*=, slight cloudiness; + , 
+  +  , +  +  +  > increasingly pronounced cloudiness; 
l  , formation of clumps of precipitate. Com­

parison of these with the amounts of antibody 
precipitated in twenty-four hours shows that the

T a b l e  VIII
A m o u n t s  o f  A n t i b o d y  P r e c ip it a t e d  f r o m  A n t i s e r u m  

D  b y  A n t i g e n s  II a n d  XIII to  XX 
Amounts of solutions used: 2 ml. antiserum, 3 ml. saline- 

antigen.
antigen 3.13 6.25 12.5 25 50 100

II 140 280 780 1160 1150 930
X III 20 20
XIV 570 690 700 570

460 640 640 510
740 760

XV 60 190 440 600 480
700 660

XVI 10 10 50 110 90
XVII 10 60 80 100 120 100

80 90 110 90
80 90 110

XVIII 20 30 50 40
XIX 10 180 1060 420
XX 120 250 610 1170 800

correlation is reasonably good, and suggests that 
visual estimates of the amount of precipitate may 
be trusted to within about =*= 30%. In this case 
each symbol represented about 60% more pre­
cipitate than the preceding one, as follows: —, 
75; =*=, 100; + ,  150; +  +  , 250; +  + + ,  400;
1 > 500 jug/ml.

Logio of moles of antigen added.
Fig. 1.—Amounts of antibody precipitated from anti­

serum A (per ml.) by antigens I to IX as functions of log 
of molal antigen concentration (Table IV). The curve for 
I represents an estimate. Smooth curves have been drawn 
through the experimental points, which are not shown.

Comparison Tests with Normal Serum.— 
Similar tubes were set up for each of the twenty 
antigens with normal rabbit serum in place of 
antiserum. In none did precipitation occur.

The Failure of Monohaptenic Compounds to 
Produce Precipitates with Antisera.—The seven
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Logio of moles of antigen added.
Fig. 2.— Amounts of antibody precipitated from antiserum 

B (per ml.) by antigens II to IX  (Table V).

Fig. 3.— Amounts of antibody precipitated from anti­
serum C (per ml.) by antigens VI, IX , X, XI, and X II 
(Table VI).

compounds XX I to XXVII, each of which con­
tains one haptenic group per molecule, were 
tested with the antisera in the same way as the 
twenty compounds I to XX; no precipitate was 
formed by any of these “univalent” substances. 
This result is, of course, to be expected, in view 
of the failure of Landsteiner16 to obtain precipi­
tates between haptens and homologous antisera 
during his extensive experiments on the inhibition 
by homologous haptens of the azoprotein-antibody 
precipitation reaction.

Discussion
The fact that each of the twenty polyhaptenic 

substances precipitates hapten-homologous anti-
(16) K. Landsteiner, "The Specificity of Serological Reactions,” 

Charles G. Thomas, Baltimore, 1936, p. 118.

Fig. 4.— Amounts of antibody precipitated from anti­
serum B (per ml.) by antigens X III to X X  (Table VII) 
with antigen II for comparison (Table V).

Fig. 5.— -Amounts of antibody precipitated from anti­
serum D (per ml.) by antigens II and X III to X X  (Table 
VIII).

body, whereas substances containing only one 
haptenic group do not have this effect, provides 
strong support for the Marrack-Heidelberger 
framework theory (lattice theory) of the structure 
of serological precipitates, inasmuch as the frame­
work theory gives a simple explanation of the 
phenomenon, and no other reasonable explanation 
has been proposed. Multivalent antibody mole­
cules, whose existence is postulated in the frame­
work theory, would be expected to combine with 
polyhaptenic molecules to form infinite aggre­
gates, which would grow into visible precipitates, 
whereas with monohaptenic molecules they would 
form soluble small complexes containing one 
antibody molecule.

The general shape of all the curves of Figs. 1 to
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5, showing the dependence of amount of antibody 
precipitated on the amount of added antigen, is 
the same; the amount of precipitated antibody 
first increases, then reaches a maximum, and 
finally decreases, reaching zero for large amounts 
of antigen. This inhibition of precipitation by 
excess antigen, which occurs also for protein 
antigens, is explained as resulting from the forma­
tion of soluble complexes, such as A-B-A (A2B) 
for a bivalent antibody (A — antigen, B =  anti­
body). There may also be formed soluble com­
plexes AB2, A2B3, etc., which contain an excess of 
antibody, saturating the effective valences of the 
antigen molecules. The interpretation of the 
precipitation data in terms of the strength of the 
antigen-antibody bond is complicated not only by 
the necessity of considering these soluble com­
plexes but also by the heterogeneity of antibody 
molecules.

The data for nine compounds I to IX which 
contain the group NN<  ̂ >̂AsQ3H2 used in the 
immunizing azoprotein are reproduced in Figs. 
1 and 2. It is seen that there is agreement be­
tween the results obtained with the two antisera 
in most respects. From Fig. 1 we obtain the 
following sequence of precipitating ability of 
the haptens: VIII =  IX >  V > VI = IV >  
VII = III =  II >  I. Nearly the same sequence 
is given by Fig. 2. The principal difference is the 
interchange of VI and IX, and other data (as in 
Fig. 3) indicate that the order given by Fig. 1 is 
to be preferred. It is possible that some gross 
error was made in the work; on the other hand, 
the difference between Figs. 1 and 2 may well be 
real, resulting from difference between the two 
antisera.

The smallness of the amount of precipitate 
given by I H2Q3As<̂  >̂Nn /  ^ AsQ3H2 we
attribute to two causes. First, the molecule 
contains only one azo group, so that in holding 
two antibody molecules the molecule cannot exert 
toward each the influence of the complete haptenic 
group NN<  ̂ y AsQ3H2 (present in the immuniz­
ing azoprotein); and second, two large antibody 
molecules clasping the two end halves of this very 
small antigen would be expected to interfere steri­
cally with each other, and be prevented by this 
steric interference from forming as strong an anti­
gen-antibody bond as would otherwise be possible.

Of the five dihaptenic compounds I to V the two 
most effective, IV and V, are those with the great­

est hapten-hapten distance. We attribute their 
relative effectiveness to the resultant diminution 
in steric interaction of the attached antibodies.

Since in the immunizing azoprotein the azo- 
phenylarsonic acid groups are attached in part
to tyrosine residues, a very effective haptenic

OH
group is expected to be >̂NN<  ̂ ^>AsQ3H2

with one hydroxyl adjacent to the azo group. By
considering this we explain the superiority of V

OH NH2
r / V

HO

VI

< c x 3 OH to IV and of

OH

■ f t'OH
to VII

OH

f yHOl JOH

SO3H

R R
It is interesting that the trihaptenic (VI and 

VII) and tetrahaptenic (VIII and IX) com­
pounds are superior but not greatly superior to 
the dihaptenic compounds of similar size and 
structure. It was expected3 that dihaptenic 
compounds would be inferior in precipitating 
ability because of the formation with bivalent 
antibody of soluble strings A -B -A -B -A -B -  
rather than insoluble frameworks. The observa­
tion that good precipitates are obtained with 
dihaptenic compounds indicates either that the 
long strings themselves precipitate easily or that 
enough trivalent antibody molecules are present 
to link the strings together.

The compounds X, XI, and XII, which contain 
the long haptenic group

NN<<Z>™<CI>As0 3H2

are much more effective than the corresponding 
compounds III, VII, and IX; this increased effec­
tiveness we attribute to decreased steric inter­
ference between the attached antibodies. The 
comparison of X

OH OH
R'f 1CH3 R'r

I and XI [
]R/
Joh 1S especially in-

R ' R '
teresting. The superiority of the latter is 
clearly to be attributed to its having three 
haptenic groups instead of two.

Why, then, does not XII 
R ' R '

HO
R ‘
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four, precipitate still more antibody? The an­
swer may be that little gain is to be expected 
from increasing the number of haptenic groups 
from three to four, since three are enough to tie 
the strings together into a framework. In fact, 
X I I  is as effective as X I at low concentrations, 
and its later inferiority m ay be due to greater 
ability to form soluble complexes.

There is a striking relation between the number 
of haptenic groups per antigen molecule and the 
optimum antigen concentration for precipitation; 
a great change occurs from dihaptenic to tri- 
haptenic antigens, and a much smaller change on 
addition of a fourth haptenic group. This is seen 
clearly in Fig. 3; the logarithm of the optimum 
molal concentration of X  is — 6.8, of X I  — 7.5, and 
of X I I  — 7.65. Similarly the five dihaptenic anti­
gens of Fig. 1 are grouped together at — 7.6, and 
the others at — 7.9.

The data represented in Figs. 4 and 5 show that
O
II / ---- \

the amide haptenic group — C— NH<^ ^>AsQ3H2
is essentially equivalent to the azo haptenic group 

—N==N<  ̂ >̂AsQ8H2 in its power to combine

with antibodies homologous to the azo haptenic 
group. A  straightforward comparison can be 
made between the amide compound X X  

R" R

and the azo compound II it is seen

R" R
from the corresponding curves in Figs. 4 and 5 
that these compounds are nearly equal in pre­
cipitating power.

The compound X III

H2OilAs<(  ^>NHCNH<^ ^ AsOaH, would be ex- 

O
pected from steric considerations to be some­
what more effective than I

H2Q3AS/  )>NN<( ^)AsQ3H2, because of the

added CO group; this is borne out by experiment. 
The compound X IV  

O O

H2Q3As<  ̂ ) >NHC—CNH<(  ^>AsQ3H2, contain-
ing  tw o com plete hap ten ic  groups, should be still 
m ore effective. I t  is in fac t surprisingly effec­
tive , w ith  n early  th e  p rec ip ita ting  pow er of X X .

R" R"

R"

X X  are increasingly effective in this order,

R"
with X V III  by far the weakest of the three. 
This is reasonably interpreted as due to steric 
interference of the attached antibody molecules.

This explanation cannot be extended, however, 
to the sequence X I V  R "— R", X V  R "(CH 2)2R", 
X V I R "(CH 2)4R", X V II R "(CH 2)8R", since 
these compounds decrease in precipitating power 
in this order. A  structural interpretation of this 
result in terms of the lack of rigidity of the poly­
methylene chain might be developed, but it is 
not very convincing.

The curves for compounds X IV  and X V  differ 
in shape from those for X I X  and X X ; no reason­
able explanation of this has occurred to us.

It is important to note that the polyhaptenic 
simple antigens are not greatly inferior in precipi­
tating power to azoproteins. Indeed, the best of 
the simple antigens, X I, was found to precipitate 
as much antibody as the test azoprotein.

Boyd17 has recently reported failure to obtain 
precipitates between antisera and a number of 
simple substances containing two or more haptenic 
groups (including several substances also studied 
by us), and on the basis of this negative evidence 
he has drawn conclusions contrary to those which 
we have reached. In view of our observations, 
we consider it likely that his experiments were 
carried out under conditions unfavorable to pre­
cipitation— his antisera may have been weak, or 
his antigens may have contained monohaptenic 
impurities.

We are grateful to the Rockefeller Foundation 
for financial support of this work. We wish to 
thank Mr. Paul Faust and Mr. Shelton Steinle 
for their assistance in carrying out analyses, and 
Mr. David Brown for the preparation of phenyl­
arsonic acid.

Summary
Twenty-seven simple substances containing 

the phenylarsonic acid group as haptenic group 
were prepared and used in precipitin tests with 
antisera made by injecting rabbits with azo- 
phenylarsonic acid sheep serum.

The twenty simple antigens containing two or 
more haptenic groups per molecule were found 
to give precipitates with the antisera, whereas

(17) W. C. Boyd, J. Exptl. Med., 75, 407 (1942); S, B, Hooker and 
W. C. Boyd, Immunol, 42, 419 (1941),

The compounds X V III
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the seven monohaptenic substances failed to 
precipitate. It is pointed out that these results 
provide strong support of the framework theory 
of the precipitin reaction.

Data on the amounts of precipitate formed are 
discussed in relation to the structure of the simple 
antigens.
P a s a d e n a , C a l i f o r n ia  R e c e iv e d  J u l y  6 , 1942

[C o n t r i b u t io n  f r o m  t h e  G a t e s  a n d  C r e l l i n  L a b o r a t o r ie s  o f  C h e m is t r y , C a l if o r n ia  I n s t i t u t e  o f  T e c h n o l o g y ,
No. 886]

The Serological Properties of Sim ple Substances. II. The Effects of Changed Con­
ditions and of Added H aptens on Precipitation R eactions of Polyhaptenic Sim ple

Substances

B y L in u s  P au lin g , D avid P ressman , D an  H . C am pbell , and C arol I keda

During the course of the investigation of pre­
cipitation reactions of polyhaptenic simple sub­
stances reported in the preceding paper of this 
series1 we found it desirable to carry out a study 
of the effects of changed conditions of precipita­
tion and washing on the amount of residual pre­
cipitate. We also made some experiments on 
the inhibition of precipitation by added haptens, 
in order to see how great would be the effects of 
monohaptenic impurities possibly present in the 
substances studied. The results obtained are 
presented and discussed in this paper.

Experimental Methods.—The experiments 
were carried out in the way described in the pre­
ceding paper (I). In addition to antisera C and 
D mentioned in paper I, three antisera, E, F, and 
G, were used. E and G contained amounts 0.6 
and 3.2 mg. per ml., respectively, of antibody 
precipitable by azo-ovalbumin test antigen; the 
strength of F was not determined.

The borate buffer solutions were made by add­
ing suitable amounts of 0.16 N  sodium hydroxide 
solution to 0.2 M  boric acid solution containing
0. 9% sodium chloride.

The Effect of Changed Conditions of Precipi­
tation and Washing on the Amount of Precipi­
tate.—It is seen from the data reported in Tables
1, II, and III, obtained with two antigens (VI 
and X) and three antisera (C, E, and F), that the 
antigen-antibody precipitate is either dissolved 
slightly or carried away mechanically by the 
saline or borate buffer solutions with which it is 
washed. The loss in this way is, however, small, 
amounting to about 5 to 15% for eight or ten 
extra washings with 10-ml. portions of solution.

A few experiments were made (Tables II and 
III) to test the effects of changing the time and 
temperature of precipitation It was found that 
increasing the precipitation time from one day to 
two days increases the amount of precipitate by

T a b l e  I

E f f e c t  o f  N u m b e r  o f  W a s h in g s  o n  A m o u n t  o f  R e s i d u a l  P r e c ip it a t e
3 ml. antigen VI, 25 fig./m l. in saline solution, plus 3 ml. antiserum C 2 ml. antigen VI plus 2 ml. antiserum E

Composition of Composition of Composition of

Washings
precipitate

Antibody® Antigen® Washings
precipitate

Antibody® Antigen® Washings
precipitate

Antibody® Antigen®

2 1665 8.9 • 6 1600 8.7 3 1110 5.7
1660 8.4 1540 8.7 1125 6.2
1660 8.9 1590 8.7 10 970 5.7

3 1600 8.7 7 1590 8.7 930 6.0
1600 8.9 1530 8.9 15 960 6.0
1545 8.7 1510 8.9

4 1545 8.7 8 1510 9.2
1570 8.9 1530 8.7
1660 8.7 1480 8.1

5 1570 8.9 10 1520 9.5
1570 8.9 1510 7.6
1570 9.5 1320 9.5

° Amounts of precipitated antibody and antigen in micrograms. pH of all supemates 8.1.

(1) Linus Pauling, David Pressman, Dan H. Campbell, Carol ab0Ut 10%. The attlOUIlt of precipitate formed
Ikeda, and M . Ikawa, Tncts Journal, ©4, 2994 QQ42). We phall refer . 4 . r
to this as paper i, seems to increase with increase m temperature of
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T a b l e  II

E f f e c t  o f  C h a n g e d  C o n d it io n s  o n  A m o u n t  o f  P r e c i p i ­
t a t e

3 ml. antigen VI, 12.5 ng./ml., in saline solution, plus 
3 ml. antiserum E. pH of supernates 8.0 to 8.3.

Composition of 
precipitate

Conditions of precipitation Washings
Antibody,

Mg-
Antigen,

fig-
Room 1 hr., refrigerated 3 1600 9.2

24 hr. 1610 8.9
10 1190 8.4

1310 8.1
1140 8.7

15 1140 9.2
Room 1 hr., refrigerator 1780 9.2

48 hr. 3 1590 8.9
Refrigerator 24 hr. 3 1590 8.9

1640 9.2
Refrigerator 48 hr. 3 1610 8.9

1690 8.9
Room 24 hr. 3 1080 7.0

980 7.0

T a b l e  III
E f f e c t  o f  C h a n g e d  C o n d i t io n s  o n  A m o u n t  o f  P r e c ip i­

t a t e

5 ml. antigen X, 20 jug./ml. in saline solution, 2.5 ml. 
antiserum F, and 7.5 ml. borate buffer of pH 9.0.

Composition of 
precipitate

Conditions of Washing Antibody, Antigen,
precipitation solution W ashings Mg- Mg-

Room 1 hr., re­ Saline 3 520 3.3
frigerator 24 520 3.3
hr. Saline 10 525 3.1

530 3.1
Saline, 3 585 3.3

iced 520 2.9
Buffer, 3 600 3.3
Buffer, 3 630 2.9

iced 600 2.9
Room 1 hr., re- Saline 3 580 2.9

frigerator 48 hr. 595 2.9
Room 3 hr., re- Saline 3 610 3.1

frigerator 22 hr. 550 3.1
Room 24 hr. Saline 3 675 3.1

605 3.1
35° 1 hr., re- Saline 3 560 2.9

frigerator 24 hr. . 555 2.9

the tube during the first few hours of the pre­
cipitation period (Table III). However, the 
evidence is inconclusive as to whether the final 
amount of precipitate is increased or not by 
refrigeration during the later part of the pre­
cipitation period.

The data reported in Table IV show that the 
amount of precipitated antibody is decreased by 
the addition of buffer solution to the antigen- 
antibody mixture. The decrease is not propor­
tional to the volume of buffer added, so that the 
phenomenon is not analogous to the solution of a

T a b l e  IV
T h e  E f f e c t  o f  D il u t i o n  w it h  B u f f e r  S o l u t io n  o n  

A m o u n t  o f  P r e c ip it a t e d  A n t ib o d y

2.5 ml. antigen VI, varying volume of borate buffer 
solution with pH 8.0, 2.5 ml. antiserum C.

Amount of antigen used (ug.)
15.6 31.3 62.5

Volume of Amount of precipitated antibody
buffer solution (/*g.)

0 750 1375 775
2.5 600 1030 990
5 480 845 525

10 470 655 450

well-defined compound. These observations pro­
vide further evidence of the heterogeneity of the 
antibodies in immune sera.

The Effect of Hydrogen-ion Concentration on 
Amount of Precipitate.—The results of experi­
ments to test the effect of change in pH  on the 
amount of precipitate are given in Table V. It 
is seen that for this antigen-antibody system the 
optimum pH  is about 8.1, the amounts of pre­
cipitate in this region being greater than for either 
more acidic or more basic solutions. Evidence 
that the buffering substances do not have a large 
direct influence on the reaction is given by the 
agreement of the values at pH 8.1 for added 
saline solution and added borate buffer.

The optimum antigen concentration is seen to 
be changed only slightly by change in pH.

Less extensive experiments were also carried 
out with the amide antigen XIV (R,,-R ,/) in place 
of the azo antigen; the results obtained, given in 
Table VI, are similar.

The Effect of Dilution with Normal Serum or 
Buffer Solution.—In order to determine the 
effect of change in the strength of a serum of 
fixed antibody composition on the position of the 
optimum zone, identical experiments were made 
with sera obtained by mixing antiserum G and 
normal serum. The results are given in Table 
VII. It is seen that for both antigens (III and 
VI) the maximum precipitation occurs at an 
amount of antigen about midway between 25 and 
50 Mg- (for 2 ml. of antiserum), and that on two­
fold dilution of the antiserum, decreasing its 
antibody concentration by the divisor 2, the 
optimum amount of antigen is also decreased by 
about the divisor 2. The effect of diluting the 
antiserum is hence to cause the optimum zone 
to shift in such a way as to keep constant the ratio 
of antigen to antibody.

The same result is given by experiments on the 
effect of dilution with buffer solution, reported
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T a b l e  V

E f f e c t  o f  H y d r o g e n -io n  C o n c e n t r a t io n  o n  A m o u n t  o f  P r e c ip it a t e

3 ml. saline solution VI, 3 ml. antiserum E, and 3 ml. saline or buffer solution; 48 hrs. in refrigerator. B = antibody in 
precipitate, micrograms. A = antigen in precipitate, micrograms.

Amount of antigen (fig.) 22.2 33.3 50 75
Added solution pm of supernate B A B A B A B A
Boric acid 7.6-7.7 640 4.9 820 5.9 820 5.7 610 4.1

640 4.6 820 5.7 820 5.7 620 5.4
Saline 8.1-8.2 890 4.6 1140 6.5 1020 6.2 610 3.0

840 4.6 1140 6.5 6.2 550 3.8
Borate buffer, 8.1 820 5.7 1080 8.4 940 7.0 650 4.9

pH 8.0 790 5.7 1080 7.3 920 6.0 590 5.4
Borate buffer, 8.8-8.9 680 5.1 780 5.9 640 6.2 520 5.4

pH 9.0 650 4.6 820 6.5 720 6.2 520 4.3

T a b l e  VI such as arsanilic acid present in reasonable con-
E f f e c t  o f  H y d r o g e n -io n  C o n c e n t r a t io n  o n  A m o u n t  

o f  P r e c ip it a t e d  A n t ib o d y  
1 ml. antigen XIV, 1 ml. antiserum G, 2 ml. saline or 

buffer solution.
Amount of added antigen (jug.) 12.5 25 50
Added pm of Amount of precipitated

solution supernate antibody (fig.)
Boric acid 7.6 200 275 260

250 290 240
Saline 8.0-8.2 270 305 270

* 290 345 265
Borate buffer, 8 . 1 270 290 225

pH 8.0 290 375 325
Borate buffer, 8.8-9.0 215 290 240

pH 9.0
T a b l e  VII

280 295 270

T h e  E f f e c t  o f  D il u t i o n  w it h  N o r m a l  S e r u m  o n  
A m o u n t  o f  P r e c ip it a t e d  A n t ib o d y  

3 ml. of antigen III or VI plus 2 ml. of mixture of nor­
mal serum and antiserum G.

centration in a mixture containing an azoprotein 
(made from this hapten) and the hapten-homolo­
gous antiserum decreases the amount or inhibits 
the formation of the antigen-antibody precipitate. 
It has also been found3 that this phenomenon 
occurs with polyhaptenic simple substances re­
placing the azoprotein. Quantitative results 
were obtained by us with antigens VI, X, and XX, 
containing the groups R, R', and R", respectively, 
and haptens XXI, XXII, XXIII, and XXVII. 
These are given in Tables VIII to XI and Figs. 
1 and 6. It is seen (Table VIII) that addition 
of hapten decreases the amount of precipitate 
without noticeable shift in the equivalence zone, 
and (Tables X, XI) that haptens differ in their 
inhibiting power.

Amount of antigen used (fig.)
Normal

Antigen Antiserum serum

12.5 25 50 100
Amount of precipitated 

antibody (fig.)
T a b l e  VIII

T h e  I n h i b i t i o n  o f  P r e c ip it a t io n  B y  H a p t e n
III 2 0 230 495 495 265

215 555 230
1 1 305 340 200 105

305 280 215 55
0.5 1.5 225 170 105 10

230 170 105 0
VI 2 0 395 1150 1070 170

400 1100 1240 170
1 1 495 455 195 65

425 510 205 70
0.5 1.5 290 120 40 0

330 200 45 0
pH of ƒ antigen III 8.1 8.1 8.1 8.1

supernate \  antigen VI 8.2 8.3 8.4 8.5

3 ml. antigen VI, 1 ml. hapten XXI, 3 ml. antiserum E. 
pH  of supernates 8.2.

Amount of anti-
gen (jug.) 

Amount of 
hapten (jug.)

15 22.2 31.3 50 

Amount of precipitated antibody (jug.)

75

0 540 790 1280 1020 560
12.5 520 740 910 850 540
25 520 580 780 530
50 340 560 630 640 530

100 330 360 610 550 450
200 290 340 430 440 360
400 200 270 290 270

T a b l e  IX
I n h i b i t i o n  b y  H a p t e n

in Table IV. In these experiments, in which the 
amount of antibody is kept constant, the position 
of the optimum zone does not change significantly.

These conclusions agree with those reached by 
many earlier investigators with protein antigens.

The Inhibition of Precipitation by Hapten.— 
It was discovered by Landsteiner2 that a hapten

(2) K. Landsteiner, Biochem. Z., 93, 117 (1919); 104, 280 (1920); 
K. Landsteiner and J .v a n  der Scheer, J. Expth Med,, 48, 315 (1928); 
50, 407 (1929); §4, 295 (1931); 55, 781 (1932),

1 ml. antigen VI (12.5 jug.), 0.5 ml. hapten XXIII, 1 
ml. antiserum D. pH of supernates 8.1.

Amount of hapten, 
Mg.
0
3.13
6.25

12.5
25
50

Amount of precipitated  
antibody, jug.

505 470 
505 
480 
355 
220 
70

(3) K. Landsteiner and J. van der Scheer, ibid.,Mt 399 (1932).
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T a b l e  X
I n h i b i t i o n  b y  H a p t e n

0.5 ml. antigen X (25 fig.), 0.2 ml. hapten XXII or 
XXIII, 0.5 ml. antiserum D.

Amount of hapten, 
/*g*

Amount of precipitated 
antibody, fig. 

Hapten X X II X X III

0 570 565
1.25 505 565
2.50 495 530
5 420 390

10 455 315
20 295 125
40 210 65
pH of supernates 8.5 8 . 8

T a b l e  XI
I n h i b i t i o n  b y  H a p t e n

1 ml. antigen XX (25 jug.), 0.5 ml. hapten XXII 
XXVII, 1 ml. antiserum D.

Am ount of hapten, 
Mg-

Amount of precipitated 
antibody, fig.

H apten X X II X X V II

0 1305 1200
3.13 1295 1120
6.25 1225 845

12.5 1075 590
25 960 215
50 650

100 475 4 0
pH of supernates 8.2 8.3

The results obtained show that no significant 
error would be introduced in the experiments by 
the presence of haptens as impurities in the poly­
haptenic antigens in amounts as great as 5%. It 
is improbable that any of the substances used con­
tained this much monohaptenic impurity.

Logio of moles of antigen added.
Fig. 1.—Effect of added hapten (in amounts given) on 

amount of antigen-antibody precipitate (Table VIII).

The data reported in Table XII indicate that 
the same final equilibrium is reached by the

system antigen-antibody-hapten when the order 
of combining the reactants is changed.

T a b l e  X II
E f f e c t  o f  O r d e r  o f  C o m b in a t io n  o f  R e a c t a n t s  

Reactants combined as indicated and allowed to stand 
indicated times at room temperature, then 24 hours in 
refrigerator: A, 3 ml. solution of antigen VI (37.5 jug.); 
H, 1 ml. solution of hapten XXI (100 fxg.); S, 3 ml. anti­
serum E. pH of supernates 8.1.

Amount of precipitated 
antibody, fig.

1. A +  S +  1 ml. saline solution, 1200 1090 
1V2 hours

2. A +  S +  H, IV2 hours 520 520
3. S +  H, Va hour, +  A, 1 hour 550 525
4. A +  S, Va hour, +  H, 1 houra 550 520
5. Same as 4, with shaking." 550 525

0  A precipitate formed before hapten was added.

Discussion
A reasonable interpretation of these results 

and those of the preceding paper can be given in 
terms of the multivalent-antibody theory. This 
interpretation is conveniently presented with the 
aid of a simplified model susceptible to easy 
mathematical treatment.4

Let us assume that our idealized antigen- 
antibody system consists of a solution containing 
antigen molecules A, antibody molecules B, 
soluble complex molecules A2B, and molecules 
AB in equilibrium with a precipitate AB. We 
ignore other complexes A3B2, A4B3, AB2, etc., and 
the known heterogeneity of antibody molecules 
in a serum.

For simplicity we assume that each of the two 
bonds in A-B-A is equal in strength to the bond 
in A-B, and that the equilibrium constants for 
the two reactions

A +  B = AB
and

A +  AB = A2B
differ only by the entropy factor 4. We represent 
these by 4K  and K , respectively, with K  the 
equilibrium constant for combination of a single 
haptenic group of an antigen molecule and a 
single complementary region of an antibody 
molecule, and derive the equation

■ 4F(pp) — -4 total  ̂ 2  j F  total I

______________ [5(1 +  K s)/K  +  ( 4 total -  F total)2]1/*} (1 )

(4) Somewhat similar quantitative theories of the precipitin reac­
tion have been published by M . Heidelberger and F. E. Kendall, J. 
Exptl. Med., 61, 563, 62, 467, 697 (1935); 66, 229 (1937); F. E. Ken­
dall, Annals N. Y. Acad. Sci., 153, 85 (1942;; and A. D. Hershey, J . 
Immunol., 42, 455 (1941). These theories are designed to apply 
more broadly than ours, which is based on postulates suited to the 
special antigens and haptens which we are studying.
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in which AB  (pp) is the amount of precipitated 
compound, with solubility s, and A totai and 
Btotai are the total amounts (per unit volume) of 
antigen and antibody in all molecular species, 
including the precipitate.

The curves of amount of precipitate for a given 
antiserum with varying amounts of antigen cal­
culated with this equation have the general shape 
indicated by the experimental points.

Curves for the arbitrary values s =  1, K  =  1/ 2 
are plotted against A total in Figure 2 for each of 
several values of Btotah corresponding to the 
strength of the serum. It is seen that in each 
case the maximum amount of precipitate is pro­
duced by an amount of antigen approximately 
equal to the amount of antibody. This is in 
agreement with the results obtained with diluted 
serum (Tables IV and VII).

Fig. 2.—Theoretical curves showing amount of precipi­
tate AB as function of amount of antigen A for antisera 
with varying antibody concentration B = 5 to 25. 
Values of constants used are s =  1, K  =  V2.

The observation, reported in the preceding 
paper, that different polyhaptenic antigens con­
taining the same haptenic group have the same 
molal concentration for maximum precipitation 
with a given serum, although the amount of pre­
cipitable antibody in the serum varies with the 
antigen, requires explanation, since it might well 
be expected that the optimum antigen concentra­
tion would be proportional to the amount of 
precipitate. Let us assume that for antigens 
containing the same haptenic group the A-B 
bond constant K  has the same value, but that

the solubility 5 of the precipitate may vary. This 
might reasonably result from steric interference 
of the large antibody molecules in the chains 
-A -B -A -B -A -B  - in the precipitate, which might 
cause a second bond formed by a bivalent antigen 
molecule to be much weaker than the first bond. 
The curves in Fig. 3, with K  constant and 5 vary­
ing, represent this situation. We see that, as the 
result of the consecutive equilibria A +  B =  AB 
and AB +  A =  A2B, the position of the maximum 
is constant when K  is constant and the solubility 
5 varies. It is found from the equation, in fact, 
that the maximum occurs at the point ^4 to ta l ~  

Btotai =  1/2K , and is independent of s.

Fig. 3.—Calculated effect of variation of solubility of 
antigen-antibody precipitate on amount of precipitate; all 
curves for initial antibody concentration B =  25 and
k  -  y 2.

It is also found (Fig. 4) that variation in K  
produces little change in the optimum antigen 
concentration, except when the value of K  be­
comes very small. It accordingly seems probable 
that the difference of the optimum concentration 
for antigens containing the haptenic group R and 
those containing the longer group R', as shown 
in Fig. 3 of paper I, is evidence that the effective 
strength of the serum for groups R' is greater than 
that for R, because of the presence of antibodies 
capable of combining with R' and not with R.

The maximum amount of precipitate is in­
dependent of K ;  its value, as found from Equa­
tion 1, is -Ftotal — 2$.

The fact that change in effective strength of a 
serum with change in pH is not accompanied by
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Fig. 4.—Calculated effect of variation of A-B bond- 
strength constant K  on amount of precipitate; all curves 
for initial antibody concentration B — 25 and AB solubil­
ity $ = 1.

shift of the optimum antigen concentration indi­
cates that the effect is not due simply to change in 
the concentration of effective antibody molecules. 
Further experiments on the pH  effect are under 
way.

The phenomenon of hapten inhibition has been 
explained by Landsteiner as resulting from com­
bination of hapten and antibody to form a soluble 
complex, thus effectively neutralizing the anti­
body. The formation of soluble complex instead 
of a precipitate by antibody and hapten is ex­
plained by the framework theory as the result 
of the univalence of the hapten. It might be 
expected that as the maximum amount of pre­
cipitate which can be obtained from a serum is 
decreased by addition of hapten there would occur 
a corresponding decrease in the optimum antigen 
concentration, as was observed in the dilution 
experiments.

It is seen from Fig. 1, however, that the opti­
mum antigen concentration is not shifted very 
much by addition of hapten. A small shift can 
be predicted by an extension of our simple theory. 
If we consider a system containing in solution 
the molecular species H, BH, BH2, and ABH 
(H =  hapten) as well as A, B, AB, and A2B, and 
assume the B—H bond strength to be such that 
the equilibrium constants for the reactions

and
AB +  H — ABH

are 2K ', K '/2 , and K 'y respectively, we obtain 
the set of equations

AB( pp) = A total -  5 - «{1 + 2K (s +  z)j (2)
A total Ftotal ~ OL — 4Aa

. „  aKz2 -j- aKs — z ---------5 (3)
1 / 5  , , 1 \ U /  5 1 '

Z “  2 \2 ÏÜ  +  s  +  j f ' )  * W S a ' + ' + Z » , ) +
^Htotal l Va 
2Ka \ (4)

in which Htotal is the total hapten concentration. 
The auxiliary variables a (the concentration of 
the molecular species A in solution) and z (the 
concentration of the molecular species HB in 
solution) are related by Equation 4, by means of 
which z can be calculated for an assumed value of 
a. Then by use of Equation 2 the amount of 
precipitate can be found, and by Equation 3 the 
variable a can be replaced by A to ta i and Btotal.

Fig. 5.—Calculated effect of addition of hapten on 
amount of antigen-antibody precipitate, for Ftotai =  25, 
K  = V2, and K ’ = s = 1.

In Fig. 5 there are shown curves calculated in 
this way for K  — 1/ 2f K ' =  s — 1, Btotal =  25, and 
iJtotai =  0, 5, 10, 20, 30, and 40. It is seen that 
there is a small shift of the maxima toward lower 
antigen concentrations. In the region of the 
equivalence zone, where A totai equals Btotai, the 
amount of precipitate formed is proportional to 
the hapten concentration, as is given by Equation 
5, which is derived from Equations 2, 3, and 4. 

dAB(pp) = y 2 +  K s  -f- ( K 2s2 +  K s ) 1/*

dfftotal l + K s  +  ( l +  (JW  +  K s ) lhB +  H = BH
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Fig. 6.—Observed effect of haptens XXII and XXVII 
on amount of precipitate between antigen XX and anti­
serum (Table XI).

The experimental data at low hapten concentra­
tions are in rough agreement with the straight- 
line relation, as shown in Fig. 6 for the data of 
Table XI.

In Fig. 7 there is shown the predicted effect of 
variation of the hapten-antibody bond-strength 
constant K'.

It might be expected from its similarity in 
structure with the antigen that hapten XXVII, 
O -  would be much more effective
than hapten XXII, arsanilic acid, in inhibiting 
precipitation by antigen XX, Ry<̂  >̂R"; that 
this expectation is borne out can be seen from the 
slopes of the curves of Fig. 6. The data of Table 
X show that hapten XXIII, HO<̂  ^>R, has

OH
R'(

greater inhibiting effect for antigen X,
,CHS

R'
than has hapten XXII.

The data of Tables VIII and IX cannot be in­
terpreted so reliably, since the antigen used (VI) is 
trihaptenic. The observation that hapten XXIII 
is very much more effective than hapten XXI, 
phenylarsonic acid, is however to be expected 
from the structures. We are planning to continue 
work on hapten inhibition, with the hope of ob­

Fig. 7.—Calculated dependence of amount of antigen- 
antibody precipitate on hapten-antibody bond-strength 
constant K ', for A total = £totai = 25, K  — 1/ 2, s — 1.

taining quantitative information about the rela­
tive bond strengths of different haptenic groups 
with antibody.

We thank the Rockefeller Foundation for 
financial support of this work. We are indebted 
also to Dr. Verner Schomaker for helping with 
the theoretical treatment of antibody-antigen- 
hapten interactions, and to Mr. Shelton Steinle 
for carrying out analyses.

Summary
The results are reported of experimental studies 

of the effect of changed conditions, including 
time and temperature of precipitation, washing, 
addition of buffer solution and normal serum, 
hydrogen-ion concentration, and addition of 
hapten, on amount of precipitate formed by 
antisera and simple polyhaptenic antigens of 
known structure.

A simple theory of antibody-antigen-hapten 
interaction is formulated on the assumption of 
the bivalence of antibodies. It is found that 
this theory provides a reasonable interpretation of 
the experiments.
P a s a d e n a , C a l i f o r n ia  R e c e iv e d  J u l y  6, 1942
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The Serological Properties of Simple Substances. III. The Composition of Pre­
cipitates of Antibodies and Polyhaptenic Simple Substances; the Valence of Anti­

bodies
B y L in u s  P a uling , D avid P ressm an , and C arol I keda

The antibody-antigen mole ratio of precipitates 
formed by interaction of antigens and homologous 
antisera provides information about the relative 
combining powers or “valences” of antigen and 
antibody molecules. For protein antigens it has 
been found by Heidelberger and co-workers1 and 
by other investigators2 that the antibody-antigen 
mole ratio is greater than unity, and increases from 
the antigen-excess region (where the values 
approach unity) through the equivalence zone 
to the antibody-excess region, the values for the 
last region being nearly twice those for the 
equivalence zone. These results, which show that 
the effective valence of the protein antigen mole­
cules is greater than that of the antibody mole­
cules, have been accounted for in a reasonable 
way by the framework theory and the postulate 
that antibodies which act as precipitins are 
bivalent.3 Since the mole ratio gives only the 
relative valences of antigen and antibody, and 
information about the valence of protein antigens 
is in general not at hand, these data do not 
directly provide information about the valence 
of the antibodies; but similar data for simple 
antigens of known structure should give this in­
formation. In this paper, the third in a series 
of studies of the serological properties of simple 
substances,4 we present and discuss the results 
of about 400 analyses of precipitates formed by 
antibodies and polyhaptenic substances.

Experimental Methods.—The preparation of 
antigens and antisera and the techniques of pre­
cipitation and analysis have been described in the 
first paper of this series.

A series of tests was made to determine the 
extent to which the dyes used in the investigation 
might be non-specifically carried down with the 
specific precipitates. In each test 1 ml. of dye 
solution in borate buffer solution of pH 8 was 
added to 1 ml. of buffer solution containing 1 mg.

(1) M . Heidelberger, T h is  J o u r n a l , 60, 242 (1938).
(2) See the summary of results given by J. R . Marrack, “The 

Chemistry of Antigens and Antibodies,” His M ajesty’s Stationery 
Office, London, 1938, p. 161.

(3) L. Pauling, T h is  J o u r n a l , 62, 2643 (1940).
(4) L. Pauling, et al., ibid., 64, 2994 and 3003 (1942).

ovalbumin; 1 ml. of antiovalbumin rabbit serum 
was then added, the tube was allowed to stand one 
hour at room temperature and overnight in the 
refrigerator, and the precipitate was then cen­
trifuged down, washed three times with 10-ml. 
portions of saline solution, and analyzed for dye 
and protein. Six tests, with amount of dye 
increasing by threefold steps from 4 to 1000 Mg-> 
were made with each of the dyes III, VI, IX, X, 
XI, and XII. The amount of dye found in the 
precipitate was about 3 Mg*» exceeding this value 
only for the two largest amounts of added dye 
(1000 and 333 Mg*)* Since the amount of pre­
cipitated antibody in each test, about 6 mg., 
corresponds for specific precipitation to about 
30 to 70 Mg* of dye, a possible error of about 4 to 
10% because of non-specific coprecipitation of 
dye is indicated.

Values of the Antibody-antigen Mole Ratio for 
Simple Antigens.—Many experiments were car­
ried out in which equal volumes of antiserum 
were mixed with antigen solutions containing 
varying amounts of the dye. The following 
seven dyes were used

OH
III r / ^ C H s VI

R '
h o I Jo h

R'
R' R'

with R the short haptenic group —NN<^ ^>As03H2 
and R' the longer group

-NN<Z>NN<Z>As0>Ha
In most of the experiments no difference in
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composition was found to within the estimated 
reliability of the results (about =±=10%) for pre­
cipitates obtained in the entire range from antigen 
excess to antibody excess. Data for three series 
of tests are represented in Fig. 1. It is seen that 
in these three series, two of which cover the range 
from antigen excess (at the right) to antibody 
excess, there is evidenced no significant trend of 
the mole ratio.

In Tables I to VI there are given the averaged 
values of the mole ratio for the forty-three series 
of tests carried out, with a description of the 
conditions for each series. The mean deviation 
of the ratios from the average for each series is 
also given. The average of all tests for each 
antigen and the mean deviation from the average 
are shown at the bottom of the corresponding 
table. The mean deviations give an indication 
of the probable reliability of the results.

In three series the hydrogen-ion concentration 
was varied from about pH 7.8 to pH 9.2 for the 
supernate; no significant correlation with the 
mole ratio was detected, and the values were 
averaged for inclusion in the tables.

The mole ratio values given in Tables IV, V, 
and VI show especially pronounced variation. 
We have not detected any reliable correlation 
with the changed test conditions, nor found any 
explanation of the variation.

In a few series, notably the two for antigen IX, 
a pronounced decrease of the mole ratio with 
decrease in the amount of added antigen was 
found. This behavior, which is the opposite to 
that shown by protein antigens, is hard to under­
stand; and we plan to study it further, checking 
especially the possibility of some so far undetected 
source of error.

Discussion.—The most extensive and con­
sistent set of analyses, that for the trihaptenic 
antigen VI (Table I), gave the average value 
0.85 ±  0.11 for the antibody-antigen mole ratio. 
The same average, 0.85, is obtained by adding 
to the 186 analyses for this antigen the 53 analyses 
made for the other trihaptenic antigens XI and 
VII (Tables II and III).

The interpretation of this number requires an 
assumption as to the number of haptenic groups of 
the dye which are effective in forming bonds with 
antibody molecules. If all three of the haptenic 
groups were thus effective, the valence of the 
antibody would be given by the observed ratio 
as 3/0.85 =  3.5. But the observations indicate

■«— Log of amount of antigen.
Fig. 1.—Values of (from bottom up) amount of antigen 

(micrograms) in precipitate, amount of antibody (micro­
grams) in precipitate, and antibody-antigen mole ratio. 
The three series of tests correspond to line 1 of Table I 
(top), line 6 of Table IV (middle), and line 7 of Table IV 
(bottom). The horizontal scale is the logarithm of the 
amount of antigen used, with the maximum at the left.

in several ways that the haptenic groups are not 
all effective. First, the average ratio from the 
119 analyses for the dihaptenic dyes is 0.75, and 
that from the 44 analyses for the tetrahaptenic 
dyes is 0.83; and these numbers differ from the 
value for the trihaptenic dyes by much less than



Table I
A n t ib o d y -a n t ig e n  M o l e  R a t io  f o r  T r i h a p t e n ic  A n t i g e n  VI
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Antiserum Antigen solution® Buffer
pH of 

supernate
Number of 

analyses
Mole ratio 

antibody/antigen
E, 3 ml. 3 ml., 75 to 13 Mg* 8.1—8.2 37 O 88 H- o .10
E, 3 3 ml., 110 to 14 8.2 25 .94 ± .09
H, 10 5 ml., 167 to 10 10 m l.,£H9.0 8.8 8 .88 * .0 7
H, 7 5 ml., 75 7 ml., 7.0 to 10.0 7.8 to 9.2 7 .88 ± .06
H, 10 5 ml., 165 to 15 10 ml., 8.5 8.4 7 .79 =*= .08
F, 7.5 7 ml., 105 to 21 20 ml., 9.0 8.8 4 .96 * .01
F, 7.5 14 ml., 100 to 20 20 ml., 9.0 8.8 4 .93 d= .02
c .  2 2 ml., 100 to 12.5 8.4 8 .71 d= .08
C, 3 b 3 ml., 75 8.1 24 .90 =*= .05
E, 2 b 2 ml., 50 8.1 5 .87 d= .07
E, 3C 3 ml., 38 8.0-8.3 14 .84 =*= .04
E, 3'' 3 ml., 75 to 22 3 ml., 7.0 7.6-7.7 8 .70 ± .04
E, 3d 3 ml., 75 to 22 3 ml. saline 8.1-8.2 7 .90 db .07
E, 3 d 3 ml., 75 to 22 3 ml., 8.0 8.1 8 .69 =*= .05
E, 3d 3 ml., 75 to 22 3 ml., 9.0 8.8-8.9 8 .61 ± .06
R, 5 5 ml., 167 to 22 8.0 12 .71 =*= .08

Average of 186 analyses 0.85 ±  0.11
“ In this and succeeding tables there are shown in this column the volume of solution and the amount of antigen con­

tained in it. The notation “75 to 13 jug.” in the first row, for example, indicates that these are the limiting values of the 
sequence of 37 differing by a constant factor (in this case 1/1.05). Unless otherwise indicated, the antigen solutions were 
made by dissolving the antigen in saline solution with sodium carbonate added to bring the pH to about 8.5. b From 
Table I of paper II. c From Table II of paper II. d From Table V of paper II.

Table II
A n t i b o d y -a n t ig e n  M o l e  R a t io  f o r  T r i h a p t e n ic  A n t i g e n  XI

Antiserum Antigen solution Buffer
pH of 

supernate
Num ber of 

analyses
Mole ratio 

antibody/antigen
J, 10 ml. 10 ml., 200 to 7.4 Mg. 10 ml., pH 9.0 8.9 8 0.97 ±  0.05
J, 10 10 ml., 222 to 13 10, 9.0 8.9 9 .85 ± .13
J, 10 10 ml., 149 to 45 10, 9.0 8.9 4 .84 db .09
J, 10 10 ml., 200 or 149 10, 7.0 to 10.0 7.7 to 9.4 8 .95 d= .10
C, 1 1 ml., 200 to 6.25 8.5 12 .87 =*= .09

Average of 41 analyses 0.90 ±  0.07
T a b l e  III

A n t i b o d y -a n t ig e n  M o l e  R a t io  f o r  T r i h a p t e n ic  A n t i g e n  VII
Antiserum Antigen solution Buffer

pH of 
supernate

Num ber of 
analyses

M ole ratio 
antibody/antigen

K, 3 ml. 3 ml., 67 to 6 Mg- 7.8 6 0.72 ±  0.14
K, 3 3 ml., 67 to 9 3 ml., pH 9.2 8.8 6 .69 =*= .11

Average of 12 analyses 0.71 ±  0.13
T a b l e  IV

A n t i b o d y -a n t ig e n  M o l e  R a t io  f o r  D ih a p t e n ic  A n t i g e n  III
Antiserum Antigen solution Buffer

pH of 
supernate

Num ber of 
analyses

M ole ratio 
antibody/antigen

H, 20 ml. 10 ml., 360 to 105 Mg. 20 ml., pH 8.5 8.5 4 0.99 ± 0.10
H, 10 5 ml., 167 to 33 10 ml., 9.0 8.8 5 1.19 d= .12
H, 10 10 ml., 222 10 ml., 7.0-9.5 7.7-9.1 5 0.85 =*= .10
K, 5 5 ml., 67 to l l 7.9 11 .76 =*= .04
K, 3 3 ml., 67 to 11“ 8.8 11 .58 d= .05
L, 5 5 ml., 167 to 65 7.9 20 .51 ± .03
L, 5 5. ml., 167 to 65“ 8.8 15 .57 ± .03
L, 5 10 ml., 125 and 55 7.9 2 .69 =i= .01
L, 5 10 ml., 125 to 55“ 8.8 3 .73 =*= .02
M, 10 10 ml., 220 to 46 8.2 8 1 .1 8  db .1 6
N, 10 10 ml., 167 10 ml., 8.0 7.9 3 0.71 =*= .02
O, 15 15 ml., 250 15 ml., 8.0 7.9 3 .60 =*= .08
P, 15 15 ml., 375 15 ml., 8.0 7.9 2 .81 ± .08
Q, 5 5 ml., 158 5 ml., 8.0 7.9 3 .7 3  d= .00

Average of 95 analyses 0.73 =*= 0.17
,l Antigen dissolved in buffer, pH 9.2.
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T a b l e  V

A n t i b o d y -a n t ig e n  M o l e  R a t io  f o r  D i h a p t e n i c  A n t i g e n  X
Antiserum Antigen solution Buffer

pn.of 
supernate

Num ber of 
analyses

M ole ratio  
a n tib o d y /a n tig en

F, 2.5 ml.a 5 ml., 100 Mg- 7.5 ml., pH. 9.0 17 0.93 ±  0.08
0 ,2 2 ml., 200 to 19 9.0 7 . 54 ±  .09

From Table III of paper II.
T a b l e : VI

Average of 24 analyses 0.82 ±0 .16

A n t i b o d y -a n t ig e n  M o l e  R a t io  f o r  T e t r a h a p t e n i c  A n t i g e n s  IX  a n d  X II
Antiserum Antigen solution

pn of 
supernate

Num ber of 
analyses

M ole ratio  
a n tib o d y /a n tig en

C, 2 ml. 2 ml., 100 to 12.5 jug. antigen IX 8.4 8 1.20 =fc 0.15
R, 5 5 ml., 167 to 22 /xg. antigen IX 8 . 0 12 0.98=*= .25
C, 2 2 ml., 200 to 6.25 jxg. antigen XII 12 .87 dh .06
R, 5 5 ml., 167 to 22 fxg. antigen XII 8 . 0 12 .40 ±  .06

Average of 44 analyses 0.83 db 0.25

the 33Va% which could be expected if all of the 
haptenic groups were effective, the antibody 
valence remaining constant. Second, if all three 
haptenic groups of a trihaptenic dye were able to 
form bonds with different antibody molecules a 
pronounced change in composition of the pre­
cipitate with change of the total antibody- 
antigen ratio for the system would be expected, 
and this is not observed. For bivalent antibody 
and trivalent antigen the expected values of the 
antibody-antigen ratio are 1.0 for antigen excess,
1.5 for the equivalence zone, and 2.0 for antibody 
excess.3 Such change in composition is observed 
for protein antigens; but it did not appear, to 
within the estimated probable error of the work, 
in any of our series (illustrated by that for antigen 
VI shown in Fig. 1).

It is, moreover, not unreasonable that the 
number of antibody molecules to which a small 
antigen molecule can be bonded should be limited. 
If, as has been postulated,3 the bond between dye 
and antibody is formed by the insertion of the 
haptenic group into a complementary cavity in 
the antibody molecule (Fig. 2), then it might well 
occur that two antibody molecules attached to a 
dye molecule would by steric interference prevent 
others from attaching themselves to the other 
haptenic groups of the dye molecule. If this were 
to hold for every dye molecule the antibody- 
antigen ratio for bivalent antibodies would be 1.

Even with the minimum effective antigen va­
lence, 2, compatible with the framework theory, 
the valence of the antibody molecules must be 
taken greater than 2 to account for the observed 
values less than unity for the mole ratio. The 
possibility that dye not specifically bonded to 
antibody is carried down with the precipitate was

tested as described above, and it was found that 
about 3 /jig. of dye per 6000 ng. of precipitated 
antibody was carried down by ovalbumin- 
antiovalbumin precipitates. If a corresponding 
10% correction were made, the antibody-antigen 
ratios (for specifically precipitated dye) would 
become 0.83, 0.93 and 0.91, which are still less than 
unity. It is, of course, possible that the non­
specific precipitation of dye is somewhat greater, 
but it seems more probable that the extra dye 
molecules are held by specific hapten-antibody 
bonds, as discussed below.

Fig. 2.—Scale drawing showing how steric interference of 
antibody molecules might prevent a trihaptenic dye from 
combining with more than two antibody molecules. The 
radius of curvature of the antibody molecules as drawn is 
30 A.

The calculation of the antibody valence on the 
basis of this assumption is not straightforward. 
If each dye molecule were to use two haptenic 
groups in bond formation the antibody valence 
given by the ratios would be 2/0.75 =  2.7 for
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Fig. 3.—Scale drawing representing the structure of the 
precipitate formed by antibody and an antigen such as VI, 
CeHCOHMNNCe^AsOsEÜs, as indicated by the experi­
mental results. Most of the antibody molecules are biva­
lent, and most of the antigen molecules use only two of their 
three haptenic groups for forming bonds with antibodies. 
Two long chains are shown, and a short connecting chain. 
This is attached at A to an antigen molecule bonded to 
three antibody molecules—a structural feature expected to 
be rare because of steric interference of the antibody mole­
cules. The bond at B is to a trivalent antibody. There 
are four other trivalent antibodies, three with extra anti­
gens attached, leading to the antibody-antigen ratio 0.85.

the precipitates with dihaptenic dyes, 2/0.85 =
2.3 for those with trihaptenic dyes, and 2/0.83 =
2.4 for those with tetrahaptenic dyes. If, on the 
other hand, extra dye molecules were held by a 
single bond to dye-antibody chains the increased 
antibody valence over 2 would need to be only 
oné-half as great, and the antibody valence would 
be calculated to be 2.3, 2.2, and 2.2, respectively.

It seems not unlikely that some antibodies have 
more than two regions complementary to the 
haptenic group. Even if, as has been postulated,3 
only two parts of an antibody molecule assume 
configurations complementary to a portion of the

surface of the immunizing antigen, this portion 
might include, in the case of an azoprotein, two 
or more haptenic groups, so that the resultant 
antibody molecule would be able to interact with 
three haptenic groups or more.

The picture of the antibody-dye precipitates 
indicated by our data is thus the following. Only 
two of the haptenic groups of a dye are ordinarily 
effective in reacting with antibody, others being 
presumably inhibited by steric interference of 
the attached antibody molecules. The effective 
valence of the antibody molecules is also usually 
2, but some of these molecules, with three or more 
hapten-complementary regions, form bonds with 
additional dye molecules, causing the antibody- 
antigen mole ratio to fall below unity. Figure 
3 illustrates various aspects of this picture.

We thank the Rockefeller Foundation for 
support of the work reported in this paper, and 
Mr. Shelton Steinle and Mrs. Elizabeth Swingle 
for carrying out analyses.

Summary
Many analyses of precipitates between dyes 

containing azophenylarsonic acid groups and 
hapten-homologous antisera have been made, 
leading to the average antibody-antigen mole 
ratios 0.75 for dihaptenic dyes, 0.85 for trihaptenic 
dyes, and 0.83 for tetrahaptenic dyes. The 
approximate equality of these values is inter­
preted as resulting from the limitation to 2 of 
the effective valence of polyhaptenic dyes by the 
steric interference of attached antibody molecules, 
and the approximation of the values to unity is 
taken to indicate bivalence of most of the antibody 
molecules.
P a s a d e n a , C a l i f o r n ia  R e c e iv e d  J u l y  6 , 1942
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The Serological Properties of Simple Substances. IV. H apten Inhibition of P re­
cipitation of Antibodies and Polyhaptenic Sim ple Substances

B y D avid P ressm an , D avid H . B ro w n , and L in u s  P auling

As part of a series of studies of the antigen- 
antibody reaction by use of polyhaptenic simple 
substances as antigens,1’2*3 we have made a 
quantitative investigation of the ability of various 
substituted phenylarsonic acids to inhibit the 
precipitation of compounds containing two or 
more phenylarsonic acid groups with antiserum 
to sheep serum coupled with diazotized p- 
arsanilic acid*4 The investigation included study 
of the effect of various concentrations of hapten
XXIII ( HO<( ) n n (  )>AsQ3H8)  on the
amount of precipitate obtained with antiserum 
and various concentrations of antigen VI 
j  R OH
I <(" "/R, where R is the ̂ -azophenylarsonic acid
\  R OH
group); the effect of changed conditions of pre­
cipitation for the same system; the effects of four 
haptens on the precipitation of each of five anti­
gens and each of two pools of antiserum; and the 
effects of 24 different haptens on one precipitin 
reaction. The results are discussed in this paper.

Experimental Methods 
Simple Antigens and Haptens.—The sub­

stances used are the polyhapténic compounds
OH

OH

R"(CH2)2R"
xv

The preparation of 
most of these substances has already been de­
scribed1 or will be discussed elsewhere.5

^-Benzoylaminophenylarsonic acid was prepared from 
^-arsanilic acid and benzoyl chloride by the Schotten- 
Baumann reaction. The product was precipitated with 
hydrochloric acid and purified by extraction with boiling 
ethanol.

p-Acetaminophenylarsonic acid was prepared from p- 
arsanilic acid and acetic anhydride in basic solution. The 
compound was purified by precipitation with hydrochloric 
acid and recrystallization from boiling water.

Antisera to sheep serum coupled with diazotized arsanilic 
acid were prepared as previously described, with use of the 
same rabbits.

Method of Analysis.—Each precipitate was centrifuged 
and washed thoroughly with three 10-ml. portions of 0.9% 
saline solution at room temperature. The amount of pro­
tein in the precipitate was determined with the Folin- 
Ciocalteu reagent6 by a modification to be discussed else­
where.

Buffer.—The borate buffer of pH 8.0 was prepared by 
adding 0.16 N  sodium hydroxide solution to 0.2 M  boric 
acid in 0.9% sodium chloride solution. The antigen and 
hapten solutions were all diluted with this buffer.

T a b l e  I
E f f e c t  o f  S t a n d in g  a t  R o o m  T e m p e r a t u r e  a n d  i n  t h e  
R e f r ig e r a t o r  o n  A m o u n t  o f  P r e c i p i t a t e  O b t a i n e d  i n  

t h e  P r e s e n c e  o f  H a p t e n

Analyses for 5-ml. aliquots of a mixture of equal volumes 
of serum S, antigen VI (25 jug./ml.), and hapten X X III 
(60//ig.(ml.). pH of all supernates 8.2.

and
(1) L. Pauling, D . Pressman, D . H . Campbell, C. Ikeda, and M. 

Ikawa, T h is  J o u r n a l , 64, 2994 (1942).
(2) L. Pauling, D. Pressman, D. H. Campbell, and C. Ikeda, ibid., 

64, 3003 (1942).
(3) L. Pauling, D, Pressman, and C. Ikeda, ibid., 64, 3010 (1942).
(4) The first experiments on the precipitation of polyhaptenic 

simple substances by antisera and its inhibition by haptens were 
carried out by K. Landsteiner and J. van der Scheer, / .  Exp. Med., 
66, 399 (1932).

Time at 
room temp.

N ights in 
refrigera­

tor
Amount of precipitated  

antibody, fig.
0 1 125 131 138
0 2 131 131 144
3/ 4 hour 1 125 125 131
3A hour 2 131 144 144
2 hours 1 106 106 144
2 hours 2 106 119 125 125 125 138
Overnight 0 63 63 63
Overnight 1 94 100 100 106

Hapten replaced by buffer
2 hours 2 810

(5) D . Pressman and D . H. Brown, to  be published.
(6) O. Folin and V . Ciocalteu, J.. Biol. Chem., 73, 627 (1927).
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The Effect of Changed Conditions on Amount of Pre­
cipitate,—In order to observe the effect of standing on the 
amount of precipitate obtained in the presence of hapten, 
equal volumes of serum S, antigen VI (25 jug-/ml.), and 
hapten X X III (60 /xg./ml.) were mixed and 5-ml. aliquots 
of the mixture were permitted to stand zero, three-quarters, 
or two hours or overnight at room temperature and were 
then placed in the refrigerator at 3° over zero, one, or two 
nights. The amount of precipitate obtained in each test 
was about 15% of that obtained in the absence of hapten. 
The results are given in Table I.

Only when the tubes stood overnight at room tempera­
ture without subsequent refrigeration was a significant 
decrease in the amount of precipitate observed. This 
effect was also observed with specific precipitates in the 
absence of hapten.2 A slight decrease was observed when 
the tubes stood overnight at room temperature and then 
overnight in the refrigerator.

T a b l e  II
I n h i b i t i o n  o f  P r e c ip it a t io n  o f  A n t i s e r u m  S  a n d  A n t i ­

g e n  VI b y  H a p t e n  XXIII
Antigen solution, hapten solution, and antiserum, 1 ml. 

each; 2 hours at room temperature, overnight in refrigera­
tor. Blanks of antiserum and buffer: 0, 0, 0 ng. pH of 
all supernates 8.2.

Am ount of antigen, jug.
A m ount of 6.3 12.5 25 50 100
hapten , jug. Am ount of antibody precipitated, jug.®

0 122 335 660 305 (144)
4.1 (131) 262 356 181 131
8.3 125 212 285 147 106

16.5 88 163 178 109 103
31 41 94 116 72
63 9 41 31 35 (31)

125 6 6 19 12 12
250 0 0 3 0 3
500 0 0 6 0 3

° Values are averages of duplicate analyses, with mean 
deviation of dt=5% from the averages, except for the values 
in parentheses, which represent single analyses.

The Effect of Various Amounts of Hapten XXIII on 
Amount of Precipitate Obtained with Various Amounts of 
Antigen VI.—-The results of the study of inhibition by hap­
ten XXIII of the precipitation of antigen VI are given in 
Table II. As previously observed with phenylarsonic acid 
as the hapten,2 the optimum zone does not shift signifi­
cantly with increasing amounts of hapten.

Experiments on the Relative Inhibiting Powers of Dif­
ferent Haptens.—Since the effect of hapten inhibition is 
most easily given theoretical interpretation in the antigen- 
antibody equivalence zone, experiments were carried out 
with antiserum pools S and T to determine the optimum 
zones (which may be taken as the equivalence zones) for 
antigens III, VI, XI, XV, and XX. The results are given 
in Table III. I t is seen that antiserum S contained much 
more antibody than T. As previously observed,1 antigen 
XI, with long haptenic groups, gave much larger amounts 
of precipitate than the others. I t  is interesting, as an ex­
ample of the variability of antisera, that antigen XX gave 
more precipitate than antigens III, VI, and XV with anti­
serum T but less with antiserum S.

Hapten inhibition experiments were then carried out 
with haptens XXI, XXIII, XXVIII, and XXIX and these 
five antigens in the optimum zones for the individual anti­
gens with each of the antisera S and T. The results are 
given in Tables IV and V.

Experiments were also carried out with antiserum S and 
antigen VI at the optimum concentration in the presence 
of each of twenty-four haptens at various concentrations, 
with the results shown in Table VI.

Discussion
The data on hapten inhibition given in the fore­

going tables can be most effectively discussed by 
comparison with the simple theory developed in 
a preceding paper of this series.2 It was shown 
that for the system postulated, with both antigen 
and antibody assumed to be bivalent, a plot of 
the amount of antibody precipitated, for the case

T a b l e  III
P r e c ip it a t io n  o f  A n t i s e r a  S  a n d  T  a n d  F i v e  A n t i g e n s  

Antigen solution 0.5 ml.; antiserum, 0.5 ml.; 1 hour at room temperature and overnight in refrigerator.
Amount of antigen used, jug.

4.7 6.2 8.0 10.4 13.5 17.5 22.8 29.6 38.5 50
Amount of antibody precipitated, jug.®

Antiserum S
Antigen III 194 228 303 (275) 306 226 191 169 135 (106)

VI 101 157 278 426 372 263 (156) 85 69 32
XI 147 226 291 438 603 859 1070 1410 1340 1300

XV (138) 160 (187) 178 125 115 (75) 47 32 28
XX (69) 1 0 0 97 107 54 47 28 28 22 22

Blanks of iantiserum and buffer: 0, 0, 0. pH of supernates 8.2
Antiserum T
Antigen III 1 0 16 0

VI 4'7 42 10
XI 153 (187) 253 319 438 500 460 472 469 359

XV 0 19 22 13 13
XX 88 63 63 56 81 41 44 28 50 31

Blanks of antiserum and buffer : 0 ,0 ,0 . pH  of supernates 8.3
a Averages of duplicate analyses, with mean deviation =*=7%; single analyses in parentheses.
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T a b l e  IV
H a p t e n  I n h ib it io n  o f  P r e c ip it a t io n  o f  A n t i s e r u m  S  a n d  A n t i g e n

Antigen solution, hapten solution, and antiserum, 1 ml. each; overnight at room temperature and overnight in refriger­
ator. Blanks of antiserum and buffer: 0, 0, 0 fig. pH of all supernates 8.2.

Amount of hapten, fig.
Antigen,

Mg. Hapten
0 1.95 3.9 7.8 15.6 31.3 

Amount of antibody precipitated, jug.®
62.5 125 250

I l l XXI 540 522 * 488 (456) 413 394 365 241
25 XXIII 468 488 (438) 285 257 181 113 50

XXVIII 563 541 479 410 (406) 276 219 166
XXIX 528 538 525 507 463 432 403 378

VI XXI 556 500 432 369 266 191 147 101 97
25 XXIII 485 363 254 127 91 47 6 0

XXVIII 457 397 319 213 122 60 28 6
XXIX 528 519 488 441 362 294 222 197

XI XXI 2310 2290 2160 (2070) 1935 1640 1400 1360 1090
59 XXIII 2255 2130 1955 1585 1170 794 416 194

XXVIII 2285 2190 1860 1800 1320 970 663 435
XXIX 2410 2330 2280 2210 2115 (2060) 1740 1490

XV XXI 386 416 347 307 332 225 188 119
25 XXIII 366 347 228 131 79 37 16 0

XXVIII 360 363 310 225 178 88 41 13
XXIX 388 (400) (419) (425) 402 347 366 385

XX XXI 167 194 178 178 169 147 125 94 60
16.7 XXIII 135 125 88 50 37 6 0

XXVIII 141 125 106 63 37 6 0 0
XXIX 190 181 181 147 141 125 116 94

° Averages of duplicate analyses, with mean deviation =±=3%; single analyses in parentheses.

T a b l e  V
H a p t e n  I n h i b i t i o n  o f  P r e c ip it a t io n  o f  A n t is e r u m  T  

a n d  A n t i g e n

Antigen solution, hapten solution, and antiserum, 3 ml. 
each for antigen VI, 2 ml. for XI and XX; 2 hours at 
room temperature and overnight in refrigerator. Blanks 
of antiserum and buffer: 0, 0, 0 jug. pH of all supernates
7.8-7.9.

Concentration of hapten solution, jug./ml.
0 1 .95  3 .9  7 .8  15 .6  31 .2

Antigen,
;./m l. Hapten Amount of antibody precipitated, jxg.®

VI X X I 373 353 (325) 254 197 (119)
10 X X III 353 347 294 185 63

X X V III 303 178 57 22 3
X X IX 356 344 291 244 166

X I X X I 1320 1220 1110 832 804 581
61 X X III 1245 1150 950 715 532

X X V III 1210 844 675 478 313
X X IX 1155 1050 885 819 675

X X X X I 491 516 472 (488) 438 485
6 .3 X X III 481 495 460 378 400

X X V III 485 466 422 354 222
X X IX 479 485 479 446

° Averages of duplicate analyses, with mean deviation
=*=3%; single analyses in parentheses.

tion we attribute to the heterogeneity of the 
antiserum, which may contain antibodies with 
greatly varying combining powers.

Fig. 1.—-Effect of haptens in decreasing the amount of 
antibody precipitated by the trihaptenic antigen VI. 
Curves are shown for six of the twenty-four haptens for 
which data are given in Table VI.

of equivalent amounts of antigen and antibody, 
against the amount of hapten present should be 
a straight line. Some examples of plots of this 
sort are given in Fig. 1, taken from the data of 
Table VI, which correspond to the optimum zones. 
It is seen that the curves approach the theoretical 
linear form only at low hapten concentrations; 
the deviation from linearity at higher concentra­

Equation V of the earlier paper,2 giving the 
value of the initial slope of the hapten-inhibition 
curve, may be rewritten in the form

with

d H
d AB(pp) (1)

( K s  -f  K 2s 2)V 2

C s i 1/2 +  K s  +  K 2s 2 +  ( K s  +  K 2s 2y /* \



3018 D avid  P ressm an , D avid H . B row n  and L in u s  P auling Vol. 64

and
1 + Ks +  (Ks + K*s*)x/ ^

V2 +  Ks -h (Ks + K*s*y/*
Here LT is the amount of hapten added, ^4B(pp) 
is the amount of antibody precipitated, s is the 
solubility of the antigen-antibody complex, and K  
and K r are the bond-strength constants for the 
antigen-antibody bond and the hapten-antibody 
bond, respectively. Both C and C' for any anti­
serum depend only on the antigen and are inde­
pendent of the hapten. The constant K f is 
characteristic of the hapten, indicating the 
strength of the bond between the hapten and the 
antibody. Thus for any given antiserum and 
antigen the reciprocal of the rate of decrease of 
amount of precipitate with increasing amount of 
hapten is a linear function of the reciprocal of the 
hapten constant K '.

From the form of Equation 1 we should expect 
the order of inhibitory activity of various haptens 
for a given antiserum to be the same for various 
antigens. This is the case for our experiments.

With serum S the order of inhibition was XXIII 
>  XXVIII >  XXI >  X X IX  for each of the five 
antigens used (Table IV). The order observed 
for serum T was different; XXVIII >  XXIII >  
XXI >  XXIX; but this order was again observed 
for each of the five antigens (data for antigens 
VI, XI, and X X  are given in Table V; less re­
liable results obtained for III and XV, not in­
cluded in the table, also placed the haptens in the 
same order).

It is surprising that the amide compound 
R" was more effective in inhibition with 

serum T than was the azo compound HO<̂  >̂R, 
since the antibodies were produced by inoculation 
with an azoprotein and would accordingly be 
expected to combine preferentially with azo 
groups. Antiserum T was consistent in its 
greater reactivity with amide groups than with 
azo groups, insofar as it also gave a larger amount 
of precipitate with the amide antigen R;/<̂  >̂Ry 
than with the somewhat similar azo antigens

T a b l e  VI
I n h i b i t i o n  o f  P r e c ip it a t io n  o f  A n t i s e r u m  S  a n d  A n t i g e n  VI b y  H a p t e n s

Antigen solution, 1 ml. (25 fig.); hapten solution, 1 ml.; antiserum, 1 ml.; 2 hours at room temperature and 2 nights 
in refrigerator. * = AsOsH2, R = NN<(  ^ AsQ3H2, R" = —CONH/  ^>AsQ8H2.

H apten K' KMa X 109
1.95 3.9

Am ount of hapten, ng.
7.8 15.6 31.3 62.5 

Amount of precipitated antibody, /tg.&
125 250

0-NH2C6H4* 0.13 2.2 662 550 500 (488) (463) 375 269 200
o-CH3C6H4* .13 1.4 581 575 535 475 385 354 272 206
1 - *-4-NH2Ci0H6 .17 0.7 590 (588) 516 432 385 (275) 238 175
i -*-c 10h 7 .23 2.2 565 532 475 379 347 272 210 182
c 6h 5* .26 3.3 566 501 432 325 235 169 131 91
0-NO2C6H4* .28 2.9 516 463 447 357 266 213 191 154
m-NH2C6H4* .29 2.4 566 538 387 306 (206) 181 131 119
p-HOOCC6H4* .29 3.6 560 447 429 338 241 188 147 122
£-NH2C6H4* .44 1.2 538 (494) 376 276 216 172 128 116
£-CH3C6H4* .53 1.5 479 419 354 285 216 166 144 128
£-HOC6H4* .60 3.9 475 422 372 213 173 134 103 85
2-*-CioH7 .66 3.4 473 388 344 250 182 (144) 116 79
w-N02C6H4* .75 16 463 372 294 210 166 137 119 106
£-CH3C6H4* .80 2.1 457 344 238 163 144 91 63 41
£-ClC6H4* .80 5.6 450 347 275 188 125 100 72 37
£-BrC6H4* .80 6.5 494 . 400 285 216 103 106 78 66
£-lC6H4* .80 5.7 (475) 404 297 194 169 131 94 50
C6H5R" .80 541 454 332 225 175 101 50 6
£-NH2C6H4R" .89 559 457 291 194 135 78 34 10
£-N02C6H4R" .89 513 419 335 216 153 88 41 13
p-h o c 6h 4r .98 494 391 310 184 119 60 6 0
£-NH2C6H4R 1.02 550 (438) 269 160 85 38 0 0
H3CR" 1.02 451 341 203 141 85 50 19 0
p- no 2c6h 4* 1.40 16 407 285 163 91 44 16 0 0
Average value for no hapten 638 fig. Control, antiserum and buffer 0, 0, 0, 0 fig. of all supernates 8.1-8.2.
a Second acid dissociation constant.5 h Averages of duplicate analyses, with mean deviation =*=3%; single analyses 

in parentheses.
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OH OH
CHS and r/ \ r (Table III). This is

UOH
R R

the reverse of the behavior observed for serum 
S and the antisera tested previously.1

Another example of the variability in properties of
the antisera is that the amide antigen R<y<\  )̂R/
gave more precipitate than the other amide anti­
gen R"(CH2)2R" with serum T but less with 
serum S.

In order to obtain from the data of Table VI 
numbers representing the inhibiting power of the 
twenty-four haptens, the following treatment 
was used. Plots were made of the amount of 
precipitated antibody for each hapten as a func­
tion of the number of moles of hapten added, as 
illustrated in Fig. 1. Smoothed curves were 
drawn through the points, and the initial slopes 
were read from the curves. Some consideration 
was given to the course of the curve throughout 
the range of concentration covered by the experi­
ment in determining the value of the initial slope, 
with use of a family of curves deduced from the 
whole set of data. Plots against the log of 
hapten concentration were also used. The re­
ciprocals of the negative slopes — d^4.B(pp)/d H  
are given in Table VI, under the heading K f. 
These reciprocals would be proportional to K ' 
if the value of C' in Equation 1 were negligible 
compared to the other term. In any case these 
numbers would be expected to represent qualita­
tively the combining power of the haptens with 
antibody. A constant factor was introduced such 
that the average value of K ' for the two azo 
haptens became unity.

Many interesting correlations of the values of 
K l with the molecular structure of the haptens 
can be observed. The effects of a substituent on 
the bond-strength constants of the substituted 
phenylarsonic acid molecules are seen to be de­
pendent both on the position of the substituent 
in the benzene ring and on the nature of the sub­
stituent. It would also be expected that, aside 
from direct structural effects, the constituents 
would be of influence through their effect on the 
second dissociation constant of the acids. The 
antibodies, produced presumably in about neutral 
solution in the animal, probably have combining 
groups for both singly ionized and doubly ionized 
arsonic acid molecules. The combining power

of the latter is probably greater than that of the 
former because of the stronger forces resulting 
from the doubled electric charge,7 as has been 
pointed out by Haurowitz.8 Accordingly it would 
be expected that increase in the second dissocia­
tion constant of the acid, leading to increase in 
the number of doubly charged ions present, would 
lead to increase in bond-strength constants with 
the antibody. There are given in Table VI 
values of the second ionization constant for 
eighteen of the haptens.5 It is seen that the 
correlation with K '  is not very striking.

The ortho-substituted phenylarsonic acids are 
seen to be, with one exception (the ö-nitro acid), the 
least effective of all in combining with antibody. 
An a-naphthyl residue is about equivalent to an 
ortho-substituted benzene ring. Meta-substi­
tuted compounds are somewhat more effective 
in general than phenylarsonic acid, and para- 
substituted compounds are still more effective. 
(3-Naphthylarsonic acid is intermediate between 
the meta- and para-substituted phenylarsonic 
acids.

All of the para-substituted phenylarsonic acids 
are more effective in inhibition than phenylarsonic 
acid itself. This increased effectiveness on replace­
ment of the para hydrogen atom by a larger atom 
or group is presumably the result of increased 
van der Waals interaction between the substituent 
and the antibody. The order of effectiveness of 
the para substituents in increasing the value of the 
constant K r is

NOz > CHsCONH > ) NN >  /  ^>CONH >
Cl, Br, I, CHs >  OH >  NH2 >  COOH >  H

The same order holds also in the ortho and meta 
positions for the substituents N 0 2, CH3, and NH 2, 
data not having been obtained for others.

Whereas replacement of a hydrogen atom in the 
para position by a substituent group always leads 
to an increase in the value of K ', this is not so 
for the ortho position. Both ö-methylphenylar- 
sonic acid and 0-aminophenylarsonic acid, as well 
as the a-naphthyl compounds, are less effective 
in inhibition than phenylarsonic acid itself. 
This difference in behavior from the para-sub­
stituted compounds is attributed to steric effects. 
The immunizing antigen, a protein with attached 
p-azophenylarsonic acid groups, gives rise to

(7) This may be responsible for the fact th a t th e  m axim um  am ount 
of precipitate with variation of pH is obtained a t pH 8 , instead of at 
about 7, which presumably prevails at the site of antibody form ation.

(8) F. Haurowitz, Z. physiol. Chem., 245, 24 (1937).
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antibodies which are molded to the p-azophenyl- 
arsonic acid group, and which in general do not 
allow sufficient space for a larger group than 
hydrogen in the ortho position. On the other 
hand, a para substituent may fit into the space 
provided for the azo nitrogen atoms, and so by 
increased van der Waals attraction for the anti­
body makes the hapten more effective than 
phenylarsonic acid itself.

The most striking and unexpected observation 
is that the nitro group in any position in the ben­
zene ring causes a large increase in the bond- 
strength constant over the value for any other 
substituent in the same position. For the ortho 
compound this increase is so great as to overcome 
the steric effect and make the hapten more 
effective than phenylarsonic acid. The reason 
for this large effect of the nitro group is not 
obvious. The second acid dissociation cannot be 
advanced as the cause, since the value of K Ai 
for tf-nitrophenylarsonic acid is less than that of 
phenylarsonic acid, whereas its value of K f is 
greater. We suggest that this action of the nitro 
group is the result of the well-known effect of the 
group in aromatic compounds in causing increased 
van der Waals attraction for other molecules, 
which shows itself in the great ability of aromatic 
nitro compounds to form molecular compounds 
with other substances.

It is surprising that haptens containing the 
amide group —CONH— are nearly as effective 
as the corresponding haptens containing the azo 
group —N N —. As mentioned above, for anti­
serum T the amide group was found to be even 
more effective than the azo group. It will be 
interesting to see, by experiments with other 
pools of antisera, to what extent the order of 
combining power with antibodies of the haptens 
listed in Table VI varies with the antiserum 
used.

In the larger haptens the effect of substituents 
far removed from the phenylarsonic acid group is

small. Thus substitution of an amino or nitro 
group in the para position in phenylcarbamido- 
phenylarsonic acid leads to an increase of only 
10% in the value of K ', with the nitro group 
showing no greater effect than the amino group. 
Similarly ^-hydroxyphenylazophenylarsonic acid 
and ^-aminophenylazophenylarsonic acid show 
nearly the same value of K f.

There is now under way an investigation of the 
inhibition by various haptens of precipitation 
with simple antigens of antisera made with use 
of a protein with attached azophenylazophenyl- 
arsonic acid groups as the immunizing antigen.

This investigation was carried out with the aid 
of a grant from the Rockefeller Foundation. 
Mrs. Elizabeth Swingle, Mr. Frank Lanni, Mr. 
Stanley Swingle, and Mr. Shelton Steinle assisted 
with the analyses.

Summary
A study has been made of the inhibiting action 

of haptens (substituted phenylarsonic acids) on 
the precipitation of polyhaptenic simple sub­
stances containing two or more phenylarsonic 
acid groups by antiserum obtained by inoculating 
rabbits with sheep serum coupled with diazo­
tized p-arsanilic acid.

It was found that the order of inhibitory activ­
ity of four haptens was the same for each of five 
test antigens with a given antiserum. The order 
depended on the antiserum used. The antiserum 
which showed stronger inhibition by amide 
haptens than by azo haptens also gave larger 
amounts of precipitate with amide antigens than 
with azo antigens.

The effect of each of twenty-four haptens on 
one antigen-antibody reaction was studied, and 
the data were interpreted to give relative values 
of the bond-strength constant of the haptens 
with the antibody. These values are shown to be 
correlated with the structure of the haptens. 
P a s a d e n a , C a l if o r n ia  R e c e iv e d  A u g u s t  10, 1942
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The Electromotive Force of the Mercurous Bromide Electrode
B y W illiam  R . C row ell , R ichard W. M er tes  and S impson  S. B u rk e

The present paper deals with the effects of hy­
drogen, nitrogen, and air on the e. m. f. of the 
mercurous bromide electrode at 25° in 0 . 1 0 0 2  m  
hydrobromic acid, and with measurements of the 
electrode e. m. f.V  in approximately 1, 2, and 3 
normal hydrobromic acid solutions at 25° and 
35°. The reference electrode consists of a hydro­
gen half cell using hydrobromic acid of the same 
concentration as that in the mercurous bromide 
compartment. Because of the differences in the 
values of the molal reduction e. m. f. of the mer­
curous bromide electrode reported by different 
investigators and because of the oxygen effect on 
the calomel electrode e. m. f. reported by Randall 
and Young1 it was thought that there might also 
be a similar oxygen effect in the case of the mer­
curous bromide. While the mercurous bromide 
electrode is more sensitive to light than the calo­
mel electrode, if properly prepared it is quite satis­
factory in reproducibility and constancy. Al­
though there is considerable formation of bromide 
complexes in solutions one normal or higher in 
hydrobromic acid, equilibria are easily obtained 
in solutions as high as three normal, and elec­
trodes employing concentrations of acid from 0 .1 -  
3 N  may be found to be convenient in certain 
cases where hydrobromic acid is used and when 
it is desired to eliminate unknown solution con­
tact potentials.

Experimental
Reagents.—The hydrobromic acid was prepared from 

three times recrystallized potassium bromide dissolved in 
sulfuric acid solution. The hydrobromic acid was distilled 
from this solution, the portion going over between 110° 
and 127° again distilled and the constant boiling fraction 
retained.

The hydrogen was generated by electrolysis of a solution 
of sodium hydroxide. Tank nitrogen obtained from frac­
tionation of liquid air was the source of the nitrogen. Both 
the hydrogen and the nitrogen were freed of oxygen by 
passage through chromous chloride solution. The mer­
cury was passed through a dilute nitric acid tower and dis­
tilled in vacuo.

The mercurous bromide was prepared electrolytically by 
use of an apparatus which included a gas-stirred mercury 
anode and a platinum cathode with hydrobromic acid as 
the electrolyte. With this device the salt was prepared 
from and washed with acid which was of the same concen­
tration as that used in the cell and which had been previ­

(1) R andall and  Y oung, T h i s  J o u r n a l , 50, 993 (1928).

ously treated with the gas under investigation. The solu­
tion and mixture of mercury and mercurous bromide were 
then transferred to the mercurous bromide electrode cham­
ber through which the gas being studied had been previ­
ously passed for twenty minutes to an hour. Finally the 
half cell was stoppered and rotated in a thermostat for 
several hours or until the solution was in equilibrium with 
the mercury and mercurous bromide. During these 
processes as well as during the cell measurements described 
later all light was excluded except that from a red light 
bulb which was used only when observations and experi­
mental procedures made it necessary.

Cell Measurements.—A diagram of the complete cell is 
shown in Fig. 1. The mercurous bromide half cell was 
joined to the hydrogen electrode by means of a ground glass 
joint. The passages between the two half cells were 
flushed with hydrogen by use of the float which permitted 
the flow of gas before establishment of the liquid junction 
in the three-way stopcock. This junction was then estab­
lished by sinking the float which was best accomplished by 
increasing somewhat the flow of hydrogen. Immediately 
before entering the hydrogen electrode chamber the hydro­
gen was bubbled through a solution of hydrobromic acid of 
the same concentration as that in the cell.

Fig. 1.—Schematic diagram of mercurous bromide-hydro­
gen cell.

Cell e. m. f.’s were measured by means of a Leeds and 
Northrup Type K potentiometer. The Weston cell used in 
adjusting the potentiometer current was checked against 
an Eppley cell which in turn had been standardized by the 
Bureau of Standards.

Results
Results are recorded in Tables I and II and are 

representative averages of several runs made over



3022 William R. Crowell, R ichard W. M ertes and Simpson S. Burke Vol. 64

Table I
Effect of Air on the Electromotive Force of the M ercurous Bromide Electrode

Cell e. m. f. a t  25° in  0.1002 m  hydrobrom ic
acid  an d  1 a tm . of hydrogen.  ̂ M olal reduction  e. m. f. a t  25°

H ydrogen N itrogen Air H ydrogen N itrogen Air

Gerke and Geddes4 
Ishikawa and Ueda5

0.2685
0.26883

-0.1392
-0.1395

Larson6 -  .1397
Authors .26841 0.26841 .26889 -  .1391 -0.1391 -  .1396

a period of more than two years, using independ­
ently prepared reagents. Results in 0.1 N  hydro­
bromic acid were reproducible within 0.05 milli­
volt and in the higher acid concentrations within 
0.1 millivolt. The e. m. f. readings remained con­
stant for periods ranging from twenty-four to 
sixty hours. Equilibrium was usually attained in 
less than three hours.

Table I shows results obtained from measure­
ments made in approximately 0 . 1  m hydrobromic 
acid using mercurous bromide which had been pre­
pared in an atmosphere of hydrogen, nitrogen, and 
air. Data of other investigators are shown for 
comparison with those of the authors. To put all 
results on the same basis they are corrected to 
0 . 1 0 0 2  m  hydrobromic acid and one atmosphere 
of hydrogen. The molal reduction e. m. f., E°, 
was calculated by use of the value of Harned, 
Keston and Donelson2 for the mean ion activity 
coefficient of hydrobromic acid, namely, 0.805, 
employing the expression

EQ = E — 0.1183 log Cy*= 
where E  is the e. m. f . of the cell

H2 (1 atm.), HBr (0.1002 m), Hg2Br2, Hg 
C  the concentration of the hydrobromic acid in 
moles per 1 0 0 0  g. of water, and the mean ion 
activity coefficient of the hydrobromic acid. In 
the term “molal reduction e. m. f.” the sign con­
vention and activity units were the same as those 
used by Latimer. 3

A study of the procedures of the different work­
ers indicates that Ishikawa and Ueda, and Larson 
probably did not insure the complete removal of 
all air from the solutions used in the preparation 
of the mercurous bromide, while Gerke and 
Geddes displaced all air with hydrogen. For this 
reason, the results of Ishikawa and Ueda and of 
Larson are placed in the column with the air 
values and the results of Gerke and Geddes are 
recorded in the column with the hydrogen values.

(2) Harned, Keston and Donelson, T h i s  J o u r n a l , 58, 992 (1936).
(3) W. M. Latimer, "Oxidation Potentials,” Prentice-Hall, Inc., 

N ew  York, N . Y ., 1938, pp. 2 and 3.
(4) Gerke and Geddes, J .  Phys. Chem., 31, 886 (1927).
(5) Ishikawa and Ueda, J .  Chem. Soc. Japan , 2, 59-66 (1930).
(6) W. D. Larson, T h i s  J o u r n a l , 62, 765 (1940).

A comparison of the results in the table indi­
cates tha t the electrode molal reduction e. m. f. 
has an accurately reproducible air free value of 
— 0.1391 =±= 0.0001 volt and an air value also ac­
curately reproducible of —0.1396 ±  0.0001 volt. 
The 0.3 millivolt deviation of the results of Ishi­
kawa and Ueda from those of Gerke and Geddes 
is probably due to this fact rather than because of 
greater experimental accuracy as claimed by the 
former.

Table II  shows results of measurements of cell 
e. m. f.’s a t 25 and 35° in approximately one, two, 
and three normal hydrobromic acid calculated on 
the basis of one atmosphere of hydrogen. In all 
these cases the mercurous bromide was prepared 
from and washed with hydrogen treated acid.

Since the main purpose of these measurements 
was to obtain data whereby the mercurous bro­
mide electrode could be used as a reference elec­
trode in cells requiring hydrobromic acid a t these 
concentrations, the e. m. f. of the mercurous bro­
mide half cell including a small solution contact 
e. m. f. was determined for each acid concentra­
tion. These e. m. f /s  a t 25°, which are not to be 
confused with the molal reduction e. m. f.’s shown 
in Table I, are shown in Table II column 5 and 
were calculated by use of the cell data and hydro­
bromic acid mean ion activity coefficient values 
obtained from a curve plotted from data quoted 
by Harned,7 employing the expression

Aug» Hg2Br2 (meas.) ~  Ecell 0.05913 log Cy ̂
The values in column 6 which we term “calcu­

lated” are those for the half cell which one would 
obtain by use of the molal reduction e. m. f., E°, 
and the activity of the hydrobromic acid, employ­
ing the expression

EHg. Hg2Br2 (calcd.) = —0.1391 +  0.05913 log Cy=b- 
T able II

E. m. f . of M ercurous Bromide Electrode at H igher 
Acid Concentrations

Cell e. m. f. E lectrode
Concn. of H B r 1 a tm . hydrogen e. m. f. a t  25°C.

M olal N orm al 25° 35° M easured C alculated
1.029 1.000 0.14388 0.14310 -0 .1 4 1 3 0  -0 .1 4 1 6 8
2.117 2 .002  .09058 .08867 -  .11489 -  .11480
3.246 2 .987 .04845 .04524 -  .09402 -  .09353

(7) H arned, T h is  J o u r n a l , 57, 1867 (1935).
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The activity coefficient values taken from the 
curve were 0.879 for 1 . 0 0 0  N  acid, 1.217 for 2 . 0 0 2  

N  acid, and 1.816 for 2.987 N  acid.
From the values in columns 3 and 4 the follow­

ing expressions were derived for the cell e. m. f., 
E t , at any temperature t from the vicinity of 25 to 
that of 35°
In 1.000 N  hydrobromic acid Et —

0.14388 -  0.000078(/ -2 5 )  
In 2.002 N  hydrobromic acid Et —

0.09058 -  0.000191 (/ --25) 
In 2.897 N  hydrobromic acid Et —

0.04845 -  0.000321 (/ -25)

In these acid solutions as the concentration in­
creases there is a tendency for the mercurous 
bromide electrode reduction e. m. f. to become in­
creasingly less than the calculated value because 
of the decrease in activity of the bromide ions due 
to the formation of bromide complexes. This 
decrease in reduction e. m. f. is more or less com­

pensated for by an opposing liquid junction po­
tential at the zone of contact of the hydrobromic 
acid solutions of the two electrodes. Such be­
havior probably is responsible for the fairly close 
agreement between the experimental and theo­
retical values.

Summary
Determinations of the molal reduction e. m. f. 

of the mercurous bromide electrode at 25° in 
0 . 1 0 0 2  m  hydrobromic acid solutions show that 
the values obtained in solutions free from air are 
about 0.5 millivolt higher than those in which air 
is not completely removed. Both values are ac­
curately reproducible and are —0.1391 volt in air 
free solutions and —0.1396 volt in solutions con­
taining air, using hydrogen as the reference elec­
trode. Results of e. m. f. measurements made at 
25 and 35° in approximately one, two, and three 
normal hydrobromic acid are also shown.
Los Angeles, Calif. R eceived September 14, 1942

[C o n t r i b u t io n  f r o m  t h e  D e p a r t m e n t  o f  C h e m i s t r y , U n i v e r s i t y  o f  M i c h i g a n ]

The Molar Dispersion and Refraction of Free and Bonded Ions1
B y N orman B a u er1* and K asim ir  F ajans

Introduction
This paper is a continuation of the series of 

“Refractometric Investigations, ” 2 the main goal 
of which has been an understanding of the 
changes occurring in the electronic systems of

(1) F rom  a docto ral d isserta tion  subm itted  by  N. B auer a t  the  
U niversity  of M ichigan in June, 1941. T he  paper was presented  in 
p a r t a t  th e  101st M eeting  of th e  A m erican Chem ical Society, April 9, 
1941.

( la ) P resent address: C hem istry  D epartm en t, U niversity  of New
H am pshire, D urham , N ew  H am pshire.

(2) T his is paper num ber LV in th e  series. T he following of the  
form er papers will be referred  to  by  th e  corresponding R om an 
num erals. I. K . F a ja n s  and  G. Joos, Z. P h ys ik , 23, 1 (1924); V II. 
K . F ajans, Z. Elektrochem., 34, 502 (1928); IX . H . K ohner, Z. 
phys ik . Chem., Bl, 427 (1928); X . W . Geffcken and  H . K ohner, 
ibid., Bl, 456 (1928); X I. W . Geffcken, ib id ., B5, 81 (1929); X II. 
H . K ohner and M . L. G ressm ann, ib id ., A146, 137 (1930); X IV . K. 
F a jans  and  H. K ohner, ib id ., A147, 241 (1930); X X . Z. S h ibata  and 
P. Hoelem ann, ib id ., B13, 347 (1931); X X I. K . Fajans, P. Hoele- 
m ann and  Z. S h ibata , ib id ., B13, 353 (1931) ; X X III . W. Geffcken, 
C. Beckm ann and A. K ruis, i b i d . ,B20, 398 (1933); X X V . P . Wulff, 
ibid., B21, 367 (1933); X X V I. A. K ruis and  W. Geffcken, ibid.,  
A166, 16 (1933); X X V II. P. Wulff and  D. Schalier, Z. Kris t . , A87, 
43 (1934); X X IX . W . Geffcken and A. K ruis, Z. physik . Chem., 
B23, 175 (1933); X X X . K . Fa jans, ibid., B24, 103 (1934); X X X V . 
P. H oelem ann and  H . G oldschm idt, ib id . , B24, 199 (1934); 
X X X V III. P. Wulff, ib id ., B25, 177 (1934); X L. G. Dam koehler, 
ibid., B27, 130 (1934); X L I. P . W ulff and  T . Anderson, Z. Phys ik ,  
94, 28 (1935); X L II . R . Luehdem ann, Z. physik .  Chem., B29, 133 
(1935); X L III .  K . F a ja n s  and  R . Luehdem ann, ibid. , B29, 150 
(1935); X L V II-L I . A. K ru is  and  W . Geffcken, ibid. , B34, 
1-95 (1936).

ions, atoms and molecules when they combine 
with each-other. Since the “valence” electrons 
are identical with those responsible for the optical 
behavior in the visible and near ultraviolet, it was 
justified to expect that optical properties would 
be especially suited to a study of this problem 
which is so closely connected with the nature of 
chemical forces. In fact, for substances having 
electronic systems of the noble gas type , 3 these 
refractometric investigations have revealed (see 
especially I, VII, XXX) the existence of two 
effects which prove to have great influence on 
the physical4 and chemical behavior of substances:

(3) I t  has been shown (see, e. g., K . F a jans, “ C hem ica l F o rces  a n d  
O ptical P roperties  of S ubstances ,” (Cornell L ec tu res), M cG raw -H ill 
Book Co., Inc ., N ew  Y ork , N . Y ., 1931) on th e  basis  of p ro p e r tie s  
such as la ttic e  distances, la ttic e  energies, c ry s ta l s tru c tu re ,  so lu b ility , 
form ation of complex com pounds, color, etc ., th a t  d e fo rm a tio n  p h e ­
nom ena are  m ore pronounced in  substances form ed from  n o n -ra re  gas 
cations (C lass I I ,  e. g., AgCl) th a n  in substances d e riv ed  so lely  from  
noble gas ions (C lass I, e. g., N aC l). H ow ever, th e  re frac to m e tr ic  
m ethod has n o t y e t given clear resu lts  for th e  fo rm er class of co m ­
pounds (see X X X , p. 147-151); th is  seem s to  h av e  th e  follow ing 
reason. F o r m ost cases in C lass I th e  re frac to m etric  effect cau sed  b y  
anion tigh ten ing  is very  m uch stronger th a n  th e  o pposite  effect. In  
Class II , because of th e  deeper m u tu a l in te rp e n e tra tio n  of th e  ions, 
and also because of th e  la rger po larizab ility  of n o n -ra re  gas ca tio n s, 
both effects are  of th e  sam e order of m agn itude  an d  p a r t ly  cancel 
each o ther.

(4) See, e. g., K . F a jans, P h ys .  Rev., 61, 543 (1942).
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namely, the tightening of electronic systems by 
neighboring positive charges and their loosening 
by negative charges. 5

The existence of these two effects was first con­
cluded on the basis of the large systematic de­
viations from additivity which the Lorentz- 
Lorenz molar refraction R  shows. The analysis 
of these deviations was greatly aided by the deri­
vation (I) of values of the molar refraction of 
individual gaseous ions, as distinguished from ions 
in solution or from those in molecules and crystals. 
Until now such a derivation has been carried out 
in this series of investigations only for the refrac­
tion R b  at a wave length corresponding to the 
sodium D line. Recent precision measurements 
of the refraction at various wave lengths in the 
visible for a number of electrolytes (XLVIII and 
IL), along with the accumulated data from pre­
vious work, now make it possible to obtain a set 
of provisional values for the molar dispersion of 
individual gaseous and aqueous ions.

A knowledge of the dispersion furnishes a means 
of extrapolating R x t o \  =  oo. Since

*  „ = !  *Ncc (1)

one can then arrive at a consistent set of values 
of the true electronic polarizability (a) of ions. 6 

Seldom is RD more than a few per cent, different 
from R m, and thus RD has been a sufficiently 
accurate measure of a  for a qualitative investiga­
tion of the role of polarizability in the physical 
and chemical behavior of substances. The R m 
values should now help in developing the quanti­
tative aspects of this problem.

However, the inclusion of the molar dispersion 
in this study is of importance in itself because, as 
this paper will show, it is a property which is even 
more sensitive to changes in the forces acting on 
the particles involved than is the molar refraction.

In the present paper we shall limit ourselves to 
establishing a set of values for the molar disper­
sion of ions and to showing by a few examples how 
its large deviations from additivity help in the 
study of electronic deformation.

1, Extrapolation to Infinite Wave Length on 
the Basis of Dispersion Theory.—It has been

(5) C oncerning  a  theo re tical tre a tm e n t of th e  refractom etric  
tig h te n in g  an d  loosening effects, see T h . N eugebauer, Physik. Z., 94, 
655 (1935); ibid., 99, 687 (1936); H ungarian Acad. Sci., 54, 337 
(1936).

(6) F o r  a  review  of o th e r m ethods of ob tain ing  a , used by M . Born 
a n d  W . H eisenberg, L. Pau ling , J . E . M ayer and  M . G. M ayer, see 
e. g., J .  H . V an Vleck, “ T he  T heory  of E lec tric  an d  M agnetic Sus­
c ep tib ilitie s ,” Oxford U n ive rs ity  Press, N ew  Y ork, N. Y ., 1932, pp. 
208-225 , and  X X X , pp. 128-133 and p. 154.

customary to define the dispersion of a substance 
as the difference AR 7 between molar refractions 
at two arbitrarily selected wave lengths in the 
visible (e. g., A R  =  R ap — R hJ -

For reasons apparent from the Introduction 
we have chosen the difference between the molar 
refraction for the sodium D line (R D) and that for 
infinite wave length (R m) as the measure of the 
m olar d ispersion  D. Extrapolations to X =  oo 
from measurements in the visible were made by 
the reciprocal plotting method of P. Wulff (XXV), 
based on the dispersion theory.

According to the dispersion theory, 8 the re­
fraction R  may be expressed as a function of the 
frequency v =  c / \  by an equation of the type

The summation includes one term for each of the 
characteristic frequencies [( ô)i] of the system; 
the constants Q  are a measure of the probability 
of transition between the states which define the 
frequency (v0)i. If a single term is sufficient, then 
a plot of 1 /R \  versus v2 gives a straight line

The intercept on the 1 /R \  axis for v2 — 0 gives the 
value of 1/2S„. When more than one term is 
necessary, then, as Wulff has found, the 1  / R x 
versus v2 curve is composed of straight lines and 
hyperbolas, the sum of which approaches a 
straight line for small values of v2.

Experience shows that when the maximum of 
the first principal electronic absorption band 
[W i] has a wave length less than about 250 mju, 
and when infrared contributions are negligible, 
the plot becomes linear in the visible part of the 
spectrum.

In Fig. 1 several typical extrapolations are made 
from data of different degrees of accuracy for the 
molar refraction of crystals and the apparent 
molar refraction of aqueous electrolytes. For 
the case of solutions measured with the Pulfrich 
refractometer (see Fig. 1, part B), for which the 
accuracy is lower than that of the interfero­
metric measurements in part A, the thin dashed 
lines show the extreme slopes of the possible 
straight lines which can be put through the ex­
perimental points. The errors in D (in Tables I, 
II and III) were estimated by taking half of the

(7) T he  sym bol A will be often  used to  denote th e  difference be­
tw een tw o q u an tities.

(8) C f. K . F . H erzfeld and  K . L. Wolff, “ H andbuch  der P h y sik ,” 
Verlag Ju liu s  Springer, Berlin, 1928, X X , p. 512.
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Fig. IA and IB.—Typical extrapolations to infinite wave length of the molar refraction of crystals and apparent 
molar refraction of aqueous electrolytes according to the reciprocal plotting method (P. Wulff, XXV): (a) see 
Table II; (b) see ref. (29); (c) see ref. (19); (d) see (IX).

difference between the values of 1 /R n given by 
the extension of the most probable line (i . e of 
the line drawn in full) and tha t given by the 
extreme possible line.

The curves in part A of Fig. 1, resulting from 
very accurate measurements on crystals and 
solutions, show departure from linearity in the 
direction of increasing negative slope for in­
creasing values of v2. This downward curvature 
is to be expected on the basis of (2) for sub­
stances for which (^0)2 is not very much larger 
than (yo)i9- In general, and especially for the 
simple inorganic substances treated here, the 
experimental points fit a straight line the better, 
the nearer they come to the region over which 
extrapolation is made; thus the linear extrapola­
tion appears to be well founded.

2. Selection of Data on the Dispersion of 
Simple Inorganic Substances.—The molar dis­
persions D given in Tables I, I I  and I II  were 
derived from the results of a large number of in-

(9) An infrared contribution, corresponding to atomic polarization 
IVofi.r. < <  (x»o)i], would show up as a curvature of opposite sign at 
the red end of the spectrum when the dispersion for shorter wave 
lengths gives a linear 1 /R \  vs. v% plot. Among substances included 
in this paper this was the case only for liquid water and was indicated 
by the precision measurements on aqueous NaoSCh (see XXVII p. 59 
and IL p. 65); the scale of Fig. IA is too small to reproduce this indi­
cation. In such cases the linear part corresponding to the electronic 
contribution has to be used for the extrapolation. In general the 
contribution of infrared terms to the refraction in the visible is 
negligible. See, concerning a wide variety of crystals, e. g., I p. 8, 
XXXVIII p. 181, and XXVII p. 59; concerning aqueous solutions 
of electrolytes, e. g., IL p. 61.

vestigators who used various experimental tech­
niques. Therefore, it is necessary to appraise 
the reliability of the various sets of data.

(a) Gases and Vapors (Table I).—The principal sources 
of data for gases were Cuthbertson and Cuthbert- 
son,10,11,13,16 Damkoehler (XL), Larsen,10 11 12 13 Friberg15 16 and 
Watson and Ramaswamy.17

We made the extrapolation to X = oo for all gases except 
H2Se by means of the dispersion formulas given in the 
original papers, which represented the experimental data 
(corrected to the ideal gas state) with great accuracy. The 
estimate of the error in dispersion was made from the rela­
tive uncertainty in the indices of refraction.

For H2Se a plot of 1 /R \ vs. v* was made in the usual way 
from the data of Frivold, Hassel and Skjulstad.14

(b) Aqueous Solutions of Electrolytes at Infinite Dilu­
tion (Table II).—Three principal series of measurements on 
aqueous electrolytes were used. The most accurate avail­
able data, which make the present partition into values of 
the molar dispersion of individual ions possible, are based 
on the precision measurements of Geffcken, Kruis and 
Beckmann (see Table II and XXIII) for five salts a t 15 
different wave lengths between 6678 and 4358 A. The 
refractive indices and the densities of the dilute solutions

(10) C. and M. Cuthbertson, Proc. R oy.  Soc. (London), A135, 40 
(1932).

(11) C. and M . Cuthbertson, ibid., A84, 13 (1910).
(12) T. Larsen, Z. P h ys ik , 111, 394 (1938).
(13) C. and M . Cuthbertson, Trans. Roy. Soc. (London), A213, 1 

(1913).
(14) O. E. Frivold, O. Hassel and T. Skjulstad, Physik. Z., 37, 134 

(1936).
(15) S. Friberg, Z. P h ys ik , 41, 378 (1927).
(16) C. and M . Cuthbertson, Proc. R oy.  Soc. (London), A97, 152 

(1920).
(17) H. E . Watson and K. L. Ramaswamy, Proc. I n d i a n  A cad .  

Sci., A4, 675 (1936).
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T a b l e  I
M o l a r  D i s p e r s i o n  a n d  M o l a r  R e f r a c t io n  o f  G a s e s  

C o r r e c t e d  t o  t h e  I d e a l  G a s  S t a t e  i n  Cc.
Gas R d D Reference

He 0.521 0.00351 ±  0 . 043 (10)
Ne 1.004 .0066 =fc .O32 (10)
A 4.203 .064 =b .002 (11), XL
Kr 6.397 .129 d= .003 (11), XL
Xe 10.435 .298 d= .005 (11), XL
HCl 6.666 . 1577 d= .032 (12)
HBr 9.161 ■ 2745 d= .032 (12)
HI 13.73 .543 d= .003 (13)
h 2o 3.750 .085 d= .001 XXXV
h 2s ■v 9.567 .3198 db .032 (12)
H2Se 12.02 .48 d= .03 (14)
h 3n 5.67 .176 db .003 (13), (15)
h 4c 6.58 .145 db .001 (15), (16)
H4Si 11.34 .388 d= .002 (17)

T a b l e  II
A p p a r e n t  E q u i v a l e n t  D i s p e r s i o n 0 D  o f  E l e c t r o l y t e s  

i n  I n f i n i t e l y  D i l u t e  A q u e o u s  S o l u t io n  i n  Cc/
1. In te rferom etric  M easurem ents of Geffcken and  K ruis

(X X V I, X X IX , X L V II, X L V III)
N a  + 4- C l- 0 .329  ±  0 .002  N H 4+ T  N O s" 0 .545  ± 0 .0 0 3
K  + +  c i - .364 ±  .002 N a + +  V 2SOP* .125 ±  .003
V*Sr + + +  C l- .336 ±  .002

2. O ther R esu lts  for N oble G as C ationsc
AD vSource

L i+ -  N a  + - 0 .0 2 1  ±  0 .008 LiOH , N aO H 18
R b  + - N a  + .055 ± .05 R b B r19
Cs + -  N a  + .09 ± .03 C sC l,19 C sB r20)21
N H U -  N a  + .063 ± .01 N H 4F 19

y 2B a ++ - N a  + .022 * .01 BaC104, BaCl2 (IX )
y 2Be + + -  N a  + — .03o ± .005 B eC h29»21
y 3Ai3+ -  N a  + -  .0 2 4  ± .01 A12(S 0 4)3 (IX ); A1(C104)3

(X I)
3. N o n -R are  G as C ations

AD Source
Ag + -  n h 4+ 0 .0 9 5  ± 0 . 0 1 AgNOs22
T l + -  N a  + .55 ± .15 T1F19
i / 2Zn + + -  N a  + .019 ± .01 Z n S 0 4 (X I)
y * H g ++ — N a  + . 16 ± .02 H g(C 104)2 (X I)
i / 2P b  + + -  N H i + .195 * .02 P b (N O 3)220>21
H  + -  N a  + -  .03  ± .05 H 2S 0 4, HC104 (X II) HNOa,

H I (X L II)
4. Anions
AD Source

P - ■ c i - - 0 .2 8 9  ±  0 .006 K F  (X I)
B r~ - ■ c i - .28  ± .02 N aB r (X X ), LiBr,

C sB r19»20»21
I - ■ C l- 1 .0  ± .1 K I (X X ), N a l19
O H -  - • C l- - 0 .1 4 1  ± .004 N aO H 18
CIO*" - C l- -  .117 ± .007 N aC 104 (IX )

a In part (1) of Table II the experimental values of 
Dftq. gait are given, while in parts (2), (3) and (4) one has 
values of ADaq. gait which represent the differences be­
tween Daq. ion and that of a reference ion (Na+, NH4+, 
Cl"). b All measurements were made at 25.0° except 
those at 18° by Heydweiller and Limann (see ref. 24). 
c The errors given for the differences AD were obtained by 
summing up all the estimated errors in the individual ex­
perimental values needed for the calculation of AD.

(18) U npublished  m easurem ents of J . H . F au ll, J r ., and  P. Hoele­
m ann.

(19) A. H eydw eiller, P hysik . Z ., 26, 526 (1925).
(20) G. L im ann, Z . P h ys ik , 8, 13 (1921).
(21) A. H eydweiller, Z. anorg. Chem., 116, 42 (1921).
(22) N. B auer, "D is se rta tio n ,” U niversity  of M ichigan, 1941.

relative to that of water were determined at 25.0° with an 
accuracy of 0.073 (interferometric method) and 0.0f,2 
(differential buoyancy method), respectively. Usually 
about ten measurements were made on each salt between 
2M  and 0.01 M, so that uncertainties in the extrapolation to 
infinite dilution are very small.23 Here the error in the 
apparent molar dispersion D is probably less than 1 per 
cent., as compared with up to 10 per cent, for measurements 
with the Pulfrich refractometer.

The values of D for some electrolytes were derived from 
earlier measurements in the “Refractometric Investiga­
tions” made with the Pulfrich refractometer, the use of 
which had been improved by Kohner and Geffcken (IX, X, 
XI). In this series, indices of refraction were measured 
for only three to five spectral lines, thereby making the 
extrapolation to A = <» less certain.

A large number of salts was measured at 18024 by 
Heydweiller and his co-workers19’20,21 with the Pulfrich 
refractometer and with the quartz spectrograph.25 The 
number of spectral lines employed in the visible was two to 
five. For reasons discussed in XIV, the results were not 
always sufficiently accurate to establish the way in which 
the apparent molar refraction varied with concentration, 
thus bringing an uncertainty into the extrapolation to 
infinite dilution.26

The following values of D in cc./mole give examples of 
the best and poorest agreement between the various sets 
of measurements on salt solutions
NaCl 0.33 ± 0 .0 3  (Heyd- 0.329 ±  0.002 (Kruis and 

weiller) Geffcken)
NaC104 .17 ±  .02 (Heyd- .212 ± .008 (Kohner) 

weiller)
The values of D for the various strong electrolytes at 

infinite dilution proved to be additive within the limits of 
experimental error; therefore it was possible to calculate 
values for the various ions with respect to reference ions 
(see footnote a, Table II).

(c) Alkali Halide Crystals (Table III).—The values of 
index of refraction given by Gyulai,27 Spangenberg,28 
Kublitzky29 and Wulff and Anderson (XLI) were used, 
some of which had already been extrapolated to A = oo by

(23) T he m axim um  which some refraction  vs. concen tration  curves 
show (see L I an d  X L V III p. 40) is n o t found in th e  corresponding 
dispersion curves. T herefore th e  ex trapo lation  to  c =  0 appears to  
be m ore certa in  for D th a n  for R.

(24) T he  tem p e ra tu re  coefficient of m olar dispersion of aqueous 
electro ly tes can  be e stim ated  from  X X  p. 351 to  be less th a n  0.2 per 
cent, per degree, com pared  w ith  ab o u t 0.05%  per degree for refraction  
(X X I, p. 358). Therefore  th e  difference between Diso and  D250 is 
sm aller th a n  o th e r uncerta in ties  in H eydw eiller’s m easurem ents. 
This resu lt m akes i t  also safe to  use th e  values of DCryst. in T ab le  I I I  
w ithou t a te m p e ra tu re  correction  because for refraction  th e  values of 
('d R /R ) /d T  are even sm aller for c rystals  th an  for electro ly tes (see 
X X I, p. 361).

(25) T he values of Rco derived  here from  H eydw eiller’s d a ta  by 
the  reciprocal p lo ttin g  m ethod  differ up to  0.03 cc. from  his own 
values, ob ta ined  b y  p lo ttin g  R \  against v2.

(26) T h e  values of D aq for ru b id iu m  and  cesium salts  contain  an 
add itional u n ce rta in ty  because of th e  possible presence of im purities. 
Therefore even th e  ra th e r  large erro rs in  Tables I I  and  V II for these 
ions are  only a  low er lim it. T hus i t  is uncerta in  w hether th e  differ­
ence in th e  sequence of values shown in Fig. 3 for re frac tion  (K , Cs, 
R b) and  fo r dispersion (K , R b , Cs) is real.

(27) Z. G yulai, Z. P h ys ik , 46, 84 (1927).
(28) K . Spangenberg, Z. K rist., 57, 494 (1923).
(29) A. M . K ublitzky , A n n . P hysik, 20, 793 (1934).
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Wulff and co-workers (XXXVIII, XXVII). When no 
measurements of the density were made on the samples 
used for the refractive index determination, the molar 
refraction was calculated using the best density values 
resulting either from direct measurements (see XXVII), or 
from X-ray determinations given in the “Strukturbericht.” 
Some of the salts were measured above room temperature 
(up to 66°; see footnote (a), Table III). Concerning the 
negligible temperature dependence of DCry8t. in this inter­
val. see ref. 24.

From Table III it can be seen that the uncertainties in 
D cryst. vary from 2 to 10%.

T able III
M olar D ispersion  of Crystals in  Cc.a

(a) Alkali Halides
LiF 0.031 0.003 (27) N aB r 0 .42  0.01 (27)
N aF .048 =t .005 (28) K B r .52 =t= .01 (27)
K F .080 db .005 (29) R b B r .57 =b .02 (29)
N aCl .24 =1= .01 ]| CsBr .66 =*= .05 (X X V II)
KC1 .30 .01 1\ (X X X V III) K I .95 =fc .02 (27)
R bC l .36 =fc .02 J1 R b l 1 .06  ±  .1 (29)
CsCl .41 =h .01 (X L I)

(b) Com pounds of D oubly  C harged C ations and  Anions of Noble Gas
T y p e  (H aase30)

MgO 0.09 =fc 0 .01 SrS 0 .9 5  *  0 .09
CaO .17 =fc .02 CaSe 1.11 dt .06
SrO .39 db .04 SrSe 1 .49  ±  .06
BaO .76 =fc .1 BaSe 1.81 ±  .08
M gS .38 =fc .02 SrT e 2 .13  *  .5
CaS .71 d= .02 B aT e 3 .41  ±  .5

a The salts measured at other than room temperature 
are: KF (57°), RbCl (48°), NaBr (66°), KBr (48°), RbBr 
(35°), Rbl (35°) and KI (60°). Concerning the negligible 
temperature dependence of DCryst. between 25 and 70°, 
see ref. 24.

(d) Compounds of Doubly Charged Cations and Anions 
of the Noble Gas Type (Table III).—Measurements of the 
index of refraction by Haase30 were used. The number of 
wave lengths employed varied between 2 and 5. Since, 
except for BaTe and MgO, the density was not measured 
by Haase, we have taken densities used by him on the basis 
of V. M. Goldschmidt’s X-ray determinations. The 
molar dispersion could be evaluated only to within about 
10 per cent.

3. Deviations from Additivity for Molar 
Dispersion and Refraction Based on Direct 
Experimental Data.—Figure 2  contains experi­
mental data for a selection of gaseous substances 
isoelectronic with the noble gases. The values 
of R d  and D are based on n*> the index of refrac­
tion corrected to the ideal gas state. The values 
of the Lorentz-Lorenz refraction used in Fig. 2 
are thus very nearly proportional to (n* — 1 ) /d ,  
which is a direct measure of the interaction be­
tween free particles and the electric field asso­
ciated with the light waves: i . e., these R D and 
D values are practically independent of any 
alleged imperfections in the Lorentz-Lorenz

(30) M . H aase, Z. K ris t . , 65, 509 (1927); for M gS see M . H aase, 
ibid., 68, 82 (1928).

expression possible in the case of condensed 
systems. 31 The substances in Fig. 2 corre­
sponding to the sets of connected points (e. g., 
H2Se, HBr, Kr) have the same number of electrons 
(e. g., 36) and differ only by the position of the 
protons, two of which in H2Se and one in HBr are 
within the electronic shell, while in Kr all belong 
to the nucleus. Onfc observes a large change (a 
decrease, excepting DNH# >  D chJ in both 
and D corresponding to the process of successively 
transferring protons from an electronic shell into 
the nucleus; e. g .t the refraction drops from
11.57 cc. in H2Se to 9.16 in HBr and finally to 
6.40 in Kr, while for dispersion the corresponding 
values are 0.48, 0.27 and 0.129 cc., respectively.31a 
Thus there can be no doubt that the molar re­
fraction and dispersion are properties which de­
pend on the forces acting on a given electronic 
system, and indeed are very sensitive to changes 
in the forces.

Because the interionic forces in crystals and 
gases are different from those between ions and 
water molecules in solution, one can understand 
(cf. I, p. 7; XXX, p. 121) that, as Fig. 3 shows, 
the apparent molar refraction and dispersion of 
aqueous alkali and hydrogen halides differ from 
the corresponding values in the solid and gaseous 
states. Here it is of especial importance to note 
that also for electrolytes there is a close analogy 
between the kind of deviations from additivity 
exhibited by molar dispersion and by molar 
refraction (concerning Cs salts, see ref. 26). The 
magnitude of these deviations for both D and R  
increases systematically with increase in polari-

(31) See, e. g., N . F . M o tt an d  R . W. G urney, “ E lectronic  P ro c ­
esses in  Ionic C ry s ta ls ,” Oxford U niversity  Press, N ew  Y ork, N . Y ., 
1940, p. 18. T h e  L oren tz-L orenz  form ula is supposed to  accoun t 
only fo r th a t  p a r t  of th e  in te rn a l electric  field acting  on a  given p a r t i ­
cle which is due  to  th e  dipoles induced  in  su rround ing  partic les  by  th e  
external electric  field of th e  lig h t w aves; th e  form ula  does n o t a t ­
tem p t to  include th e  effect of forces acting  betw een th e  partic les  in 
the absence of th e  external field. In  fac t th e  resu lts  of th e  “ R efrac ­
tom etric  Investiga tions” d em o n stra te  th a t  th e  L o ren tz-L orenz  ex­
pression fulfills its  purpose excellently. T h e  system atic  dev iations 
from a d d itiv ity  observed fo r a  wide v a rie ty  of gaseous, liqu id  and  
cubic-solid system s can  be understood  as a  re su lt of know n forces 
acting betw een partic les  independen tly  of th e  ligh t wave. O nly th e  
m inute dev iations from  a d d itiv ity  in  m ixtures of non-ionized liquids 
cannot y e t be explained from  th is  p o in t of view (cf. X X X , p . 108).

(31a) Note added on November 30, 1942. T he  g rada tion  of m olar 
refraction and  dispersion of isoelectronic molecules shown in Fig. 2 
proves to  be in line w ith  a  general principle: T he  tigh tness of a 
given electronic shell decreases (R  an d  D increase) when th e  positive 
charges w ithin th e  shell sp lit or when th e ir  d is tribu tion  becom es 
less sym m etrical. T he  app aren tly  exceptional g rada tion  DH 3N >  
D elc is due, as is also ind ica ted  by  th e  peculiarities of th e  slopes of 
the lines leading  to  H 4SL to  th e  com petition  betw een tw o factors. 
In th e  tran s itio n  from  H 3 N  to  H*C th e  sp litting  of th e  core N 5 + 
into C 4 + and  H  + causes a  loosening, th e  higher sym m etry  of H 4C a 
tightening  of th e  electronic shell. See K . Fa jans, J . Chem. P hys., 
December, 1942.
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0 1 2 3 4
Number of protons.

Fig. 2A and 2B.—Analogy between the changes of molar refraction and dispersion of gases due to a successive transfer of 
protons from the nucleus of the noble gases into the electronic shell.

zability and polarizing power of the particles 
involved, as has been discussed in former papers 
for the case of refraction, and as will be shown 
in Section 8  for dispersion.

4. Square Relation between Molar Refrac­
tion and Dispersion.—The similarities between 
the deviations from additivity of the molar re­
fraction and dispersion noted in Section 3 lead 
one to expect a simple quantitative relation 
between these two phenomena. The dispersion 
theory leads to the following results.

If one assumes that a single term dispersion 
formula is adequate for representing the experi­
mental data (which is the case, e. g., for noble 
gases in the visible) one has R& — C /(v \ — v&), 
and Ra> — C/v%. From D =  R& — R*0, 
D =  { v l / Q R v R * .  Since R& «  R *  (in general 
within considerably less than 5%), one has

D (4)

Considering the changes occurring in the molar 
refraction and dispersion of a given particle 
when it is subjected to an external influence 
(e. g .y when one ion combines with another), and 
assuming that in this case C remains practically 
constant, 3 2 one obtains the following square

(32) T h e  d ispersion of noble gases an d  of Li, N a  and K  halides can 
be represen ted  w ith  sufficient accuracy  in  th e  visible by a  single te rm  
(equation  2). F o r those  salts  of th is  group for w hich th e  cations can 
be expected to  c o n trib u te  only a  few te n th s  of a  per. cent to  th e  to ta l

relation between and D
D ~  constant X R i (5)

therefore
AD/D ~  2 Aî x>/Rj) (6 )

Thus one expects that a given change in the 
refraction will correspond to twice as great a 
relative change in the dispersion. It will be 
seen in this and following sections that in general, 
in simple cases, this expectation is fulfilled. 33

Table IV, based on direct experimental data 
given in Table I, shows that the square relation 
applies to the noble gases, the hydrogen halides 
and H20 , H2S, and H2Se with an accuracy suffi­
cient for our present purpose. The squares of 
the ratios of the molar refraction for any two of 
these substances belonging to the same noble gas 
type agree within about 4% on the average with 
the corresponding ratios of the molar dispersion, 
which is surprisingly good in view of the approxi­
mations used in arriving at (5 ).
dispersion (e. g., N aB r), one can  com pare th e  values of C and  v‘q for a  
noble gas w ith  those of th e  corresponding halide ion in  th e  crystal; 
whereas in  such cases th e  v\ values differ by  a  fac to r of nearly  tw o, 
th e  differences betw een C n .G. an d  Cx- are less th a n  10% , on th e  
average. Closely connected  w ith  th is  are the  resu lts  of K . F . Herz- 
feld and  K . L. Wolff, A n n . P hysik , 78, 50 (1925), who concluded from  
m ultiple te rm  dispersion fo rm ulas th a t  th e  to ta l tran sitio n  p roba­
bility  (num ber of electrons in  classical theory) for argon was p rac ­
tically  th e  sam e as th a t  fo r CV" in  N aC l and  KC1.

(33) T h e  ra tio  of AR / R  to  A D /D  differs considerably from  tw o in 
relation (12) for th e  h y d ra tio n  effect of Li +, in Fig. 3 for th e  values 
for K I an d  R b l and  in  T ab le  X . In  all these cases, ap p aren t q u an ti­
ties are involved.
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Fig. 3A.—Difference between the molar refraction of solid alkali halides and gaseous hydrogen halides and their 
apparent molar refraction in aqueous solution. Fig. 3B gives the corresponding differences for the molar disper­
sion D. The percentage deviations from additivity are given relative to the values of the aqueous electrolytes and 
are greater for dispersion than for refraction.

In (5) we have neglected the difference between 
Rd and R ^ , as well as the influence of a second 
frequency (̂ 0)2 . Such neglections will in general 
be the more justified, the smaller the values 
of R d and 1/ ( fo)i are; therefore it is reasonable 
to apply the square relation (5) to ions having the 
same noble gas structure, providing their i?D and 
l/(vo)i values are not larger than those of the sub­
stances used in verifying the relation (Table IV) . 34

T a b l e  IV
T est of the Square R elation  (5) betw een  M olar 

R efraction and  M olar D ispersion

R atios F o r R d F o r R 2d F o r D

HCl/A 1.59 2.52 2.47
HBr/Kr 1.43 2.04 2.13
H l/X e 1.315 1.73 1.78
H20/N e 3.73 13.9 12.9
H2S/A 2.28 5.20 5.00
H2Se/Kr 1.875 3.52 3.69
H2S/HC1 1.44 2.07 2.02
H2Se/HBr 1.315 1.73 1.75

5. The Partition of the Molar Dispersion into
Values for Individual Ions.—The above results, 
establishing an analogy between the behavior of 
the molar refraction and dispersion, justify the 
attempt to apply to the partition of dispersion

(34) W e assum e th a t  th e  agreem ent in  Table  IV  is n o t due to  an 
accidental cancelling of effects which m igh t arise from  the  different 
sym m etry  of th e  partic les  involved.

the same principles which have been used in the 
case of refraction. For the latter, as mentioned 
in the introduction, it proved to be very helpful 
to introduce values for the refraction of free 
gaseous ions.

It is important to emphasize here that the 
molar refraction and dispersion of free gaseous 
ions are real physical quantities like those for a 
noble gas, and are connected by equation ( 1 ) 
with the electronic polarizability a  of the free 
particles. In this respect the molar refraction 
and dispersion differ from the volume35 or radii 
of free ions or atoms, which according to wave 
mechanics do not have an exact physical meaning.

For any property (X )  of analogous ions, the 
value of which can be assumed to decrease mono­
tonously with increasing forces between the 
nucleus and the electronic system, one can ex­
pect the following regularities to hold. They were 
in part stated in considering the relative size of 
noble gas ions, 36 and were extensively used for 
the derivation of ionic refractions (I and X X X ).

(a) For ions possessing the same noble gas 
(N. G.) structure, the nuclear charge of which

(35) How ever, single ionic values of th e  a p p a re n t m o la r  v o lu m e  a re  
defined quan tities  w hich fo r th e  case of in fin itely  d ilu te  a q u eo u s  so lu ­
tions have been app rox im ate ly  o b ta ined . See, e. g .f K . F a ja n s  a n d  
O. Johnson, T h i s  J o u r n a l , 64, 668 (1942).

(36) K . F a jan s  and  K . F . H erzfeld, Z . P h y s ik , 2, 309 (1920).
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increases in the following series from left to right, 
one has37

* • * Xiou- >  Aion- >  -^N.G. >  Xion+ >  -̂ ion++ * * * (7)
(b) For a given noble gas type it should hold 

that
A^ion- Vj„ Xjon— V N .G . -Vj0n+
X u X N.( Vion+ X \ c

(8)

The inequalities (8 ) are based on the expecta­
tion that a given absolute difference in nuclear 
charge Z  will cause the greater relative change in 
the property X ,  the smaller the magnitude of Z.

(c) For particles of a different noble gas type 
one can expect inequalities (9) to hold for the 
same reason given for (8 ); e. g.

X y-  ^ Vci- Xse ^  X a.
A N e  A  a  A N a +  A  K+

(9)

These regularities, in spite of being inequalities, 
were found (XXX) to provide a basis for the 
derivation of refraction values for free gaseous ions 
which is at least as reliable as other methods used 
for this purpose except for the case of helium 
type cations. The main difficulty in the deriva­
tion is caused by the fact that while the in­
equalities refer to free gaseous particles, the avail­
able experimental data extend only to noble 
gases and aqueous ions. However, for noble gas 
ions having strong electric fields it was possible 
to obtain an estimate of the differences Â ydr. =  
^ a q .  i o n ~ ^ g a s  ion between the values of hydrated 
and gaseous ions (see Table VII, Sec. 6 ).

In order to obtain a set of values for the molar 
dispersion of individual ions, we proceeded in two 
ways which led to results agreeing within the 
limits of the uncertainties in both methods. One 
method is analogous to that applied previously 
(I) to the molar refraction. Besides the uncer­
tainty connected with the hydration effect, the 
application of this method to the molar disper­
sion encounters an additional difficulty at present 
because of the low accuracy of the experimental 
values of D for the heavier alkali and halide ions.

The other method is based on an application of 
the square relation (5) between i?D and D. 
Assuming the values for the molar refraction of 
free gaseous ions to be known, 88 one can arrive

(37) R ela tio n  (7) was first applied  to  re fraction  by  J. A. W asast- 
je rn a  [Oeversikt av. F inska Soc. Foerdhandl., LXIII A4, 1 (1920-21); 
Z . -physik. Chem., 101, 193 (1922)], to  ionic rad ii by  A. Eandé, Z. 
P h ys ik , 1, 191 (1920).

(38) F o r reasons m entioned in  X X X , p. 125 and  in  ref. (35) under 
6c, th e  re frac tions given in X X X  for gaseous ions can  be expected to  
re q u ire  som e corrections. H ow ever, th e  results of th e  present paper 
g ive  ad d itio n a l sup p o rt to  th e  belief th a t  these refraction  values can­
n o t be  fa r from  the  tru e  ones, and  th a t  in any  case they  represent a 
co n sis ten t set.

direcdy at the values of molar dispersion of 
gaseous ions, using also the experimental values 
of R u and D for the noble gases; comparing the 
results with the experimental information on 
aqueous ions one can further try to decide whether 
or not it is necessary to distinguish here between 
free gaseous and dissolved ions.

We shall present only the second method, which 
is based on a new principle and which has proved 
to be more straightforward than the first one. 
For reasons given in Section 4, it appears quite 
safe to use relation (5) in deriving molar disper­
sions for gaseous alkali and alkaline earth ions; 
very probably fluoride ion also obeys the square 
relation. 3 0 The results of the calculation are 
given in Table V, along with values for R D and 
the ratios which correspond to the regularities ex­
pected from relations (8 ) and (9).

However, it is uncertain whether the applica­
tion of the square relation to the larger halide 
ions can give exact enough results because their 
vq values are considerably smaller than those of 
the noble gases, and they have large refractions. 
The results for these ions are therefore given in 
parentheses (see footnote c, Table V). For the 
doubly charged negative ions the same reservations 
apply, in addition to the restriction that here the 
values of both molar refraction and dispersion 
represent only extrapolated auxiliary quantities be­
cause these ions are not stable in the gaseous state. 39 40

6. The Difference between the Molar Dis­
persion of Ions in the Free Gaseous State and in 
Aqueous Solution.—From the analogous be­
havior of refraction and dispersion, one would 
expect that the tightening of the electronic system 
of water molecules by cations would produce a 
negative hydration effect for molar dispersion,
i.C.f Ahydr. Ĉ aq. cation Dgas cation) ^   ̂and that
the absolute value of this effect should be greater, 
the greater the electric field of the cation (see 
XXX, p. 121). We can test this using the most 
accurately known values for Dg and Daq salt: 
From (Daq<)K+ — (Daq>)Na+ ^ 0.364 — 0.329 =  
0.035 ±  .004 (Table II, 1 ) and (Dg)K+ -  
(Dg)Na+ =  0.0169 (Table V) it follows that

-  0.018 cc./mole (10)

(39) A lthough free fluoride ion can be expected to  have an a b ­
sorption band around  300 m/i (electron affinity «  4 volts), which is 
closer to  th e  visible th a n  th a t  of any  of th e  substances used in verify­
ing (5), the  sm all value of its  refraction  (R f ~ — 2.5 cc. com pared w ith 
R h i ~  13.7) m akes i t  im probable th a t  th e  second absorption  band 
(vo)-2 is im p o rtan t in th e  visible (see Sec. 4).

(40) See, e. g., O. K . Rice, “ E lectronic  S tructu re  and  Chemical 
B inding,” M cG raw -H ill Book C om pany, 1940, p. 101.
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T able V
M olar D ispersion  D° and M olar R efraction R d& of Gaseous Ions in  cc.

x- X”/X- X" X-/N.G. N.G. N.G./X + X  + x +/x  + + X  + +
He Li+ Be++

D 0.00351 0 .0 0 0 1 0 .0 0 0 0

R d .521 ( .08)
Cr F - Ne Na+ Mg++

D (0.32) (8.1) 0,039 6.0 0.0066 4.4 0.00149 3.3 0.00045
R d 6.95 2 . 8 4 2.44 2 . 4 3 1 . OO4 2 . 1 1 .475 1 .8 2 .26

s - c i- A K+ Ca++
D (1.9) (6.3) (0.30)c (4.7) 0.064 3.5 0.0184 2.6 0.0071
R d 22.7 2 . 5 0 9 . 065 2 . 1 6 4.203 1 . 8 6 2.255 1 .6 1 1.40

Se= Br~ Kr Rb+ Sr++
T> (2 .6) (5.2) (0.50)c (3.9) 0.129 2.9 0.0447 2.2 0 .0 2 0 6
R d 28.8 2 . 2 7 1 2 .6 6 1 . 9 8 6.397 1 . 6 9 3.79 1 . 4 7 2.58

Te= 1 - Xe Cs+ Ba++
D (4.6) (4.6) (1 .0 1)/ (3.4) 0.298 2.5 0 . I I 7 1.9 0.061
R d 40.9 2 . 1 3 19.21 1 . 8 4 10.435 1 . 6 0 6.535 1 . 3 8 4.73

a The values of D were derived by using the square relation (5) between I^d and D, the above values of R d  and the 
experimental values of R d and D for the noble gases. h The values of R d are taken from XXX, Table (3), except for 
small changes in Xe and Kr, as given by Damkoehler (XL). c For reasons given in Section 6, we prefer to use (e. g. 
in Table VIII) the values of Daq. = 0.346, 0.63 and 1.3 cc./mole (Table VI) for Cl~, Br~ and l~, respectively, as the 
provisional estimate of Dg. for these ions.

One can see that (10) agrees with the above ex­
pectation.

Since there is not sufficient information for 
evaluating the smaller hydration effect of K +, 
we shall neglect it as a first approximation, as 
was done in the case of refraction41; i. e., we put 

(Daq.)K+ = (Dg.)K+ = 0.0184 cc./mole (11) 
The numerical value in (11) comes from Table V. 
Using the experimental sums and differences 
given in Table II for aqueous electrolytes, the 
values of Daq> for all aqueous ions follow at once 
from relation (11). They are given in Table
VI. By subtracting from the Daq values for

T able VI
Apparent E quivalent D ispersion  of I ons in Aqueous 

S olution at 25° in  cc.tt
u + -0 .038 V2Be++ -0 .0 4 7 F - 0.057
Na+ -0.0166 V2Sr++ -  .010 c i- .346
K+ .0184 7 2Ba++ .005 Br~ .63
Rb+ .04 y 2Zn++ .002 1- 1.3
Cs+ .07 1/2Hg++ .14 OH- 0.205
NH,+ . 046 y 2pb++ .24 n o 3- .50
Ag+ .141 7 3ai+++ -  .041 CIO4” .229
Ti+ .53 H+ ( -  .05) V2S04= . 1416

° Based on the experimental values of D for electrolytes 
at infinite dilution (Table II) and relation (11).

aqueous ions the values of Dg> for those cor­
responding gaseous ions which in Table V are 
considered to be certain, one obtains the magni­

(41) F o r th e  evidence th a t  such so lution effects exist also for large
ions, see X X I and ref, (35), section 6e;

tude of the hydration effect Â ydr The values 
of Ahydrm given in Table VII, allow one to test 
whether or not the derivation in Section 5 leads to 
a consistent system.

Assumption (11) leads to the conclusion that for 
alkali ions larger that K +, the hydration effect 
should also be negligible, while for the hydrogen 
ion, 42 lithium ion and small cations of double or 
triple charge, the value of Â ydr should have a 
negative sign and its absolute value should be 
larger than that for N a+.

Table VII not only agrees with the above con­
clusion, 43 but in addition it shows that qualita­
tively the gradation of Ahydr is the same for the 
molar dispersion as for the molar refraction. 
In a quantitative respect one can only state that 
relative to the magnitude of RD and D of one mole 
of water, the hydration effect is considerably 
greater for dispersion than for refraction. For 
example, one has for Li+

A?ydr./Duq.H2o = -0.038/0.082 = -0 .46
while

A?ydr.AfoiQ.H2o = -0.33/3.72 = -0 .09 (12)
It is of especial interest that for F~ a positive 

value of Ahydr. is obtained, analogous to the
(42) F o r th e  a p p aren t m olar d ispersion of aqueous hydrogen  ion 

one finds D  =  —0.05 =*= 0.05. T h e  large e rro r is due to  u n certa in ­
ties in  ex trapo la ting  values of D acid to  infinite d ilu tion ; therefore  i t  is 
not w arran ted  to  place H + in T ab le  V II. H ow ever, th e  p lo t of 
hydrogen halides in Fig. 3 is n o t appreciably  affected by  such an  
error.

(43) Concerning R b  + and  Cs +, see ref. 26.
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T a b l e  VII
D i f f e r e n c e s  Ahydr. b e t w e e n  A q u e o u s  a n d  F r e e  G a s e o u s  I o n s  f o r  t h e  M o l a r  R e f r a c t io n  R d a n d  t h e  M o l a r

D i s p e r s i o n  D  i n  c c .
1. Refraction® [(Rühiq.HaO =  3.72 cc ./m ole]

a rhydr.

O H - F - Cs + R b + K  + N a  + Li + B a + + Sr + + Be + + A l3 +
+ 0 .3 4 +  0 .16 0 .0 0 .0 0.0 - 0 . 2 7 — 0 .3 3 — 0 .3 6 — 0.69 - 2 . 1 2 — 2 .49

Io n /N a  + - 1 . 3 -  .6

2. D ispersion.6 [Dliq.HsO = 0.0825

1 1 .2  

cc./m ole  (X L V III) ]

1 .3 2 .5 7 .85 9 .2

O H - F - Cs + R b  + K  + N a  + L i + Ba + + S r + + Be + + A l3 +
aP  ,hydr.
Io n /N a  +

+ 0 .0 5 6
- 3 . 1

+  0 .018  
- 1 . 0

( - 0 . 0 5  ± 0 .0 3 ) (0 .0  ±  0.05) 0.0 - 0 .0 1 8
1

- 0 . 0 3 8
2 .0

— 0 .0 5  
2 .7

- 0 . 0 4
2 .2

- 0 .0 9 4
5 .2

- 0 . 1 2
6 .7

° The values of A^dr are taken from XXX, p. 121.
b The values of A^dr are based on Tables V (VIII for HO~) and VI and the assumption (11); concerning Cs+, see ref. 

(62.)

corresponding refractometric effect. The positive 
sign indicates a loosening of the electronic shells 
of the adjacent water molecules by the action of 
the field of the small fluoride anion (see the similar 
result for OH” in Section 7.)

It would be premature to draw definite con­
clusions concerning the values of A^dr. for the 
heavier halide ions. A comparison of values 
in Table V with those in Table VI indicates that 
the D derived from the square relation for 
gaseous Cl”, Br~ and I ” is smaller than that for 
the aqueous ions by 0.05, 0.13 and 0.1 cc., respec­
tively. However, because of the uncertainty in 
Dg. for the large halide ions (see Section 5) and 
in Daq> for Br” and I ” (see Table II;, the above 
values of the hydration effect are not reliable.

We shall, as was done for refraction, provision­
ally use the values of Daq> in Table VI as being 
equal to those for the free gaseous Cl”, Br” and 
I~ ions. These values of D do not lead to con­
tradictions with the regularities expected in the 
ratios (8 ) and (9) for gaseous ions; we have, 
e. g .

C1-/A > B r-/K r > I “/Xe
5.4 4.9 4.3

7. The Change of Molar Dispersion by the 
Addition of Protons.—In Section 3 it was shown 
that the molar dispersion generally decreases 
when protons are transferred from the electronic 
shell of a hydride into the nucleus. Now, having 
the values of D for individual ions, we can discuss 
the effect of protons being brought from outside

8 9 10 111217 18 19 20353637 38 53 54 55 56 8 9101112 17 18 19 20 3536 37 38 53 54 55 56
Atomic number. (interrupted series) Atomic number.

Fig. 4A.—Comparison of the molar refraction for infinite wave length: 1, of ions and atoms of a given noble 
gas type as a function of the nuclear charge (dashed lines); 2, of analogous ions, atoms, and molecules belonging to
different periods (full lines); 3, of hydrogen halide molecules with the corresponding halide ions. Fig. 4B gives 
the same for the molar dispersion D (D = R d — i?*). In all cases the relative changes are larger for dispersion 
than for refraction.
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T a b l e  VIII
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T h e  C h a n g e  of  M olar  D isp e r sio n  b y  t h e  A d d it io n  o f  P r o t o n s
(I) I - H S e - H S - B r~ ci-
Di 1.3 (1.14) (0.75) 0.63 0.346

AD 0.76 (0.66) ( .43) .36 .188
Du .54 .48 .320 .274 . 158
(ID H I H 2Se H 2S H B r H C l

Q? = (Di -  Dn)/Di 0.58 (0.58)
Q f/Q f  2.03 2.04

the electronic shell into either (1 ) the nucleus 
(e. g., the process Cl >A) or (2) into the electronic 
system (e. g., Cl- —»HC1).

The data for case (1) are contained in Table V 
and represented graphically in Fig. 4B which 
gives a plot of D for ions, atoms and molecules as 
a function of atomic number, and which is 
naturally analogous to the corresponding figure 
for refraction (Fig. 4A). We notice that the 
absolute change in the molar dispersion caused 
by the addition of one proton depends on the 
polarizability of the initial particle; e . g., the 
decrease is 0.28 cc. (93% of Dei-) for the process 
Cl- —»A, and 0.046 cc. (72% of DA) for A-*K+ 
The percentage change is, as implied in the square 
relation, about twice as great for molar dispersion 
as for refraction.

For case (2) we have a chemical change accord­
ing to the equation H + +  I =  II, in which I is 
the initial, II the final particle. These changes 
are simpler than other chemical processes in the 
respect that the electronic system of only one of 
the reacting particles is involved. The introduc­
tion of positive charge into the electronic system 
causes the electrons to be more tightly bound, 
i. e .} its polarizability becomes smaller. The ob­
served diminution AR  of the refraction R p  of a 
charged, anion or neutral molecule (I) caused by 
the addition of protons was found (XXX)43a 
to obey a simple exponential relation

Qf = A R /R ?  = 0.2859 (1 -  e-0 .2848R xD) (13)

The relative change of refraction Q f  increases 
with R f and reaches the value 0.2847 for I -  
( R f  — 19.21) which is nearly equal to the limiting 
value 0.2859 for R i =  0 0 .

Table VIII, for which the unbracketed values 
are either known experimentally or obtained above 
(see footnote c, Table V) and for which the 
bracketed ones are derived below, shows that the 
change of molar dispersion by protons behaves 
qualitatively in an analogous way. The relative

(43a) See also K . F a jan s  and  N . B auer, J . Chem. Phys., 10, 410 
(1942).

H O "

(0.149)
( .064) 

.085
h 2o

(0.57) 0.57 0.54 (0.43)
2.04 2.05 2.04 2.04

change <2 ? =  <Pi -  D „ )/D i for dispersion in­
creases from 0.54 for Cl-  to 0.57 for Br-  and 0.58 
for I - . 4 4 For all three halide ions the ratio 
Q f  / (2p equals 2.04, showing again that the molar 
dispersion is about twice as sensitive as refrac­
tion. This relation can be made the basis for a 
derivation of ionic dispersions for gaseous HO-  
HS-  and HSe“ from the known values of H20 , 
H2S and H2Se. Assuming the ratio <2? / Q f  =
2.04 to apply to these substances as well, and 
using the known values of Q f  (XXX, p. 134), one 
obtains (?P given in Table VIII. Since Dn is 
known, we have the bracketed values of D x in 
Table VIII at once.

The comparison of (D0H-)g. =  0.14945 with 
(DoH-)aq. =  0.205 leads to a positive hydration 
effect APydr which again fits qualitatively with 
the idea of a loosening of water molecules due to 
adjacent anions.

8. Changes in Molar Dispersion of Ions in 
Crystals and Complex Ions.—The decrease in 
molar dispersion discussed in Section 7 is caused 
by the tightening action of protons. This 
tightening of an electronic system also shows up 
in cases where the positively charged particle 
attached to it has an electronic system of its own. 
Thus for the alkali halides the tightening effect in 
dispersion is apparent from the regular increase 
in the absolute values of the negative differences 
D c ry s t .  — Daq. ions in Fig. 346; i . e., in the order of 
increasing polarizability of the anion (from 
Cl-  to I - ) and of increasing field of the cation 
(from Cs+ to Li+ ) . 26

In general one expects the tightening effect 
to be more or less compensated by the loosening 
action of negatively charged particles. This 
loosening effect shows up in the refraction of

(44) T he  q u a n tity  o f j  =  A D /D j i  also shows a  regu lar b u t m ore 
rap id  g rada tion ; i. e., changes from  1.12 (C l~) to  1.41 ( I - ). If 
we use th e  values of D x -  derived  from  th e  square  re la tion  (5), th e  
value of c f f  is approx im ately  0.46 fo r all th ree  ions.

(45) Use of th e  square  re la tio n  as an  a lte rn a tiv e  m ethod  of calcu­
la tion  gives (D oH -)g . =  0.148.

(46) T he  regu larities  of Fig. 3 a re  n o t affected by com paring  D CIyst 
w ith  D g instead  of w ith  D aq.
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fluorides of the heavier alkali ions (see Fig. 3). 
Of these salts, data on the dispersion are available 
only for potassium fluoride; here, as expected, 
the molar dispersion of the crystal (D =  0.080) 
is larger than that of free gaseous ions (Dg. ion =  
0.057).

In the case of compounds of doubly charged 
noble gas ions (BeO to BaTe), the large deviations 
from additivity of the molar refraction30 gener­
ally show the expected gradations. 47 An ex­
ample of similar behavior for the molar dispersion 
is given by the differences in Table IX, obtained 
from the most reliable D values in Table III. 
The reason for the large differences between 
corresponding A values can be expressed in the 
simplest way by stating that the tightening 
effect is greatest in MgS, as expected.

T a b l e  IX
D e v ia t i o n s  f r o m  A d d i t i v i t y  f o r  t h e  M o l a r  D i s p e r s i o n  

o f  C o m p o u n d s  H a v in g  D o u b l y  C h a r g e d  I o n s

D in cc. A D in cc.
CaS 0.71 =±= 0 .02 0.54 CaO 0.17 =*= 0.02

A .33 =*= .04 A .08 =b .03
MgS .38 * .02 0.29 MgO .09 ±  .01

The molar dispersion of oxide ion is the most 
reliable among the values calculated for doubly 
charged anions (see Section 5); it is of interest 
to compare this Do- =  0.32 cc. with the values 
of the apparent molar dispersion which 0 = shows 
in compounds. One obtains D 0 - app., given in 
Table X, by subtracting the value of Dg for 
the attached positive ion (Table V48) from the

T a b l e  X
T h e  A p p a r e n t  M o l a r  D i s p e r s i o n  o f  t h e  O x y g e n  

O c t e t  i n  C r y s t a l s  a n d  C o m p l e x  I o n s , i n  c c .
A t­

tached
cation Ba + + Sr + + N one Ca + + H  + M g + + S6 + c : 7 +

A pparen t
Do- 0 .7 0 0 .3 7 0 .32 0 .1 6 0 .149 0 .0 9 0.070 0 .057

A pparen t
Ro- 7.91 6.81 6 .9 5 6 .03 4 .7 6 4 .2 4 3.68 3.31

corresponding value for the crystal (Table III) or 
complex ion SOT", C1 0 4 ~, and OH~ (Tables VI 
and VIII). Concerning the corresponding data 
for refraction, see refs. (30) and XLIII and Table

(47) K . F a jan s, Z. K rist., 66, 325 (1928).
(48) I t  is a p p aren t from  ex trapo la ting  th e  values in Table V th a t 

R  and  D are negligibly small for S6+ and Cl7+.

V. We note from Table X  that again the dis­
persion of a given electronic system subjected to 
various force fields shows relatively larger changes 
than the corresponding ones previously found for 
refraction; e. g., on going from the free ion to the 
oxygen octet in perchlorate, where 0 = is deformed 
by the field of Cl7+, D0- changes by a factor of
5.6, R q- by a factor of 2 .1 .

Especially significant in Table X  is the high 
value of D0- app. in BaO. It gives support to the 
former conclusion (VII) that the oxygen ion 
appreciably loosens the barium ion. This con­
clusion was based on the fact that also the appar­
ent refraction of 0 s in BaO (7.91) is higher than 
the refraction obtained for free oxide ion (6 .9 5 ) by 
extrapolation from the R  values for other noble 
gas ions.

Summary
1 . The difference D =  AD — R m between the 

molar (Lorentz-Lorenz) refraction for the sodium 
D line and that extrapolated to infinite wave 
length from measurements in the visible is used 
as measure of the m olar d ispersion .

2. For isoelectronic substances, the dispersion 
of which can be represented by a single term 
formula in the visible, one is led to expect that 
D is approximately proportional to the square 
of Ad. It is shown that this square relation applies 
satisfactorily to noble gases (N. G.), hydrogen 
halides and H20 , H2S, H2Se.

3. The molar dispersion Dg. for free gaseous 
ions of the noble gas type is obtained by applying 
the square relation to the corresponding values 
of molar refraction found previously and to the 
experimental data on R N and Dn.g. A com­
parison of the gradations of Dg. with the gradations 
of the experimental molar dispersions for aqueous 
electrolytes leads to an estimate of the effect of 
hydration on the apparent ionic dispersion.

4. The molar dispersion proves to be a prop­
erty which is even more sensitive to changes 
in the forces acting on the electronic systems of 
ions and molecules than is the molar refraction; 
in general the relative changes in D are about 
twice as great as the corresponding changes in R D.

A n n  A r b o r , M i c h i g a n  R e c e i v e d  J u n e  27, 1942
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The Vapor Pressure of Phenothiazine1
B y O. A. N elson

During recent years considerable experimental 
work has been done with phenothiazine for the 
purpose of establishing the value of this compound 
as an insecticide. It has been tested as a stomach 
poison against a great variety of insects, 2 but thus 
far the most extensive field tests have been aimed 
at the substitution of this compound for arseni- 
cals for the control of the codling moth larva.

When freshly applied, phenothiazine is more 
toxic to this insect than lead arsenate at the same 
dosage. After a few days, however, the deposit 
loses much of its toxicity. This loss may be due 
to loss of deposit due to lack of adhesive proper­
ties or to decomposition in sunlight. Although 
the rate of vaporization of phenothiazine is very 
low, nevertheless it has been suggested that the 
loss in toxicity might be due to the evaporation of 
the smaller particles from the surfaces of the 
sprayed fruits or leaves. For this reason the vapor 
pressure and the rate of evaporation of this com­
pound were determined.

Method.—It was evident that the vapor pres­
sure of phenothiazine was much too low to be 
determined by the static method. An apparatus 
was designed, therefore, whereby the vapor pres­
sure could be determined by the air-saturation 
method. The apparatus, a modification of the one 
used by Vanstone, 3 is shown in Fig. 1.

The saturator, about 14 inches long, was loosely packed 
with glass wool and powdered phenothiazine and suspended 
in a constant-temperature bath. Packing it in this man­
ner reduced to a minimum the possibility of channeling and 
also provided an enormous surface, thus facilitating satura­
tion of the air with the compound. The exit tube of the 
saturator was electrically heated to prevent condensation 
of the vapors before they reached the thin-walled con­
denser, cooled in an ice-salt mixture. The weight of the 
phenothiazine condensed was determined by a colorimetric 
method developed in the Division of Insecticide Investiga­
tions, which is based on the transformation of the com­
pound into a red product by treatment with bromine. The 
limit of accuracy of this method was 1.0 microgram of 
phenothiazine, representing an error of less than 5% in 
most of the determinations. This method is essentially 
the same as the one described by Eddy and DeEds.4 For

(1) Original m anuscrip t received N ovem ber 29, 1940. N o t copy­
righ ted .

(2) L. E. Sm ith, U. S . Dept. Agr., Bur. Entomol. Plant Quarantine, 
Entomol. Tech. Cir., E-399 (1937) (m im eo.).

(3) E rnest V anstone, J . Chem. Soc., 97, 429 (1910).
(4) C. W. E ddy  an d  F loyd  D eEds, J . Food Research, 2, 2059 

(1937).

and L. E. Sm ith

the lower temperatures 11.8 liters of air was drawn through 
the aspirator, while for the higher temperatures only 2 
liters was required. The rate of flow of the air through the 
apparatus was controlled by means of the capillary tip at 
the outlet tube from the aspirator.

In determinations of vapor pressure by the air-saturation 
method it is imperative that the air drawn through or over 
the sample be completely saturated with the compound 
under investigation. That the air was saturated with re­
spect to the phenothiazine was evidenced by the observa­
tion that air could be drawn through the saturator at a 
rate twice that used in the vapor-pressure determination 
without lowering the results.

In order to verify the results obtained in the 14-inch 
saturator and only one condenser, a second series of vapor 
pressure determinations was made in which the saturator 
consisted of three, and later five, 10-inch glass tubes, filled 
as described above, and heated in an electrically controlled 
air furnace, and two condensers instead of one. Not a 
trace of phenothiazine was obtained in the second con­
denser, thus proving complete absorption in the former ex­
periments. The results of this series are given in Table I, 
series 2.

Experimental Results
After the weight of the compound vaporized in 

a known volume of air had been determined, the 
vapor pressure was readily calculated from 
Dalton's law of partial pressures. The expression 
used by Vanstone, correcting the volume of air 
for temperature and pressure, is 

wVcTP 760
V* 273pV  +  760wV/T
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wherein
V. P. = vapor pressure of phenothiazine, in mm. 

w = weight of phenothiazine condensed, in grams 
Vc = specific volume of phenothiazine = 22.41 liters/ 

gram-mole = 0.1126 liter per gram 
P — pressure of atmosphere, in mm. 
p  = pressure of air in aspirator, in mm.
V = volume of air aspirated, in liters 
T — absolute temperature of air in aspirator

Table I gives the experimental data obtained 
in this investigation, together with the vapor pres­
sures as calculated by means of the above equa­
tion.

T a b l e  I
E x p e r i m e n t a l D a t a f o r  V a p o r  P r e s s u r e  

t h i a z i n e  

Series 1

OF PH ENO

R eplications, V apor S tandard
T em p., °C. n um ber pressure , m m . error, mm.

63 7 0.00008 0 .0 0 0 0 2
66 3 .00014 .00003
78 6 .00026 .00003

100.5 3 .0016 .0 0 0 1
111 10 .0038 .0 0 0 2
121.5 4 .0089

Series 2
.0004

78 4 0 .0 0 0 2
90 1 .00064
96.5 1 .0014
99 3 .0018

10 0 3 .0019
11 0 2 .0037
112 1 .0042
121 2 .0085

Over limited ranges of temperature and pres-
sure the relation between these factors can be ex­
pressed by the equation log p — 9.265 — 4490.0/ 
7 /abs.). By means of this equation the vapor 
pressures of phenothiazine were calculated at 
10-degree intervals from 40 to 140°. These data 
are recorded in Table II.

T a b l e  II
C a l c u l a t e d  V a p o r  P r e s s u r e s  o f  P h e n o t h i a z in e

T em p.,
°C.

V apor p ressure, 
m m .

T em p.,
°C.

V apor pressure, 
mm.

40 0.000008 10 0 0.0016
50 .000023 11 0 .0035
60 .000058 12 0 .0070
70 .00015 130 .013
80 .00032 140 .025
90 .00081

Rate of Vaporization of Phenothiazine
The rate at which phenothiazine vaporized was deter­

mined in two series of experiments, in which glass plates 
were dusted with finely divided phenothiazine. In the 
first series two glass plates with areas totaling 384 sq. cm.

were placed inside a 4-inch glass tube, which in turn was 
kept at 45° in a constant-temperature air thermostat. A 
gentle current of air was drawn over the dusted surfaces 
to carry off the phenothiazine vapors. The runs were con­
tinued for two to four days. An absorption bulb filled 
with ethyl alcohol and kept at ice-salt temperature was 
inserted in the air line for three to six hours, and the weight 
of phenothiazine was determined by the colorimetric 
method. To determine whether all the phenothiazine was 
absorbed, a second absorption bulb was inserted in the line, 
and air was drawn through for four hours. No pheno­
thiazine was found in the second bulb.

In the second series of experiments, the finely divided 
phenothiazine was dusted on 45 by 50 mm. cover glasses, 
which were then placed at an angle of about 45° in echelon 
arrangement on a wire rack in the air thermostat at 45°. 
A moderate current of air was drawn over the dusted sur­
faces for ninety-six hours. The loss in weight of pheno­
thiazine was determined by direct weighing of the cover 
glasses, before and after evaporation, on a micro balance 
sensitive to 0.002 mg.

Table III gives a summary of the results ob­
tained in these experiments.

T a b l e  III
R a t e  o f  V a p o r i z a t i o n  o f  P h e n o t h i a z in e

R eplica- 
Series tions

1 11
2 8

Average

R ate  of 
evaporation  

Mg./sq. c m ./h r .

0.019
.027
.023

Probab le  erro r 
of th e  m ean 

Mg./sq. cm ./h r .

0.002
.0027
.0013

The average particle size of the sample used in 
these experiments, as determined by the air- 
permeation method, 5 was 3 microns diameter.

The method used in determining the rate of 
vaporization was designed to yield results com­
parable to those obtained under field conditions, 
where the insecticide is sprayed or dusted on the 
surfaces of fruits and leaves. The weight of pheno­
thiazine per unit area of glass surface in these ex­
periments was about five times the amount ap­
plied to fruits or foliage, and because of this dif­
ference in density of phenothiazine particles there 
might possibly be a slight difference in rate of 
evaporation. The difference is believed to be 
small, however, and the rates recorded here 
are considered good estimates of the rate of loss 
of this compound due to vaporization in actual 
use.

The original weight of phenothiazine on the 
glass plates was approximately 2 0 0  micrograms 
per square centimeter. As the average rate of 
loss amounted to only 0.023 microgram per 
square centimeter per hour, the loss over a period

(5) E . L. G ooden and  C. M. Sm ith , I n d .  E n g .  C h e m . ,  A n a l .  E d . ,  12,
479 (1940).
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of one hundred hours would be slightly more than
1 % .

Summary

The vapor pressure of phenothiazine within 
the temperature range of 63-121° and the rate

of evaporation of the finely powdered compound 
at 45° have been determined.

The results obtained show that the loss in toxi­
city of phenothiazine when used for the control of 
insect pests is not due to evaporation.
Beltsville, M aryland R eceived August 6, 1942

[Contribution from the Chemical Laboratory and the Radiation Laboratory of the University of California]

Tracer Studies with Radioactive Hydrogen. Some Experiments on Photosynthesis
and Chlorophyll

By T. H. N o rris , S. R u b e n  a n d  M. B. A l l e n

Since nothing is known regarding the role of 
chlorophyll in green plant photosynthesis, there 
has been, and still is, considerable speculation on 
the subject. The many theories that have been 
proposed may be divided into two classifications: 
(1 ) chlorophyll participates as a reducing agent 
(hydrogen donor), (2 ) chlorophyll merely acts as 
a sensitizer (as certain dyes function on photo­
graphic plates, for example). The first cate­
gory is by far the larger and we may cite a few 
of the more interesting proposals found in this 
group.

Dixon and Ball1 have suggested that chloro­
phylls a and b are involved in a reversible oxida­
tion-reduction cycle in which chlorophyll a  (GH2) 
is oxidized to b (GO).

GH2 +  CO2 +  light — ^ GO +  l/»(H 2CO)» (1)
and b in turn is reduced to a as follows2:

GO +  H20  +  light----> GH2 +  0 2 (2)
The discovery that the chlorophylls contain a 

readily oxidizable group led Conant3 and co­
workers to propose that the pigment might act 
as a two electron reducing agent.

enzyme
12GH2 +  6CO2---------12G +  C6H i20 6 +  6H20  (3)

in a dark reaction, 3 chlorophyll being regenerated 
by a photochemical process. 4

12G +  12H20  +  ligh t---->  12GH2 +  602 (4)
Stoll4 and Willstatter5 independently consider 
chlorophyll to function as a hydrogen donor in a 
photochemical reaction producing monodehydro- 
chlorophyll (GH). This free radical is supposed

(1) D ixon and  Ball, Sci. Proc. Roy.  D ublin  Soc., 16, 435 (1922).
(2) F o r  an  a tte m p t a t  an  experim ental check on th is proposal cf. 

R uben, Frenkel and  K am en, J .  P h ys . Chem., 46, 710 (1942).
(3) C onant, D ietz and  K am erling, Science, 73, 268 (1931).
(4) vStoll, N atu rw ., 20, 955 (1932); 24, 53 (1936).
(5) W ills ta tter *bid. 21 252 '1933)

to revert to the original dye via another photo­
chemical process.

GH +  H20  +  hv — > GH2 +  OH (5)
Franck6 »7 has a somewhat similar point of view, 
but has formulated the chlorophyll regeneration
as

GH +  R'OH +  hv ----^  GH2 +  R'O (6)
where R'OH is different from water.

It occurred to us that using radioactive hydro­
gen8 H3, as a tracer it might be possible to learn 
whether or not chlorophyll is participating in 
photosynthesis as a donor of hydrogen. If photo­
synthesis is allowed to proceed for a sufficiently 
long time in water containing HTO9 chlorophyll 
containing T should be formed10 if the idea under­
lying equations 2, 4, 5, 6  is correct.

Experimental
Eleven cc. of the unicellular green alga Chlorella pyrenoi- 

dosa was suspended in 220 cc. of 0.05 M  potassium bicarbo­
nate solution containing HTO and strongly illuminated for 
three hours. During this period 2.5 X 10“ 3 mole of oxy­
gen was evolved and a simple calculation shows that if the 
donor scheme is correct each chlorophyll should have been 
oxidized and reduced at least 100 times.103. The algae 
were centrifuged and the chlorophyll removed by exhaus­
tive extraction with 95% acetone. All operations from the 
end of the illumination to the final burning of the chloro­
phyll were performed in strict darkness. In order to 
facilitate operations in the dark, the volumes of all solu­
tions and vessels were carefully predetermined. To re­
move a lower layer from a separatory funnel, an evacuated

(6) F ran ck  an d  H erzfeld, J .  Ph ys .  Chem., 45, 978 (1941),
(7) F ran ck  and  G affron, “ A dvances in  Enzym ology,” I, In te r-  

Science P ublishers, Inc ., N ew  Y ork , N . Y ., 1941, p. 215.
(8) A lvarez and  Cornog, P h ys .  Rev., 56, 613 (1939).
(9) W e use th e  sym bol T  for H 3 (c f . L ibby  an d  B arte r, J .  Chem. 

Phys . , 10, 184 (1942)).
(10) T h e  possib ility  of an  isotope separation  will be discussed 

below.
(10a) Since th e  q u an tu m  yield is 0.1-0.08 (c f . M anning, Stauffer. 

D uggar and  D aniels, T h is  J o u r n a l , 60, 266 (1938), and  E m erson 
and Lewis, A m . J . Bot., 28, 789 (1941)).
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vessel of known volume was attached to the bottom. 
The chlorophyll was transferred by extraction to pentane 
and this solution washed twice with 80% acetone. The 
pentane layer was thoroughly washed with water. Under 
such conditions chlorophyll will usually precipitate, but 
the solution was too dilute in the present case for this to 
occur to an appreciable extent. The solvent was distilled 
off in vacuo at room temperature and the chlorophyll11 
carefully dried under high vacuum for several days. It 
was then burned in a stream of dry oxygen to carbon di­
oxide and water, the gases being passed over heated cupric 
oxide and the water collected in a cold trap. This water 
was converted quantitatively to magnesium oxide and 
hydrogen with excess fresh magnesium turnings at ^625 °.12 
The conversion was carried out in a large test-tube filled 
with turnings, connected to the vacuum system through 
a rubber stopper sealed with de Khotinsky cement. The 
water was frozen in the bottom of the tube by immersion 
in liquid air. After evacuation the upper section was 
heated to ^625° electrically and the water then distilled 
up through the turnings, one distillation usually being suf­
ficient for complete reaction. The evolved hydrogen was 
dried by passage through a liquid air trap and introduced 
directly into a Geiger counter containing 1.5 cm. of 
ethanol vapor and its radioactivity measured.13 By using 
a new test-tube and stopper for each conversion the dif­
ficulty of decontamination was greatly reduced. The 
counter and the vacuum line were rid of adsorbed radio­
hydrogen by repeated flushing with ethanol vapor. The 
results of three separate experiments are summarized in 
Table I.

T a b l e  I

F o r m a t io n  o f  R a d io a c t iv e  C h l o r o p h y l l  D u r i n g  
C h l o r e l l a  P h o t o s y n t h e s i s  i n  HTO

R adioactiv ity
(counts/m in .)

E xpt.
Algae, &

cc. C onditions

o2
evolved

(m illi­
moles)

F ound
experi­

m entally

T heoreti­
cal0 for 

com plete 
exchange

1 11.0C 175 min. in light 2.0 < 80 2200
2 3.1d 185 min. in light 0.5 < 65 5260
3 5.5e 180 min. in dark <100 9350
a Calculated on the assumption that each chlorophyll 

molecule in the algae has one hydrogen atom capable of 
undergoing photodissociation and moreover that each 
cycle involves the same C—H bond. b 1 cc. of algae con­
tains 2 X 10“ 5 mole of chlorophyll. c Suspended in 220 
cc. of 0.05 M  KHCO3 containing 2.0 X 107 c./min./mole 
H20. d Suspended in 55 cc. of 0.05 M  KHC03 containing
1.7 X 10s c./min./mole H20. e Suspended in 50 cc. of 
0.05 M  KHCOg containing 1.7 X 108 c./min./mole H20.

It is apparent from Table I that no evidence for a photo­
chemical exchange between chlorophyll and H+ (e. g.t 
H20, —OH, —NH2, —COOH) was obtained. Before con­
cluding that chlorophyll does not act as a hydrogen donor 
in photosynthesis we must consider two possible objections:

(11) This p robab ly  con ta ined  sm all am oun ts  of yellow pigm ents, 
e tc ., cf. M ackinney, J . Biol. Chem., 132, 91 (1940).

(12) In  o rder to  avoid  an y  isotope separa tion  i t  is essential th a t  
th is  conversion be q u a n tita tiv e . T h is  m ethod  was found to  be more 
rap id  th a n  th e  reaction  w ith  h o t zinc.

(13) F o r a  brief discussion of coun ting  rad iohydrogen see Allen and 
R uben, T h is  J o u r n a l , 64, 948 (1942).

(1) loss of H3 from chlorophyll by thermal exchange during 
the extraction process; (2) an isotope effect—i.  e ., H3 is not 
an ideal tracer for hydrogen of mass 1.

The possibility that chlorophyll contains labile hydrogen 
which can undergo photochemical or thermal exchange 
with water, etc., was therefore investigated. Pure chloro­
phyll was prepared from fresh spinach leaves following the 
procedure of Mackinney.14 After drying in high vacuum 
for several weeks, the final product was analyzed spectro- 
photometrically15 and found to be 97 =«= 1 % pure while the 
a/b ratio was 1.77. A weighed portion (40 mg.) of this 
chlorophyll was dissolved in 8 cc. of absolute ethanol and 
then 2 cc. of water (HDO) containing HTO and DTO 
was added.16 This solution was shaken in the light for 
thirty minutes and the solvent distilled off in vacuo at room 
temperature. An attempt was made to free the chloro­
phyll of adsorbed or trapped solvent by maintaining a high 
vacuum (10“6 mm.) over it for several days, after which 
the chlorophyll and its glass container (crushed) were 
introduced into a combustion tube and burned in a stream 
of dry air. In order to obtain sufficient hydrogen for sev­
eral entirely independent radioactivity determinations, a 
weighed portion of anhydrous glucose (Merck reagent 
grade) was added to the chlorophyll just prior to combus­
tion. The resulting water was converted to hydrogen and 
counted. The results of this and similar experiments are 
summarized in Table II.

T a b l e  I I

S e a r c h  f o r  E x c h a n g e a b l e  H y d r o g e n  i n  C h l o r o p h y l l

Specific 
ac tiv ity  of 
hydroxyl 
hydrogen
in  so lvent T ritiu m  con ten t

E xpt.
phyll,

g-
co u n ts /m in ./ 

g. a tom  H
E xperim ental

conditions E xptl.
T heo­
retical®

1 0 .040 2 .7 8  X 108 30 min. light 187 ± 3 0 3820
2 .095 0 .53  X 108 60 m in. lig h t& 51 ±20 2430
3 .034 2 .7 8  X 108 30 min. ligh tc 100 ±25 3240

a Calculated on the assumption that each chlorophyll 
molecule has one exchangeable hydrogen atom. In experi­
ments (1) and (3) 30.8% of the total H2 generated was 
introduced in the Geiger counter; in (2) 43.4% of the H2 
was counted. 6 0 2 excluded at all times during experi­
ment. After removing active solvent (25 cc.) the chloro­
phyll was dissolved in 10 cc. of 95% ethanol (inactive) 
which after ^five minutes was distilled off in vacuo at room 
temperature. This operation was repeated twice, the 
intention being the removal of firmly adsorbed or trapped 
radio-active solvent. c Washed once with 10 cc. of inac­
tive 95% ethanol.

Since the small amount of radiohydrogen found in Ex­
periments 1-3 was approximately 10“6 of the T used in each 
experiment, it was of interest to determine if exchange with 
the glass occurred. To this end Experiment (1) was re­
peated except that the chlorophyll was omitted. The 
hydrogen obtained in this experiment gave 30 =*= 10 counts/ 
minute in the Geiger counter.

(14) M ackinney, J . Biol. Chem., 132, 91 (1940).
(15) W e are  indeb ted  to  D r. S. Aronoff for th is  analysis.
(16) R ad io -w ater of th is  com position was ob tained  by condensa­

tion  of th e  exhaust gases from  th e  acceleration cham ber of the  60" 
Berkeley cyclotron.
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Discussion
It would appear from Tables I and II that <  5%  

of the chlorophyll has exchanged one hydrogen. 
However, due to the possibility of an appreciable 
isotope separation, the low values shown in Tables 
I and II do not exclude the possible existence of a 
cycle (Equations (7) and (8 )) in which a photo­
activated chlorophyll (G*H2) acts as a donor of
hr +  GH2 +  A ----^  G*H2 +  A — ^  GH +  HA (7)
hydrogen to some unknown substance (A) 17 and 
the chlorophyll free radical (GH) formed in this 
process is reduced to native chlorophyll (GH2) by 
a thermal reaction such as (8 ).

GH +  R O H ---->  GH2 +  RO (8)
Process (8 ) very likely has a lower activation en­
ergy than the analogous reaction (9) involving an 
oxygen-tritium bond.

GH +  R O T ---->- GHT +  RO (9)
The difference in energies of activation could be 
of the order of 2  kcal. and consequently the spe­
cific reaction rate for (8 ) would be ^ 2 0  times 
greater than that of (9) .

It might be of interest to mention some simple 
reactions involving hydrogen and deuterium in 
which the differences in activation energies have 
been obtained by kinetic studies. Rollefson18 

found a difference of 1630 calories in the energies 
of activation for the following

Cl +  H2 — >  HCl +  H (10)
Cl +  D2 — >  DCl +  D (11)

Farkas and Farkas19 studied
Cl -f H2 — ^  HCl +  H (12)

Cl +  HD — ->► DCl -1- H (13)
and found the difference to be 600 calories.

In the photochemical reaction (7) the absorp­
tion of a light quantum would raise the photo­
activated chlorophyll to an energy, level well over 
the top of the energy barrier and therefore the 
specific reaction velocities for (7) and (14) would 
be the same and no isotope separation would oc­
cur.
hv-f - G H T + A  > G H * T + A ----> GH -f- TA (14)
This seems to be a reasonable assumption since 
the quantum yield of photosynthesis is essentially 
the same20 for wave lengths of light from 4500 to 
6900 A.

(17) E q u a tio n  (7) is essentially  sim ilar to  th e  form ulation by 
F ranck  and Gaffron

GH2-CO2 complex +  hv----> GH -f intermediate.
(18) Rollefson, J . Chem. P hys., 2, 144 (1934).
(19) F a rk as  an d  F a rkas , N aturw ., 22, 218 (1934).
(20) Em erson and  Lewis, J . Gen. Phys., 25, 579 (1942).

On the other hand, if (7) and (14) were thermal 
or if the photoactivated compound dropped to a 
lower energy level (by fluorescence or by a tauto­
meric change such as suggested by Franck and 
Livingston21 such that the energy content was 
within say 1  kcal. of the activation energy of (7), 
the isotope separation would result in which GHT 
would tend to accumulate over GH2. Moreover, 
if (8 ) and (9 ) were photochemical no isotope sepa­
ration would occur.

It should be noted that Trelease and co- 
workers22,23> 24 have found the rate of photosyn­
thesis in pure deuterium oxide (heavy water) to 
be 0.41 the rate in water. They have also shown 
that the thermal reactions and not the photo­
chemical processes are slowed by the deuterium. 
If a reaction such as (8 ) is the rate determining 
step the difference in activation energies of (15) 
and (8 )

GH +  R O D ----> GHD +  RO (15)
is ~600  calories. Assuming the difference in 
energies of activation is due primarily20 to the 
difference in zero point energies, one calculates 
that the difference in activation energies in rup­
turing a carbon-tritium and a carbon-hydrogen 
bond is ^25%  greater than the corresponding 
difference between a carbon-deuterium and a car­
bon-hydrogen bond. However, it is possible 
that photosynthesis involves several thermal re­
actions in which isotope separations may occur. 
Therefore, in the tritium experiments where there 
is competition between ROH and ROT the iso­
tope separation may be greater or less than one 
would expect from a simple consideration of the 
rate in pure deuterium oxide.

If the experiments described in this communi­
cation were repeated using 100% D20  and the 
chlorophyll analyzed for deuterium content, all 
uncertainties due to isotopic effects would be com­
pletely eliminated and an unequivocal conclusion 
regarding the role of chlorophyll in photosynthe­
sis could be reached. We hope to do this experi­
ment in the near future.

It is evident that the results obtained in this re­
search cannot be considered as definite evidence 
for or against the hydrogen donor hypothesis, but 
we may reasonably conclude that either no isotope  
separation accom panies (7) and does take place in

(21) F ranck  and  Livingston, J . Chem. Phys., 9, 184 (1941).
(22) P ra tt ,  C raig and Trelease, Science, 85, 271 (1937).
(23) C raig and  Trelease, A m . J .  Botany, 24, 232 (1937).
(24) P r a t t  and  Trelease, ibid., 25, 133 (1938).
(25) Cf. "L ig h t and  H eavy  H ydrogen ,” by  A. F a rk as , C am bridge 

U niversity  Press, 1935.



3040 N o tes Vol. 64

(8) or else the hypothesis that chlorophyll acts as a 
donor of hydrogen in  photosynthesis should be 
abandoned.

Acknowledgments.—We wish to thank Pro­
fessors G. K. Rollefson and J. Franck for many 
helpful suggestions and discussions. We are 
indebted to Professor E. O. Lawrence and mem­
bers of the Radiation Laboratory, particularly 
Dr. M. D. Kamen, for the tritium samples.

Summary
1. The formation of chlorophyll containing T 

could not be detected during photosynthesis of

Chlorella pyrenoidosa  in HTO +  H20.
2. No ( < 5 % )  thermal exchange was ob­

served between purified chlorophyll and 80% 
ethanol containing HTO.

3. The implications of these results for the 
theory that chlorophyll acts as a hydrogen donor 
in photosynthesis are discussed.

4. It is pointed out that repetition of the ex­
periments herein described using 100% D20  
would avoid the question of isotope separation 
and make possible an unequivocal conclusion re­
garding the role of chlorophyll.
Berkeley, California R eceived September 14, 1942

N O T E S

Characteristics of j3- [2,5-Dimethoxyphenyl]-/3- 
hydroxyisopropylamine Hydrochloride
B y  R ic h a r d  B a l t z l y  a n d  J o h a n n e s  S . B u c k

This compound was reported recently1; sub­
sequent investigation makes it evident that the 
substance to which that formula was attributed 
is actually /3-[2,5-dimethoxyphenyl]-/3-oxoisopro- 
pylamine hydrochloride. This could have been 
anticipated2 but was not at the time. The error 
arose partly from the difficulty of interpreting 
small absorptions of hydrogen when using a 
catalyst (palladized charcoal) that itself binds 
relatively large amounts of hydrogen and partly 
from adverse conditions over which the analyst 
had no control.

The substance previously obtained (m. p. 176° dec.) 
when dissolved in water and reduced with hydrogen and 
platinum-black absorbed 1 mole of hydrogen. A new 
hydrochloride was isolated melting at 215°.

Anal. Calcd. for CnHi80*N: C, 53.31; H, 7.33.
Found: C, 53.43; H, 7.53.

When the corresponding base was acetylated with 
acetic anhydride a diacetyl derivative was formed melting 
at 120° and crystallizing from ethyl acetate-hexane in 
parallelogrammatic plates.

Anal. Calcd. for C15H2i05N: C, 60.98; H, 7.17.
Calcd. for C13Hi70 4N: C, 62.12; H, 6.83. Found: C, 
61.09; H, 7.30.
T h e  B u r r o u g h s  W e l l c o m e  & Co. U. S. A.
E x p e r i m e n t a l  R e s e a r c h  L a b o r a t o r ie s
T u c k a h o e , N e w  Y o r k  R e c e i v e d  O c t o b e r  24, 1942

(1) B altzly  an d  Buck, T h i s  J o u r n a l , 62, 164 (1940).
(2) C f. H artu n g , ibid.. 53. 4149 (1931).

Identification of o- and ^-Sulfobenzoic Acids1 as 
their S-Benzylthiuronium Salts
B y  E. C a m p a ig n e 2 a n d  C. M. S u t e r 3

The structure of the alkylated benzenesulfonic 
acids may be partially clarified by oxidation to the 
sulfobenzoic acids. The identity of the 0 -, m - 
and ^-sulfobenzoic acids may be determined by 
conversion to the acid chlorides and to the amides.4 
This involves separation and drying of the salts of 
the sulfobenzoic acids, and the somewhat tedious 
conversion to the chlorides with a phosphorus 
halide. The use of S-benzylthiuronium chloride 
as an analytical reagent for sulfonic acids5 has 
recently been reported. Since the benzylthiuro- 
nium derivatives are prepared in water solutions, 
the use of this reagent should give a quick and 
easy method for the identification of the oxidation 
products of alkylbenzenesulfonic acids and re­
lated compounds.

The S-benzylthiuronium salts of 0 - and ^?-sulfo- 
benzoic acid were obtained in good yield from 
water solutions of the acid sodium or ammonium 
salts, but the derivative of the m-sulfobenzoic 
acid was found to be quite soluble in water, and 
could not be isolated conveniently. The 0 -sulfo-

(1) This investigation  was supported  by  a g ran t from  the  A bbo tt 
F und  of N orthw estern  U niversity .

(2) Present Address: U niversity  of Texas, M edical B ranch, G al­
veston, Texas.

(3) Present A ddress: W in th rop  Chem ical Com pany, Inc., R ensse­
laer, N . Y.

(4) Beilstein’s “ H an d b u ch ,” 4 th  ed., Vol. X I, p. 369.
(5) Cham bers and W a tt, J . Org. Chem., 6, 376 (1941).
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benzoic acid gave an immediate precipitate from 
hot dilute acid. This salt was extremely insoluble, 
and analysis showed it to be the di-(S-benzyl­
thiuronium) 0-sulfobenzoate. The ^-sulfobenzoic 
acid gave a derivative which was more soluble, 
crystallizing slowly from cold dilute acid. Analy­
sis shows this to be the acid salt, S-benzylthi­
uronium hydrogen ^-sulfobenzoate. The differ­
ence in solubilities of these three salts gives a con­
venient method of identification of the three acids. 
A solution of the free acid, or a solution of a salt 
of the acid which has been acidified with a few 
drops of concentrated hydrochloric acid, is heated 
to boiling and the calculated quantity of a 10% 
solution of S-benzylthiuronium chloride is added. 
An immediate precipitate indicates o-sulfoben- 
zoic acid. A precipitate which crystallizes slowly 
on cooling indicates ^-sulfobenzoic acid, and if no 
precipitate, or an oil, is obtained, the acid is m- 
sulfobenzoic acid.

Experimental
^-Sulfobenzoic Acid.—Two grams of ^-toluenesulfonic 

acid was oxidized with 5 g. of potassium permanganate 
in basic solution. The precipitated manganese dioxide 
was filtered off, and hydrochloric acid was added until the 
solution became acidic. The addition of barium chloride 
caused an immediate precipitate of white flakes of the 
barium salt of ^-sulfobenzoic acid, which was soluble in 
base and reprecipitated by acid. One gram of this salt 
was digested in SO ml. of hot water with excess sodium 
sulfate and 1 ml. of concentrated hydrochloric acid. 
The precipitate of barium sulfate was removed, and 10 ml. 
of 10% S-benzylthiuronium chloride was added. The 
clear solution, on cooling, gave flat plates of S-benzyl­
thiuronium hydrogen ^-sulfobenzoate which were recrys­
tallized with difficulty from ethyl alcohol, m. p. 212.6- 
214.4° (cor.).

Anal. Calcd. for C15H16N2O5S2: N, 7.61; Found: N, 
7.80.

W-Sulfobenzoic Acid.—This acid was prepared in the 
usual manner by sulfonating benzoic acid in 30% fuming 
sulfuric acid and salting out the acid sodium salt. One 
gram of this salt was dissolved in 20 ml. of distilled water 
containing 1 ml. of concentrated hydrochloric acid and 10 
ml. of 10% S-benzylthiuronium chloride was added. No 
precipitate formed on cooling. At freezing temperatures 
an emulsion formed which redissolved as it warmed to room 
temperature. No further attempt was made to isolate 
this salt.

0-Sulfobenzoic Acid.—The acid ammonium salt of 
this acid was prepared from saccharin according to the 
method of Clarke and Dreger.6 One gram of the crude 
salt was dissolved in 30 ml. of hot water, 1 ml. of concen­
trated hydrochloric acid and 10 ml. of 10% S-benzylthiu­
ronium chloride were added. An immediate precipitate 
was formed in the hot solution. After cooling, the di-(S-

(6) C larke and  D reger, “ O rganic S yntheses,” Coll. Vol. I, p. 13.

benzylthiuronium) d-sulfobenzoate was recrystallized from 
70% alcohol as fine white needles, m. p. 205.5-206.5° 
(cor.). When mixed with the derivative from £-sulfo- 
benzoic acid the melting point was 194-196°.

Anal. Calcd. for C23H26N4O5S3: N, 10.25. Found:
N, 10.35.
C h e m i c a l  L a b o r a t o r y  
N o r t h w e s t e r n  U n i v e r s i t y
E v a n s t o n , I l l i n o i s  R e c e i v e d  S e p t e m b e r  11, 1942

The Formation of Insoluble Sulfur in the Pres­
ence of Gases Other than Sulfur Dioxide

B y  E d w a r d  A. F e h n e l

The work of Smith and Holmes1 and, more re­
cently, of Das and Ghosh2 would indicate that the 
plasticity and insolubility of certain forms of sul­
fur are dependent upon the presence of at least a 
trace of sulfur dioxide. The former investigators 
considered the presence of this compound an es­
sential condition for the formation of plastic sul­
fur; the latter believe that all insoluble forms of 
the element owe their distinctive property to the 
presence of an insulating film of sulfur dioxide 
about the minute crystallites. On the other hand, 
suggestions have been made by various investiga­
tors, notably Deines3 and Meyer,4 that possibly 
other foreign substances might also be capable of 
causing the formation of insoluble forms of sulfur.

In order to decide between these two conflicting 
points of view, an improved quenching method 
was devised in this Laboratory for the preparation 
of insoluble, plastic sulfur in a closed system which 
permitted contact with any desired gas while 
eliminating all possibility of contact with air. 
Under these conditions the formation of traces of 
sulfur dioxide by aerial contact is avoided, and it 
becomes possible to ascribe the various effects to 
their true causes.

It was found that while air and sulfur dioxide 
gave the expected results, yielding clear, amber, 
plastic masses analyzing about 36% insoluble sul­
fur after 6 days, and while nitrogen and ammonia 
gave opaque, yellow, brittle masses analyzing less 
than 4% insoluble sulfur, both hydrogen chlo­
ride and hydrogen sulfide were capable of produc­
ing clear, amber, plastic masses analyzing 36% 
and 8% insoluble sulfur, respectively. The plas­
ticity of these latter forms was, it is true, rela-

(1) Sm ith and Holmes, Z. physik . Chem., 42, 469 (1903); T his 
J o u r n a l , 27, 979 (1905).

(2) D as and  Ghosh, In d ia n  J .  P hys., 13, 91 (1939).
(3) Deines, Z. anorg. allgem. Chem., 213, 183 (1933).
(4) M eyer, Trans. Faraday Soc , 32, 148 (1936)
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tively short-lived, lasting about twenty minutes 
in the case of the HCl-produced material and only 
two minutes in the case of the H2S-produced 
material. Nevertheless, the plastic state was 
observed to exist, and in contrast to the immedi­
ate solidification of the material formed in the 
presence of the inert gases nitrogen and ammonia, 
its life in this state was quite appreciable. The 
corresponding increases in the proportion of in­
soluble sulfur present in the hardened samples is 
also indicative of the ability of hydrogen chloride 
and hydrogen sulfide to act similarly to sulfur di­
oxide in the formation of the plastic and insoluble 
modifications.

Thus, theories postulating the indispensability 
of sulfur dioxide in the formation of plastic sulfur 
or for the maintenance of insolubility in the hard­
ened mass appear, on the basis of these facts, to 
be untenable. The suggestions by Deines and by 
Meyer that foreign substances other than sulfur 
dioxide might be effective in causing similar re­
sults are upheld by the experimental evidence.
D e p a r t m e n t  o f  C h e m i s t r y  
L e h i g h  U n i v e r s i t y
B e t h l e h e m , P e n n s y l v a n ia  R e c e i v e d  A u g u s t  6, 1942

Preparation of Germanium Tetrachloride, GeCl4
B y  L a u r e n c e  S. F o s t e r , J. W. D r e n a n  a n d  A. F.

W i l l i s t o n

When germanium dioxide, Ge02, is boiled with 
hydrochloric acid, germanium tetrachloride, Ge- 
Cl4, volatilizes if the concentration of hydrogen 
chloride approaches 6 N .1 It has been observed 
in this Laboratory and elsewhere, however, that 
if the concentration of hydrogen chloride is too 
high, germanium tetrachloride vapor is carried 
uncondensed through a water cooled conden­
ser.2 The loss of germanium is readily explained. 
When the acid concentration is high, germanium 
tetrachloride is not hydrolyzed and, in addition, 
is not very soluble in such acid solutions. Its 
vapor pressure, furthermore, is quite high at the 
temperature of the cooling water in the condenser. 
When 6 N  hydrochloric acid, approximately the 
constant boiling mixture, is used, both the acid 
and the germanium tetrachloride are completely 
condensed; when mixtures with higher concen­
trations of hydrogen chloride are boiled, however,

(1) (a) D ennis an d  Johnson , T h i s  J o u r n a l , 45, 1380 (1923); (b) 
T ab ern , O rndorff an d  D ennis, ibid ., 47, 2040 (1925); (c) P ugh  and  
T hom as, J . Chem. Soc., 1052 (1926).

(2) (a) H. L u n d in , Trans. A m . Electrochem. Soc., 63, 149 (1933); 
(b) W . C. A itkenhead  an d  A. R . M idd le ton , In d . Eng. Chem., A nal. 
E d., 10, 633 (1938).

gaseous hydrogen chloride passes through the 
condenser and carries considerable germanium 
tetrachloride along with it.

Aitkenhead and Middleton2b took advantage of 
this phenomenon in the analysis of minerals for 
small amounts of germanium; germanium tetra­
chloride was distilled in a stream of hydrogen 
chloride gas, thus removing the germanium com­
pletely from the rest of the dissolved sample. 
The gases which escaped from the top of a reflux 
condenser were absorbed in a small volume of 
water and the germanium content readily deter­
mined.

At very low temperatures ( — 72°) no complexes 
form between germanium tetrachloride and hy­
drogen chloride3 so that it is possible to separate 
the two by judicious cooling. It has been found 
that if the vapors which emerge from the top of a 
reflux condenser, after being dried, are cooled in a 
“dry-ice”-isopropyl alcohol mixture, the hydrogen 
chloride (b. p. —85°) escapes uncondensed and 
the germanium tetrachloride freezes out as a pure 
white solid (m. p. —49.5°). The method has 
the added advantage that the germanium dioxide 
is more readily dissolved in the boiling flask when 
the concentration of hydrogen chloride is kept high.

Procedure.—Germanium oxide is suspended in 6 A 
hydrochloric acid and the suspension is boiled gently under 
a reflux condenser. Hydrogen chloride is passed into the 
flask at a rapid rate at first so that some of it escapes 
slowly through a sulfuric acid trap at the end of the train. 
Later, when the absorption in the boiling flask nears com­
pletion, the rate of flow is reduced. As the gases pass 
through the reflux condenser, condensed germanium tetra­
chloride and constant boiling hydrochloric acid return to 
the flask, but the gases escaping through the condenser 
carry a high percentage of germanium tetrachloride and 
gradually all of it is volatilized. The gas mixture, having 
been cooled to the dew point of the germanium tetra­
chloride at the temperature of the cooling water, will be 
unsaturated at room temperature and will not deposit 
liquid germanium tetrachloride in the calcium chloride 
tower used to remove residual moisture. When passed 
through the tube cooled by means of dry-ice, however, the 
germanium tetrachloride is completely removed and en­
trains very little hydrogen chloride. An all glass appara­
tus is preferable, but no difficluties are encountered if rub­
ber connections are used. By this procedure 5 to 10 g. of 
GeCb may be converted to the tetrachloride within an 
hour. Residual hydrogen chloride may be removed by 
allowing the product to stand over sodium carbonate, 
filtering and distilling in dry apparatus.10
C o n t r i b u t io n  f r o m  t h e
J e s s e  M e t c a l f  C h e m i c a l  L a b o r a t o r y
o f  B r o w n  U n i v e r s it y
P r o v id e n c e , R. I. R e c e i v e d  O c t o b e r  2, 1942

(3) R . Schwarz and H . Giese, B er., 63, 2429 (1930).
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The Mechanism of the Arndt-Eistert Reaction1
B y  C l a y t o n  H u g g e t t , R ic h a r d  T .  A r n o l d  a n d  T .  I v a n  

T a y l o r

The conversion of an acid to its next higher 
homolog by the Arndt-Eistert procedure is of con­
siderable value to organic chemists. The most 
reasonable mechanism2 for the reaction proposes 
the formation and decomposition of a ketene.

R—O
''OH

-> R—Cy o

'C1
R—C

o

XTINS
„O

R - C ^  /  
X CH<

+  N2 R—CH=C—O
h 2o

,,0
R—CH2—c/

XOH

This mechanism readily explains the type of 
products formed under varying experimental con­
ditions, and the analogy to the Curtius and Hof­
mann rearrangements has been recognized.3

From the above equation it is seen that the car­
bonyl carbon atom of the starting acid becomes 
the carbonyl carbon atom in the final product; 
the newly introduced carbon atom then occupies 
the alpha position.

We have found substantial evidence to support 
this formulation of the mechanism by using C13 
isotopes as tracer elements. Heavy benzoic acid 
prepared by the carbonation of ordinary phenyl­
magnesium bromide with carbon dioxide4 * con­
taining a high per cent, of C13 was converted to 
phenylacetic acid by the method of Arndt and 
Eistert. The heavy isotope was found in the 
carbonyl group of the phenylacetic acid as shown 
by decarboxylation with copper chromite and 
quinoline.

The carbon dioxide from the heavy benzoic acid 
contained 2.51 per cent. C13 and that from the 
phenylacetic acid measured 2.53 per cent. C13. 
Within experimental error these values are iden­
tical and support the ketene mechanism.2

Of necessity this work has been discontinued 
but will be renewed when conditions permit.
D e p a r t m e n t  o f  C h e m i s t r y  
U n i v e r s it y  o f  M i n n e s o t a
M i n n e a p o l i s , M i n n e s o t a  R e c e i v e d  O c t o b e r  19, 1942

(1) F o r an  excellent discussion see B achm ann and  Struve, “ Or­
ganic R eac tions,” Vol. I, J . W iley and  Sons, Inc ., New Y ork, N. Y., 
1942, p. 38.

(2) E iste rt, Ber., 68, 208 (1935).
(3) L ane, W illenz, W eissberger and  W allis, J . Org. Chem., 5, 276 

(1940).
(4) W e a re  indeb ted  to  D r. A. O. N ier fo r the  heavy m ethane from

which th is  was form ed <

The Ionization Constant of Morpholine in Water1
B y  A l v i n  R. I n g r a m 2 a n d  W . F .  L u d e r

In connection with an investigation of the con­
ductivity of morpholine solutions, it seemed 
desirable to know the strength of morpholine as 
a base. Accordingly, the ionization constant 
of morpholine in water was measured by the con­
ductivity method.

Since great accuracy was not required, no 
special precautions were taken in the preparation 
of conductivity water. This, together with the 
low conductance of morpholine solutions, resulted 
in solvent corrections of several per cent, at the 
most dilute concentrations. Another source of 
error entered into the determination of A0. In 
order to find Ao it was necessary to measure the 
conductance of morpholinium chloride. The 
slight hydrolysis of this salt was not taken into 
account in the extrapolation for its A0.

However, analysis of the results indicates that 
the value for the ionization constant of morpho­
line in water at 25° is 2.44 X 10 ~~6 within the 
limits of error to which most ionization constants 
in the literature are given.

Experimental
Materials, Apparatus, and Procedure.—The

bridge3 and procedure4 have been described 
previously. The temperature of the oil thermo­
stat was kept at 25 =*= 0.01° by an electronic 
relay. The water used was ordinary distilled 
water once redistilled and usually had a specific 
conductance of about 1 X 10~6 mho. Morpho­
line was dried over barium oxide and aluminum 
oxide, then fractionated three times off aluminum 
oxide, the constant boiling portion being used for 
runs. The best conductance for morpholine 
treated in this way was 6 X 10“10 mho. Morpho­
linium chloride (m p. 177°) was prepared by 
passing dry hydrogen chloride over the surface 
of purified morpholine, washing the product with 
redistilled petroleum ether and diethyl ether, 
and pumping in a vacuum desiccator over phos­
phorus pentoxide.

Results.—Values of A are given in Tables I 
and II. Plots of 1/A against cA for morpho-

(1) A b stracted  from  a portion  of a  thesis su b m itted  by  A lvin R . 
In g ram  to  th e  facu lty  of N o rth easte rn  U niversity  in p a rtia l fulfill­
m en t of th e  requ irem en ts  for th e  M . S. degree, Ju n e , 1942.

(2) P resen t address: G eneral Chem ical Defense C orpo ra tion ,
P o in t P leasan t, W est V irginia.

(3) W . F . L uder, T h i s  J o u r n a l , 62, 89 (1940).
(4) D. J . M ead , R . M , Fuoss and  C. A. K raus, T ra n s . Faraday  

Soci f 32 594 (1936).
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T a b l e  I
M o r p h o l i n e  i n W a t e r

C X 10® a c  X 1 0 ® A
8 . 4 5 4 .1 1 1 0 .1 5 3 .8 1 1
5 .6 0 4 . 9 8 3 3 . 8 0 2 .1 8 2
2 .5 5 9 7 . 4 0 1 6 .0 3 3 .1 7 2
1 .2 2 1 1 0 .0 4 7 . 3 4 4 .6 3

1 9 1 .6 0 .8 4 9 3 . 5 6 0 5 . 9 8
1 0 8 .6 1 .1 6 4 2 .1 3 3 8 . 1 4

68.9 1 .4 7 7 1 .0 6 3 1 1 .0 2
27.65 2 .3 4 2

Table II
M orpholinium Chloride in Water

C X 10® A C X 10® A
5 6 .2 5 9 8 . 6 0 .8 6 1 111.8
22.49 1 0 3 .7 4 8 . 1 99.6

8.47 108.2 2 2 . 0 2 104.1
4.56 109.9 6 .55 108.0
2.341 1 1 1 .0

l i n e  a n d  A  a g a i n s t  f ° r  m o r p h o l i n i u m  c h l o r i d e  

i n d i c a t e ,  b y  t h e i r  d e v i a t i o n s  f r o m  t h e  e x p e c t e d  

c u r v e s , 5 t h a t  t h e  v a l u e s  o f  A  f o r  t h e  m o s t  d i l u t e

points have been somewhat over-corrected for 
solvent conductance. The extrapolation to A0 
for morpholinium chloride takes this into account, 
but may be a few per cent, in error because of 
hydrolysis. This determination seems to be the 
source of greatest error. However, it seems un­
likely that it can be more than two or three per 
cent. Assuming it to be 3% the error in K  
would be slightly less, about 2.8%. The value 
of A0 was taken as 115.

Using this value and 261.56 for NaOH and 
126.47 for NaCl, Ao for morpholinium hydroxide 
is 250. Plotting the straight line form of the 
Arrhenius conductance ratio equation for the 
ionization constant, 1/A =  c A /K A 20 +  1/A0, 
the graphically determined slope 1 /K A 2Q gives 
a value of 2.44 X 10 “6 for K .

(5) T he  ionization co n stan t of m orpholine is low enough so th a t  in 
view  of th e  tw o sources of e rro r prev iously  m entioned, it was con­
sidered  unnecessary  to  use the  m ore accu ra te  form s of the  1/A  — cA 
p lo t proposed by  Fuoss ( T h is  J o u r n a l , 57, 488 (1935)) and  Shed­
lovsky (J . Franklin  In s t.,  225, 739 (1938)).

(6) H . Jeffery and  A. I. Vogel, P hil. M ag., 15, 395 (1933).
(7) D . A. M aclnnes, T . Shedlovsky an d  L. G. Longsw orth, T h is  

J o u r n a l , 54, 2758 (1932).

H a y d e n  M e m o r i a l  L a b o r a t o r i e s  
N o r t h e a s t e r n  U n i v e r s i t y
B o s t o n , M a s s a c h u s e t t s  R e c e i v e d  O c t o b e r  24, 1942

Action of Macerans Enzyme on a Component of 
Corn Starch

B y  R a l p h  W .  K e r r

The origin of the Schardinger dextrins, whén 
starch is treated in the presence of B* M acerans

or the enzyme prepared from this bacillus1 has 
been a matter of speculation for many years. In 
another paper2 the writer sought to show that, in 
procedures which might ordinarily be used to con­
vert corn starch with this enzyme, the yield of 
Schardinger dextrins, precipitable with trichloro­
ethylene, arose almost entirely from a degradation 
of the most permanently dispersed fraction of the 
starch, which latter amounts to approximately 55% 
of the total starch. It was concluded that these 
dextrins were probably formed by synthesis from 
the more simple configurations in this product.

We are now able to elaborate on these conclu­
sions. In another communication3 we discussed 
the isolation of an amylose in yields of 5 to 6% 
of starch, by crystallizing the product from a warm 
water extract of corn starch with butanol. The 
amylose quickly changes to an insoluble form, 
however, in concentrations over 1 g. per 100 cc. in 
water solution. In this condition it might be 
expected to be rather inert in the presence of 
starch splitting enzymes. It may, however, be 
held in a relatively stable solution at p H  6.0 at 
lesser concentrations, e. g .f 0.30 g. per 100 cc.

A conversion of such a solution of the amylose 
was attempted adding 40 cc. of a M acerans enzyme 
preparation of 0.3 unit activity2 to 2 1. of water 
containing 6 g. of the amylose in its soluble form. 
The conversion was made at p H  6.0 and 45° for 
forty-eight hours. The liquors were then concen­
trated by vacuum distillation to 400 cc. at 45° and 
allowed to stand at this temperature for another 
twenty-four hours at p H  6.0. Practically no insol­
ubles were in evidence. The liquors were concen­
trated to 130 cc., a small amount of floe filtered off 
and 130 cc. of trichloroethylene added. The mix­
ture was allowed to stand for forty-eight hours at 
room temperature, with intermittent stirring, and 
then for forty-eight hours in the refrigerator. The 
dextrins were filtered off, washed with ice water, 
then with methanol, dried and weighed: 4.2 g. of 
mixed dextrins, precipitable with trichloroethylene 
resulted, a yield of 70%. Further quantities precipi­
tated when the mother liquors were concentrated.

Inasmuch as the crystalline amylose gives a con­
version limit3»4 of 93% maltose with /3-amylase

(1) E. B. T ilden  and  C. S. H udson, T h i s  J o u r n a l , 61, 2900 (1939).
(2) R . W. K err, “ On th e  Significance of th e  D egradation  of S ta rch  

by  M acerans E nzym e,” p resen ted  a t  th e  102nd m eeting of th e  
Am erican Chem ical Society, Septem ber, 1941.

(3) R . W. K e rr and  G. M . Severson, “T h e  Iso la tion  of an Amylose 
in C rystalline F o rm ,”  in press.
; (4) R . W. K err, O. R . T rubell and  G. M . Severson, Cereal Chem­

istry, 19, 64 (1942).
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a n d  h e n c e  i s  e s s e n t i a l l y  l i n e a r  i n  c o n f i g u r a t i o n ,  

a n d  i n a s m u c h  a s  / 3 - a m y l a s e  p r o d u c e s  n o  r e d u c i n g  

s u g a r s  w h a t s o e v e r  f r o m  t h e  S c h a r d i n g e r  d e x t r i n s , 2 

i t  w o u l d  s e e m  e v i d e n t  t h a t  t h e  M a c e r a n s  e n z y m e  

w a s  a b l e  t o  s y n t h e s i z e  t h e  c y c l o  a m y l o s e s  f r o m  

l i n e a r  a r r a n g e m e n t s  o f  g l u c o p y r a n o s e  u n i t s .

A n  e x p l a n a t i o n  a s  t o  w h y  t h e  e n z y m e  n o r m a l l y  

p r o d u c e s  n o  g r e a t e r  y i e l d  o f  d e x t r i n s  f r o m  w h o l e  

c o r n  s t a r c h  m i g h t  b e  t h a t  t h e  m o r e  l i n e a r  c h a i n s ,  

w h i c h  a r e  p r o b a b l y  c o i l s  i n  w a t e r  s o l u t i o n ,  b e c o m e  

e n m e s h e d  o r  o r i e n t e d ,  t h u s  b l o c k i n g  t h e  a p p r o a c h  

o f  t h e  e n z y m e  t o  t h e  i n d i v i d u a l  m o l e c u l e s  a n d  

p o s s i b l y  i n h i b i t i n g  t h e  c l o s i n g  o f  t h e  c y c l e  t o  f o r m  

t h e  d e x t r i n ;  w h e r e a s  t h e  l i n e a r  c o n f i g u r a t i o n s  

i n  o u r  h i g h l y  b r a n c h e d  f r a c t i o n , 3 w h i c h  a r e  p r i n ­

c i p a l l y  t h e  s i d e  b r a n c h e s  i n  t h i s  c a s e ,  a r e  h e l d  m o r e  

o r  l e s s  r i g i d l y  i n t o  s p a c e ,  t h u s  g r e a t l y  r e d u c i n g  

t h e  n u m b e r  t h a t  b e c o m e  e n m e s h e d ,  o n e  w i t h  t h e  

o t h e r .  T h i s  c o n d i t i o n  w o u l d  f a v o r  t h e  p r o d u c t i o n  

o f  l a r g e  y i e l d s  o f  t h e  S c h a r d i n g e r  d e x t r i n s  f r o m  

t h i s  l a t t e r  c o m p o n e n t  a c c o r d i n g  t o  t h i s  v i e w p o i n t ,  

a n d  w o u l d ,  i n c i d e n t a l l y ,  a c c o u n t  f o r  t h e  g r e a t e r  

c o l l o i d a l  s t a b i l i t y  o f  s o l u t i o n s  o f  t h i s  c o n s t i t u e n t ,  

w h i c h  w e  h a v e  c a l l e d ,  p r o v i s i o n a l l y ,  t h e  m o r e  

a l c o h o l - s o l u b l e  f r a c t i o n .

C o r n  P r o d u c t s  R e f i n i n g  Co.
A r g o , I l l i n o i s  R e c e i v e d  F e b r u a r y  2, 1942

Batyl Alcohol1
B y  N. K o r n b l u m 2 a n d  H a r r y  N. H o l m e s

A n  e a r l i e r  c o m m u n i c a t i o n  f r o m  t h i s  L a b o r a t o r y  

d e s c r i b e d  t h e  i s o l a t i o n  a n d  i d e n t i f i c a t i o n  o f  b a t y l  

a l c o h o l  C H 20 H - C H 0 H - C H 20 ( C H 2) i7 - C H 3 ,  f r o m  

t h e  n o n - s a p o n i f i a b l e  f r a c t i o n  o f  y e l l o w  b o n e  

m a r r o w . 3 P r e l i m i n a r y  t e s t s  c a r r i e d  o u t  b y  D r .  

R o y  K r a c k e  o f  E m o r y  U n i v e r s i t y  w i t h  a  c r y s t a l ­

l i n e  p r o d u c t  o b t a i n e d  b y  u s  f r o m  y e l l o w  b o n e  

m a r r o w  i n d i c a t e d  t h a t  b a t y l  a l c o h o l  m i g h t  b e  o f  

v a l u e  i n  t h e  t r e a t m e n t  o f  a g r a n u l o c y t o s i s .  I n  

o r d e r  t o  p e r m i t  o f  a n  e x t e n d e d  p r o g r a m  o f  p h y s i o ­

l o g i c a l  t e s t i n g ,  a  s u b s t a n t i a l  q u a n t i t y  o f  p u r e  

b a t y l  a l c o h o l  w a s  n e e d e d .  T h e  s y n t h e s i s  e m ­

p l o y e d  h e r e  i s  t h a t  o f  D a v i e s ,  H e i l b r o n  a n d

(1) P resen ted  in p a r t  before th e  division of Biological C hem istry of 
th e  Am erican Chem ical Society, S t. Louis m eeting, April, 1941. At 
th is  sam e m eeting E rich  B aer and  H . O. L. Fischer announced an 
a lte rn a te  synthesis of b a ty l alcohol and  subsequently  published the 
details in  J .  Biol. Chem., 140, 397 (1941).

(2) P resen t address: C onverse M em orial L aboratory , H arvard
U niversity , C am bridge, M ass.

(3) Holm es, C orbet, Geiger, K ornblum  and Alexander, T his 
J o u r n a l , 63, 2607 (1941),

Owens,4 modified to give better yields of pure 
products.
CH2ONa CH20(CH2)17CH3 CH20(CH2)i7CH3
I I I

CH ----^  CH — ^  CHOH
II II I
c h 2 c h 2 c h 2o h

Substitution of octadecyl iodide for the chlo­
ride (used by Davies, et a l.) and a reaction tem­
perature of 60-65° instead of reflux conditions re­
sulted in a significant increase in the yield of pure 
allyl octadecyl ether. This is a consequence of the 
fact that the lower operating temperature mini­
mizes the conversion of allyl alcohol to high boil­
ing products which contaminate the desired allyl 
octadecyl ether. This auto-condensation of allyl 
alcohol containing sodium allyl oxide, which 
apparently has not been hitherto reported, pro­
ceeds in the presence or absence of oxygen and 
gives a complex series of unsaturated neutral and 
acidic compounds.

Conversion of the allyl ether to the glycerol 
derivative was best effected by the improved hy- 
droxylation procedure of Scanlan and Swern,5 ex­
cept that it was found necessary to heat the reac­
tion mixture in batches of the size employed here.

Experimental
Octadecyl Iodide.—This substance was prepared by the 

procedure of Bleyberg and Ulrich.6 The product was puri­
fied by distillation in vacuo; b. p. 194-197° (2 min.); yield 
70-75%. Upon recrystallization from acetone white 
plates melting at 33-34 ° were obtained.

Allyl w-Octadecyl Ether.—To a solution of 31 g. of 
sodium in 450 g. of allyl alcohol was added 150 g. of n- 
octadecyl iodide. The mixture was maintained at 60-65 ° 
for twenty hours and when cold was diluted with water and, 
without being acidified, extracted with ether. After wash­
ing the extracts with water the major portion of the solvent 
was distilled, approximately 25 ml. of benzene added, and 
the residual ethyl ether, benzene and entrained moisture 
then removed by distillation. A final bath temperature 
of about 160° was required. The yellow oil which re­
mained was fractionally distilled in vacuo through a Wid­
mer column. After an appreciable forerun which sepa­
rated into two layers, there was obtained 85-96 g. (70- 
79%) of a colorless liquid, b. p. 150-152° (2 mm.); m. p.
28.5-29° (thermometer in melt); »32d 1.4441. Recrystal­
lization from ethanol did not alter the refractive index. 
Davies, Heilbron and Owens4 reported m. p. 27.5-28.5°.

Octadecyl Glyceryl Ether (Batyl Alcohol).—A mixture of
41.7 g. of 30% hydrogen peroxide solution and 500 ml. of 
glacial acetic acid was heated at 80-85° for one hour, at 
which point 49.5 g. of allyl w-octadecyl ether dissolved in 
420 ml. of glacial acetic acid was added and the resulting

(4) D avies, H eilbron and  Owens, J . Chem . Soc., 2542 (1930).
(5) Scanlan  and  Swern, T h i s  J o u r n a l , 62, 2305 (1940).
(6) B leyberg and  U lricb, Ber,, 64, 2510 (1931).
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solution maintained at 70-80 ° for 20-22 hours. When 
cold, the mixture was rendered alkaline with dilute am­
monium hydroxide, extracted with ether and the ether 
distilled off. The residue obtained upon removal of the 
ethyl ether was treated at 60 ° for seven hours with a solu­
tion containing 220 g. of potassium hydroxide, 660 ml. of 
water and 2500 ml. of ethanol. The solution was then 
concentrated to approximatley 750 ml. at 40° under re­
duced pressure. The resulting mixture was extracted with 
ether, the extracts washed with water and the ether re­
moved. The product was purified by two recrystallizations 
from ethanol; white crystals, which sinter at 69° and melt 
70-71 ° (cor.); yield 30-37 g. (55-67%). Hydroxylation of 
50 g. of allyl w-octadecyl ether according to the procedure 
described by Davies, Heilbron and Owens4 gave only 19 g. 
(34%) of pure glyceryl ether.

Allyl Alcohol and Sodium Allyl Oxide.—A solution of 
sodium (45 g.) in allyl alcohol (700 cc., Eastman Kodak 
Co. white label quality) was protected by a soda-lime guard 
tube while it was refluxed gently for forty-eight hours. 
The turbid mixture was cooled, diluted with water and ex­
tracted thoroughly with ether. The aqueous alkaline 
solution was then acidified with sirupy phosphoric acid 
and again extracted with ether. In this way the product 
was separated into a neutral (A) and an acidic (B) fraction. 
The ether solutions were washed with water, dried and dis­
tilled at 2 mm. From (A) was obtained 66 g. of material 
boiling at 63-140° with n25d ranging from 1.4696 to 1.5148. 
(B) gave 90 g. of material boiling at 73-155 ° with n25D rang­
ing from 1.4673 to 1.5021. In each instance the first por­
tion of the distillate was colorless and very fluid; with ris­
ing boiling point the distillate gradually becomes light yel­
low and quite viscous. Both (A) and (B) were insoluble in 
water, but soluble in ethanol, and both gave negative 
fuchsin tests. Both absorbed hydrogen over Adams cata­
lyst and gave positive tests for unsaturation with bromine 
in carbon tetrachloride. (A) reacted with sodium, evolv­
ing a gas.

This experiment was repeated several times with sub­
stantially the same results. In one run allyl alcohol which 
had been dried over Drierite was employed and the reac­
tion carried out in an atmosphere of nitrogen with results 
essentially the same as those described above. Conver­
sion of allyl alcohol to high boiling products under these 
conditions has apparently not been reported previously.

The neutral and acidic fractions were not investigated 
further.
O b e r l i n  C o l l e g e
O b e r l i n , O h i o  R e c e i v e d  S e p t e m b e r  30, 1942

The Structure of Skita’s “Decahydro-9,10- 
dihydroxyphenanthrene”

B y  P h i l i p  L e v i n e 1

I n  a  p r e v i o u s  a r t i c l e , 2 r e f e r e n c e  w a s  m a d e  t o  

t h e  p r e p a r a t i o n  o f  a  c o m p o u n d  i d e n t i c a l  w i t h  t h a t  

d e s c r i b e d  b y  S k i t a 3 a s  d e c a h y d r o - 9 , 1 0 - d i h y d r o x y -

(1) P re se n t address, T he  Squibb  In s ti tu te  fo r M edical Research, 
N ew  B runsw ick , N ew  Jersey .

(2) L in stead  and  Levine, T h i s  J o u r n a l ; 64, 2022 (1942).
(3) S k ita , Ber., 58* 2685 (1925).

p h e n a n t h r e n e  ( I ) .  F u r t h e r  i n v e s t i g a t i o n  o f  t h i s  

s u b s t a n c e  h a s  n o w  s h o w n  t h a t  t h e  m e s o  p o s i t i o n s  

h a v e  n o t  b e e n  h y d r o g e n a t e d  a n d  t h a t  t h e  c o m ­

p o u n d  i n  q u e s t i o n  i s  s - o c t a h y d r o - 9 , 1 0 - d i h y  d r o x y ­

p h e n a n t h r e n e  ( I I ) .

H OH H OH OH OH
v ...^ \ /

/ \
\  J '  \ /  x /

- /  \ ____ - / \ ___ / \
I II

T h e  r e a s o n s  f o r  q u e s t i o n i n g  t h e  s t r u c t u r e  p r o ­

p o s e d  b y  S k i t a  w e r e  t h e  r e s i s t a n c e  o f  t h e  c o m ­

p o u n d  t o  h y d r o g e n a t i o n  o v e r  R a n e y  n i c k e l  a t  

1 2 0 ° ,  t h e  f a i l u r e  t o  u n d e r g o  d e h y d r a t i o n  t o  s - o c t a -  

h y d r o - 9 - p h e n a n t h r o l ,  a n d  t h e  r e a d i n e s s  w i t h  

w h i c h  t h e  c o m p o u n d  i s  o x i d i z e d  b y  t h e  a t m o s ­

p h e r e .  A l s o  S k i t a ’s  o n l y  e v i d e n c e  f o r  t h e  g l y c o l  

s t r u c t u r e  ( I )  w a s  t h e  a n a l y t i c a l  d a t a  f o r  t h e  c o m ­

p o u n d  i t s e l f  a n d  f o r  i t s  d i a c e t a t e .  A  c o m p a r i s o n  

o f  S k i t a ’s  f i g u r e s  w i t h  t h e  c a l c u l a t e d  v a l u e s  f o r  

( I I J  a n d  i t s  d e r i v a t i v e  s h o w s  t h a t  t h e  a n a l y t i c a l  

d a t a  d o  n o t  s u f f i c e  t o  d i s t i n g u i s h  b e t w e e n  ( I )  a n d  

( I I ; .

O x i d a t i o n  o f  t h e  c o m p o u n d  t o  t h e  o c t a h y d r o -  

q u i n o n e  r e q u i r e s  o n l y  o n e  e q u i v a l e n t  o f  l e a d  

t e t r a a c e t a t e .  A s s u m i n g  S k i t a ’s  f o r m u l a ,  o n e  

m i g h t  e x p e c t  e i t h e r  n o r m a l  c l e a v a g e  t o  t h e  d i ­

a l d e h y d e  o r  t h e  c o n s u m p t i o n  o f  t w o  e q u i v a l e n t s  

o f  l e a d  t e t r a a c e t a t e  f o r  o x i d a t i o n  t o  t h e  q u i n o n e .

T h e  q u e s t i o n  w a s  u n e q u i v o c a l l y  s e t t l e d  i n  f a v o r  

o f  t h e  h y d r o q u i n o n e  s t r u c t u r e  ( I I )  b y  r e d u c t i v e  

a c e t y l a t i o n  o f  t h e  q u i n o n e  o b t a i n e d  b y  o x i d i z i n g  

t h e  c o m p o u n d .  T h e  d i a c e t a t e  t h u s  o b t a i n e d  w a s  

i d e n t i c a l  i n  a p p e a r a n c e  a n d  m e l t i n g  p o i n t  w i t h  t h e  

d i a c e t a t e  f r o m  t h e  o r i g i n a l  c o m p o u n d  a n d  n o  d e ­

p r e s s i o n  o f  t h e  m e l t i n g  p o i n t  w a s  o b s e r v e d  o n  

m i x i n g  t h e  t w o  s a m p l e s .  T h e  m e t h o d  u s e d  f o r  

t h e  r e d u c t i v e  a c e t y l a t i o n  o f  t h e  q u i n o n e  w a s  t h a t  

w h i c h  n o r m a l l y  c o n v e r t s  a  q u i n o n e  i n t o  t h e  d i ­

a c e t a t e  o f  t h e  c o r r e s p o n d i n g  h y d r o q u i n o n e  w i t h ­

o u t  e f f e c t i n g  a n y  f u r t h e r  r e d u c t i o n .

Experimental4
Lead Tetraacetate Oxidation of Octahydrophenanthrene- 

hydroquinone.—To 0.7 g. of the hydroquinone in 15 cc. of 
benzene was added in small portions 1.4 g. (one equivalent) 
of lead tetraacetate. The solution became deep red. 
Additional lead tetraacetate was unreacted as shown by 
tests with starch-iodide paper. A small amount of 
glycerol was added to remove excess oxidizing agent. 
The benzene solution was washed twice with water, dried 
over magnesium sulfate, and evaporated almost to dryness. 
The brilliant red crystals, melting at 139-141 °, were evi-

(4) All m elting po in ts  a re  corrected .
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dently identical with the quinone obtained by Skita, m. p. 
142 °. Needles melting at 142-144 ° were obtained by crys­
tallization from methanol.

Silver Oxide Oxidation of Octahydrophenanthrenehy- 
droquinone.—A mixture of 0.42 g. of hydroquinone (m. p.
133-137°), 1 g. of silver oxide, and 1 g. of magnesium sul­
fate in absolute ether was shaken for one-half hour and 
filtered. The quinone proved to be soluble with difficulty 
in ether and was therefore extracted from the solids with 
benzene. Most of the benzene was evaporated and the 
product (0.338 g., m. p. about 137°) precipitated from the 
remaining solvent with hexane. Red needles melting at 
142° were obtained by crystallization from acetone, which 
proved to be the best solvent for the purpose.

Reductive Acetylation of Octahydrophenanthraquinone. 
—Two drops of triethylamine was added to 0.1 g. of 
quinone with 0.1 g. of zinc dust in 2 cc. of acetic anhy­
dride. The mixture was allowed to stand for ten minutes, 
heated to boiling, filtered, and the residue washed with hot 
acetic acid. Water was added to the boiling filtrate and 
washings to the cloud point. On cooling, the solution de­
posited 0.134 g. of white needles melting at 162-163°.

Acetylation of the Hydroquinone.—Addition of a drop 
of triethylamine to some of the hydroquinone (m. p. 135- 
137°) with a pinch of zinc dust in acetic anhydride caused 
slight warming. The mixture was allowed to stand a 
few hours and boiled for five minutes. The mixture was 
worked up in the same way as the product from the re­
ductive acetylation of the quinone. The white needles 
melted at 161.5-163 °. The mixed m. p. with the diacetate 
from the quinone was 162-163°.
C o n v e r s e  M e m o r i a l  L a b o r a t o r y
Harvard University R eceived September 24, 1942 
Cambridge, M assachusetts

[C o n t r i b u t io n  f r o m  t h e  C o m m i t t e e  o n  M e a s u r e m e n t  
o f  G e o l o g ic  T i m e , D i v i s i o n  o f  G e o l o g y  a n d  G e o g r a p h y , 

N a t io n a l  R e s e a r c h  C o u n c il ]

Atomic Weight of Lead from a Second Sample 
of Pitchblende, Great Bear Lake, N. W. T., 

Canada
B y  J o h n  P u t n a m  M a r b l e

In a continuation of the geochemical studies on 
the pitchblende ores of Great Bear Lake, the 
atomic weight of the lead in a second sample has 
been determined. This sample, from the 800-foot 
section of the No. 2 vein, Eldorado mine, Labine 
Point, Great Bear Lake, N. W. T., Canada, was 
received from H. S. Spence, Esq., of the Canada 
Department of Mines and Resources, for whose 
cooperation we are deeply grateful. The mate­
rial is of the pitchblende-silica type ore, came 
from depth (below 100 feet), and carried no vis­
ible alteration products. Microscopic studies 
show a very small amount of galena, estimated at 
a fraction of one per cent.

The lead-uranium ratio uncorrected for “com­

mon lead,” with an autoradiograph showing little 
evidence of alteration1 and a complete analysis2 
have been previously published. While the re­
sults of this present work are admittedly incom­
plete, it was thought worth while to put them on 
record, as they are in virtual agreement with those 
of the first sample3 and the carrying out of further 
atomic weight determinations, or preferably of the 
determination of the isotope ratios of this sample, 
have necessarily had to be deferred. Since the 
pitchblende is virtually thorium-free, the atomic 
weight indicates the approximate correction to 
be made for “common lead,” which cannot be 
done for thorium-rich minerals.

The preparation of the material for analysis, 
the extraction and purification of the lead, and 
the method of analysis were essentially the same 
as in the case of the first sample of Great Bear 
Lake lead.3 The work was done in the T. Jeffer­
son Coolidge Memorial Laboratory of Chemistry 
at Harvard University, by kind permission of Dr. 
Gregory P. Baxter, for whose interest and assist­
ance we are deeply grateful. The results of the 
analysis are as follows

Vac. wt. PbCL 
Vac. wt. Ag
Wt. Ag added in solution 
Vac. wt. AgoPbCL 
Ratio PbCl2/2Ag 
Atomic weight Pb

(Ag -  107.880; Cl

1.56541 g. 
1.21935 g.
0.00010 g.
1.21945 g. 
1.28370 

206.057 
35.457)

This value agrees so closely with that of the 
work on the earlier sample (Pb =  206.054), that 
we may conclude that the lead in the Great Bear 
Lake pitchblende ore shows no appreciable varia­
tion in isotopic composition in different parts of 
the deposit, and also that a correction of about 4 
per cent, should be applied to the “uncorrected” 
lead-uranium ratio of the second analyzed sample, 
as was done for the first. Further work may con­
firm these conclusions.

(1) J . P . M arble, A m . M ineralogist, 22, 564 (1937).
(2) J . P . M arble, ibid., 24, 272 (1939).
(3) J . P . M arble, T h i s  J o u r n a l , 56, 854 (1934).

U. S . N a t io n a l  M u s e u m
Washington, D. C. R eceived October 7, 1942

Saponins and Sapogenins. XX. Some Color 
Reactions of Triterpenoid Sapogenins

By C. R. N o l l e r , R. A. S m i t h , G. H. H a r r i s  a n d  J .  W. 
W a l k e r

While attempting to prepare the acid chlorides 
of some triterpenoid acids by means of thionyl
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chloride, it was noted that one of two commercial 
preparations of thionyl chloride caused the forma­
tion of highly colored solutions, for example bur­
gundy red with echinocystic acid and a brilliant 
blue with hederagenin, while the other lot gave only 
colorless, yellow or red solutions. When the 
first lot of thionyl chloride was purified by the 
usual procedure over quinoline and linseed oil, it 
no longer gave the brilliant colors. Fractional 
distillation using a packed column gave no appre­
ciable separation of the impurity. Accordingly a 
systematic qualitative analysis was made of the 
impure sample. This indicated a considerable 
amount of tin to be present, some iron and a trace 
of phosphorus. Quantitative analysis showed 
amounts equivalent to 0.007% stannic chloride, 
0.004% ferric chloride and less than 0.001% phos­
phorus. When a solution of 0.01% of anhydrous 
stannic chloride and 0.005% of sublimed ferric 
chloride in purified thionyl chloride was allowed 
to react with various triterpenoids, the colors 
produced by the impure thionyl chloride were 
practically duplicated. Differences may be at­
tributed to traces of phosphoric acid in the com­
mercial sample.

Pure stannic chloride dissolved in pure thionyl 
chloride produced characteristic colors but stan­
nic chloride dissolved in benzene, petroleum ether, 
ethyl ether, carbon tetrachloride, chloroform or 
cyclohexane was without effect. Ferric chloride, 
antimony trichloride, antimony pentachloride, 
phosphoric acid, or phosphorus oxychloride which 
has been exposed to moisture, and concentrated 
sulfuric acid in thionyl chloride produced colors 
but purified phosphorus oxychloride, phosphorus 
trichloride, phosphorus pentachloride, silicon tet­
rachloride, chlorine, sulfur dioxide and hydrogen 
chloride, when dissolved in thionyl chloride, do not 
give a color-producing reagent.

The colors produced vary with the reagent and 
with the compound used. Sometimes a sequence 
of colors is produced, which may be so rapid at 
first that the solution must be observed continu­
ously in order to note them. Usually the color 
changes are complete after an hour although some­
times they are not complete after twenty-four 
hours. In the case of the hydroxy acids, the in­
tense colors are produced only if at least one free 
hydroxyl group is present; if all the hydroxyl 
groups are esterified the intensity of the colors is 
greatly decreased. Esterification of the carboxyl 
group is without effect. In the case of the a- and

/3-amyrins, which lack a carboxyl group, the in­
tensity of the colors is little changed by esterifica­
tion. Differences between isomeric compounds, 
for example echinocystic acid and hederagenin, or 
a-amyrin and /3-amyrin, may be sufficiently great 
to distinguish readily between them.

Little can be said concerning the cause of the 
colors. The inorganic compounds producing the 
color all may be considered as electron accepting 
reagents but we see no reason why stannic chlo­
ride should be effective only in thionyl chloride 
solution and not in other anhydrous solvents. 
The colored compounds might be looked upon as 
halochromic salts but the intensity and brilliance 
of the colors, particularly the blues and purples 
with stannic chloride, would seem to call for a 
chromophoric group with greater possibilities of 
resonance than are afforded by a single uncon­
jugated carbon-carbon double bond, a carboxyl 
group and two hydroxyl groups.1

The color changes produced on treating 0.02 g. 
each of a wide variety of triterpenoids and their 
derivatives with 0.5 cc. of 0.01% anhydrous 
stannic chloride in pure thionyl chloride in a small 
test-tube which was kept stoppered during ob­
servation, may be summarized as follows:
Hederagenin, light pink —► violet —► light blue deep 

orange after one hour.
Hederagenin methyl ester, pink —► purple —► violet —► deep 

yellow after eight hours.
Hederagenin diacetate, light yellow —► yellow after eight 

hours.
Echinocystic acid, pink —► purple —► blue — light red —> 

very deep red after twenty-four hours.
Methyl echinocystate, red —► blue-green —> purple —► very 

deep red after one hour.
Echinocystic acid diacetate, colorless —> light violet — light 

orange after twenty-four hours.
Methyl echinocystate diacetate, colorless —► light violet —► 

deep yellow after twenty-four hours.
Echinocystic acid monoacetate (by esterification), pink —> 

violet —► deep blue -*■ red after two hours.
Echinocystic acid monoacetate (by hydrolysis), violet -> 

deep green —► very deep red after twenty minutes. 
Isonorechinocystenedione, yellow —► orange —► red after 

twenty-four hours.
Ursolic acid, light pink —► deep red —► light red -*■ very 

deep red after eight hours.
Oleanolic acid, light pink —► very deep red after one hour. 
Methyl oleanolate, light pink —► very deep red after one 

hour.
Methyl oleanolate acetate, light yellow —► light violet —► deep 

yellow after twenty-four hours.
Betulin, colorless —> light pink —* light violet —► dark 

muddy green after one hour.
(1) One of the referees states, “There is no question but that we

are dealing here with some very complex adsorption reactions.”
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a-Amyrin, orange —► very deep red —► very deep purple af­
ter twenty-four hours.

p-Amyrin, purple —*■ very deep red after five minutes. 
a-Amyrin benzoate, light pink —*» deep red after one hour. 
P-Amyrin benzoate, light yellow —► red —► deep yellow —► 

orange after twenty-four hours. 
a-Amyrone, colorless —> yellow —> orange after twenty-four 

hours.
p-Amyrone, colorless —► light blue —► purple —► deep red 

after eight hours.

The color changes of a limited group of triter­
penoids with (A) pure thionyl chloride, (B) 0.01% 
anhydrous ferric chloride in thionyl chloride, (C) 
0.01% antimony trichloride in thionyl chloride, 
(D) 0.01% antimony pentachloride in thionyl 
chloride, (E) 10% phosphorus oxychloride +  
0.5% water in thionyl chloride, (F) 0.01% stannic 
chloride +  0.005% ferric chloride in thionyl chlo­
ride and (G) commercial thionyl chloride may be 
summarized as follows:
Hederagenin, (A) colorless —► light amber (B) orange —► 

red —► green —► amber (C) orange —► violet —► blue — 
green —► red —► brown (D) yellow —> red —► green —> yel­
low —► orange (E) blue —► green —► orange red (F) 
violet —► purple —► blue —>■ green —► amber (G) red —► 
blue -> green —► amber.

Echinocystic acid, (A) colorless —> pink —► red (B) orange —► 
red —► violet —► red (C) pink —► violet —► blue-green -> 
red (D) pink violet —► blue —► violet -*■ red (E) vio­
let —► blue-green —► violet —► red (F) red ► purple —► 
blue-green —► red (G) violet —► blue —► blue-green —► red. 

Oleanolic acid, (A) pink —> violet —► red (B) violet —► pur­
ple -*■ red (C) violet —► red (D) violet -> blue —► red (E) 
pink —► red (F) violet red (G) violet —► purple —► red. 

Ursolic acid, (A) yellow —> orange —► red (B) violet —► pur­
ple —►' red (C) violet —> red (D) yellow —► orange —► red 
(E) orange —► red (F) red (G) violet -> blue —► purple —► 
red.

a-Amyrin, (A) pink —► purple —► red (B) orange —► red (C) 
yellow orange -> red (D) yellow red (E) colorless —*
yellow orange —► red (F) yellow red (G) red.

P-Amyrin (A) colorless pink -> violet red (C) pur­
ple —► blue —► red (D) red —► blue —► purple —► red (E) 
blue —► opaque.

Betulin, (A) colorless —► yellow —*■ green (F) yellow —> 
red —► purple —► green (G) yellow —> red —> purple -> 
green.

S t a n f o r d  U n i v e r s it y
S t a n f o r d  U n i v ., C a l i f . R e c e i v e d  J u n e  15, 1942

Peroxides in Isopropanol
B y  C .  E r n s t  R e d e m a n n

While it is a widely known fact that ethyl ether, 
isopropyl ether, and dioxane readily form per­
oxides when stored in contact with air or oxygen, 
there seems to be no mention of the formation

of peroxides in isopropanol when stored under 
similar conditions.

A sample  ̂ of 99.5% isopropanol, which had 
been stored for many months in strong daylight 
in a clear glass bottle only about one-third filled, 
was observed to have a strong unpleasant odor. 
Since this odor greatly resembled the odor of iso­
propyl ether when it is badly contaminated with 
peroxides, the isopropanol was investigated for 
the presence of peroxides. The following tests 
for peroxides were strongly positive: (1) imme­
diate liberation of iodine from acidified potassium 
iodide solution, (2) the formation of blue peroxy- 
chromic acid, soluble in ether, from chromic acid 
solutions, (3) the production of chemillumines- 
cence from 3-amino-phthalhydrazide catalyzed 
by hemoglobin,1 (4) precipitation of Prussian 
blue from a solution containing ferric chloride and 
potassium ferricyanide,2 (5) reduction of black 
nickelic oxide to pale green nickelous hydroxide,3
(6) decolorization of lead sulfide.4

Quantitative iodometric determinations were 
made of the peroxide content of all samples of iso­
propanol available in this Laboratory with the re­
sults shown in the table.

Sam ­
ple

Peroxide,
mole/1. C onditions of sto rage

1 0.36 Clear glass bottle, 1/ z  full, strong light
2 .13 Clear glass bottle, 2/ 3 full, strong light
3 .04 Clear glass bottle, 5/ 6 full, strong light
4 .05 Clear glass bottle, 5/ 6 full, strong light
5 .003 Tin can, nearly full, dark
6 .007 Redistilled, stored about four years,

largely in the dark

This reaction appears, in part, to be a photo­
chemical process. The following brief experi­
ment was designed to indicate the comparatively 
rapid rate of formation of peroxide in strong light. 
Twenty-five ml. of isopropanol was placed in a 
500-ml. Pyrex glass flask fitted with a capillary 
tube to equalize external and internal pressure. 
The flask was left on the roof in full daylight for 
two days. Initial peroxide content 0.003 mole/1.; 
after two days 0.026 mole/1.

These data are presented to call the attention of 
experimenters to the need for making sure that 
isopropanol is peroxide free when working with 
easily oxidizable material. Likewise, some care 
should be exercised when evaporating old iso­
propanol solutions to dryness as an explosion

(1) Schales, Ber., 72, 167 (1939).
(2) Schönbein, J . prakt. Chem., [1] 79, 67 (1859).
(3) Feigl an d  F ranke l, M ikrochemie, 12, 3Ö4 (1932/1933).
(4) K em pf, Z . anal. Chem., 89, 88 (1933).
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m i g h t  o c c u r ,  a l t h o u g h  n o  a c t u a l  e x p e r i e n c e  o f  t h e  

l a t t e r  k i n d  i s  k n o w n .

770 S. Arroyo Parkway
Pasadena, California R eceived August 14, 1942

Tracer Studies with Radioactive Carbon. The 
Exchange between Acetic Anhydride and So­

dium Acetate
By S. R uben , M. B. Allen and P. N ahinsky

I n  c o n n e c t i o n  w i t h  s o m e  t r a c e r  s t u d i e s  i n  t h e s e  

L a b o r a t o r i e s  i t  w a s  d e s i r e d  t o  d e v e l o p  a  r a p i d  

m e t h o d  f o r  t h e  s y n t h e s i s  f r o m  l a b e l l e d  c a r b o n  

d i o x i d e  o f  a n  u n s a t u r a t e d  a c i d  c o n t a i n i n g  C *  o n l y  

i n  t h e  c a r b o x y l  g r o u p .  T h e  P e r k i n  s y n t h e s i s ,  i n  

w h i c h  t h e  u n s a t u r a t e d  a c i d  i s  f o r m e d  b y  r e a c t i o n  

o f  a n  a l d e h y d e  w i t h  a n  a c i d  a n h y d r i d e  i n  t h e  p r e s ­

e n c e  o f  a  s a l t  ( E q u a t i o n  ( 1 ) ) ,  s e e m e d  w e l l  s u i t e d  

t o  o u r  n e e d s .

2RiCHO +  RoCHoC^O—C^-CH2R2
R2CH2COONa -------------- —.>

2R1C =C —COOH -f H20 (1) 
H R2

S i n c e  w e  w i s h e d  t o  o b t a i n  t h e  u n s a t u r a t e d  a c i d  

w i t h  t h e  h i g h e s t  p o s s i b l e  s p e c i f i c  r a d i o a c t i v i t y ,  

i t  w a s  d e s i r a b l e  t o  m e a s u r e  t h e  r a t e  o f  e x c h a n g e  

b e t w e e n  t h e  s a l t  a n d  t h e  a n h y d r i d e .  M i c h a e l 1 

a n d  m o r e  r e c e n t l y  B r e s l o w  a n d  H a u s e r 2 h a v e  

s h o w n  t h a t  w i t h i n  s e v e r a l  h o u r s  a t  1 0 0 °  t h e  e x ­

c h a n g e  r e a c t i o n  b e t w e e n  s o d i u m  a c e t a t e  a n d  

b u t y r i c  a n h y d r i d e  h a s  c o m e  t o  e q u i l i b r i u m .  W e  

h a v e  f o u n d  t h a t  t h e  e x c h a n g e  b e t w e e n  a c e t i c  

a n h y d r i d e  a n d  l a b e l l e d  s o d i u m  a c e t a t e  a t  r o o m  

t e m p e r a t u r e  i s  s u r p r i s i n g l y  r a p i d .

Experimental
Labelled sodium acetate was prepared by shaking 10“ 3 

mole of C*023 with 5 cc. of 1 M  CH3MgI in ether at room 
temperature for ^ te n  minutes. After hydrolysis with di­
lute sulfuric acid the ether was removed by evaporation. 
Excess solid silver sulfate was added to precipitate silver 
iodide and the acetic acid distilled off in vacuo. The yield 
was ^95%  based upon carbon dioxide. The acetic acid 
distillate was carefully neutralized with sodium hydroxide 
solution and evaporated to dryness. A small amount of 
dilute acetic acid was added and the solution again evapo­
rated to dryness to free the sodium acetate from traces of 
base. This preparation was thoroughly dried at 100° in 
vacuo until a vacuum of better than 10“ 5 mm. of mercury 
could be maintained over the solid without pumping.

The dry labelled sodium acetate was shaken with acetic
(1) M ichael, J .  prakt. Chem., 60, 364 (1899).
(2) Breslow and  H auser, T h i s  J o u r n a l , 61, 786 (1939).
(3) C u 0 2 was em ployed in  th e  first experim ent and  C u 0 2 in  the

second.

anhydride4 for twenty minutes at room temperature and 
the anhydride distilled off at room temperature in vacuo. 
The anhydride was converted into sodium acetate and 
counted as such.5 The results of this and a similar experi­
ment employing C14 are summarized in Table I.

T able I
Exchange between NaAc* and (Ac)20  at Room T em­

perature

E xpt.
E qu ivalen ts  of 

N aA c AcaO

Tim e of 
exchange, 

min.

Per cent, of 
random  d is trib u ­

tion  of Ac* “
1 2*10“ 3 95*10“ 3 20 55
2 1*10“ 3 4.8*10“ 3 30 62
In view of the fact that sodium acetate is very insoluble 

in acetic anhydride it was surprising to find such rapid ex­
change at room temperature in this two-phase system.

A similar result was obtained with sodium butyrate and 
acetic anhydride. 4.7 grams of carefully dried sodium 
butyrate6 was shaken with 17.6 cc. of acetic anhydride for 
'"-'forty minutes at room temperature, after which the an­
hydride was distilled off at room temperature in vacuo.

When the distillate was fractionally distilled it was found 
that 4.6 cc. had a boiling point above that of acetic an­
hydride. The acetic and butyric acid content of the high 
boiling fraction was determined by means of a Duclaux 
distillation. This fraction consisted of 72% butyric and 
28% acetic acid. Thus 18.7% of the acid equivalent in 
the total anhydride fraction is butyric acid. For random 
distribution of butyrate between the sodium salt and the 
anhydride one would expect 10.3% for the above experi­
ment. The marked tendency of butyrate to concentrate 
in the anhydride at room temperature is in keeping with the 
results of Michael1 and Breslow and Hauser.2

(4) D istilled from  phosphorus pentoxide in to  a glass receiver which 
had  been thoroughly  baked  a t  200° for several days. T he frac tion  
boiling betw een 138-139° was used.

(5) A descrip tion  of th e  p roduction  and  m easurem ent of C 11 and
C u  m ay be found elsewhere: R uben , K am en and  H assid, T h is
J ournal, 62, 3443 (1940); R u b en  an d  K am en, Phys. Rev., 59, 349 
(1941).

(6) Previously  ev ap o ra ted  to  dryness in  th e  presence of excess 
bu ty ric  acid an d  th e n  k e p t a t  100° in  h igh vacuum  (10 “ 5 m m .) for 
several hours.

D e p a r t m e n t  o f  C h e m i s t r y  
U n i v e r s it y  o f  C a l if o r n ia
B e r k e l e y , C a l if o r n ia  R e c e i v e d  S e p t e m b e r  8 , 194 2

Preparation of /?- (2-Methyl-6-oxo-1 -cyclohexen- 
1-yl)-propionic Acid

B y  E r w i n  S c h w e n k  a n d  E d i t h  B l o c h

Unsaturated cyclic ketoesters of the type of
3-carbomethoxy - 2 - methyl - 6 - oxo -1 - cyclohexene 
(I) contain the same atomic grouping as a,ft-di- 
alkylglutaconic acids and like the latter can be 
alkylated with alkyl halides and sodium ethoxide,1 
but apparently only simple alkyl halides have been 
studied.2

(1) R ich ter-T ay lor, ‘‘T he  C hem istry  of the  Carbon C om pounds,” 
3rd English ed., Vol. I I ,  p. 139.

(2) See, for instance, K oetz, et al., A n n ., 400, 83 (1913); E. Berg­
m ann and A, W eizm ann, J . Org. Chem., 4, 266 (1939).
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We were interested in the introduction of a side- 
chain bearing a carboxyl group into the ester I be­
cause the propionic acid III finally obtainable as 
indicated should be useful in the synthesis of cyclic 
diketones with an angular methyl group of the 
type IV. So far we have not been able to effect 
the ring closure.

COOR COOR
I CH3 I CH3 CHs

O
IV

Experimental
3-Carbomethoxy-2-methyl-6-oxo-l-cyclohexene (I, R = 

CH3).—This substance was obtained by a modification of 
the procedure described for the corresponding ethyl ester 
(Hagemann ester), I, R = C2H5.3

Nine hundred and twenty grams (8 moles) of freshly dis­
tilled methyl acetoacetate and 35 cc. of piperidine were 
warmed to 60°. One hundred and twenty grams (4 moles) 
of trioxymethylene was added in small portions under 
Stirling while keeping the temperature at 60-80°. The 
mixture was cooled to room temperature, 200 g. of an­
hydrous sodium sulfate was added and the flask left stand­
ing in the refrigerator overnight. The product was filtered 
from the sodium sulfate and the residue washed well with 
ether. The combined filtrate and washings were washed 
in a separatory funnel with small portions of water, 10% 
hydrochloric acid and again with water. The ether solu­
tion was dried over sodium sulfate, the solvent removed and 
the residue of crude l,3-dicarbomethoxy-2-methyl-6-oxo-l- 
cyclohexene was saponified partially by refluxing for two 
hours in an oil-bath with a solution of 96 g. of sodium (4 
moles) in 2.5 liters of absolute alcohol. After standing 
overnight the alcohol was removed in vacuo, the residue 
taken up in 500 cc. of ice-water and acidified under cooling 
with 25% sulfuric acid. The resulting oil was taken up in 
ether, the ether solution washed with water, dried over 
anhydrous sodium sulfate and the ether evaporated. The 
residue was distilled in vacuo, b. p. 135° (2 mm.), yield, 240 
g. (37%). A considerable low boiling fraction was ob­
tained (b. p. 70° (2 mm.)) consisting chiefly of 2-methyl-6- 
oxo-l-cyclohexene.

Anal. Calcd. for C9Hi20 3: C, 64.3; H, 7.2. Found: 
C, 64.7; H, 7.2.

The semicarbazone was prepared as usual, m. p. 168- 
170°.

(3) H agem ann, B e r . ,  26, 879 (1893); R abe and  R ahm , A n n . ,  332,
13 (1904); B e r . ,  38, 969 (1905).

Anal. Calcd. for CioHi50 3N3: N, 18.7. Found: N
18.7.

Methyl /3-(3-Carbomethoxy-2-methyl-6-oxo-l-cyclo- 
hexen-l-yl)-propionate (II,R = CH3 ).—Twenty-three grams 
of sodium was dissolved in 500 cc. of absolute methyl alco­
hol (dried over magnesium methylate) and 168 g. of 3- 
carbomethoxy-2-methyl-6-oxo-l-cyclohexene was added, 
followed by 168 g. of methyl-/3-bromopropionate. The 
mixture was refluxed for one hour; the alcohol removed 
in vacuo, the residue taken up in ether, washed, dried over 
sodium sulfate and the solvent evaporated. The ether 
residue was distilled in vacuum. Thirty-two grams of low 
boiling material was obtained, consisting mostly of un­
changed starting material. The main fraction boiled at 
170-180° (1 mm.), yield, 170 g. (83% considering recovered 
starting material).

Anal. Calcd. for CiaHigCV. C, 61.4; H, 7.1. Found: 
C, 61.5; H, 7.4.

The semicarbazone was prepared by refluxing 1 g. of the 
ester with 1 g. of semicarbazide hydrochloride and 1 g. of 
sodium acetate; recrystallized from dilute alcohol, it 
melted at 145-148°.

Anal. Calcd. for Ci4H2iN3Os: N, 13.5. Found: N,
13.9.

Ethyl 0-(3-Carbethoxy-2-methyl-6-oxo-l-cyclohexen-1 - 
yl)-propionate.—This ester was prepared from Hagemann5s 
ester and ethyl-/3-bromopropionate as described above; 
b. p. 184-186° (2 mm.), yield, 70%. No satisfactory 
analysis could be obtained from this material but the 2,4- 
dinitrophenylhydrazone obtained as usual crystallized 
from ethanol in orange-red prisms, m. p. 120- 122°.

Anal. Calcd. for C2iH260 8N4: N, 12.0. Found: N,12.1.
/3-( 2-M ethyl-6-oxo-1 -cyclohexen-1 -yl )-propionic Acid.— 

One hundred grams of II (R = CH3) was refluxed for six 
hours with 2 0 0  cc. of hydriodic acid ( 4 2 % ) .  After cooling 
the mixture was carefully made alkaline by adding it to 
excess concentrated sodium carbonate solution under cool­
ing and stirring. All neutral material was removed by 
repeated extraction with ether and the dark brown solution 
was acidified again. The acid was taken up in ether and 
the ether solution washed with dilute sodium thiosulfate 
solution and with water. After drying over anhydrous 
sodium sulfate the ether was evaporated and the residue 
was distilled in vacuo at about 1 mm.; yield, 4 0  g. The 
distillate crystallized on standing. Recrystallization from 
ligroin (b. p. 7 0 - 9 0 ° )  yields the acid in long feather-shaped 
crystals; m. p. 7 9 - 8 1  °. The same acid was obtained from 
II (R -  C2H5).

Anal. Calcd. for Ci0Hi4O3: C, 65.9; H, 7.7. Found: 
C, 65.6; H, 7.7.
R e s e a r c h  D i v i s i o n  
S c h e r i n g  C o r p o r a t io n
B l o o m f i e l d , N e w  J e r s e y  R e c e i v e d  S e p t e m b e r  4, 1942

A New Modification of Willgerodt’s Reaction
B y  E r w i n  S c h w e n k  a n d  E d i t h  B l o c h

It was first shown by Willgerodt1 that treat­
ment of aryl methyl ketones with yellow am-

(1) W illgerodt, Ber., 20, 2467 (1887); 21, 535 (1888).
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m o n i u m  s u l f i d e  y i e l d s  t h e  a m i d e s  o f  a r y l a c e t i c  

a c i d s  w h i c h  b y  s a p o n i f i c a t i o n  w i t h  a q u e o u s  

a l k a l i  g i v e  a r y l a c e t i c  a c i d s .  T h e  m e t h o d  w o u l d  

p r o b a b l y  f i n d  m o r e  u s e  i f  i t  w e r e  n o t  n e c e s s a r y  

t o  h e a t  t h e  r e a g e n t s  i n  a  c l o s e d  v e s s e l  t o  1 5 0 ° .  

T h i s  d i s a d v a n t a g e  o f  t h e  m e t h o d  h a s  n o t  b e e n  

e l i m i n a t e d  b y  r e c e n t  m o d i f i c a t i o n s . 2' 3,4' 5

W e  h a v e  t r i e d  t o  a v o i d  t h e  u s e  o f  a n  a u t o c l a v e  

b y  r e p l a c i n g  t h e  a m m o n i u m  s u l f i d e  w i t h  h i g h e r  

b o i l i n g  a m i n e s  a n d  s u l f u r .  M o r p h o l i n e 6 n o w  

m a d e  t e c h n i c a l l y  i n  v e r y  p u r e  f o r m  a n d  a t  a  

c h e a p  p r i c e  h a s  b e e n  f o u n d  t o  b e  m o s t  s u i t a b l e .  

T h e  p r o c e s s  d i f f e r s  f r o m  t h e  r e a c t i o n  a s  d e s c r i b e d  

b y  W i l l g e r o d t  i n  t h a t  f i r s t  t h e  m o r p h o l i d e s  o f  

ArCOCHs---->  ArCH2CSC4H8ON
t h e  a r y l t h i o a c e t i c  a c i d s  a r e  f o r m e d .  T h e  r e a s o n  

f o r  t h i s  c o u r s e  o f  t h e  r e a c t i o n  i s  p r o b a b l y  t h e  

a b s e n c e  o f  w a t e r  i n  t h e  r e a c t i o n  m i x t u r e  s i m i l a r  

t o  K i n d l e r  a n d  T s a u p i n g  L i ' s  p r o c e d u r e 5, w h o  a l s o  

o b t a i n e d  d e r i v a t i v e s  o f  t h e  a r y l t h i o a c e t i c  a c i d s .  

T h e  m o r p h o l i d e s  o f  t h e  a r y l t h i o a c e t i c  a c i d s  o f t e n  

c a n  b e  i s o l a t e d  i n  c r y s t a l l i n e  f o r m .  I f  t h a t  i s  n o t  

p o s s i b l e  b e c a u s e  o f  t h e  o i l y  c o n s i s t e n c y  o f  t h e s e  

m o r p h o l i d e s ,  e v e n  t h e  c r u d e  o i l y  m o r p h o l i d e s  m a y  

b e  s u b m i t t e d  t o  a  s a p o n i f i c a t i o n  w i t h  e i t h e r  

a q u e o u s  o r  a l c o h o l i c  a l k a l i ,  w h i c h  w i l l  a f f o r d  t h e  

a r y l a c e t i c  a c i d s  a f t e r  a c i d i f i c a t i o n  o f  t h e  a l k a l i n e  

s o l u t i o n .

T h e  r e a c t i o n  a p p a r e n t l y  i s  a p p l i c a b l e  t o  a l l  

a r y l  m e t h y l  k e t o n e s  i n  w h i c h  t h e  a r y l  p a r t  o f  t h e  

m o l e c u l e  i s  e i t h e r  u n s u b ö t i t u t e d  o r  s u b s t i t u t e d  

b y  a  s t a b l e  g r o u p  l i k e  t h e  a l k o x y  g r o u p  o r  h a l o g e n .  

T o  s u b s t a n c e s  c o n t a i n i n g  n i t r o - ,  a m i n o - ,  h y d r o x y -  

o r  a c e t o x y -  g r o u p s ,  t h e  r e a c t i o n  s e e m s  n o t  t o  b e  

a p p l i c a b l e  i n  t h i s  f o r m .

A s  a n  e x a m p l e ,  w e  d e s c r i b e  t h e  p r e p a r a t i o n  o f  

t h e  a s  y e t  n o t  k n o w n  t f - b e n z y l o x y p h e n y l a c e t i c  

a c i d  w i t h  o u r  n e w  m e t h o d .  I n  g e n e r a l ,  i t  m a y  

b e  s a i d  t h a t  t h e  a r y l  t h i o a c e t m o r p h o l i d e s  c r y s t a l ­

l i z e  e a s i l y .  I n  c a s e s  w h e r e  t h e y  r e m a i n e d  o i l y ,  

w e  h a v e  t a k e n  t h e  c r u d e  m a t e r i a l  a n d  s u b m i t t e d  

i t ,  w i t h o u t  p u r i f i c a t i o n ,  t o  t h e  s a p o n i f i c a t i o n  s t e p .  

S o m e  o f  t h e  m o r p h o l i d e s  a r e  q u i t e  d i f f i c u l t  t o  

s a p o n i f y ;  w e  h a v e  n o t  m a d e  a n  i n v e s t i g a t i o n  o f  

t h i s  p a r t  o f  t h e  m e t h o d  a n d  b e l i e v e  t h a t  s t u d y  o f  

t h e  s a p o n i f i c a t i o n  i n  s p e c i a l  c a s e s  m a y  i m p r o v e  

t h e  f i n a l  y i e l d  c o n s i d e r a b l y .

Y i e l d s ,  m e l t i n g  p o i n t s  ( n o t  c o r r e c t e d )  a n d

(2) M osettig  an d  van  de K am p, T h i s  J o u r n a l , 55, 3442 (1933).
(3) F ieser and  K ilm er, ibid., 62, 1354 (1940).
(4) B achm ann and  C arm ack , ibid ., 63, 2494 (1941).
(5) K ind ler and  T saup ing  Li, Ber., 74, 321 (1941).
(6) Piperid ine was also used in some experim ents.

a n a l y s e s  o f  s o m e  a r y l t h i o a c e t m o r p h o l i d e s  o f  

k n o w n  a r y l a c e t i c  a c i d s  w h i c h  w e  h a v e  p r e p a r e d  

a r e  g i v e n  i n  t h e  t a b l e .

T a b l e  I
M orpholide of 
a ry lth ioacetic  

acid
Aryl m ethyl ketone Y ield, M . p., 

Aryl- %  °C.
Yield,

%
A rylacetic acid 

M elting po in t, °C. 
Found  L iteratu re

Phenyl- 92a 79-80 75 76-77 76 , 78
o-M ethoxyphenyl - oily 55 120-122 120.5, 123,

124
m- M ethoxy phenyl- 85 & 82-84 65 66-67 67
^-B rom ophenyl-
2,5-D im ethoxy-

oily 10 112-113 114-115

phenyl- oily 28 123-124d 124.5
2-N aphthy l- 87c 108-109 140-142 137 .5-139 ,

142
2-Phenanthryl oily 41 179-183 181-183

° Calcd. for Ci2H15NOS: N, 6.3; S, 14.5. Found: N,
5.9; S, 14.7. & Calcd. for C13H17N 02S: N, 5.6; S, 12.7.
Found: N, 6.0; S, 12.5. c Calcd. for Ci6H17NOS: N, 
5.0; S, 11.6. Found: N, 5.2; S, 12.0. d Mixed m. p. 
with a sample prepared from natural homogentisic acid 
(for which we have to thank Dr. M. Volterra, Mt. Sinai 
Hospital, New York City) by methylation with dimethyl 
sulfate and sodium hydroxide showed no depression.

Experimental
Preparation of d-Benzyloxyacetophenone.—Ten grams 

of ö-hydroxyacetophenone, 12.5 g. of benzyl chloride and 
75 cc. of 15% sodium hydroxide were refluxed for two 
hours. The reaction mixture was extracted, with ether, 
the ether extract washed and dried and distilled in vacuo; 
yield 12.5 g.; b. p. 182-184° at 11 mm. There was some 
unreacted material recovered from the alkaline solution.

Anal. Calcd. for Ci5Hi40 2: C, 79.7; H, 6.3. Found: 
C, 79.8; H, 6.5.

2,4-Dinitrophenylhydrazone m. p. 207-209°. Anal. 
Calcd. for C2iHi80 5N4: N, 13.8. Found: N, 14.1.

Semicarbazone m. p. 175-177°. Anal. Calcd. for 
Ci6H170 2N3: N, 14.9. Found: N, 14.6.

Preparation of o-B enzyloxyphenylthioacetmorpholide. 
—11.3 grams of o-benzyloxyacetophenone, 4.5 g. of mor­
pholine, and 1.6 g. of sulfur were refluxed for eight hours 
and then poured into ice. The morpholide was extracted 
with ether. The oily residue crystallized partially after 
standing for a day. I t  was several times recrystallized 
from dilute methanol; yield, 12 g.; m. p. 117, 118-119°. 
Anal. Calcd. for C19H210 2SN: N, 4.3; S, 9.7. Found: 
N, 4.5; S, 9.5.

Preparation of 0-Benzyloxyphenylacetic Acid.—Nine 
grams of n-benzyloxyphenylthioacetmorpholide was re­
fluxed with 100 cc. of 10% potassium hydroxide for twelve 
hours. The alkaline solution was acidified, extracted with 
ether, and the extracts washed, dried and evaporated. 
The ether residue was recrystallized from benzene-petrol 
ether; yield 4.1 g.; m. p. 97-99°. Anal. Calcd. for 
C2oH22C>6: C, 74.7; H, 5.8. Found: C, 74.7; H, 6.4.
S c h e r in g  C o r p o r a t i o n
R e s e a r c h  D i v i s i o n  R e c e i v e d  S e p t e m b e r  25, 1942 
B l o o m f ie l d , N e w  J e r s e y
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Change in Potential of Silver-Silver Chloride 
Electrodes with Time

B y  E d g a r  R e y n o l d s  S m it h  a n d  J o h n  K e e n a n  T a y l o r

An aging effect with freshly prepared silver- 
silver chloride electrodes was first noted by Mac­
lnnes and Parker,1 who found it to be always in 
the same direction. This effect was investigated 
by Smith and Taylor,2 who attributed its origin 
to concentration-polarization and made tests, 
the results of which harmonized with this explana­
tion. When silver electrodes are coated electro- 
lytically with silver chloride, the solution within 
the pores of the silver chloride becomes more 
dilute than the surrounding solution and these 
electrodes, freshly prepared, therefore, act as 
cathodes toward electrodes previously aged in the 
solution, since the latter have had the electrolyte 
within their pores replenished. Because the aging 
behavior is always in the same direction and, 
for relatively thick coatings of silver chloride, 
amounts at least to several tenths of a millivolt, 
it appears to be an effect different from the 
fluctuating bias of a few hundredths of a millivolt 
frequently observed after the electrodes have ap­
parently come to equilibrium. If sufficient time 
is allowed, the freshly prepared electrodes attain 
the same average potential as the aged electrodes. 
The time required for this equilibrium to be at­
tained depends on several factors, among which 
are the amount of silver chloride deposited per 
unit area, i.  e., the thickness of the layer through 
which the diffusion must occur, and the current 
density at which the layer is formed. The smaller 
the current density of silver chloride formation, 
the nearer is the concentration within the pores 
of the layer kept to equilibrium with the surround­
ing solution and consequently the smaller is the 
aging effect.

In some recent work, Hornibrook, Janz and 
Gordon3 made experiments, the results of which 
they consider to contradict the conclusions of 
Smith and Taylor. Their results, however, in­
stead of being contradictory to these conclusions 
are in agreement with what is to be expected for 
thin films of silver chloride formed at low current 
densities. It should be emphasized that no dis­
pute as to the facts is involved and no criticism

(1) D . A. M acln n es  an d  K . P a rk e r, T h is  J o u r n a l , 37, 1445 
(1915).

(2) E . R . S m ith  and  J . K . T ay lo r, J . Research Natl. Bur. Standards, 
20, 837 (1939).

(3) W . J. H ornibrook, G. J . Jan z  a nd  A . R . G ordon, T h is  J o u rn al , 
64, 514 (1942).

of the validity of the technique and results of the 
excellent work of Hornibrook, Janz and Gordon is 
intended.

From the dimensions of the electrodes and the 
time and current used for coating with silver chlo­
ride, it appears that the thickness of the coatings 
and the magnitude of the current density used by 
Smith and Taylor were, respectively, about
13.4 and 5.6 times as large as those used by Horni­
brook, Janz and Gordon. The latter point out 
that concentration differences tend to disappear 
with exp ( — TT2k t / x 2)y where k is the diffusion con­
stant, t the time, and x the distance from the 
plane where the concentration is constant. The 
time required for the exponential to fall to a given 
value increases as the square of the distance, x, 
which can be taken as the thickness of the layer of 
silver chloride. Hornibrook, Janz and Gordon 
found no indication of aging after twenty-five 
minutes in one experiment and after forty minutes 
in another. If the time of aging with their rela­
tively thin layer was of the order of ten minutes, 
it would escape detection, while with a layer 13 
times as thick, about twenty-eight hours would 
elapse before the aging was over, and the effect 
would be readily found.

Present conditions of work make it unjustifiable 
for us to spend the time required to show ex­
perimentally how the aging period of freshly pre­
pared silver-silver chloride electrodes varies from 
a negligible time for a very small thickness of 
silver chloride deposited at a low current density 
to an appreciable time for a thicker layer deposited 
at a higher current density. Our previous work, 
however, has shown the latter, and the results of 
Hornibrook, Janz and Gordon not only show the 
former, but are what would reasonably be ex­
pected on the basis of our explanation of the aging 
effect.

Because of the various factors, such as film 
thickness, current density, temperature, concen­
tration and agitation of the solution, which affect 
the time of aging, different investigators using 
different conditions of preparation of their 
silver-silver chloride electrodes will find marked 
differences in the magnitude and duration of 
the aging effect. In any case, however, it is 
important to recognize the possibility of the 
occurrence of the effect and to make sure it has 
been eliminated from the results of the final 
measurements.
W a s h in g t o n , D .  C . R e c e iv e d  S e p t e m b e r  10 , 1942
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The Alkylation of Linseed Oil
B y  J u d s o n  G . S m u l l  a n d  J o h n  S . S a y l o r

The structures of linoleic and linolenic acids 
which are present in linseed oil, have been indi­
cated as having the =CH CH 2C H =  grouping.1'2,3 
It occurred to the authors that the CH2— portion 
of the grouping might be active enough to show 
the reactions of active methylene groups, as 
shown by such compounds as cyclopentadiene, 
malonic ester and others.

The first evidence of reaction which it is de­
sired to report at this time is a reaction analogous 
to that of malonic ester. For this purpose an 
alkali-refined neutral linseed oil was converted 
to the mixed methyl esters directly by alcohol 
interchange. An excess of absolute methanol, 
containing hydrogen chloride was added to dry 
linseed oil and refluxed until the reaction was com­
plete. The mixed methyl esters after purification 
were distilled at 200° under 6 mm. pressure.

Approximately 0.1 mole of these mixed methyl 
esters was treated with 0.1 mole of sodium eth­
oxide dissolved in excess absolute ethanol, and 
refluxed at 60° for about ten minutes. To the 
cooled mixture in the flask, 0.13 mole of ethyl 
iodide was added gradually, with thorough shak­
ing. This reaction mixture after heating at 90° 
on the water-bath for forty minutes, was al­
lowed to stand overnight. The excess ethanol 
and ethyl iodide were distilled and the remaining 
solution filtered. The filtrate was dissolved in 
ether, washed with brine, then water, and dried. 
After removal of the ether, the major portion dis­
tilled at 205° and 14 mm. pressure, as a very pale, 
highly mobile liquid. This procedure was fol­
lowed closely on two other runs. All of the 
samples were kept under nitrogen to prevent oxi-

Iodine No. (W its) R efractive
D eterm ined Theoretical® index

Linseed oil 192.0 1.4811
Mixed methyl esters 
Alkylated esters

186.0 1.4632

A 170.9 167.0 1.4616
Samples s B 178.1 1.4619

k c 183.1 1.4613
Av. 177.4 1.4616

a The theoretical iodine number was calculated on the 
assumption that linseed oil contains 60% linoleic acid, 
with one active CH2— group and 25% linolenic acid, with 
two active CH2— groups.

(1) E rdm ann , Bedford and  R aspe, Ber., 42, 1334 (1909).
(2) Goldsobet, Chem. Zlg., 30, 825 (1906).
(3) H ild itch  and V idyarth i, Proc. Roy. Soc. (L ondon), A122, 563

(1929). '

dation. The analytical data are given in the 
tabulation.

With an average of 1.1 active CH2— groups, 
condensation with 1.1 ethyl groups should be ex­
pected, forming an ethylated methyl ester of the 
mixed acids. The fair agreement of the deter­
mined iodine number with the calculated value 
(an approximation) is evidence of reaction. The 
lower values for refractive index are also evidence 
of reaction. Furthermore, it was believed that 
if alkylation had occurred, the alkylated esters 
should give a negative fulvene reaction whereas 
unalkylated ester should be positive. This ac­
tually was the case. Again, confirmation of the 
fulvene test was obtained by oxidation tests, where 
a dark red color was produced in the original 
methyl ester but no appreciable darkening in the 
alkylated methyl ester. The oxidation presumes 
the formation of a —CO— group, according to 
Scheiber.4 The oxidized portion should in turn 
condense with unoxidized oil to give the fulvene 
color reaction.

This study is being continued on pure methyl 
linoleate and pure methyl linolenate.

(4) J . Scheiber, Farbe u. Lack., 477 (1929); 585 (1929).

L e h ig h  U n i v e r s i t y
Bethlehem, P a . R eceived September 3, 1942

The Oxidation of Amino Acids by Hydrogen 
Peroxide in Formic Acid

B y  G e r r it  T o e n n i e s  a n d  R ic h a r d  P . H o m il l e r

It has been shown1 that the action of hydrogen 
peroxide on casein dissolved in formic acid causes 
a selective oxidation of its tryptophan, methio­
nine and (partly) cystine units. As regards the 
effect of other acid oxidizing agents on the natu­
ral amino acids Williams and Woods2 stated 
that of 16 samples tested only cystine, tyrosine 
and tryptophan were oxidized by iodic acid (at 
100°), and Nicolet and Shinn3 showed that 
periodic acid selectively attacks tryptophan, 
methionine and cystine, as well as the a-hydroxy 
amino acids. Since, however, according to the 
same authors the latter type of compound seemed 
to be protected against the oxidation by acylation 
or by peptide formation through the amino group, 
and since our own observations1 on the action of 
performic acid (the product of interaction of hy­
drogen peroxide and formic acid), which showed

(1) Toennies, J .  B iol. Chem., 145, 667 (1942).
(2) W illiam s and  W oods, T h is  J ournal , 59, 1408 (1937).
(3) N icolet and  Shinn , ibid., 51, 1615 (1929).
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> T a b l e  I

O x i d a t i o n  o f  F o r m ic  A c id  S o l u t io n s  o f  A m i n o  A c i d s  b y  H y d r o g e n  P e r o x i d e  
Initial concentration of the amino acids, 0.20 M, except for cystine (0.10 M ) ; of H20 2, 0.83 M. Temperature 26 =•= 1 °. 

The figures in the table are rounded to the nearest 0.05, in accordance with the approximate precision of the measure­
ments. The prefix /- is used to indicate the “natural” enantiomorph of the amino acids.

Compound®
Oxygen consum ed, atom s per molecule 

a fte r 1 h r. a fte r 2 hrs. Compound®
Oxygen consum ed, 

a fte r 1 hr.
a tom s per m olecule 

a fte r 2 hrs.

/-Isoleucine 0.05 0 .0 0 d l-Aspartic acid 0.15 0.40
(/-Isoleucine .05 .0 0 /-Histidine5 .15 .40
/-Leucine .05 .0 0 d l-Threonine .2 0 .40

(//-Phenylalanine .05 .0 0 (//-Threonine .2 0 .50
/-Tyrosine .0 0 .1 0 (//-Threonine .25 .70

d l-  Alanine .1 0 .25 /-Arginine .2 0 . 50
<//-Serine .35 .65 /-Hydroxyproline .2 0 .55
(//-Serine .15 .25 /-Lysine0 .30 .70
(/-Serine .40 .80 /-Glutamic acid .30 .75
/-Proline .1 0 .35 d l-Methionine 2.05 2.05

Glycine .1 0 .40 (//-Cystine 5.25 5.00
(//-Valine .1 0 .40 /-Tryptophan 3.05 3.00

° Where more than one compound of the same designation is listed, products of different origin were used. 6 Solution 
prepared from the monohydrochloride with the aid of silver acetate. c Solution prepared from the dihydrochloride with 
the aid of silver acetate.

ct-hydroxy amino acid units to be resistant, had 
been obtained on unhydrolyzed protein, it became 
of interest to examine the action of performic 
acid on the free amino acids.

In order to obtain insight into the interaction of hydro­
gen peroxide and formic acid,4 1 cc. of 30% hydrogen per­
oxide was diluted to 10 cc. with 88% formic acid, and one- 
half-cc. samples of the resulting solution were titrated both 
for active peracid and for the sum of peracid and hydrogen 
peroxide. The iodometric method employed was that 
previously used by one of us5 for the determination of per- 
monosulfuric acid and hydrogen peroxide. The results 
(Fig. 1) show that under the stated conditions the concen­
tration of performic acid approaches its maximum after 
one hour and changes little during the next hour.

The action of the per-compounds on the amino acids was 
examined as follows. 2 uiM. of the compound was dis­
solved in 88% formic acid, 1 cc. of 30% hydrogen peroxide 
was added and the volume was completed with the formic 
acid to 10 cc. A similar blank solution, without amino 
acid, was prepared at the same time. One-half-cc. samples 
of each solution were pipetted at intervals, during a total 
period of approximately two hours, into 20 cc. of a solution 
containing 5 mM. potassium iodide, 0.1 mM. (NH4)2Mo04 
and 5 mg. of starch, and the liberated iodide was at once 
titrated with 0.024 N  thiosulfate solution. The blank 
solutions showed an approximately linear loss of 4 =±= 1 % per 
hour while in the presence of the majority of the amino 
acids the resulting curves were similar except that in most 
cases they fell somewhat more rapidly. Only in the case 
of methionine, tryptophan and cystine were curves similar 
to C (Fig. 1) obtained, showing consumption of 2, 3 and 5 
atoms of oxygen, respectively, per molecule. Most of the 
amino acids were used as purchased; some had been pre­
pared or purified by us. All had been analytically identi­
fied. The results are summarized by the data of Table I.
The arrangement is in the approximate order of increasing

(4) d 'A ns and  K neip , Ber., 48, 1136 (1915).
(5) Toennies, T h is  J ournal , 69, 552 (1937).

susceptibility to oxidation as revealed by these experi­
ments.

Fig. 1.—The behavior of hydrogen peroxide in formic 
acid: 1 cc. of superoxol dissolved to 10 cc. with 88%
HCOOH; temperature 26.5°. Curve A represents per­
acid (HCOOOH), curve B the sum of peracid and hydrogen 
peroxide, and curve C (obtained by calculation from A and 
B) hydrogen peroxide (cf. text for analytical procedures).

From the results obtained on the first 4 or 5 compounds 
listed one might conclude that the typical structural ele­
ments of amino acids are quite stable toward the oxidizing 
agent used. The further data show, however, that de­
pending on the structure and, perhaps, on the presence of 
impurities, some amino acids are slowly attacked. Three 
amino acids stand definitely apart, in that they show a 
rapid, stoichiometrically well-defined reaction. The data 
indicate that within one hour (when the majority of the 
amino acids consume one-third atom of oxygen or less) 
methionine is oxidized to the sulfone6 level, while during 
the same time the oxygen consumption of cystine corre­
sponds to the requirements for conversion to eysteic acid.

(6) Toennies and  K olb, J . Biol. Chem., 140, 131 (1941),
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The apparently stoichiometric oxidation of tryptophan by 
3 atoms of oxygen leaves room for different interpretations 
which cannot be evaluated without further work. In addi­
tion to the behavior of these three compounds it seems 
worth noting that in contrast to their behavior with periodic 
acid, the hydroxy amino acids are not distinguished by a 
special reactivity toward performic acid.
T h e  L a n k e n a u  H o s p it a l
R e s e a r c h  I n s t i t u t e  R e c e iv e d  S e p t e m b e r  18, 1942 
P h il a d e l p h i a , P e n n s y l v a n i a

Density and Refractive Index of Cumene
B y  J a m e s  E .  T r o y a n

In a recent investigation of alkyl benzenes at 
this Laboratory, the variation with temperature of 
density and refractive index of cumene (isopropyl 
benzene) was determined. Previous data on these 
properties had been found in the literature, but 
the inconsistency in published values led to the 
new measurements reported in this article.

The plots of densities and of refractive indices 
against temperatures defined curves which were 
fitted to the general equation, d \  or n lD = a  +  
ht +  ct2y by the method of least squares. The 
following expressions were obtained
Density -  dh = 0.8777 -  0.73 X 1 0 -  2.8 X 10- 6/2
R. I. -  = 1.5017 -  0.54 X 10~3/ +  0.46 X IO”6/2

Densities were determined by means of pyc­
nometer weighings between 6.1° and 37.8°. The 
close agreement between experimental data and 
the calculated curve is shown in Fig. 1. The

average deviation of individual points from this 
curve is ±0.0001 or about 0.01%. Refractive 
indices were measured with an Abbe refractometer 
at temperatures ranging from 15-28°. Experi­

mental points, which are likewise plotted in Fig. 1, 
show an average deviation of only 0.002% from 
values indicated by the curve of the R. I. equation 
given above. Density and R. I. data reported by 
other investigators are included for comparison 
with the author’s results.

Best grade Eastman Kodak Company cumene 
was used in these measurements without any 
further purification. This was considered accept­
able since the density and refractive index of the 
middle cut of a redistillation (b. p. 152-153°) 
were not significantly different from those of the 
original material, which had the following prop­
erties: b. p. 151-153°, f. p. -9 5 .2 ° , d 2\  0.8620, 
n 20d 1.4911. By comparison, best values in the 
literature are: b. p. 152.5°, f. p. —96.2°, d 204
O. 8620, n 20d 1.4912-1.4920.

Although the author’s data may be limited 
somewhat in accuracy by the purity of the cumene 
used, it is assumed that the equations offered here 
are sufficiently reliable for general use in industry.

(1) K . Auwers an d  H . K olligs, Ber., 55B, 21 (1922).
(2) K . Auwers, Ann., 419, 107 (1919).
(3) V. N . Ipatieff, B. B . C orson and  H erm an Pines, T h is  J o u r n a l , 

58, 919 (1936).
(4) H . L an d o lt an d  H . Jah n , Z . physik. Chem., 10, 303 (1892).
(5) J. F . M cK enna  an d  F . J. Sowa, T h is  J ournal , 59, 470 (1937).
(6) W. Perk in , J . Chem. Soc., 77, 275 (1900).
(7) W. P erk in , ibid., 69, 1194 (1896).
(8) T. W. R ichards and  J . W . Shipley, T h is  J ournal , 38, 996 

(1916).
(9) J. S m ittenberg , H . Hoog and  R . A. Henkes, ibid ., 60, 17 (1938).
(10) J . D . W hite  an d  F . W . Rose, J .  Research N atl. B ur. Standards, 

21, 164 (1938).

G u l f  R e s e a r c h  a n d  D e v e l o p m e n t  C o .
P. O. D r a w e r  2038
P it t s b u r g h , P a . R e c e i v e d  J u l y  24, 1942

N E W  C O M P O U N D S

4-Nitrodiphenyl Ether-4'-Sulfonyl Chloride and 
-4'-Sulfonamide

£-Nitrodiphenyl ether was sulfonated by heating and 
stirring with concentrated sulfuric acid until test portions 
were completely soluble in water. The sodium salt was 
isolated, dried and converted to the sulfonyl chloride with 
phosphorus pentachloride. The light cream-colored sul­
fonyl chloride was recrystallized from isopropyl ether: 
m. p. 84—85° (cor.). It was analyzed by refluxing a 
weighed portion in 50% ethanol for three hours, evapora­
ting to dryness repeatedly on the steam-bath to remove 
hydrogen chloride, and titrating the residual sulfonic acid 
with standard alkali.1

Anal. Calcd. for Ci2H8OöNSC1: equiv. wt., 314.
Found: equiv. wt., 322.

(1) C f. D avis and Davies, J .  C h e m . S o c ., 123, 2976 (1923).
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To prove the structure of this compound, diphenyl ether 
was converted to diphenyl ether-4-sulfonyl chloride by the 
directions of Suter.2 This compound was nitrated by 
dissolving 1 g. of it in 5 ml. of glacial acetic acid, adding 
4 ml. of concentrated nitric acid, and then adding portion- 
wise 2 ml. of concentrated sulfuric acid while keeping the 
temperature at about 60—70°. After the reaction mix­
ture had stood several hours it was poured into water and 
the oily nitro compound was seeded to cause crystalliza­
tion. Recrystallization from ethyl ether gave a product, 
m. p. 85.5-86.5°, indicated by melting point and mixture 
melting point to be identical with that made by sulfonating 
p-nitrodiphenyl ether.

The sulfonamide was obtained from either sulfonyl 
chloride as very light yellow crystals from dilute ethanol, 
m. p. 130 —131°. Before Kjeldahl digestion the sample 
was allowed to stand with cold sulfuric acid and zinc dust.3

Anal. Calcd. for C12H10O5N2S: N, 9.5. Found: N, 9.4.
Since this work indicates that 4-nitrodiphenyl ether 

sulfonates mainly in the 4'-position, as might be expected, 
the 4-nitrodiphenyl-ether-jc-sulfonic acid of Jones and 
Cook4 may now be concluded to have been the 4'-sulfonic 
acid.

N,N-Di-w-butylhydroxylamine and its Oxalate
This hydroxylamine was made by substantially 

Wieland’s procedure.5 A 5% solution of nitrogen dioxide 
in anhydrous ether was prepared and cautiously dropped 
into a well-stirred solution of w-butylmagnesium bromide 
in ether. As soon as starch-iodide paper indicated the pres­
ence of excess nitrogen dioxide, the mixture was let stand 
for two hours and then decomposed with a little water. 
The N,N-di-w-butylhydroxylamine was extracted with 
ether and precipitated therefrom by adding a solution of 
oxalic acid in ether. The oxalate, recrystallized from 
methanol, melted at 144.0-144.5°.

Anal. Calcd. for C10H21O0N: N, 5.94; equiv. wt. (di­
basic acid), 118. Found: N (Kjeldahl), 5.95; equiv. wt., 
118.

(2) S u te r , T h is  J ournal , 53, 1112 (1931).
(3) W e izm a n n , Y ofe  a n d  K irzo n , Z .  p h y s io l .  C h e m .,  192, 70 (1930).
(4) J o n e s  a n d  C ook , T h is  J ournal , 38, 1534 (1916).
(5) W ie lan d , B e r . ,  36, 2315 (1903).

The free N, N-di- w-butyIhydroxylamine was obtained by 
warming the oxalate with concentrated alkali solution, 
chilling, and isolating the product by filtration. After 
recrystallization from aqueous ethanol it melted at 52.5- 
53.0°. It was very soluble in all organic solvents tested, 
but only slightly soluble in water, giving a neutral solu­
tion; its weakness as a base is indicated also by the fact 
that the acid in the oxalate may be titrated as if free. 
When warmed with solutions of silver, cupric or auric 
salts, it exhibits the expected reducing power.

Anal. Calcd. for C8H19ON: N, 9.66. Found: N, 9.59.
D e p a r t m e n t  of C h e m ist r y  V . H. D e r m e r
Ok lahom a  A g r ic u l t u r a l  a n d  M e c h a n ic a l  C o l leg e  
S t il l w a t e r , Ok la h o m a  O. C. D e r m e r

R e c e iv e d  A u g u st  17, 1942

4-Toluenesulfonates of the Nitro-4-phenylphenols
2.6- Dinitro-4-phenylphenyl 4-Toluenesulfonate.—This 

compound was prepared by the treatment of 2,6-dinitro-4- 
phenylphenol in pyridine solution with tosyl chloride. 
The crude, faintly yellow product was obtained in quanti­
tative yield and, after crystallization from propanol, from 
which 88% was recovered as colorless prisms, it melted at 
186-187°.

Anal. Calcd. for C19HL4O7N2S: S, 7.73. Found: S,
7.69.

2.6- Dinitro-4-(4-nitrophenyl)-phenyl 4-T oluenesulf o- 
nate.—For the preparation of this compound it was neces­
sary to dissolve the 2,6-dinitro-4-(4-nitrophenyl)-phenol 
and the tosyl chloride in warm 1,4-dioxane and then to 
add the pyridine. The crude product was obtained in 
quantitative yield, and after crystallization from methanol 
the recovery was 80%. The crystals so obtained were 
faintly yellow prisms, but after drying at 130° and 15 mm. 
the color disappeared; m. p. 219-220°.

Anal. Calcd. for C^HisOgNsS: S, 6.97. Found: S,
6.85.
D e pa r t m e n t  of Ch e m ist r y  S t e w a r t  E. H azlet
Sta te  C olleg e  o f  W a sh in g t o n  D a l e  A . S t a u f f e r  
P u l lm a n , W a sh in g t o n  H a r r is  O. V a n  Or d e n

R e c e iv e d  Oc t o be r  13, 1942
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C O M M U N I C A T I O N S  T O  T H E  E D I T O R

THE TOXIC PRINCIPLES OF POISON IVY
S ir :

We have investigated the active principles of 
poison ivy and find th a t the toxic oil is a complex 
of a t least three active components and several 
innocuous concomitants.

Hill and his co-workers1 isolated a toxic yellow 
oil from poison ivy with the stated boiling point 
of 210° (0.5 mm.), and presented evidence to 
prove that it was identical with urushiol, the 
boiling point of which was quoted as 210° (0.4- 
0.6 mm.). From this toxic oil they prepared a 
series of derivatives, identical when crystallizable 
with those prepared from urushiol, but no yields 
were reported.

‘‘Urushiol’’ is a name first applied by Majima2 
to an extract of Japan lac which boiled over a 
range of 210-222° ((0.4-0.6 mm.), and, upon 
redistillation, from 195° to “above 210°.” I t  
was shown to consist of four components3 the 
structures of which were partially elucidated.

Since it is known that plants of the A n a ca rd ia -  
ceae family, to which both poison ivy and Japan 
lac belong, elaborate a number of vesicant mono- 
and dihydric alkyl phenols with fifteen and 
seventeen carbon side chains, the derivatives 
prepared by Hill only prove the presence of a 
compound or compounds with a 3-pentadeca- 
catechol skeleton in the distillate. This is a 
property it possesses in common with urushiol.

Essentially we followed Hill’s method of isola­
tion; our concentrate boiled over a range, the 
major portion distilling a t 185-250° (2 microns) 
with considerable resinification. Redistillation 
in a Hickman molecular still yielded three frac­
tions a t bath temperatures up to 125°, 165° and 
170°, the principal superficial difference being one 
of color. The products, although containing 
innocuous concomitants, were all toxic, 0.5 
gamma of oil per sq. cm. of hypersensitive skin 
being sufficient to elicit a strong characteristic 
poison ivy reaction.

Chromatographed under nitrogen on barium 
c arb on ate IT y fl o Super Cel (Johns Mansville 
Sales Corporation), fraction 1 was separated into

(1) Hill, Mattacotti and Graham, T h is  J ournal , 56, 2736 (1934).
(2) Majima, B e r . ,  42, 1418 (1909).
(3) Majima, e t  a l . ,  i b i d 55B, 172 (1922).

an unsaturated acid (or acids, hydrogenation 
yielding a solid, m. p. 66-67°, depressed by pal­
mitic bu t not stearic acid; C, 75.4; H, 12.5; 
amide m. p. 105-106°, depressed by palmitamide 
but not stearamide; therefore stearic acid4) and a 
phenolic oil, log e 265 m/x. =  3.02, log e 273 m/t =
3.09 in absolute ethanol. In twenty-four hours 
absorption decreased to log e 265 m/x =  2.72 and 
the ferric chloride test became negative in the 
original concentration, 6 mgm./100 cc. This sug­
gests tha t the presence of drying oils in the 
vesicant-bearing sap accounts at least in part for 
the extraordinary stability of the toxic prin­
ciples in their natural environment.

Chromatographed on alumina (Alorco) de­
activated with 90% ethanol, fraction 1 yielded 
s ix  bands, from the top: orange, four colorless 
with bright blue-white fluorescence under ultra­
violet light, and yellow. One fluorescent band, 
eluted with 90% ethanol, was phenolic and auto- 
oxidized with extreme rapidity. The other 
fluorescent bands could not be removed without 
major destruction, bu t were shown to be highly 
toxic, while the remaining fractions were not. 
We conclude that a t least three toxic components 
are present, and are engaged in improving this 
technique and elucidating the structures of the 
toxic compounds. The exigencies of the day have 
required this short report at this time.

(4) W e a re  in d e b te d  to  D r. A r th u r  T . N ess fo r th e  m icrochem ica l 
an a ly ses .

S ec tio n  o f  D e r m a t o se s  I n v e st ig a t io n s  
D iv is io n  of  I n d u st r ia l  H y g ie n e
N a t io n a l  I n st it u t e  of  H e a lt h  H ow ard  S. M a son
B e t h e s d a , M a r y la n d  L o u is  S chwartz

R e c e iv e d  Octo ber  21, 1942

THE MECHANISM OF THE DIELS -ALDER 
REACTION

S ir :

I t is noteworthy that in the usual case the Diels- 
Alder reaction involves, on the one hand, a sub­
stance, e. g ., a diene, of relatively low ionization 
potential and, on the other, a molecule of high 
electron affinity, e. g ., an a,/3-unsaturated car­
bonyl compound. We may therefore expect an 
electron-transfer from the diene to the dienophile 
with the formation of an ion-pair intermediate of 
the type recently postulated in general for molecu
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lar compound formation by Weiss.1 Both com­
ponents, after the electron exchange, will be 
hybridized, v iz ., in the simplest case, the reaction 
between butadiene and acrolein,

CH2=CH—CH—CH2
a

©
CH2—CH—CH—O 

t
1 +' •

CH2= C H —CH—CH>
t

+ • \
CH2—CH—CH=CH2

0  1
CH.—CH—C H = 04

1 . e
CH2= C H —CH—O

4 —
+ t

CH2—CH—CH=CH2
t © •

CH2= C H —CH—O
t
1 ©  

c h 2—c h = c h —o
1

c h 2—c h = c h —c h 2

+ 1
1_c h 2—c h = c h —c h 2J

©  1
Lc h 2—CH=CH—O J

We thus arrive a t a mechanistic picture in which 
collision results in electron transfer followed by 
formation of a dipolar aggregate, held together

A + B ^=±: [A-] + [B*]“ ----A Bi____i
by ionic forces (and possibly further by inter­
particular overlapping of the orbitals of the non- 
bonded electrons in each half; in this event, the 
link could be described as an in term olecu lar sem i-  
p o la r  bond,2 cf. [A+] :[B“ ]). Stereochemically, the

(1) W eiss, J .  C h e m . S o c . ,  245 (1942).
(2) (N o te  a d d e d  in  p ro o f, N o v e m b e r 25 , 1942.) T h is  co n c ep t is  

a  log ica l ex ten sio n  (o r m od ifica tio n ) of th e  th e o ry  of m o lecu la r com ­
p lex  fo rm a tio n  w h ich  is n o t  im p lie d  in  W e iss ’ p a p e r .1 I in te n d  
to  deve lop  th e se  id e as  fu r th e r ;  m e an w h ile , I n o te  t h a t  D r. L . C. 
B a te m a n  ( C h e m is t r y  a n d  I n d u s t r y ,  61, 453 (1942), rece iv ed  N o v em ­
b e r  23) h a s  in d e p e n d e n tly  p ro p o sed  a  s im ila r  p ic tu re  d u rin g  a  d is­
cuss ion  a t  th e  C h em ica l vSociety (L o n d o n ) o n  O cto b e r 15, 1942. 
O n  th is  side th e se  id e as  w ere firs t e m b o d ied  in  D r. J . J . L e a v it t ’s 
D is se ita tio n , “ S om e P ro p e r tie s  a n d  R e a c tio n s  of U n sa tu ra te d  y -  
L a c to n e s ,” H a rv a rd  U n iv e rs ity , S e p te m b e r  1, 1942.

aggregate would consist of two parallel charged 
(usually flat) surfaces, oriented in such wise as to 
take maximum advantage of electrostatic attrac­
tive forces. The first step is probably in most 
cases rapid and reversible, the rate-controlling 
process being the usually (but not always) sub­
stantially irreversible rearrangement of the ion-

r  (— —j "I
pair complex to the product A __ B above .

This picture is in complete conformity with the 
large body of observed phenomena attendant upon 
the reaction. There may be cited: (i) transient 
color formation, (ii) steric course of the reaction, 
(iii) effect of substituents of divers electrical 
character on the ease of reaction both of the 
diene and the dienophile, (iv) observed molecular 
compound formation preceding reaction in certain 
cases, (v) the occasional abnormal course of the 
reaction (notably in the case of heterocyclic nitro­
gen bases, and ketenes), (vi) solvent effects^

The procession of the reaction by the above 
course further indicates the possibility of catalysis 
by donor or acceptor molecules which cannot 
themselves participate in the diene-addition reac­
tion. Preliminary experiments designed to test 
this possibility give some qualitative indication 
that dimethylaniline and 1,3,5-trinitrobenzene 
exert such an accelerating effect.

The situation will be considered in detail in a 
forthcoming publication.
Co n v e r se  M e m o r ia l  L a bo r a t o r y  
H a r v a rd  U n iv e r s it y
Cambridge, M assachusetts R. B. W oodward

R eceived N ovember 12, 1942

N E W  B O O K S

Elementary Physical Chemistry. By M e r le  R a n d a ll , 
Professor of Chemistry in the University of California, 
and L e o n a  E sth er  Y o u n g , Professor of Chemistry in 
Mills College. Randall and Sons, 2512 Etna St., Berke­
ley, California, 1942. (Photolith reproduction.) xiv +  
455 pp. Illustrated. 15.5 X 23.5 cm. Price, $4.50.

Physical Chemistry. B y  F r a n k  T hom so n  G u c k e r , Jr ., 
Associate Professor of Chemistry, Northwestern Uni­
versity, and W illiam  B u e l l  M e l d r u m , Professor of 
Chemistry, Haverford College. American Book Com­
pany, 88 Lexington Avenue, New York, N. Y., 1942. 
xii -j- 683 pp. 262 figs. 14.5 X 22.5 cm. Price, $4.00.
As physical chemistry has advanced beyond its historic 

preoccupation with aqueous solutions of electrolytes, an

adequate grasp of its subject matter has become increas­
ingly difficult to obtain in a single year-course. An '‘intro­
ductory” course in the third, or even second, year of college 
is a frequent answer to this problem as well as to the needs 
of students majoring in other sciences or preparing for 
medicine. Such a course, covering one or two semesters, 
is the province of the two text-books with which we are 
concerned. They both deal mainly with “classical” 
principles; both stress experimental facts and the deduc­
tive approach, with a minimum of mathematics and 
thermodynamics. Parallel or previous study of the cal­
culus would be desirable but not essential. In both cases 
the problems of beginning students have been kept clearly 
in mind; extensive use of illustrations, graphs, exercises 
and applications should go far to stimulate interest and
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assure comprehension. Both books can be recommended 
as sound, carefully written and well made contributions to 
the teaching of introductory physical chemistry.

The Randall and Young book has several unique fea­
tures. It introduces the physico-chemical method of 
treatment by analyzing a familiar process—vaporization 
of a liquid. Gradually, and quite naturally, concepts are 
developed, e. g.t boiling point, vapor pressure, equilibrium, 
heat content, temperature scale, escaping tendency, partial 
pressure, activity, activity quotient, cycles. Soon im­
portant relations begin to appear as experimental facts, 
such as the Clausius-Clapeyron equation, Trout on’s rule, 
and Raoult’s law. The first third of the book is devoted to 
this kind of analysis of phenomena encountered in analyti­
cal or organic laboratory. The remainder of the book de­
velops the basic principles in a more quantitative and fairly 
systematic manner. The emphasis is strongly on equi­
librium, and particularly heterogeneous equilibrium, in­
cluding distillation, freezing point, solubility and distribu­
tion. There are brief sections on flow of fluids and reaction 
rates, but almost no mention of atomic, molecular or crys­
tal structure, isotopes, colloids, surface phenomena or 
photochemistry. Though much briefer than most such 
texts, it is notable for the extensive use of figures (279). 
Many of these excellently illustrate principles by graphs of 
experimental data (with copious references); others show 
laboratory or industrial apparatus. All figures are sup­
plied with explanatory paragraphs which of themselves 
give a good descriptive picture of physico-chemical behav­
ior. Another important feature are the 690 exercises dis­
tributed in small groups at appropriate points throughout 
the text. They are original and stimulating, and often 
serve to extend the textual discussions or to apply them to 
other fields.

The Gucker and Meldrum book is more conventional in 
plan. After brief discussions of fundamental chemical 
theory, atomic structure and valence, it takes up in order 
the states of aggregation (123 pp.), thermochemistry (27 
pp.), solutions (55 pp.), kinetics (19 pp.), equilibrium with 
particular reference to solutions of electrolytes (about 200 
pp.), colloids and surface phenomena (78 pp.), phase 
equilibrium (31 pp.), and thermodynamics (34 pp.). 
Structure and its relation to properties, reaction mecha­
nisms, and quantitative aspects of hetereogeneous equi­
librium receive only minor attention. The book owes 
much to ‘‘Introduction to Theoretical Chemistry” by the 
same authors, but covers much more of the “classical” 
ground and at a somewhat more advanced level. The 
development is largely empirical, with little aid from 
thermodynamics or calculus, although such aids are avail­
able in the final chapter if use can be made of them there. 
There is strong emphasis throughout on the application of 
chemical principles in biological phenomena. There is 
contained an unusual amount of well-selected experimental 
data (262 figures, 124 tables). The numerous figures 
showing how well, or sometimes how badly, theories accord 
with actual facts are particularly commendable. An 
adequate number (258) of problems and review questions 
is provided; several of a given type are usually included, 
but there is fair variety and range of difficulty. Each 
chapter closes with a carefully prepared reading list 
of books and review articles, frequently with specific

page references and helpful comments on scope and 
character.

A r t h u r  F . B e n t o n

The Electron Microscope. B y  E. F. B u r t o n , Head of the 
Department of Physics, University of Toronto, and 
W. H. K ohl, Development Engineer, Rogers Radio 
Tubes Limited, Toronto. Reinhold Publishing Corpora­
tion, 330 West 42nd Street, New York, N. Y., 1942. 
233 pp. Illustrated. 15.5 X 23.5 cm. Price, $3.85.
Great things are expected of the electron microscope as 

a tool of the investigator in pure and applied research. 
Like all things not well understood, it has sometimes been 
the subject of over-enthusiastic expectations. On the 
other hand, a lack of comprehension of the instrument 
operates to delay the useful applications to which it may 
be put.

In this volume, the authors by simple steps lead the 
reader gradually to a comprehension of the nature of vision 
and the elements of optical science, through a brief course 
in electronics and its branch called electron optics, the 
basis of taking magnified pictures without light.

This is a book for the thoughtful reader, not a picture 
book. Copiously illustrated, however, with homely dia­
grams, adequate although executed with non-professional 
draftsmanship, and with half-tone reproductions of photo 
and electron micrographs, it presents a physicist’s explana­
tion of the theory and operation of this modern instrument 
in a manner easily comprehended by scientists in fields 
other than that of electronics. For the lay reader who 
enjoys a certain amount of homework the thoughtful study 
of this volume will present much that is authentically and 
interestingly informing in various fields of life of today and 
of tomorrow.

J o h n  W. M. B u n k e r

Introduction to Semimicro Qualitative Chemical Analysis.
By Louis J. C u r tm aN, Professor of Chemistry, The City 
College, The College of the City of New York. The Mac­
millan Company, 60 Fifth Avenue, New York, N. Y., 
1942. x +  377 pp. 38 figs. 14.5 X 22 cm. Price, 
$2.75.
This book is a follow-up of the author’s earlier “Qualita­

tive Chemical Analysis,” based on experimental testing of 
modifications of macro methods to semi-micro scale, and 
containing some relatively new procedures, also. The 
first 130 pages (Part I) are a discussion of the usual back­
ground topics of modern qualitative analysis, ranging from 
coordination theory and acid-base theory, through solu­
tions, equilibrium, ionization, solubility product, and oxi­
dation-reduction, to buffer solutions, hydrolysis and col­
loids. Part II (75 pp.) takes up the reactions of the metal 
ions, followed by a much shorter section on the anions, 
with copious equations. Part III (16 pp.) deals with 
calculations, and includes many simple weight relation 
and normality problems. Part IV on laboratory work (87 
pp.) devotes several pages to general advice, directions and 
warnings on semi-micro work, followed by orientation and 
practice tests on various metal ions. Then come the 
systematic procedures for the metal ions, followed by tests
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on anions. Part V gives the systematic detection of the 
anions, preparation of the solution for metal analysis, the 
phosphate separation. The 30-page Appendix gives re­
cording notes for data, desk equipment lists, reagent lists, 
and specifications for stock solutions, with a long table of 
solubilities.

The background section seems to be well written and 
adequate, while the sections on the characteristics of the 
various ions give a variety of tests on each ion. The 
cation analysis scheme has a few departures from the usual 
procedures: the separation of the copper and tin sub­
groups using potassium hydroxide; an extra step for com­
plete separation of arsenate ion in strongly acid solution; 
ammonium sulfide precipitation of the iron-nickel family 
with immediate separation of manganese with nitric acid 
and potassium chlorate; partial precipitation of mag­
nesium with the calcium group. The anion analysis is 
worked out in some detail. The typography, design and 
mechanical execution are good; a few small details which 
might have been improved are the lack of style consistency 
in the literature citation footnotes, the use of unattractive 
full capital abbreviations (such as E. M. F. instead of
e. m. f.), a few old-fashioned spellings (sulphur, in particu­
lar), and the hyphenation of such words as silver-ion (as 
nouns).

Allen D. Bliss

Introduction to the Microtechnique of Inorganic Analysis.
By A. A. Benedetti-Pichler, Dr. Techn. Sc., Assistant 
Professor of Chemistry, Queens College, Flushing, N. Y. 
John Wiley and Sons, Inc., 440 Fourth Avenue, New 
York, N. Y., 1942. vii +  302 pp. 84 figs. 15.5 X 23.5 
cm. Price, $3.50.
In the 1920’s Dr. Benedetti-Pichler came to New York 

from Austria, where he had been a student of the chief 
founder of inorganic microchemistry, Friedrich Emich, 
and inaugurated one of the first, if not the first, systematic 
course in that subject at an American university. At that 
time microchemistry was very young indeed, and untried; 
now it has matured and its standing in the science is secure, 
and it has a place in most educational curricula that em­
phasize analysis and manipulative technique; moreover, 
there is nowadays scarcely an industrial laboratory of any 
pretensions that does not have some facilities for micro­
chemical work. Dr. Benedetti-Pichler deserves much of 
the credit for these developments.

The book under review ‘‘is intended as an introduction 
to the microtechnique of chemical experimentation.” 
Briefly summarized, it purports to do two things: describe, 
in the manner of a laboratory manual, certain of the basic 
manipulative and observational techniques that have been 
developed for or adapted to microchemistry, in order to 
facilitate operations on a reduced scale; and illustrate the 
application of these techniques to qualitative and quantita­
tive inorganic analysis. Thus this volume, which is pre­
sented as a college textbook, is divided into three parts: I,
Apparatus for General Use; II, Qualitative Analysis, A, 
Confirmatory Tests, B, Microtechnique of Qualitative 
Analysis; III, Quantitative Analysis, A, Gravimetric 
Determinations, B, Titrimetric Determinations; followed 
by a bibliography and the usual appendices.

The present book replaces an earlier work, “Introduction 
to the Microtechnique of Inorganic Qualitative Analysis,” 
by Professor Benedetti-Pichler and Dr. W. F. Spikes. 
Readers familiar with the older book will be interested in a 
comparison of its subject matter with that of the new one. 
The three parts in the older were: I, The Microscope; II,
Qualitative Analysis (Apparatus and Technique); III, 
Microqualitative Scheme. Thus the most important addi­
tion in the volume under review is the inclusion of micro- 
quantitative analysis; some may feel that the most im­
portant omission is the systematic scheme for microqualita­
tive analysis. Many writers make a rather vague distinc­
tion between “micro-” and “semimicro-” procedures. The 
present volume carries this a step further and describes 
typical “centigram, milligram and microgram procedures.” 
The reviewer believes that this is a useful pedagogical de­
vice.

The reviewer believes that the book will serve very satis­
factorily for the purposes intended. But he cannot refrain 
from deploring the lack in this book, as in most other texts 
on microchemistry, of any material that will qualify the 
student to apply microtechniques in a practical way when 
he sets up as a microchemist in an industrial or a research 
laboratory. Deplorable especially is the lack of emphasis 
on the fact, so palpably real to supervisors of microlabora­
tories in industry, that more often than not the selection, 
isolation and preparation of the sample for microanalytical 
attack requires at least as much effort and skill as the actual 
microanalysis. The reviewer does not quarrel with what 
is in this book: clearly the student must learn all of this 
before he is even competent to microanalyze pure sub­
stances; but it is contended that the book would have had 
a great deal more value in orienting the student of micro­
chemistry into the “world of things as they are,” if another 
fifty pages, giving some applications of microtechniques to 
practical problems, had been added. There is no dearth of 
these, as the author is well aware. Doubtless the author 
would reply that his book is not a compendium but an 
introduction, and that he deliberately chose to cover only 
those aspects of the subject that he did cover, leaving to 
others the industrial applications. That is a valid reply, 
which the reviewer would have to accept; but he still 
deplores the fact that the “others” have not arisen, and he 
hopes for their early emergence.

Minor criticisms are the absence of an author index, and 
of a presentation of the increasingly versatile and important 
electrographic technique.

Beverly L. Clarke

Physical Chemistry for Students of Biochemistry and 
Medicine. By Edward Staunton West, Ph.D., Pro­
fessor of Biochemistry in the University of Oregon Medi­
cal School. The Macmillan Company, 60 Fifth Avenue, 
New York, N. Y., 1942. xiv +  368 pp. 24 figs. 16 X 
24 cm. Price, $5.75.
The jacket informs us: “The primary aim of this book

is to present the selected phases of physical chemistry 
recognized as basic to an understanding of biological phe­
nomena.” In doing so, the author has treated the follow­
ing topics: the structure of matter, including atomic
structure; valence, including in his discussion electro­
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valence, covalence, coordinate valence, and the hydrogen 
bond; the gas laws; theories of solutions, including solu­
bility, osmotic pressure, electrolytic dissociation, diffusion, 
and the mass law; acids and bases, including buffer solu­
tions; the determination of pH  by various methods; the 
colloidal state and membrane phenomena including surface 
phenomena, size of colloidal particles, adsorption and the 
Donnan equilibrium; oxidation and reduction, including 
reference to the theory of oxidation-reduction potentials 
and the mechanisms of biological oxidations; and finally, 
the velocity of reactions.

These topics have, on the whole, been chosen with dis­
crimination and have generally been treated in the light of 
contemporaneous theory. Omission of any reference to 
the theory of Debye and Hiickel is surprising to this re­
viewer, as is the bare statement that: ‘'Neutralization of
toxins by antitoxins seems to proceed according to the laws 
of adsorption/’ Whereas the very elementary treatment 
presupposes only a low level of preparation in mathematics, 
physics, and chemistry, the insertion of numerous simple 
problems, and pertinent questions should help the reader 
to coordinate his knowledge on an elementary, quantitative 
plane. The more inquisitive reader is referred to more 
extended summaries, but rarely to original definitive litera­
ture. The relations of physical chemical principles to 
biology are well illustrated and stressed.

In these days when inadequate preparation is likely to 
become more general, this book can be used profitably by 
both premedical and medical students.

Ronald M. Ferry

Organic Reactions. Volume I. Roger Adams, Editor- 
in-Chief, Werner E. Bachmann, Louis F. Fieser, 
John R. Johnson and H. R. Snyder. John Wiley 
and Sons, Inc., 440 Fourth Avenue, New York, N. Y., 
1942. vii +  391 pp. 15.5 X 23.5 cm. Price, $4.00.
Organic chemists will welcome this first volume of the 

series with more than ordinary enthusiasm, for it is a land­
mark in the literature of organic chemistry. The series 
is a new departure, and will make available extremely valu­
able information in a readily applicable form. Perhaps 
the nearest approaches to the present series are the still 
useful but quite out-of-date special parts of Houben-Weyl 
and Lassar-Cohn on general organic reactions such as con­
densation, nitration, etc.

Primarily, the work is concerned with the scope and 
limitations of important laboratory reactions. “The sub­
jects are presented from the preparative viewpoint, and 
particular attention is given to limitations, interfering in­
fluences, effects of structure, and the selection of experi­
mental techniques. Each chapter includes several de­
tailed procedures illustrating the significant modifications 
of the method.” The textual material, tables and exten­
sive bibliographies provide a coverage that is as nearly 
complete as one might wish.

The twelve chapters have been written by authors who 
have had particular experience with the reactions or proc­
esses described: (1) “The Reformatsky Reaction” (Ralph
L. Shriner); (2) “The Arndt-Eistert Synthesis” (W, E. 
Bachmann and W. S. Struve); (3) “Chlor©methylation of 
Aromatic Compounds” (Reynold C. Fuson and C. H.

McKeever); (4) “The Animation of Heterocyclic Bases 
by Alkali Amides” (Marlin T. Leffler); (5) “The Bucherer 
Reaction” (Nathan L. Drake); (6) “The Elbs Reaction” 
(Louis F. Fieser); (7) “The Clemmensen Reduction” 
(Elmore L. Martin); (8) “The Perkin Reaction and Re­
lated Reactions” (John R. Johnson); (9) “The Aceto­
acetic Ester Condensation and Certain Related Reactions” 
(Charles R. Hauser and Boyd E. Hudson, Jr.); (10) “The 
Mannich Reaction” (F. F. Blicke); (11) “The Fries 
Reaction” (A. H. Blatt); and (12) “The Jacobsen Reac­
tion” (Lee Irvin Smith).

Some of the chapters have many more formulas in the 
tables than others. A strictly uniform pattern of presenta­
tion may not be the best procedure for a work of this kind, 
but a more extensive use of formulas instead of names in 
some of the chapters would be preferred by students and 
others.

It is interesting to note the occasional cases where 
“name” reactions bear the name not of the original dis­
coverer, but of one who subsequently explored the broad 
aspects of the reaction.

The series, separate volumes of which will appear periodi­
cally, will form something more than a mere adjunct to 
laboratory procedures. It is the sort of work that not only 
stands alone, but that will prove an invaluable supplement 
to every text or reference work in organic chemistry. 
With the appearance in recent years of a wide variety of 
excellent books on organic chemistry, the content of some 
seminar and special topics courses may be revised to place 
added emphasis on immediately current articles instead 
of extensive surveys which are increasingly available.

Although this work appears in war times, the general 
idea was conceived several years ago and in this respect is 
unlike “Organic Syntheses,” the origin of which is directly 
traceable to meeting the needs for research chemicals in 
the last war. The editors and authors are to be compli­
mented and thanked for a splendid work which must have 
made unusual demands on them in these strenuous times.

Henry Gilman

Chemical Refining of Petroleum, the Action of Various 
Refining Agents and Chemicals on Petroleum and its 
Products. By Vladimir A. Kalichevsky, Research 
and Development Laboratories, Socony-Vacuum Oil 
Co., Inc., and Bert Allen Stagner, Ph.D., Consulting 
and Research Chemist. Revised edition. Reinhold 
Publishing Corporation, 330 West 42nd St., New York, 
N. Y., 1942. 550 pp. Illustrated. 23.5 X 15 cm.
Price, $7.50.
The rapid advances which have been made in the re­

fining art during the past decade have made necessary 
revision of this well-known book which was first published 
in 1933. Much of the book was rewritten (apparently in 
1940) and the material rearranged with improved results. 
The subjects covered include the composition of petroleum; 
treatment with sulfuric acid; sulfuric acid sludge and 
hydrogen sulfide; recovery and manufacture of sulfuric 
acid; treatment with alkaline reagents; sweetening opera­
tions; refining by adsorption; refining with solvents; 
deterioration and anti-detonants; inhibitors of atmos­
pheric oxidation; gums and cracked petroleum products;
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and deterioration of lubricating and similar oils. A very 
useful supplementary list of U. S. patents on petroleum 
refining is presented, patents issued up to January, 1940, 
being listed. The glossary of terms which occupied some 
23 pages in the first edition is now omitted; definitions of 
such terms as aldol, alkyl, amine, anthracene, bauxite, 
benzoyl, etc., are certainly superfluous in an A. C. S. Mono­
graph.

The authors have written a very readable treatise. The 
style and makeup are excellent; subheadings are used 
liberally. The chemical reactions which occur in the vari­
ous refining processes are discussed briefly but perhaps 
adequately for the purpose of the book.

Although the book will appeal chiefly to the refiner and 
to the petroleum technologist, it can be read with profit 
by chemists who are interested in the application of chemi­
cal procedures to the refining of petroleum.

V. N. Ipatieff

Organic Syntheses. An Annual Publication of Satisfac­
tory Methods for the Preparation of Organic Chemicals. 
Vol. 22. Lee Irvin Smith, Editor-in-Chief, Homer 
Adkins, C. F. H. Allen, W. E. Bachmann, Nathan L. 
Drake, R. L. Shriner, H. R. Snyder, and A. H. Blatt, 
Secretary. John Wiley and Sons, Inc., 440 Fourth Ave­
nue, New York, N. Y., 1942. 114 pp. 15.5 X 23.5
cm. Price, $1.75.
The addition of this new book to the series of publica­

tions in the field of synthetic chemistry entitled “Organic 
Syntheses,” must be considered as filling a useful service. 
We have now available for reference twenty-two volumes 
of this practical organic text. The organic preparations 
recorded have been selected, approved and checked by a 
competent editorial board experienced in the modern tech­
nique of synthetic organic chemistry, and the new volume 
should prove to be just as helpful as any of the editions 
already published.

In this volume are described satisfactory methods for 
the laboratory preparation of thirty-four different organic 
compounds representative of the aliphatic, aromatic and 
heterocyclic series. Several of these will prove of immedi­
ate service as key substances in new research programs.

The very complete literature references are extremely 
useful for workers interested in the different fields repre­
sented by the preparations recorded. The practical nature 
of the work should prove very helpful to those workers who 
do not have access to good library facilities and the litera­
ture of chemistry. A subject index for volumes 20-22 is 
printed in this volume.

Treat B. Johnson

Technical Report Writing. By Fred H. Rhodes, Pro­
fessor of Chemical Engineering, Cornell University. 
McGraw-Hill Book Company, Inc., New York, N. Y., 
1941. vii +  125 pp. 8 figs, including one of conven­
tional symbols. 15.5 X 23.5 cm. Price, $1.50.
The author, struck, as many others have been, “by the 

appalling lack of ability of students and graduates to write 
effective reports,” and having concluded that they are un­
likely to learn in courses in English how to construct and

write a good report, decided that it was up to him to train 
his students in technical writing by requiring that the re­
ports in his courses be written in good English and sub­
jected “to the same careful criticism that is exercised in the 
editing of articles for publication in the better technical 
journals.” As there was no satisfactory textbook covering 
this precise field, he proceeded to write one, and has suc­
ceeded admirably in what he set out to do. In a series of 
brief chapters he outlines the importance of effective pres­
entation, written or oral, of the results of an investigation, 
particularly where this presentation is to reach the less 
strictly technical members of an organization, and dis­
cusses the characteristics and proper organization of a good 
technical report, with pertinent remarks on many details of 
style and usage to which the writer of a report should, but 
usually does not, pay attention. In these pages I saw no 
statement with which I do not fully concur, nor any sig­
nificant omission; and noted only a single error which 
might puzzle the reader, namely, that on page 99 in the 
columns headed “deviation” the numbers are the square of 
the deviation. The last few chapters, occupying more than 
half of the book, deal briefly with some of the simpler 
methods of analyzing, correlating, and depicting experi­
mental data; references are given to other books which 
treat these matters more fully. If ways can be found to 
induce students-—and not only students, but graduates— 
to absorb, and make use of, the teachings of this book, there 
should be fewer complaints of poor organization of reports 
and articles and of sloppy writing which makes it more 
difficult for the reader to grasp what the writer is trying to 
convey.

John Johnston

A Shorter Course in Organic Chemistry. By J. C.
Colbert, Associate Professor of Chemistry in the 
State University of Oklahoma. Second Edition. D. 
Appleton-Century Company, Inc., 35 West 32nd Street, 
New York, N. Y., 1942. xvii +  355 pp. 15 X 23 cm. 
Price, $3.75.

Introductory Organic Chemistry. By E. Wertheim, 
Professor of Organic Chemistry in the University of 
Arkansas. The Blakiston Company, 1012 Walnut 
Street, Philadelphia. Penna., 1942. vii +  482 pp. 
82 figs. 15.5 X 23.5 cm. Price, $3.00.
These two books are intended for students who are in 

related sciences of biology, medicine, home economics, etc. 
Both aim to give a student a well grounded appreciation of 
the graphic formula and of the structural theory of organic 
chemistry. The means by which each attains this end are, 
however, widely different and represent two views on the 
method of instruction. The book by Colbert begins with 
a chapter on the theoretical basis of organic chemistry 
which includes such topics as the Bohr atom, the coordi­
nate and covalent bond, the valence of carbon, resonance, 
isomerism (structural, dynamic, optical and geometrical), 
classification as aliphatic, aromatic, and heterocyclic, and 
the importance of analysis and physical constants of or­
ganic compounds. After this introduction there is (part 
one) a sequence of fourteen chapters (246 pages) on ali­
phatic compounds, in which hydrocarbons, halogen alkyls, 
alcohols, acids, the lipids (fats, phosphatides, waxes and



3064 New Books Vol. 64

sterols), amino acids and proteins and other topics are de­
scribed. In part two, there are five chapters (68 pages) 
which describe aromatic compounds, monosubstituted ben­
zene derivatives and heterocyclic compounds. The aim 
of the author is to develop the fundamental theory slowly 
but thoroughly in about the first third of the book and then 
give the remainder as a rapid survey. The book contains 
many excellent charts, directions for study and numerous 
questions. A short appendix gives the methods of calcu­
lating yields and the formulas of compounds.

The opening chapter of the text by Wertheim emphasizes 
the special fields covered in organic chemistry, the ele­
ments present in organic compounds, the industrial value 
of organic products such as leather, oils, chemicals, resins, 
etc.; the sources of organic compounds, the general meth­
ods by which the chemist analyzes them, the skeleton struc­
ture, the carbon atom and structural isomerism. After 
this introduction there follows a series of twenty chapters 
on hydrocarbons, halogen derivatives, alcohols, etc., in 
which the chemistry of functional groups and aromatic 
compounds are discussed. This material is divided into 
about 227 pages on aliphatic and 92 pages on aromatic 
and heterocyclic compounds. The concluding four chap­
ters are, respectively, on digestion and absorption of foods, 
metabolism, nutrition and foods. Throughout the work 
the author has chosen to omit technicalities while stressing 
points of fundamental importance. The commercial and 
social aspects of organic chemistry are emphasized. Num­
erous illustrations of such subjects as the processing of 
soap, uses of cellophane and synthetic resins, synthetic 
rubber, animals showing the effect of diet deficiency, and 
respiratory apparatus are included. The photographs of 
molecular models are especially good. A generous sup­
ply of study questions is included with each chapter. 
The forty pages of appendix contain a glossary of terms in 
chemistry, biology and medicine, a discussion on the re­
moval of stains, a list of reference books and analytical 
data on foods.

This review does not argue the merits of the two meth­
ods of instruction. The opening chapter of each text 
probably presents a pretty good picture of the principle 
which each author proposes to use with students who de­
sire only a short course in organic chemistry. A con­
scientious student who will study either text and solve the 
problems can undoubtedly acquire a good knowledge of 
the subject.

Avery A. Morton

Equilibrium and Kinetics of Gas Reactions. An Introduc­
tion to the Quantum-Statistical Treatment of Chemical 
Processes. By Robert N. Pêase. Princeton Univer­
sity Press, Princeton, New Jersey, 1942. ix +  236 pp. 
Illustrated. 15.5 X 23.5 cm. Price, $3.75.
This is a textbook designed for first year graduate stu­

dents. The first part, about one-third of the book, is a 
review of the fundamental thermodynamics of equilibrium 
in gaseous systems. Nearly half of this part is devoted to 
the formulation of thermodynamic quantities in terms of 
partition functions and illustrations of their use. Only 
sufficient theory is developed as is needed in the numerous 
practical applications.

The rest of the book treats the rate and mechanism of 
gas reactions. This part begins with a brief description 
of the theory of the absolute rate of reactions. Chapters 
on reactions of simple order, quasi-unimolecular, chain, 
and oxidation reactions follow. The book closes with a 
brief account of surface-catalyzed reactions.

It is unfortunate that there are few gas reactions even 
moderately free of complications, as much might be learned 
from them. The reluctance of chemical reactions to pro­
ceed in a straightforward way is in itself remarkable, and 
the result is that the theory of reaction rates is far ahead 
of experimental confirmation. Indeed, it is almost true 
that the reactions which are least understood are those 
which have been studied most. While the reviewer does 
not agree with all of the conclusions of the author, the evi­
dence for and against particular mechanisms is presented 
fairly. Such help in interpreting the mechanism of com­
plex reactions as can be given by the theory of absolute 
reaction rates is freely used. The complicated behavior 
of oxidation reactions is particularly well presented.

Typographical errors are few and unimportant. The 
book emphasizes a common viewpoint of equilibrium and 
the approach to equilibrium in gas reactions, and the author 
is to be congratulated on his clear and readable survey of a 
complicated and fascinating field of study.

Darrell V. Sickman

Introductory College Chemistry. By Horace C. Dem- 
ing, Professor of Chemistry, and B. Clifford Hen­
dricks, Professor of Chemistry, University of Nebraska. 
Second edition, completely revised. John Wiley and 
Sons, Inc., 440 Fourth Avenue, New York, N. Y., 1942. 
xii +  521 pp. 176 figs. 15.5 X 23.5 cm. Price, $3.00.
This revision of Deming’s popular and widely used 

“Introductory College Chemistry” should be of interest to 
anyone teaching a group who are either less advanced or 
do not need a detailed and comprehensive course in general 
chemistry. In the preparation of this revision the original 
text has been largely rewritten. A few changes in order of 
presentation have been made and new questions and exer­
cises have been added. However, in this rewriting there 
has been no loss of clarity or logical presentation. The 
practical aspects of chemistry are stressed, but not to the 
exclusion of fundamental principles.

The order of treatment is the fairly standard: Intro­
duction-Oxygen—Water—Atomic Structure—Hydro­
gen-Acids—Bases—Salts—Non-metals—Metals—Organic 
Chemistry. Although the order may not appeal to some 
teachers, the authors seem to have maintained excellent 
continuity.

All in all, the book would seem to be worthy of the care­
ful consideration of anyone interested in a well-written, 
up-to-date, and readable, but less comprehensive textbook.

C. H. Sorijm

Du Pont— One Hundred and Forty Years. By William
S. Dutton. Charles Scribner’s Sons, New York, N. Y., 
1942. x +  396 pp. 16.5 X 23.5 cm. Price, $3.00.
This book presents the story of a chemical enterprise 

through which from remote beginnings in colonial days runs
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unbroken for seven score years the red thread of a family 
name and a spirit which as the years went by became a 
cherished tradition to be passed on from generation to 
generation. It is to a notable degree a biography of an 
institution. The outstanding figure of the earlier chapters 
is Eleuthère Irénée du Pont, one of two sons of Pierre 
Samuel du Pont de Nemours, who had been elevated to the 
nobility because of distinguished services to his country, 
and his work in connection with the Peace of Paris between 
the United States and England. At the country estate of 
his father he met many notable visitors, among them 
Benjamin Franklin, Lafayette, Talleyrand, and Lavoisier. 
The latter became interested in the boy of fourteen and two 
years later gave him a position in the gunpowder factory of 
which Lavoisier was chief. After four years there he be­
came first assistant to Lavoisier in his laboratory. Then 
followed the French Revolution, the reign of terror, the 
migration of the du Pont family to America, and the erec­
tion of the little gunpowder factory on the Brandywine 
near Wilmington in 1802 based on the training given by 
Lavoisier and financed by French and American capital.

The close connection of ammunition and explosives with 
the pioneering development of the West, and the wars, of 
the last century gives historical interest to the large sec­
tion of the book which covers that period in which nitro­
glycerine and dynamite and nitrocellulose and smokeless 
powder gave a new trend to the explosive industry. With 
the present century there began an era of expansion which 
in its broader outlines reflects the progress of the chemical 
industry in America over the past forty years. The reader 
finds here much which appeals to his imagination. In no 
field of human endeavor more than in chemistry is the 
spirit of the pioneers more clearly reflected, and adventure 
and discovery and individual initiative and resourcefulness 
become the keys to accomplishment. The concluding 
chapters dealing with the development of a broad program 
of research, dyestuffs, cellulose products, plastics, syn­
thetic rubber, nylon, high pressure reactions, and the man­
agement and policies of the Company, although presented 
in popular vein, are informative and interesting. The 
book is written in excellent literary style, and bears evi­
dence of a painstaking effort on the part of the author to 
write with authority and accuracy, without sending his 
bucket too often to the well of sentimentality.

Robert E. Swain

Practical Physical Chemistry. By Alexander Findlay, 
Professor of Chemistry, University of Aberdeen. 
Seventh edition, revised and enlarged. Longmans, 
Green and Co., 55 Fifth Avenue, New York, N. Y., 
1942. x +  335 pp. 124 figs. 14 X 22 cm. Price, 
$3.00.
The most recent edition of this well-known book em­

bodies few innovations. Six new experiments and a num­
ber of alternative applications of the previously used 
experimental methods have been added.

The book has sixteen sections; the first three of which 
are general in nature—Calculation of Results and Errors, 
Determination of Weight and Volume and Thermostats. 
The first two of these present very satisfactory discussions 
of the material covered. Chapter III on Thermostats is a

useful compendium of temperature control mechanisms. 
The discussion of circulation of the bath fluid—an ex­
tremely important factor in constant temperature control— 
is rather inadequately treated.

The thirteen chapters following cover convenient group­
ings of experiments. The chapter headings, showing the 
range of topics, are: Density of Gases and Vapours,
Density and Vapour Pressure of Liquids, Viscosity and 
Surface Tension, Optical Measurements, Osmotic Proper­
ties of Solutions, Distribution of a Substance between Two 
Non-Miscible Solvents, Conductivity of Electrolytes, 
Transport Numbers, Measurements of Electromotive 
Force, Velocity of Chemical Reaction in Homogeneous 
Systems, Thermochemistry, Heterogeneous Equilibria, and 
Colloids. Each chapter includes a short discussion of the 
underlying principles, then a rather complete description 
of the apparatus used and the technique of measurement, 
and finally several alternative experiments illustrating each 
method. Under each heading the more important types of 
apparatus are described and experiments suitable to each 
are suggested.

A good feature of this manual is the unusually large 
number (approximately 90) of experiments included in this 
edition. This gives the user wide latitude in the selection 
of exercises adapted to his needs.

The use of the concept of activity and the application of 
the Debye-Hückel theory to conductance experiments are 
evidences of the author’s modernity in viewpoint. This 
edition includes experiments on absorption spectra, the 
glass and antimony electrodes for pH  measurements, and 
the tungsten electrode for redox reactions. The author 
explains that he has been * 'reluctantly compelled to omit” 
certain subjects such as unimolecular films, dielectric con­
stants, colorimetry, and photochemical reactions.

The book is well written and should be found thoroughly 
satisfactory by most users. It is to be hoped that the 
publishers will make new cuts for the next edition, some of 
the cuts in this edition being so old that they detract con­
siderably from the appearance of the book.

Elijah Swift, Jr.

Experimental Physical Chemistry. By W. G. Palmer,
M.A., Sc.D., D.Sc., Fellow of St. John’s College, Cam­
bridge, University Lecturer in Chemistry in the Uni­
versity of Cambridge. The Macmillan Company, 60 
Fifth Avenue, New York, N. Y., 1942 (Cambridge: at 
the University Press), xi +  321 pp. 89 figs. 13.5 X
21.5 cm. Price, $2.75.
Some seventy-five experiments divided into eight sec­

tions comprise the contents of this new volume. Most of 
the experiments are the result of the author’s experience 
over a number of years in the Physical Chemistry Labora­
tory at the University of Cambridge, As a result, the 
directions given are rather detailed and allow for the mis­
takes in technique and understanding which the average 
student might be expected to make. The author includes 
sufficient theoretical material in each section so that 
reference to other texts is usually not necessary, though 
references for further reading are suggested. Carefully 
worked out sample calculations are included with each 
experiment.
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An unusual section in this book is the chapter on Crys­
tallization and Properties of Crystals. Several experiments 
are given, illustrating supersaturation, influence of foreign 
substances on crystal habit, isomorphism and isodimor­
phism, alternative systems being suggested in each case.

The author has confined the experiments to those re­
quiring apparatus “simple enough to be assembled or con­
structed by the students themselves from ordinary labora­
tory equipment.” While many of the fundamental princi­
ples taken up in the elementary course in Physical Chemis­
try are illustrated by such equipment, the limitation im­
posed cuts out a large group of experiments which not only 
demonstrate alternate methods, but also offer invaluable 
experience to the student. Experiments using more costly 
equipment should not be scorned—thus, most students 
find the Abbé refractometer an easily handled piece of 
equipment giving them excellent results as an analytical 
tool when working with minimum boiling mixtures. The 
use of the polarimeter, refractometer, spectrometer, bomb 
calorimeter, oil film balance, tensiometer, etc., show the 
student more refined methods of measurement which do 
not offer too great difficulties in manipulation and which 
produce results satisfactory in every sense.

The author is apparently unaware of the work of Grin­
nell Jones and collaborators on conductance measurements 
and on the redetermination of the conductance standards 
(see p. 187). It is also surprising to find no mention of the 
parachor in this book.

In spite of the poor binding and paper, which are to be 
expected in these times, the type is clean and very legible 
and the cuts clear and well drawn. Laboratories without 
the more expensive facilities mentioned above will find 
that the directions for assembling equipment given in this 
text will enable them to carry out a very satisfactory pro­
gram of experiments covering the fundamental principles of 
physical chemistry.

Elijah Swift, Jr.

General Chemistry. By Harry N. Holmes, Professor of 
Chemistry in Oberlin College. Fourth edition. The 
Macmillan Company, 60 Fifth Avenue, New York,
N. Y., 1941. viii +  720 pp. 198 figs. 16 X 24 cm. 
Price, $3.75.
The fourth edition of General Chemistry by Harry N. 

Holmes has not lost any of the values that made the text 
so teachable in the first edition.

The arrangement of the non-metals is just the same as in 
the previous editions but there is a decided improvement 
in the arrangement of the metals. These are studied 
according to the metallurgy of various groups. They are 
then taken up again according to their position in the 
Periodic system. This seems to be a decided improvement 
over the usual method of presenting the metals.

The historical method of presenting chemistry has been 
fairly well preserved although enough of the modern con­
cept of the atom has been given in the first few chapters 
to permit the use of the modern theories if one desires.

The exercises at the end of each chapter as well as the 
references are very well done. The chapter outline and the 
review suggestions in the early part of the book should be 
quite a help to the conscientious student.

The application of chemistry to industry and to ordi­
nary living has been brought up to date and should help 
to create an interest in the science of chemistry.

It is a text that should be examined in order to be ap­
preciated.

John B. Zinn

BOOKS RECEIVED
October 10, 1942-November 10, 1942

Frederick J. Bates and Associates. “Polarimetry, 
Saccharimetry and the Sugars.” Circular of the Na­
tional Bureau of Standards C440 (May 1, 1942). 810
pp. For sale by the Superintendent Of Documents, 
Washington, D. C. $2.00.

Harry C. Biddle. “Chemistry in Health and Disease.” 
Second edition. F. A. Davis Company, 1914 Cherry 
Street, Philadelphia, Pa, 718 pp. $3.50.

J. Austin Burrows, Paul Arthur, and Otto M. Smith. 
“Semimicro Laboratory Exercises in General Chemis­
try.” The Macmillan Company, 60 Fifth Avenue, New 
York, N. Y. 331 pp. $2.50.

N icholas D. Cheronis. “Semimicro and Macro Organic 
Chemistry. A Laboratory Manual.” Thomas Y. 
Crowell Company, 432 Fourth Avenue, New York, 
N. Y. 388 pp. $2.75.

Edward F. Degering. “The Quadri-Service Manual of 
Organic Chemistry.” Houghton Mifflin Company, 2 
Park Street, Boston, Mass. 221 pp. $2.50.

Ed. F. Degering, Carl Bordenca and B. H. Gwynn, 
et al. “An Outline of Organic Nitrogen Compounds.” 
Planographed by John S. Swift Co., Inc., Third and 
Vine Streets, Cincinnati, Ohio. 381 pp. $6.00.

Ed. F. Degering and N inety-Six Assistant Editors. 
“An Outline of Organic Chemistry.” Fourth edition. 
Barnes and Noble, Inc., Fifth Avenue at 18th Street, 
New York, N. Y. 386 pp. $1.25.

Ed. F. Degering and One Hundred Eleven Collabora­
tors. “The Work Book of Fundamental Organic 
Chemistry.” Barnes and Noble, Inc., Fifth Avenue at 
18th Street, New York, N. Y. 256 pp. $1.25.

Alfred Benjamin Garrett, Laurence Larkin Quill 
and Frank Henry Verhoek. “Introductory Chemis­
try for the Laboratory.” Ginn and Company, Statler 
Building, Boston, Mass. 239 pp. $1.60.

Amé Pictet. “Souvenirs et Travaux d’un Chimiste.” 
Éditions de la Baconnière, Boudry (Neuchatel), Switzer­
land. 228 pp. 9.—fr. suisses (1’exemplaire); 20.—
fr. suisses (luxe).

Roger J. Williams. “A Textbook of Biochemistry.” 
Second edition. D. Van Nostrand Company, Inc., 250 
Fourth Avenue, New York, N. Y. 533 pp. $4.00.

Herman Frederick Willkie and Paul John Kolachov. 
“Food for Thought.” Indiana Farm Bureau, Inc., 
Indianapolis, Indiana, 209 pp. $2.00,
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Additions and Corrections

N otice to R eaders.—For the convenience of those 
who wish to cut out the corrections and attach them to the 
margins of the articles corrected, they have been printed 
upon one side of the page only.

/-Amyl Bromide
50 5.0 3.8
5 5.2 4.5
0.5 5.5 5.0

—W. O. Baker .

1936, Vol. 58

Paul J. Flory. Molecular Size Distribution in Linear 
Condensation Polymers.

Page 1879. In the third sentence of the second para­
graph of note (13) for 1 — x read x — 1.

Page 1882. In equations (16) and (17) the symbols on 
the left side should be, respectively, Ux (even) and Tlx 
(even). On the right side of (18) for N ' read N 'q.

Page 1883. At the end of the third line after equation 
(24) read II" for II". In the right-hand members of (25) 
and (26) read N'0 for N'. Equation (27) should read

lIx(odd-A) xNx(odd-A)
y 2(W  +  NS)

Xpx -  l r x / 2
(1 — £)V /2 

1 +  r
(27)

The right side of equation (28) should read
xrx/ 2(l  — r)2r — V2/ ( l  -f r)

Page 1884. In the sentence preceding equation (32) 
for the word "equivalents” read “non-equivalents.”

—Paul J. Flory.

1938, Vol. 60

Frank C. Whitmore, R. E. Meyer, G. W. Pedlow, Jr., 
and A. H. Popkin. The Reducing Action of Primary 
Grignard Reagents with Trimethylacetyl Chloride.

Page 2788. The title should read “The Reducing Action 
of Primary and Secondary Grignard Reagents with Tri­
methylacetyl Chloride.” An investigation of the reaction 
of isopropylmagnesium bromide with trimethylacetyl 
chloride is included in this study.—Frank C. Whitmore.

1939, Vol, 61

William O. Baker and Charles P. Smyth. The Vitrifica­
tion and Crystallization of Organic Molecules and the 
Dielectric Behavior of r-Butyl and i-Amyl Bromides.

Page 2069. The values of € max. > calcd., in Table II, 
are incorrect because of arithmetical error. The values at 
the given frequencies should be:

ƒ, kc. € m̂ax.i calcd.
2-Butyl Bromide

e"max.} obsd.

50 7.5 5.3
5 7.6 5.6
0 5 7.8 5.9

Roger Adams, E. F. Rogers and F. J. Sprules. Struc­
ture of Monocrotaline. II. Monocrotic Acid Obtained 
by Alkaline Hydrolysis of the Alkaloid.

Page 2819. Throughout this paper read “a,/3-dimethyl- 
A^-angelicalactone” for “a,/?,7 -trimethylangelicalactone.” 
—R oger Adams.

Roger Adams, E. F. Rogers and R. S. Long. The Struc­
ture of Monocrotaline. III. Monocrotalic Acid.

Page 2822. Throughout this paper read “a,/3-dimethyl- 
A^-angelicalactone” for “a,|0,7-trimethylangelicalactone.” 
—R oger Adams.

1940, Vol. 62

S. Winstein and R. E. Wood. Dielectric Constants of 
some Pairs of Diastereomers.

Page 550. Onsager’s equation should read
9 _  (n2 +  2e){e -  n2) M  / 9 k T \

M e(M,2 +  2)2 ‘ D \ 4 t N /
— S. W instein .

Roger Adams and R. S. Long. Structure of Monocro­
taline. IV. Monocrotalic Acid.

Page 2289. Throughout this paper for “«,/3,7 -tri- 
methylangelicalactone” read “a,|8-dimethyl- A^-angelica- 
lactone.”—R oger Adams.

Ernst Bergmann and Eliahu Bograchov. Some Reac­
tions of Pyrene.

Page 3016. “In a recent paper [This Journal, 63, 
2494 (1941)] Bachmann and Carmack describe methyl 
0-3-pyrenylpropionate with m. p. 95.5-96.5°. Its melting 
point was given by us erroneously as 81°. We actually 
had observed 94° and 180° in the corresponding free acid 
(Bachmann and Carmack, 178-179°), as described in the 
thesis of E. Bograchov (Jerusalem, 1941, p. 23).—Ernst 
Bergmann.”

1941, Vol. 63

Jerome R. Vinograd and James W. McBain. Diffusion 
of Electrolytes and of the Ions in their Mixtures.

Page 2011. Column 1, lines 34-55, for “gram equiva­
lents” read “gram molecules.” -  J. W. McBain.
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Roger Adams and H. W. Stewart. Restricted Rotation 
in Arylamines. II. Preparation and Resolution of N- 
Succinyl-N-ethyl-3-bromomesidine and 5-Alkoxy-4-N-suc- 
cinyl-4-amino-1,3-dimethylbenzenes.

Page 2860. Col. 1, line 1 of last paragraph, for “(1 
mole)” read “(0.1 mole),” and same below for diethyl 
sulfate and sodium nitrate.

T. Q. Chou and T. T. Chu. The Preparation and 
Properties of Peimine and Peiminine.

Page 2936. Col. 1, line 5, for “wereas signed” read 
“were assigned.”

George Wash, Billie Shive and H. L. Lochte. Normal 
and Abnormal Alkylation of 2-Methylcyclopentyl Methyl
Ketone.

Page 2975. In the title, for “Methyl” read “Phenyl.”— 
H. L. Lochte.

W. D. Larson and W. J. Tomsicek. The Activity 
Coefficients of the Undissociated Part of Weak Acids. II. 
Oxalic Acid.

Page 3330. Equation (4) should read
F° = E  +

0.02957 logioKiKiC ( l  -  ~ K l +  +  4jglC)

■—W. D. Larson.

1942, Vol. 64

W. R. Forsythe and W. F. Giauque. The Entropies of 
Nitric Acid and its Mono- and Tri-hydrates. Their Heat 
Capacities from 15 to 300 °K. The Heats of Dilution at 
298.1°K. The Internal Rotation and Free Energy of 
Nitric Acid Gas. The Partial Pressures over its Aqueous 
Solutions.

Pages 60 and 61. The authors call attention to the 
following arithmetical errors:

V 2N 2 +  3/20 2 +  V 2H2 = HNOa (1)
AF298.1 should be —19030 cal. instead of —11,539 cal.

V2N2 +  3/ 2o2 +  y 2H2 = h n o 3 (g)
should be —17948 cal. instead of —10.457

1/2N 2 +  3/20 2 -f- 1 /2H2 = HNO3 ( a  =  1)
AE298.i should be —26345 cal. instead of —18854 cal.

The above errors are repeated in the summary.
Also in the summary

V2n 2 +  3/ 2o2 +  v 2h 2 = h n o 3 (g)
Aiï298.i should be —31994 cal. instead of —3199 cal. 
—W. R. Forsythe and W. F. Giauque.

E. V. White. The Constitution of Arabo-galactan. II. 
The Isolation of Heptamethyl- and Octamethyl-6-galacto-

sidogalactose through Partial Hydrolysis of Methylated 
Arabo-galactan.

Page 303. The author writes “Formulas 1 and 2 repre­
senting octamethyl-6-d-galactosidogalactose and hepta- 
methyl-6-d-galactosidogalactose are incorrect in the rela­
tive positions of the methoxyl and hydrogen groups at posi­
tion 4 in all the monosaccaride units, which should be re­
versed as indicated

Page 304. In col. 1 of the Experimental, line 30, in 
the formula, for “Hg” read “H8.”—E. V. White.

Emmett R. Barnum and Cliff S. Hamilton. 5-Amino- 
and l-Aminobenzo(f)-quinolines and Derivatives.

Page 542. Col. 2, lines 11 and 20, for “^-dimethyl- 
aminobenzaldehyde” read “/>-diethylaminobenzaldehyde.” 
—C. S. Hamilton.

H. J. Lucas and Clark W. Gould, Jr. Brucine as a 
Reagent for Partially Resolving Bromoalkanes; the Con­
figurations of Some Diastereomeric Dibromoalkanes.

Page 602. In footnote (7) for "( +  1.0016)” read 
"(0.0016),” for “compound” read “compared” and in the 
citation, for “1471” read “147.”

N. Howell Furman and Clark E. Bricker. A Polaro­
graphic Study of o-Phthalic Acid and Phthalates.

Page 665. In the legend for Fig. 6, the last four lines 
should read “Curve a at pH  4.02; curve b at pH  3.94; 
curve c at pH  3.75; curve d at pH  3.57; curve e at pH  
3.48; curve f at pH  3.25; curve g at pH  3.06; curve h at 
pH  2.60; polarogram was made with capillary no. 3.”— 
N. H. Furman.

S. C. Schumann, J. G. Aston and Malcolm Sagenkahn.
The Heat Capacity and Entropy, Heats of Fusion and 
Vaporization and the Vapor Pressures of Isopentane.

Page 1041. The authors write “In Table IV the molal 
heat of vaporization of isopentane at 298.16°K. calculated 
from Eq. (1) and the modified Berthelot equation at 
298.16°K. with T0 =  461°K. and Pc = 32.9 atm. is 5965 
calories (Berthelot correction = 239 calories), instead of 
the value given.”

Page 1043. “In Table VII the free energy of neó- 
pentane was accidentally computed using the free rota-
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tional entropy. Using the correct value for this quantity 
[Aston and Messerly, T his Journal, 58, 2354 (1936)] 
Table VII should then be:

Free Energy of Formation of the Pentanes at 
298.16°K.

AF298, 
calories

N eopentane —3289 =*=320
Isopentane —3243 =*=300
w-Pentane —1647 =*= 270

These changes do not affect the rest of the paper, since 
no other numerical values or conclusions were derived from 
the erroneous values.—S. C. Schumann, J. G. Aston and 
M. L. Sagenkahn.

Joseph R. Stevens, Ralph H. Beutel and Earl Chamber­
lin. 3,4-Substituted Pyridines. I. Synthesis of 3-Vinyl-
4-methylpyridine.

Page 1093. The absorption spectrum in Fig. 1 is for 
Compound VI instead of V, and in Fig. 2 for Compound 
VII instead of VI.—R. T. Major.

H. A. Laitinen. The Potential of the Ytterbic-Ytter- 
bous Ion Electrode.

Page 1135. Col. 2, line 13, for “ — 1.69 volts” read 
“ — 1.169 volts.”—H. A. Laitinen.

Arthur C. Cope and Evelyn M. Hancock. Synthesis of 
2-Alkylaminoethanols from Ethanolamine.

Pages 1504 (Table I) and 1505 (line 7 of the Experimen­
tal Part), for ”2,2,6-” read “3,3,5-trimethylcyclohexyl” 
and “3,3,5-trimethylcyclohexanone.”—Arthur C. Cope.

James W. McBain and A. M. Soldate. The Solubility 
of Propylene Vapor in Water as Affected by Typical Deter­
gents.

Page 1556. Heading of Table I, for “10~5” read ‘TO"7.” 
O’Connor (ref. 1) obtained 3.8, 3.8, 3.7 and 3.5 X 10~7 g. 
of propylene per gram of water per millimeter pressure. 
—J. W. McBain.

Bradford P. Geyer with George McP. Smith. Prepara­
tion and Properties of Some Peri-hydroxyquinone Inner 
Complexes.

Page 1649. In col. 2, line 2, for “chloroform” read 
“chlorobenzene.”—B. P. Geyer and G. McP. Smith.

A. Polgar and L. Zechmeister. Isomerization of 
/3-Carotene. Isolation of a Stereoisomer with Increased 
Adsorption Affinity.

Page 1858. Line 23, omit the word “no.”—L. Zech­
meister.

W. D. Kumler and George M. Fohlen. The Dipole 
Moment and Structure of Urea and Thiourea.

Page 1945. In Table II for ‘‘unsym-Diphetiyiare’’ read 
“unsym- Diphenylurea. ’ ’

Page 1946. Both formulas at the end of col. 1 should 
have a single bond between carbon and oxygen.

Page 1947. In the middle of col. 2, the last structure of 
thiourea should have the charge removed over the nitrogen 
that is singly bonded to carbon.—W. D. Kumler.

R. P. Linstead and W. E. Doering. The Stereochemis­
try of Catalytic Hydrogenation. II. The Preparation of 
the Six Inactive Perhydrodiphenic Acids.

Page 1993. In Col. 2, first line of the diagram, for 
“Diphenyl” read “Dimethyl.”—R. P. Linstead.

Page 1994. In formula II, there should be a third black 
dot in the blank “hole” in the formula.

R. P. Linstead and W. E. Doering. The Stereochemis­
try of Catalytic Hydrogenation. III. Optically Active 
Perhydrodiphenic Acids. A Proof of the Configuration of 
the Backbone.

Page 2004. Col. 1, in the second formula there should 
be another black dot in the space in the right-hand ring.

R. P. Linstead and Selby B. Davis. The Stereochemis­
try of Catalytic Hydrogenation. IV. Hexahydrodi­
phenic Acids.

Page 2007. In formula II a black dot is missing in the 
right-hand ring of formula II.

R. P . Linstead, Richard R. Whetstone and Philip Levine.
The Stereochemistry of Catalytic Hydrogenation. VI. 
The Hydrogenation of 9-Phenanthrol and Related Sub­
stances and the Identification of Three of the Possible 
Stereoisomeric Forms of the Perhydrophenanthrene Ring.

Page 2017. Col. 1 in, the second line above the 
table, insert the word “table” between “The” and “be­
low.” Also, in Col. 2, in the table under “Alcohols,” 
the first compound should be “syra-octahydro-9-phenan- 
throl.”—R. P. Linstead.

M. L. Wolfrom and P. W. Morgan. O-Pentaacetyl-d- 
gluconates of Polyhydric Alcohols and Cellulose.

Page 2026. Column 1, lines 9 and 16, for “dextro- 
sorbitol” read “/m?-sorbitol,” as the ordinary form is 
meant.

Page 2027. I11 Table I the fifth entry should read levo
instead of dextro, and the same change should be made in 
line 11 of col. 1.

Page 2028. In the first line of paragraph 2 of the Sum­
mary read levo for dextro.—M. L. Wolfrom.

Alfred Saffer and T. W. Davis. Products from the 
Wurtz Reaction and the Mechanism of their Formation.

Page 2039. The apparatus diagram which should have 
been included in the experimental section was inadvert 
eritly omitted, and is printed herewith.

equilibrium  %  if no 
m ixture neopentane

48.7
48.3 93.7
3.0 6.3
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—Alfred Saffer and T. W. Davis

Avery A. Morton, John B. Davidson, T. R. P. Gibb, Jr., 
Ernest L. Little, E. F. Clarke and A. G. Green. Condensa­
tions by Sodium. XXV. Reactions of Amylsodium with 
Naphthalene, Acenaphthene and Decalin.

Page 2250. In the title, the last two names should be
E. W. Clarke and A. J. Green.—Avery A. Morton.

Roger Adams and J. E. Mahan. Basicity Studies of 
Tertiary Vinyl Amines.

Page 2590. In column 2, lines 5 and 4 from bottom 
read “compare 1 with 7, 2 with 8, 4 with 9, and 6 with 14.”

Page 2591. Table VI, line 7 for “11.99” read “11.11.”— 
Roger Adams.
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/3-monoalkylaminoethyl esters of alkoxy-, 1691; 
prepn. of m-hydroxy-, 1737; synthesis of 2-(2'- 
methoxybenzoyl)-, 2226; nitration of 4-PhPh ester 
of, 2505; para acylation of polyalkylbenzophe­
nones by aryl 2,4,6-trialkyl- esters of, 2573; chlo­
rination of 4-PhPh ester of, 2719; alkoxybenzoates 
of 2-monoalkylamino-2-Me-l-propanols and 2- 
monoalkylamino-1-butanols as local anesthetics,
2884; identification of 0 - and />-sulfo-, as their S-
benzylthiuronium salts............................................. 3040

Benzoin oxime, chromatography of cis and trans. . . .  1922 
Benzonitrile, behavior of 3,4,5-trimethoxy- toward

Grignard reagents........................... ........................  2085
Benzophenone, oxidation of, oxime, 1453; para acyl­

ation of polyalkyl-, by aryl 2,4,6-trialkylben­
zoates, 2573; effect of metal halides on reacn. of
Grignard reagents with............................................  2972

Benzopyrans, d- and Z-l-hydroxy-3-w-amyl-6,9,9-tri-
methyl-7,8,9,10-tetrahydro-6-di-.............................  2087

Benzo(f)quinolines, 5- and 1-amino-, 540, (corrn.)__  3069
7-Benzoxysterols, and use in prepn. of 7-dehydro-. . . .  1177
Benzoylation, AI-AICI3 catalyst in..............................  878
o-Benzoylbenzoic acid, mechanism for formation of

anthraquinone from..................................................  2324
Benzoyl chloride, action on Et /3-diethylaminocroton-

ate..............     612
Benzoyleneureas, synthesis of amino-.............   2644
Benzoylethylamine, condensations with.....................  451
Benzoylformanilides, action of Grignard reagents on. 1086 
Benzoylmesitoylmethane, properties of o-methoxy-. . 2262
3,4-Benzpyrene, soly. of...............................................  101
Benzylidene aminomorpholine compounds.................  2502
Benzylidene-dulcitol, structure of di-o-nitro-.............. 1614
Benzylmagnesium chloride, reacns. of.........................  2968
Benzyl nitrate, reacn. velocity with water and hy­

droxyl ion................................................   1928
Beryllium iodide, catalytic decompn. of H2O2 by

basic, hydrosols.....................     1340
Bethogenin, a new sapogenin....................   2581
Biacetyl, production of radicals by illumination of. . . 717
Bile acids, dipole moments of some.............................  1941
Biochemistry, Practical Methods in (Koch, book re­

view), 189; Mechanism of Biol. Oxidations 
(Green, book review), 1236; Annual Review of 
(Luck, Smith, book review), 2522; The Dynamic
State of Body Constituents (Schoenheimer, book 
review), 2523; Phys. Chemistry for Students of,
and Medicine (Ferry, book review).........................  3061

Bio-reduction, of steroids............................................  1653
Biotin, structure of, 188; X-ray diffraction measure­

ments on.................................................................... 1742
Biphenyl, arsine oxides of, 1064; resonance in sub­

stituted, 1350; F derivs. of, 1489; effect of, group
in dissocn. of hexaarylethanes, 1824; nitration of 
halo-, 1848; halogenation of esters in, series, 2219, 
2719; nitration of certain dinitro-, 2225; 4-nitro­
diphenyl ether-4'-sulfonyl chloride..........................  3056

Biphenylene, 1,8-dimethyl and 2,7-dimethoxy-.......... 1698
Bismuth, oxidation of triethylbismuth, 392; thermo­

dynamics of Sn-, system...........................................  1392
Blood, rheology of.......................................................  1204
Bonds, conjugated diolefins by double, displacement,

826; addn. of HF to triple....................................... 2289
Boron, anal, and compn. of crude................................  2725
Boron bromide, cleavage of ethers with............. .........  1128
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Boron chloride, reacn. with p-toluidine, 1584; elec.
moment of.................................................................

Boron compounds, stereochemistry of B coordina­
tion compds. of B, 325; N-org., 1584; oxidation of
n-BuB oxide............................................ ................

Boron fluoride, introduction of Z-Bu group into Et 
acetoacetate by means of, 728; use of diazonium 
borofluorides in Bart reacn., 828; systems with, 
2198; steric strains as a factor in the relative sta­
bility of some etherates of, 2557; structure of 
B(CH3)2F and BCH3F2, 2686; some, catalyzed
alkylations of halobenzenes....................... .............

Bridge compounds. See Cyclic compounds.
Bromate, reduction at dropping Hg electrode. . . 1044,
Bromide ions, and the Br-ethylene reacn....................
Bromination. (See also Halogenation.) water in 

photochem., of acetophenone, 887; of 4-PhPh
chloroacetate.............................................................

Bromine, addn. in presence of bromide ions to ethyl­
ene derivs., 697; vinyl bromide-, and allyl 
chloride-, reacns., 704; addns. in AcOH, 709; 
addn. to l-£-bromophenyl-4-Ph-1,3-butadiene, 
1160; reacns. of, with CCU and tetrachloro- 
ethylene, 1342; sp. rate of the reacn. 0 3 +  Br~ — 

Bromoalkanes, configurations of some diastereomeric
di-..............................................................................

Bromo-o-xyloquinone, di-, and Na malonic ester. . . . .  
Brucine, as reagent for partially resolving bromo­

alkanes, 601, (corrn.).......................................... .
Bunte salts, use in synthesis..................... ...................
Butadienes, substituted diphenyl-..............................
Butanes, dielec, behavior of chloro-, 737; reacns. of 

AgAc with -3-bromo-, ^/-2,3-dibromobutanes, .2780, 
w-Butane, ionization and dissocn. by electron impact

in . ..................................................................... .........
1,2,4-Butanetrione enol, acylation of 1,4-dimesityl-, 

1375; prepn. and alkylation of l,4-dimesityl-3-
Me-............................................................................

2-Butanol, action of HF, H2SO4 and H3PC>4 on opti­
cally active, 1025; reacn. of 3-bromo-, with PBr3. .

Butanol lignin, acid hydrolysate of...........................
Butene derivatives, effect of water on reacn. of AgAc

and.................................................................
/-Butylacetic acid, acylation of Et ester of. . .  ............
Butyl alcohol, fractionation of starch by selective

pptn. with......................................................... ..
w-Butylamines, rapid prepn. of N-alkyl-............... .
w-Butyl bromide, reacns. with Na salts of phenol,

thiophenol and n-Bu mercaptan............. .................
/-Butyl chloride, kinetics of toluene-, reacn., 648;

ionization and dissocn. of, by electron impact........
^-Butylhydroxylamine, N,N-di-, and its oxalate.......
w-Butyl methyl ketone, photochem. decompn. of. .. . 
/-Butyl nitrate, reacn. velocity of, with water and

hydroxyl ion................... .........................................
w-Butyl thiol, kinetics of n-BuBr-, reacn....................
w-Butyric acid, a-bromo-jS-methoxy-, 1223; acyla­

tion of acetonitrile with Et ester of..........................
w-Butyrylacetic acid, by alcoholysis of a ketonitrile. .

CADALENE, oxidation of..........................................
Cadinene, structure of.................................................
Cafesterol, chem. behavior of.....................................
Calcium, X-ray study of Sr-, alloy series...................
Calcium cholesteryl sulfate, thermal decompn. of. . .  .
Calcium cyanamide, crystal structure of.....................
Calcium nitrate, system: Sr(N0 3)2-H 20 - ...............
Calcium oxalate, effect of pH  on soly. of, 2948; soly.

of, monohydrate, in water and salt solns.............
Calcium a -tocopheryl succinate............... ...................
Calorimeters, comparison of flow, for org. vapors. .. .
Calorimetry, investigation of org. reacns................
Campesterol, 7-dehydro-, a new provitamin D ..........
Camphene series, inactivation in................................
Camphor, configuration of bis-formyl, -ethylenedi-

amine-Ni................................ ..................................
Cannabinol, a physiol, active tetrahydro-, 26; tetra­

hydro-, homologs and analogs with marihuana

activity, 694, 2653; some analogs of synthetic 
tetrahydro-, 2031; optically active synthetic
tetrahydro-................................................................ 2087

Cannizzaro reaction, novel type of..............................  872
Capillarity, thermodynamic theory of electro-...........  1548
Caproic acid, n of normal satd. fatty acids from, to

stearic.....................................     2739
Carbinols. (See also Alcohols; Methanol.) forma­

tion of phenolphthalein, 2312; A1C13 in condensa­
tion of Me dipropyl, with phenol............................  2655

Carbohydrates. (See also Sugars.) studies on
reacns. relating to ....... ........................ .............1957,1959

Carbon, N-C-C system in N^heterocyclic sulfanil­
amides, 2532; radioactive, as tracer in exchange
between acetic anhydride and NaAc....................... 3050

Carbon acids, synthesis and oxidation of several 3__  2299
Carbon dioxide, Joule-Thomson effect in...................  400
Carbonic acid, alkyl carbonates in synthetic chemis­

try................................................................. 576, 578, 580
Carbon monoxide, HF as condensing agent fjor, 1356;

sorption of, by metals.............................................   2610
Carbon tetrachloride, dielec, const, of, 117; reacn. of

Br with...............................     1342
Carbonyl compounds, ketene diethylacetal reacn. 

with a,/3-unsatd., 260; identification through con­
version to hydantoins, 522; Raman spectra of,
1181; steric hindrance in, 1242, 1247, 1251; bridge 
compds., 1260; catalytic reduction of some, 1456; 
sterically hindered aliphatic, 1618, 1619, 2964; 
behavior of, bridge compds. with alkaline H20 2,
2439; mechanism of reacn. between hindered, and
Grignard reagent...................................................... 2875

Carboxylation.......................................329,333,1621,2975
Carboxylic acid, di-, derivs. of sulfonamides..............   1572
Carcinogenic hydrocarbons, water soly. of.................  108
Carotene, pro-7 -, 1173; isomerization of /?-, 1856,

(corrn.)..............................................    3071
Carotenoids, isolation of prolycopene, 1075; studies 

on, 1440; formation of pfo-, in “monkey flowers” 
under some conditions, 2510; of yellow corn grain. 2603

Carvacrolphthalein......................................................  2538
Casein, glutamic acid from...................................  2035
Catalysis, reacn. in coal hydrogenation, 230; Inorg. 

and Org. (Berkman, Morrell, Egloff, book review),
474; HF in toluene-Z-BuCl reacn., 648; halide ion, 
addn. reacn., 704; effect on oxidation products of 
hydroxylamine, 731; addn. polymerization, by 
substituted acyl peroxides, 1103; addn. reacns. of 
acetylenic ales., 1220; decompn. of H20 2 by basic 
Bel2 hydrosols, 1340; heat of catalytic hydrogena­
tion, in soln., 1395; base-, cleavage of methylene­
dioxy rings, 1410; reduction of some carbonyl 
compds., 1456; hydrogenation of heptaldehyde in 
vapor phase, 1460; of thermal decompn. of acet­
aldehyde by H2S, 1707; conversion of para-H on 
Ni, Pt and Pd, 1594; stereochemistry of, hydro­
genation, 1985, 1991,2003,2006, 2009,2014 (corrn,
3071), 2022; acidic and basic, in urethan forma­
tion, 2229; properties of charcoal, 2276; acid, 
hydrolysis of Ph substituted aliphatic esters,
2362; effect of electrolytes on solvolytic reacns.,
2498; hydrogenation of cystine, 2721; reduction
of cholesterol a-oxide..............................................  2723

Catalysts, A1C13 in alkylation of paraffins, 33; Fe, 
in partial reduction of acetylenes to olefins, 363; 
metallic chlorides in Friedel-Crafts ketone syn­
thesis, 464; Cu-alumina, in hydrogenation of 
alkyl Ph ketones, 520; effect of alkali promoter on 
decompn. of NH3 over Fe, 745, 751; A1-A1C13, in 
benzoylation, 878; acid, in alkylation of benzene,
1032; non-peroxide, for S0 2-olefin reacn., 1229;
A1C13 in condensation of ^-aliphatic ales, with ben­
zene, 1576; for peroxide decompn., 2492; p- 
bromobenzenediazonium hydroxide in polymeriza­
tion of styrene, 2508; A1C13 in condensation of Me 
dipropyl carbinols with phenol, 2655; some BF3, 
alkylations of halobenzenes, 2751; mixed hetero­
poly acid, for vapor phase air oxidation of naph-
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thalene, 2917; interchange of groups in aliphatic
amines................. ............................... . . ............. . . 2920

Catnip, nepetalic anhydride in, oil. . ........................... 1828
Celastrol, identity of...................................................   182
Cellobiose, synthesis of........... ....................................  1289
Cells, potentials of KC1 transference....................... . 513
Cellulose, ethoxyl group in Et, 9; Me and other 

ethers of, 15; oxidation of, by N,02, 121, 127; O-
pentaacetyl-d-gluconates of, 2026, (corrn.).............  3071

Cellulose acetate, distribution of acetyl groups in. . . . 1539
Cellulose esters, crystallinity of.......................  776
Centrifuge, concn. of tobacco mosaic virus by Shar­

pies super-.. . . . . ........'-----'................ ......  .. -. - 1804
Cerium salts, magnetic rotation o f................. 412
Cesium cobaltous chlorides, absorption spectra of 2. . 2748
Cesium sulfate, activity coeff. of....................... .........  550
N-Cetylpiperidine, phys. consts. o f ....................  2511
Charcoal, adsorption of ampholytes on an activated 

charcoal, 1513; catalytic properties of. . . . . . . . . .  . 2276
Chaulmoogryl quaternary salts. . .. . . . . .  . . . . . . . . . .  2514
Chemical constitution, and the tanning effect. . . . . . .  2274
Chemical engineering, Chem. Engineers’ Handbook 

(Perry, book review)............................... 190
Chemistry, Principles of General (Brinkley, book re­

view), 474; Thorpe’s Dictionary of Applied 
(Thorpe, Whiteley, book review), 2237; Chem. 
Dictionary (Campbell, book review), 2519; Tech. 
Report Writing (Rhodes, book review), 3063; 
Introductory College (Deming, Hendricks, book
review), 3064; General (Holmes, book review). . . .  3066

Chemotherapy, studies in................ . 567,1682,2902, 2905
Chlorides, metallic, in Friedel-Crafts ketone synthe­

sis, 464; action of Na alkyls on aliphatic, 1783; 
reacn. of acid, with Grignard reagents, 2966; in­
troduction of the -—CO Cl group into alicyclic and
aliphatic acid......... .................................. ............ 2975

Chlorination. (See also Halogenation.) of l,l,l-tri-
fluoropropane, 1157; of 4-PhPhAc. . . ........... 2219

Chlorine compounds, chloromethylation of trimethyl-
hydroquinone diacetate........ . .............................  524

Chloroethyl ether, partial pressure of HCl from
solns. in /?,/3'-di-.......................... 951

Chloroformyl group, introduction of, into alicyclic
and aliphatic acid chlorides. .............. . ., . . .......... 2975

Chlorogenin, configuration of the hydroxyl groups, in,
221; structure of side-chain of................... .. 809

Chlorohydrin, reacn. of epi-, with Grignard reagent. . 484
Chlorophyll, radioactive H in, photosynthesis.. . . . . .  3037
Cholanic acid, 3 (a), 11,12-trihydroxy-........................  1228
€^o-Cholan-3(/3)-ol-17-one, conversion of pregnan-3-

(j3)-ol-20-one to .    ....... .......... ........... . 817
Cholestadienes, prepn. of A6>804)-, A7-9(n)-, A7’14-

and A8»14- ............................... . .......... .......... 140
3,5,6-Cholestantriol-I, prepn. of........... .................. . 471
Cholesterol a-oxide, catalytic reduction of. . ............  2723
Cholesterols, epimeric 7-hydroxy-.. . . . . . . . . . . . . . . . .  2453
Cholesteryl oxides, studies on. . . . . . . . . . . .  ........... 2317
Cholic acids, moments of........... ............................. . . 1941
Chroman, transformation of 3-acetoxy-6-hydroxy-

2,4,5-trimethylbenzylacetoacetic ester to, derivs.,
435; synthesis of 6-hydroxy-. . ....................... . 440

Chromatography. Adsorption Analysis (Strain, 
book review), 1013; azoyl derivs. of sugars and 
sepn. by, adsorption, 1501; analysis of erythrina 
alkaloids, 1892; method for standardization of, 
analysis, 1905; sepn. of cis and trans stilbenes and 
benzoin and anisoin oximes by, brush method, 
1919, 1922; Principles and Practice of (Zechmeis­
ter, Cholnoky, book review)................    2729

Chromene derivatives, transformation of 3-acetoxy-
6-hydroxy-2,4,5-trimethylbenzylacetoacetic ester
to............................... ............ . . . . .........................  435

Chromium compounds, sp. gr. of Na2Cr207, solns., 175;
isotherms of the system Na2Cr04-NaC103-H20 ---- 2746

Cinchona alkaloids, in pneumonia..............................  1162
Cinchoninic acid, keto and mercapto derivs. of, from

rhodanine-oxindoles................................................. 1669
Cinnamic acid, derivs. of............................   2859

Citrinin, polarographic detn. of, 1490; color test for,
and prepn. of....... .................. ..........................2228

Claisen rearrangement. See Rearrangement.
Cleavage. (See also Hydrolysis; Reactions.) base-

catalyzed, of methylenedioxy rings. . . ............ . \  . 1410
Cleavage, reductive, of dioxolones by the Grignard

reagent.. . ............................................ ............ . 1567
Clionasterol, location of double bond in. . . ........... . 473
Coal, catalytic reacn. in, hydrogenation, 230; mol. 

wts. of hydrogenation products of bituminous, 734;
oxidizing power of air exposed...................... . 1809

Cobalt compounds, as catalysts.. ----- ... . . . . . . . . . .  2492
Cobalt ions, adsorption of simple and complex, on

Ti02.................      2820
Cobaltous chloride, absorption spectra of some dou­

ble salts containing....... ...........   2748
Cobalt oxides, reacns. of, (II) and (III) in liquid NH3. 2772
Cocarboxylase, and related esters. . ............ ............ . 2279
Collagen, X-ray diffraction spacing of, 727; electron

microscope observations of........   1234
Colloid science, Advances in (Kraemer, Bartell,

Kistler, book review)...................    2521
Color, and constitution.. . . . . . . . . . . . . . . . . . . . . . . . .  199
Columbium compounds, structure of K3CbOF6. . . . . .  1139
Compressibility, of isobutene___ . . . . . . . . . . . . . . . . .  548
Condensations, 2271, 2714; intramol. aldol, in un­

satd. ketone polymers, 177; intramol., in poly­
mers, 269; HF as agent for, 1356; by Na, 2239,
2240, 2242, 2247, 2250 (corrn., 3073); poly-, of <*- 
amino acid esters, 2264, 2268; new example of aldol.
..................... ................................ . . . .2567,2569

Conductivity, of KIO3, 7; of dodecyl- and octa- 
decylamines, 97; anomalies in, measurements 
with H20 2, 454; of aq. alkali hydroxides, 621; 
sp., of chlorobutanes and chloropentanes, 737; of 
high mol. wt. aliphatic amines and salts, 772; 
studies, 1544,1635; temp, coeff. of, of KC1 solns.,. 2517 

Contact angles, reproducible, on reproducible metal
surfaces . ........................ . . 494,1530, 1641

Copper, alumina-, catalysts in hydrogenation of 
alkyl Ph ketones, 520; a, bearing protein in cow’s
milk, 1616; sorption of CO on. . . . .......... . . 2610

Copper hydroxide, hydrous and basic cupric sulfates. 503
Copper(II) ions, of diethylenetriamine.  ........ 686
Copper sulfates, hydrous Cu(OH) 2 and basic cupric

sulfates.................... ........... . . . ................ . . , . 503
Cori ester, jff-form of. . . . . . . . .  ....................... . ! . . . . .  23
Corn sirup, structure of dextrins isolated from.. . . . .  2331
Coronene, ultraviolet absorption spectra of, 1485; 

attempted synthesis of, from Cu and 2,7-poly-
thionaphthalenedialdehyde.............. .......... . 2343

Cosmos sulphureus, pigments of . ..............   . 1704
Cotton, American, Handbook (Merrill, Macormac, 

Mauersberger, book review). . . . . . . . . . . . . . . . . . . .  1014
Cottonseed, chemistry of allergens from. . . . . . . . . . . .  1889
Coumaran derivatives...............................  . 382
Coumaran series, orientation studies in. . . . . . . . .  1315, 2986
Coumarones, 5-aminocoumarone-2,3-dicarboxylic

acid cyclohydrazide.................. .......... . .............. . 86
Cresol, formation of diphenylmethyl ether of 0-,

2154; effect of p -, concn. on cresolase activity of
tyrosinase............................... ......................... 2344

Cresolase, factors influencing, activity of tyrosinase. . 2344 
Critical constants, of isobutene, 546; eq. of state for

gases at high pressures involving only...................... 2195
Crotalaria grantiana, alkaloid of..  ........... . . . . . . . . .  571
Crotaline, structure of mono-, 2593,2597; (corrns.).. 3067 
Crotonic acid, action of benzoyl chloride on Et j8-di-

ethylaminocrotonate. .  ......... ........................ 612
Crotoxin, electrophoresis of. . . . . .......... .......... , . .  . 1586
Crotyl chloride, conversion to acetate and Et ether... 2157 
0-Crotyl-3,5-dichlorosalicylic acid, rearrangement of. 607
4-Crotyloxy-3,5-dichlorobenzoic acid, rearrangement

of...................... ............................... ............ . . . .  1066
Crystallinity, of cellulose esters. . ...................,...........  776
Crystal structure. (See also Isomerism; Molecules.) 

of diphenylselenium dichloride, 508; of Ca cyan­
amide, 1730; of/?-glycylglycine. . . . ......... . . . .  . . 2236
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Crystal study, of alums................................................  1819
Crystal violet ion, isomers of......................... . ...........  1774
Cumene, d. aiid refractive index of............................. 3056
Cyanamide, sulfanilyl-, and related compds............... 1682
Cyanic acid, synthesis of a.-, esters, 576; cyanates and 

thiocyanates of Pb, As and Sb, 1757; kinetics of 
transformation of hydrazine cyanate into semi­
carbazide....... ......... ; ........................ . . . ................. 2777

Cyanides, reduction of complex Ni, 1187; reduction
of complex.........................................................  2715

Cyanine dyes, effect of solvents on absorption spec­
tra of polymethine dyes......................................   2923

Cyanines, absorption of unsym..............................  199
Cyanoacetic acid, reacn. product of phenylhydrazine

and Et ester of....... .................................................. 2133
Cyanoethylation, of active methylene group of

acrylonitrile............ '. . ............................................  2457
Cyanogen, kinetics of thermal reacn. of H and...........  1880
Cyanohydrin, reacn. of /3-isodurylaldehyde, with

PhMgBr.............................    1724
Cyanostilbenes, unsym., 885; sym..............................  2486
Cyclic compounds, photochem. decompn. of, ketones,

80; 5-aminocoumarone-2,3-dicarboxylic acid cy- 
clohydrazide, 86; carbonyl bridge compds., 1260; 
synthesis of condensed, 1311; PbAc4 cleavage of 
cyclic a-keto ales., 1416; detn. of bridge structure
of dipyrrylmethanes......................................... 2098,2106

Cyclization, of /3-styrylacetaldehyde, 1007; of ureido 
derivs. of iminodibasic acids, 1686; mechanism of 
reactions, 2894; derivatives, 2696, 2701, 2703;
structure of methylene-...................      1142

jS-Cyclogeraniol..............................................  1979
Cycloheptadeqanol, in American musk. ...................... 144
Cyclohexadiene, decompn. of 1,4-, 1527; dehydra­

tion of l,5-hexadiene-3-ol to 1,3,5-hexatriene and
1,3-............................      1978

Cyclohexane, ternary systems of water, propyl ales, 
and, 1886; heat capacity of Me-, and, 2375; reacn. 
of AgAc with bromo-, 2780, 2787; identity of
various prepns. of 1,2-dibromo-............................... 2792

Cyclohexanecarboxylic acid, “trans”-2,2,6-Me3-.......  385
Cyclohexanol, dipole moments of............................... 1982
Cyclohexanone, dipole moments of.............................  1982
Cyclohexatriol-2,4,6, rearrangement of 1,1,3,3,5,5-

hexamethyl-, to hexamethylbenzene.............    2461
Cyclohexene, periodate oxidation of cis- and trans-, 

glycols, 552; heat capacity of, 2375; effect of
water on reacn. of AgAc and, derivs......................... 2787

Cyclohexene oxide, decompn. of. . ........#.....................  1527
Cyclohexenecarbonals, action of alkali on.................... 1497
Cyclohexen-l-yl)-propionic acid, prepn. of /3-(2-Me-

6-oxo-1-.....................       3050
^-Cyclohexylphenyl-phenylsulfone.......................  1489
Cyclohexyl ^-toluenesulfonate, solvolysis of trans-2-

acetoxy-....................      2796
Cyclopentadecanol, in American musk. ...................... 144
Cyclopentadiene, vapor pressure of di-.......................  2501
Cyclopentadienone, reacns. with Ph4~ ........................ 604
Cyclopentane derivatives, pyrolysis of.......................  897
Cyclopentane-1,1'-tetralin, spiro-............................... 1719
1.2- Cyclopentenonaphthalene, 3 '-keto-2-Me-6-hy-

droxy-l,2,3,4-tetrahydro-...........................  94
1.2- Cyclopentenophenanthrene, 2'-ketodihydro-. .. . 1421 
Cyclopentyl phenyl ketone, alkylation of 2-Me-,

(corrn.).....................................  3069
Cyclopropanes, formation from monohalides.............  1783
/S'-Cymoxy diethyl ether, some quaternary salts

from j8-dimethylamino-............................................ 2232
Cysteine, Se tetra-..... ..............................................    1742
Cystine, N,N'-di-aeetylsulfanilyl-£-, and N,N'-di- 

sulfanilyl-Z-, 1488; catalytic hydrogenation of.......  2721
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phase.......................................................................... 1460
Heptulose, studies on L-gluco-, 1606; oxidative deg­

radation of L-gluco-.................................................  1609
1.5- Hexadiene-3-ol, dehydration to 1,3,5-hexatriene

and 1,3-cyclohexadiene............................................  1978
Hexamethylethane, structure of...............   1142
1.3.5- Hexatriene, dehydration of l,5-hexadiene-3-ol

to, and 1,3 -cyclohexadiene..........................   1978
Hindrance, in AcOH synthesis................................ . 300
Histamine, relation between structure and, -like

activity................................................................... . 2288
History of chemistry, Torch and Crucible (French, 

book review}, 729; Four Treatises of Theophrastus 
von Hohenheim Called “Paracelsus” (Sigerist, 
book review), 1237; Tools of the Chemist (Child, 
book review), 1982; The Stone that Burns 
(Haynes, book review), 2521; Du Pont—One 
Hundred and Forty Years (Dutton, book re­
view) ..........................................................................  3064

Hormones, synthesis of analog of the sex, 94; phys.- 
chem. of interstitial cell, from sheep pituitary 
gland, 367; phosphatase activity of parathyroid. 2759 

Hunnemanine, a new alkaloid from Hunnemannia
fumariaefolia Sweet..................................................  1659

Hydantoins, identification of carbonyl compds. as,
522; alkaline hydrolysis of fluorenone-spiro-, 689; 
from phenylglyoxal and urea reacn., 1434; con­
taining a tetrahydropyranyl substituent, 1672; 
cyclization of ureido derivs. of iminodibasic acids 
and synthesis of, 1686; 5,5-dimethyl-, containing
a —NRR' substituent........ ..................... .............  2881

Hydration, of A12(S0 4)2, 41; of unsatd. compds.,
1117, 1122, 1953; of isobutene in dil. HNOa, 1938;
of /3-lactoglobulin crystals......................................  2393

Hydrazides, 5-aminocoumarone-2,3-dicarboxylic acid
cyclo-.....................................................   86

Hydrazine cyanate, kinetics of transformation of,
into semicarbazide...............................................   2777

Hydrazines, initial step in action of acids on tetra-
aryl-.........................    2808

Hydrocarbons, soly. of carcinogenic, in water, 108; 
reacn. of oxalyl chloride with paraffin, 329; and 
unsatd., 333; higher, 1360, 1801; reduction of
unsatd., at dropping Hg electrode................. 1765, 2365

Hydrochloric acid, molal vol. of, 758; partial pres­
sure of, from org. solvents, 951; soly. relations of
HgO in..........................  2380

Hydrochlorides, films of amine................................... 498
Hydrocyanic acid, structure of..............................   722
Hydrofluoric acid, catalyzed reacn. between toluene 

and /-BuCl, 648; action on 2-butanol, 1025; as 
condensing agent, 1356; addn. of, to the triple
bond..........................................................................  2289

Hydrogel, of zirconia...............................   110
Hydrogen. (See also Deuterium; Dehydrogenation; 

Hydrogenation.) catalytic conversion of para-, on 
Ni, Pt and Pd, 1594; kinetics of thermal reacn. of 
cyanogen and, 1880; adsorption of, on Th02,
1731; new method for estimation of active, 2098; 
tracer studies with radioactive, 2293, 2294, 3037; 
exchange with D2O and T20, 2503; effect of
certain factors in sepn. of, isotopes...............  2613

Hydrogenation. (See also Reduction.) of /3-imino- 
nitriles, 150; catalytic reacn. in coal, 230; cata­
lytic, of alkyl Ph ketones, 520; mol. wts. of, 
products of bituminous coal, 734; gaseous, and 
polymerization reacns., 1404; catalytic, of hept­
aldehyde, 1460; stereochemistry of catalytic,
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1985, 1991, 2003, 2006, 2009, 2014 (corrns. 3071), 
2022; of disubstituted acetylenes, 2505; cata­
lytic, of cystine........................................................  2721

Hydrogen azide, structure of............................... . . 1184
Hydrogen chloride. See Hydrochloric acid.
Hydrogen cyanide. See Hydrocyanic acid.
Hydrogen fluoride. See Hydrofluoric acid.
Hydrogen ion concentration, the acidity scale, 1861;

effect of pH. on soly. of Ca oxalate......................... 2948
Hydrogen peroxide, anomalies in conductivity 

measurements with, 454; action on pseudosapo- 
genin acetates and pregnenolones, 468; reacns. 
involving O, amalgams and, 852; production by 
oxidase, 1212; Bel2 hydrosols in decompn. of,
1340; behavior of carbonyl bridge compds. with 
alkaline, 2439; reacns. in solns. containing 0 3, H+ 
and Br~, and, 2468; oxidation of amino acids by . . 3054 

Hydrogen sulfide, catalysis of thermal decompn. of
acetaldehyde by............................................ ........... 1707

Hydrolysis, enzymic, of alkyl 0-D-glucosides, 369; 
alkaline, of fluorenone-spirohydantoin, 689; consts. 
for In tribromide and triiodide, 953; acid
catalyzed, of Ph substituted aliphatic esters.........  2362

Hydroquinone, chloromethylation of trimethyl-, 
diacetate, 524; reduction of dipole moment in di-
£-butyl-......................................................................  937

Hydroxyl, attempt to detect free, as an intermediate
in photochem. reacns...............................................  2499

Hydroxylamine, effect of catalysis on oxidation 
products of........ ....................................................... 731

ILKOVIC equation, validity of, in polarographic
analysis of alkali metals..........................................  1297

Imidazole, prepn. of 4 (5)-hydroxymethyl-, 463;
tautomeric character of, ring..................................  1167

Imino acids, cyclization of ureido derivs. of dibasic. . 1686
0-Iminonitriles, hydrogenation of............................... 150
Immersion, energy of, of crystalline powders.............  1190
Indanol, a- and 0-, from indene...................    912
Indanone derivatives, prepn. of.................................  2439
Indene, a- and 0-indanol from, 912; vapor pressure

of......................................................   2501
Indenones, structure of certain highly arylated, and

their behavior with Br2..............................   2127
Indium, chemistry of..................................................  953
Indium trihalide, structure of..................................... 2514
Indium salicylates, basic............................................. 2234
Indophenol, charcoal as a factor influencing the,

reacn..........................................................................  2276
Industrial chemistry, Industrial Instruments for 

Measurement and Control (Rhodes, book re­
view) .........................................................................  728

Inorganic chemistry, Technology (Badger, Baker, 
book review), 1237; A Course of Instruction in 
the Qual. Chem. Analysis of Inorg. Substances
(Noyes, Swift, book review)..........................   2522

Inositol, tetrahydroxyquinone and rhodizonic acid
salts from oxidation of, with HNO3......................... 67

Insecticide, principle in bark of southern prickly 
ash, 187; properties of certain azo derivs. of 3,2'-
nicotyrine.......... .......................................................  2835

Invertase activity, in identical liquid and frozen
mixts...............     2577

Iodate, mobility of ion, 7; reduction at dropping Hg 
electrode, 1044; reduction in neutral and basic
media...................   1970

Iodides. (See also Halides.) transference no. of KI,
682; exchange reacn. between alkyl, and iodide 
ion.............................................................................  940

Iodine. (See also Halogens.) production of at., in 
reacn. of peroxides with I, 161; transference nos. 
of KO from e. m. f. of iodide-, gravity cells, 682; 
addns. in glacial AcOH, 709; photolysis of acet­
aldehyde and, mixts., 889, 893; complex forma­
tions between, and ju-mercapto-dihydroglyoxa-
lines........................................ . . . . .........................  2706

Iodine compounds. (See also Iodides.) 3',5'-diiodo- 
thyronine, 1070; kinetics and mechanism of 2,6-

diiodotyrosine formation, 1147; iodinated aracyl 
esters for radiography, 1436; synthesis of radio­
active Mel, 2293; soly. of KIO3 and Zn(I03)2 in 
dioxane-water mixts., 2305; the monoiodo deriv. 
of m-diphenylbenzene, 2485; photoöxidation of
M el...............................    2500

Iodine monochloride, system KCl-r............................  2620
Iodine pentafluoride, a dioxanate of........................... 2727
Ionic equilibrium, as Applied to Qual. Analysis 

(Hogness, Johnson, book review)........................... 1492
Ionization. (See also Conductivity; Debye-Hückel 

theory.) secondary, of selenic acid, 1054; consts. 
of propionic acid, 1480; and dissocn. by electron 
impact in n-butane, isobutane and ethane, 1588; 
of n-PrCl and £-BuCl, 2766; of propylene, propane 
and isobutylene, 2769; revised consts. for the 
Debye-Hückel theory, 2724; const, of morpholine. 3043 

Ions. (See also Activity coefficient; Electrolytes; 
Reaction velocity.) assocn. of ferric, with chloride, 
bromide and hydroxyl, 335; apparent volumes of 
individual, in aq. soln., 668; ionic competition in 
base-exchange reacns., 954; complex, 1630; limit­
ing ionic mobilities of univalent, 1635; ionic nature 
of the Grignard reagent, 2865; molar dispersion 
and refraction of free and bonded, 3023; diffusion
of electrolytes and, in their mixts., (corrn.)...........  3067

Iron, ferric ion reacn. with orthophosphate and 
thiocyanate, 291; catalysts in decompn. of NH3.741, 745 

Iron chloride, system: FeCl3-NaCl, 241; elec.
moment of FeCl3.....................................................  2076

Iron compounds, assocn. of ferric ions with chloride,
bromide and hydroxyl ions.....................................  335

Iron oxide, reacn. of, (II) in liquid NH3...................  2772
Iron sulfate, sp. heat of FeSÜ4...................................  2949
Isatin, reacn. of PhMgBr with N-Ph-.......................  1736
Isoamyl bromide, dielec, behavior of, (corrn.).......... 3067
Isobutane, ionization and dissocn. by electron im­

pact in........................................................................  1588
Isobutene, photochemistry of, 1; vapor pressures 

and crit. consts. of, 546; compressibility of and an 
eq. of state for gaseous, 548; hydration in dil.
HN03.......................................................   1938

Isobutyl bromide, dielec, behavior of, (corrn.).......... 3067
Isobutylene, ionization and dissocn. of, by electron

impact.............................................    2769
Isocyanide, mol. structure of Me.............    2952
0-1sodurylaldehyde cyanohydrin, reacn. with Ph­

MgBr........................................................................  1724
Isoguanine, absorption spectra of..............................   1604
Isomerism. (See also Rearrangement.) diastereo-, of 

the 9,10,12-trihy droxystearic acids and the geo­
metric configurations of ricinoleic and ricinelaidic
acids............................................................    2253

Isomerization. (See also Rearrangement.) studies of 
sterically hindered carbonyl compds., 1619; of 
0-carotene, 1856, (corrn.) 3071; in the Reformat­
sky reacn..................................  2131

Isomers, heats of hydrogenation of pairs of stereo-,
1395; stereo-, of diphenyloctatetraenes, 2755; 
dielec, consts. of some pairs of diastereomers
(corrn.)................................................................... . 3067

Isonaphthazarin, condensation of 0-cyclogeraniol
with leuco-................................................................ 1979

Isopentane, heat capacity and vapor pressure hys­
teresis of liquid, 1034; thermodynamics of,
1039, (corrn.).......................   3069

Isopropanol, peroxides in...................  3049
Isopropenyl ketone, polymer of Me, 92; phys. consts.

of Me........................................................................  2224
Isopropyl alcohol, ternary systems of cyclohexane,

water and........................      1886
Isopropylamine, characteristics of 0-(2,5-dimethoxy-

phenyl) -0-hydroxy-, hydrochloride........................  3040
Isopropylidene-n-fucitol, 2,3,4,5-di-.......................... 982
Isopropylidene group, in osage orange pigments. . . . 308
Isopropyl ketone, enolizing and reducing action of

Grignard reagents on di-.........................................  1239
Isoquinalaldehyde, condensation reacns. of..............  2430
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Isoquinoline, derivs. of amino-, 783; deamination
of 5-amino-8-nitro-...............................................

Isotopes. (See also Deuterium; Radiocompounds.) 
chem. sepn. of..........................................................

JOULE-Thomson effect, in C02............................

KETENE, action on 5,5-dibromoxyhydrouracil, 306;
condensation products of, with ketones..................

Ketene acetals....................... .254, 260, 1059, 1966,
«-Keto alcohols, PbAc4 cleavage of cyclic...............
2 '-Ketodihy dro-1,2-cyclopentenophenanthrene......
/3-Keto esters, prepn. of some......................................
Keto ethers.............................................. . . .  .1222,
Ketones, «,/3-unsatd., 76; photochem. decompn. of 

cyclic, 80; polymer of Me isopropenyl, 92; intra­
mol. aldol condensation in unsatd., polymers, 
177; Y-phenoxypropyl p-anisyl, 186; 3,6-diketo 
sterols and their reduction products, 219; catalytic 
hydrogenation of alkyl Ph, 520; enolizing and 
reducing action of Grignard reagents on diisopropyl 
1239; Me-/-butylneopentylcarbinyl, 1242; con­
taining the dineopentylcarbinyl group, 1247; 
Grignard derivs. of alkyl dineopentylcarbinyl, 
1251; parachors of normal, 1294; Me triethylcar­
binyl, 1618; use of alkoxy, in quinoline synthesis, 
1897; condensation products of ketene with, 2216; 
stereoisomeric bromo 1,4-dimesityl unsatd. 1,4- 
di-, 2426; amino ales, and 1,3-diamino compds. 
from /3-amino, 2432; ortho alkylation and aryla­
tion of mesitylaryl, 2446; conversion of unsatd.
1,4-di-, into furans and hydroxyfuranones, 2585; 
photochem. decompn. of n-Bu Me, 2676; solubili­
ties of some isomeric, in water, 2742; reacns. of 
acrylonitrile with, 2850; reacn. of w-BuMgBr with 
some aromatic, 2862; 1-methoxyethyl alkyl, 2882; 
alkylation of 2-methylcyclopentyl Ph (corrn.). . . .

Keto-sarsasapogenin..................... .............................
Ketoses, new synthesis of, and their open chain

(keto) acetates........................................................
Kojic acid, magnetic susceptibility of metallic salts 

of................................................. ............................

LACTAMIDE, d. and sp. heat of...........................
Lactobacillus casei, growth stimulating substance for. 
/3-Lactoglobulin, hydration of, crystals, 2393; X-ray 

and optic measurements on, 2504; digestion of, by
pepsin................................ . . . . . ..........................*

Lactose, syntheses of, and its epimer, 1490; syn­
theses of epi-, and................................ ...............

Lead, alkylation of «-naphthoquinones with esters
of tetravalent, 2043; at. wt. of. .............................

Lead bromide, activity coeffs. of__ ; ........................
Lead compounds, disproportionation of R6Pb2 

compds., 462; diazotization of an aminoaryl, 1007;
plumbic acetate-anhyd. AcOH solns.....................

Lead oxides, heat capacities of red and yellow Pb
monoxides at high temps., 617; studies of.........

Lead tetraacetate, cleavage of cyclic «-keto ales., 
1416; methylation of aromatic nitro compds. with.

Lepidine, nitration of, and 2-chloro-.........................
Leuconostoc mesenteroides, dextran synthesized by ac­

tion of, on sucrose.................................... ...............
Liebig, and after Liebig (book review)......................
Lignin, hydrolytic derivs. of, volatile compds., 22;

vanillin from, materials..........................................
Linoleic acid, conjugated material formed in bleach­

ing of, 988; a new........................................... .
Linseed oil, alkylation of............................................
Liquid. (See also Fluidity.) direct measurement of 

spreading pressures of volatile org., on water. . . . .
Lithium hydroxide, conductance of aq......................
Litsea longifolia Bth. & Hk., seed fat of........
Lithium nitrate, systems: NH4N 03-, and NH4NO3-

H20 - .......................................................................
“Luminol,” synthesis of dihyd'roxyquinoxalines iso­

meric with............................ ............ ......................
Lupeol, isolation from osage orange..........................

Lycopene, pro-.................   1075
Lycopodium saururus, alkaloids from........................  968

MACROMOLECULAR disorder, in linear poly­
amides..........................................      2399

Magnesium compounds. (See also Grignard re­
agents.) reacn. of epichlorohydrin with EtMgBr, 
484; BrMg enolates of Me-/-butylneopentylcar- 
binyl ketones, 1242; Grignard derivs. of BrMg eno­
lates of alkyl dineopentylcarbinyl ketones, 1251; 
reacn. of 0-isodurylaldehyde cyanohydrin with 
PhMgBr, 1724; reacn. of PhMgBr with N-phenyl­
isatin, 1736; composition of alkylmagnesium chlo­
ride solns. in Et ether, 2509; reacn. of w-BuMgBr 
with some aromatic ketones, 2862; reacns. of
benzylmagnesium chloride..................................... 2968

Magnesium sulfate, surface tension of, solns., 2744;
sp. heat of, at low temp............ .............. . 2949

Magnetic susceptibility, of cis- and trans-decalin, 717;
of complex kojates..................     963

Magnetic rotation. See Optical rotation.
Magnetism, and the 3rd law of thermodynamics . . . .  1535
Maleic acid, copolymerization of alkyl maleates....... 1675
Maleic imide, ^-bromophenylhydroxy-................  2600
Malonic acid, dibromo-0-xyloquinone and Na, ester,

528; alkylation of, esters by alkyl carbonates, 578; 
action of monoethanolamine on Et bromomalonate,
1010; malonic ester synthesis and Walden inver­
sion. ..........................................   2606

Maltoside, stability of /3-Me-, toward hot alkali.__  2871
Mandelic acids, prepn. and bacteriology of substi­

tuted. . . ........................................    2080
Manganese, high-temp, heat content of......... ............. 1770
Manganese compbunds, high-temp, heat content of 

Mn3C>4, MnSi03 and Mn3C, 1769; heat of forma­
tion and high-temp, heat content of MnO and
MnS04........... .................................    1770

Manganese sulfate, sp. heat of, at low temp.............  2949
Manganous fluoride, heat capacity of........................  1535
Manganous hydroxide, autoxidation of....................  1866
Manganous nitrate, temp.-compn. and vapor pres­

sure-temp. relations of H20 -, system...........1443, 1445
Mannich reaction, prepn. of /3-keto amines by....... . 451
D-Manno-D-gala-heptose, and derivs......................   247
D-Mannosan< l ,5>/3< 1,6 >,  anhydro deriv. of, 925;

from /3-phenyl-D-mannoside..................................... 1483
Marihuana activity, tetrahydrocannabinol homologs

and analogs with................... ........... . 694,2653
Mass spectra, of w-PrCl and /-BuCl, 2766; of iso­

butylene, propane and propylene......................... . 2769
Mass spectrometer, kinetics of gaseous reacns. by

means of.........................................   994
Medicinal Products, Chemistry of Org. (Jenkins,

Hartung, book review)...............    1012
Medicine, Phys. Chemistry for Students of Biochem­

istry and (Ferry, book review)................................ 3061
Menschutkin reaction, study of, using radioactive H

as tracer............................    2294
Mercapto-thiazolines, Ph-...........................................  2487
Mercuric oxide, soly. relations of, in HCl.................  2380
Mercurous bromide, e. m. f. of, electrode............ 3021
Mercury, accommodation coeff. of, on Pt, and heat of 

vaporization of, 2190; attachment and detachment
of dropping, under various conditions.................... 2553

Mercury compounds, elec, moments of org. Hg hal­
ides in dioxane, 830; reacns. involving O, H20 2 and,
852; identification of amides through the Hg de­
rivs....................................     1738

Mercury electrode, dropping, behavior of tocopher­
ols at, 447; quinone behavior at, 644; ampero­
metric titration of «-tocopherol at, 646; electro­
reduction of water at, 833; reduction of per­
rhenate ion at, 1001; reduction of iodate and bro­
mate at, 1044; in AcOH, 1303, 2177; reduction of 
unsatd. hydrocarbons at, 1765, 2365; reduction of
iodate and bromate at........... .......................... 1970

Mercury (II) salts, reacns. between sym-diphenyl- 
triazene and..............................................................  935

2442

2613
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Mesidine, prepn. of N-succinyl-N-Et-3-bromo-,
(corrn.).................... . ........... , . . ..............................

/3-Mesitoylacetylene glycol, prepn. of «-ö-methoxy-
phenyl-................................ .............................. .

Mesitoyl compounds, reacn. with Grignard reagents. 
Mesitoylmethane, properties of o-methoxybenzoyl-. . 
Mesityl aryl ketones, ortho alkylation and arylation

of.. ... . . . . . .......... .. ..... . ........... .......... .
Mesityl-1,2,4-butanetrione enol, acylation of 1,4-di-. 
Mesitylene derivatives, 2573; Raman spectra of . .. . 
Mesityl ketones, stereoisomeric bromo 1,4-dimesityl

unsatd. 1,4-diketones.. . . . ............... . . . ......... . • • •
Mesityl-3-methyl-1,2,4-butanetrione enol, prepn. and

alkylation of 1,4-di-............. ....................
Mesityl oxide, oxonium complex const, of, 1117;

hydration of. . . . . . . . . . . . . . . . . .  ............ . . ............
Mesityl-1-propen-1-ols, isomeric bromo-l,2-di-.......
Metalation, alkyl carbonates as solvents for, reacns.
Metal nitrates, activity coeffs. of bivalent...............
Metals, reproducible contact angles on reproducible, 

surfaces, 494; Phys. Examn. of, Vol. II, Elec. 
Methods (Chalmers, Quarrell, book review;, 2519; 
chem. sepn. of H isotopes by addn. of, to water,
acids and bases . . ............................... . ........ .

Metanilamide, soly. of. . . . . . . . . . . . . . . . . . . . . . . . . .  .
Methane, fiuorochlorobromo-. . ............ ................
Methanol, standard potential of Ag-AgBr electrode 

in, 517 ; periodate oxidized starch reacn. with, 589; 
temp, and compn. coeffs. of d., refractive index and 
viscosity of dioxane-, system, 1207; b. p.-compn.
data of dioxane-, system............. .

Methemoglobin, heat of org. reacn. between, and sali­
cylate....... ......... ...................................................

Methene, di-N-methyldipyrryl-.................... ......... . .
^/-Methionine, synthesis of....................... . ..........
Methoxyl, effect of, toward stabilizing ene-diols.....
Methylamine hydrochlorides, activity coeffs. of.......
Methylalcohol. See Methanol.
Methylation, of aromatic nitro compds. with PbAc4. . 
Methylenecyclobutane, structure of. . . . . .  . . . . . . . .
Methylenedioxybenzene series, studies in . ......... .
Methylenedioxy rings, base-catalyzed cleavage of...
Methyl iodide, photoöxidation of. . ............ ...............
Methyl isopropenyl ketone, phys. consts. of....... .
Methyl mercaptan, thermodynamics of....................
Microchemistry, Micromethods of Quant. Org. 

Analysis (Niederl, Niederl, book review), 2729; 
Introduction to Microtechnique of Inorg. Analysis
(Benedetti-Pichler, book review)............................

Microscope, Electron (Burton, Kohl, book review). .
Milk, a Cu bearing protein from cow’s ................
Mimulus longiftorus Grant, formation of pro-carote­

noids in. . . .............................................
Mineral membranes, electrochem. properties of... . . 
Molecular volume, of d/-<*-alanine, /3-alanine and lact- 

amide, 191; apparent, of individual ions, 668; of 
solutes, 758, 761; apparent, of aq. H2SO4 solns.,
1878; partial, of NiS04 solns.. ...........

Molecular weight, of polynuclear aromatic compds., 
425; mechanical properties of substances of high, 
1323, 1330; random reorganization of, distribution
in linear condensation polymers..... ................

Molecules. (See also Crystal Structure; Polarization ) 
bi-, reduction of hindered aldehydes, 30; structures 
of some Si poly halides, 62; intra-, condensations in 
polymers, 269; orientation of substituents in aro­
matic, 900; dipole moment and resonance in 
heterocyclic, containing N and S, 1130; viscosity 
of dil. solns. of long-chain, 2716; dissocn. of org., 
into radicals and ions, 2801; structure of Me iso­
cyanide, 2952 ; size distribution in linear condensa­
tion polymers, (corrn.) 3067; vitrification and
crystallization of org., (corrn.). ............................

Molybdenum blue, compn. and structure of.............
Molybdenum compounds, catalyst from, in oxidation

of naphthalene............... . . .....................................
Morphine, N-allylnor-...................... .........................
Morpholine, sp. heats of, and aq. solns., 679; some

reacns. óf, 2506; ionization const, of, in water,
3043; deriv. of. . ..........  ........... . 3051

Morpholine compounds, benzylidene amino-............  2502
4-Morpholinealkyl esters, and amides possessing anti-

spasmodic activity...................................................  970
/3-Morpholinobenzilacetone, prepn. of...............   2432
Musk, chem. constitution of American.....................  144
Mutarotation, of glucose in aq. MeOH solns., 236; of

a-D-glucose in dioxane-water mixts. . ..........   1010
Mydriatics, synthetic................ .........................428, 431

NAPHTHALENE, derivs. of, 94; cadinene derivs., 
417; oxidation of some, 425; polyphenyl, 557, 559; 
l,2-diphenyl-3,4-dihydro-, 727; derivatives, 974; 
arsine oxides of, 1064; antihemorrhagic activity of 
sulfonated derivs. of 2-Me-, 1096; prepn. and 
resolution of N-succinyl-l-Me-amino-2-Me-, and 
N-succinyl-l-Me-amino-4-chloro-2-Me-, 1475; ni­
tro vinyl-, 1739; viscosity of cis- and trans-deca,- 
hydro-, 1912; enolization of some keto-, derivs., 
2131; amylsodium-, reacn., 2250, (corrn.) 3073; 
reduction of, derivs., 2365; mixed heteropoly acid
catalysts for vapor phase air oxidation of.............  2917

2,7-Naphthalenedialdehyde, synthesis of......... . 2343
2,3-Naphthalic acid, diethyl 1,4-dihydroxy-, ester. . . 798
Naphthenic acid, “trans”-2,2,6-Me3-cyclohexane-

carboxylic acid from petroleum........................... . 385
Naphthohydroquinones, water-soluble compds. with

antihemorrhagic activity........................   2657
1-Naphthol, derivs. of 2-propionyl-....... . . . . . . . . . .  2578
Naphthoquinones, identity of red pigments in roots of 

Tripterygium wilfordii and Celastrus scandens as,
182; 2-Me-l,4-, derivs., 725; alkylation of with
tetravalent Pb esters.....................   2043

Naphthyl groups, effect of, in dissocn. of hexaaryl­
ethanes. . . . . .  . . . . ................................................... 1824

Naphthylidene sulfanilamide derivatives, certain. . . 2230
Neopentyl bromide, acetylenic analog of . .................  543
Neopentylcarbinol, t-amyl ale. and the related di­

methyl-.....................................................................  2970
Neopentylcarbinyl ketones, Me-/-Bu~, 1242; di-,

1247; Grignard derivs. of alkyl di-............... . 1251
Neopentyl systems, reacns. of certain, with electro­

philic reagents..............     2633
Nepetalic anhydride, in catnip oil................   1828
Nephelometry, detn. of low solubilities. . . . . . . . . . . .  101
Nickel, absorption spectra of para- and diamagnetic, 

complexes, 181; catalytic conversion of para-H on,
1594; configuration of org. coordination compds.
of........ ..................    1924

Nickel cyanides, reduction of complex. .....................  1187
Nickel(II) ions, of diethylenetriamine.................   686
Nickel nitrate hexammoniate, heat capacity and heat

of transition of. . . .  .............................    629
Nickel sulfate, partial molal volumes of, solns.......... 2379
3,2'-Nicotyrine, insecticidal properties of certain azo

derivs. o f.................. . . . .......................... ..............  2835
Nitrates, activity coeffs. of bivalent metal...............  1469
Nitration, of halobiphenyls, 1848; of certain dinitro- 

biphenyls, 2225; of lepidine and 2-chlorolepidine,
2417; of 4-PhPh benzoate. .....................................  2505

Nitric acid, thermodynamic study of, 48, (corrn.). . . 3069 
Nitriles, hydrogenation of jS-imino-, 150; condensa­

tion of alkyl carbonates with, 576; absorption spec­
tra and X-ray examn. of isomeric glucono-, 1950;
chemistry of acrylo-................................... .2457, 2850

Nitrobenzene, diazotization of, 19; mechanism of 
“aromatizing” diene reacns. in . ..........   176

Nitro compounds, Raman spectra of, 1181; utiliza­
tion of aliphatic, 1063, 1735; methylation of aro­
matic, with PbAc4, 2052; dipole moment, induc­
tion and resonance in nitroethane and some chloro­
nitroparaffins .................. ............................ .............  2829

Nitrogen, thermodynamics of, at high pressures, 44; 
adsorption in NH3 decompn., 751; divalent, 860; 
dipole moment and resonance in heterocyclic mols. 
containing, 1130; sulfanilamido derivs. of, petro- 
leutn bases, 1499; org. B-, compds., 1584; N-Q-N
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system in N 1-heterocyclic sulfanilamides, 2532; ap­
parent energy of the N -N  bond from heats of com­
bustion................ . . ................................... 2369

Nitrogen compounds, in petroleum distillates, 909,
2753; prepn. and properties of trimeric phospho­
nitrilic chloride, 2377; An Outline of Org. (Deger­
ing, Bordenca, Gwynn, book review)........... 2729

Nitrogen oxides, oxidation of cellulose by N 02, 121,
127; action of NO on pentaphenylethane, 860;
structure of N20 ........................... ................. 1184

Nitromethane, heat capacity of................ . . . . .........  1224
Nitroparaffins, surface tensions, densities and para­

chors of aliphatic......................... .............. 2540
^-Norcholenyldiphenylcarbinol, prepn. and dehydra­

tion of 6-methoxy-......... .....................................   2115

10,12-OCTADECADIENOIC acid-1, solid. . . . . . . .  1580
Octadecanenitrile, pressure-area-temp, and energy

relations of monolayers of........................... 1600
Octadecanoic acid, synthesis of 17-Me-.. . . . . . . . . . .  1106
Octadecenoic acids, derivs. of........................... . 1061
Octadecylamine, H20 -, system . ................................. 1516
A9'10~Octalin, oxidation product of............................  720
Octane, heat capacity of an, 179; compressibility of

liquid n- . . . . . . . . .  .............. .................................... 1822
Octatetraenes, stereoisomeric diphenyl-........ . 2755
Octene-2, 3,7-dimethyl-..............................     1484
Octylamine, conductivity of, 772; H20~, system. .. 1516
N-Octylpiperidine, phys. consts. of............... ........... 2511
«-Octyl sodium, prepn. of. . . . . .   ................... . 2239
Oils, conjugated material formed in bleaching vege­

table, 988; sterols of alfalfa seed. . ................... .. 2488
Olefins, reduction of acetylenes to, 363; conjugated 

di-, hy double bond displacement, 826; non­
peroxide catalysts for S02~, reacn., 1229; rear­
rangements, 1733; reduction of Ph substituted, at 
dropping Hg electrode, 1765; restricted rotation in
aryl......... .............................................. 1786, 1791, 1795

Optically active compounds, vasopressor amines,
1449; attempted asymmetric syntheses involving
the Grignard reagent in, solvents............... ..........  2842

Optical rotation. (See also Mutarotation.) of aq.
Ce salts, 412; temp, effects on validity of Hud­
son’s rules of iso-, 1626; of d-l-deutero-2-methylbu-
tane, 2563; configuration of glutamic acid. ..........  2035

Organic chemistry, A Brief Course in (Fuson, Con­
nor, Price, Snyder, book review;), 189; Theory of 
(Branch, Calvin, book review), 474; Introduction
to (Williams, book review) 728; Organic Reactions,
Vol. I (Adams, book review), 3062; Org. Syntheses 
(Smith, book review), 3063; A Shorter Course in 
(Colbert, book review), 3063; Introductory (Wert-
heim, book review).................................. ............... 3063

Organic compounds, Solubilities of (Seidell, book re­
view), 1014; identification of, 1017; adsorption of,
1513; Reagents in Inorg. Analysis (von Stein, book
review).......................................... ...... ....................  1984

Organic Syntheses, Coll. Vol. I (Gilman, Blatt, book
review)......................    1492

Orthanilamide, soly. of.........  ..............................  2464
Orthoformic acid, prepn. of tri-w-nitrophenyl ortho­

formate...................     186
Orthophosphoric acid, reacn. of ferric ion with........  291
Osage orange pigments............................................308, 311
Osage orange, isolation of lupeol from....................... 2539
Ouabain, structure of.    ............................ ............. 720
Oxalic acid, reduction of V2O5 by, 1462; activity

coeffs. of (corrn.).....................................................  3069
Oxalyl chloride, reacn. with paraffin hydrocarbons,

329; and unsatd. carbons, 333; peroxide-catalyzed 
reacn. of, with side-chains of aralkyl hydrocarbons. 1621 

Oxazole, 2-Ph-, and derivs., 785; ^-substituted de­
rivs. of 2-Ph-............................................................  2444

Oxidation. (See also Dehydrogenation.) of Et cellu­
lose, 9i of, ethers, 15; of cellulose by N 02, 121,127; 
of osage orange pigments, 311; of vitamin C, 358; 
of triethylbismuth, 392; of polynuclear aromatic 
compds., 425; periodate, of 1,2-glycols, 552;

starch, with periodic acid, 585; catalysis in, of 
hydroxylamine, 731; of /3-pinene with Se02, 1008; 
enzymatic, of ascorbic acid, 1212; Mechanisms of 
Biol. (Green, book review), 1236; of benzophenone 
oxime, 1453; processes, 1561; auto-, of Mn(OH)2, 
1866; antioxidants and auto-, of fats, 2337; oxida­
tive cleavage of vinyl ales., 2886; mixed heteropoly 
acid catalysts for vapor phase air, of naphthalene,
2917; of amino acids by H20 2 in formic acid.......... 3054

Oxidizing power, of air exposed coal..........................  1809
Oxime, oxidation of benzophenone.............................  1453
Oxindoles, synthesis from rhodanine-, of keto and 

mercapto derivs. of cinchoninic acid.....................  1669
Oxonium complex constant, of mesityl oxide. .. 1117, 1122
Oxygen. (See also Oxidation.) reacns. involving 

amalgams, H20 2 and, 852; absorption induced by 
ether linkages, 1354; absorption of, by glutathione 
in alkaline solns., 2282; sp. rate of the reacn. O3 +  
B r" -* ....................... .................................. . 2468

PALLADIUM, catalytic conversion of para-H on. . 1594 
Palmitic acid, adsorption of, by potato and corn and

rice starches.    ....... ............................................  2144
Paracelsus, Four Treatises of Theophrastus von

Hohenheim Called (Sigerist, book review). ..........  1237
Parachors, study of org., 1294; of aliphatic nitro­

paraffins.........................................................   2540
Paraffins. (See also Alkanes; Hydrocarbons.) alky­

lation of, with AICI3, 33; surface tensions, densi­
ties and parachors of aliphatic nitro-, 2540; dipole 
moment, induction and resonance in chloronitro-. . 2829 

Parathyroid, phosphatase activity of, hormone. . . . .  2759
Peimine, prepn. of (corrn.)...................................... . . 3069
Peiminine, prepn. of (corrn.)............................ . 3069
Pentacene, synthesis of 6,13-diphenyl-....................... 1253
Pentacenequinone, Grignard reagent action on......... 1253
Pentadecylamine, 8,9,15-trihydroxy-, from aleuritic

acid....................   1902
1,3-Pentadiene, prepn. of 4-Me-....................... .........  787
Pqntane, heat capacity data for gaseous 2,2,4-Me3-,

179; dielec, behavior of chloro-, 737; prepn. of d-1- 
deutero-2-Me butane and study of its optical rota­
t ion . . . . . ............................   2563

Pentryl analogs, intermediates of...............................  1285
Pepsin, digestion of /3-lactoglobulin b y ............... 2664
Peptides, dielec, increments of amino acid poly-, 1379; 

dielec, investigation of poly-, 1870; some diamino. 2231
Perinaphthane derivatives, reacns. of..........................  917
Periodate oxidation, of 1,2-glycols.............................. 552
Periodic acid, starch oxidation with.......................585, 589
Peroxides, reacn. with I~ to form at. I, 161; addn. 

polymerization catalyzed by substituted acyl,
1103; alkylation of para quinones with acyl, 2060;
catalysts for, decompn.............................................  2492

Perrhenic acid, reduction of perrhenate ion..............  1001
Petroleum. (See also Hydrocarbons.) second solid 

naphthenic acid from, 385; distillates, N compds. 
in, 909, 2753; sulfanilamido derivs. of N bases 
from, 1499; Chem. Refining of (Kalichevsky, Stag­
ner, book review)......................................................  3062

Pfitzinger reaction, use of alkoxy ketones in quino­
line synthesis by.........................   1897

Phase transitions............................................. 629
Phenanthraquinone, complete hydrogenation of....... 2022
Phenanthraquinonimine, reacn. with aldehydes,

2567; reacn. with Schiff bases...........................   2569
Phenanthrene, soly. of, 101; oxidation of, 425; de­

rivatives, 536, 974; hydrogenation of derivs.........  1985
Phenanthrenes, 9-vinyl-, 69; synthesis of 3-acetyl-1- 

Me-, 1225; synthesis of 2'-ketodihydro-l,2-cyclo- 
penteno-, and derivs. of phenanthro(l,2-Ö)furan, 
1421; stereoisomeric forms of the perhydro-, ring, 
2014, (corrn.) 3071; enolization of some keto-, 
derivs., 2131; synthesis of certain 2-substituted, 
2221; structure of Skita’s “decahydro-9,10-di­
hydroxy-” .................................... ............................. 3046

9-Phenanthrol, hydrogenation of, 2014, (corrn.), , , . . 3071
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Phenethylamines, 2859; a,/3-dialkyl-, 533; physiol.
active, containing a 2-hydroxyl.. ...........................  2451

Phenol, kinetics of n-BuBr-, reacn., 226; compd. 
formation between the isomeric phenyl-, and pyri­
dine, 2625; A1C13 in condensation of Me dipropyl
carbinols with, 2655; nitro-4-phenyl-.....................  3057

Phenolphthalein, kinetics and equil. of carbinol
formation of.....................    2312

Phenothiazine, vapor pressure of...............................  3035
Phenylacetone, alkylation of..................................... 533
Phenyl amyl sulfide, synthesis of ^-hydroxy-...........  2322
Phenylethane, action of NO on penta-, 860; synthesis 

of di-, derivs. related to materials occurring natu­
rally..................................     2962

Phenylethylene, sym -p,p '-dichlorotetra-.................... 2726
Phenylhydrazine, use of, in characterizing org. acids,

470; reacn. product of, and Et cyanoacetate, 2133; 
vapor pressure of, as function of temp., 2776;
photodissocn. of, in a rigid solvent...............  2801

^-Phenylphenacyl acid, esters of octadecenoic acids. . 1061 
p -Phenylphenacyl bromide, sulfonium derivs. of. . .  . 1165
Phenylphenols, nitro-4-............................   3057
4-Phenylphenylacetic acid, chlorination of...............  2219
4-Phenylphenyl benzenesulfonate, chlorination of. .. 2719
4-Phenylphenyl benzoate, nitration of, 2505; chlori­

nation of.........................................................   2719
4-Phenylphenyl chloroacetate, bromination of. . . . . .  2449
Phenylsulfone, ^-cyclohexylphenyl-....................  1489
Phosphatase, activity of the parathyroid hormone.. 2759
Phosphine, prepn. and properties of Me2- .................  718
Phosphonic acids, prepn. of öis-aryl-.........................  2982
Phosphonitrilic chloride, prepn. and properties of tri­

meric................... .....................................................  2377
Phosphorescence. (See also Fluorescence.) beta, of

fluorescein in acid soln...................................    1916
Phosphoric acid, action of, on 2-butanol, 1025; aquo

ammono.............................................................1337,1553
Phosphorus, heat of fusion and heat capacities of 

white, 839; cyanates and thiocyanates of. . . . . . . .  1757
Phosphorus halides, elec, moments of P trihalides in

dioxane, 614; radio halogen exchanges in.............  850
Phosphoryl triamide, N-substituted derivs. of, and

thio-, as H bonding agents................   1553
Phosphorus tribromide, reacn. of 3-bromo-2-butanols

with...........................................................................  2791
Photoactivation, of adsorption of H on TI1O2..........  1731
Photochemistry. (See also Bromination; Chlorina­

tion; Hydrolysis; Oxidation; Photolysis; Rays; 
Reduction.) of isobutene, 1; decompn. of cyclic 
ketones, 80; reacn. of oxalyl chloride with paraffin 
hydrocarbons, 329; of Gases (Noyes, Leighton, 
book review), 476; water effects in bromination of 
acetophenone, 887; attempt to detect free hydroxyl 
as an intermediate in, reacns., 2499; studies, 2676;
reversible, processes in rigid media........................  2801

Photodecomposition, vapor phase, of Me formate.. . 1820 
Photographic developers, effect of Ag on autoxidation

o f . . . . . . . ..........................   1561
Photolysis. (See also Light, Photochemistry?) of Me 

acetate, 490; of diacetyl, 717; of aliphatic alde­
hydes ........................... ........................................889,893

Photoöxidation, of M el....................   2500
Photosynthesis, radioactive H in chlorophyll...........  3037
Phthalaldehydes, new synthesis of............................. 315
Phthalein, carvacrol-...........................................   2538
ö-Phthalic acid, polarographic study of, and phthal-

ates, 660, (corrn.)..................................................... 3069
Phthalic anhydride, A4-tetrahydro-, in synthesis of

4,10-ace-l,2-benzanthracene.................................... 802
Physical chemistry, Kurzes Lehrbuch der (Ulich, 

Cruse, book review), 475; an Introduction (Moel­
wyn-Hughes, book review), 730; Treatise on (Tay­
lor, Glasstone, book review), 1743; Elementary 
(Randall, Young, book review), 3059; chemistry 
(Gucker, Meldrum, book review), 3059; for Stu­
dents of Biochemistry and Medicine (Ferry, book 
review), 3061; Exptl. (Palmer, book review), 3065; 
Practical (Findlay, book review)..........................  3065

/3-Picrylhydrazine, dipole moment of a,a-diphenyl-. . 1179 
Pigments. (See also Colors; Dyes.) osage orange, 

308,311; distribution of carotenoid, 1440; antho­
chlor..........................................................................  1704

Pinacol, periodate oxidation of....................................  552
Pinacolyl alcohol, equil. of olefins from......... ...........  1733
Pinene, oxidation of (3-, with SeC>2, 1008; reacns. of

0-, 1807; system a- and /3-....................................  2978
Pine tar, resin acids from.................  871
N,N' - Piperazinium bis - (2 - methyl - 5 - isopropyl-

benzenesulfonate)..................................................... 1741
Piperidines, some phys. consts. of N-octyl-, N-do­

decyl- and N-cetyl-..................................................  2511
/LPiperidinobenzilacetone, prepn. of......................... 2432
Piperonylamides, N-substituted...............    1741
Pirylene, constitution of.................................... 2692, 2693
Pituitary glands, phys.-chem. of the interstitial cell

hormone from sheep............... ........................... . . 367
Platinum, catalytic conversion of para-H on, 1594; 

accommodation coeff. of Hg on, 2190; sorption
of CO on............................   2610

Podocarpic acid, structure of......................................  928
Poison ivy, toxic principles of........................  3058
Polarization. (See also Electric moments.) electrode, 

in dielec, const, measurements, 624; solvent, error 
in dipole moments............................................ .. . 2988

Polarography, study of o-phthalic acid and phtha- 
lates, 660, (corrn.) 3069; investigation of Re 
compds., 1001, 2182; analysis of alkali metals,
1297; detn. of citrinin, 1490; reduction of Ph 
substituted olefins and acetylenes, 1765; Method 
of Analysis (Müller, book review), 1983; reduc­
tion of aromatic polynuclear hydrocarbons, 2365; 
Polarography, Analysis and Voltammetry. Am­
perometric Titrations (Kolthoff, Lingane, book
review)....... ........................................................... 2728

Polymerization. (See also Condensation.) of tri- 
methylaluminum derivs., 316; addn., catalyzed by 
substituted acyl peroxides, 1103; gaseous hydro­
genation and, reacns., 1404; co-, of alkyl acrylates 
and maleates, 1675; of styrene catalyzed by p-
bromobenzenediazonium hydroxide....................  2508

Polymers, structure of vinyl, 92; intramol. conden­
sations in, 269; High, Reacns., Their Theory and 
Practice (Mark, Raff, book review), 1015; theory 
of solns. of high, 1712; temp, and solvent effects 
on viscosity of high, 1557; relation of dielec, 
properties to structure of crystalline, 2164, 2171; 
random reorganization of mol. wt. distribution in 
linear condensation polymers, 2205; structure of 
co-, of vinyl chloride and acetate, 2356; mol. size
distribution in linear condensation (corrn.).......... 3067

Polypeptides. See Peptides.
Polyvinyl chloride, viscosities of, solns., 277; elec.

properties of plasticized............................................ 283
Populin, action on Ph 2,4,6-Me3-|0-D-glucoside.......... 374
Porphine, dipole moment of ms-Ph4- ......................... 2993
Potassium chlorate, molal vol. of........... ....................  758
Potassium chloride, potentials of, transference cells, 

513; limiting equivalent conductances of, in H20, 
1544; relative surface tension of, solns. by a dif­
ferential bubble pressure method, 2476; temp, 
coeff. of the conductance of, solns., 2517; system
IC1-........................................................................   2620

Potassium dihydrogen arsenate, parameters in. . . . .  354
Potassium hydroxide, conductance of aq................... 621
Potassium iodate, conductance of, 7; soly. in diox­

ane-water mixts........................................................  2305
Potassium iodide, transference nos. of......................... 682
Potassium oxalatostannate, prepn. of..........................  1759
Potassium oxyhexafluocolumbate, structure of. . . . .  1139 
Potassium sulfate, sp. heat of, at low temp............... 2949
Potentials. (See also Cells.) of KC1 transference 

cells, 513; standard, of Ag-AgBr electrode in 
MeOH, 517; transference nos. of KO from e. nf. f. 
ofiodide-I gravity cells, 682; molal electrode, of 
Ag-AgCl electrode, 1478; of ytterbic-ytterbous ion 
electrode, 1133, (corrn.) 3071; oxidation-reduction,
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of thallous-thallic salts in aq. HCl solns., 1644; 
elimination of liquid junction, 2071; e. m. f. of 
HgBr electrode, 3021; change in, of Ag-AgCl elec­
trodes with time....................................................  3053

Potentiometry, pH  and Electrotitrations (Kolthoff, 
Laitinen, book review), 1016; titration of dibasic
acids in dioxane-water mixts................................  1153

Powders, energy of immersion of crystalline, 1190;
energy of adhesion and emersion of crystalline. .. . 1195 

Precipitation, fractionation of starch by selective,
with BuOH...............     2957

Pregnanetriol, 20-Me-, and related compds............... 481
Pregnanol-3 (/3),21-diol-20-one, conversion of 17,21-

dibromopregnan-2(/3)-ol-20-one t o . .............   213
Pregnan-3(/3)-ol-20-one, 17-bromo-, 210; rearrange­

ment of 17-bromo-, 216; conversion to e/io-cholan- 
3(]ö)-ol-17-one, 817; 17-Me-, 1273; rearrangement
of 16,17-dibromo-..................................................... 2093

a//o-Pregnan-3(|S)-ol-20-one acetate, rearrangement
of 17,21-dibromo................................................  2089

Pregnanolones, hypoiodate oxidation of....................  1842
aZ/ö-Pregnanone-20, 17-bromo-, and 17,21-dibromo-. 822
5-Pregnen-3-(/3)~ol-20-one, conversion to dehydro-

isoandrosterone, 1276; 21-benzal-..........................  1282
Pregnenolones, H20 2 action on, 468; some 16-alkyl-,

1280; hypoiodate oxidation of.................................. 1842
Pressures, thermodynamics of N at high, 44; direct 

measurement of spreading, of volatile org. liquids
on water, 274; eq. of state for gases at high..........2195

Pro-7 -carotene..........................................................   1173
Progesterones, some 16-alkyl-.....................................  1280
Prolycopene..............................................    1075
Propane, chlorination of 1,1,1-trifluoro-, 1157; 

ionization and dissocn. of, by electron impact. . . .  2769
Propargyl halides, electron diffraction of. . . .  .........  1753
Propiolic acid, prepn. of Ph-.........................................  2510
Propionic acid, ionization consts. of, in MeOH and 

EtOH-H20  mixts., 1480; relative acid strengths 
of formic, acetic and, 2065; acylation of /-Bu 
ester of, 2714; prepn. of /3-(2-Me-6-oxo-l-cyclo-
hexen-l-yl)-.............................................................  3050

Propionylacetic acid, new method for prepn. of Et
ester of..............................     2271

2-Propionyl-1-naphthol, derivs. of..........................  2578
Propoxymethyl alkyl ketones....................................  1222
Propyl alcohol, ternary systems of cyclohexane,

water and...............................   1886
n-Propy famines, dimethoxy and dihydroxyphenyl-. . 2859
Propyl carbinols, condensation of Me di-, with

phenols in presence of A1C13....................................  2655
w-Propyl chloride, ionization and dissocn. of, by

electron impact..................   2766
Propylene, hydrogenation of, 1404; soly. of, vapor in 

H20 as affected by typical detergent, 1556, (corrn.)
3071; ionization and dissocn. of, by electron im­
pact...........................................................................  2769

72-Propylketene diethylacetal, iso-, and..................... 1966
Proteins, prepn. of renin, 561; effect of urea on 

electrophoretic patterns of serum, 1090; electro­
phoresis of crotoxin, 1586; Cu bearing, from cow's 
milk, 1616; Amphoteric Properties of (Cannon,
book review), 2237; electrophoretic study of, in
rubber latex serum. ............   2628

Protons, spectroscopic evidence of intermol. transfer
of........ ..............  2684

Purine, absorption spectra of 2-hydroxy-6,8-di­
amino- .............................................      1604

Pyran, addn. compds. of tetrahydrothio-, 1232; 
d- and l-1 -hydroxy-3-w-amyl-6,9,9-trimethyl-7,8,-
9,10-tetrahydro-6-dibenzo-..........................  2087

Pyranyl, hydantoins containing a tetrahydro-, sub­
stituent.......... .......................................................... 1672

Pyrazole-3-carboxylic acid, l-carbamyl-5-Me-.........  2507
Pyrazole compounds, investigation of........................  2133
Pyrene, some reacns. of, (corrn.)................................  3067
Pyridinecarboxylic acids, esters of, as local anes­

thetics. . . . .........................................................   1721

Pyridines, 3,4-substituted, 1093, (corrn.) 3071; sub­
stituted 2-sulfonamido-5-amino-, 1695; rates of 
reacn. of diacetone-glucose, -galactose and -sorbose 
with ^-toluenesulfonyl chloride in, soln., 2463; 
compd. formation between the isomeric phenyl­
phenols and...............................................................  2625

Pyridinium salts, prepn. of ^-nitrobenzyl-, of sulfonic
acids..................       1017

^/-/3-Pyridylalanines, 3 isom eric..............................  1678
/3-(3-Pyridyl)-ethylamine, prepn. o f ........................  2288
Pyrimidine-5-carboxylic acid, synthesis of.................. 794
Pyrimidines, sulfanilamido-, as chemotherapeutics,

567; 2-thio-5-keto-4-carbethoxy-1,3-dihydro-, and 
related compds., 1511; optical properties of 2-sul- 
fanilamido, 2230; N 1 -sulfanilylamino-alkyl-, 2340; 
some new thiazolidino-, of barbituric acid type. . . .  2709 

Pyrogallol trimethyl ether, behavior toward Grignard
reagents.....................................................................  2085

Pyrolysis. (§ee also Isomerization; Paraffins; Re­
arrangements.) of 5-membered rings, 896; of 
acetaldehyde by H2S, 1707; of amylsodium, 2247;
of ketene acetals and orthoesters.............................  2525

Pyrrole, prepn. of D derivs. of, 1543; rearrange­
ments of, in oxidation of dipyrrylmethanes.......... 2106

Pyrrylmethanes, synthesis of unsym. N-Me di-,
922; substituted di-, 1267; detn. of bridge struc­
ture of di-, 2098; rearrangements of pyrrole rings
in oxidation of di-.....................................................   2106

Pyrrylmethenes, steric influences on aromaticity of
di-....................    593

Pyruvic acid, prepn. of aceto-.....................................  874

QUANTUM mechanics, orientation of substituents
in aromatic mols.......................................................  900

Quassin............................................   2883
Quaternary salts, some new........................................  2231
Quinaldine, derivs. of 4-amino-6-methoxy-.................  1309
Quinolines, 5-amino- and l-aminobenzo(f)-, and 

derivs., 540, (corrn.) 3069; 2,4-disubstituted, 
derivs., 1357; use of alkoxy ketones in synthesis of,
by Pfitzinger reacn............................................   1897

Quinones, tetrahydroxy-, from inesitol-HNOs oxida­
tion, 67; enolate-, reacn., 528; behavior of, re­
lated to vitamin E at dropping Hg electrode, 644; 
Grignard reagent action on pentacene, 1253; 
prepn. of some peri-hydroxy-, inner complexes,
1649, (corrn.) 3071; alkylation of para, with acyl
peroxides...........................................................   2060

Quinonirnine, reacns. of retene-, and phenanthra-,
with aldehydes, 2567; and with Schiff bases..........  2569

Quinoxalines, synthesis of dihydroxy-, isomeric with 
“luminol”..................................................................  2644

RADICALS, production by illumination of diacetyl,
717; dipole moment of a, 1179; reactivity of, in 
carboxylation, 1621; instability of org.-metallic. . .  1727 

Radiochemistry, effect of strong elec, fields on, de­
compn. of NH3....................     1908

Radioelements, exchange with I, 940; synthesis and 
oxidation of fumaric acid with C, 948; tracer stud­
ies with H, 948; halogen exchange with Br, 1342; 
tracer studies with H, 2293, 2294; tracer studies
with Fe, 2297; exchange expts. with, tracers, 2297; 
tracer studies with C, 2299; tracer studies with H,
3037; C as tracer in Arndt-Eistert reacn., 3043; 
tracer studies with, C—exchange between acetic
anhydride and NaAc................................................ 3050

Radio exchange, halogen exchanges in P halides........ 850
Radiography, iodinated org. compds. as contrast

media for, diagnoses...................................................  1436
Raman spectra. (See also Spectra.) of some aro­

matic carbonyl and nitro compds., 1181; of thio­
phenol solns................................................................  1230

Rays, Roentgen. (See also Crystal structure; Spec­
tra.) diffraction spacings of collagen, 727; study 
of Ca-Sr alloy series, 1226; significance of the 
“V,” diffraction patterns of starches, 1388; diffrac­
tion patterns of Pb oxide mixts., 1637; diffraction
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measurements on biotin, 1742; examn. of the 
isomeric glucononitriles, 1950; measurements on
/3-lactoglobulin.........................................................  2504

Reactions. (See also Arndt-Eistert reaction; Bart 
reaction; Cannizzaro reaction; Catalysis; D iels- 
Alder reaction; Friedel-Crafts reaction; Heat of re­
action; Menschutkin reaction; Oxidation; Pfitz­
inger reaction; Reformatsky reaction; WillgerodVs 
reaction; Wurtz reaction.) mechanism of “aroma­
tizing” diene, in nitrobenzene, 176; exchange, be­
tween simple alkyl iodides and iodide ion, 940; 
ionic competition in base-exchange, 954; role of 
neighboring groups in replacement, 2780, 2787,
2791,2792,2796; mechanism of cyclization...........  2894

Reaction velocity. (See also Catalysis.) photo­
chemistry of isobutene, 1 ; sapon. of acetylsalicylic 
acid, 77; photochem. decompn. of cyclic ketones,
80; oxidation of cellulose by NCb, 12 1; produc­
tion of at. I by peroxides with I", 161; of.w-BuBr 
with Na salts of phenol, thiophenol and n-Bu 
mercaptan, 226; catalytic reacn. in coal hydro­
genation, 230; nuclear substitution of benzene 
derivs., 297; association of ferric ions, 335; equa­
tions for consecutive reacns., 465; of periodate 
oxidation of 1,2-glycols, 552; of toluene-/-BuCl 
reacn., 648; of Br-vinyl bromide reacn., 704; of 
Br-allyl chloride reacn., 709; decompn. of NH3,
745, 751; action of NO on pentaphenylethane, 860; 
decompn. of dimethyl ether and acetaldehyde, 994; 
of 2,6-diiodotyrosine formation, 1147; O absorp­
tion by dioxolane and methyldioxolane, 1354; re­
duction of V2O5 in coned, acid solns., 1462; effect 
of Ag on autoxidation, of photographic developers,
1561; kinetic studies on copolymerization, 1675; 
of thermal reacn. of H and cyanogen, 1880; of 
/-Bu nitrate and benzyl nitrate with water and 
hydroxyl ion, 1928; allylic conversion of crotyl and 
methylvinylcarbinyl chlorides, 2157; absorption 
of O by glutathione, 2282; of carbinol formation 
of phenolphthalein, 2312; acid catalyzed hydroly­
sis of Ph substituted aliphatic esters, 2362; 
of diacetone glucose, diacetone galactose and di­
acetone sorbose with £-toluenesulfonyl chloride 
in pyridine soln., 2463; of the reacn. O3 fi- Br“ —
2468; of transformation of hydrazine cyanate into
semicarbazide, 2777; Equil. and Kinetics of Gas
Reacns. (Pease, book review)................................  3064

Reactivity, effect of structure on, 297; of o-terphenyl 1365 
Rearrangement. (See also Isomerization; Muta­

rotation.) use of D as tracer in Claisen, 2302; al­
lylic ............................................ ..............................  2157

Reduction. (See also Hydrogenation; Polarography.) 
bimol., of hindered aldehydes, 30; of vitamin C, 
358; enyne and dienyne, 363; electrolytic, of 
strychnine, 790; electro-, of water, 833; of salts 
by metals in NH3 solns., 1187; catalytic, of 
some carbonyl compds., 1456; of unsatd. hydro­
carbons at dropping Hg electrode, 1765, 2365; 
of iodate and bromate in neutral and basic media,
1970; of salts in liquid NH3 soln. by metals,
2715; catalytic, of cholesterol a-oxide.................  2723

Reformatsky reaction, enolization in......................... 2131
Refraction. (See also Electrons; Rays.) of free and

bonded ions...............................................................  3023
Refractive index, temp, and compn. coeffs. of, of 

MeOH-dioxane system, 1207; of normal satd.
fatty acids in liquid state, 2739; of cumene.........  3056

Relativity, Special Theory of (Dingle, book review),
189; Introduction to Theory of (Bergmann, book
review)..........................  2517

Renin, prepn. and properties of................................  561
Resin acids, from pine tar, 871; structure and con­

figuration of podocarpic acid and ferruginol.........  928
Resins, Technology of Natural (Mantell, Kopf, Cur­

tis, Rogers, book review)........................................  1491
Resonance. (See also Isomerism; Spectra.) as basis 

for classification of dyes, 199; in heterocyclic mols.,
1130; in substituted biphenyls, 1350; effect in

some substituted benzenes, 2212; in nitro­
ethane and chloronitroparaffins............................  2829

Resorcinols, vicinal substituted................................  1313
Retenequinonimine, reacn. with aldehydes, 2567;

reacn. with Schiff bases............................................  2569
Retronecine, structure of, and related bases, 2593; 

proof of primary and secondary hydroxyl groups 
in............................................................................ . 2597

Rhenium compounds, polarographic investigation of 
..........................................................................1001, 2182

Rheology. See Fluidity.
Rhodanine-oxindoles, keto and mercapto derivs. of

cinchoninic acid from.............................................. 1669
Rhodizonic acid, prepn. of, from inositol-HN03 oxi­

dation............... ; ................................................... . 67
Riboflavin, estimation in fruits and vegetables.........  1980
Ricinelaidic acid, geometric configuration of. . . . . .  . 2253
Ricinoleic acid, geometric configuration of...............  2253
Riddelliine, structure of.............      2760
Rigidity, of system polystyrene-xylene..................... 1323
Rings, stereochemistry of hydrogenation of aro­

matic...............................     1985
Ring compounds. See Cyclic compounds.
Rotation, isomers of isopentane due to hindered,

1034; restricted, in aryl amines, 1475; restricted,
in aryl olefins................. ......................1786, 1791, 1795

Rubber, electrophoretic study of proteins in, latex
serum........................................................................  2628

Rubidium hexafluogermanate, structure of...............  1233
Rubidium sulfate, activity coeff. of............................  550

SACCHARIDES, reacns. relating to poly-. . . . 1957, 1959
Salicylaldehyde, prepn. of 4-nitro-............................  825
Salicylic acid, sapon. of acetyl-, 77; rearrangement 

of 0-crotyl-3,5-dichloro-, and related compds., 607; 
heat of reacn. between methemoglobin and,
1472; basic In salicylates......................... ............. 2234

Salicylyl disulfide, prepn. of acetyl-, and................. 1486
Sapogenins, 147, 180, 221, 468, 481, 721, 809, 813,

818, 1283, 1653, 1655, 1843, 2581, 3047; structure 
of the side chain in dihydro-pseudo-, 1655; syn­
thesis of tectorigenin dimethyl ether............  2737

Saponification. (See also Hydrolysis.) of acetyl­
salicylic acid...................  77

Saponins.............................................................. 2581, 3047
Sarsasapogenin, oxidation products of, and keto-. . . .  813
Sarsasapogenoic acid, permanganate oxidation of 

anhydro-, 147; and acid obtained from this reacn.
............................................................................. 180, 721

Saururine, and derivs...... . . .......................................  968
Schiff bases, reacns. of retene- and phenanthra­

quinonimine with.................................................... 2569
Selenic acid, secondary ionization and activity coeffs.

o f . . ..............     1054
Selenium, d. of.............................................................. . 2679
Selenium compounds, crystal structure of diphenyl­

selenium dichloride, 508; spectrophotometric detn.
of dissocn. consts. of diphenyl................................  2673

Selenium dioxide, oxidation of /3-pinene with, 1008;
reacn. of /3-pinene with, in AcOH........................... 1807

Selenium tetracysteine................................................  1742
Semicarbazide, kinetics of transformation of hydra­

zine cyanate into, 2777; some allyl nitrophenyl
thio-, and their anal, properties............................... 2873

Senecio Riddellii, riddelliine, the alkaloid in.............  2760
Serological properties, of simple substances...............

. . . .................................................2994, 3003, 3010, 3015
Shellac, nature and constitution of. . .........................  1902
Silicon compounds, electron diffraction investigation 

of mol. structures of SiBr4, tribromosilane and 
dibromidifluorosilane, 62; structure of (NH^Si- 
F6-NH4F, 633; high temp. heat content of MnSi03. 1769

Silicon tetrachloride, elec, moment of.........................  2076
Silver, contact angles of water against, and Au, 494; 

potential of AgBr-, electrode in MeOH, 517; 
molal electrode potential of AgCl-, electrode, 1478; 
effect of, on autoxidation of photographic develop­
ers, 1561; interfacial contact angles between water
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and org. liquids on, surfaces, 1530, 1641; ad­
sorption of gases at low temp, and pressure on,
2545; change in potential of AgCl-, electrodes with
time.............................   3053

Silver acetate, reacn. of some dihalides and acetoxy- 
halides with, 2780; effect of water on reacn. of,
with some butene and cyclohexene derivs............... 2787

Silver arsenate, parameters in....................................  354
Silver bromide, potential of Ag-, electrode in

MeOH...........................................................   517
Silver chloride, molal electrode potential of Ag-, 

electrode in EtOH-H20  mixts., 1478; change in
potential of Ag-, electrodes with time............. . 3053

Soaps. (See also Saponification.) inhibition of pro­
teolytic action of trypsin by....................................  487

Sodium, action of hexamethylacetone, 554; detn. 
in beidellite membranes, 1814; condensations by
........... 2239, 2240, 2242, 2247, 2250, (corrn.) 3073

Sodium acetate, molal vol. of................... ................ 761
Sodium alkyls, action on aliphatic chlorides....... . 1783
Sodium carbonate, soly. in fused NaOH..................... 1053
Sodium chlorate, some isotherms of the system

Na2Cr04-H 20 - ...............    2746
Sodium chloride, system: FeCl3- ............................... 241
Sodium chromate, isotherms of the system NaC103-

H20 - . . ......................................................................  2746
Sodium dichromate, sp. gr. of, solns..........................  175
Sodium hydroxide, conductance of aq......................  621
Sodium nitrate, system: dioxane-water-.................  2474
Sodium sulfate, isopiestic ratios for Rb and Cs

sulfates with. .................   550
Solids, elec, properties of, 283, 2389; energy states

of...............................................................................  1346
Solubility, nephelometric detn. of low, 101; water, 

of carcinogenic hydrocarbons, 108; of Org. 
Compds. (Seidell book review), 1014; measure­
ments of some V systems, 2810; effect in ben­
zene... ................................................................   2822

Solubility studies.....................................     2742
Solution, theory of, of high polymers...............  1712
Solvents, photodissocn. in rigid . . *. . . . . .........   2801
Solvolytic reactions, catalytic effect of electrolytes on,

2498; of /ra?w-2-acetoxycyclohexyl ^-toluenesul-
fonate................................... . . ................................  2796

D-Sorbitol, 1,2,3,4-dibenzylidene-..........................   1493
Sorbose, rate of reacn. of diacetone, with ^-toluene-

sulfonyl chloride in pyridine soln............................  2463
Sorption. (See also Absorption; Adsorption.) of 

CO by metals.................................................   2610
Specific heat. See Heat capacity.
Spectra. (See also Raman spectra.) structure and 

absorption, 72, 76; absorption, of para- and dia­
magnetic Ni complexes, 181; assocn. of ferric ions 
with chloride, bromide and hydroxyl ions, 335; 
infrared, of ammonium halides, 857; formation 
of conjugated material during bleaching of vege­
table oils, 988; ultraviolet absorption, of coro­
nene, 1485; ultraviolet absorption, of nitrogenous 
heterocycles, 1604; absorption, of the isomeric 
glucononitriles, 1950; of carotenoids of yellow 
corn grain, 2603; dissocn. consts. of diphenylse­
lenium compds., 2672; evidence of intermol. trans­
fer of protons, 2684; absorption, of some double 
salts containing CoCl2, 2748; effects of solvents
on absorption, of dyes.............................. 2923, 2937

Spectrophotometer, studies of complex ions.............  1630
Spectroscopy, Spectrochem. Analysis of Metals and

Alloys (Twyman, book review)........... ................  1745
Spinasterol, isolation of j3-, and 5- .  . ..........................  2488
Spirocyclopentane-1,1 '-tetralin ................................  1719
Starch, oxidation with HI04, 585, 589; “V” X-ray 

diffraction patterns of, 1388; products from, by 
action of the amylase of Bacillus macerans, 2139; 
nature of fatty acids associated with, 2144; frac­
tionation of, by selective pptn. with BuOH, 2957; 
non-carbohydrate substances in cereal, 2954; ac­
tion of macerans enzyme on a component of corn. . 3044 

Stearic acids, diastereoisomerism of the 9,10,12-

trihydroxy-, 2253; n of normal satd. fatty acids
from caproic to .......................................... . 2739

Stereochemistry, studies in, 325, 2557, 2563; of
catalytic hydrogenation. . . . ..................................
. . 1985, 1991, 2003, 2006, 2009, 2014, (corrns. 3071) 2022 

Stereoisomers. See Isomers.
Steric hindrance, in neopentyl halides, 543; in ali­

phatic carbonyl compds., 1242, 1247, 1251, 1618,
1619, 2964; Friedel-Crafts acylations of some, 
alkylbenzenes, 2421; mechanism of reacn. be­
tween hindered carbonyl compds. and the Grignard
reagent................................................... . 2875

Sterols, 147, 180, 210, 213, 216, 219, 221, 468, 481,
720, 721, 809, 813, 817, 818, 822, 1228, 1273, 1276,
1280, 1282, 1283, 1653, 1655, 1842, 1843, 2089,
2093; prepn. of some A-cholestadienes, 140; 
steryl sulfates in, sepn., 361, 471, 482; prepn. of
3,5,6-cholestantriol-I, 471; location of double bond 
in clionasterol, 473 ; 7 -benzoxy-, and their use in 
prepn. of 7-dehydro-, 1177; mono- and di-alkyl 
ethers of stilboestrol, 1625; structure of fuco-,
1732; 7-dehydrocampesterol, 1900; prepn. of
6-methoxy-7-norcholenyldiphenylcarbinol, 2115; 
chem. behavior of cafe-, 2235; derivs. of estrone,
2235; studies on cholesteryl oxides, 2317; epi­
meric 7-hydroxycholesterols, 2453; of alfalfa seed 
oil, 2488; catalytic reduction of cholesterol a-oxide 2723

Steryl sulfates.................................. ..............361, 471, 482
Stilbene, a-(9-phenanthryl)-, 69; unsym. cyano-,

885; synthesis of 4,4'-dicyano-, 1482; synthesis 
of 4,4'-diamidino-, hydrochloride, 1487; sepn. of
cis and trans, by chromatographic brush method,
1919; sym. cyano-....................................................  2486

Stilbene-2-acetic acid, synthesis o f . . . . .....................  2962
Stitbenediol, an amino..................................   2152
Stilboestrol, mono- and di-alkyl ethers of.................  1625
Stoichiometry, Higher Chem. Calcns. (Mee, book 

review), 1012; Thermochem. Calcns. (Wenner,
book review)...................................................   1237

Strontium, X-ray study of Ca-, alloy series.............  1226
Strontium chloride, activity coeffs. of..................... . . 244
Strontium nitrate, system: Ca(N03)2-H 20 - ............ 1301
Strychnine, electrolytic reduction of. ................  790
Styrene, rigidities of system xylene-poly-, 1323; 

viscosities of system xylene-poly-, 1330; vapor 
pressure of, 2501; polymerization of, catalyzed
by £-bromobenzenediazonium hydroxide.............   2508

/3-Styrylacetaldehyde, cyclization of.........................  1007
7 ,7 '-Suberodilactone, dl- and raes0-7 ,y'-diphenyi-. . 2727
Succinic acid, Ca a-tocopheryl succinate................. 1084
N-Succinyl compounds, N-succinyl-l-Me-amino-2-

Me-naphthalene and N-succiny 1-1 -M e-amino-4-__
chloro-2-Me-naphthalene, 1475; prepn. of N-suc- 
cinyl-N-Et-3-bromomesidine and 5-alkoxy-4-N- 
succinyl-4-amino-l, 3-dim ethylbenzenes, (corrn.). . 3069 

Sucrose. (See also Sugars.) bacterial synthesis of 
dextran from, 1959; invertase activity in, hy­
drolysis..... .............................. ..................... 2577

Sugars, d-glucopyranose 1-phosphate, 23; dibenzyl­
idene dulcitols, 132, 136, 137; polymorphism of 
d-galactose diethylmercaptal pentaacetate, 183; 
mutarotation of glucose in aq. MeOH, 236; d- 
manno-D-gala-heptose and derivs., 247; trans­
formation of tetramethylglucoseen-1,2 into 5- 
(methoxymethyl)-2-furaldehyde, 265; constitution 
of arabo-galactan, 302, (corrn. 3069), 1507, 2838; 
enzymic hydrolysis of alkyl /3-D-glucosides, 369; 
almond emulsin and populin action on Ph 2,4,6- 
Me3-/8-D-glucoside, 374; prepn. and rearrangement 
of phenylglycosides, 690; anhydro deriv. of d- 
mannosan<l,5>/0<l,6>, 925; structure of diace- 
tone-L-fucitol, 982; structure of dimethylene dul­
citol, 986; mutarotation of a-D-glucose, 1010;
Phys. and Chem. Methods of, Analysis (Browne, 
Zerban, book review), 1014; new glucose and 
gentiobiose derivs., 1110; .synthesis of cellobiose,
1289; /-glycidol, 1291; sulfanilyl-2-amino-a-D- 
glucose, 1371; alkyl glucosides, 1482; D-mannosan
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< 1 ,5> /3< 1,6>  from /3-phenyl-D-mannoside, 1483; 
lactose synthesis, 1490; 1,2,3,4-dibenzylidene-D-
sorbitol, 1493; azoyl derivs., 1501; L-glucoheptu- 
lose, 1606, 1609; configuration of aldonic acids,
1612; l,3:4,6-di-o-nitrobenzylidenedulcitol, 1614; 
temp, effect on Hudson’s isorotation rules, 1626; 
mol. wts. of Schardinger a- and /3-dextrins, 1651; 
action of diazomethane on acyclic, derivs., 1701; 
^-allulose, 1740; syntheses of epi-lactose and lac­
tose, 1852; fractionation of partially methylated 
glucosides, 1957; bacterial synthesis of dextran 
from sucrose, 1959; O-pentaacetyl-d-gluconates of 
polyhydric ales, and cellulose, 2026, (corrn.) 3071; 
products obtained from starch by action of the 
amylase of Bacillus macerans, 2139; action of di­
azomethane on acyclic, derivs., 2329; structure of 
dextrins isolated from corn sirup, 2331; studies 
on D-galactosan<l,5>jÖ<l,6>, 2435; rates of 
reacn. of diacetone-glucose, -galactose and -sorbose 
with ^-toluenesulfonyl chloride in pyridine soln.,
2463; a new fructosan isolated from Yucca mohaven­
sis, Sarg., 2501; invertase activity in, hydrolysis,
2577; prepn. of <Z-fructose- 1,6-diphosphate, 2722; 
synthesis of 5-D-glucosido-D-arabinose, 2731; 
stability of /3-methylmaltoside toward hot alkali. . 2871

Sulfadiazine, optical properties o f ............................ 2230
Sulfanilamide, soly. of................................................  2464
Sulfanilamide derivatives, 2763; of D-glucose, 

1371; of N bases from Calif, petroleum, 1499; 
certain naphthylidene, 2230; N-C-N system in N 1 
heterocyclic, 2532; heterocycles as chemothera- 
peutics, 2902; theory of relation of structure to
activity of. .. ..................................................    2905

Sulfanilamidopyrimidines, as chemotherapeutics,
567; optical properties of 2-...................    2230

Sulfanilylamidine.......................................................... 2763
N^Sulfanilylamino-alkyl-pyrimidines........................  2340
Sulfanilylcyanamide, and related compds......... .........  1682
Sulfanilyl-/-cystine, N,N '-di-acetyl-, and N,N'-di-. . 1488 
Sulfobenzoic acids, identification of o- and p-, as

their S-benzylthiuronium salts.................................  3040
Sulfonamides, dicarboxylic acid derivs. of, 1572; sub­

stituted, 2516; 4-nitrodiphenyl ether-4'-.............. 3056
2-Sulfonamido-5-aminopyridines, substituted...........  1695
p-Sulfonamidophenylarsonic acid, derivs. of.............  1287

, Sulfonic acid, antihemorrhagic activity of sulfonated
2-Me-naphthalenes........ .........................................  1096

Sulfonyl chloride, 4-nitrodiphenyl ether-4'-.............  3056
Sulfonyl urea, prepn. of p-aminobenzene-.................  2225
Sulfur, dipole moment and resonance in heterocyclic 

mols. containing, 1130; studies, 1165; The 
Stone that Burns (Haynes, book review), 2521; 
formation of insol., in presence of gases other than
S02.............................................................................  3041

Sulfur compounds. (See also Thio compounds.) 
2-thio-5-keto-4-carbethoxy-l,3-dihydropyrimidine,
1511; synthesis of ^-hydroxyphenyl amyl sulfide. 2322 

Sulfur dioxide, non-peroxide catalysts for olefin-,
reacn..........................................................................  1229

Sulfuric acid, action on 2-butanol, 1025; apparent
mol. vols. of aq., solns.............................................. 1878

Supercooling, of chlorobutanes and chloropentanes.. 737
Surfaces. (See also Adsorption; Catalysis; Films.) 

reproducible contact angles on reproducible metal,
494, 1530, 1641; adsorption and energy changes at
crystalline solid....................................    2383

Surface tension, of aq. solns. of dodecylamine ace­
tate, 2067; relative, of KC1 solns. by a differential 
bubble pressure method, 2476; of aliphatic nitro­
paraffins, 2540; of electrolyte solns. as function of
the concn.....................................................      2744

Sympathomimetic amines, color reacns. of, with di­
azonium compds.................. . ..................................  1318

Systems, dineric distribution in liquid ternary, 347; 
ternary, involving cyclohexane, water, and iso­
propyl and w-propyl ales.. . ................... , ............... 1886

d-TALOSAN<1,5>/3<1,6>, 3,4-anhydro-, derived
from D -m annosan< l,5> /3< l,6> ................................  925

Tanning, mechanical influence on, 868; chem. con­
stitution and the, effect........................................... 2274

Tannins, constitution of natural................................  1101
Tantalum tribromide..............................  1740
Tautomerism, character of imidazole ring.................  1167
Tectorigenin dimethyl ether, synthesis of.................  2737
Temperature. (See also Equation of state; Heat.) 

Measurement (Weber, book review), 475; heat 
capacities of red and yellow Pb monoxides at
high, 617; high, vapor pressures of satd. salt 
solns., 841; effect of, on validity of Hudson’s rules 
of isorotation, 1626; coeff. of conductance of KC1
solns........................................................................... 2517

Ternary systems. See Systems.
Terpenes, phys. properties of...................................  2978
0-Terphenyl, chemistry of.................................1365, 2639
Tetralin, spirocyclopentane-1,1'-, 1719; reacn. of

furoic acid with........................................................ 2601
Tetronic acid, dissocn. const., dipole moment and

structure of a-nitro-................................................  1948
Thallium salts, oxidation-reduction potentials of 

thallous-thallic salts—formation of chlorothallate
complex ions.............................................................  1644

Thermochemistry, Calcns. (Wenner, book review). . 1237
Thermodynamics. (See also Entropy; Heat of 

Reaction.) of N at high pressures, 44; of the di­
thionite ion, 398; of KC1 solns., 513; of Sn-Bi 
system, 1392; magnetism and 3rd law of, 1535; 
theory of electrocapillarity, 1548; Treatise on 
Phys. Chemistry. Atomistics and (Taylor, Glass- 
tone, book review), 1743; The Nature of (Bridg­
man, book review)............... .................................. 2524

Thiamin. See “B” and “Bi” under Vitamins.
Thiazine, f. p. of pheno-..............................................  461
Thiazoles, 2-phthalimido-Me-4-N-diethylamino-Me-,

90; some quaternary salts containing aryloxy- 
ethyl and aryloxypropyl groups, 2234; researches
o n . . . . ................... ............................................2709, 2712

Thiazolines, phenylmercapto-....................................  2487
a-Thienylaminoalkanes...................................   477
Thioamides, reacn. between, and primary amines. . . 2722 
Thiocyanic acid, reacn. of ferric ion with orthophos­

phate in acid soln. with, ester as indicator for
ferric ions, 291; As, Sb, and P salts of.....................  1757

Thiodiglycol, some ester of..........................................  908
Thiophene, condensations with. .......................   451
Thiophenol, kinetics of n-BuBr-, reacn., 226; assocn.

effects in Raman spectra of, solns........... ............  1230
Thiophosphoryl triamide, prepn .o f............................. 1553
Thiopyran, addn. compds. of tetrahydro-................... 1232
Thiosemicarbazides, some allyl nitrophenyl, and

their anal, properties. . . . ........................................  2873
Thiourea, elec, moment of, 1944, (corrn.).................  3071
Thiuronium chloride, identification of ales, and

alkyl H sulfates with S-benzyl-................................  1978
Thiuronium salts, S-benzyl-, of octadecenoic acids,

1061; identification of o- and ^-sulfobenzoic acids
as their S-benzyl-...................................................... 3040

Thorium chloride octahydrate, purification of.......... 1009
Thorium oxide, photoactivation of adsorption of H

on.......................................................    1731
Thymol, some quaternary salts containing aryloxy-

ethyl and aryloxypropyl groups............................. 2234
Thyronine, synthesis of 3',5'-diiodo-. . . ................. . 1070
Tigogenone, bio-reduction of 4-dehydro-.................... 818
Tin, thermodynamics of Bi-, system.........................  1392
Tin chloride, elec, moment of SnCl4.........................  2076
Tin compounds, tri-o-tolyl-, 1727; prepn. of K oxala­

tostannate, 1759; complex dioxalatothiometa-
stannates.........................................    1762

Tin oxide, soly. of SnO in HC104................................  719
Titanium dioxide, adsorption of Co ions on...............  2820
Titration. (See also Acidity; Analysis.) potentio­

metric, of dibasic acids..............................   1153
Tobacco mosaic virus, concn. and purification of, by
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Sharpies super-centrifuge, 1804; basic amino acids
in strains o f ..............................................................  2734

Tocols, the 3 dimethylethyl- ....................................  445
a-Tocopheramine, a new vitamin E factor.................  1082
Tocopherols, 3,5-dinitrobenzazide in prepn. of, 433; 

synthesis of <*-, 440; behavior of, at dropping Hg 
electrode, 447; amperometric titration of a-, with 
auric chloride, 646; crystalline natural, acetate. .. 1487

a-Tocopheryl succinate, C a........................................  1084
Toluene, kinetics of /-BuCl-, reacn., 648; heat

capacity of....................    2375
Toluenesulfonate, solvolysis of t raws-2-acetoxycyclo- 

hexyl-p-, 2796; 4-, of the nitro-4-phenylphenols. . 3057 
^-Toluenesulfonyl chloride, rate of reacn. of diacetone 

-glucose, -galactose and -sorbose with, in pyridine
soln........................................................................... 2463

^-Toluidine, reacn. of BCL with. . ............................  1584
tf-Tolylmethane, tri-..... .................     1837
Tolyltin, tri-o-...................   1727
Tosyl. See p-Toluenesulfonate.
Toxic principles, of poison ivy....................................  3058
Transference numbers. See Ions, electrolytic; and 

such headings as Chlorides; Hydrogen ion; Sul­
fates,

Triazene, reacns. between sym-diphenyl-, and Hg
(II) salts.....................................   935

Trillium erectum, new sapogenins from.....................  2581
Trillogenin, a new sapogenin......................   2581
Trimethylene esters, chain structure of. . .................. 154
Tripterine, identity of........................................  182
Triptycene.............................      2649
Triterpenoid sapogenins, some color reacns. o f .. . . .  . 3047
Tritium oxide, H exchange with. ............................... 2503
Trypsin, inhibition of, proteolysis by soaps...............  487
Tungsten compounds, catalyst from, in oxidation of

naphthalene............ .............................................. . 2917
Tyrosinase, factors influencing the cresolase activity

of..................................    2344
Tyrosine, sp. rotation of I-, 724; kinetics and 

mechanism of 2,6-diiodo-, formation..................   1147

UNSATURATED compounds, hydration of.........
..............................................................1117,1122,1953

Uracil, action of ketene on 5,5-dibromoxyhydro-. . . . 306
Urea, effect on electrophoretic patterns of serum pro­

teins, 1090; hydantoins from reacn. of phenylgly­
oxal and, 1434; dipole moment and structure of,
and thio-, 1944, (corrn.)..........................................  3071

Urea, prepn. of ^-aminobenzenesulfonyl, 2225; some 
unsym. disubstituted, 2233; synthesis of amino-
benzoylene-..............................................................  2644

Ureido derivatives, cyclization of, of iminodibasic
acids.....................................    1686

Urethan, optically active Ph-, anesthetics, 1112; 
acidic and basic catalysis in, formation......... . 2229

w-VALERIC acid, prepn. of a, Y-diketo-..................... 874
Vanadium, heterogeneous equil. on tetravalent,

sulfate solns............................................................  2810
Vanadium pentoxide, reduction of, in coned, acid

solns...... ............................    1462
Vanillin, from lignin materials..............................   1429
Vapor phase, esterification equil................................ 36
Vapor pressures, of Me mercaptan, 165; of dimethyl 

sulfide, 169; isobutene, 546; high temp., of 
satd. salt solns., 841; partial, of HCl from org. 
solvents, 951; hysteresis of liquid isopentane,
1034; of isopentane, 1039, (corrn.) 3069; temp.-, 
relations of V’n(N03)2-H20 system, 1445; acti­
vity coeffs. of bivalent metal nitrates from iso- 
piestic, measurements, 1469; of indene, styrene 
and dicyclopertadiene, 2501; of phenylhydrazine 
as a function o: temp., 2776; of phenothiazine. .. . 3035 

Vapors, heat capicity of org.................... 1224, 2372, 2375

Vasopressor amines, optically active.........................  1449
Vegetable fats, isolation of new antioxidants from. .. 2337 
Veratrole series, studies in ................................   2983
2- Vinylacetylene, identity of pirylene with 1-Me-. .. 2693
Vinyl alcohols...................................................  2886, 2888
/-Vinyl amines, basicity studies of, 2588 (corrn.). . . .  3073
Vinyl bromide, reacn. between Br a n d . ...................... 704
Vinylcarbinyl chloride, conversion of Me-, to acetate

and E t ether..............................................................  2157
Vinyl chloride, viscosities of solns. of poly-, 277; 

elec, properties of plasticized poly-, 283; structure 
of copolymers of........................................................  2356

3- Vinyl-4-methylpyridine, synthesis of, 1093, (corrn.)
.............................    3071

Vinylnaphthalene, nitro-..................    1739
9-Vinylphenanthrenes. . . ............................... . ...........  69
Vinyl polymers, structure of......................................... 92
Virial coefficients, 2nd, of gaseous mixts..................... 2816
Virus, centrifugal concn. of tobacco, prepns., 1804;

basic amino acids in strains of tobacco mosaic. . . .  2734 
Viscosity, of polyvinyl chloride solns., 277; temp, 

and compn. coeffs. of, of MeOH-dioxane system,
1207; of system polystyrene-xylene, 1330; temp.
and solvent effects on, of high polymers, 1557; of 
cis- and traws-decahydronaphthalene, 1912; of dil.
solns. of long-chain mols......................................... 2716

Vitamins. (See also Biotin; Carotene.) chemistry 
of, E, 433, 435, 440, 445, 447, 644, 646, 1082, 1084; 
oxidation and reduction of, C, 358; 7-dehydrocam­
pesterol, a new pro-, D, 1900; cocarboxylase and 
related esters, 2279; crystalline aliphatic esters of,
A, 2407; crystalline, A, 2411; Chemistry and 
Physiol, of the (Rosenberg, book review), 2522; 
water-soluble compds. with antihemorrhagic ac­
tivity..........................................................................  2657

Vitrification, of chlorobutanes and chloropentanes. . 737
Volume. See Molecular volume.

WALDEN inversion, malonic ester synthesis and. .. 2606
Water, contact angles of, again Ag and Au, 494; 

anomalous electroreduction of, at dropping Hg elec­
trode, 833; effect on photochem. bromination of 
acetophenone, 887; vapor pressures of, solns. at 
high temps., 841; interfacial contact angles be­
tween, and org. liquids on Ag and Au surfaces, 
1530, 1641; effect of, on reacn. of AgAc with
butene and cyclohexene derivs............................... 2787

Willgerodt’s reaction, new modification of.................  3051
Wurtz reaction, action of Na alkyls on aliphatic chlo­

rides and relation to, 1783; products from, and the 
mechanism of their formation, 2039, (corrn.) 3071; 
general theory of.................................. 2239, 2240, 2242

XANTHINS, interconversion of fuco-.......................  1235
Xanthol, absorption spectra of neocrypto-, and 2

neozea-, isomers........................................................  2603
Xylene, rigidities and viscosities of system poly­

styrene-, 1323, 1330; alkylation of m-...................  1662
2,6-Xylil, reacns. of.....................    2152
Xylitol, crystalline........................      1739
<?-Xyloquinone, dibromo-, and Na malonic ester. . . . 528

YEAST, prepn. of d-fructose-1,6-diphosphate by
means of baker's......................................................  2722

Ytterbium, sepn, of, from accompanying rare earths 
by means of its amalgam, 1009; potential of the 
ytterbic-ytterbous ion electrode, 1133, (corrn.). .. 3071 

Yucca mohavensis, Sarg., a new fructosan isolated 
from...........................................................................  2501

ZANTHOXYLUM  clava-herculis, insecticidal prin­
ciple in bark of...................................  187

Zinc iodate, soly. in dioxane-water mixts................... 2305
Zirconia, time of set of hydrogel of. .. ........................ 110


